

  crystals-11-00576




crystals-11-00576







Crystals 2021, 11(6), 576; doi:10.3390/cryst11060576




Article



The Electro-Optical Properties and Adhesion Strength of Epoxy-Polymercaptan-Based Polymer Dispersed Liquid Crystal Films



Gang Chen 1,†, Wei Hu 2,†, Le Zhou 2, Huimin Zhang 3, Ling Wang 4, Cuihong Zhang 3, Jian Sun 2, Lanying Zhang 2,*[image: Orcid], Xiaotao Yuan 5,* and Siquan Zhu 1,6,*





1



School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China






2



Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China






3



Key Laboratory of Organic Polymer Photoelectric Materials, School of Science, Xijing University, Xi’an 710123, China






4



School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China






5



Department of Chemistry and Chemical Engineering, School of Chemistry and Biological Engineering, University of Science and Technology Beijing, Beijing 100083, China






6



Department of Ophthalmology, Beijing Anzhen Hospital of Capital Medical University, Beijing 100020, China









*



Correspondence: zhanglanying@pku.edu.cn (L.Z.); yuanxt@ustb.edu.cn (X.Y.); siquanzhu@sina.com (S.Z.)






†



These authors contributed equally to this work.









Academic Editors: Chenhui Peng, Dmitry A. Bedrov and Shuang Zhou



Received: 25 April 2021 / Accepted: 13 May 2021 / Published: 21 May 2021



Abstract

:

Polymer dispersed liquid crystal (PDLC) films were prepared by thermal polymerization-induced phase separation in epoxy/polymercaptan/liquid crystal (LC)/accelerator mixtures. The effects of the concentration of LC and accelerator, the curing temperature, and the structure of epoxy monomer on the electro-optical (E-O) properties and adhesion strength of the PDLC films were studied systematically via E-O, peel strength, DSC, IR, and gel measurements. It showed that different polymer structures and the properties of the polymer can be obtained by changing the compositions and the curing temperature, which had significant impacts on the E-O properties of the PDLC films. Meanwhile, the polymer matrix with high glass-transition temperature (Tg) and small pore size will improve the adhesion strength of the PDLC film, and these kinds of epoxy-polymercaptan-based PDLC films have better performance than traditional acrylate-based PDLC in the aspect of the adhesion strength. This work may provide some inspiration in preparing epoxy-polymercaptan-based PDLC films, which both have excellent E-O performance and good adhesion strength, towards roll-to-roll processes and large-scale flexible applications.
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1. Introduction


Polymer dispersed liquid crystal (PDLC) film is a kind of composite material consisting of submicron-sized droplets of liquid crystal (LC) embedded within a polymer matrix [1,2,3,4,5,6,7,8,9] and has a unique electric-switchable property between transparent-state and opaque-state. In general, the ordinary refractive index (no) of LC is adjusted to match the refractive index (np) of the polymer matrix. Under the application of the electric field, the PDLC film will become transparent, for the LC molecules are induced to align along the same direction as the electric field. Once the electric field has been removed, the PDLC film becomes opaque, because of the random alignment of the LC molecules induced by the polymer matrix [2,10]. The PDLC films with this electro-optical property pave the way for multifarious applications of PDLC films such as smart windows, flexible displays, and other various optical devices [11,12,13] and provide a rich platform for making new liquid-crystal-based devices [14,15,16,17].



The flexibility and large area are an obvious trend of the development of smart windows. PDLC can be made into the large-scale flexible film due to its combined unique E-O properties of LC [18,19,20,21] and some excellent properties of the polymer, such as excellent flexibility, outstanding adhesion strength [22], and the availability of large-scale flexible manufacturing. In the large-scale flexible PDLC films, two pieces of conductive polymer films are used as the substrates of the PDLC film. To guarantee the quality and the stability of the flexible PDLC films in the productive process and usage, the polymer matrix must have enough adhesive property to ensure that the PDLC film has enough adhesion strength between the substrates of the PDLC film.



Yang’s group has done many works to improve the adhesion strength of the PDLC films [14,17,23,24], however, the adhesion strength of the PDLC film based on the polyacrylate still cannot completely satisfy the application requirements. The epoxy-based polymer has been widely used as the binder for encapsulation materials for semiconductor devices [25,26], intumescent fire-resistive coatings [27], etc. due to their remarkable adhesion and mechanical property.



Herein, to further research the effect of the compositions and technological conditions on the polymer structures, E-O properties, and adhesion strength of PDLC films, the epoxy-polymercaptan-based polymer was selected as the polymer matrix to improve the adhesion strength and several series of PDLC films were fabricated. The effects of the concentration of LC, the curing temperature, the concentration of accelerator and the structure of epoxy monomer on, the E-O properties and adhesion strength of these PDLC films have been systematically researched. Particularly, by roll-to-roll processes [14,17], which are the most widely-used processing method of flexible large-scale PDLC film, these PDLC films were fabricated with the flexible conductive PET films as the substrates, and the adhesion strength of the PDLC film was measured and compared with acrylate-based PDLC films.




2. Materials and Methods


2.1. Materials


Nematic LC E8 (TN-I = 72.9 °C, no = 1.525, ne = 1.773) was obtained by mixing five mesogens according to literature [28]. Epoxy monomers, 2,2-Bis(4-glycidyloxy-phenyl)propane (DGEBA, >85.0%) and trimethylolpropane triglycidyl ether (TMPTGE) were purchased from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan and Beijing Hanlun Science and Technology Development Co., Ltd., Beijing, China, respectively. A mercaptan (SH) terminated liquid curing agent, CAPCURE® 3-800 (3-800) was purchased from Gabriel Performance Products, Ashtabula, OH, USA. Catalyst, 2,4,6-tris(dimethylaminomethyl)phenol (DMP-30, 95%) was purchased from Aladdin Industrial Corporation, Shanghai, China. The chemical structures of the compounds used here were shown in Figure 1. All of these materials were used as received without further purification.




2.2. Sample Preparation


As shown in Table 1, four groups of samples were prepared according to the feeding ratios. They were prepared in the same composition and procedure except the concentration of LC in Group A, the curing temperature in Group B, the concentration of DMP-30 in Group C, and the ratio of DGEBA/TMPTGE in Group D.



All of the samples listed in Table 1 were prepared by the following procedure. Firstly, each component in the sample was vigorously stirred together to obtain a homogenous syrup. Then, to measure the E-O properties of the PDLC films, the syrup was sandwiched between two substrates of transparent ITO-coated glasses by capillary action. And to measure the adhesion strength of the PDLC films, the syrup was sandwiched between two transparent and conductive PET films via a roll-to-roll process. The thickness of the PDLC film was adjusted to 20 ± 1 μm by polyethylene terephthalate (PET) spacers between two substrates of transparent ITO-coated glasses, or by glass spacers between two conductive PET films substrates. And to measure the DSC, IR spectra, and gel fraction of the polymer network, the syrup was poured into the centrifuge tube. After that, the sample was cured at a designed temperature in an oven for 24 h, so that the sample was completed.




2.3. Measurements


The E-O properties of the samples were measured by a liquid crystal parameter tester (LCT-5066C, The North LCD Engineering R&D Center, Changchun, China) at room temperature. A halogen laser beam (560 nm) was used as the incident light source, and an electric field (square wave, 100 Hz) was applied during the measurement. The voltage increases linearly with the time and 142 s is needed for increasing the voltage from 0 to 100 V.



To measure the morphologies, glass-transition temperature (Tg), IR spectrometry, and gel fraction of polymer structures, all of the samples were dipped in hexane (AR) (Beijing Tong Guang Fine Chemicals Company, Beijing, China) for twenty days at room temperature to fully extract the liquid crystalline molecules and then dried at 60 °C for one day. The morphologies of polymer structures of the PDLC films were observed by scanning electron microscopy (SEM, Hitachi S-4800, Hitachi, Tokyo, Japan). Thin layers of gold were coated onto the films to eliminate any electric charge problem. The Tg was measured by differential scanning calorimeter (PerkinElmer DSC 8000, Waltham, MA, USA). The heating rate is 40 °C/min. The IR spectra were measured by FT-IR Spectrometer (PerkinElmer Spectrum Two, Waltham, MA, USA).



As shown in Figure S1 in Supporting Information, the adhesion strength of the PDLC films with the flexible conductive PET film substrates was tested using a universal tensile testing machine (CMT6103, MTS Systems (China) Co., Ltd., Shenzhen, China) at the rate of 10 mm/min, and the tested PDLC film was in the size of 1.4 cm × 2.0 cm.





3. Results and Discussion


3.1. The Effect of the Concentration of LC on the E-O Properties and Adhesion Strength of the PDLC Films


The effect of the concentration of LC on the E-O properties and adhesion strength of the PDLC films has been researched in Group A. The weight ratio of DGEBA and TMPTGE was fixed at 1:3 and the curing temperature was 60 °C.



As shown in Figure 2a–c, the transmittance of all samples in Group A increases as the applied voltage increases. Specifically, when the concentration of LC increases from 35 to 50 wt.%, the threshold voltage (Vth) and saturation voltage (Vsat) of samples A1–A4 decrease gradually. And the decay time (toff) increases sharply as the concentration of LC increases from 35 to 50 wt.%, yet the rise time (ton) does not change obviously. However, with the concentration of LC increasing from 35 to 50 wt.%, the contrast ratio (CR) of samples A1–A4 does not change linearly. When the concentration of LC is not more than 40 wt.%, sample A1 and A2 have a high contrast ratio that is beyond 100. However, further increase in the concentration of LC to 45 and 50 wt.% results in a remarkable decrease of CR due to the high vertical off-state transmittance (T0). Here, the Vth and Vsat are defined as the voltages required for the transmittance to reach 10% or 90% of the maximum transmittance, respectively [4,5,10]. The ton and toff are defined as the time required for transmittance changing from 0% to 90.0% upon turn on, and from 100.0% to 10.0% upon turn off, respectively [6]. And the CR is defined as the value of Ts/T0, where the vertical saturation transmittance (Ts) and T0 are transmittances of the on- and off-states of PDLC films [5]. The adhesion strength of the PDLC films in Group A decreases gradually when the concentration of LC increases from 35 to 50 wt.%, as shown in Figure 2d.



To explain the above results, the FTIR spectra, gel fractions, Tg and morphologies of the polymer matrix of samples A1–A4 were measured, as shown in Figure 2e,f and Figure 3. All of the gel fractions of samples A1–A4 are above 90 wt.% as shown in Figure 2e, which indicate the polymeric monomer has been reacted sufficiently. As shown in Figure 3, a significant contrast of the polymer structures between A1, A2 and A3, A4 can be found. To be specific, a typical porous polymer structure of PDLC films was observed when the concentration of LC is not more than 40 wt.%, which results in good E-O properties of sample A1 and A2. And the change in concentration of LC from 35% to 40% leads to the increase of pore size from sample A1 to A2, which is the main reason for the lower Vth and Vsat, the slower toff, and the higher CR of Sample A2 than Sample A1. This is because the LC molecules in a larger pore would decrease the specific surface area of the LC domain, and so the LC molecules in sample A2 are much more easily driven by an external electric field to orient along the direction of the electric field due to the weaker anchoring effect of polymer matrix on the LC molecules [7]. And the anchoring effect of polymer matrix on the LC molecules is the main driving force for reorienting the LC molecules to random alignment [2], so Sample A2 with larger pore size has a slower toff than Sample A1. However, when the concentration of LC increases to 45 and 50 wt.%, the polymer structures are composed of beads, and the liquid crystal phases are the continuous phases after phase separation. The continuous phase of LC molecules weakens the anchoring effect of polymer matrix on the LC molecules, so the LC molecules are easier to be driven by the electric field, which gives rise to lower Vth and Vsat. And the sharp decrease of CR when the concentration of LC increases to 45 and 50 wt.% can also be attributed to this drastic change of polymer structures. In general, a higher CR can be obtained when the pore sizes can be comparable to the visible light [29]. However, the effective porous structure does not exist in samples A3 and A4, and the continuous phase of liquid crystal cannot scatter the incident light effectively, which results in a high T0. Furthermore, as the concentration of LC increases, the size of the epoxy beads decreases and the molecular interactions between LC molecules and polymer matrix become much weaker, which results in the slower toff of sample A4 compared to sample A3.



The decrease of adhesion strength from sample A1 to sample A4 can be attributed to the change of the concentration of polymer matrix. For the adhesion strength is supported by the polymer matrix, the less concentration of the polymer matrix could not sustain high adhesion strength. Meanwhile, the Tg of the polymer matrix also has a significant influence on the adhesion strength of the PDLC films. As shown in Figure 2f, the Tg of the polymer matrix of PDLC films increases gradually as the concentration of LC increases, which leads to that the polymer matrix has a smaller displacement when sustains the same tension. Despite the Tg of the polymer matrix of sample A1 is lower than that of sample A2, the higher adhesion strength of sample A1 than that of sample A2 indicates that the concentration of polymer is a more fundamental factor to decides the adhesion strength. Although the Tg of samples A1, A2 are lower than samples A3, A4, the lower adhesion strength of samples A3, A4 indicates that the continuous phase of the polymer matrix is crucial to the excellent adhesion strength and that the polymer density increases as the concentration of polymeric monomer decreases.



This change of the polymer structures from porous structure to epoxy beads can be ascribed to the inhomogeneous gelation process for the chain ring-opening polymerization of epoxy monomers and polymercaptan [30]. To be specific, the curing process starts with the formation of microgel particles resulting from the curing of polymeric monomers. As the curing reaction progresses, the size of these microgel particles increases continually for the microgel particles to react with the uncured monomers or other microgel particles. The polymerization rate depends on the concentration of monomers [31]. When the concentration of LC is low enough, such as 35 wt.%, the microgel particles have more possibilities to react with the uncured monomers and other microgel particles, so the microgel particles become large and coalesce gradually at the same time, which leads to the formation of a continuous polymer phase. Meanwhile, the fast polymerization rate leads to the insufficient phase separation of polymer and LC. The continuous polymer phase and the insufficient phase separation result in the polymer porous structure with a smaller pore size (Figure 3a). As the concentration of the LC increases to 40 wt.%, the polymerization rate becomes slower and a better phase separation occurs, leading to a continuous polymer phase with a larger pore size (Figure 3b). However, accompanied with the further increase of the concentration of LC, there are not enough microgel particles and uncured monomers to polymerize and coalesce into a continuous polymer phase, so the further polymerization of the microgel particles leads to the formation of interconnected microspheres until the curing reaction terminates (Figure 3c,d). Meanwhile, the liquid crystal phase is changed into a continuous phase. The higher the concentration of LC is, the less the concentration of the polymeric monomer is, so the size of the interconnected microspheres becomes smaller as the concentration of LC increases from 45 wt.% (Figure 3c) to 50 wt.% (Figure 3d).




3.2. The Effect of the Curing Temperature on the E-O Properties and Adhesion Strength of the PDLC Films


The effect of the curing temperature on the E-O properties and adhesion strength of the PDLC films has been researched in Group B. Here, the weight ratio of DGEBA and TMPTGE was fixed at 1:3 and the curing temperature was 60 °C.



As shown in Figure 4a–c, when the curing temperature is 45 °C, the PDLC film has very low driven voltages, but the CR is too low for the high T0. With the gradual increase of the curing temperature from 45 to 75 °C, the Vth, Vsat, and CR increase gradually and the toff decreases. When the curing temperature is 90 °C, the E-O properties of sample B4 are too bad because of the high T0 and the low Ts. And every sample in Group B has a very fast ton. The adhesion strength increases gradually when the curing temperature increases from 60 to 90 °C, but the adhesion strength of sample B1 is a little higher than that of sample B2, as shown in Figure 4d.



The low CR of samples B1 and B4 can be explained by their microstructure. The FTIR spectra, gel fractions, Tg and morphologies of the polymer matrix of samples B1–B4 were measured, as shown in Figure 4e,f and Figure 5. All of the gel fractions of samples B1–B4 are above 94 wt.% as shown in Figure 4e, which indicates the polymeric monomer has been reacted sufficiently. As shown in Figure 5a, a nonhomogeneous porous structure can be found in sample B1. Diameters of some larger pores are more than 10 μm and others are less than 1 μm, which could not scatter the visible light effectively. The formation of the nonhomogeneous porous structure can be ascribed to the bad intersolubility of the polymeric monomer and the LC molecules at 45 °C, which leads to that the pores with smaller size were formed in the monomer-rich regions and the pores with larger size were formed in the LC-rich regions [31]. As the curing temperature rises to 60 °C, a typical polymer porous structure has been formed and sample B2 renders excellent E-O properties. However, the further increase of curing temperature to 75 °C gives rise to smaller pore size, which results in a higher Vth and Vsat of sample B3. The smaller pore size is formed due to the faster curing rate and the good intersolubility of LC molecules and polymer [29] in the higher curing temperature. The better intersolubility of LC molecular and polymer decelerates the phase separation of the LC molecular and polymer, and the faster curing rate leads to the fast formation of the polymer matrix. So, there is not enough time for sufficient phase separation, which induces the formation of the porous polymer with a smaller pore size. For the same reason, when the curing temperature increases to 90 °C, a polymer structure of infinitesimal aspheric pore has been formed in sample B4, as shown in Figure 5d.



Although the Tg of sample B3 is lower than that of B2 (Figure 4f), the adhesion strength of sample B3 is higher than that of sample B2, which indicates that the pore size of the polymer matrix could markedly influence the adhesion strength of PDLC film, and the polymer matrix with small pore size has large adhesion strength. The highest Tg and smallest pore size of sample B4 leads to the highest adhesion strength in Group B. However, the adhesion strength of sample B1 has a little higher than that of sample B2, which can be ascribed to the higher Tg and nonhomogeneous porous polymer structure of the sample B1, yet this nonhomogeneous porous polymer structure is not beneficial to the E-O properties of the PDLC film.




3.3. The Effect of the Concentration of DMP-30 on the E-O Properties and Adhesion Strength of the PDLC Films


The accelerator plays a very important role in the polymerization rate of the epoxy resin. Here, DMP-30 was chosen as the accelerator in our curing system and the effect of different concentrations of DMP-30 on the E-O properties and adhesion strength of the PDLC films has been researched in Group C.



As shown in Figure 6a–c, the Vth and Vsat are almost stable when the concentration of DMP-30 is not more than 0.2 wt.%, and the further increase of the concentration of DMP-30 results in the increase of the Vth and Vsat. From 0.05 to 0.4 wt.% of the concentration of DMP-30, toff decreases dramatically, the CR increases notably and ton is almost unchanged. The Ts of these samples have a little decline with the increase of the concentration of DMP-30. The adhesion strength increases as the concentration of DMP-30 increases from 0.05 to 0.4 wt.%, as shown in Figure 6d.



The FTIR spectra, gel fractions, Tg, and morphologies of the polymer matrix of samples C1–C4 were measured, as shown in Figure 6e,f and Figure 7. All of the gel fractions of samples C1–C4 are above 93 wt.% as shown in Figure 6e, which indicate the polymeric monomer has been reacted sufficiently. It can be found that a porous polymer structure has been formed in all of the samples. The porous polymer structure with nearly equal pore size has been formed when the concentration of DMP-30 is not more than 0.2 wt.%, which leads to similar Vth, Vsat, and CR of the samples C1–C3. The further increase of the concentration of DMP-30 induces the obvious decrease of the pore size of polymer structure, which leads to the obvious increase of Vth and Vsat. All of the samples have a very fast ton, and the toff decreases gradually when the concentration of DMP-30 increases from 0.05 to 0.4 wt.%, for the decrease of the pore size. The biggest CR is obtained when the concentration of DMP-30 is 0.4 wt.%, for the comparable size of the pore size and the wavelength of visible light. This is because the CR is defined as the value of Ts/T0, and in general, the more light was scattered by the PDLC films, the lower the T0 is. When the pore size is comparable to the wavelength of the visible light, the degree of scattering is the biggest, which results to the lowest T0. Thus, the biggest CR can be obtained. The decrease of the pore size with the increase of the concentration of DMP-30 can be ascribed to the change of curing rate. The DMP-30 can effectively accelerate the curing rate, which results in the fast formation of the polymer network before the sufficient phase separation. The more the concentration of DMP-30 is, the fast the curing rate is, so the pore size decreases with the increase of the concentration of DMP-30.



The increase of adhesion strength with the increase of the concentration of DMP-30 is because of the decrease in the pore size of the polymer matrix (Figure 7), which is a similar change rule to the one mentioned above. And the upward tendency of Tg of the polymer matrix (Figure 6f) is another important factor that leads to the increase of adhesion strength. The highest Tg and smallest pore size of sample C4 leads to the highest adhesion strength in Group C.




3.4. The Effect of the Structure of Epoxy Monomer on the E-O Properties and Adhesion Strength of the PDLC Films


The effect of the structure of epoxy monomer on the E-O properties and adhesion strength of the PDLC films has been researched in Group D. Here, two kinds of epoxy monomer, DGEBA and TMPTGE have been used, with the former having a rigid core in the molecular structure and the latter having a flexible molecular structure.



As shown in Figure 8a–c, with the increase of the concentration of TMPTGE, the Vth and Vsat of the sample in Group D decrease gradually, and toff becomes faster gradually except for sample D5. All of the samples in Group D have a very fast ton that is less than 4 ms. The samples containing DGEBA have higher CR, and the CR becomes higher with the increase of the concentration of TMPTGE. The very low CR of sample D5 is due to the high T0, as shown in Figure 8a,c. As shown in Figure 8d, the adhesion strength of the PDLC film decreases gradually when the weight ratio of DGEBA/TMPTGE changed from 4:0 to 0:4.



The FTIR spectra, gel fractions, Tg, and morphologies of the polymer matrix of samples D1–D5 were measured, as shown in Figure 8e,f and Figure 9. All of the gel fraction of samples D1–D5 are above 92 wt.%, which indicate the polymeric monomer has been reacted sufficiently. It can be found that typical porous polymer structures of PDLC were observed in samples D1–D4. And with the increase of the concentration of TMPTGE, the pore size increases gradually, which gives rise to the gradual decrease of Vth and Vsat, the gradual rise of CR from sample D1 to sample D4. However, sample D5, which does not contain DGEBA, has a disparate polymer structure that is a co-existent framework of polymer porous structure with large size and interconnected microspheres, and the interconnected microspheres balls are distributed within the porous structure. This co-existent framework results in a high T0 and low CR. The increase of the pore size from sample D1 to sample D5 can be ascribed to the dilution effect of TMPTGE. The viscosity of DGEBA is much higher than that of TMPTGE. When the ratio of DGEBA/TMPTGE changes from 4:0 to 0:4, the viscosity of syrup decreases gradually, so a more sufficient phase separation occurs in the process of polymerization, which leads to the large pore size.



The decrease of the adhesion strength from sample D1 to sample D5 is the combined effect of the Tg and pore size of the polymer matrix. As shown in Figure 8f, the Tg of the polymer matrix decreases when the weight ratio of DGEBA/TMPTGE changed from 4:0 to 1:3. This decrease of the Tg and the increase of the pore size lead to the decline of the adhesion strength with the increase of concentration of TMPTGE. Although sample D5 has higher Tg than sample D4, the adhesion strength of sample D5 decreases further for the large pore size.



It is worth noting that the toff becomes slower with the decrease in the pore size in Group D, which is opposite to the general study result that the porous structure with a small pore size leads to a faster toff. This unusual phenomenon may be ascribed to the different epoxy monomers. The response times (ton and toff) of PDLC films are governed by many factors: the size, shape, and director configuration of the LC droplet; the value of the deformation constants and rotational viscosity coefficient; the anchoring effect of polymer matrix on the LC molecules [2]. That general study result is obtained only in the case that the same polymeric monomers have been used, for the anchoring effect of polymer matrix on the LC molecules cannot be a constant if the polymeric monomer has been changed. In samples D1–D5, two kinds of epoxy monomers, DGEBA and TMPTGE, have been used, and the change of the ratio of DGEBA and TMPTGE leads to a dramatic change of the property of the polymer matrix, especially anchoring effect of polymer matrix on the LC molecules. For example, the Tg of the polymer matrix in Group D decreases sharply when the weight ratio of DGEBA/TMPTGE changed from 4:0 to 0:4. And as described below, the refractive index of the polymer matrix changes when a different ratio of DGEBA and TMPTGE has been used. Thus, general study results could not be suitable for the interpretation of the change of the toff in Group D. And the result of Group D indicates the regulation of the polymeric monomer structure is an effective way to adjust the anchoring effect of polymer matrix on the LC molecules, and optimize the driven voltage and decay time simultaneously.



As shown in Figure 8a,c, it can be found that accompanied by the change of the ratio of DGEBA/TMPTGE, the Ts of the PDLC films in Group D changes gradually, and the Ts reaches a maximum when the ratio of DGEBA/TMPTGE equals 1:3. In general, the Ts is decided by the matching degree of the no of LC and np of polymer matrix. The higher the matching degree of the no of LC and np of polymer matrix, the higher the Ts will be [2]. Here, the no of LC is almost unchanged, so it can be deduced that the np of polymer matrix changes sharply with the change of the ratio of DGEBA/TMPTGE. When the ratio of DGEBA/TMPTGE is 1:3, the matching degree is the highest, so the highest Ts has been achieved.




3.5. The Advantage of Adhesion Strength of the Epoxy-Polymercaptan-Based PDLC Films


As mentioned in the introduction, the epoxy-based polymer has been widely used as the binder due to its remarkable adhesion and adhesion property. Thus, we tried to compare adhesion strength of our epoxy-polymercaptan-based polymer dispersed liquid crystal films with other different LC-polymer composites. Here the optimized sample A2 was selected to measure the adhesion strength for the excellent comprehensive E-O properties. As shown in Figure 10, this adhesion strength has giant advantages over traditional acrylate-based PDLC and acrylate-based polymer-dispersed and stabilized liquid crystals [14,17,23].





4. Conclusions


In conclusion, we prepared several series of PDLC films by thermal polymerization-induced phase separation in epoxy/polymercaptan/liquid crystal (LC)/accelerator mixtures and found that the E-O properties and adhesion strength of these PDLC films can be adjusted flexibly by changing the compositions and the curing temperature. IR and gel measurements showed that the polymeric monomer has been reacted sufficiently after thermal-curing. The optimal E-O property of the PDLC film can be obtained in a homogeneous porous polymer structure with proper pore size and match of the refractive index. The polymer structure, the refractive index and the anchoring effect of the polymer matrix on the LC molecules can be adjusted by changing the structure of the epoxy monomer at the same time, providing an effective way to optimize the driven voltage and decay time simultaneously. And the alteration of the concentration of LC, the concentration of accelerator and the curing temperature can only influence the polymer structure. Meanwhile, the DSC measurements showed the Tg of the polymer matrix can be adjusted by changing the compositions and the curing temperature. And the polymer matrix with high Tg and small pore size will improve the adhesion strength of the PDLC film, and these kinds of epoxy-polymercaptan-based PDLC films have better performance than traditional acrylate-based PDLC in the aspect of the adhesion strength. This work may provide some inspiration in preparing epoxy-polymercaptan-based PDLC films, which both have excellent E-O performance and good adhesion strength, towards roll-to-roll processes and large-scale flexible applications.
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Figure 1. The chemical structures of the compounds used in this paper. 
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Figure 2. (a) The voltage dependence of the transmittance, (b) the response time, (c) the saturation transmittance, off-state transmittance, contrast ratios, and (d) adhesion strength of samples A1–A4; (e) FTIR spectra and gel fractions and (f) DSC thermographs of the polymer matrix of samples A1–A4. 
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Figure 3. The polymer morphologies of samples A1–A4: (a) Sample A1; (b) Sample A2; (c) Sample A3; (d) Sample A4. 
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Figure 4. (a) The voltage dependence of the transmittance, (b) the response time, (c) the saturation transmittance, off-state transmittance, contrast ratios, and (d) adhesion strength of samples B1–B4; (e) FTIR spectra and gel fractions and (f) DSC thermographs of the polymer matrix of samples B1–B4. 
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Figure 5. The polymer morphologies of samples B1–B4: (a) Sample B1; (b) Sample B2; (c) Sample B3; (d) Sample B4. 
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Figure 6. (a) The voltage dependence of the transmittance, (b) the response time, (c) the saturation transmittance, off-state transmittance, contrast ratios, and (d) adhesion strength of samples C1–C4; (e) FTIR spectra and gel fractions and (f) DSC thermographs of the polymer matrix of samples C1–C4. 
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Figure 7. The polymer morphologies of samples C1–C4: (a) Sample C1; (b) Sample C2; (c) Sample C3; (d) Sample C4. 
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Figure 8. (a) The voltage dependence of the transmittance, (b) the response time, (c) the saturation transmittance, off-state transmittance, contrast ratios, and (d) adhesion strength of samples D1–D5; (e) FTIR spectra and gel fractions and (f) DSC thermographs of the polymer matrix of samples D1–D5. 






Figure 8. (a) The voltage dependence of the transmittance, (b) the response time, (c) the saturation transmittance, off-state transmittance, contrast ratios, and (d) adhesion strength of samples D1–D5; (e) FTIR spectra and gel fractions and (f) DSC thermographs of the polymer matrix of samples D1–D5.
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Figure 9. The polymer morphologies of samples D1–D5: (a) Sample D1; (b) Sample D2; (c) Sample D3; (d) Sample D4; (e) Sample D5. 






Figure 9. The polymer morphologies of samples D1–D5: (a) Sample D1; (b) Sample D2; (c) Sample D3; (d) Sample D4; (e) Sample D5.



[image: Crystals 11 00576 g009]







[image: Crystals 11 00576 g010 550] 





Figure 10. The adhesion strength of different LC-polymer composites: (A) The optimized sample in this work; (B) acrylate-based polymer-dispersed and stabilized liquid crystals (PD&SLC) doped with 5.0 wt.% ITO/SiO2 nanocrystals reported by Xiao Liang et al. [14]; (C) acrylate-based PD&SLC doped with 5.0 wt.% CsxWO3/PVP nanorods [17]; (D) acrylate-based polymer dispersed liquid crystals reported by Haonan Lin et al. [23]; (E) acrylate-based polymer dispersed liquid crystals of which the adhesion strength has been improved by doping with 3-(trimethoxysilyl)propyl methacrylate reported by Haonan Lin et al. [23]. 
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Table 1. The compositions and curing temperature of the samples used in this paper.
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	Sample
	Composition

(DGEBA/TMPTGE/3-800/E8/DMP-30, wt.%)
	Curing Temperature (°C)





	Group A
	
	



	A1
	8.12/24.38/32.50/35.00/0.20
	60



	A2
	7.50/22.50/30.00/40.00/0.20
	60



	A3
	6.87/20.63/27.50/45.00/0.20
	60



	A4
	6.25/18.75/25.00/50.00/0.20
	60



	Group B
	
	



	B1
	7.50/22.50/30.00/40.00/0.20
	45



	B2
	7.50/22.50/30.00/40.00/0.20
	60



	B3
	7.50/22.50/30.00/40.00/0.20
	75



	B4
	7.50/22.50/30.00/40.00/0.20
	90



	Group C
	
	



	C1
	7.50/22.50/30.00/40.00/0.05
	60



	C2
	7.50/22.50/30.00/40.00/0.10
	60



	C3
	7.50/22.50/30.00/40.00/0.20
	60



	C4
	7.50/22.50/30.00/40.00/0.40
	60



	Group D
	
	



	D1
	30.00/-/30.00/40.00/0.20
	60



	D2
	22.50/7.50/30.00/40.00/0.20
	60



	D3
	15.00/15.00/30.00/40.00/0.20
	60



	D4
	7.50/22.50/30.00/40.00/0.20
	60



	D5
	-/30.00/30.00/40.00/0.20
	60
















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











© 2021 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/file13.jpg





media/file4.png
(a) 10— (b) 250 — (€) 10— 30
S B 5004 < |
S 754 g2  75- ke’
Q Q -200 @©
2 £ 150 2 -
£ 50- = S 50- i
= ——35wt% | 3 100- / L N 100 B
—_—— 0 . on
% 25_ - 40 Wt /0 8- O —f)—t % 25. - T - O
= —— 45 wt% a 50+ off = JE—
—— 50 wt% o 1 “ 0 ——CR
0%’ v Ll h ] v L] M ] M O L:'-—':l_ T ':‘ - C; L} fl L} -O
0 20 40 60 80 100 35 40 45 50 35 40 45 50
Voltage (V) Concentration of LC (wt%) Concentration of LC (wt%)
d) 300 e) 100
(@) o ©) o
Z {—— 40 wt% O\\C”’ 150 wt% 1.7°C
o |——a5wt%n S 75 T -
g 200+ —— 50 wt% / 8 45 wt% -59°C
L " S 9 ]
> S ol E 50 gel fraction || s 0 wite 10.5 °C
S 100- g, | @ {——35wt% 94.1% | 40 wt%
S z S o5]——40wWt% 95.2% '% 1 e
@ 2" - = | ——45wt% 92.8% ‘ 1 35 wio o
0 @ ch?r?cemé?ion ofLC (\?nq%) —— 50 wt% 90.8%

] v 1 v O v Ll v L M L L] v L} v L} v
0 3 6 9 12 15 4000 3000 2000 1000 -20 0 20 40
Time (s) Wave number (cm™) Temperature (°C)





media/file18.png





media/file3.jpg
(@) 100

8

E1g sl 2
] ] ol
H N <
H H g
8 244 § 251 38
P o 5
et o o
(d) 300, LU
Ry Mo =
s T & o o
3 b
M| P88 =
kan e e S 5%
EELT o

Temperatre (C)





media/file19.jpg
3
(G

o o o o
© N

9/N) yibuasig Buipuog





media/file7.jpg
ContrastRilo

(@) 100y () 200y (e) 100y
£n Lo £ AN
§al L [
H H
i fo 1B
o
% A% I ]
Bng et (& Eng Famparir &
o
'm'c EIE
- e
_ gunn H e
SR e "
—90°C_849% s
S 36w 0w % e

‘Wave number (om) Temparature (C)





media/file10.png





media/file14.png
i a-' J :
. e m
3t (Y70 SO

-






media/file11.jpg
(@

e ) ) () 100y 500
£ H 3 / o
L & i P IE
-4 al g
Yrma e SCIETTh whemo
Bt (R P N TN
() oo {e) 100, )
A= 2 'ly' fosows 77
P Voo o4
§ 1= e § oo ——mr
i
lfgp| * [i2men fooos 1)

Time (8)

P2 .y B

Temperature (C)





media/file6.png





media/file15.jpg
g

H
:

o H o =
3 E‘“" \\/ g o
S £ fo
: Pl—1
°F T EE o e ow ool
oo o OGEEATUPTCE o sfocEBaTIPTOE
o 23 29
His ==
o

£3 £

T% W
Time s) Wave number (om) Temparature ()

Conrast Rato





nav.xhtml


  crystals-11-00576


  
    		
      crystals-11-00576
    


  




  





media/file16.png
(a) 100

(b) 10007— (c) 100 300
S = SN /et
S 75 3 . X 75. //\
8 o 1004 \\/ 8 . / L 200
S E ] =
;é 50- 0 =] E 50-
£ 31 2 10- — L, = — T, 100
G 25- ——2:2 8 —o—t g 251 — T,
= ——1:3 i —_ T~ - ——CR
——0:4 o \
0 o ) v Ll hd J v 1 L} L] L} ] L} 0- ‘(l : : L} 'l\ -0
20 40 60 80 100 40 31 22 13 04 40 31 22 13 04
Voltage (V) Ratio of DGEBA/TMPTGE Ratio of DGEBA/TMPTGE
(d) 400T——= (e) 100 S 2 (f) Y
> |73 S ] 04 7 T2 Y
< 300- < 75- T | -
@ Q | -10.5 °C
G @ gel fraction o {10
LL i 1 -— i © °
> 2% 5 £ 01 40 97.8% 5 _2__2__/ 4.2°C
= g @ |31 97.3% %
S 100- & ® 25{——2:2 96.5% 13:1 4.4°C
= sl = [——13 952% {40 e
02’ % retooteEaATMRTGE | 04 928% | - ' . 102°C
0 5 10 15 20 4000 3000 2000 1000 -20 0 20 40

Time (s) Wave number (cm™) Temperature (°C)

Contrast Ratio





media/file2.png
TMPTGE DMP-30 E8

N= 5CB (45 wt%
OH — O\/\
N= O O 30CB (16 wt¥%
Cl)>\/o O\/% lll | (16 wt%)
50CB (12 wt%)
© 0

— ~ N NN
. o._+ N= O O 80CB (16 wt%)
O N N= O O O SCT (1T wtth)

O
@
m
(vY)
>

/
N
Z
|l
g






media/file20.png
-CM
s

00000
oO






media/file5.jpg





media/file1.jpg
™PTGE omP30 L

s b [0 mem

0ce (16w%)
soc8 (12%)
s0ce (16w%)

ST (w0






media/file12.png
(a)

100

S
—_— 75.
Q
&
T
£ 50+
= — —0.05 Wt%
E 25 ——0.10 wt%
— ——0.20 wt%
—.—0.40 wt%
0:‘5 L} L L]
20 40 60 80
Voltage (V)
300
(d) ——0.05 wt% N
~  |—=—o010wm% e
Z ——0.20 wt% Ve
1——0.40 wt%
3 200 %
O . < a100
(' A E
gj 100 ;j % ,-»3—""‘/
-g / E% 50
Q 2
M Sl
S 00 01 02 03 04

Concentration of DMP-30 (wit%)

L) v 1

9 12

Time (s)

15

g — i,
; \ — — toff
E \

—
m \
g 50- ]
o
o
wn
O
o
04— . - g
00 01 02 03 04
Concentration of DMP-30 (wt%)

(e) 100
> 754
®
A
& 50-
= gel fraction
g 1——0.05wt% 93.1%

S 25— —010wt% 94.5%
|: |——0.20wt% 95.2%
0 ——0 40 wt% 97.8%
4000 3000 2000 1000

Wave number (cm™)

(c) 100———— —500
2 i
R e 400
3
= -300
= 50- -
e | —— 1T, }200
E 25. —— TG
= ——CcR 100

0- o

(f)

Endo —=

0.1 0.2
Concentratlon of DMP 30 (wt%)

10.40 wt%

10.05 wt% -12.1°C

-7.1°C

0.20 wi% -10.5°C

0.10 wt% -12.9 °C

0 20
Temperature (°C)

.20 40

Contrast Ratio





media/file9.jpg





media/file0.png





media/file8.png
(a) 100 . (b) 200
o A . ——
X 75- E 150 = on
8 o e
2 £
S 50- J 1004
£ ——45°C &
S 25 ——60°C | & 504
— o n
— ——75°C )
——90 °C o 0 ﬁ\:
0 'l’ L L Ll L} v A L L] L I:
0 20 40 60 80 100 45 60 75 90
Voltage (V) Curing Temperature (°C)
(d) 300T——— (e) 100
o
~ |——60°C — ]
< ——75°C éi 75-
Q 200{——90°C o
b &)
LE %123 - _g 50- fract
o)) e = gel fraction
% 100- %80- \/E/ gm 4 '—1:_45 oC 958%
S & 40 % 254 ——60°C 95.2%
o0 N = | ——75°C 96.8%
0t : C?J?ing Tseompeg:ure (%g) 0 ——90°C 94.9%
0 3 6 9 12 15 4000 3000 2000 1000

Time (s)

Wave number (cm™)

(c) 100 300
—_ —_—— T 2 A
S 75-_(:_&\\
Q | -200
© |——cCR
g 50-
z ~ p100
S 259 fJ
|_
01— . T —0
45 60 75 90
Curing Temperature (°C)
T - 90 0(: / _9 1 OC
g Jre .
=
W -10.5 °C
60 °C
_M -9.2°C
20 0 20 40

Temperature (°C)

Contrast Ratio





media/file17.jpg





