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A reversible switch between superhydrophobicity at low tem-

perature and superhydrophilicity at high temperature was fab-

ricated by coating poly(e-caprolactone) on a rough substrate,

which resulted from the combination of the different adaptability

of the polymer chain upon crystalline/amorphous phase transi-

tion and the optimized roughness.

Surfaces with responsive wettability have attracted much

attention recently due to the great demand from micro-fluidic

control, molecular separation, drug delivery, micro-device

technology, etc.1 Temperature change is a widely used envir-

onmental stimulus for responsive materials.2 Up to now, most

thermo-responsive surfaces have been those of polymers with a

lower critical solution temperature (LCST). Wettability

switching from superhydrophilicity to superhydrophobicity

on increasing temperature has been demonstrated.3 However,

the inverse switching, which is from superhydrophobicity to

superhydrophilicity on increasing temperature, is preferred in

many cases. For example, such response of carriers for drug-

delivery or bio-catalysts can promote drug permeability or

reactant exchange upon local hyperthermia.4 Grafting poly-

mer chains with an upper critical solution temperature

(UCST) could be an approach, but it is hampered by restricted

choice and fabrication of polymer. Therefore, it is desirable

and important to develop a facile method for such thermo-

responsive surfaces.

In this study, we found that the rough surface of poly-

(e-caprolactone) (PCL) showed a thermo-response of switch-

ing from superhydrophobicity to superhydrophilicity upon

temperature increase. The responsive property is considered

to be achieved by taking advantage of the sharp change of

polymer chain adaptability upon crystalline/amorphous phase

transition. The films were fabricated by a simple solution

process, which offers a versatile approach to adjust the switch-

ing range and temperature.

PCLs with different molecular weight (Mn ¼ 2000 g/mol,

10 000 g/mol and 80 000 g/mol, namely PCL2000, PCL10 000 and

PCL80000, respectively) were used in the experiment. The

diluted PCL solution was pipetted onto silicon substrates,

and dried thoroughly under vacuum at 120 1C (see experi-

mental part in the ESIw). The polymer is crystalline at room

temperature and its amorphous phase transition point is

around 60 1C. The water contact angle (CA) changes at

temperature below and above the phase transition tempera-

tures are different depending on molecular weight.

The responsive wettability was first demonstrated on flat

substrates. At room temperature, the CA on the PCL2000 flat

film declined after water droplet deposition on the surface. The

CA on PCL80 000 film is quite stable at room temperature, but

the CA response upon phase transition was less than 41.

However the PCL10 000 thin film exhibited a suitable CA switch

between 88.1� 2.21 at 25 1C and 60.8� 1.31 at 60 1C (Fig. 1a).

Polymer phase transition causes many properties to change

discontinuously, including surface tension.6 It has been re-

ported that during the liquid crystalline to isotropic phase

transition, the interface tackiness can be changed as a result of

chain re-conformation.7 Nevertheless water has not been used

as the test liquid in these studies. The PCL chain possesses

groups with different polarities and shows good adhesion to

substrates. The above observed thermo-response of the PCL

surface should be attributed to the reorientation of the poly-

mer chains at the surface (Fig. 1b). During the film formation,

the hydrophobic groups are spontaneously enriched at the

solid–air interface, therefore, the topmost surface are more

Fig. 1 Thermo-response of wettability on flat PCL10000 surface. (a)

Change of water drop profile when temperature was elevated from 25 1C

to 60 1C. The water CA decreases from 88.1 � 2.21 to 60.8 � 1.31. (b)

Illustration of the proposed mechanism for the thermo-responsive

PCL film. At room temperature (left), polymer chains are frozen by

crystallisation; at the phase transition temperature (right), water can

induce the reorientation of the hydrophobic/hydrophilic groups.
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hydrophobic than the bulk.8 The hydrophilic groups in the

PCL chains are the end groups (COOH, OH), and the hydro-

phobic ones are –(CH2)5– segments, while the ester groups are

amphiphilic. At temperatures well below the crystalline/amor-

phous phase transition point, the PCL chains are frozen, thus

water contact cannot induce the conformational change.

When the phase transition temperature is reached, the polymer

chains move much easily and water contact can readily induce

the group reorientation. As a result, the hydrophilic end

groups move to the water–PCL interface leading to the

decrease of water CA.

The molecular weight related CA response suggests that the

hydrophilic end groups (COOH, OH) play a important role in

the wettability switching. The PCL with higher molecular

weight possesses a lower ratio of hydrophilic end groups.

The surface of PCL80 000 shows a lower response than that

of PCL10 000, whereas the PCL2000 surface is more hydrophilic

than the other two. On the other hand, the molecular weight

also affects the mobility of polymer chains. The high ratio of

end groups of PCL2000 gives high polymer chain mobility and

low crystalline/amorphous phase transition temperature

(Fig. S1w), which contributes to the decrease in the water

CA at room temperature.

Enhanced wettability switching can be achieved by a suita-

ble combination of the responsive materials and surface

roughness.5 Considering both response and stability,

PCL10 000 was chosen for further experiment. To obtain the

switch from superhydrophobic to superhydrophilic, surface

roughness needs to be optimized.

In this study, the rough substrates are structured with cubic

arrayed square pillars. They were introduced on flat silicon

wafers by photolithography and an inductively coupled plas-

ma deep-etching technique (See ESIw). The size of the square

pillars are 10 mm � 10 mm in width, 30 mm in height, and the

groove spacing varies from 10 mm to 60 mm. The responsive

CA changes on all roughened surfaces were enhanced, though

in different ranges, and the relationship between the groove

spacing and the responding range is illustrated in Fig. 2a.

At room temperature, with increasing groove spacing from

flat to 40 mm, the water CA increases gradually from 88.1 �
2.21 to 166.9 � 2.71. Nevertheless, the water CA decreases on

further increasing the groove spacing. As for surfaces with

groove spacing of 50 and 60 mm, the water CA decreased to

135.3 � 3.61 and 129.2 � 2.41, respectively. It is considered

that when the groove spacing is smaller than 40 mm, only the

top surface of the pillars can contact with water, and the air

between the pillars kept is sealed as air pockets. This kind of

contact is termed composite contact or Cassie state. With the

increase in groove spacing, the air/solid area ratio increases. It

decreases the composite surface tension, so the water CA

increases.9 When the groove spacing is larger than 40 mm,

water can then drive away the air between the pillars and wet

the surface beneath, thus contacting the surface in a wetting

state or Wenzel state.

At the temperature around the phase transition point, the

surface can be induced to be more hydrophilic. Assisted by

capillary force, the droplets can wet the surface more than on a

flat one.10 Generally, the CAs decrease with increasing groove

spacing. Water droplets once in a Cassie state can transfer to

Wenzel state. The surface with groove spacing of 40 mm gives

the largest CA responding range. As shown in Fig. 2b, the CA

switched from superhydrophobic (CA ¼ 166.9 � 2.71 at 25 1C)

to superhydrophilic (CA ¼ 9.7 � 1.81 at 60 1C).

The temperature dependence of water CA on flat and the

rough surface (groove space ¼ 40 mm) is shown in Fig. 3. The

switching temperatures for both substrates are almost identical

to the phase transitional point. The sharp CA change on the

rough surface indicates that crystalline/amorphous phase

transition may be a threshold that kinetically allows the

polymer chains to respond to the environment.

We repeatedly cycled the temperature and recorded the

water CA at 60 1C and 25 1C. As revealed in Fig. 4, the results

show excellent reversible switching of water CA for at least

4 cycles.

In conclusion, the reversible switching between superhydro-

phobicity at low temperature and superhydrophilicity at high

Fig. 2 (a) The relationships between the groove spacing and the

water CA, at 25 1C (K) and at the PCL10 000 phase transitional

temperature: 60 1C (J). D is the groove spacing between the nearest

square pillars. (b) Switching of water CA between 166.9 � 2.71 at

25 1C and 9.7 � 1.81 at 60 1C on the surface with the groove spacing

of 40 mm.

Fig. 3 Temperature (T) dependence of water CAs on PCL10 000

surfaces: flat (J) and rough surface with groove spacing of 40 mm
(K).
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temperature has been demonstrated on a PCL rough surface.

The wettability switch is achieved by a combination of opti-

mized roughness and the remarkable change of polymer chain

adaptability before and after the crystalline/amorphous phase

transition. It is proposed that the hydrophilic end group ratio

of the polymer chain plays an important role in the response.

The surface is fabricated by a simple solution method, which

can be broadened to a wide range of polymers and ready to be

applied to many other smart systems.
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Fig. 4 The reversibility of the switching in 4 cycles. Half cycles: 60 1C;

and integral cycles: 25 1C.
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