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Abstract: In this paper, dye-doped polymer-dispersed liquid crystalline (DDPDLC) films were
prepared with high mechanical properties and low driving voltage by doping different dichroic
anthraquinone dyes. The effects of various dye and doping concentrations on microscopic morphol-
ogy, electro-optical characteristics, and mechanical characteristics were investigated. The optimal
doping concentrations of different dyes were also explored. The results show that the addition
of all dyes decreased the contrast ratio (CR) and the transmittance and mechanical properties of
the polymer-dispersed liquid crystalline (PDLC) films. Similar mechanisms underlie the effects of
solvent red 111 and solvent blue 104, which lower the driving voltages of the PDLC films. With the
increasing concentration of the dye, the haze of the films first decreased and then increased after
the content of the dye reached a certain level. For PDLC films doped with solvent green 28, the
driving voltage and haze increased with the increasing content of the dye. According to different
influencing factors, the dye content corresponding to the best performance of solvent red 111, solvent
green 28 and solvent blue 104 is 0.8 wt%, 2.0 wt% and 0.3 wt%. Electrochromic PDLC films have been
prepared based on the research results of dye content. The mechanical properties, electro-optical
properties and microstructures of the films have been studied. The results show that the DDPDLC
films could change color by tuning the applied voltages. The research provides a theoretical basis for
obtaining PDLC films with a wider color gamut and supports the practical application of visible light
camouflage technology in the military.

Keywords: polymer-dispersed liquid crystal; dye-doped polymer-dispersed liquid crystal;
electro-optical properties; mechanical properties; gamut range

1. Introduction

Camouflage is the instinct of natural creatures to protect themselves [1,2]. Rapid
advances in detection technology in modern warfare threaten the concealment capability
of military operations, which has an impact on national military security [3-5]. The
camouflage techniques commonly used in the military today often use nets and patterns
of fixed colors and geometric shapes covered or painted on the target surface to achieve
camoulflage effects [6], including camouflage clothing [7,8], surface filming [9,10] etc. These
camouflage methods can only be effective when the objective is not moving or moving
slowly and are prone to failure in the mobile environment of real-time [11]. By adjusting
the material properties [12,13] and altering the color [14], it may accurately and sensitively
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real-time dynamic react to changes in the surrounding environment, avoiding detection
technology tracking and enhancing the security of military operations. Electrochromic
materials are considered to be one of the promising research directions in the field of visible
light camouflage technology for several applications, such as smart windows [15], smart
displays [16-19] and optical lenses [20]. However, the current electrochromic materials
have short lifespans, single color change and strong monochromaticity, which restrict their
large-scale use, and it is urgent to develop a new electrochromic material to solve the
above problems.

Polymer-dispersed liquid crystalline (PDLC) is a dimming film with a mesh structure
formed by dispersing liquid crystal materials in the form of droplets in a polymer matrix,
which has the unique property of transmitting when voltage is applied and scattering when
voltage is removed [21-24]. It has both the optical response characteristics of liquid crystals
and the flexible large-area production and good mechanical processing characteristics
of polymers and is widely used in smart windows [17,18,25,26], flexible displays [27,28],
electro-optical switches [29] and micro lenses [30]. However, to realize their application in
visible stealth technology, it is necessary to be able to have a clear switch between different
colors, for example, to realize the rapid switch between military camouflage in forest terrain
(green) and desert-type (sandy soil) environments. Therefore, it is essential to give PDLC
films a color-changing ability, and it is vital to broaden the color ranges and improve the
color richness of PDLC films without affecting the mechanical and electro-optical properties
of the PDLC films.

The use of dichroic dyes in liquid crystal color change products has been a very
popular research area in recent years and has considerable development prospects [31-36].
Fluorescent dichroic dyes can have very multi-way color changes through the design of the
molecular structure [37] and can also be used to obtain various colors through the blending
of different dyes [38]. Nowadays, azo dyes [35,39,40] and anthraquinone dyes [41-44] are
the primary substances utilized for dichroic dyes in PDLC films. The doping studies of
the above dyes have improved the performance of PDLC in different aspects, but there are
limitations to the study of its color richness.

This study adopts the previously reported PDLC film with high mechanical prop-
erties and excellent electro-optical properties [45] and further optimizes the ratio of the
above-mentioned PDLC film components by doping them with different colors of dichroic
anthraquinone dyes. DDPDLC films were prepared using the polymerization-induced
phase separation (PIPS) method [46], and the effects of the kind of dyes and their doping con-
centrations on the structure and properties of color-changing PDLC films were investigated.
On the one hand, it reveals the effects of the kind of dyes and its doping concentrations on
PDLC network morphology, electro-optical properties, haze, transmittance, and mechanical
properties to help obtain PDLC film with excellent performance; on the other hand, the
contribution of dye species to the color gamut range of PDLC films is discussed. The color
gamut range is an important parameter in the display field, which can provide a theoretical
basis for obtaining color-changing PDLC films with a wider color gamut and support the
subsequent practical application in visible light camouflage technology.

2. Experimental
2.1. Materials

The nematic liquid crystals (LC) E8 (ng = 1.527, n, = 1.774, Tc,.ny < 233.15 K, T,y = 345.2 K,
Jiangsu Hecheng Display Technology Co., Ltd., Nanjing, China). The monomers, isobornyl
acrylate (IBOA), acrylic acid hexyl ester (HA), and the crosslinking agent 1,4-butanediol
diacrylate (BDDA) were acquired at Beijing InnoChem Science & Technology Co., Ltd. The
UV photoinitiator Irgacure 651 was provided by Shanghai Macklin Biochemical Co., Ltd., P
R. China. The chemicals used in this paper were used directly without further purification,
and their structural formulas are depicted in Figure 1.
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Figure 1. The chemical structures of the materials used.

2.2. Sample Preparation

Based on the PDLC film with excellent electro-optical properties prepared by Hu et al. [45],
we doped three dichroic anthraquinone dyes into the PDLC during the preparation process
and used the PIPS method to prepare the dye-doped polymer-dispersed liquid crystalline
(DDPDLC) film.

First of all, liquid crystals, anthraquinone dyes, monomers and photo-initiators are
uniformly mixed in certain proportions, as listed in Table 1. After filtering, the mixture is
stirred with a magnetic stirrer for 10 min. The mixture is then poured into the middle of
the conductive film between the two rollers of the laminating machine, and the two rollers
are reversed to extrude the film. Finally, the film is placed in a UV curing oven and cured
with UV light (365 nm) at a light intensity of 6 mW/cm? for 7 min.

Table 1. Chemical composition and weight ratio of the samples.

Content (wt%)

Sample CHMA/IBMA/HPMA/
TFEMA/BDDA/PEGDA600

Group A Solvent Red 111
A0 18.0/6.0/6.4/1.6/1.6/6.4 0 60

Dye E8
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Table 1. Cont.

Content (wt%)

Sample CHMA/IBMA/HPMA/
TFEMA/BDDA/PEGDA600 Dye E8
Al 18.0/6.0/6.4/1.6/1.6/6.4 0.3 60
A2 18.0/6.0/6.4/1.6/1.6/6.4 0.5 60
A3 18.0/6.0/6.4/1.6/1.6/6.4 0.8 60
A4 18.0/6.0/6.4/1.6/1.6/6.4 1.0 60
A5 18.0/6.0/6.4/1.6/1.6/6.4 1.5 60
A6 18.0/6.0/6.4/1.6/1.6/6.4 2.0 60
Group B Solvent Green 28
A0 18.0/6.0/6.4/1.6/1.6/6.4 0 60
Bl 18.0/6.0/6.4/1.6/1.6/6.4 0.3 60
B2 18.0/6.0/6.4/1.6/1.6/6.4 0.5 60
B3 18.0/6.0/6.4/1.6/1.6/6.4 0.8 60
B4 18.0/6.0/6.4/1.6/1.6/6.4 1.0 60
B5 18.0/6.0/6.4/1.6/1.6/6.4 15 60
B6 18.0/6.0/6.4/1.6/1.6/6.4 2.0 60
Group C Solvent Blue 104
A0 18.0/6.0/6.4/1.6/1.6/6.4 0 60
C1 18.0/6.0/6.4/1.6/1.6/6.4 0.3 60
C2 18.0/6.0/6.4/1.6/1.6/6.4 0.5 60
C3 18.0/6.0/6.4/1.6/1.6/6.4 0.8 60
C4 18.0/6.0/6.4/1.6/1.6/6.4 1.0 60
C5 18.0/6.0/6.4/1.6/1.6/6.4 15 60
Cé 18.0/6.0/6.4/1.6/1.6/6.4 2.0 60

2.3. Characterizations
2.3.1. Absorption Analysis

Ultraviolet-Visible Infrared (UV-Vis-IR) spectrophotometer (Lambda 35, Perkin Elmer,
Waltham, MA, USA) is used for the absorption spectroscopy of the samples, the dichroism
of the dyes, and the haze and transmittance analysis of the PDLC films.

The ordering parameters, dichroic ratio, dissolvability and photostability are the main
performance parameters for dichroic dyes and are mainly determined by the structure and
properties of the dye.

The equations for the ordering parameters and the dichroic ratio of the dichroic
dyes [47] are as follows:

Ay —AL
Sy = 1
A A/ /+2A )
A
Ra =3 @)

where A, and A are the absorbance of the dye in the parallel and perpendicular liquid
crystal pointing sagittal directions under polarized light, respectively. Sp and Rx represent
the ordering parameters and the dichroic ratio, respectively.

2.3.2. Morphological Analysis

The cured DDPDLC film samples were cut into long strips, and the strips were
immersed in a beaker containing cyclohexane solvent for a fortnight under normal at-
mospheric temperature, with the liquid crystal molecules and unpolymerized polymeric
monomers dissolved in the solvent to remove the liquid crystal monomers from the poly-
mer network. The solvent was changed every two days, and the strips were then removed
and placed in an oven at 333.15 K and dried under vacuum for 24 h. The surface was then
sprayed with gold. The morphology and dimensions information of the samples were
observed by scanning electron microscopy (SEM, HITACHI S-4800).
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2.3.3. Morphological Analysis

Electro-optical properties were measured by a liquid crystal device parameters tester
(LCT-5016C, Changchun Liancheng Instrument Co. Ltd., Changchun, China), which used a
halogen laser beam (A = 560.0 nm) as the incident light source. The sample transmittance
was recorded by a photodiode, and then the response of the photodiode was monitored with
a digital storage oscilloscope (DSO); the distance between the sample and the detector was
about 300 mm. In this study, the external electric field was the frequency (1 kHz) adjustable
square wave electric field, the experiments involved were carried out at room temperature,
and the transmittance of air was normalized to 100%. The main electro-optical parameters
obtained with this instrument are mainly transmittance, threshold and saturation voltages,
contrast ratio and response time. Threshold and saturation voltages were denoted by Vy,
and Vs,t, which represented the voltage required for the transmittance to increase to 10%
and 90% of the maximum on-state transmittance (Ton), separately. Contrast ratio (CR)
was defined as the ratio of on-state transmittance (Ton) to the off-state transmittance (T ).
The response time included the rising time (ton) and falling time (t,¢), which represented
that the time needed for the transmittance increased from 10% to 90% and decreased from
90% to 10% of Ton, separately. The intensity of incident light was assumed to be 100%
transmittance.

2.3.4. Mechanical Properties Analysis

The shear strength of all of the PDLC film samples was tested using a mechanical
ductile testing machine (LETRY) at a tensile rate of 5 mm/min. Similar to the LC cell, the
glass substrates were replaced with two transparent ITO-coated PET films. For the test
samples, the effective area was 2 cm X 2 cm, and the film thickness was 20 pm, which was
controlled by adding 0.5 wt% of 20 um glass beads.

3. Results and Discussion
3.1. The Characterization of the Dichroism of Anthraquinone Dyes by UV Visible Polarized
Absorption Spectroscopy

As shown in Figure 2a, the fundamental characterization of the employed dyes was
carried out using a UV spectrophotometer with ethanol as the solvent. The absorption
spectra of solvent red 111, solvent green 28, and solvent blue 104 showed that the red
anthraquinone dye had a narrow absorption range with the maximum absorption wave-
length at 500 nm, the green anthraquinone dye had strong absorption peaks from 630 nm
to 710 nm, and the blue anthraquinone dye also had strong absorption peaks from 560 nm
to 650 nm.

The ordering parameters and the dichroic ratio of dichroic dyes are often used to
evaluate the practical value of dichroic dyes. Figure 2b—d represent the UV-Vis polarized
absorption spectra characterization of the dichroism of three anthraquinone dyes in solvent
red 111, solvent green 28 and solvent blue 104, and the graph shows that the values of
absorbance A and A of solvent red 111 dye in parallel and perpendicular liquid crystal
pointing sagittal directions under polarized light are 0.40 and 0.09, while A\ and A for
solvent green 28 dye and solvent blue 104 dyes were 0.34 and 0.10, 0.12 and 0.44, respectively.
The ordering parameters (S5) of the three dyes can be calculated from Equation (1) as 0.53,
0.44, and 0.47, respectively. The dichroic ratio (Ra) of the three dyes can be obtained from
Equation (2) as 4.45, 3.40, and 3.70, respectively.

Generally, the ordering parameter S for positive dyes ranges from 0 < Sp <1, and Sp
for negative dyes ranges from —0.5 < Sp < 0. The dyes selected in the paper are within the
range and have practical value. The dichroism size is related to the linear structure of the
dyes (length, width, dipole moment, etc.), the linear length and diameter of solvent green
28 dyes and solvent blue 104 dyes are smaller compared to solvent red 111 dyes, so the
ordering parameter and dichroism ratio are smaller compared to solvent red 111 dyes, but
still have practical value.
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Figure 2. The absorption spectra of anthraquinone dye: (a) Fundamental characteristics of dyes;
(b)solvent red 111; (c) solvent green 28; (d) solvent blue 104.

3.2. Effect of Different Dyes and Their Doping Contents on the Morphology of PDLC
Dimming Films

To examine the impact of dye concentration on the microscopic morphology of PDLC
films, different anthraquinone dyes with concentrations of 0.3 wt%, 0.5 wt%, 0.8 wt%,
1.0 wt%, 1.5 wt%, and 2.0 wt% were doped into the optimal PDLC film. The detailed
formulation is shown in Table 1.

Figures 3 and 5 show the SEM morphology of the pure PDLC film samples, and the
PDLC film samples doped with different concentrations of solvent red 111 and solvent
blue 104. As can be seen from the picture, the surface of pure PDLC films was uniformly
distributed and morphologically intact; therefore, different dye doping concentrations have
certain effects on the mesh size and network distribution of the polymer matrix. The trend
of the effect of dye concentration change on the morphology of the network is basically the
same in Figures 3 and 5, and with the increasing dye concentration, the mesh size becomes
larger [48,49]. This phenomenon can be explained by the fact that in pure PDLC, the phase
separation is faster, and the viscosity of the system increases rapidly as the polymerization
continues [50,51], which makes the gathering of liquid crystal molecules more difficult,
so the liquid crystal microdroplet size is smaller. Additionally, after the introduction of
dyes, the dye molecules absorb some UV light needed for polymerization, which makes the
actual light intensity energy involved in polymerization decrease, and the polymerization
rate descends, thus the liquid crystal molecules have sufficient time to diffuse and gather,
so the liquid crystal microdroplet size and the polymer matrix mesh size becomes larger.

Figure 4 shows the SEM morphology of the pure PDLC film sample and the PDLC
film sample doped with different concentrations of solvent green 28. The microscopic
morphology shows that the polymer mesh size decreases with increasing concentration
of solvent green 28 dye, and the mesh distribution becomes increasingly dense. This is
due to the relatively large molecular mass of solvent green 28, which leads to a smaller
mesh size because fewer dye molecules are doped with the same mass fraction and faster
polymerization rate compared to doping with solvent red 111 and solvent blue 104.
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Figure 3. Microscopic morphology of PDLC doped with different concentrations of solvent red 111:
(A0) 0 wt%; (A1) 0.3 wt%; (A2) 0.5 wt%; (A3) 0.8 wt%; (A4) 1.0 wt%; (A5) 1.5 wt%,; (A6) 2.0 wt%. (The
arrow points to the mesh of PDLC films.)

Figure 4. Microscopic morphology of PDLC doped with different concentrations of solvent green 28:
(A0) 0 wt%; (B1) 0.3 wt%; (B2) 0.5 wt%; (B3) 0.8 wt%,; (B4) 1.0 wt%; (B5) 1.5 wt%; (B6) 2.0 wt%. (The
arrow points to the mesh of PDLC films.)

Figure 5. Microscopic morphology of PDLC doped with different concentrations of solvent blue 104:
(A0) 0 wt%; (C1) 0.3 wt%; (C2) 0.5 wt%; (C3) 0.8 wt%; (C4) 1.0 wt%; (C5) 1.5 wt%,; (C6) 2.0 wt%. (The
arrow points to the mesh of PDLC films.)
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3.3. Effect of Different Dyes and Their Doping Content on the Electro-Optical Performance of
PDLC Dimming Film

Figure 6 shows the variation of transmittance with voltage and the effect of dye
doping concentration on Vy, and Vs, for different DDPDLC. As shown in Figure 6a,ce,
with the increase in dye concentration, the light absorption increases gradually, and the
Ton of DDPDLC shows a trend of a gradual decrease in different degrees. The maximum
absorption wavelengths of light for solvent red 111, solvent green 28 and solvent blue 104
are 550 nm, 560 nm~650 nm and 630 nm~710 nm, respectively, solvent red 111 absorbs
less light at 632 nm; thus, solvent green 28 and solvent blue 104 can pass through PDLC
films with even less light. Therefore, the T, decreased less after the introduction of the red
anthraquinone dye in the PDLC films system compared to the undoped sample AO.
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Figure 6. Electro-optical properties of DDPDLC: (a) The transmittance-voltage curves of solvent red
111; (b) The Vi, Vsat of solvent red 111; (c) The transmittance-voltage curves of solvent green 28;

(d) The Vi, Vsat of solvent green 28; (e) The transmittance-voltage curves of solvent blue 104; (f) The
Vin, Vgat of solvent blue 104.
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As shown in Figure 6b,f, PDLC films doped with solvent red 111 and solvent blue
104 dyes exhibit a reduction in driving voltages. This is because high dye concentration
will increase the contact surface between the liquid crystal molecules and the polymer
matrix, thus decreasing the polymeric matrix’s capacity to bind liquid crystal molecules. As
a result, the liquid crystal molecules can be driven easier, so Vi, and Vs, are reduced. The
results for solvent green 28 dyes are different from those ofthe other two dyes. According
to Figure 6d, the Vi, and Vg, increase as dye concentration rises. This is because liquid
crystal droplet size gradually decreases, which is consistent with the SEM observations.

Figure 7 shows the effect of dye concentration variations on topn, tog and CR, and it
can be seen that the CR changes for different dye concentrations. From Figure 7a, it could
be found that the contrast decreases with increasing dye concentration. Following the
dye’s incorporation into the polymerization process, some of it is present as liquid crystal
droplets and the remainder is spread throughout the polymer matrix. The dye molecules
in the liquid crystal microdroplet will be impacted by the electric field and oriented in the
same direction as the liquid crystal when a voltage is applied to the PDLC film. The dichroic
anthraquinone dye molecules in the polymer matrix will not be affected by the external
magnetic field, so both Ton and Ty will be reduced. The variance of CR is primarily
determined by the magnitudes of Ty, and Tyg. The main cause of the decline in CR for
solvent red 111 and solvent blue 104 is that T, has undergone a greater fall than T, as
shown in Figure 6a,e. In contrast, the CR of solvent green 28 diminishes mostly because of
the greater molecular size, which permits more light transmission through the polymer
matrix and consequently increases tyg and because the toff rises more than ton falls, which
eventually leads to a decrease in CR, as shown in Figure 6c¢.
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Figure 7. Electro-optical properties of DDPDLC: (a) The curve of CR and concentration; (b) The
response time of solvent red 111; (c) The response time of solvent green 28; (d) The response time of
blue 104.
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The descending of Ton is more severe than the ascending of T, so the CR gradually
decreases, as seen in Figure 6¢. Figure 7b—d demonstrate the to, and t.g trends for all
samples with reaction times less than 150.0 ms. It is shown that the anthraquinone dye
addition has no effect on the typical reaction threshold of PDLC films.

3.4. Effect of Different Dyes and Their Doping Content on Haze and Transmittance of PDLC Film

Figure 8a shows the variation of haze and transmittance with concentration for solvent
red 111. The DDPDLC haze decreased and then increased with increasing dye concentra-
tion, reaching a minimum value at sample A3 at 0.8 wt% dye concentration. The doping of
the dye molecules intercalates into the LC polymer to increase the mesh size, matching the
refractive index between the substrate and the LC molecules, resulting in smaller haze. On
the other hand, when the dye molecules continue to be added to a certain extent, some of
the dye molecules are no longer able to enter the network structure of the LC polymer, and
the dye molecules out of the network will increase the refractive index and make the haze
show a tendency to increase. The effect of the stacked dye molecules is greater than the
effect of mesh size on the refractive index on the refractive index, and the combined effect
makes the haze increase.
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Figure 8. The haze and transmittance of DDPDLC: (a) solvent red 111; (b) solvent green 28 (c) solvent
blue 104.

Figure 8b demonstrates the change of solvent green 28's haze and transmittance with
dye concentration. As can be seen from the figure, when the dye concentration rises, both
haze and transmittance decrease. This is due to the large size of the dye molecule, which
results in a “light leaking” phenomenon that lowers the film’s transmittance and gradually
diminishes the haze. Figure 8c shows the trend of solvent blue 104, which is formed for the
same reason as in solvent red 111.

3.5. Effect of Different Dyes and Their Doping Contents on the Mechanical Properties of
PDLC Films

Figure 9 illustrates the mechanical properties of DDPDLC, and it can be seen that
the shear force decreases with increasing dye content. The introduction of the dye causes
an increase in impurities in the polymerization system, which causes the mechanical
characteristics to progressively deteriorate as dye concentration rises. A portion of the light
is absorbed by the dye, which then dyes decomposes, impairing the matrix’s ability to
polymerize and lowering its mechanical characteristics [50,52].
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Figure 9. Mechanical properties of DDPDLC, shearing Force-Displacement curve and Shearing
Force curve: (a) The shearing Force-Displacement curve of solvent red 111; (b) The shearing Force—
Displacement curve of solvent green 28; (c) The shearing Force-Displacement curve of solvent blue
104; (d) The Shearing Force curve of solvent red 111; (e) The Shearing Force curve of solvent green 28;
(f) The Shearing Force curve of solvent blue 104.

4. Conclusions

In this comparative study;, it has been investigated how various dyes and their dop-
ing concentrations affected the network morphology, electro-optical characteristics, haze,
transmittance, and mechanical properties of PDLC films. The mesh size of solvent red
111 and solvent blue 104 doped PDLC films increased gradually as the dye concentration
increased. Vi, Vsat, CR and transmittance all gradually decreased. The haze first decreased
and then increased, reaching the lowest levels at 0.8 wt% and 0.3 wt%, respectively. The
mesh size increases and then decreases as the concentration of solvent green 28 increases,
and the mesh distribution becomes denser. The Vy, and Vg,: gradually increased, and
CR gradually decreased. The haze and open-state transmittance decreased gradually as
the content increased, and the haze was lowest when the doping content was 2.0 wt%.
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The dye increased the impurities of the polymer, resulting in a decrease in mechanical
properties for all DDPDLCs. Moreover, the insertion of the dyes has a minimal impact on
the switching response time of PDLC films, which could be controlled within 150 ms. The
effect of haze on the gamut range was significant, and in order to make DDPDLC films
more suitable for military camouflage, more environmentally friendly films were prepared.
When the dye doping concentrations of solvent red 111, solvent green 28 and solvent
blue 104 were 0.8 wt%, 2.0 wt% and 0.3 wt%, respectively, corresponding to their best
performance. This study provides a basis for exploring the application of color-changing
PDLC films in military camouflage applications.
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