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Abstract

:

Smart windows can dynamically and adaptively adjust the light transmittance in non-energy or low-energy ways to maintain a comfortable ambient temperature, which are conducive to efficient use of energy. This work proposes a liquid crystal (LC) smart window with highly efficient near-infrared (NIR) response using carbon nanotubes grafted by biphenyl LC polymer brush (CNT-PDB) as the orientation layer. The resultant CNT-PDB polymer brush can provide the vertical orientation of LC molecules to maintain the initial transparency. At the same time, the smart window shows a rapid response to NIR light, which can quickly adjust the light transmittance to prevent sunlight from entering the room. Different from common doping systems, this method avoids the problem of poor compatibility between the LC host and photothermal conversion materials, which is beneficial for improving the durability of the device.
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1. Introduction


Due to increasingly serious global warming, constructing comfortable living environments with a cozy somatosensory temperature for humans has become a high-attention issue requiring continuous improvements [1,2,3,4]. At present, ventilation and air conditioning systems with high energy consumption are still the main method used to adjust temperature and humidity, which contribute to energy shortages and global warming [5,6]. Compared with such approaches, smart windows that can dynamically and adaptively adjust solar radiation transmittance in low- or non-energy manners show widespread applications in building energy conservation, privacy protection, roofs, skylights and greenhouse windows, etc. [7,8,9,10].



Generally, active and passive modes are the main options for the modulation of smart windows. The typical active smart windows using liquid crystal (LC) [11,12,13,14,15,16] and electrochromic materials [17,18,19,20,21] are realized by applying electricity to modulate the color or transparency of the window. The passive-mode smart windows with energy-saving efficiency function by external environmental stimuli, such as temperature and light, etc. Thermal-responsive smart windows fabricated by hydrogels [22,23,24,25] and LC [26,27] are generally colorless or transparent at low temperature and dark or opaque at high temperature. Compared with electrically active smart windows, the thermal-responsive passive mode can automatically adjust the light transmittance without external energy input through the variation in the external environmental temperature [28,29,30,31]. Therefore, this kind of smart window demonstrates ideal energy-saving and sun-shading efficiency.



Near-infrared (NIR) light with 700–2500 nm wavelength accounts for 50% of total solar radiation, which is an important energy source used for some chemical reactions and driving devices [9,32]. The multi-responsive smart window, with high transmittance and NIR light-responsive ability, has been successfully constructed with photothermal conversion materials such as inorganic materials and nanomaterials [33,34,35]. For example, the LC smart window doped with inorganic nanoparticles (e.g., ITO, CsxWO3, and VO2) can realize color regulation under NIR irradiation [36,37,38,39]. The adaptive smart window with mesogen-functionalized graphene (MFG) can modulate the light transmittance by switching from the initial transparency to the high-scattering state when illuminated by NIR light [40]. However, most LC smart windows with NIR shielding properties are realized by doping with photothermal conversion materials. Thus, their durability is seriously affected during long-term use because the incompatible behavior of the LC and photothermal conversion materials leads to phase separation. To ensure the initial transparency of the LC smart windows, additional orientation materials are required to induce the vertical alignment of LC molecules [41,42], which also reduces durability.



The spatial orientation control of LC molecules plays a significant role in the construction of LC polymer devices [43,44]. Previously, we successfully fabricated a responsive smart window with azobenzene LC polymer brush as photothermal and orientation materials, but this smart window only showed ultraviolet (UV)-responsive behavior, which limits their further application [45]. Consequently, we attempted to construct a type of smart window with NIR-responsive behavior using LC polymer brush. As is well-known, carbon nanotubes (CNTs) show excellent NIR photothermal effects. Moreover, the surface of CNTs can be modified by other functional materials or polymers [46]. Herein, we construct high-efficiency smart windows using CNTs grafted by LC polymer brush (CNT-PDB). The chemical structure is shown in Scheme 1. The resultant CNTs grafted by LC polymer brush provide both the vertical orientation of LC molecules and NIR photothermal effects. Moreover, this kind of CNTs can be dissolved in common organic solvents, then spin-coated on the substrate as the orientation and photothermal layer, which avoids disturbing the performance of LC hosts. Thus, the smart windows are expected to quickly adjust the light transmission with excellent durability upon exposure to NIR irradiation.




2. Experimental Section


2.1. Preparation of CNT-PDB


The NIR photothermal polymer brush CNT-PDB was synthesized according to our previous work [47]. The detailed information is provided in the Supporting Information.



2.1.1. Preparation of Phase-Transition Chiral LC Mixtures


Scheme 2a illustrates the chemical structures and contents of the compositions in chiral liquid crystalline (ChLC) mixtures. These components (4-cyano-4’-pentylbiphenyl (5CB) (10.1 wt %), 4-cyano-4’-heptylbiphenyl (7CB) (5.1 wt %), 4-cyano-4’-octylbiphenyl (8CB) (35 wt %), 4-cyano-4’-octanoylbiphenyl (8OCB) (3.2 wt %), 4-cyano-4’-decylbiphenyl (10CB) (25 wt %), 4-cyano-4’-dodecylbiphenyl (12CB) (10 wt %), and 4-cyano-4’-pentylparaterphenyl (5TB) (1.6 wt %)), photoinitiator Irgacure-651 (0.3 wt %), commercially available chiral dopant S811 (7 wt %), and photopolymerizable monomer C6M (4 wt %) were dissolved in dichloromethane solution and sonicated for about 30 min. Then, dichloromethane was slowly evaporated off before the samples were placed in a vacuum system for 48 h at 35 °C. The obtained ChLCs were used for further experiments.




2.1.2. Preparation of Photothermal Smart Windows


The preparation of the photothermal smart window is illustrated in Scheme 2b. First, the bare glass substrate was treated with piranha solution to form a hydrophilic surface. Then, CNT-PDB was dispersed in chlorobenzene to form a solution with a concentration gradient of 0.01–2 wt %. The polymer solution was spin-coated on the surface of the treated glass at a 3000 rpm for 30 s and then annealed at 130 °C. A photothermal polymer brush that could induce the vertical alignment of LC molecules was formed on the substrate. Two glasses with spin-coated CNT-PDB were assembled into a cell with a spacer of 20 μm. The ChLCs were heated to their isotropic phase and capillary-filled into the cells. Finally, the LC cell was cross-linked by irradiation with UV light (8 mW·cm−2, λ = 365 nm). The polymer stabilized LC (PSLC) photothermal smart window was successfully fabricated.






3. Results and Discussion


3.1. Synthesis and Characterization of CNT-PDB Polymer Brush and ChLCs


The NIR photothermal polymer brush CNT-PDB was synthesized according to our previously reported work, and detailed information about the synthetic process is shown in the Supporting Information. Firstly, nuclear magnetic resonance (1HNMR) and Fourier transform infrared spectroscopy (FTIR) were used to identify the structure of CNT-PDB. As shown in Figure S1 (in Supplementary Material), the baseline of the CNT-PDB becomes very rough and the peak shapes become broadened compared with the 1HNMR spectrum of the HO-PDB, which is attributed to the interference effect of carbon nanotubes on the magnetic field of the instrument. Figure S2 shows the FTIR spectra of HO-PDB, CNT-Br, and CNT-PDB. The characteristic absorption peaks of MWNT-Br and homopolymerized HO-PDB appeared in the FTIR spectrum of CNT-PDB. The absorption peak of the carbonyl group at 1724 cm−1 was much stronger than that of the initiator CNT-Br, and the position showed a distinct shift, which implied that the CNT-PDB was successfully synthesized. Figure S3 shows the thermal weight loss (TGA) curve of CNT-COOH, CNT-Br, and CNT-PDB in a nitrogen atmosphere. The weight loss ratios of CNT-COOH, CNT-Br, and CNT-PDB at 480 °C are 14%, 13%, and 83%, respectively. The thermal weight loss gradually increased, especially for CNT-PDB, which indicated that LC polymer was successfully grafted. Based on the result, the content of the grafted biphenyl LC polymer was calculated to be 83%. The resultant CNT-PDB showed uniform dispersion in chlorobenzene solvent rather than deposition on the bottom of the bottle for CNT (Figure 1a), which further proved that PDB was successfully grafted onto the CNT surface. Subsequently, the high-resolution transmission electron microscope (TEM) experiment was further carried out to investigate the morphology of the CNT-PDB. As shown in Figure 1b, the monodispersed CNT-PDB was clearly observed, and the polymer shell was wrapped on the outer wall of the carbon nanotubes, similar to the core-shell structure, which also confirmed that LC polymer was successfully grafted onto the CNT surface.



Due to the existence of abundant LC polymer brush covalently grafted onto the CNT surface, we speculated that this kind of CNT complex could present LC behavior. Subsequently, Differential scanning calorimetry (DSC) experiments were carried out to investigate phase transitions of CNT-PDB. To eliminate the thermal history, the sample CNT-PDB was first heated to 240 °C at the rate of 20 °C/min followed by isothermal annealing for 10 min. Then, the first cooling trace and the second heating trace were recorded at 10 °C/min. In Figure 2a, two clear phase transitions can be observed. According to the thermal behavior of the LC polymers CNT-PDB, we deduced that the transition located at around 126 °C could be ascribed to the transition of two different LC phases, and another one located at around 157 °C was attributed to the transition of the LC phase to isotropic (Iso) phase. The polarized optical microscopy (POM) results revealed that the distinct birefringence could be developed (Figure 2a, inset image) and the texture almost did not show any change until isotropic temperature at 157 °C, which meant that CNT-PDB could form a stable LC phase under isotropic temperature. To explore the detailed LC phase structure, an X-ray scattering experiment was carried out. As shown in Figure 2b, two obvious diffraction peaks were located at 0.2 and 0.4 Å−1 in the low-angle region and a peak was located at 1.35 Å−1 in the high-angle region at 30 and 90 °C. The q-ratio of the low-angle peaks was 1:2, which implied that smectic B was formed. Further increasing temperature, the peaks in low-angle regions almost remained unchanged, but the peak transferred into a halo in high-angle regions, meaning the smectic B phase turned into a lower-order smectic A structure. When the temperature reached 180 °C, all peaks in both low- and high-angle regions disappeared, implying isotropic phase was achieved. This result is in good agreement with the DSC result.




3.2. Orientation Behavior of the CNT-PDB Polymer Brush


In this work, ChLC mixtures were used as the main materials for PSLC smart windows, and suitable compositions were further chosen to regulate the phase transition temperature close to daily life. The DSC and POM results revealed that this transition temperatures of chiral smectic A(SmA*)~chiral nematic(N*) and N*~Iso for ChLC mixtures were 31 and 44.5 °C, respectively (Figures S4 and S5). Since the smart window depended on the orientation transformation of the LC molecules to adjust the light transmittance, the alignment effect of the LC molecules greatly affected the optical performance of the smart window. Therefore, the orientation behavior of the CNT-PDB polymer film for PSLC was investigated. CNT-PDB showed good dispersibility in organic solvents such as chloroform and chlorobenzene, and the sample was dissolved in the chlorobenzene to prepare polymer solutions with different concentrations of 0.01, 0.05, 0.1, 0.5, 1, and 2 wt %. Then, the resultant solution was spin-coated on the surface of the hydrophilic substrate to prepare the substrate with the orientation layer. Furthermore, the obtained glasses with CNT-PDB as substrate were prepared into LC cells. When the PSLC was placed into the LC cell with the substrate prepared from 0.01 wt % CNT-PDB solution, obvious birefringence was observed at room temperature under orthoscopic POM, indicating that these LC cells presented the inability to induce the vertical alignment of the PSLC. However, when the PSLC was placed into the LC cell with the substrate prepared from more than 0.05 wt % CNT-PDB solution, a dark field under orthoscopic POM and obvious black crosses under the conoscopic POM were observed (Figure 3a–e), which implied that the LC cells could induce the homeotropic orientation of the PSLC. Therefore, the orientation of PSLCs depended on the substrate of LC cells prepared in the solution concentration.



In our previous work, we demonstrated the orientation behavior that was dependent on the solution concentration originated from the thickness of the polymer brush film, which could be controlled by changing the concentration of the spin-coating solution. The low concentration resulted in thin film, which could not cover the glass substrate completely. Only the concentration with a critical value could produce the prepared film with appropriate thickness, which could cover the glass substrate completely. Consequently, the film with sufficient thickness could induce the vertical LC arrangement. Herein, the coverage of CNT-PDB on the substrate was further evaluated through the water contact angle (θw) experiment. The θw on the bare silicon substrate was 15°. For the glass substrate coated with 0.01 wt % CNT-PDB, the value of θw was 83°. For the substrate coated with 0.05 wt % CNT-PDB, the value of θw increased to 88°. Increasing the concentration of CNT-PDB further led to the values entirely exceeding 90° (Table 1). This phenomenon is consistent with previous experiment results. When the solution with a diluted concentration was used for preparing the substrate, the resultant thin film of CNT-PDB could not completely cover the substrate. Thus, the PSLC molecules in the LC cells were randomly arranged, which exhibited the typical birefringence phenomenon under orthoscopic POM. On the contrary, as the concentration of the spin-coating solution increased, the resulting thicker film covered the entire substrate, which could induce the vertical alignment of the PSLC due to the anchoring effect of the LC brush. The surface morphology of the substrates was further investigated by atomic force microscopy (AFM). Our previous work demonstrated that the surface of the bare glass substrate was fairly smooth. As shown in Figure 4, the substrate coated with 0.05 wt % CNT-PDB exhibited a continuous protrusion layer in each domain, and the surface roughness of the film was about 0.982 nm, which indicates that the substrate spin-coated by 0.05 wt % CNT-PDB was relatively uniform. Other samples with different CNT-PDB concentrations showed similar results and the root mean-square (RMS) values remained almost unchanged, which implied that increasing concentrations hardly influenced the roughness of the CNT-PDB-coated surface. Evidently, this result also further demonstrated that the vertical orientation was from the driven force of the anchoring energy, which was different from the LC vertical arrangement by the small island due to the increase in the surface roughness.




3.3. Optical Performance of PSLC in the LC Cells Using the CNT-PDB Polymer Brush as Substrate


Since the substrate coated by CNT-PDB could induce PSLC orientation, the transmittance of the prepared PSLC cells with different concentrations of the CNT-PDB polymer brush from 0.01 to 2 wt % was further investigated to explore the influence of polymer brush concentration on the optical performance of LC cells. Because the experiment was carried out at room temperature, all PSLC cells remained in the normal SmA* phase. Figure 5 shows that the PSLC LC cells with 0.01 wt % CNT-PDB concentration presented a serious light scattering state and the light transmittance was as low as 13.4%. This result was ascribed to the extremely low polymer brush concentration, which led to incomplete coverage of the substrate and could not induce the vertical orientation of the PSLC. Consequently, the unvertical orientation of the PSLC resulted in serious light scattering and low light transmittance. As the concentration of the polymer brush increased, the PSLC orientation effect improved, which led to the increase in light transmittance of the smart window. The PSLC cell gradually showed a transparent state. The smart window with a polymer brush concentration of 2 wt % showed the highest transparency, whose transmittance value achieved 77.2%. Evidently, the optical performance of the PSLC smart windows is affected by the concentration of the polymer brush.




3.4. Photothermal Effect of CNT-PDB Polymer Brush


The photothermal effect of the CNT-PDB was investigated using a thermal imager under NIR irradiation. Figure 6a describes the temperature variation in the substrate coated with 2 wt % CNT-PDB polymer brush upon the NIR irradiation. The temperature of the substrate coated with the CNT-PDB polymer brush rose to 55.3 °C within 3 s, which indicated excellent NIR photothermal-responsive behavior. This temperature exceeded the SmA~N* phase transition of the prepared ChLC mixtures, which evidently satisfied the requirement for the NIR photothermal LC smart window. Furthermore, the temperature variations in the substrate with different concentrations of the polymer brush under different NIR irradiation intensities were investigated, as shown in Figure 6b. As the concentration of the CNT-PDB solutions increased, the maximum temperature of the polymer brush film showed a slight increase. However, the maximum temperature rise was closely related to the intensity of the NIR irradiation. When the intensity of the NIR irradiation increased to 5 W, the maximum temperature of the polymer brush rose sharply, which almost exceeded 90 °C. As is well-known, the stability of the NIR photothermal properties has a strong influence on the performance of responsive smart windows. Thus, a repetitive experiment was carried out with NIR light irradiation, and the results showed that the temperature variation remained the same after many repeated irradiations (Figure 6c). No attenuation or enhancement phenomena were observed in this repeated experiment, which indicated that the photothermal effect was very stable. Therefore, we speculated that the CNT-PDB substrate is suitable for the preparation of photothermal-responsive smart windows.




3.5. NIR Responsive Behavior of Photothermal Smart Windows


The above experiments proved that the CNT-PDB polymer brush not only showed an excellent NIR photothermal effect, but also induced the vertical orientation of PSLC when the concentration was more than 0.05 wt %. The results showed that the CNT-PDB polymer brush sufficiently satisfied the requirements of the PSLC smart window. Therefore, the PSLC smart windows modified by the CNT-PDB polymer brush with varying concentrations were constructed and their NIR-responsive transitions were investigated. Figure 7a displays the images of the PSLC smart windows fabricated with 2 wt % CNT-PDB polymer brush, the optical performance of which can be transformed between the homeotropic SmA* (transparency), focal conic N* (opacity), and isotropic (transparency) state upon thermal stimulus [48]. PSLC smart windows prepared with CNTs modified by polymer brushes at a 2 wt % concentration showed a transparent state and very clear view of the text in the background at room temperature (27 °C) because the maximum light transmittance was from the perpendicular arrangement of the LC molecules in the substrate. When irradiated by NIR light, the ambient temperature quickly reached the phase transition temperature of the PSLC due to the strong NIR photothermal effect of the CNT-PDB polymer brush. The PSLC smart windows presented an opaque state and the view of the text in the background became invisible, because the PSLC in the smart windows underwent a SmA*~N* transition. The LC molecules in the N* phase generating a mismatched refractive index between the LC domains and the polymer network resulted in strong light scattering under the irradiation of NIR light (Figure S6). As shown in Figure 7b, other PSLC smart windows prepared with CNTs modified by polymer brushes at a concentration of 0.05 to 2 wt % showed a similar phenomenon. We observed that increasing the spin-coating concentration of CNT-PDB from 0.05 to 2 wt% enhanced the modulation contrast to some extent. The transmittance value of the as-made smart window fabricated with 2 wt % CNT-PDB dropped to 7.2%, whose initial value was 77.2%, exhibiting more flexible light control ability in response to both temperature and NIR light compared with low concentration samples (T0.05wt% decreased from 60.9 to 12.1%). Thus, this result indicated that the smart window could adjust to the ambient temperature adaptively under the irradiation of NIR light. The Vis-NIR transmittance spectrum of the as-made smart window modified with 2 wt % CNT-PDB polymer brush as an example was measured at different environmental temperatures. As shown in Figure S7, a conspicuous change in NIR transmittance was observed at different temperatures. The transmittance of the opaque state (40 °C) was lower than that of the transparent state (20 °C). Specifically, during the heating process from 20 to 40 °C, the NIR light transmittance at 1150 nm significantly decreased from 86.6 to 39.8% for the as-prepared smart window, presenting a high-efficiency thermally controllable NIR light property (Figure S8).



Interestingly, the NIR-responsive rate of the PSLC smart window was proportional to the concentration of the polymer brush. The higher concentration of the polymer brush showed a faster response speed (Figure 8a). The smart windows with a polymer brush concentration of 2 wt % demonstrated the best NIR-responsive behavior with a response time of only 1.2 s. In addition, the response time of the smart window was dependent on the NIR radiation intensity. As the intensity of NIR light increased, the smart window responded more quickly. As described in Figure 8b, when the NIR irradiation intensity increased from 2 to 6 W, the phase transition of the PSLC smart window decreased to 0.88 s. Similarly, different NIR light intensities produced different maximum temperatures in the different PSLC smart windows with different polymer brush concentrations. As shown in Figure 8c, when a low-concentration polymer brush was used to prepare photothermal smart windows, the PSLC could not reach the phase transition temperature of N*~Iso (44.5 °C) due to its weak photothermal effect under low NIR light intensity. Therefore, no transition from opaque state to transparent state was observed because of overheating. Based on the above experiment results, we determined that the substrate coated with 0.1 wt % polymer brush is the most appropriate choice for the construction of photothermal PSLC smart windows, as it showed a phase transition temperature closest to human somatosensory temperature from the photothermal property. It is expected that controlling the photothermal smart window to not change to an isotropic state by adjusting the concentration of the polymer brush is more in line with energy-saving requirements.





4. Conclusions


In summary, we used the carbon nanotubes modified with biphenyl LC polymer (CNT-PDB) as a polymer brush to construct a high-efficiency responsive smart window. This polymer brush induced the vertical alignment of PSLC, which produced a smart window with high transparency at normal temperature. Moreover, it possesses excellent photothermal performance, endowing smart windows with remarkable NIR responsiveness. The optical performance of smart windows can be adjusted by NIR irradiation. This NIR photothermal polymer brush can be used to fabricate highly efficient responsive PSLC smart windows without additional orientation materials and avoid interference with the LC host, which improves the durability of the device. This as-prepared smart window presents a high-efficiency thermally controllable NIR light property. Unfortunately, this kind of smart window fabricated with this CNT-PDB polymer brush as the substrate cannot be driven by environmental light, and gaps remain to be filled before this system can be applied in reality. Improving the responsiveness of LC smart windows to natural light may become a future research direction in this field.
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Scheme 1. Chemical structure of CNT-PDB. 
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Scheme 2. (a) Chemical structures and contents of the compositions in ChLC mixtures; (b) the fabrication process of the PSLC cell. 
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Figure 1. (a) Dispersion image: A is CNT-COOH and B is CNT-PDB in chlorobenzene solution; (b) TEM image of CNT-PDB. 
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Figure 2. (a) The DSC curve of the polymer CNT-PDB. Inset image: POM image of the polymer CNT-PDB at 140 °C. (b) X-ray scattering profiles of the polymer CNT-PDB recorded at various temperatures upon heating and cooling. 
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Figure 3. POM photographs of PSLC alignment in CNT-PDB brush-coated hybrid cells at different spin-coating concentrations: (a) 2, (b) 1, (c) 0.5, (d) 0.1, (e) 0.05, and (f) 0.01 wt%. 
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Figure 4. The 3D topographic AFM image (a) and corresponding height profiles (b) of the 0.05 wt % of the CNT-PDB film on the silicon substrate. 
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Figure 5. Images of the proposed PSLC cells with different CNT-PDB polymer brush concentrations and their corresponding POM images. Upper right corner: transmittance value at 550 nm. 
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Figure 6. (a) IR images of the substrate coated with CNT-PDB polymer brush recorded at different NIR light irradiation times. (b) The maximum heating curves of polymer brushes with different concentrations under different NIR irradiation intensities. (c) The temperature of CNT-PDB polymer brush under cyclic NIR light radiation. 
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Figure 7. (a) The images of the fabricated PSLC cell in the SmA*, N*, and Iso phases. (b) Images of the fabricated PSLC cells with different polymer brush concentrations before and under NIR irradiation (27 °C, the incident height: 3 cm). Upper right corner: transmittance value at 550 nm after NIR irradiation. 
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Figure 8. (a) The relationship between response time and polymer brush concentration (b) The relationship between response time and NIR radiation intensity. (c) Maximum temperature rise of PSLC cells with different polymer brush concentrations under different light intensities. 
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Table 1. Water contact angle (θw) on the CNT-PDB brush surface.
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	Concentration

(wt %)
	0.01
	0.05
	0.1
	0.5
	1
	2



	Contact angle

θw (degrees)
	83
	88
	91
	94
	95
	96
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