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A smart and reversible chemo-mechanical switch for controllable water transportation was developed by 
originally designing a thermally responsive block copolymer on capillary plate.  
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A smart and reversible chemo-mechanical switch was 

developed by synthesis of a thermally responsive block 

copolymer brush poly(N-isopropylacrylamide-co-

hexafluoroisopropyl acrylate) (P(NIPAAm-co-HFIPA)) on 

capillary plate. With the temperature changing around lower 

critical solution temperature (LCST), the designed chemo-

mechanical switch exhibited excellent “ON-OFF” behavior 

for water transportation. 

Smart switches, that can be modulated dynamically for controlling 

microfluidic transportation, have attracted considerable interest 

recently due to their great demand for use in microfluidic control, 

molecular separation, biological system, etc.1 Stimuli-responsive 

polymers grafted onto micro/nano structured channels have 

frequently been utilized in developing such smart switches.2 Stimuli-

responsive polymers are a category of polymers that undergo a 

change in their conformation, surface energy, or charge state, 

triggered by an external stimulus.3 These stimuli may come from 

thermal,4 pH,5 light irradiation,6 electric field,7 or multiple factors.8  

Poly(N-isopropylacrylamide) (PNIPAAm) is an excellent thermal 

responsive polymer with a lower critical solution temperature (LCST) 

in water of 32 °C. Its conformation shows a reversible transition 

between collapsed and swelling as the temperature around the LCST 

changes. A wide variety of approaches have been developed based 

on this specific property.9 Most studies have mainly focused on the 

use of PNIPAAm grafted on the substrates with special surface 

morphologies, such as a grooved substrate,10 and anodic aluminum 

oxide (AAO) membranes,11 with the goal of achieving reversible 

switching between superhydrophilicity and superhydrophobicity by 

enhancing wettability. However, the design of a practical switching 

based on PNIPAAm for temperature controlling the transportation of 

an aqueous solution still remains challenging.12  

In the current report, we report on the design and fabrication of a 

chemo-mechanical switch for controllable water transportation. We 

constructed this smart switch by integrating a NIPAAm-based 

thermally responsive block copolymer on a multi-capillary 

structured plate. Herein, the copolymer P(NIPAAm-co-HFIPA) was 

prepared using PNIPAAm, which governs the thermal properties, 

and HFIPA, which was used to adjust hydrophilicity and 

hydrophobicity. The temperature dependences of water contact angle 

(CA) measurements on a flat glass plate demonstrated that the 

individual PNIPAAm brush was barely hydrophobic when the 

temperature was above the LCST,13 in which, the CA was 82.6±1.8° 

(see Fig. S1, ESI†). According to the capillary effect,14 the water 

was easily driven into the capillary when the CA was smaller than 

90° (see Fig. S2, ESI†). Thus, the HFIPA, which was water-resistant, 

was added to enhance the hydrophobicity of the surface with the 

objective of improving switch performance.  

The chemo-mechanical switch was prepared as illustrated in 

Scheme 1. A capillary plate (1.0 mm thick) with a nominal pore size 

of 6.0 μm was used as a model platform (Scheme 1a). The 

copolymer P(NIPAAm-co-HFIPA) (Scheme 1b) was grafted onto 

the surface of the capillary plate by surface-initiated atom transfer 

radical polymerization (ATRP),15 and the entire polymerization 

process is described in detail in Part S2 and Fig. S3 (see ESI†). 

Energy-dispersive X-ray spectroscopy (EDX) was used to 

characterize the surface chemical composites of the capillary plate at 

each polymerization process. The results indicate that the copolymer 

brush was successfully grafted onto the capillary plate (see Fig. S4, 

ESI†). Water controllable transportation was realized by switchable 

surface energy and the conformation of the copolymer brush could 

be modulated with temperature, and the capillary effect was 

provided by the unique architectural structure of capillary plate. At 

the temperatures below the LCST, the surface of the capillary plate 

showed highly hydrophilic characteristics because of the dominant 

inter-molecular hydrogen bonding between the PNIPAAm chains 

and water molecules. As a result, water could easily penetrate 

through the capillary plate via the strong capillary effect induced by 

the microstructures (Scheme 1c). In contrast, at temperatures above 

the LCST, the surface of the capillary plate became hydrophobic 

because the intra-molecular hydrogen bonding between the C=O and 

N–H groups of the PNIPAAm chains results in a shrunken 

conformation, which makes it difficult for the hydrophilic C=O and 

N–H groups to interact with water molecules. Therefore, the 

dehydrated state of the copolymer chains and the large negative 

capillary effect made the switch impermeable to water, causing 

water to be retained on the surface (Scheme 1d). 
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Scheme 1 Schematic illustration of the (a) capillary plate, inset: 

SEM images of top view (left) and cross-sectional view (right), (b) 

structure of block copolymer chain, (c) switch at "ON" state, inset: 

conformation of copolymer chain, (d) switch at "OFF" state, inset: 

conformation of copolymer chain. 

 

To improve the switch properties of the device, HFIPA was added 

to ensure the water CA above 90° at high temperature in order to 

achieve the "OFF" function. The effects of the ratio of HFIPA and 

the density of the copolymer affected on surface wettability was 

investigated on a flat glass plate. As shown in Fig. 1a, the water CAs 

measured at low temperature and high temperature gradually 

increased with increasing ratio of HFIPA. Therefore, 20% HFIPA 

was chosen as the optimum conditions which resulted in a CA of 

92.3±1.7° at 40 °C and a CA of 74.5±1.3° at 25 °C. The density of 

the polymer brush on the substrate was controlled by the time used 

in amine functionalization. From X-ray photoelectron spectroscopy 

(XPS) characterization results, which are summarized in Table S1 

(ESI†), it can be deduced the surface amination reached saturation 

after 4h. Herein, the high density of the polymer brush is defined as 

the time used for amine functionalization beyond 4h; while the time 

for amine functionalization below 2h classified as low density. As 

indicated from the results shown in Fig. 1b, a high density of 

copolymer brush was more suitable for modification. Regarding the 

capillary plate modified with P(NIPAAm-co-HFIPA), water CA 

experiments indicated that thermally responsive wettability was 

greatly enhanced by the rough surface. Fig. 1c-d shows photographs 

of water drop profile on a flat glass plate and the capillary plate at 

20 °C and 40 °C, respectively. The water CA at 20 °C decreased 

from 74.8° for a flat glass plate to 56.1° (capillary plate) as 

evidenced by the Wenzel equation (see Part S4 and Fig. S5, ESI†);16 

whereas, at 40 °C, the water CA increased from 94.3° (flat glass 

plate) to 118.7° (capillary plate) which can be explained by the 

Cassie and Baxter equation (see Part S4 and Fig. S5, ESI†).17 

 
Fig. 1 Water CA on the flat glass substrate with (a) different HFIPA 

ratios and (b) different intensity of polymer. Photographs of water 

drop profile on (c) flat glass plate and (d) capillary plate at 20 °C and 

40 °C, respectively. 

 

To confirm the practical application of this switch for controllable 

water transportation, a transportation process was investigated with a 

starting temperature of 40 °C, with a cooling down to 20 °C. As 

shown in Fig. 2a, the capillary plate modified with a random order 

P(NIPAAm-co-HFIPA) brush fail to function as a switch within a 

short time, as anticipated. The water was retained on the surface 

after 10 min when the temperature was cooled to 20 °C, and the 

corresponding CA changed from 118.2° to 113.3°. Further 

experiments indicated that the water penetrate through the capillary 

plate within nearly 22 min. This phenomenon can be attributed to the 

added hydrophobicity reagent HFIPA, which prolongs the time for 

transiting from intra-molecular hydrogen bonding to inter-molecular 

hydrogen bonding. To improve the switch properties, two new 

sequences of polymers were synthesized. One was the synthesis 

PNIPAAm first, followed by grafting the block copolymer 

P(NIPAAm-co-HFIPA) (Fig. 2b). The other sequence was the 

initially synthesized P(NIPAAm-co-HFIPA), which was then grafted 

on PNIPAAm (Fig. 2c). From the water transportation results, it can 
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be seen that both sequences can easily realize a switch function 

within 10 min when the temperature changes from 40 °C to 20 °C. 

However, the sequence b is slightly superior than sequence c for 

transportation modulation, the entire permeation transition cycle 

occurred within a shorter time (4.5±0.5 min). Therefore, a capillary 

plate with sequences of b polymer brush can be used for controllable 

water transportation with a high switch efficiency. 

 
Fig. 2 The effect of block copolymer sequences on switching 

properties. (a) Random order of polymer. (b) First synthesis of 

PNIPAm then grafted on P(NIPAAm-co-HFIPA). (c) Initial 

synthesis of P(NIPAAm-co-HFIPA) then grafted on PNIPAm. 

 

The temperature dependences of water CAs for P(NIPAAm-co-

HFIPA) modified flat glass substrates and a capillary plate were 

studied in detail and results are shown in Fig. 3a. The findings 

indicate that the hydrophobic–hydrophilic transition temperature for 

flat glass substrates and the capillary plate were nearly identical. The 

LCST of the copolymer was about 30 °C, slightly lower than that for 

an individual PNIPAAm. This result confirms that the hydrophobic 

composition in the polymer were more conducive to intra-molecular 

hydrogen bond formation. Additionally, the thermally responsive 

wettability of the P(NIPAAm-co-HFIPA) modified capillary plate 

was greatly enhanced by the artificial structure, consistent with 

previous reports.10,11 Because of the thermally responsive switching 

between hydrophilicity and hydrophobicity was related to the surface 

chemical composition and surface roughness. The former provides 

the thermally responsive chemical change of the surface between 

hydrophilicity and hydrophobicity, and the latter enhances these 

properties.  

 

 
Fig. 3 (a) Temperature dependences of water CAs for P(NIPAAm-

co-HFIPA) brush on a capillary plate and on a flat substrate. (b) 

Water CA measurements of the capillary plate modified with 

P(NIPAAm-co-HFIPA) were carried out alternately at 40 °C and 

20 °C. 

 

To study the reversibility and stability of switching, variations in 

the water CAs on a modified capillary plate when the temperature 

was repeatedly cycled from 40 °C to 20 °C was investigated. In these 

experiments, a filter paper was placed underneath of capillary plate. 

The water would be absorbed by the filter paper when it permeates 

to the bottom of the capillary plate. Therefore, the water CA was 

transiting to 0° at the "ON" state. It can be seen that the switch 

showed excellent responsiveness for more than 15 cycles (Fig. 3b). 

Meanwhile, a rapid transformation between "OFF" and "ON" 

occurred, as a single cycle lasts only a few minutes. The 

transportation process for a single cycle is shown in Fig. S7 (ESI†). 

Additionally, such a response persisted, even after the samples had 

been set aside for at least two months, without any special protection, 

indicating that the switch was mechanically and chemically stable.  

In summary, we report on the development of a P(NIPAAm-co-

HFIPA) block copolymer functionalized temperature-responsive 

switch for controllable water transportation. The ON/OFF state of 

the designed switching can be controlled by manipulating the 

temperature of the system. The system showed good water 

permeability at temperatures below 20 °C, and was water repellent at 

temperatures above 40 °C. The excellent controllability over 

aqueous solution transportation indicates that it has great potential 

for use in various important applications including intelligent 

microfluidic switching, water/oil separation, controllable drug 

release, and so on. 

This work was financially supported by the High Technology 

Research Project by Tokyo Metropolitan Government. 
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