[bookmark: _GoBack]Comparative Studies of Polymer Dispersed Liquid Crystal Films via a Thiol-ene Click Reaction
Tingjun Zhong1, Richard J Mandle2, John W Goodby2, Lanying Zhang1 and Cuihong Zhang3
1 Tingjun Zhong, Lanying Zhang; Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing, People’s Republic of China; tingjun.zhong@pku.edu.cn, zhanglanying@pku.edu.cn.
2 Richard J Mandle, John W Goodby; Department of Chemistry, University of York, York YO10 5DD, United Kingdom; richard.mandle@york.ac.uk, john.goodby@york.ac.uk.
3 Cuihong Zhang; Key Laboratory of Organic Polymer Photoelectric Materials, School of Science, Xijing University, Xi’an, Shaanxi Province 710123, People's Republic of China; cuicui1008@126.com.
Correspondence to: Lanying Zhang (E-mail: zhanglanying@pku.edu.cn), Cuihong Zhang (E-mail: cuicui1008@126.com).
ABSTRACT
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In this work, the thiol-ene click reaction is employed to fabricate polymer dispersed liquid crystal (PDLC) films by photoinitiated polymerization. The PDLC films are prepared by systematic variation of key conditions: variety and content of -ene monomer; LC content; curing time; and curing light intensity. We find that both the morphologies and electrooptic properties of these films are adjustable. When increasing the length of alkyl main chain of -ene monomers, the driving voltages reduce but in turn the contrast ratio decreases. Increasing -ene monomer content raises the driving voltages as well as the response time, and the increase of liquid crystal content lowers the driving voltages but has a negative effect on the contrast ratio. The changes to the curing conditions (both curing time and UV light intensity) can be used to modify the driving voltages, response times and contrast ratios of PDLC films. These comparative studies will elucidate new insights in commercial applications of intelligent PDLC films.
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INTRODUCTION
Polymer dispersed liquid crystals (PDLCs) compose of micro-sized liquid crystal (LC) domains embedded in a continuous polymer matrix1. PDLC films are classified as an important class of materials that have promising photoelectrical applications, such as switchable windows2, microlenses3, reflective displays4, multicolor displays5, holographic films6, light shutters7 and bio-sensors8, due to their abilities to switch opaque scattering state to transparent state when applying an electric field.9,10 Additionally, PDLC films doped with nanographites11,12, carbon nanotubes13,14, nonlinear medium15, dyes16 or quantum dots17 have been investigated.
Phase separation method is a traditional way for preparing PDLC films, where the three following methods including polymerization-induced phase separation (PIPS), thermal-induced phase separation (TIPS), and solvent-induced phase separation (SIPS) are widely used. The PIPS method is versatile and usually applied for fabricating PDLC films due to its stability, fast curing speed, uniformity and controllability under photo-initiated polymerization conditions.18 Applied PDLC devices in the present typically have high driving voltages (> 50 V), long response times (> 50 ms) and low contrast ratios (< 100), which can be achieved by varying the morphology of the PDLCs19-24, via changing the LCs and the monomers employed25-30 such as the polymerizable group31, and the polymerization conditions32-37.
The thiol-ene click reaction is the hydrothiolation of a C=C bond, defined by Kolb et al.38, and has often conducted via the dissociation of a photoinitiator into a radical species.39,40 Moreover, the thiol-ene click reaction has simplicity, robustness and fast reaction speed in the field of  polymer and materials chemistry.41-56 The reactivity in the radical thiol-ene reaction can vary considerably depending on the chemical structure of the -ene and thiol components, and the 
-ene reactivity with alkyl 3-mercaptopropionates, alkyl thioglycolates, as well as alkyl thiols under radical conditions, following the order: vinyl ether > allyl ether > acrylate.40 Herein, we employed the thiol-ene click reaction between the vinyl ether and thiol to fabricate PDLC films in this work, and we report a systematic investigation into the crosslinking agent, the composition of monomer blends, the LC content as well as the curing time and intensity on the morphologies and electrooptic properties of the fabricated PDLC films.
EXPERIMENTAL
Materials
The -ene monomer bis(2-vinyloxyethyl ether) (M1) was obtained from Aladdin Industrial Inc., China. The thiol monomer Pentaerythritol tetrakis(3-mercaptoacetate) (M2) and the photo-initiator Irgacure 651 were purchased from Heowns Biochem Technologies. The -ene monomers tri(ethylene glycol) divinyl ether (M3), trimethylolpropane diallyl ether (M4) and 1,6-hexanediol diacrylate (M5) were purchased from Sigma-Aldrich Chemicals. The nematic LC mixture SLC1717 (TNI = 365 K, Δn = 0.201, no = 1.519, ne = 1.720) was provided by Shijiazhuang Chengzhi Yonghua Display Materials Co. Ltd. All the materials were used as received without any further purification. The chemical structures of M1-M5 and Irgacure 651 are shown in Figure S1.
Preparation
All the PDLC films were fabricated by the photo-initiated PIPS method. Mixtures of monomers, LCs and photo-initiator were prepared in defined weight ratios. Then the mixtures were filled into LC cells between two glass slides coated with a thin transparent layer of conducting indium tin oxide (ITO) in the inner surfaces. The cell gap was controlled to 20.0 ± 1.0 µm by polyethylene terephthalate (PET) spacers. After that, the LC cells were irradiated using a UV Lamp (365 nm, 35 W Hg Lamp, PS135, UV Flood, Stockholm, Sweden) at room temperature. The UV curing time and light intensity at the cell surface were set as defined in different series.
Analysis of Morphologies
To observe the polymer morphologies of PDLC films, scanning electron microscopy (SEM, S-4800, Hitachi, Tokyo, Japan) was used. All the PDLC films were soaked in cyclohexane solvent to extract the LCs from the polymer matrix at room temperature and dried at 80 °C for 24 h in the oven under vacuum. The surfaces of the pre-treated PDLC films were sputtered with gold and the polymer morphologies were observed by SEM.
Measurements of Electrooptic Properties
The electrooptic properties of all the PDLC films were measured at room temperature by a liquid crystal device parameter tester (LCT-5016 C, Changchun Liancheng Instrument Co., Ltd., China), where a halogen laser (λ = 560 nm) was used as the incident light source and an electric field square wave (100 Hz) was applied. The transmittance of the PDLCs was recorded by a photodiode and monitored by an oscilloscope. The distance between the samples and photodiodes was measured to be 300 mm. The collection angle of the transmitted intensity was about ± 1º so that the forward scattering was detected. The transmittance of air was normalized as 100 %.
The major parameters of the electrooptic performance of PDLC films are transmittance, driving voltages (Vth and Vsat), contrast ratio (CR) and response time (Ton and Toff). Vth is defined as the voltage of the electric field required to reach 90 % of the maximum transmittance (Tmax), whereas Vsat is defined as the voltage of electric field required to reach 10 % of Tmax. CR is the relative ratio of the on-state transmittance and the off-state transmittance. Ton is the time required to switch from 10 % to 90 % of Tmax when the electric field is turned on, whereas Toff is the time required to switch from 90 % to 10 % of Tmax when the electric field is turned off.
RESULTS AND DISSCUSSION
Effects of variety of crosslinking agent on the polymer morphologies and electrooptic properties of PDLCs
PDLC films I1-I4 with different -ene monomers were prepared under 5.0 mW cm−2 UV light intensity for 800.0 s. Films I1, I2, I3 and I4 contained monomers M1, M3, M4 and M5 respectively, at a fixed composition, 24.75/24.75/49.50/1.00 (wt%), of 
-ene/thiol/LC/photoinitiator.
As shown in Figure 1, the average sizes of the LC domains of films I1-I4 are varied, and the LC domains dispersed in film I1 are somewhat uniform, whereas films I2-I4 are non-uniform. As mentioned before, the polymerization kinetic of monomer M1 and monomer M2 was the fastest, moreover, the phase separation of polymer and LC was in total, thus a PDLC film with uniform LC droplets has been formed. The average sizes of the LC domains in films I1-I4 are found to be 1.2 µm, 5.1 µm, 5.9 µm and 1.7 µm, respectively. The LC domains in films I2 and I3 are larger than those in film I4, on the condition that the polymerization kinetic of monomer M3 and monomer M4 were faster than that of monomer M5, the LCs gathered together due to the less time of phase separation. Additionally, the average size of LC domains in film I2 is larger than that of film I1, for the longer length of the alkyl main chain, which results in a lower crosslinking density and bigger size of LC droplets. Thus, film I1 possesses the smallest and most uniform sized LC domains.
(Insert Figure 1 here.)
Figure 2(A) illustrates the variation of the transmittance of PDLC films I1-I4 as a function of the magnitude of the applied voltage. With an increase in the applied voltage, the highest gradient is found for film I1. The transmittance values for the off-state of films I1-I4 are 0.6 %, 2.7 %, 4.0 % and 0.9 % respectively, whereas at the saturation state the transmittance values are 67.1 %, 55.5 %, 39.8 % and 53.1 %, respectively. As shown, the transmittance of PDLC films without electric field is related to the average size of LC domains dispersed in polymer matrix. With the smallest uniform LC domains in film I1, the transmittance of film I1 at off state is the smallest, accompanying with the increase of the average size of LC domains, the transmittance at off-state increases due to the attenuated light scattering. As to the transmittance of PDLC films at on-state, because of the most uniform LC domains in film I1, light scattering has greatly decreased when applying the electric field as the LC domains align with the direction of the electric field, this gives the contrast ratios shown in Figure 2(C). Increasing the length of the main alkyl chain lowers both the Vth and Vsat values, exemplified by comparing film I1 with I2, the side groups lower both the Vth and Vsat values, see Figure 2(B). Thus, the Vth and Vsat values of film I3 are both the smallest because of the largest LC domains dispersed in the polymer network. While the average size of LC domains in film I4 is smaller than that in film I2 and I3, due to the larger viscosity of polymer in film I4, the free energy needed from the reorientation of LC domains is higher than that in film I2 and I3, thus the Vth and Vsat of film I4 are higher than that in film I2 and I3. For the response time, the Ton and Toff of films I1-I4 are all sub 10 ms.
 (Insert Figure 2 here.)
Effects of the crosslinking agent content on the polymer morphologies and electrooptic properties of PDLCs
PDLC films H1-H5 with 49.5 wt% LC content and 1 wt% Irgacure 651 but different relative content ratios of M1 and M2 (1:1, 9:10, 4:5, 7:10, 3:5) were prepared under 5.0 mW cm−2 UV light intensity for 800.0 s. Generally, the polymer morphologies of the PDLC films (see Figure S2) were determined during the LC droplet nucleation and the polymer gelation. The average sizes of the LC domains are influenced significantly by the relative content ratio of M1 and M2, which are 1.1 µm, 1.2 µm, 1.9 µm, 2.0 µm and 2.2 µm respectively.  With the relative increase of monomer M2, the polymerization kinetic of ene-thiol click reaction decreased, thus the LC droplets gathered together for forming larger LC domains.
With the decrease of M1, the slopes of the light transmittance-voltage curves change markedly as shown in Figure 3(A). For example, the curves of relatively high -ene content have steep slopes between 20 V and 40 V. The transmittance values of films H1-H5 for the scattering state are respectively 0.6 %, 0.4 %, 0.4 %, 3.0 % and 0.6 %, whereas the transmittance values for the transparent state are 67.1 %, 67.9 %, 59.1 %, 60.3 % and 38.4 %, respectively. Herein, the transmittance of PDLC film has no direct relation to the average size of LC domains dispersed in the polymer network due to high refractivity of the added thiol monomer. While for the largest LC domains in film H5, the transmittance at transparent state is the smallest due to the strongest interfacial light scattering between polymer and LC domains. As described in Figure 3(B), the Vth values increase slightly and the Vsat values increase significantly with the decrease content of -ene monomer. Accompanying with the larger LC domains in the films H1-H5, the energy to re-align the LC domains with the direction of electric field is higher when the average size of LC domains is in the scale of 0.1-3.0 µm. The CR values of films H1-H3 are higher than those of films H4-H5, as shown in Figure 3(C). Due to the smaller initial transmittance and the larger transparent state transmittance in film H2, film H2 owns the highest CR. The Ton values of films H1-H5 increase with less addition of M1. The Toff for the LC molecules to revert back to the equilibrium distribution decreases in PDLC films H1-H4, but with the exception of film H5. Here, considering both the low driving voltage and high CR, we find a 1:1 ratio of M1:M2 gives the best performance out of the mixtures studied.
(Insert Figure 3 here.)
Effects of LC content on the polymer morphologies and electrooptic properties of PDLCs
Generally, LCs are as solvent in the polymerization of monomers, the LC content has a profound influence on the performance of PDLCs. As determined a 1:1 ratio of M1:M2 to be optimal, we next investigated PDLC films with varying the concentration of liquid crystal while keeping the M1:M2 ratio constant. PDLC films L1-L5 were prepared as the listed in Table 1 and with 1 wt% of Irgacure 651 under 5.0 mW cm−2 UV light intensity for 800.0 s.
The SEM photomicrographs of the polymer matrix in PDLC films L1-L5 is presented in Figure S3, where the average sizes of LC domains increase correspondingly with the increase of LC content. The average sizes of the LC domains in films L1-L5 are 0.8 µm, 0.9 µm, 1.2 µm, 1.7 µm and 2.0 µm, respectively. The LC domains in film L1 are relatively sparse compared with that in film L2 even though their calculated average sizes by statistics are close to each other, which might be due to the weaker phase separation between LCs and monomers. When increasing the LC content, the LC domains in films tend to be uniform as shown in films L2 and L3. However, as the sizes of LC domains become larger, they become heterogeneous as the LC content is more than 50 wt%, as seen in Film L4 and L5.
Figure 4 shows the results of the electrooptic performances of films L1-L5. As the LC content increases, the transmittance of the clear state is reduced, due to the light scattering of more nematic LC domains, as depicted in Figure 4(A). The transmittance values of films L1-L5 at off state are 4.5 %, 1.8 %, 0.6 %, 3.3 % and 1.2 %, respectively. Additionally, the transmittance of films L1-L5 will reach the saturation transmittance, for the values of 73.9 %, 74.7 %, 67.1 %, 44.3 % and 51.2 %, respectively. For the transmittance at off state, with numerous LC domains in film L3, multiple scattering takes place, thus film L3 owns the lowest transmittance. Once applied an electric field, films L1 and L2 obtain higher transmittance because of the relative low LC content. Both the Vth and Vsat reduce with the increase in LC content and the increased size of the LC domains, see Figure 4(B). As shown in Figure 4(C), the values of CR increase with the continuing addition of LC content when the weight ratio of LCs to monomers is less than 1, whereas they decrease when the weight ratio of LCs to monomers is over 1. Hence, the CR value of film L3 is the highest. All the Ton values of films L1-L5 are sub millisecond whereas all of the Toff values are longer than 5.0 ms except for that of film L3.
(Insert Figure 4 here.)
Effects of curing time on the polymer morphologies and electrooptic properties of PDLCs
Except for the relative content of composite content, the curing conditions such as curing time and curing intensity have a great effect on the properties of PDLCs. PDLC films J1-J5 were prepared with an identical weight ratio of M1, M2, SLC1717 and Irgacure 651 (24.75/24.75/49.5/1) but the curing time was varied from 400.0 s for film J1 to 1200.0 s for film J5 in 200.0 s increments. A constant UV light intensity of 5.0 mW cm−2 was used. During UV curing, with the sufficient curing time, the polymerizable monomers were separated with LC domains, as depicted in Figure S4. As a result, the average sizes of LC domains of films J1-J5 decrease in the sequence, which are 1.3 µm, 1.3 µm, 1.2 µm, 0.9 µm and 0.7 µm, respectively. The phase separation in film J1 was not sufficient because of the short curing time, resulting in fewer LC domains. The curing time for film J5 was too long, leading to the smallest LC domains dispersed in the polymer network.
As shown in Figure 5, the electrooptic performance of films J1 (400.0 s curing time) and J5 (1200.0 s curing time) are significantly different from those of J2-J4 (600.0 s – 1000.0 s curing time). The transmittance values of films J1-J5 at off state are 0.2 %, 0.5 %, 0.6 %, 0.4 % and 0.6 %, respectively. Because the average sizes of LC domains dispersed in films J1-J5 are all in the range of 0.1-1.5 µm and less difference among them, the transmittance values of films J1-J5 at off state are similar, although the transmittance will reach the saturation transmittance with increasing the applied voltage for the values of 58.8 %, 65.9 %, 67.1 %, 68.1 % and 68.5 % respectively. It demonstrates that short curing times (see film J1) and long curing time (see film J5) both have a great influence on the slope of the light transmittance-voltage curve, as shown in Figure 5(A).  The Vth values of films J2-J4 increase slightly maybe due to the decreased sizes of LC domains. As the low number of LC domains in film J1 and the compact polymer network in film J5, the Vth and Vsat values of films J1 and J5 are high. The CR values of films J1-J5 are high and decrease with the increase of curing time except for those of film J4, which are 321.6, 140.5, 131.5, 192.3 and 120.0, respectively. The Ton values of films J2-J4 tend to increase, whereas Toff values tend to decrease with increasing curing time, which is probably due to the decrease in the sizes of LC domains and increasingly dense network.
(Insert Figure 5 here.)
Effects of curing intensity on the polymer morphologies and electrooptic properties of PDLCs
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]In the aforementioned part, we have studied the effect of curing intensity on the performance of PDLCs. Besides, the average size of the LC domains dispersed in polymer matrix is strongly dependent on the curing light intensity as well as the curing time. Films K1-K5 were fabricated to investigate the influence of the curing light intensity varied from 1.0 to 9.0 mW cm−2 in 2.0 mW cm−2 intervals, with an identical weight ratio of M1, M2, SLC1717 and Irgacure 651 (24.75/24.75/49.5/1). All the films were cured for 800.0 s.
The LC domains dispersed in the polymer matrix turn to be uniform with the increasing curing light intensity (see Figure S5), where the average sizes of the LC domains dispersed in the film K1-K5 are 4.1 µm, 1.4 µm, 1.2 µm, 0.7 µm and 0.7 µm, respectively. With weaker curing light intensity, a longer time is needed for the phase separation, therefore the average size of LC domains is larger. With stronger curing light intensity, the average size of LC domains is smaller owing to the relative time needed for the phase separation.
The results for the measured electrooptic properties of PDLC films K1-K5 are as shown in Figure S6. With increase in light intensity, the slopes of the light transmittance-voltage curves in Figure S6(A) change slightly with the exception of that of film K1. The Vth and Vsat values of films K1-K5 increase with increasing light intensity, see Figure S6(B). This might because with the decreasing sizes of the LC domains, the anchoring effects of polymer matrix on the molecules increase, so that the LC molecules are difficult to reorient along with the direction of the electric field. This regularity also fits with the linear function for the relationship of Vth and a reciprocal size of the domains R according to
                                                              (1)
Where d is the film thickness, R is the average size of the LC domains, K is the LC effective elastic constant,  is the LC aspect ratio of elongated droplet,  is the LC dielectric anisotropy, and  is the vacuum dielectric constant.53 The CR value of film K3 is the highest as shown in Figure S6(C). The Ton of films K1-K5 is fast and the values vary negligibly when increasing the light intensity, whereas Toff values trend to decrease which might be due to the decrease in the sizes of LC domains, see Figure S6(D). Thus, the optimal UV light intensity is 5.0 mW cm−2.
CONCLUSIONS
In conclusion, the effects of the variety and content of -ene monomer, the LC content as well as the curing time and light intensity on the morphologies and electrooptic properties of the thiol-ene based PDLC films have been investigated systematically, and both the polymer morphologies and electrooptic properties of these PDLC films have been shown to be adjustable through material selection. Increasing the length of the alkyl main chain of the -ene monomer reduces the driving voltages at the cost of increased Toff and decreased CR. Increasing the concentration of -ene monomer raises the driving voltages and Ton. Increasing the LC content lowers the driving voltage but has no significant effects on CR. An appropriate curing light intensity and the curing time are required to achieve a superior PDLC film with good electrooptic performance. Future efforts in this area should be focused on optimization of LCs, using the other parameters delineated in this work, to obtain superior performance PDLC films with low driving voltages, high contrast ratio and fast response time. The comparative investigation will be of great interest for the developments in commercial applications of intelligent PDLC films.
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Figure List:
Figure 1 The morphologies of PDLC films I1-I4 with various amounts of -ene monomers.
Figure 2 The electrooptic properties of PDLC films I1-I4 with various amounts of -ene monomers. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
Figure 3 The electrooptic properties of PDLC films H1-H5 with various relative content ratios of monomers. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
Figure 4 The electrooptic properties of PDLC films L1-L5 with various LC content. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
Figure 5 The electrooptic properties of PDLC films J1-J5 with different curing time. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.



Tables:
Table 1 The compositions of PDLC films L1-L5.
	Sample ID
	Compositions (wt%)

	
	M1
	M2
	SLC1717

	L1
	29.70
	29.70
	39.60

	L2
	27.23
	27.23
	44.54

	L3
	24.75
	24.75
	49.50

	L4
	22.27
	22.27
	54.46

	L5
	19.80
	19.80
	59.40
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Figure 1 The morphologies of PDLC films I1-I4 with various amounts of -ene monomers.
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Figure 2 The electrooptic properties of PDLC films I1-I4 with various amounts of -ene monomers. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
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Figure 3 The electrooptic properties of PDLC films H1-H5 with various relative content ratios of monomers. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
[image: ]Figure 4 The electrooptic properties of PDLC films L1-L5 with various LC content. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
[image: ]Figure 5 The electrooptic properties of PDLC films J1-J5 with different curing time. (A) The transmittance-applied voltage curves; (B) The threshold voltages (Vth) and saturation voltages (Vsat); (C) The contrast ratios (CR); (D) The response time Ton and Toff.
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