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Abstract

:

Inkjet printing is a non-contact, material saving and on-demand material manufacturing technology, which is able to be applied to the fabrication of functional materials with high efficiency. A new method for preparing broadband reflective cholesteric films based on inkjet printing and non-stick technology was proposed in this paper. The feasibility of automatic mixing of liquid crystal and doped materials in inkjet printing was studied. The spectral data of samples prepared by manual mixing and automatic mixing by inkjet printing were compared. It was found that the spectral error of the printed film was only less than 0.17 wt%, which reached or even exceeded the effect of manual mixing. The feasibility of preparing liquid crystal films with broadband reflection characteristics by stacking polymerization based on in situ UV polymerization and non-stick technology was verified. By changing the printing amount of chiral doped ink, the bandwidth of PSCLC film can be accurately controlled. This technology is expected to play an important role in scientific research and practical application.
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1. Introduction


A polymer stabilized liquid crystal (PSLC) is composed of a small amount of polymer networks, which can stabilize the liquid crystal phase. Devices with PSLC have broad application prospects in information display, dimming film, and other fields.Cholesteric liquid crystals (Ch-LCs) are well-known as a type of LC material with a self-assembled helical superstructure [1,2,3,4].



In general, Ch-LCs is fabricated by adding chiral dopants as chirality inducing guests into an achiral nematic LC host. Broadband reflection is usually achieved by adjusting the pitch of Ch-LCs. Generally, traditional methods rely on artificial mixing to prepare broadband reflective cholesteric films. The time for preparation is long and the process is tedious. In particular, it is difficult to accurately weigh the chiral dopants manually, due to the fact that the proportion of chiral dopants in the whole mixture is very small and the center reflective wavelength is very sensitive to the proportion of chiral dopants [5,6,7]. Due to the influence of instrument errors and environmental changes, the selective reflection spectra of broadband reflective cholesteric films prepared in different batches are difficult to keep completely consistent. Therefore, a rapid batch fabrication technology of liquid crystal film is urgently needed.



The attractive features of inkjet printing technology include less material wastage, good film-forming effect, and scalability to large area manufacturing, which makes it a potential high-throughput parallel synthesis technology. For example, the mixed/composite materials of OLEDs dissolved in a binary solvent is directly deposited on the substrate by high-precision nozzle in inkjet printing. Thus, an organic light-emitting layer is formed, which is expected to replace the complex and expensive evaporation process in some fields. Inkjet printing of a thin-film library of donor/acceptor systems for potential applications in bulk heterojunction solar cells has been proved to be effective [8,9,10]. Applications that have used inkjet printing technology include printed flexible electronic devices, chemical sensors, biopharmaceutical, and many more [11,12,13]. As of now, there are only a few reports on inkjet-printed liquid crystal films libraries due to poor control over the accurate droplet manipulation and liquid-membrane transformation [14,15,16]. In addition, the orientation of liquid crystal is also a neglected factor [17,18].



In this paper, we successfully proposed a method of inkjet printing assisted preparation of broadband reflective liquid crystal films. Based on this method, cholesteric liquid crystal film precursors can be quickly prepared and optimized, and then combined with in situ UV polymerization and non-stick technology to form various optical polymer cholesteric liquid crystal films according to what is needed. In addition, by using the inkjet printing method, the preparation of liquid crystal films does not need an optical mask, can simply and quickly prepare liquid crystal films with various complex patterns or large areas, and can accurately and quickly optimize the preparation of liquid crystal films with less raw materials and less waste, playing a role in scientific research and practical application.




2. Experiments Methods


2.1. Materials


In this study, several common materials that can be completely dissolved in organic solvent (cyclohexanone) were commercially available and used without further purification, that is, nematic LC matrix (SLC-1717, no =  1.519, ne  =  1.720, Δn  =  ne − no  =  0.201, TN-I  =  92 °C, Shijiazhuang Yongsheng Huatsing Liquid Crystal Co., Ltd., Shijiazhuang, China), 1, 4-di-[4-(6-acryloyloxy) hexyloxy benzoyloxy]-2-methyl benzene (C6M, Beijing Kexin Jingyuan Science and Trade Co., Ltd., Beijing, China) as the monomer, (S)-2-octyl 4-[4-(hexyloxy)benzoyloxy]benzoate (S811, Beijing Bayi Space LCD Technology Co., Ltd., Beijing, China) as the chiral dopant, and 2,2-dimethopxy-1,2-diphenyl-ethanone (IRG651, TCI Co., Ltd., Beijing, China) as the photo-initiator, as shown in Figure 1. In addition, polytetrafluoroethylene preparation (PTFE, Dongguan Fuwang New Material Co., Ltd., Dongguan, China) was selected as the surface treatment agent.




2.2. Measurements


Crossed polarizing optical microscope (Olympus BX51) was used to observe and confirm the planar textures of cholesteric liquid crystals, which of each sample were taken by the onboard camera driven by Linksys software (version 2.43). The spectral properties of Ch-LC films were measured by UV/Vis/NIR spectrophotometry (JASCO V-570). Due to the spectral absorption of each film being almost negligible and that the light-scattering of the films did not change the position of the reflection wavelength, the transmittance results thus can reflect the reflection wavelength and bandwidth of the films. The contact angle of the substrate was mainly used to analyze the appropriate substrate for inkjet printing and was measured on the contact angle system OCA15 (Data Physics, Stuttgart, Germany).




2.3. Experimental Methods


2.3.1. Substrate Preparation


The glass substrates were modified with oleophobic coatings (PTFE), and, as detailed in the following treatment: glass substrates were cut into 25 × 30 mm2 size, PTFE coating and ethanol were mixed in mass ratio of 1:1, and then stirred evenly for standby. The glass substrates were placed on the table homogenizer, and then spin coated with polytetrafluoroethylene ethanol solution. The substrate modified by PTFE was obtained by baking at 180 °C for 30 min.




2.3.2. Ink Preparation


The PSCLC films in this experiment were mainly composed of liquid crystal, chiral dopants, polymerizable monomers, etc. Therefore, solvent ink was used to dissolve these organic compounds. The organic solvents in the ink usually include single solvents or their mixtures such as ethanol, cyclohexanone, cyclohexane, toluene, etc. The disadvantage of these inks was that the solvent volatilizes quickly in the nozzle, which easily leads to nozzle blockage. Cyclohexanone was chosen as the solvent of various organic compounds in this experiment because of its lower volatility and faster formation of the desirable liquid-crystalline phases following solvent removal. The three kinds of inks were prepared, respectively, and the specific preparation process was as follows: For “SLC-1717 with IRG 651 ink”: SLC-1717 (1.4 g) and IRG 651 (0.02 g) were dissolved in cyclohexanone (1.42 g). The solute concentration was 50 wt%. For “S811 ink”: S811 (0.2 g) was dissolved in cyclohexanone (1.8 g). The solute concentration was 10 wt%. For “C6M ink”: C6M (0.16 g) was dissolved in cyclohexanone (1.84 g). The solute concentration was 8 wt%.




2.3.3. Composition Variations Design


After the proportion of the target sample was designed, the CMY parameters of the target sample were searched in “the ink standard curve” database corresponding to the sample by the software developed by our lab. The “standard curves” of SLC-1717, S811, and C6M inks were shown in Section 3. Here, S811, C6M, and SLC-1717 ink correspond to the channels of C, M, and Y respectively. Then, composition variation designs of each sample were drafted in a color image with the corresponding CMY (cyan, magenta, and yellow) parameters by the computer design program (e.g., CorelDraw). In this experiment, the color images were designed as a circle with a diameter of 18 mm. Such sample points can be printed on the glass substrate with the size of 25 × 30 mm2, which was convenient for subsequent processing and detection.




2.3.4. Preparation of PSCLC Films by Ink Jet Printing


Prior to printing any ink, the IJP parameters had to be established. A piezoelectric drop-on-demand (DOD) inkjet printer (Dongsheng, Ltd., Beijing, China) was used in IJP. Its print head contains six color separate ink channels, and the inkjet volume of the four channels can be controlled independently by software (Acro-rip) and linked with CMYK of the images. The volume of the ink droplet can be precisely controlled, which was suitable for multiple-component liquid crystal film processing. The ink cartridge of the printer has been modified. The modified printer has a 2 mL transparent glass cartridge, and the ink will not stick to the inner wall of the glass cartridge, as shown in Figure 2. The consumption of ink was greatly reduced, and it was conducive to observe the amount of ink, so as to add ink in time. S811, C6M, and SLC-1717 inks were, respectively, filled into the channels of C, M, and Y, and the sample points were printed to the substrate controlled by software. Among them, the first layer of liquid crystal sample was printed on the ordinary glass substrate, and the samples of the second layer and above were printed on the substrate modified by PTFE. Then, the samples were transferred into a 40 °C oven for 2 h to remove the solvent.



The polyimide film spacer (5 μm thick) was placed on both sides of the dried sample to control the thickness of the liquid crystal film. The upper substrate with surface treatment was put on the samples since liquid crystals were oriented by extrusion. Then, the samples were processed by irradiating with UV light (1 mW/cm2, 365 nm) for 10 min at 25 °C, which results in the polymer networks of C6M, and the oleophobic upper substrate was slowly separated from the PSCLC layer. The film spacer was placed on both sides of the PSCLC film again, and the overall thickness of the spacer was controlled at 10 μm. The second liquid crystal sample was transferred from oleophobic substrate to the first layer of PSCLC film using the “sandwiching” method. Note that due to the sufficient bonding force between the liquid crystal and the substrate, the liquid crystal would not separate during the transfer process. Similar methods had been used in the fabrication of high-density microdroplet arrays. [19] Then, the samples were processed by irradiating with UV light (1 mW/cm2, 365 nm) for 10 min at 25 °C again, which resulted in a cell containing the sample of two layers PSCLC films. Finally, the same method was used to stack the third, fourth, and even more layers, and the thickness of each layer of PSCLC film was controlled by adding polyimide film.




2.3.5. Verified Experiment


In order to verify the accuracy of the component of the printed samples, several groups of monolayer ChLC films with different S811 contents were prepared by manual preparation. The subject systems were prepared by adding chiral dopants and LC monomer into nematic LC. To prepare the ChLCs films, the mixtures were injected into a glass cell by capillary action. The polyimide film spacer (5 μm thick) was used as cell spacers.






3. Results and Discussion


3.1. Establishment of a “Standard Curve”


In inkjet printing, each component in the liquid crystal film needs to be prepared into the ink required by the printer. In order to enable the computer to control the accurate printing of ink, it can be solved by establishing the standard printing curve of different ink. As we know, CMYK is one of the basic modes of color printing, and the chromaticity value of each channel is between 0 and 100. Taking S811 ink in cyan channel as an example, cyan circular patterns with different chromaticity values between 0 and 100 with intervals of 10 (colorimetric value (Ai): 10, 20, 30, …100) were made by using drawing software (such as CorelDraw) as shown in Figure 3a.



The weight of glass substrate before printing, after printing, and after drying should be accurately recorded in a precision balance, and then fitted to establish the relationship between printing volume and printing weight. As a result, a good curve of the printed weigh to the value range between 0 and 100 was obtained in Figure 3b–d. The correlation coefficients between variables were 0.9988, 0.9945, and 0.9985, respectively. The good nonlinear dependence relation demonstrates that the method of IJP were accurate and feasible in preparing Ch-LC films.



After the above printing and weighing steps, the “standard curve” function can be thus fitted according to the relationship between the chromaticity value and the deposition weight (after drying) in different circular patterns. Then, 100 integer chromaticity values and the corresponding mass per unit area can be read out from the curve, so as to build the database for accurate printing in the next step. For example, to search for a three-component sample, the print proportion will be searched from 100 × 100 × 100 sample banks, which were large enough to meet our needs. This process can be searched through a programmed program, and then the printing patterns required for the actual proportion can be made based on these databases, so as to realize the automatic mixing of samples by inkjet printing.




3.2. Accuracy of Inkjet Printing


In order to verify the accuracy of the composition of multi-channel inkjet printed PSCLC films, eight groups of single-layer PSCLC films with the same target component were prepared by hand and printing, respectively. The selective reflection spectrum of the two kinds of samples was measured by UV/Vis/NIR spectrophotometry, as shown in Figure 4. According to the difference of the center reflective wavelength of each group of samples, the maximum printing error concentration can be obtained reversibly. The preparation process of Ch-LC films by inkjet printing and manual printing was presented in Section 2. The printing samples and manual mixing samples components in this study were mentioned in Table 1 and Table 2. It was necessary to note that the content of liquid crystalline polymerizable monomer C6M and photoinitiator IRG651 were controlled to 15 wt% and 1 wt% in our expectation, However, there was an error of less than 0.15 wt% between the printing proportion and the target proportion found in the standard curve library, so the manual proportion was adjusted to keep the proportion as consistent as possible.



Figure 4 shows the comparison of transmission spectra between inkjet printing and hand-made Ch-LC films. It can be seen from the graph that the center reflective wavelength of the samples prepared by different methods was very close. Among all the samples, the P6 and M6 samples had the largest difference in the reflection wavelength, and their reflection wavelength were 1601 nm and 1636 nm, respectively. The concentration differences of the chiral dopants can be calculated according to Equations (1)–(3):


  λ = n × P ,  



(1)






  P =  1  HTP ×  X C    ,  



(2)






  Δ  X C  =  n  HTP   ×  (   1   λ 1    −  1   λ 2     )  .  



(3)







Here, P was the pitch of Ch-LC, Xc was the weight concentration of chiral dopant, λ was the center reflective wavelength, and n was the average birefringence of the LC. It was known that the HTP value of S811 was about 13 μm−1, and the average birefringence of SLC-1717 was 1.62. So, the concentration difference of chiral dopants in P6 and M6 samples was 0.17 wt%. Due to the inaccuracy of manual mixing, P6 and M6 had a concentration difference of S811, which was 0.11 wt%. In addition, the HTP value of S811, the average refractive index of mixed system and weighing error, can be classified as a systematic error. The minimal concentration error demonstrates that it was feasible to control the composition of Ch-LC films by inkjet printing.




3.3. Principle of Unsticking Technology


The upper substrate needs to be peeled off several times in the process of preparing PSCLC film by multilayer stack printing liquid crystal film. In order to realize the smooth stripping of the upper substrate without destroying the plane texture of the PSCLC film, the surface modification of the upper substrate was required. PTFE was a kind of self-lubricating polymer material and its structure formula was -[-CF2-CF2-]-n-. Because of the strong electronegativity of fluorine ion, the molecules have small polarity and intermolecular force, and the material surface has low surface energy [20]. Therefore, the binding force of glass substrate modified by PTFE to liquid crystal will be less than that of ordinary glass substrate.



The contact angle test results of ordinary glass substrate and PTFE modified glass substrate were shown in Figure 5. Cetane was used as the standard reagent in the test. The contact angle of ordinary glass substrate was 23.0 ± 0.5° and that of glass substrate modified by PTFE was 56.3 ± 0.5°, as shown in Figure 5b. The oil affinity and hydrophobicity of the two kinds of substrates were quite different, which ensures the difference of adhesion between the upper and lower substrates to PSCLC films.




3.4. Morphology of the PSCLC Layer on the Substrate


The difference of adhesion between the upper and lower substrates ensures that the planar texture of PSCLC film can be retained completely after the PTFE modified glass substrate was removed. In order to understand the effect of the morphology of each layer of PSCLC after removing the upper substrate, structural information was obtained by POM (Figure 6). Figure 6a shows the PSCLC film formed by pressure orientation and UV polymerization of the sample prepared by inkjet printing, while Figure 6b shows the texture of PSCLC after peeling PTFE modified glass substrate. Comparing Figure 6a,b, the plane texture of the PSCLC film was clear and complete after peeling off the substrate, thus the reflection and transmittance of the film will not affected. In addition, the diffusion of chiral dopants between the films will be promoted, and the Ch-LCs with continuous pitch difference will be formed due to the uniform surface structure. Figure 6c shows the POM of PSCLC film after superimposing the second layer. The texture of PSCLC film after peeling off the PTFE modified glass substrate was shown in Figure 6d. Comparing Figure 6c,d, it can be seen that the plane texture of the second layer of Ch-LC film can still be completely preserved. A comparison of Figure 6e shows the PSCLC film made of conductive surface of ITO glass substrate. The pressure orientation can make the Ch-LC films printed by inkjet printing have planar texture. However, after stripping the ordinary glass substrate, the plane texture of the PSCLC film was destroyed and then the focal conic texture was produced, as shown in Figure 6f. In the focal conic texture, the helical axes were arranged randomly. Due to the discontinuous spatial variation of the refractive indices at the domain boundary, the texture shows strong light scattering, and it will reduce the reflection intensity of PSCLCs [21]. The above discussion shows that through the pressure orientation and unsticking technique, each layer of PSCLC film can keep the complete plane texture, and then ensure the realization of broadband reflection of multilayer PSCLC films.




3.5. Method to Prepare the PSCLC Film with Wide-Band Reflection by IJP Technology


Four-layer Ch-LC films with 15 wt% C6M and different content of chiral dopant S811 were printed to prepare broadband reflective cholesteric films. The main components of each layer of Ch-LC film prepared by printing were shown in Table 3.



Figure 7 shows the change of the reflection bandwidth of the film as the number of printing layers increases. Curves 1, 2, 3, and 4 in the figure were the reflection spectrum of samples P1, P1 + P2, P1 + P2 + P3, and P1 + P2 + P3 + P4, respectively. It can be seen from the figure that the reflection bandwidth of the film changes from 1042–1270 nm to 1042–1508 nm after the second layer film was superimposed, which indicates that the chiral dopants near the substrate side of the first layer of PSCLC film almost does not diffuse, and the pitch of liquid crystal fixed by polymer network in this area does not change, so the reflection center wavelength of low band does not move. The films with high content of chiral dopants were polymerized first. The Ch-LCs with a low content of chiral dopants were diffused and the pitch was fixed after UV irradiation polymerization. Thus, the uneven distribution of chiral dopants was formed between each layer, and the gradient distribution of pitch was formed in the whole direction perpendicular to the film, and the polymer network was formed. Finally, a PSCLC film with broadband reflection from 1042 nm to 1845 nm was obtained by four-layer superposition. Figure 6 shows the liquid crystal texture images of PSCLC films with different layers. It can be seen that with the increase of layers, the interlacing of plane texture defects was more obvious, but each layer of films can maintain complete cholesteric plane texture, which verifies the feasibility of inkjet printing combined with the unsticking technique in the preparation of PSCLC films.





4. Conclusions


A new method for preparing broadband reflective cholesteric films based on inkjet printing and the unsticking technique was successfully developed. That is, the precursors of cholesteric liquid crystal films with different component ratios were quickly printed first by inkjet printing device, and then stacked and polymerized in situ by UV so as to form optical polymer cholesteric liquid crystal films as needed. It was found in our result that a wide band reflective liquid crystal film prepared by inkjet printing stack had a reflective band ranging from 1042 nm to 1845 nm. By comparing the central wavelength of the reflection spectrum of liquid crystal films prepared by manual mixing and by inkjet printing mixing, it was found that the accuracy of inkjet printing mixing was very high, with an error only less than 0.17 wt%. As known, the manual mixing method had some problems in the process of preparing samples, such as being time-consuming, having complex steps, and being error prone, while the inkjet printing method has been proven to solve these problems in the preparation process. Moreover, it could also simply and quickly prepare various complex patterns or large-area liquid crystal films and could quickly optimize the preparation of liquid crystal films with high throughput, which plays a positive role in scientific research and practical application.
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Figure 1. Chemical structure of LC monomer (C6M) and the chiral dopant (S811). (a) LC monomer. (b) Chiral dopant. 
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Figure 2. (a) The printer after being modified; (b) the scheme of printing. 
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Figure 3. (a) Cyan patterns with colorimetric value; (b) the “standard curves” of S811 ink; (c) the “standard curves” of SLC−1717 ink; (d) the “standard curves” of C6M ink. 
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Figure 4. Comparison of the transmission spectra of the handmade sample (M) and the printed sample (P). 
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Figure 5. The contact angle test results of ordinary glass substrate and PTFE modified glass substrate. (a) The ordinary glass substrate; (b) The glass substrate modified by PTFE. 
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Figure 6. The crossed polarizing images of each layer of PSCLC film before and after stripping the upper substrate were as follows: (a,b) before and after the first layer of PSCLC film was removed from the substrate; (c,d) before and after the second layer of PSCLC film was removed from the substrate; (e,f) the PSCLC film before and after the stripping of ordinary glass substrate. 
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Figure 7. Transmission curves (a) and polarizing images (b) of multilayer PSCLC. 
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Table 1. Composition of the actual printed Ch-LC mixture.
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Sample No.

	
Print Formulation (wt%)




	
S811

	
SLC-1717

	
C6M

	
IRG 651






	
P1

	
15.61

	
68.37

	
15.03

	
0.99




	
P2

	
13.87

	
70.09

	
15.03

	
1.01




	
P3

	
12.38

	
71.59

	
14.99

	
1.04




	
P4

	
10.98

	
72.95

	
15.02

	
1.05




	
P5

	
9.81

	
74.12

	
15.00

	
1.07




	
P6

	
8.69

	
75.27

	
14.95

	
1.09




	
P7

	
7.70

	
76.18

	
15.01

	
1.11




	
P8

	
6.87

	
77.02

	
14.99

	
1.12
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Table 2. Composition of the hand mixed Ch-LC mixtures.






Table 2. Composition of the hand mixed Ch-LC mixtures.





	
Sample No.

	
Manual Formulation (wt%)




	
S811

	
SLC-1717

	
C6M

	
IRG651






	
M1

	
15.59

	
68.37

	
15.06

	
0.99




	
M2

	
13.89

	
70.05

	
15.05

	
1.02




	
M3

	
12.29

	
71.76

	
14.92

	
1.03




	
M4

	
10.97

	
73.00

	
14.96

	
1.08




	
M5

	
9.81

	
74.13

	
14.97

	
1.10




	
M6

	
8.58

	
75.45

	
14.84

	
1.14




	
M7

	
7.57

	
76.53

	
14.78

	
1.12




	
M8

	
6.85

	
77.24

	
14.82

	
1.09
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Table 3. Composition of Ch-LC films by ink jet printing.






Table 3. Composition of Ch-LC films by ink jet printing.





	
Sample No.

	
Print Formulation (wt%)




	
S811

	
SLC-1717

	
C6M

	
IRG 651






	
P1

	
10.98

	
72.95

	
15.02

	
1.05




	
P2

	
8.69

	
75.27

	
14.95

	
1.09




	
P3

	
6.87

	
77.02

	
14.99

	
1.12




	
P4

	
6.12

	
77.75

	
15.00

	
1.13
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