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An electrically switchable surface free energy on a liquid crystal and polymer composite film

(LCPCF) resulting from the orientations of liquid crystal molecules is investigated. By

modification of Cassie’s model and the measurement based on the Chibowski’s film pressure

model (E. Chibowski, Adv. Colloid Interface Sci. 103, 149 (2003)), the surface free energy of

LCPCF is electrically switchable from 36� 10�3J=m2 to 51� 10�3J=m2 while the average tilt

angle of LC molecules changes from 0� to 32� with the applied pulsed voltage. The switchable

surface free energy of LCPCF can help us to design biosensors and photonics devices, such as

electro-optical switches, blood sensors, and sperm testers. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769093]

Electrically switchable surfaces are important in

photonics devices and biosensors. The main mechanism of

switchable surfaces is based on switchable wettability result-

ing from molecular conformations under external stimuli by

adopting delicate crafts of self-assembly-monolayer.1,2

Recently, we have developed a switchable surface, liquid

crystal and polymer composite film (LCPCF), and also versa-

tile promising applications based on LCPCF, such as electri-

cally tunable focusing lenses, polarizer-free electro-optical

switches, sperm testing devices, and biosensors.3–8 From

many qualitatively macroscopically experimental observation

and the measurement of the attractive force between the tip of

an atomic force microscopy (AFM) and LCPCF surface, the

switchable wetting properties of LCPCF seems to result from

orientations of liquid crystal molecules anchored among the

polymer grains under applied pulsed voltages.3,9,10 However,

the relationship between orientations of liquid crystal mole-

cules and the electrically tunable surface free energy (or sur-

face tension) of LCPCF is still unclear and needs to be

investigated. In this paper, we experimentally investigate the

relationship between orientations of liquid crystal molecules

and the electrically tunable surface free energy (or surface ten-

sion) of LCPCF. According to the modified Cassie’s model

and the measurement based on the Chibowski’s film pressure

model, the surface free energy of LCPCF is electrically

switchable from 36� 10�3J=m2 to 51� 10�3J=m2 while the

average tilt angle of LC molecules changes from 0� to 32�.
The switchable range of surface free energy of LCPCF affects

the performance of different biosensors and photonics devices,

such as electro-optical switches, blood sensors, and sperm

testers. This study helps us to understand the mechanism of

the switchable surface of LCPCF and then further assists

designing biosensors and photonics devices.

The structure of LCPCF is illustrated in Fig. 1. The struc-

ture consists of a LCPCF on a patterned indium tin oxide

(ITO) glass substrate, which provides fringing electric fields

to LCPCF. The ITO electrodes on the glass substrate were

etched with interdigitated chevron patterns, shown as the zig-

zag electrodes. The zigzag ITO strips have corner angles of

150�. The width and the gap of the electrode strips are 4 and

14 lm, respectively. The magnification of the interface

between the fluidic droplet and the LCPCF surface is exagger-

atedly shown in the inlet in Fig. 1. In the inlet, the surface of

the LCPCF consists of polymer grains and liquid crystals

anchored among the polymer grains. The liquid crystals are

aligned along x-direction at voltage-off state. At the voltage-

on state, the liquid crystal molecules are re-orientated by the

fringing electric fields, and then the surface is more hydro-

philic.3 To fabricate LCPCF on the ITO glass substrate, we

mixed a nematic LC mixture E7 (Merck) and a liquid crystal-

line monomer (4-(3-acryloyloxypropyloxy)-benzoic acid

2-methyl-1, 4-phenylene ester) at 70:30 wt. % ratios. The ne-

matic LC (E7) consists of four compounds: 5CB (4-pentyl-40-
cyanobiphenyl), 7CB (4-heptyl-40-cyanobiphenyl), 8OCB

(4-octyloxy-40-cyanobiphenyl), and 5CT (4-pentyl-40-cyano-

terphenyl). The detail chemical structures of E7 are also

FIG. 1. The LCPCF on a glass substrate with patterned electrodes and the

magnification of the interface between the fluidic droplet and the LCPCF

surface is exaggeratedly in the inlet. The chemical structures of LC(E7)

compounds are listed as well.

a)Author to whom correspondence should be addressed. Electronic mail:

yilin@mail.nctu.edu.tw.
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drawn in Fig. 1. The mixtures were then filled into an empty

cell with a gap of �7 lm, which consists of a top glass sub-

strate and a patterned ITO glass substrate (bottom substrate).

The top glass substrate of the cell was coated with a thin poly-

imide (PI) layer and then mechanically buffed along x-axis.

After we filled the mixture into the cell, the cell was then

exposed to a UV light with intensity I¼ 10 mW/cm2 for

�60 min at a curing temperature of 70 �C (or Tcuring¼ 70 �C).

After the phase separation and the photo-polymerization pro-

cess, the top glass substrate was peeled off with a thermal-

releasing process. A solidified LCPCF was then obtained. Fig.

2(a) shows the SEM (scanning electron microscopy) image of

LCPCF after we removed LC using hexane, and Fig. 2(b)

shows the AFM image of LCPCF using the tapping mode of

AFM. In Figs. 2(a) and 2(b), the surface of LCPCF indeed is

made up of polymer grains and LC anchored among the poly-

mer grains. The average polymer grain size is �70 nm, and

the average domain size is�225 nm.

Generally speaking, a surface free energy (or surface

tension) of a smooth solid surface in the vapor can be deter-

mined by dropping a fluidic droplet on the solid surface and

the surface free energy is described according to the Young’s

contact angle, which is a result of a balance of three phases:

vapor, liquid, and solid. The surface free energy is modified

by the roughness according to the Wenzel’s magnification of

wettability. When the solid surface is made up of several

materials or so-called chemical heterogeneity, the surface

free energy can be further re-modified according to the Cas-

sie’s linear composition of interfacial energies of several

wetting materials. The Young’s balance of three phases,

Wenzel’s magnification of wettability and Cassie’s chemical

heterogeneity are the factors that can help us to describe the

wetting properties or surface free energy of a surface.11

However, one more factor, molecular orientations, should be

considered in order to fully describe the mechanism of the

switchable wettability on LCPCF.

In order to quantitatively investigate the relation

between the orientations of LC molecules and surface free

energy of LCPCF, we first measure the surface free energy

of LCPCF by measuring the hysteresis of the LCPCF. The

hysteresis of the LCPCF is defined as the difference between

an advancing angle (ha) and a receding angle (hr) of a fluidic

drop (de-ionized water drop) on the LCPCF. The advancing

angle (ha) and the receding angle (hr) are the angles at which

the contact line changes when the volume of the fluidic drop

increases and decreases, respectively. To measure ha and hr,

we increased and decreased the volume of the fluidic drop on

LCPCF, then recorded the image of the fluidic drop at which

the contact line changed by a CCD camera (JAI CV-M30)

with a frame rate of 120 frames/s, and measured the contact

angles with a system of contact angle measurement (FTA

1000 Analyzer System). The measured advancing angle

(black dots), the measured receding angle (red triangles), and

the hysteresis (gray squares) of the LCPCF as a function of

the applied pulsed voltage (V) are shown in Fig. 2(c). The

advancing angle and the receding angle decrease with an

increase of the applied pulsed voltage when V is larger than

the threshold voltage (Vth� 50 Vrms). The hysteresis of

LCPCF increases first as Vth<V< 125 Vrms and then

decreases as V> 125 Vrms. According to the Chibowski’s

film pressure model, the surface free energy of the LCPCF in

the air (cLCPCF-air) with an unit of J/m2 can be expresses as12

cLCPCF�airð/ðVÞÞ ¼
cL�air � ð1þ coshaðVÞÞ2

2þ coshrðVÞ þ coshaðVÞ
; (1)

where cL-air is the surface free energy of the testing fluid in

the air, and / is the average tilt angle of LC molecules with

respect to x-axis in Fig. 1. As a result, the surface free energy

of the LCPCF can be calculated and shown in black dots in

Fig. 2(d). The surface free energy of the LCPCF increases

from 36� 10�3J=m2 to 51� 10�3J=m2 with the applied

FIG. 2. (a) SEM image and (b) AFM image of

LCPCF. (c) The voltage-dependent advancing

angle (black dots), the voltage-dependent reced-

ing angle (red triangles), and the voltage-

dependent hysteresis (gray squares) of the

LCPCF. (Tcuring¼ 70 �C). (d) The surface free

energy as a function of voltage of LCPCF

(black dots) and LC molecules (pink triangles).

The average tilt angle of LC molecules as a

function of voltage is also shown (red squares).

233502-2 Lin et al. Appl. Phys. Lett. 101, 233502 (2012)
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pulsed voltage. According to Cassie’s model, the surface

free energy of LCPCF in the air is a linear composition of

the surface free energies of polymer (cp-air) and the surface

free energy of LC (cLC-air)

cLCPCF�airð/ðVÞÞ ¼ Rw � ½fLC � cLC�airðVÞ þ fp � cp�air�;
(2)

where Rw is the roughness factor defined as the ratio of the

actual surface area to the geometric surface area, fLC is the

fraction of LC, and fp is the fraction of polymer. From Eqs.

(1) and (2), the surface free energy of LC (cLC-air) can thus

be expressed in Eq. (3)

cLC�airð/ðVÞÞ ¼
1

Rw � fLC

�
�
cL�air �

ð1þ coshaðVÞÞ2

2þ coshrðVÞ þ coshaðVÞ

� Rw � fp � cp�air

�
: (3)

From SEM image and AFM image in Figs. 2(a) and 2(b), the

LC domain can be estimated as �225 nm and the root-mean-

square (RMS) roughness is �15 nm. Based on the cubic

approximation of LC domain, Rw is then can be calculated

as 1.214. By using a software: IMAGEJ (National Institutes of

Health) to analyze the SEM and AFM images, fLC and fp are

0.32 and 0.68, respectively. cp-air is around �30.9 J/m2

obtained by putting the measured ha and hr of pure polymeric

film without LC into Eq. (1). The testing fluid is de-ionized

water in the experiment and then cL-air� 72:8� 10�3J=m2.

From the data in Fig. 2(c), related measured parameters, and

Eq. (3), we could plot cLC-air as a function of the applied

pulsed voltage as shown in pink triangles in Fig. 2(d). At

V¼ 0, the surface free energy of the LC molecules is

29� 10�3J=m2, which is also the surface free energy of phe-

nyl/terphenyl part of LC materials because the LC molecules

were arranged to align along x direction (in Fig. 1). The

direction of the alignment was experimentally confirmed in

Ref. 6. In Fig. 2(d), the surface free energy of the LC mole-

cules increases from 29� 10�3J=m2 to 66� 10�3J=m2 with

the applied pulsed voltage. The increase of surface free

energy of LCPCF results from the increase of surface free

energy of LC molecules under applied pulsed voltages.

Moreover, the LC molecules tilt up when V>Vth. However,

we still do not know the average tilt angle of LC molecules.

In order to further calculate the average tilt angle of LC

molecules, we have to know the anisotropic surface free

energy of LC molecules. The LC materials of LCPCF con-

sisting of 4 compounds can simply be divided by three parts:

the alkyl/alkoxy chain, the cyano (CN) group, and the phe-

nyl/terphenyl part. We then define cph-ter, calky-alko, and cCN

as the surface free energy of phenyl/terphenyl part, alkyl

chain, and cyano group, respectively. cph-ter was obtained

�29� 10�3J=m2 in Fig. 2(d) and calky-alko� calkyl� 29

�10�3J=m2.13 However, cCN is still unknown. To estimate

cCN, we performed an experiment, as shown in Fig. 3(a). We

dropped a de-ionized water droplet (�1 ll) on a thin layer of

nematic LC with a single compound 5CB (4-Cyano-40-pen-

tylbiphenyl), which was on the top of a vertical alignment

layer, as depicted in Fig. 3(b). The water droplet sank into

the LC layer and touched the vertical alignment layer. We

observed the area near the droplet under crossed polarizers

and also rotated the glass substrate, as shown in the inlet of

Fig. 3(a). The LC region remains dark under the rotation.

That means the LC molecules are perpendicular to the LC-

air interface. The liquid crystal molecules are vertically

aligned because of three reasons: thin LC layer, the anchor-

ing force of the bottom alignment layer, and the anchoring

force from the inclination of homeotropic alignment at the

LC-air interface.14 At the interface among air, water, and

liquid crystals in Fig. 3(b), three phases were balanced by

following Young’s equation: cwater�air ¼ c5CB�air � cosh
þ c5CB�water , where h is contact angle in Fig. 3(b). cwater-air,

c5CB-air, and c5CB-water represents the surface free energies

between water and air, between LC and air, and between LC

and de-ionized water, respectively. The c5CB-air is then calcu-

lated �57:97� 10�3J=m2 after putting the parameters in the

experiment: the measured h� 36.17�, cwater-air� 72:8
�10�3J=m2, and c5CB-water� 26� 10�3J=m2.13 Consider the

anisotropic surface free energy and the average tilt angle (/0)
of LC molecules with respect to x-axis in Fig. 3(b), the surface

free energy of 5CB in the air can then be expressed as14

c5CB�airð/0ðVÞÞ ¼ c?�air � sin2/0ðVÞ þ c==�air � cos2/0ðVÞ;
(4)

where c?�air and c==�air are the surface free energies when

the LC molecules are perpendicular to the air-LC interface

and when the LC molecules are parallel to the air-LC

FIG. 3. (a) The experiment of measuring the surface free energy of 5CB. A

water droplet was dropped on a thin layer of LC (5CB). The inlets are the

top views of the water droplet and the droplet is rotated 90� under crossed

polarizers. The transmissive axes of polarizer and analyzer are parallel to

x-axis and y-axis, respectively. (b) The detail illustration of (a).

233502-3 Lin et al. Appl. Phys. Lett. 101, 233502 (2012)
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interface, respectively. For 5CB in the air, c==�air ¼ cphenyl

� 40� 10�3J=m2,13 and /0 ¼ h� 36.17�. As a result, c?�air

is calculated as �91:59� 10�3J=m2. In fact, c?�air is the lin-

ear combination of cCN and calkyl because the arrangement of

half of CN-group of 5CB and half of alkyl group of 5CB

result in minimum free energy at the air-LC interface.15 This

also means c?�air should satisfy the relation: c?�air ¼ 0:5
�cCN þ 0:5� calkyl. Therefore, cCN is �154� 10�3J=m2

after calculation.

Next, we calculate the average tilt angle of LC mole-

cules of LCPCF. On LCPCF, the LC molecules anchored

among the polymer grains are aligned along x-axis at V¼ 0,

and the LC molecules are reoriented with the applied pulsed

voltage at V� Vth. The tilting part of LC molecules should

be the CN group (or the polar group) because the de-ionized

water we used has strong polar-polar interaction with the CN

group of LC materials. As a result, the surface free energy of

the LCs anchored among the polymer grains on LCPCF can

be expressed as14 cLC�airð/ðVÞÞ ¼ cCN � sin2/ðVÞ þ cph�ter

� cos2/ðVÞ, where / is the average tilt angle of LC mole-

cules on LCPCF with respect to x-axis. Since cph-ter and cCN

are known and cLC-air is also obtained in Fig. 2(d), we then

obtain / as a function of the applied pulsed voltage, as

shown in red squares in Fig. 2(d). The LC molecules tilt up

from 0� to 32� with the applied pulsed voltage.

From the experiment and analysis above, the detail mech-

anism of the surface of LCPCF can then be depicted in Figs.

4(a) and 4(b). At voltage-off state, the strong anchoring force

which is provided by polymer grains results in the LC mole-

cules aligned along x-direction. The surface free energy of

LCPCF results from the interaction between phenyl/terphenyl

part of LC (E7) and the testing water, as depicted in Fig. 4(a).

When the applied pulsed voltage overcomes the anchoring

force of the polymer grains and elastic properties of LC mate-

rials, the LC molecules change the orientations gradually. The

CN-group tilts up with the applied pulsed voltage because of

(1) the fringing electric field, and (2) the strong interaction

between polar CN-group and polar fluid (de-ionized water).

The CN groups of the LC molecules tilt up with the applied

pulsed voltage and the maximum tilt angle is around 32� with

respect to x-axis, as illustrated in Fig. 4(b). The surface free

energy of LCPCF could be up to 85� 10�3J=m2 if the aver-

age tilt angle of LC molecules is 90�.
In conclusion, the LC molecular orientation is indeed a

factor affecting the surface free energy of LCPCF surface.

The molecular orientation re-modifies the conventional Cas-

sie’s model for understanding the surface wettability. We can

perform the experimental analysis to estimate the orientation-

induced change of surface free energy of LCPCF. Moreover,

the analysis here can assist us to design LCPCF with various

surface free energies in terms of adjusting polarity of LC mol-

ecules, fractions of LC materials, roughness of LCPCF, and

the distribution of electric fields. Many practical applications

based on LCPCF require proper surface free energies. Based

on this study, the tunable range of the surface free energy of

LCPCF can be manipulated and it is important in biosensors

and photonics devices. For example, large tunable focusing

range of liquid lenses using LCPCF needs large tunable range

of surface free energy.3 For the electro-optical switches, the

response time can be faster with the large change of surface

free energy of LCPCF.6 For the sperm tester, the sensitivity

can be even enlarged.8 In addition, the change of surface free

energy of human blood can indicate many human diseases,

such as atherogenesis and hyperthyroidism.16,17 The wetting

properties of LCPCF can be designed in a proper range to

sense the change of surface free energy of human blood. Fur-

thermore, our LCPCF and the analysis method in this Letter

can help us to measure the anisotropic surface free energy of

different chemical structure of LC materials.
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