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1.1 Background and motivation 

Fluid or liquid is one of the fundamental states of matter, which is unique 

because it does not have a fixed shape, and it can flow easily under external stimuli. 

Based on its surface tension property and its liquidity, quantified as viscosity, the liquid 

is popularly used in tuning surface properties, such as lubrication, wettability and 

adhesion.[1-2] Also, nature benefits widely from these properties. For instance, insects 

like green tree ants increase their pad surface adhesion by wetting the pad surface 

through the secretion of a viscous fluid, which enables them to walk freely at vertical, 

or even upside-down surfaces without falling (Figure 1.1a).[3] Human sweat to regulate 

body temperature (Figure 1.1b).[4] Besides the critical role that liquids play at open air 

surfaces, the fluid flow forms the basis of ecosystems, as this behavior provides a 

fundamental strategy to transport and mix biochemical elements in circulatory systems. 

For example, in human beings' circulatory system, blood flow delivers nutrients and 

oxygen to all cells in the entire body and regulates the body temperature (Figure 1.1c). 

Even primitive single cells use fluid flow to conduct intercellular transport and to 

perform biochemical reactions.  

 

Figure 1.1. (a) Green tree ant (Oecophylla smaragdina) with adhesive secreting pads 

in contact with a smooth glass holding a load of 100 times its body weight upside down. 

Reproduced with permission.[3] (b) Sweating on the fingertip.[5] (c) Blood circulation in 

the human body.[6] 

Nature has been the original inspiration source for scientists to develop fluid-

based advanced technologies. An important aspect here is how to control fluid flow. 

For this, various mechanisms have been studied to control, or even induce, flow by 

ca b
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means of heat,[7] light,[8] electricity,[9] pressure,[10] or mechanical force.[11] Controlled 

flow generation is used for self-cleaning surfaces,[12] objects transport,[13] self-healing 

materials,[10] drug release,[14] to name a few examples. The release of silicone oil from 

a polymer-based gel enables self-lubricating of surfaces[15] and microspheres, 

representing biological cells, can be transported by a fluid carrier in a microtube.[16] 

And even in smart windows, where the flow and molecular alignment of liquid crystals 

is explored to make an optical shutter that transmits or blocks light by means of an 

electrical field.[17]  

In this thesis, liquid crystals will be especially studied in the perspective of their 

specific flow behavior as alone-standing liquid or embedded in a polymer system which, 

in our specific case, is a polymerized liquid crystal by itself. In order to come to this, 

we first need to understand liquid crystal behavior in flow and electrical fields, as well 

as their properties when they are brought to a polymerized state. In the following 

sections, we will introduce the electro-response of low-molecular-weight liquid crystals 

and the anisotropic deformation of liquid crystal polymers induced by light or 

electricity. 

1.2 Liquid crystals 

1.2.1 Electro-response of liquid crystals 

Liquid crystals (LCs) are anisotropic fluids that exhibit phases between an 

isotropic liquid and a highly ordered crystal. The LC materials used in this thesis are 

thermotropic liquid crystals, in which the liquid crystalline phase can be maintained 

within a specific temperature range. Depending on the molecular arrangement, the 

thermotropic LCs are typically divided into nematic and smectic (Figure 1.2). The 

nematic LCs typically have a low viscosity and the longitudinal shaped molecules are 

on average oriented in the same direction. The smectic differs from the nematic in terms 

of its molecular arrangement in layers, denoted as positional order. In general, their 

viscosity is an order of magnitude higher than that of nematics.[18] For most applications 

the liquid crystals are given a long-range order with a common orientation direction, 

defined as the director. In this thesis, we will present studies with both nematic and 

smectic LCs. 
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Figure 1.2. Schematic illustrations of different phases of thermotropic liquid crystals 

with the increase in temperature. 

Low-molecular-weight LCs are widely used in liquid crystal displays (LCDs).[19] 

Most LCD designs are based on the reorientation of LCs in response to an electric field. 

The rigid and anisotropic shape of the liquid crystal molecules and the corresponding 

charge polarization give them anisotropic dielectric as well as optical properties 

(birefringence). The basis for the LCs molecular reorientation is the dielectric 

anisotropy. The dielectric constant () is used to quantify the ability of liquid crystal 

molecules to hold electrical charges. The interaction between an LC and an electric 

field depends on the magnitude of  measured parallel  and ⊥ perpendicular to the 

director and the difference between them denoted as dielectric anisotropy ( =  −

⊥ ). The magnitude of   in the liquid crystalline phase depends largely on the 

molecular structure, but also on temperature and the frequency of the applied electric 

field.[20] Above liquid crystal-isotropic phase transition temperature,  becomes zero. 

Below the clearing point, the sign of   determines the correlation between the 

reorientation direction and the electric field line. In the most common cases, the 

polarizability of the rod-like molecules is largest along their molecular axis and  is 

positive. In special cases, with highly polarizable groups orthogonal to the long 

molecular axis of the molecules,  is negative. LCs with positive or negative  will 

be realigned parallel or perpendicular to the field direction, respectively. This 

realignment is induced by the dielectric coupling between permanent and induced 

dipoles in the LC molecules with the field. In this thesis, we will use LCs with both 

negative and positive dielectric anisotropy.  

IsotropicNematicSmectic

Temperature increase
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1.2.2 Electrohydrodynamic instabilities in liquid crystals 

Another type of electro-optical response of LCs is based on 

electrohydrodynamic instability (EHDI). EHDI was discovered in 1963 by Richard 

Williams.[21] Since then, scientists have paid much attention to the EHDI for its 

applications in the early designs of liquid crystal displays and for beam steering.[17, 22] 

In the early stage, the investigation on EHDI in LCs was mostly focused on William 

Domains. These domains formed by a voltage induced direct current field are based on 

the injection of ions from electrodes or impurities from the bulk LC.[23] With the 

emergence of information display technology, the dynamic scattering mode (DSM) has 

been popularly studied. In the EHDI effect, in general, the generation of liquid crystal 

turbulence flows requires ions in transit and field-induced reorientation of liquid crystal 

directors.[23] Under an electric field, the ions move between two parallel electrodes and, 

at the same time, exert a shear force on the reoriented liquid crystal molecules. 

Influenced by the flowing ions, the liquid crystal molecules that are not aligned in the 

flow direction will experience rotation with a transverse velocity. Across the 

sandwiched cell, the velocity gradient induced by the flow gradient of charges affects 

the molecular orientation, which is determined by the applied voltage. One relevant 

parameter for the EHDI is the threshold voltage, which depends on the elastic constant, 

conductivity and dielectric constants of the LC mixture.[24] At low voltages above the 

threshold, the Williams domain instabilities are visualized as regular optical domain 

patterns separated by a constant distance proportional to the thickness of liquid crystal 

layers (Figure 1.3a).[25] With increasing voltage chaotic turbulence will occur which 

leads to formation of turbulence and scattering of transmitted light (DSM), as 

mentioned earlier.[23] Macroscopically, the sample switches from transparent to whitish 

opaque (Figure 1.3b).[17] 
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Figure 1.3. Static images produced by EHDI. (a) Regular patterns observed within a 

planarly aligned cell under an applied AC voltage (31 V, 100 Hz). Reproduced with 

permission.[25] (b) Light scattering of letters in an actual cell. Reproduced with 

permission.[17] 

The EHDI effect is also dependent on the frequency of the applied electric 

field.[26] Usually, a certain critical frequency () divides the instability into two 

regimes: a so-called conductance regime ( < ) and a dielectric regime ( > ). 

Within each regime, the threshold voltage for triggering EHDI is dependent on the 

applied frequency. In this thesis, we will discuss the influence of frequency and voltage 

on the activation of the EHDI effect in dynamic scattering mode. 

1.3 Liquid crystal polymer networks  

In this section, we will discuss the formation of polymeric liquid crystal 

networks and their anisotropic deformation in response to external stimuli. Liquid 

crystal polymer networks (LCNs) are typically formed by connecting reactive liquid 

crystal monomers, in literature often refer to as reactive mesogens, via free radical 

polymerization.[27-28] Typical examples of reactive monomers with acrylate 

polymerizable groups are shown in Figure 1.4, but presently there are a plurality of 

molecular structures known with different central aromatic units as well as with 

different polymerizable group.[29] Typically, prior to the polymerization, the liquid 

crystal mesogens are aligned at a treated interface, or by means of an electrical or 

magnetic field. The alignment with respect to the substrate surface is denoted as a 

a b
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homeotropic, planar, twist, or splay orientation.[29] The monomer alignment is 

established at a temperature between the crystalline state of the monomer, or monomer 

mixture, and the temperature above which it becomes isotropic. In the case the 

monomer has different liquid crystal phases, the temperature determines the phase that 

is frozen-in by polymerization. In general, a nematic monomer gives a polymer network 

with a frozen-in nematic order and a smectic monomer a corresponding network with 

smectic order.[30] Liquid crystal polymer networks can exhibit anisotropic deformation 

due to their unique molecular anisotropic properties in response to external stimuli, 

such as temperature,[31] light,[32-33] humidity,[34] and electric field.[35-37] As for the 

thermo-triggered anisotropic deformation, the original study on linear thermal 

expansion of LCNs shows that the LCNs with a uniaxial planar alignment tend to 

expand perpendicular to the molecular director and contract parallel to the director.[38] 

Take the LCNs prepared by the starting materials shown in Figure 1.4 as an example. 

Above the glass transition temperature of the LCNs, the thermal expansion coefficient 

(α) in the direction parallel to the average director decreases and becomes negative with 

increasing the temperature, while it increases in the direction perpendicular to the 

director (Figure 1.4), an effect which becomes especially dominant at temperatures 

around and above the glass transition temperature of the polymer network. The effect 

is caused by small changes of the order parameter upon increasing thermal mobilities 

of the various sub-units of the network. The magnitude of α is dependent on the length 

of the aliphatic spacer between the aromatic ring and the polymerized acrylate group, 

and the polymerization temperature (Tp) in relation to the phase transition temperature 

of the monomer to its isotropic phase (Tc). The anisotropic thermal expansion behavior 

become especially pronounced when the molecular alignment of the film is planar at 

one side of the film and orthogonal to the substrate (in the field of liquid crystals 

denoted as homeotropic) at the other side. When heated, the difference in expansion 

behavior at both sides leads to stresses over the cross-section of the film and ultimately 

to bending of a free-standing liquid crystal polymer network film.[38]  
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Figure 1.4. Linear thermal expansion measurement of the liquid crystal polymer 

networks formed by polymerizing the materials shown on the top. The thermal 

expansion coefficient α is measured for different liquid crystal networks with varied R 

and spacer length, displayed in the inserted table. Reproduced with permission.[38] 

As for light-induced deformation of the LCNs, the principle is based on the so-

called photothermal or photochemical effect. The photothermal effect is typically based 

on the creation of a heat gradient along the thickness of a relatively thick LCN film 

with a thickness for instance 20 µm. The heat is typically generated by light 

illumination via a photothermal agent such as azobenzene dye or carbon nanotubes and 

the absorption of light is converted into a temperature rise.[39-40] The effect will be 

similar to the temperature induced deformation of the LCNs described above, but a 

temperature gradient in case of large light absorption at the lamp facing surface might 

lead to bending of planar oriented samples without the presence of director gradients. 

A further discussion of this effect is not within the scope of this thesis. The 

photochemical effect is typically based on the light-triggered trans-to-cis 

transformation of an added azobenzene molecule (Figure 1.5a). Preferably the 

azobenzene moiety is provided by polymerizable groups similar to that of the liquid 

crystal monomers such that it becomes covalently embedded into the network. Being 

co-aligned with the mesogenic units of the LCN, the trans-cis isomerization of 

azobenzene disturbs the molecular order of the LCN which results in an anisotropic 
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macroscopic deformation. As with the thermal effects, the LCN will undergo expansion 

perpendicular to the director and contraction along the director which is schematically 

shown in Figure 1.5b. The degree of the deformation depends on the concentration of 

the azobenzene, actuating temperature, and polarization condition of the trigger light. 

The principle of this photochemical effect will be used for a later chapter in this thesis.  

 

Figure 1.5. (a) Photo-isomerization of an azobenzene moiety. (b) Light induced 

anisotropic deformation of the LCNs copolymerized with azobenzene moiety.  

Based on the photochemical deformation of the azobenzene moiety induced 

macroscopic actuation, many investigations on the exploitation of the actuation have 

been conducted in azobenzene functionalized LC polymers. Basic deformations such 

as bending,[41] curling,[42] twisting,[43] and oscillation[44] have been demonstrated in 

various forms, e.g., at free-standing films,[41] coatings,[45-46] fibers[47] or ribbons[43]. For 

example, Ikeda and coworkers reported a molecular alignment dependent anisotropic 

bending behavior of an LCN in which the bending always took place along the rubbing 

direction of the films.[32] Since the films were prepared with a high concentration of 

azobenzene moieties with a high extinction coefficient at 360 nm, when illuminated 

with UV light the surface layers of the films absorbed approximately 99% of the 

incident photons that created a light intensity gradient along the thickness. This results 

in a local contraction in the surface layers and thus the entire contraction of the films 

towards the light. Based on the same principle of surface contraction, Yu and coworkers 

hv1

hv2

hv1

hv2

a

b

trans-azo cis-azo

trans-azo LC mesogencis-azo
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reported a directed bending of an LCN film by varying the polarization direction of the 

linear polarized light (Figure 1.6a).[41] The film had a polydomain configuration with 

domain sizes of around a micrometer. When exposed to UV light, only the domains 

with azobenzene aligned parallel to the polarization direction of the light absorbed light 

and isomerized. This leads to the contraction of the film towards the light in the 

direction parallel to the polarization light. Serak and coworkers reported an LCN 

cantilever that oscillated under sunlight exposure (Figure 1.6b).[44] In this monodomain 

LCN, deflection was initiated from the side of the film that was directed to the light 

source. When bended over the other side of the film became exposed and due to the 

generation of a photoelastic response, the surface contraction at each side of the film 

took place alternatively, resulting in continuous oscillation upstroke and downstroke.  

Recently, Liu and coworkers reported the anisotropic deformation in an LCN 

coating (Figure 1.6c).[46] The LCN film was confined to a substrate, meaning that one 

surface of the LCN film is firmly attached to the glass support. Upon UV light 

illumination, the coating exhibited an anisotropic deformation, as discussed earlier, a 

contraction at homeotropic regions and an expansion at planar regions both in the 

direction perpendicular to the surface. The restriction to the substrate prohibited the in-

plane deformation of the LCN. This resulted in the formation of a corrugated surface. 

Besides reducing the molecular order, it was found that free volume generated from the 

isomerization of azobenzene moieties also contributed to the macroscopic deformation. 

This free volume effect can be enhanced by introducing the oscillatory dynamics of 

trans-to-cis and cis-to-trans isomerization of azobenzene moiety using a dual-

wavelength light exposure (365 and 455 nm) (Figure 1.6d).[48] This resulted in a 

maximum of 12% of surface topographic deformation with respect to the initial coating 

thickness, compared to 3% by using a single wavelength light (365 nm). 
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Figure 1.6. Light-induced various deformation of LCNs. (a) Photographs of an azo-

contained film bending in various directions in response to linear polarized UV light 

(365 nm) of different polarization directions. Reproduced with permission.[41] (b) 

Photograph of an oscillating azo-LCN under exposure to blue-green light. Reproduced 

with permission.[44] (c) The 3D surface profile of an azo-LCN coating in response to 

UV illumination. Reproduced with permission.[46] (d) The 3D surface profile of an azo-

LCN coating under a single wavelength light (365 nm) exposure (left) and exposure to 

a dual-wavelength light (365 and 455 nm) (right). Reproduced with permission.[48] 

Besides light stimulus, a high-frequency electric field can also exert oscillatory 

force on the liquid crystal mesogens and, as a result, create free volume exhibiting 

macroscopic surface deformation. Liu and coworkers reported an anisotropic 

deformation in an LCN coating under an alternating current (AC) electric field (Figure 

1.7).[35] The use of a polar cyano group with a strong dipole moment was the key to the 

deformation. Upon applying an in-plane AC field, the copolymerized polar mesogens 

were subjected to an electric oscillatory torque when they were initially aligned in the 

a b

c

d
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direction perpendicular to the electric field line (Figure 1.7a). In combination with the 

cooperative motion of crosslinked mesogens, the oscillation of the cyano group resulted 

in a microscopic volume generation and, consequently, a macroscopic surface 

topographical deformation (protrusion) at the regions with the largest electric field 

strength (Figure 1.7c-d). In Chapter 5 of this thesis, we will continue the discussion on 

the use of the high frequency AC field for triggering the deformation of a different LCN 

coating containing a dielectric liquid. 

 

Figure 1.7. Electric field induced surface topographical deformation. (a) Schematic 

representation of the LCN coatings and the alignment of the electric field line. (b) The 

chemical composition used for the preparation of the LCNs coating. (c) Schematic 

illustration of the coating above an interdigitated electrode pattern with and without 

applying an electric field. (d) The 3D surface profile of the coating surface in the field-

off state and during the application of an electric field. Reproduced with permission.[35] 

1.4 Liquid crystal gels 

In this section, we will discuss the response of composites of low-molecular-

weight and polymeric liquid crystals to electricity or light. Liquid crystal gels, prepared 

by the polymerization of (non)liquid crystal monomers in the presence of low-

molecular-weight liquid crystals, are functional materials that can exhibit stimuli-

a b

c d
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induced electro-optical and photochemical properties.[49-52] The polymerized gels 

contain two phases due to the polymerization-induced phase separation: a self-

assembled 3D polymer network and LC phase.[53-54] Depending on the amount of the 

polymer present, two main types of gel-like systems can be divided: polymer-dispersed 

liquid crystals (PDLCs) and polymer-stabilized liquid crystals (PSLCs).[55] In the 

following sections, we will discuss the gel system with less than 70 wt% of polymer. 

1.4.1 Polymer stabilized liquid crystals 

Polymer stabilized liquid crystals (PSLCs) are one class of LC gels containing 

a small amount of polymer, often approximately 5 wt%. PSLCs are typically formed 

by in-situ photopolymerization using a mixture of liquid crystal (meth)acrylates, as 

mentioned above, and a nematic LC. This LC mixture is generally brought in an initial 

uniaxial alignment using surface treatment or electric field. During the polymerization, 

the liquid crystal polymer network phase separates from the non-reactive LC matrix. 

The formed polymer network stabilizes the orientation of the LCs based on the elastic 

interaction between the polymer and the LCs and provides control over the domain 

sizes in the field-on state. The presence of the network naturally increases the threshold 

for reorienting the LCs.[56] 

PSLCs have been widely investigated for its great potential in applications as 

optical light shutter.[57-61] Typically, a PSLCs based optical device shows an electro-

optical switch between a transparent state and an opaque state. In the field-off state, the 

device shows a high transparency. In this state the low-molecular-weight liquid crystal 

and the liquid crystal polymer network are co-aligned and, with matched refractive 

indices of network and liquid crystal, no light scattering takes place. In the field-on 

state, the bulk LCs which have negative dielectric anisotropy are realigned in response 

to the electric field, while the reorientation of LCs in the vicinity of the polymer strands 

is prohibited due to the anchoring force from the polymer, which results in the 

formation of domains. Due to the mismatch of refractive indices between the polymer 

additives and the LC phase, as by the optical transitions at the domain edges, the device 

becomes light scattering. Hikmet developed the first PSLCs based display that showed 

a big optical contrast between on- and off-state.[49] 

The use of reactive LC monomers is indispensable to the PSLCs. Still, it arises 

issues such as impurity of the monomers, complex fabrication processing, degradation 
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of the polymer, residual opacity, and high material costs. Therefore, it would be of 

utmost benefits to develop a new strategy with all the advantages of PSLCs but without 

the disadvantages of the presence reactive mesogens based polymers. For this purpose, 

in Chapters 2 and 3, we will introduce and discuss the technology of 

electrohydrodynamic instabilities in liquid crystals in more detail. 

1.4.2 Liquid crystal polymer sponge 

In this section, we will discuss a liquid crystal gel system in which the 

concentration of polymer network is around 30 wt%, a factor of 6 higher than in the 

PSLC optical shutters. The optical shutters were made between two glass substrates 

forming a cell. The samples with a higher concentration of LCN can be used as coating 

on a glass substrate without the need for a top glass plate. In this configuration this gel 

system exhibits macroscopic deformation based on the anisotropic deformation of the 

LCNs in response to light, or temperature. For example, Gélébart and coworkers 

reported a sponge-like coating that can release liquid upon light illumination that could 

refill itself via reabsorption upon exposure with light of a different wavelength.[52] The 

liquid crystal sponge was constructed with a nonreactive low-molecular-weight LC and 

an ordered LCN containing a copolymerized light-responsive azobenzene moiety 

(Figure 1.8a). The ratio of LCN to LC of the sponge coating studied was typically 30/70 

in weight. Upon UV light exposure, the trans-to-cis isomerization of the azobenzene 

reduced the molecular order of the LCN, which built up a force resulting in a contraction 

of the porous network along the normal of the substrate and consequently the release 

of the initially locked liquid at the surface (Figure 1.8b,c). The collapsed network can 

be restored by refilling the liquid when azobenzene undergoes cis-trans transformation 

under blue light illumination. 

The liquid crystal sponge can find its application in coating that will benefit 

from the presence of liquids at their surfaces. In literature, the liquid secretion at 

synthetic surfaces made of polydimethylsiloxane gels are proposed.[10, 62] However, 

these are limited to a one-way continuous liquid secretion driven by surface tension and 

coating elasticity. Obviously, in that case the secreting process cannot be stopped until 

the stored liquid is depleted, leaving a dry surface. In contrast, the liquid secretion of 

the liquid crystal sponge is dynamic. It can be steered and dosed by light intensity and 
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duration. Moreover, the release of this photo-responsive gel-like sponge is reversible 

and, in principle, the sponge can be re-filled with the same or a dissimilar material.  

Following up on this work, in Chapter 4 of this thesis, we will discuss options 

to create light-induced localized secretion of various types of liquid crystal sponges. 

Furthermore, as UV light might degrade the shelf time of the polymer, infrared light or 

other triggers such as electricity could be considered to be an alternative. In Chapter 5 

of this thesis, we will discuss the liquid secretion from a liquid crystal sponge by 

utilizing electricity. 

 

Figure 1.8. Light-triggered liquid secretion and uptake. (a) Schematic illustration of 

the principle of light-induced liquid secretion and uptake in the photosponge. Blue and 

yellow mesogens are polymerized reactive mesogens and azobenzene mesogens, 

respectively. Green mesogens are nonreactive liquid crystals. Optical microscope 

image of the coating surface (b) prior to and (c) during UV light exposure. Reproduced 

with permission.[52] 

1.5 Outline of the thesis 

The objective of this thesis is to investigate the generation of liquid crystal flow 

stimulated by light and electricity and to explore the application for electro-optical 
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switches and liquid administration at polymer surfaces. For this purpose, we divided 

the thesis into two parts. 

The first part of the thesis focuses on electrohydrodynamic (EHD) flow in low-

molecular-weight liquid crystal materials. EHD flow is induced by ionic fluxes induced 

by an alternating electric field and brings the liquid crystal in turbulence such that it 

becomes highly scattering. In Chapter 2, electrohydrodynamic instabilities in liquid 

crystals are re-evaluated and the effect of different ionic additives is investigated. In 

Chapter 3, a new method is described to switch the local presence of ions. To that, a 

non-ionic spiropyran is added to the liquid crystal mixture, which forms the zwitterionic 

merocyanine by light. By illumination with UV light, ions are created, which under the 

action of the electrical field creates EHD flow and induce local scattering at the position 

of the light spot. Also a potential application is studied to make programmable smart 

windows and information displays.  

The second part of the thesis focuses on liquid crystal gels with the aim to create 

polymer coatings that are able to release or take up liquids triggered by light or 

electricity. Thereto two types of trigger principles are studied. In Chapter 4, a light-

induced localized liquid secretion from an azobenzene containing liquid crystal gel is 

investigated. The secretion could be made locally by three different approaches. In 

Chapter 5, an alternative radiofrequency electric field is applied to drive the coating to 

secrete. The application for the release of chemical reactants and medicine is also 

demonstrated. 

In Chapter 6, we will show some preliminary results and discuss potential 

applications of EHD flow and liquid secretion from liquid crystal polymer gels. We 

will also discuss some challenges for future work. 
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Abstract 

Electrohydrodynamic instabilities (EHDI) in liquid crystals are investigated for smart 

window applications. To initiate EHDI phenomena, ion impurities are often added to 

the pure liquid crystal to produce the instability by forming rotational flow. However, 

the intrinsic challenge of doping charged ions is that the ions tend to accumulate at the 

electrodes, which results in the malfunction of the devices and eventually shorten their 

lifetime. To cope this complication, we propose using zwitterions in which positive and 

negative ions are covalently bonded on a single molecule with net neutral charge. In a 

zwitterion doped liquid crystal mixture, upon switching on the electric field, EHDI 

effect is activated within 100 ms, which turns the device from highly transparent state 

to opaque state. By switching off the electric field, the EHDI turbulence is erased 

immediately and the initial transparent cell is retained again. We further demonstrate 

its practical application for light regulation, which shields the background objects.  

 

A light scattering liquid crystal device based on electrohydrodynamic instabilities effect. 
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2.1 Introduction 

Light scattering effects, in which transparency and scattering states are 

modulated through an electric field, are presently the basis for developing a variety of 

applications ranging from reflective displays to smart windows.[1-6] Such devices are 

most often based on mixtures of polymers and liquid crystals.[7] For example, polymer 

dispersed liquid crystals (PDLCs) in which the scattering is based on the refractive 

index mismatch between a phase-separated LC constituent and a polymer binder in the 

field-off state,[8-10] while in polymer-stabilized liquid crystals (PSLCs), the scattering 

appears in the field-on state and originates from a combination of polydomain 

formation and a refractive index mismatch between the LC and a liquid crystal polymer 

additive.[11-13] The electro-optical performances in both PDLCs and PSLCs strongly 

rely on the delicate control over the polymerization process, and the choice of polymer 

and liquid crystal is critical.[14-19] Polymer-free scattering devices are therefore 

appealing because of their simplicity of fabrication. 

In this chapter, we will re-evaluate an old principle based on 

electrohydrodynamic instabilities (EHDI) when an LC is subjected to an electric field. 

We will explain the basic principle of the EHDI in dynamic light scattering mode (DSM) 

in liquid crystals. We will discuss the influence of a few parameters, e.g. the species of 

ions, the applied voltage and frequency, and the temperature, on the EHDI effect.  

2.2 Principle of electrohydrodynamic instabilities in liquid 

crystals  

Generating EHDI effect in liquid crystals requires the coexistence of two events, 

the reorientation of aligned LC and the motion of charge carriers under an electric field. 

Generally, homeotropically aligned LCs with a negative dielectric anisotropy are used 

that realign to a planar orientation.[20-21] Charge carriers in the form of ions are often 

added to increase the conductivity and reduce the switching voltage. Here, we introduce 

a variety of electrolytes and evaluate their corresponding EHDI effect. Depending on 

the charge of hydrophilic counterpart, the electrolyte is classified as non-ionic, anionic, 

or cationic. In the experiment, four different commercial electrolytes are tested: non-

ionic molecule 1, anionic molecule 2, and cationic molecule 3, zwitterionic molecule 4, 
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5, and 6 (Figure 2.1). When applying an alternating current (AC) field, the LC molecule 

can be reoriented perpendicular to the electric field line. At the same time, the mobile 

charge carriers start oscillating between electrodes. These two effects combine to 

generate turbulent flow motion in LCs and cause light scattering.  

 

Figure 2.1. Chemical structures of different commercial surfactants. 

We started with a reference experiment, in which we added the non-ionic 

molecule 1 into a commercial LC mixture with negative dielectric anisotropy ( = -

8.3), which was placed in a cell constructed with two glass plates coated with 

transparent electrodes and homeotropic alignment layers. By applying an AC field, no 

EHDI effect was generated due to the absence of charge carriers in the system. Next, 

we compared the samples with either anion 2 or cation 3 added into the LC host. 

Interestingly, only the cation 3 containing mixture generated the EHDI effect as shown 

in Figure 2.2a,b. Initially, in the absence of an electric field, the sample shows black 

under the cross-polarized optical microscopy (POM), corresponding to the homeotropic 

alignment. This alignment results in a high light transmittance of close to 100% (Figure 

2.2c). When applying an external AC field of 20 Vrms across the cell, the initially 

homeotropically oriented liquid crystals tilt 90° toward a polydomain planar orientation. 

Meanwhile, the mobile charge carriers start oscillating under the influence of the AC 

field generating chaotic turbulence (Figure 2.2b), which causes a sudden decrease of 

Non-ion 1 Anion 2

Cation 3

Zwitterion 4 Zwitterion 5

Zwitterion 6
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the transmittance as plotted in Figure 2.2c. The EHDI effect stops when the electric 

field is switched off, and the initial homeotropic LC orientation and highly transparent 

state reverts immediately within 10 s. 

 

Figure 2.2. Cross polarized microscope images showing (a) initial homeotropically 

orientated LC at 0 Vrms and (b) turbulence patterns formed in the LC at 20 Vrms at 50 

Hz. (c) Voltage-dependent transmittance measurement at 550 nm in ion containing LC 

mixture. (d) The output current generated under the applied input voltage. 

We postulate that negative Br− ions in molecule 3 tend to be attracted to opposite 

charges in the conductive indium tin oxide layers,[18] while the positive CTA+ ions are 

relatively more soluble in the LC mixture because the N+ charge is separated by three 

methyl groups from the opposite charges and is less attracted. In addition, the aliphatic 

tails helps the positive CTA+ ions to dissolve in the LC host.  

The intrinsic instability of the EHDI is that the charged ions tend to accumulate 

near the electrodes in a continuous field and ultimately cause the device to fail. Also, 

extra permanent potentials could be formed by ions themselves when the positive and 

negative ions accumulate at the opposite electrodes. In the LC host, these ions are added 

as salt but separate into their ionic components, mostly when an electric field is 

switched on. To solve these challenges, we propose to use zwitterions instead of the 
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charged ions. Zwitterion is a molecule that possesses a positive and a negative charge, 

and the entire molecule is neutral.[22]  

We investigated three different zwitterion-based salts which differ in their 

molecular size and shape. The chemical structures of the zwitterionic molecules are 

shown in Figure 2.1. Molecule 4 differs from molecule 5 and 6 in the anionic 

counterpart, which has a single oxygen atom. We only observed EHDI effect, measured 

by the drop of the light transmittance upon applying the electric field at 30 Vrms, in the 

sample containing zwitterion 4. This is most likely due to the higher solubility of the 

zwitterion 4. 

One of the advantages of using zwitterions is that they cause less accumulation 

at the electrodes due to their net neutral charge. This is verified by a higher driving 

voltage, which is 30 Vrms compared with 20 Vrms for cation 3 doped sample (Figure 

2.2c) and a higher generated current, as shown in Figure 2.2d, which is approximately 

three times higher at the same voltage.  

This is further noticed when we gave the sample a temperature sweep through 

a heating and cooling cycle (Figure 2.3a). It is known that the EHDI effect is 

temperature dependent.[23]. Upon heating up the mixture to 85°C, at which the LC 

mixture stays in the nematic phase (Appendix, Chapter 7, 7.A.1) we see that the 

transmittance increases for both zwitterion and cation doped samples. This is attributed 

to the birefringence decrease of the LC host with increasing temperature.[24-25] Upon 

cooling, the zwitterion 4 containing LC shows a reversible transmittance by relaxing 

back to the initial value. While the transmittance of cation 3 doped LC continues to 

increase. This is most likely due to the accumulation of the ions at the electrodes, which 

causes a decrease of the mobility of the cations in the LC host.[26]. Next, we gave the 

samples a frequency sweep at a sine wave signal. The results show that zwitterion 4 

doped sample has a very wide operating window, 100 Hz - 5 kHz, while the cation 3 

containing device has an optimal operating frequency at 100-200 Hz (Figure 2.3b). This 

difference most likely relates to the conductivity of the LC mixture which can be 

regulated by the number of ions. By reducing the zwitterion 4 concentration 

approximately 16 times, the operating window is narrowed.  
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Figure 2.3. Comparison between cation 3-doped and zwitterion 4-doped LCs in EHDI 

flow. (a) Temperature-dependent light scattering upon heating and cooling, 

respectively. (b) Frequency-dependent transmittance measurement under an applied 

voltage of 30 Vrms. 

2.3 Electro-optical shutter 

To scale up the device, we fabricated a 9 by 9 cm optical device using zwitterion 

4 doped LC mixture and investigated the macroscopic effects based on EHDI principle. 

Initially, the LC is homeotropically aligned and shows a high light transmittance 

(Figure 2.4a). When applying an external alternating electric (AC) field across the cell 

to generate chaotic turbulence (Figure 2.4b), the LC strongly scatters light and 

completely shields the background (Figure 2.4b). This phenomenon can be further 

considered for the application as an electro-optical shutter. For this purpose, we 

measured the angular dependent light scattering of the device, using zwitterion 4 doped 

LC mixture (Figure 2.4c). In the experiment, we took a glass cell containing pure LCs 

as a reference as the baseline. Figure 2.4c shows that below the threshold (10 Vrms) the 

transmitted light intensity decreases with increasing detector angle. This is because the 

effective path length of the light in the sample increases, and therefore more light 

becomes scattered. Above the threshold, the transmitted intensity is independent of the 

detection angle, which is due to the strong light scattering. Next, we studied the 

response kinetics when an electric field is switched on and off. Figure 2.4d shows that 

upon switching on the AC field, the transmission decreases immediately within 100 ms. 

This process continues and reaches an equilibrium around 0.7 seconds. By switching 

off the electric field the light scattering can be erased within 200 ms. We postulate that 
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the switching times are determined by the elastic constant and the viscosity of the LC. 

The driving force for switching back to the homeotropic state is the combination of 

surface anchoring and the elasticity of the liquid crystal. 

 

Figure 2.4. Photos show the cell switched from (a) the initial transparent state in the 

absence of the field to (b) the light scattering state in the presence of the field. The size 

of the cell is 9 cm × 9 cm in width and length. A checkboard background is behind the 

sample at a distance of 10 cm. (c) Angular dependent transmitted light intensity. The 

sample is made of zwitterion 4 doped LC. (d) Response time of the sample between the 

switch-on and switch-off. The frequency applied is 1 kHz.  

2.4 Conclusions 

In conclusion, we have revisited an old principle of electrohydrodynamic 

instabilities (EHDI) in an LC system, which was discovered and reported already in the 

1960s and was initially used to make scattering-based displays. Our innovation here is 

to replace the charged ion with a zwitterion molecule which has a positive and a 

negative ionic charge and the net charge of the entire molecule is zero. Due to its charge 

neutrality, it does solve the problems that present in the prior art dopants and exhibits 
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good and stable EHDI characteristics. We anticipate that the EHDI effect generated by 

zwitterion doped liquid crystals can be used as an optical device that can switch 

between a transparent state to a light scattering state under an applied voltage. It exhibits 

high on/off contrast. It may be used for an optical switch to block intense radiation, for 

simple display designs, and for smart windows. The latter are used for privacy purposes, 

in particular that block visible light in the scattering state with the advantage the field-

off state provides transparency which considered as an advantage in many applications 

for security reasons. Furthermore, when doped with dichroic dye, we can fabricate a 

colored shutter that transits from transparent to prominent colored state. This device 

will be discussed in Chapter 6 technology assessment accordingly.  

2.5 Experimental section 

Materials. Sorbitan monooleate (J & K Scientific), sodium dodecyl sulphate (Aladdin), 

hexadecyl trimethyl ammonium bromide (Sigma-Aldrich), Reichardt's dye (Sigma-

Aldrich), 3-(triphenylphosphonio)propane-1-sulfonate (Sigma-Aldrich), or 

(lauryldimethylammonio)acetate (Sigma-Aldrich) was used as a salt dopant in an LC 

host. The liquid crystal mixture was obtained from Jiangsu Hecheng Advanced 

Materials Co.,Ltd (HNG30400-200, TN-I = 94 C,  = -8.3, Δn = 0.149). 

Sample preparation. Commercial cells with a cell gap of 10 μm (XGH3030-10, 

Shenzhen Guohua Optoelectronics Tech. Co., Ltd.) were used for experiments. The 

cells used for all the measurements were 3 × 3 cm2 in width and length, unless otherwise 

specified. The cells were filled with an LC mixture by capillary filling in the isotropic 

phase at 110°C. The samples were cooled slowly to 75°C and held for 2 h to eliminate 

any thermal instability before being further cooled down to room temperature. In the 

experiment, the concentration of the dopant was 2.7 × 10-6 mol.  

Sample characterization. The textures of samples were characterized by  polarized 

optical microscopy (POM) (Leica DM2700P) combined with a hot stage (Linkam32). 

Transmission spectra were recorded with a UV/VIS/NIR spectrometer (PerkinElmer 

950 or R1 Series, Shanghai Ideaoptics Instrument Co., Ltd). Angle-resolved light 

scattering measurements were performed with an angle-resolved fiber optical 

spectrometer (R1 series, Shanghai Ideaoptics Instrument Co., Ltd). The alternating 

electric field with a sine wave was provided by a function generator (AFG1022, 
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Tektronix). The electric signal from the function generator was amplified by a high-

voltage linear amplifier (A400, FLC Electronics). The output voltage was measured by 

an oscilloscope (TBS2000, Tektronix). 
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Abstract 

We report the formation of electrohydrodynamic instabilities in nematic liquid crystals 

through light illumination. For this purpose, a photochromic spiropyran is added to the 

liquid crystal mixture. When an electrical field is applied in the absence of UV light, 

the homeotropic liquid crystal reorients perpendicular to the electrical field driven by 

its negative dielectric anisotropy. Upon exposure to UV light, the nonionic spiropyran 

isomerizes to the zwitterionic merocyanine form inducing electrohydrodynamic 

instabilities which turn the cell from being transparent into being highly scattering. The 

reverse isomerization to the closed-ring spiropyran form occurs thermally or under 

visible light, which stops the electrohydrodynamic instabilities and the cell becomes 

transparent again. It is demonstrated that the photoionic electrohydrodynamic 

instabilities can be used for light regulation. Local exposure, either to drive the 

electrohydrodynamics or to remove them enables the formation of colored images. 

 

Activation of electrohydrodynamic instabilities in liquid crystals by light.  
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3.1 Introduction 

In the previous chapter, we discussed the conventional electrohydrodynamic 

instabilities (EHDI) in ion-doped liquid crystals (LCs). The novelty of this invention is 

the use of zwitterion as the dopant to induce a stable electrohydrodynamic instabilities 

in liquid crystals. Zwitterion is a molecule that has a positive and a negative electric 

and the net charge of the entire molecule is zero. Due to the charge neutrality, it solves 

the charge accumulation on the electrodes, which present in the prior art dopants while 

exhibits good EHDI characteristics with prolonged lifetime of the devices.  

In this chapter, we advance the zwitterions doped EHDI as elaborated in the 

previous chapter to the light-driven system. In the light-induced EHDI, we generate 

zwitterions by light. For this purpose, we add a photochromic dye, spiropyran, to a 

liquid crystal mixture. Upon UV illumination, the nonionic spiropyran (SP) form 

isomerizes into the zwitterionic merocyanine (MC) form,[1-5] in combination with the 

reorientation of liquid crystals under the influence of an electric field, the EHDI effect 

can be activated. This effect can be erased when the MC state transforms back to the 

SP state under an exposure to visible light or via thermal relaxation. The light-driven 

EHDI effect induced light scattering can be locally generated or erased by using a 

different wavelength of light. 

3.2 Light-induced electrohydrodynamic instabilities (EHDI) 

In the previous chapter, we proposed to use zwitterions to induce the EHDI 

effect. In this chapter, we will use light to activate zwitterions and subsequently induce 

EHDI effect. For this purpose, a spiropyran (1’,3’-dihydro-1’,3’,3’-trimethyl-6-

nitrospiro[2H-1-benzopyran-2,2’-(2H)-indole]) was added to a liquid crystal mixture 

as a dopant. The spiropyran can be switched reversibly between the non-ionogenic ring-

closed spiropyran form (SP) to the zwitterionic merocyanine open form (MC) under 

light illumination (Figure 3.1a). The absorption maxima are around 365 nm for the SP 

isomer and 370 nm and 590 nm for the MC isomer (Figure 3.1b).  



Chapter 3  

 

36 

 

 

Figure 3.1. Photochemical reaction of spiropyran. (a) The isomerization of spiropyran. 

(b) Absorption spectra of spiropyran in THF solution (5 × 10-5 M) after exposure to 

visible light (blue line) corresponding to a preferred SP form, and after exposure to UV 

light (red line) corresponding to a preferred MC isomer. 

Initially, the SP doped LC mixture was homeotropically aligned perpendicular 

to the glass substrates, and was observed to be dark under POM (Figure 3.2a,d). When 

applying an alternating current (AC) electric field, the SP doped LC was re-orientated 

perpendicularly to the electric field line resulting in a planar alignment (Figure 3.2b). 

The corresponding cross polarized optical microscopic image revealed random 

polydomains which were connected by disclinations where the director might describe 

a complex rotation on its transition from one domain into the other (Figure 3.2e). Since 

the LC was not homogeneously aligned in the mono-domain fashion, minor light 

scattering appeared yet the sample still exhibited highly optical transparency (Figure 

3.2h). When addressed with UV light ( = 365 nm) at low intensity (18 mWcm-2) for 

5 s the non-ionogenic closed-ring SP form converted to the ionic open-ring MC form. 

Consequently, the formed MC oscillated with the electric field which in combination 

with the realigned LCs triggered the EHDI (Figure 3.2c,f). Hence strong light scattering 

was observed, and the scattering cell shielded the background (Figure 3.2i). The EHDI 

and the corresponding light scattering remained for 10 min after switching off the UV 
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irradiation. The transparent state can be formed again by exposing the cell to the green 

light at  = 530 nm which stimulates the back isomerization to the SP form. Further 

switching off the external electric field, the LCs matrix recovered to the original 

homeotropic alignment. From these experiments, we can conclude that the zwitterions 

generation leads to the EHDI effect and induces light scattering. 

Figure 3.2. Light induced EHDI. Schematic illustration of (a) initial homeotropically 

aligned SP doped LC at 0 V. (b) LC realigns to random planar polydomain under the 

AC field of 20 V at 50 Hz. (c) UV exposure converts SP to MC and initiates EHDI. (d-

f) The corresponding cross polarized optical microscopic images of (a-c), respectively. 

Photos show that the cell is (g) transparent without electric field, (h) slightly scattering 

under the electric field, and (i) highly opaque when illuminated with UV light. The cells 

are kept in the laboratory with yellow light to avoid MC-to-SP back reaction. The dotted 

square highlights the active area of the cell with the dimension of 1 cm × 1 cm. The 

voltage described in the pictures is root-mean-square voltage. The cell gap is 9 µm. 

To analyze the light-induced EHDI principle in more detail, we first investigate 

the input voltage and the corresponding output current (Figure 3.3a). Before switching 
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on the EHDI by UV light, a low current of 2 μA is measured at 5 Vrms which is 

comparable with LC mixture without SP.[6] Upon UV exposure, the current increases 

significantly by a factor of 4 as the evidence of the formation of charge carriers upon 

the conversion of SP to the MC isomer.  

Next, we estimate the influence of electric field frequency and strength during 

UV light exposure.[7-9] Figure 3.3b shows the optimal frequency to trigger the EHDI is 

50 Hz. Below this value, the MC oscillation increases with frequency and a larger 

turbulence is generated and retained. Above the optimal frequency, the MC oscillation 

begins to lag behind the oscillation field polarity. Consequently, EHDI effect decreases 

and eventually disappears. Next, the scattering is characterized by stepwise changing 

the AC voltage from 0 to 30 Vrms at 50 Hz (Figure 3.3c). The scattering was measured 

at a wavelength of 700 nm to void the absorption band of MC. Under ambient 

conditions without UV illumination, the sample exhibits a constant high optical 

transmission with increasing voltage. Only when voltage exceeds 30 Vrms, the 

transmittance of the sample deceases slightly. Upon UV illumination, the transmittance 

drops dramatically to 16% at 20 Vrms as the result of the EHDI effect. Note that in the 

experiments, the UV-vis spectra are taken immediately after UV illumination. By 

alternating the UV and green light exposure, the cell can be switched between the 

scattering and transparent state (Figure 3.3d). When measuring the transmittance at 590 

nm, which is the absorption maximum of MC, it can be seen that the transmittance in 

the scattering state is low while it is high in the transparent state. This clearly shows 

that the scattering is caused by the formation of MC while in the transparent state the 

SP form is present. We further notice that the sample does not completely recover to its 

initial transmittance after several switching cycles which might be ascribed to a small 

fraction of MC still present after green light exposure.[10] It should be noted that the 

sample can fully relax back to the initial state at an elevated temperature. When 

comparing the EHDI effect between samples with pure LC, a zwitterionic salt doped 

LC and a SP contained LC upon applying an AC field. As shown in Figure 3.3e, the 

pure LC sample as expected does not exhibit light scattering due to the inactivation of 

the EHDI effect, while the light exposed SP doped LC and zwitterion doped LC devices 

show comparable transmittance change suggesting similar EHDI behavior. The 

transmittance can also be adjusted by the AC field strength, as seen in Figure 3.3c,e. 

Above the threshold voltage, the LC breaks into small domains and moderate light 
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scattering is induced. Further increasing the voltage generates the chaotic turbulence in 

LCs and results in the maximum light scattering.  

In order to quantify the response kinetics, we measured the time-resolved 

transmittance of SP in the LC and the light induced scattering by taking UV-vis spectra 

at 590 and 700 nm, respectively. Results are given in Figure 3.3f. It is obvious that the 

LC light scattering occurs simultaneously with the SP to MC conversion without any 

phase lag. The back relaxation from MC to SP and the ceasing of light scattering are 

also synchronized and take 10 min in the dark (Appendix, Chapter 7, 7.B.1). The back 

reaction can be accelerated to 20 s by exposing the sample to green light. For reference, 

we performed an identical experiment with SP dissolved in tetrahydrofuran as solvent 

(Appendix, Chapter 7, 7.B.2). Results indicate that LCs matrix does not influence the 

isomerization of the photochemical reaction of spiropyran. 
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Figure 3.3. Characterization of light-induced EHDI. (a) Current generated in the 

sample before and after EHDI is initiated. (b) Influence of frequency on the light 

scattering. (c) Voltage-dependent transmittance measured before and after UV light 

irradiation. (d) Six switching cycles under the alternating UV and green light irradiation. 

The applied AC voltage is 20 Vrms at 50 Hz. The time interval between every two cycles 

is 2 min. (e) Comparison of the transmittance at 700 nm between samples with pure LC, 

zwitterion and SP-doped LC. (f) Response kinetics of spiropyran conversion and 

corresponding scattering under UV and green light exposure. The exposure conditions 

for all experiments are 18 mW cm-2 at 365 nm and 7 mW cm-2 at 530 nm. The cell gap 

is 9 μm. 
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3.3 Information display applications 

Based on the light-induced EHDI, we demonstrated a light-rewritable patterned 

scattering device under a mask-wise UV exposure as illustrated in Figure 3.4a-d. The 

projected flower pattern gives a conversion from the transparent to blue and opaque, 

which is caused by the absorption of MC isomer and the EHDI induced light scattering, 

respectively. The scattering pattern can be erased when addressed with a high frequency 

voltage, e.g. 1 kHz (Figure 3.4e) or by switching off the electric field. Both methods 

remove the EHDI induced light scattering while keeping the light induced MC pattern. 

The entire pattern can be erased by green light which converts the colored MC isomer 

to the SP colorless form. The printed pattern can also be erased locally through focused 

green light (Figure 3.4f). Currently, most e-writer tablets provide a global erasing 

possibility.[11-12] Based on our technology, we proposed a complementary solution to 

partially erase the display while keeping the desired information on the display as 

shown in Figure 3.4f. Besides displaying pre-programmed information, e.g. by 

patterned electrodes or by masked exposure, direct writing is enabled by using a 

focused light source (Figure 3.4g-i). In this experiment, the colored EHDI scattering 

provides the background while the focused green light partially erases EHDI and leaves 

the information on the scattering sample. 
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Figure 3.4. Photos show that EHDI can be locally generated and erased. (a-b) The blue 

opaque flower is generated. (c-d) The corresponding front view of (a) and (b), 

respectively. (e) The blue opaque flower turns into transparent when addressed with a 

high frequency voltage or switching off the AC field. (f) The blossom is partially erased 

by focused green light. (g-i) Direct writing on the EHDI background through the 

focused green light. All the samples are kept in the laboratory with yellow light to 

prevent the MC-to-SP back reaction. The electric active area is highlighted by the black 

dotted square.  

3.4 Conclusions 

In conclusion, we have presented a new approach in initiating 

electrohydrodynamic instabilities in liquid crystals under light illumination. EHDI can 

be triggered or removed by alternating UV and green light exposure within tens of 

seconds. Especially the light scattering effect originated from EHDI in which the 

sample can be modulated from nearly 100 % transparent state to 12 % transmittance 

has been explored. The light scattering from EHDI exhibits a strong shielding effect 

which is proposed to be useful in information display applications. Using light to trigger 
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EHDI provides possibilities to localize light scattering by mask-wise exposure or by 

local writing with a focused beam. It is anticipated that the effect can be used for an 

information display or a smart window in which the messages can be written, stored 

and erased, either locally or globally. In addition, this technology possesses large 

potential applications, such as the dye doped colored windows, segmented triggered 

window, and e-paper. 

3.5 Experimental Section 

Materials. 1’,3’-dihydro-1’,3’,3’-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-(2H)-

indole] (spiropyran) was obtained from Sigma-Aldrich. Zwitterionic salt (Reichardt's 

dye) was purchased from Sigma-Aldrich. The liquid crystal mixture was obtained from 

Jiangsu Hecheng Advanced Materials Co.,Ltd (HNG30400-200, TN-I = 94 C,  = -

8.3, Δn = 0.149). The conventional EHDI mixture contained 0.3 wt% zwitterion, and 

99.7 wt% LCs. The light-induced EHDI mixture contained 0.3 wt% of spiropyran and 

99.7 wt% LCs.  

Sample preparation. Commercial cells with homoetropic alignment (S100A090uT80, 

Instec; and XGH3030-10, Guohua Star) were used for experiments. The cells were 

filled with an LC mixture via capillary filling at 120 C. The samples were cooled 

slowly to 80 C and held for 2 hours to eliminate any thermal instability before being 

further cooled down to room temperature.  

Sample characterization. Samples were checked by optical microscope equipped with 

crossed polarizers (Nikon Ci Eclipse). Transmittance of the sample was measured by 

UV/VIS/NIR spectrometer (PerkinElmer 750 and Ocean Optics HR2000+). The 

alternating electric field with a sinusoidal wave function was provided by a function 

generator (33220A, Agilent). The electric signal from the function generator was 

amplified through a high voltage linear amplifier (F20A, FLC Electronics). The output 

voltage was measured by an oscilloscope (DSOX3032T, Keysight). An LED lamp 

(M365L2 and M530L3-C2, Thorlabs) was used to provide monochromatic light. 
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Abstract 

Artificial coatings that excrete liquid to change the surface properties have been 

reported recently. However, previous research report the uniformly release liquid over 

the entire area, whereas the spatial control over the releasing process is challenging to 

achieve in the synthetic systems. In this chapter, porous coatings that excrete the 

initially locked liquid under light illumination at the predetermined location at the 

coating surface are introduced. It is based on the formation of smectic pores in the liquid 

crystal polymer networks (LCNs) copolymerized with azobenzene moiety. We propose 

three design strategies to localize secretion. In the simplest method, we localize the 

light source, e.g., illuminating through a photo-mask, and consequently, the liquid is 

repelled at the exposed area. In the second approach, we carefully and spatially control 

the azobenzene distribution over the coating and create azobenzene-rich and 

azobenzene-poor regions in homogeneous smectic LCNs. In the third approach, we 

create a hybrid molecular architecture in a continuous LCN coating by replacing the 

smectic LCNs in the azobenzene-poor area with non-ordered isotropic LCNs to further 

increase the contrast between liquid excreted and inactive regions.  

 

Under ultraviolet light illumination, the liquid is secreted at the preset locations. 
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4.1 Introduction 

In Chapters 2 and 3, we discussed the electrohydrodynamic flow in liquid 

crystals of low molecular weight. In this chapter we will discuss the generation of liquid 

crystal flow from the liquid crystal network: trigger-induced liquid secretion from the 

composite of polymer/liquid crystal materials.  

As elaborated in Chapter 1, previously, our group developed a ‘photo-sponge’ 

based on liquid crystal polymer networks (LCNs).[1] Well-ordered pores loaded with 

liquid are formed in a liquid crystal polymer coating. The porous structures can collapse 

and restore, subsequently releasing and, reversibly, uptaking fluid under light control. 

Although this method successfully demonstrates administration and, reversibly, the 

uptake of the liquid, the released liquid is spread only uniformly over the entire coating 

surface while the confined secretion at the preferred location in the micrometer range 

remains a challenge. 

In this chapter, we advance the ‘photo-sponge’ approach to spatially regulate 

the excretion at the surface. For this purpose, three design strategies are applied: (1) 

localizing the light illumination, e.g., through a photo-mask to selectively actuate 

azobenzene in a monolithic LCN with smectic molecular alignment; (2) localizing the 

distribution of azobenzene in a smectic LCN coating, via polymerization induced 

diffusion, we generate azobenzene-rich and azobenzene-poor regions; (3) creating 

isotropic ‘islands’ in a smectic ‘sea’ to further enhance the contrast between the liquid 

secretion and inactive regions. 

4.2 Approach 1: localizing light illumination 

In an initial experiment, before we pattern the secretion, we produced a uniform 

microporous LCN coating on a glass substrate by photopolymerizing a blend of liquid-

crystal monomers in the presence of a non-reactive liquid crystal in its smectic phase. 

An optimized composition with respect to the quantity of secreted liquid and related 

velocity is shown in Scheme 1. We have chosen liquid-crystal diacrylate 1 and 

monoacrylate 2 to form the polymer network. The non-reactive liquid-crystal 3 

stabilizes the smectic phase and acts as the phase-separating porogen. The azobenzene-

containing monomer 4 or 5 not only provides light responsiveness but also acts as a 

cross-linker. LCNs with an integrated azobenzene cross-linker are known for their 
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photo-mechanical deformation.[2] Both stand-alone films and coatings confined at their 

substrate demonstrate light-triggered morphing in shape and surface topography.[3-15] 

Prior to its polymerization, the smectic mixture is aligned with its director perpendicular 

to the substrate, defined as homeotropic orientation, utilizing a polyimide alignment 

film at a glass substrate. This order is preserved upon photopolymerization at 35 °C by 

exposure to light of wavelength >400 nm, activating the added photoinitiator 6. This 

relatively longer wavelength is chosen to avoid premature isomerization of trans-

azobenzene during the polymerization process. 

To study the secretion process of the “sponge”, we fabricated a coating with a 

thickness of 20 μm. We characterized this coating by polarized optical microscopy 

(POM), as shown in Figure 4.1a. The image is black between two crossed polarizers 

and remains black upon rotating the sample, confirming that the homeotropic alignment 

is obtained. Upon illuminating the coating with UV light, the initially “locked” liquid 

is released at the coating surface, visualized by POM (Figure 4.1b) and digital 

holographic microscopy (DHM) (Figure 4.1d), showing that the released liquid forms 

droplets uniformly distributed over the entire coating surface. The triggered liquid 

secretion utilizes the liquid-crystal properties of the network by its ability to change the 

molecular alignment and order. Under UV irradiation, the copolymerized azobenzene 

(molecule 4) isomerizes from the trans- to cis-state and subsequently changes the order 

of the smectic LCN. This order reduction leads to a strong contraction along the 

thickness of the coating. Since the film firmly adheres to the glass substrate, lateral 

deformation is largely restricted.[16] Therefore, the pore dimensions are reduced when 

squeezing out the initially locked liquids at the polymer skin surface. 
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Figure 4.1. Light responsive liquid secreting LCN coating. (a,b) POM images show 

released birefringent liquid under UV illumination. (c,d) DHM images show the coating 

that repels liquid upon light illumination.  

We performed scanning electron microscopy (SEM) measurements after 

removing the porogen to analyze the morphology of the formed smectic film. The 

porogen is removed via solvent extraction by immersing the coating in a cyclohexane 

bath for 48 h. We assume that after the porogen extraction, the pores maintain their 

initial morphologies as a minor thickness reduction occurs (Appendix, Chapter 7, 

7.C.1). From the SEM photos, as presented in Figure 4.2, we estimate the pore size to 

be approximately 100-200 nm in diameter. 

 

Figure 4.2. SEM pictures show the initial porous structure of the coating after the 

removal of porogen by solvent extraction. 
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Now with the information on uniform secretion over the entire coating surface 

under light illumination, we propose the first method to localize liquid secretion by 

selective exposure the coating under a photomask. As presented in Figure 4.3, the cis 

azobenzene is stimulated under the illuminated region, and the polymer network 

squeezes out the liquid 3. 

 

Figure 4.3. Localized liquid secretion obtained by maskwise exposure. Insert is the 

photo-mask. The dark region blocks the incident light, and the bright region allows the 

light to pass through. 

4.3 Approach 2: modulating azobenzene concentration 

Besides modulating light illumination, we modulated azobenzene concentration 

over the coating to secrete liquid locally. First, we investigated the influence of 

azobenzene concentration on the secretion. We correlated the amount of the secreted 

liquid to the reduction of the thickness of the coating, assuming pores collapsed without 

leaving unfilled micro/ nano-sized voids. The result is presented in Figure 4.4. There is 

a clear trend that the quantity of secreted liquid increases with increasing azobenzene 

concentration. This increase can be explained in terms of a higher density of contracting 

units per unit volume. In the experiment, we kept the ratio between molecule 1, 2, 3 

unchanged.  
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Figure 4.4. Influence of azobenzene concentration on the quantity of the secreted liquid. 

Coatings consisting of molecule 4 were used for the experiment. 

Next, we controlled the spatial distribution of azobenzene and created 

azobenzene-rich and -poor regions in a homogeneous smectic LCN coating with the 

knowledge described above. To pattern the azobenzene, we employed a 

polymerization-induced diffusion process. This topic has been extensively studied[17-21] 

and used to form surface topographies and 3D morphing film in hydrogels.[22-23] In a 

simplified model, polymerization-induced diffusion is initiated by the difference in 

light intensity during the photopolymerization process in a monomer mixture 

containing monomers with different polymerization and diffusion rates.[18,24] In our 

experiment, the smectic phase was stable at 35 °C. A photo-mask was employed to 

modulate the local light intensity during the photopolymerization step with the light of 

wavelength > 400 nm (Figure 4.5I). Molecule 4 or 5 with the highest diffusional 

mobility based on the molecular size consideration diffused to the illuminated areas 

fastest. Moreover, due to its di-acrylate nature, it converted to polymer faster, which 

resulted in a preferred diffusion to these areas driven by concentration gradients. 

Consequently, the exposed regions were predominately occupied by molecule 4 or 5. 

However, we cannot exclude the possible diffusion of the di-acrylate 2 for its favored 

depletion than the mono-acrylate 3. A flood exposure at the wavelength above 400 nm 

without the photo-mask was performed subsequently to fully polymerize the entire 

coating at the smectic phase (Figure 4.5II). After this process, we obtained a smectic 

LCN coating with the controlled regions of different material composite: (1) the 
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azobenzene-rich region where the light was allowed to pass through during the mask 

exposure step, and (2) the azobenzene-poor region where the light was blocked during 

the first mask exposure step (Figure 4.5III).  

 

Figure 4.5. Schematic representation shows the fabrication steps to create azobenzene-

rich and -poor regions in a smectic LCN coating. The mixture given in Scheme 1 is 

filled in a cell. (I) Localized exposure through a photo-mask is carried out at the smectic 

state of the initial monomer mixture. (II) The unpolymerized monomers are 

polymerized at the smectic state during the flood exposure. (III) The resulting film is 

consisting of azobenzene-rich and -poor region. 

We studied two different azobenzene molecules (molecule 4, 5) and compared 

the diffusion efficiency during the polymerization induced diffusion process. 

Azobenzene diacrylate 4 has a relatively long aliphatic spacer to support smectic phase 

formation and a polymerizable acrylate group with intrinsically similar polymerization 

properties as the other acrylates of the mixture. Azobenzene dimethacrylate 5 differs in 

two respects. First, it has a much shorter spacer length, making the molecule smaller 

and demonstrating a larger diffusivity in the reaction mixture. Second, the methacrylate 

function is known to have a higher reactivity ratio in an acrylate environment.[25] This 

property will enhance the higher chemical potential for the monomer to diffuse to the 

high-intensity areas during mask exposure. However, unlike traditional studies on 

polymerization-induced diffusion processes, here, the polymerization takes place in the 

smectic phase, which might affect diffusion and polymerization kinetics. 

In order to compare polymerization-induced diffusion of the reactive molecules 

4 and 5 during the first mask-wise exposure step, we performed confocal Raman 
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experiments (Figure 4.6). In the Raman spectra of the blends, we focused on the N=N 

stretch vibration at 1410 cm-1 representing the azobenzene molecules 4 or 5, and on the 

nitrile stretch vibration at 2226 cm-1 representing component 3 (Appendix, Chapter 7, 

7.C.2). The spatially resolved ratio between the Raman intensities is a measure for the 

relative concentration of both components. As an example of a measurement, Figures 

4.6a,c shows an intensity plot demonstrating a high concentration of component 5 at 

the area exposed during the first illumination step. Calibration experiments,[26] 

presented in the Appendix, Chapter 7, 7.C.3, reveal the relationship between the 

intensity ratio I1410/(I1410+I2226) and the actual concentration of azobenzene and liquid-

crystal 3.  

 

Figure 4.6. Confocal Raman measurements show the distribution of azobenzene 4 (a) 

and 5 (b) after first mask exposure. (c) The corresponding 2D intensity profiles of (a,b). 

As shown in Figure 4.7, we deduced the local azobenzene 4 concentration in 

the illuminated spot region increased from 7.4 w% to 9.6 w% during masked exposure. 

In the masked region, where polymerization is prevented, the azobenzene concentration 

decreased to 6.4 w%. In the next experiment, we replaced the azobenzene diacrylate 4 

with the azobenzene dimethacrylate 5. The azobenzene concentration in the illuminated 

area increased from 5.2 w% to 7.2 w%, making the diffusion results between the two 

azobenzene monomers largely comparable. The local enrichment of azobenzene may 

depend on various other factors such as temperature and the intensity of the first 

exposure step, which determines the balance between diffusion time and fixation in the 

polymerization process.[18] The polymerization temperature is primarily determined by 
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the temperature range of the smectic phase that we would like to polymerize in. The 

light intensity of the maskwise exposure was varied between 0 and 1.2 mW/cm2. 

Between 0.1 and 1.2 mW/cm2, the difference in azobenzene was only marginal with 

somewhat higher azobenzene concentrations found for the low intensities as shown in 

Figure 4.7. Below 0.1 mW/cm2, the polymerization dropped to very low values because 

of inhibition effects caused by added stabilizers and dissolved oxygen. At higher 

intensities above 1.2 mW/cm2, the polymerization was completed before full diffusion 

could be completed. 

 

Figure 4.7. Influence of the light intensity during 1st mask-exposure step on the 

diffusion of the material. 

Next, we examined the localized liquid secretion from this LCNs coatings. 

Figure 4.8a shows that the protrusions were formed in the illuminated area during 

maskwise exposure. These protrusions correlate to the higher azobenzene concentration 

area (further refers to azo-rich). Raman measurement confirms the diffusion of the 

material. Also, the color contrast of the optical microscope images points to a higher 

azobenzene concentration in the same area (Figure 4.8b). When these samples were 

exposed to UV light, the liquid was first ejected from the azo-rich area. However, under 

the continued exposure, this contrast was lost to some extent, which means the local 

secretion can only be limited to small volumes, as shown in Figure 4.8a,b.  
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Figure 4.8. Liquid excreting in a patterned azobenzene coating. (a) 3D images 

measured by DHM show the changes in the surface profile upon secreting over time. t1 

< t2. (b) Optical microscopic pictures visualize the formation of liquid droplets upon 

secreting. The UV intensity applied to trigger the secretion is 0.9 mW/cm2.  

4.4 Approach 3: creating hybrid molecular alignment 

To further enhance the contrast between excreted and non-excreted regions, in 

the approach 3 we replace the smectic alignment with non-ordered isotropic alignment 

in the azo-poor region. The non-ordered (isotropic) LCNs do not exhibit a contraction 

force and consequently suppress the release of liquid (Appendix, Chapter 7, 7.C.4). The 

coating was fabricated by a two-step exposure process (Figure 4.9). In the first 

maskwise photopolymerization step, the monomer mixture in its smectic phase at 35 

°C was selectively polymerized under the illuminated area (Figure 4.9II). In this step, 

the smectic region consisted of a higher content of azobenzene mesogen due to 

polymerization induced diffusion process. The optimized exposure condition was 0.1 

mW/cm2 for 600 s. During the second flood exposure, the coating was heated above the 

nematic-isotropic transition temperature (TN-I) at 75 °C of the unpolymerized materials 

(Figure 4.9III). The heating step did not affect the polymerized smectic phase. Still, it 

caused minor thermal phase separation of the non-reactive liquid 3 from the polymer 

network at the coating surface, as observed from an optical microscope (Figure 4.10a). 
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The film obtained consists of areas with both smectic and isotropic molecular 

alignments (Figure 4.9IV). 

 

Figure 4.9. Schematic representations show the procedure to fabricate the coating 

consisting of areas of both smectic and isotropic regions. (I) The mixture given in 

Scheme 1 is filled in a cell. (II) Localized exposure through a photo-mask is carried out 

at the smectic state of the monomer mixture. (III) The unpolymerized monomers are 

heated to the isotropic phase and polymerized during the flood exposure at 75 ℃. (IV) 

The resulting film is consisting of a smectic and isotropic region. 

This coating consisting of a hybrid molecular alignment was characterized by 

an optical microscope and DHM. DHM measurements reveal that prior to secretion, the 

smectic areas are protruded compared to the isotropic area with some elevation in the 

smectic areas accompanied by deeper ridges at the edges (Figure 4.10b,c). This is a 

typical phenomenon inherent to the first maskwise photopolymerization and originates 

from the polymerization induced diffusion process.[17] Therefore, it is expected that the 

smectic area is enriched by a higher concentration of the diacrylates, possibly at the 

expense of some of the non-reactive liquid 3. When triggered by UV exposure, liquid 

3 is exclusively secreted from the azo-rich area with the smectic molecular 

configuration (Figure 4.10a). From the DHM measurements, we observed that the 

secreting area decreased in height, indicating the stored liquid diminished (Figure 

4.10b,c). However, in the inactive area with the isotropic phase, the thickness slightly 

increased, most likely due to the sidewise diffusion from the smectic regions (Figure 

4.10c).  
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We further varied the UV intensity to control secretion, as seen in Figure 4.10d. 

With increasing UV intensity, the amount of released liquid at the smectic region 

increased while the isotropic region stayed the same at zero. We can conclude that the 

smectic molecular alignment in combination with enhanced azobenzene concentration 

increases the contrast in liquid secretion in the coating with a hybrid molecular 

alignment. We also studied the kinetics of liquid secretion in smectic areas measured 

by DHM. As shown in Figure 4.10e, the liquid secretion took 100 seconds to reach 

equilibrium, which was much faster than 4 hours reported by others for nonactivated 

coatings.[27]  

 

Figure 4.10. (a) Optical microscopic images show the released liquid droplet formed 

in the area with smectic molecular order. (b) 3D images measured by DHM show the 

decrease of surface protrusion when the liquid is excreted. (c) The corresponding 2D 

profiles of (b). (d) Comparison of the secreted liquid in the smectic and isotropic region 

under various UV intensity. We kept the exposure time constant at 66 s, implying that 

the intensity can also be read as dose. (e) Secretion kinetics measured as surface height 

change over time during liquid secretion. The applied UV intensity is 0.9 mW/cm2. 

100 µm 100 µm

b

a

365 nm

455 nm

1000

500

0

-300

-600

Height (nm)

365 nm

455 nm

Smectic region

Isotropic region

0 10 20 30 40 50 60
0

20

40

60

80

100

 

 

 

 
Smectic region

Isotropic region

UV intensity of secretion (mW/cm2)

V
o

lu
m

e
 (

n
l/
c

m
2
)

c

0 100 200 300

-500

0

500

1000

1500

 

 

 Initial 

 UV exposure

Length (m)

S
u

rf
a

c
e

 h
e

ig
h

t 
(n

m
)

d

0 50 100 150 200
-600

-400

-200

0

200

400

600

800

  

 

 

365 nm 455 nm

H
e

ig
h

t 
d

if
fe

re
n

c
e

 (
n

m
)

Time (s)

e



Chapter 4 

 

58 

 

4.5 Conclusions 

In conclusion, we have demonstrated that we are capable of controlling fluid 

release from a liquid embedded porous LCN coating at pre-designated locations. The 

liquid is released through a controlled contraction of the pores by a squeezing 

mechanism of the LCN. To localize this secretion at the desired location, we create a 

coating with hybrid smectic and non-ordered isotropic molecular alignment. This 

coating is fabricated by a mask-wise exposure to fix the smectic order followed by a 

flood exposure by heating up the coating in the isotropic phase. Upon activation, liquid 

is exclusively rejected from the area with smectic order. We further discovered that the 

light responsive molecule, azobenzene is predominately existing in the smectic region 

as caused by the polymerization induced diffusion process during the 1st mask-wise 

step. We anticipate that the precise liquid rejection at the desired location at the coating 

surface can be used in a variety of applications ranging from liquefying surfaces for 

cleaning, de-icing, drug release for medical applications, to friction-control in robotic 

devices. 

4.6 Experimental section 

Materials. Monomers 1, 2, 5 were kindly supplied by Philips Research Laboratories 

and used as received. The non-reactive mesogen 3 and monomer 4 were purchased from 

Synthon and photoinitiator 6 (Irgacure 819) from Ciba. Coatings consisting of molecule 

4 were prepared with a mixture that contained 13.8 wt% diacrylate 1, 13.8 wt% 

monoacrylate 2, 64.0 wt% molecule 3, 7.4 wt% azobenzene diacrylate 4, and 1.0 wt% 

photoinitiator 6. Coatings consisting of molecule 5 were prepared with the mixture that 

contained 14.9 wt% diacrylate 1, 14.9 wt% monoacrylate 2, 64.0 wt% non-reactive 

molecule 3, 5.2 wt% azobenzene methacrylate 5, and 1.0 wt% photoinitiator 6. The 

liquid-crystal monomer mixtures were prepared by dissolving in dichloromethane. 

Chemical structures of the materials are shown in Scheme 1. 
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Scheme 1. Composite used to fabricate the coating. Diacrylate 1 and monoacrylate 2 

for polymer network formation, non-reactive liquid-crystal molecule 3 acting as the 

porogen, azobenzene diacrylate 4, and azobenzene methacrylate 5 inducing photo-

mechanical responsiveness, photoinitiator 6 that can be excited at the wavelength > 400 

nm. 

Sample preparation. Glass substrates were cleaned with acetone and isopropanol, and 

sonicated for 20 min in an ultrasonic water bath, respectively. Then UV-ozone 

treatment was used to clean the substrate surface for 20 min. One glass substrate was 

dip-coated with a monolayer of 3-(trimethoxysilyl) propyl methacrylate to enhance the 

adhesion, and the other glass plate was coated with a thin polyimide (SE5661, Nissan) 

layer. A cell was formed by gluing those two glass plates. A coating with uniform 

smectic molecular alignment was fabricated by heating the mixture to the isotropic 

phase and then filling in to the cell by capillary forces. The sample was cooled down to 

the smectic phase at 35 C and cured by ultraviolet exposure using a mercury lamp 

(EXFO Omnicure S2000). A cut-off filter with transmitting light > 400 nm (Newport 

FSQ-GG400 filter) was used during the polymerization to prevent premature 
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isomerization of the azobenzene. After polymerization, the cell was opened with a razor 

blade, with the finial coating thickness measured to be approximately 20 µm. 

Sample characterization. Molecular alignment and excretion behavior of the coating 

were investigated by a polarized optical microscope (Nikon Ci Eclipse). The thickness 

of the coating was measured by interferometry (Fogale NanoTech zoomsurf). Liquid 

secretion at the coating surface was measured by digital holography microscopy 

(Lyncée Tec DHM®-R2100), and data were processed by using Koala software. The 

cross-section of the LCN coating was prepared after extraction with cyclohexane by 

cryogenic cutting in liquid nitrogen and measured with a scanning electron microscope 

(FEI SEM Quanta 3D FEG) in secondary electron mode. Confocal Raman 

measurements were performed at room temperature using a Witec -300 R -Raman 

system. For 2D surface mapping, 200 µm × 200 µm sampling areas in patterned 

coatings were mapped with an array of 50 × 50 spectra (2500 data points or pixels), 

meaning 4 µm × 4 µm pixel size in X and Y directions, while 50 µm × 50 µm sample 

areas with an array of 50 × 50 spectra were investigated for reference samples without 

any protrusions. In Raman maps, a 50X objective lens with a numerical aperture of 0.55 

was utilized together with 2 seconds integration time, 600 mm/g grating, 785 nm 

continuous laser, and 40 mW laser power. The penetration depth of the laser is 3.8 m. 

Before Raman data analysis, spike (or cosmic ray) removal and background subtraction 

was performed by using Project 5 software.  

4.7 References 

[1] A. H. Gelebart, D. Liu, D. J. Mulder, K. H. J. Leunissen, J. van Gerven, A. P. H. J. 

Schenning, D. J. Broer, Adv. Funct. Mater. 2018, 28, 1705942. 

[2] X. Pang, J. Lv, C. Zhu, L. Qin, Y. Yu, Adv. Mater. 2019, 31, 1904224. 

[3] A. H. Gelebart, M. Mc Bride, A. P. H. J. Schenning, C. N. Bowman, D. J. Broer, 

Adv. Funct. Mater. 2016, 26, 5322. 

[4] Y. Yu, M. Nakano, T. Ikeda, Nature 2003, 425, 145. 

[5] S. Iamsaard, S. J. Asshoff, B. Matt, T. Kudernac, J. J. L. M. Cornelissen, S. P. 

Fletcher, N. Katsonis, Nat. Chem. 2014, 6, 229. 

[6] P. Palffy-Muhoray, Adv. Polym. Sci. 2012, 250, 95. 



                  Liquid crystal polymer coating that secretes liquids upon light illumination 

 

61 

 

[7] H. Zeng, O. M. Wani, P. Wasylczyk, R. Kaczmarek, A. Priimagi, Adv. Mater. 2017, 

29, 1701814. 

[8] O. M. Wani, H. Zeng, A. Priimagi, Nat. Commun. 2017, 8, 15546. 

[9] S. Ma, X. Li, S. Huang, J. Hu, H. Yu, Angew. Chem. Int. Edit. 2019, 58, 2655. 

[10] D. Liu, D. J. Broer, Angew. Chem. Int. Edit. 2014, 53, 4542. 

[11] W. Feng, D. J. Broer, D. Liu, Adv. Funct. Mater. 2020, 30, 1704970. 

[12] D. Liu, D. J. Broer, Nat. Commun. 2015, 6, 8334. 

[13] M. Yamada, M. Kondo, J. I. Mamiya, Y. Yu, M. Kinoshita, C. J. Barrett, T. Ikeda, 

Angew. Chem. Int. Edit. 2008, 47, 4986. 

[14] T. J. White, N. V. Tabiryan, S. V. Serak, U. A. Hrozhyk, V. P. Tondiglia, H. 

Koerner, R. A. Vaia, T. J. Bunning, Soft Matter 2008, 4, 1796. 

[15] R. Lan, J. Sun, C. Shen, R. Huang, Z. Zhang, C. Ma, J. Bao, L. Zhang, L. Wang, 

D. Yang, H. Yang, Adv. Funct. Mater. 2020, 2000252. 

[16] D. Liu, Liq. Cryst. 2016, 43, 2136. 

[17] C. M. Leewis, A. M. de Jong, L. J. van IJzendoorn, D. J. Broer, J. Appl. Phys. 

2004, 95, 4125. 

[18] C. Sanchez, B. J. de Gans, D. Kozodaev, A. Alexeev, M. J. Escuti, C. van Heesch, 

T. Bel, U. S. Schubert, C. W. M. Bastiaansen, D. J. Broer, Adv. Mater. 2005, 17, 

2567. 

[19] K. Hermans, S. Z. Harnidi, A. B. Spoelstra, C. W. M. Bastiaansen, D. J. Broer, 

Appl. Optics 2008, 47, 6512. 

[20] K. Hisano, Y. Kurata, M. Aizawa, M. Ishizu, T. Sasaki, A. Shishido, Appl. Phys. 

Express 2016, 9, 072601.  

[21] K. Hisano, M. Aizawa, M. Ishizu, Y. Kurata, W. Nakano, N. Akamatsu, Sci. Adv. 

2017, 3, e1701610. 

[22] D. Liu, C. W. M. Bastiaansen, J. M. J. den Toonder, D. J. Broer, Soft Matter 2013, 

9, 588. 

[23] D. Liu, C. W. M. Bastiaansen, J. M. J. den Toonder, D. J. Broer, Langmuir 2013, 

29, 5622. 

[24] D. J. Broer, J. Lub, G. N. Mol, Nature 1995, 378, 467. 

[25] N. Grassie, B. J. D. Torrance, J. D. Fortune, J. D. Gemmell, Polymer 1965, 6, 653. 

[26] O. Samek, S. Obruca, M. Siler, P. Sedlacek, P. Benesova, D. Kucera, I. Marova, J. 

Jezek, S. Bernatova, P. Zemanek, Sensors-Basel 2016, 16, 1808. 

[27] J. Cui, D. Daniel, A. Grinthal, K. Lin, J. Aizenberg, Nat. Mater. 2015, 14, 790.  



Chapter 4 

 

62 

 

  



 

63 

 

 

 

Chapter 5 

Porous polymer coating with the 

capability to secrete liquids by 

means of an electric field 

A route to radiofrequency-controlled 

administration of functional liquids from 

a thin polymer skin 

  

 
 This chapter is partially reproduced from: 

Y. Zhan, G. Zhou, A. G. B. Lamers, L. L. F. Visschers, M. R. M. M. Hendrix, D. J. 

Broer, D. Liu, Artificial organic skin wets its surface by field-induced liquid secretion. 

Matter, 2020, 3, 782.  
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Abstract 

Living organisms enhance their survival rate by excreting fluids at their surface. Taking 

this extraordinary feature as an example, also man-made materials can benefit from the 

liquid secretion from a solid surface. Known approaches to secrete a liquid from solids 

are limited to passive release mechanisms driven by diffusion, surface tension, or 

pressure. A remotely triggered release would give active control over surface properties 

but is still exceptional. Here, we report on an artificial skin that secretes functional 

fluids by means of radiofrequency electrical signals driven by dielectric liquid transport 

in a (sub-)microporous smectic liquid crystal network. The smectic order of the polymer 

network and its director determine the flow direction and enhance fluid transport toward 

the surface at pre-set positions. The released fluid can be reabsorbed by the polymer 

skin using the capillary filling. The fluid-active skins open avenues for robotic handling 

of chemicals and medicines, controlling tribology and fluid-supported surface cleaning. 

 

We demonstrate liquid secretion from a skin-like polymer coating driven by 

radiofrequency (RF) electrical signal. This is visible in the highlighted picture in the 

ellipse, showing a microscopic image measured by digital holographic microscopy. The 

polymer skin can be refilled by absorption when the RF field is switched off. 
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5.1 Introduction 

In Chapter 4, we designed and fabricated a coating with hybrid molecular 

configurations, in which areas with smectic alignment are next to regions with non-

ordered isotropic order. When activated by light, the liquid is exclusively ejected from 

the areas with smectic alignment. For many applications, light is not an ideal trigger 

because it is challenging to be integrated into devices. In contrast, electricity is a 

common and widely used trigger in various electronic devices in our daily life. 

Therefore, in this chapter, we will replace the light stimulus with electrical signals to 

induce liquid secretion. 

The active excretion is commanded by radio frequency (RF) alternating electric 

field. RF with the frequencies ranging from 20 kHz to 300 GHz, including radio waves 

and microwaves, is considered low energy and non-ionizing radiation.[1] RF has 

branched out into the medical field of various modern electrotherapies[2] and has 

recently been exploited in the aesthetic field, for instance, skin tightening[3] and cellulite 

reduction.[4] Despite its benign character and extensive medical applications, RF's 

potential in stimulating responsive organic and soft materials is still poorly understood 

and underestimated by the material scientists.  

In a recent study, it has been discovered that the RF electric field affects the 

material properties of molecularly ordered liquid crystal polymer networks (LCNs).[5,6] 

Under the RF AC field, the aligned polarizable molecules are subjected to a continuous 

oscillatory force. And although these affected moieties are embedded in the polymer 

network, and therefore very limited in their rotational response, the high-frequency 

deviation of the molecules from their initial positions creates dynamic molecular voids 

(free volume). This formation of molecular voids competes with free volume relaxation, 

which explains that it is only observed at the high frequencies where the formation of 

voids is faster than refilling them by rearrangement of the polymer entities. Under the 

right conditions, it translates into macroscopic effects such as mechanical morphing of 

the coating surfaces.[7] 

In this chapter, we exploited the use of RF AC fields in a different way with the 

objective to alter the chemical properties at a coating surface through excreting and 

absorbing functional liquids. These functional artificial skins may administer medicine, 
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e.g., for wound treatment, adjusting tribology by controlled release of lubricants or 

carefully dose chemicals for interfacial chemical reactions. 

5.2 Electrically driven liquid diffusion 

The secretion concept is based on field-stimulated lateral transport of the liquid 

component building up local pressure inside the porous polymer, which ultimately leads 

to excretion of the liquid at the polymer surface. To reallocate the liquid by an RF 

electric field, we employ the mechanism of dielectric diffusion. Dielectric diffusion 

describes the interaction between the electric field and a medium with an 

inhomogeneous dielectric constant.[8] Similar to the switching of liquid dielectric lenses, 

the dielectric force exerted on the liquid media can be expressed as �⃗� =

𝜀0

2
(𝜀1 − 𝜀2)∇(𝐸 ∙ 𝐸) where E is the electric field, 𝜀0 is the permittivity of free space, 𝜀1 

and 𝜀2 are the permittivity of the polymer network and the mobile liquid stored in the 

pores, respectively.[9]  

In a first experiment, meant as a reference for later studies, we monitored the 

behavior of a free liquid without the presence of the polymer network. For this, 

molecule 1, a smectic cyanobiphenyl was selected as dielectric liquid (Scheme 1). 

Because of its cyano group it couples strongly to an electric field because of a large 

dielectric anisotropy[10]. To initiate in-plane liquid displacements, a lateral (in-plane) 

electric field generated by interdigitated electrodes (IDEs) underneath the dielectric 

material was used (Figure 5.1).  

 

Figure 5.1. Schematic representation of (a) the interdigitated electrodes (IDEs) and (b) 

the in-plane electric field provided by an array of indium tin oxide (ITO) IDEs at a glass 

substrate. Each electrode is 10 μm wide and separated by a gap of 10 μm. 
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A liquid film of molecule 1 was spin-coated on the glass substrate provided with 

IDE. Naturally, without any additional anchoring force, this molecule tends to pack in 

a homeotropic smectic configuration with a majority of aliphatic tails facing the air 

providing it a low surface energy interface. The homeotropic alignment, with the long 

molecular axes on average perpendicular to the substrate, was confirmed by polarized 

optical microscopy (POM), revealing that the film remains dark between crossed 

polarizers irrespective of the in-plane sample orientation, changed by rotation, with 

respect to the position of the crossed polarizers (Figure 5.2a).  

The surface topography of the liquid coating was analyzed by digital 

holographic microscopy (DHM) (Figure 5.2b-d). Initially, the film exhibits a flat 

surface. Upon applying an RF AC field at a frequency of 2 MHz which is used for 

comparison with the later LCN based sponge, the flat liquid film morphs firstly into a 

wavy structure with elevations near the electrode edges caused by dielectric diffusion, 

in which molecule 1 flows to the region that has the highest electric field intensity. In 

this case, the force on the liquid is now simplified as �⃗� = 𝜀0𝜀2∇(𝐸 ∙ 𝐸). This profile 

further develops into a symmetrical corrugation of 0.2 µm, which is centered between 

the electrodes, thereby minimizing the surface free energy by reducing the ratio 

between surface area and volume. This process of fluid flow from a flat to a corrugated 

state proceeds within 80 ms. Under the POM, it is observed that the liquid crystal (LC) 

molecule 1 realigns to be parallel to the electric field line as caused by its positive 

dielectric anisotropy. Between the crossed polarizers, the areas between electrodes 

show as birefringent bright blue lines as caused by the uniaxial planar orientation. 

Above the electrodes, the sample remains dark, corresponding to a homeotropic 

alignment of the molecules. The film lightens up at the edges because of the optical 

retardation change due to the thickness variation and the alignment transition from 

planar to homeotropic, which occurs over a finite distance as determined by the elastic 

constants of molecule 1 as well as by the electric field lines. The conclusion from these 

experiments is that the anisotropic LC 1 is transported under the action of the RF AC 

field into the direction along the electric field lines and collected in the area between 

the electrodes. 
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Figure 5.2. (a) Optical microscopy images taken between crossed polarizers show the 

initial homeotropically aligned dielectric LC 1 (left) and the realignment of the liquid 

when the RF AC field is switched 'on' (right). (b) Migration speed of LC 1 measured at 

positions 1 and 2 given in (a). (c) 3D images of the surface topography measured by 

DHM show dielectric liquid transport to the gap area between the electrodes and (d) the 

corresponding 2D profile. The applied RF field is 62.0 Vrms at a frequency of 2 MHz.  

5.3 Radiofrequency field-induced liquid secretion 

The previous section demonstrated that a dielectric liquid can be transported by 

means of a high-frequency field. In this section, we will study whether this transport 

also is induced in a porous coating taking into account the flow limitations of a porous 

medium and a much smaller difference in dielectric constants between the liquid and 

the medium. The polymer skin is based on an LCN and is solid. The liquid to be 

displaced, and ultimately secreted, is initially stored in micrometer-sized pores in the 

LCN.[11] The LCN is formed by photopolymerizing liquid crystal monomers, in our 

case, a mixture of monomers 2 and 3 (Scheme 1), in their aligned state, thereby 

maintaining their molecular orientation.[12] By polymerizing the monomers in the 

presence of non-reactive LC 1, the latter phase separates when the polymer network 

forms and collects itself predominantly in voids of (sub-)microporous size. The liquid-

filled micro-porous LCN is applied as a coating by in-situ photopolymerizing it on the 

ba

0 10 20 30 40 50 60

-100

0

100

200

 

 

H
e

ig
h

t 
d

if
fe

re
n

c
e

 (
n

m
)

Distance (m)

 RF off

 RF on

dc

1 2

RF on

RF off 0

80

-80

-160

160

Height (nm)

0 5 10 15 20 25 30 35 40

-100

0

100

200

 

 

H
e
ig

h
t 

d
if

fe
re

n
c
e
 (

n
m

)

Time (s)

1

2

RF on RF off



 Porous polymer coating secretes liquids by means of an electric field 

 

69 

 

IDE substrate. An optimized composition, mostly used in this chapter, to form this 

sponge-like LCN coating consists of a smectic mixture of monomers 2 (15 w%) and 3 

(15 w%) in the presence of the non-reactive LC 1 (69 w%) and photoinitiator 4 (1 w%) 

(Scheme 1). The composition is optimized on phase behavior in the monomeric state 

and the mechanical and secretion properties (Appendix, Chapter 7, 7.D.1). 

Figure 5.3a shows the photo of the actual device that is used to study the RF-

induced liquid secretion. A 4-μm thick film is formed on top of the glass substrate 

provided with IDEs. By means of an alignment layer coated on the substrate, the 

molecules are aligned perpendicular to the substrate surface, which means that the 

planes of the smectic layers are parallel to the surface. During the formation of the 

polymer network of monomers 2 and 3, the non-reactive component LC 1 phase 

separates to form (sub-)micrometer voids. To reveal the morphology of the porous 

polymer structures, scanning electron microscopy (SEM) images were taken of the 

cross-section of the coating (Figure 5.3b). The sample was prepared by extracting LC 

1 by immersing the sample in cyclohexane for 48 hours. This removal of liquid reduces 

the thickness by 50% while the LC 1 filled pores of the LCN largely collapse. SEM 

images show the remaining nanometer-sized pores that are relatively homogenously 

distributed over the sample cross-section. Taking the volume reduction into account, 

the diameter of the original pores is estimated to be between 100-200 nm.  

 

Figure 5.3. (a) Photo of an actual sample with an indication of the active IDE area. (b) 

SEM images of the cross-section of the coating after solvent extraction.  
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Digital holographic microscopy (DHM) reveals that despite the microporous 

structure, the initial coating surface has a flat structure with only a small surface relief 

of around 40 nm, corresponding to the underlying electrode pattern (Figure 5.4a). When 

switching on the RF field (62.0 Vrms, 2 MHz), with the fluid-filled coating on the 

electrodes, the following observations are made. Directly at the onset of the RF field, 

still prior to liquid secretion occurring, the thickness of the coating decreases at the 

position above the electrodes while it increases in the gap between the electrodes. This 

can also be seen from the left side of the curves in Figure 5.4c, showing a relatively 

small increase and decrease in the areas between and above the electrodes, respectively. 

We attribute this elastic deformation of the coating surface to the accumulation of LC 

1 in the gap area between the electrodes in correspondence with the dielectric diffusion 

observed for the unconfined liquid coating (supra vide). Then, after 7 seconds, LC 1 is 

released, forming droplets in the gap area (Figure 5.4b). The height of the solid coating 

decreases consequently (Figure 5.4c). During this process, the coating thickness above 

the electrodes decreases further as well, without notable fluid release, indicating a 

continuation of the dielectric diffusion of liquid 1 to the gap areas. Prior to the RF 

actuation, LC 1 aligns homeotropic parallel to the LCN matrix molecules. But as soon 

the liquid is released, it realigns along the electrical field lines resulting in birefringent 

dots shown in Figure 5.4d. 
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Figure 5.4. 3D surface profile images measured by DHM. (a) Initial flat surface. (b) 

Droplets form at the coating surface when an RF AC field is applied. (c) Change of 

surface height at different locations over time by switching 'on' and 'off' the electric 

field. Surface changes occurred in the first few seconds are zoomed in. (d) Polarized 

optical microscopic images show the initial coating (left) and the coating is subjected 

to an RF AC field (right). The applied voltage is 62.0 Vrms at a frequency of 2 MHz.  

The structural morphology of the porous LCN was characterized by grazing-

incidence small-angle X-ray scattering (GISAXS) (Figure 5.5a,b). The diffraction 

pattern confirms the smectic order and the homeotropic alignment. The 2D and 1D 

profiles show three diffraction signals confirming the phase separation of LC 1 from 

the network. The peak at 2.1 nm-1 is attributed to the smectic bilayer periodicity known 

for molecule 1, while the primary scattering peak (q*) is attributed to the polymer 

network.[11] The secondary (2q) belongs to the accumulated network and molecule 1. 
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Figure 5.5b demonstrates that under the RF field the diffraction peak that corresponds 

to the bilayer of LC 1 is largely reduced, while the peak corresponding to LC 1 

immersed in the LCN network to some extent remains. Simultaneously, Fourier-

transform infrared spectroscopy (FTIR) measurements reveal that under RF exposure 

there is still a considerable amount of LC 1 dissolved in the LCN (Figure 5.5c). This 

leads to the model that during the formation of the porous LCN coating two specific 

morphological region types are formed in the coating. The first one consists of the liquid 

crystal network containing a low concentration of molecule 1 dissolved on a molecular 

length scale, which corresponds to the 2q peak of Figure 5.5b. The second region is 

taken by the voids, which are exclusively filled with LC 1, as confirmed later by the 

DSC experiments shown in the Experiment section. Upon RF actuation, LC 1 excretes 

predominantly from the voids. After this partial removal of LC 1 the LCN coating, 

including the remaining co-aligned LC 1, remains black between the crossed polarizers 

with only a minor color change to dark blue (Figure 5.4d). This indicates that the 

remaining LC 1 in the network, although not covalently bonded in the network, do not 

realign under the influence of the field. This optical observation also implies that the 

order of LCNs has barely changed. This LCNs order preservation is also recognized by 

in-situ GISAXS measurement, as shown in Figure 5.5a,b. 
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Figure 5.5. (a) 2D GISAXS patterns from left to right the initial state after fabrication, 

under an RF AC field of 62.0 Vrms at 2 MHz and directly after switching off the RF 

field. The profiles were obtained using an X-ray incident beam parallel to the electrodes. 

(b) Corresponding 1D profiles of (a). Blue and red solid lines indicate the initial and 

the state after secretion of dielectric fluid, respectively. The green line is obtained after 

the reabsorption of the emitted liquid. (c) FTIR spectra of the bulk coating prior to (blue 

line) and after secretion (red line). 

Based on the observation that the location of secreting droplets is solely between 

the electrodes, and the observation that LC 1 in the absence of the LCN also diffuses to 

the center in between the electrodes, we postulate that dielectric diffusion plays a 

dominant role. LC 1 in the network diffuses from the sides and from the area above the 

electrodes to the center area between the electrodes. Subsequently, it builds up pressure, 

and escapes. The pressure built up is confirmed by the initial surface deformation before 

the actual fluid release takes place. In this process of fluid transport and subsequent 

emission from the polymer film, both the direction of molecular orientation and the 

molecular organization as set the liquid crystal phase in which the film is polymerized. 

In a series of reference experiments, we examined the dielectric diffusion and the 
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secretion efficiency of coatings with different molecular alignment (Appendix, Chapter 

7, 7.D.2). The secretion efficiency is evaluated by the amount of the secreted liquid. In 

a coating that is polymerized in the isotropic phase of the initial mixture, the polymer 

network takes an isotropic order. The phase-separated LC 1 that is collected in the voids 

takes the smectic order of the pure materials with a random director. When this coating 

is subjected to the RF electric field, no measurable amount of LC 1 is excreted. 

Although dielectric diffusion still occurs as measured by the increase in surface height 

in the gap area and the height decrease on top of the electrodes (Appendix, Chapter 7, 

7.D.2). This result indicates that the molecular order of the polymer network decisively 

contributes to the secretion. But additionally, also the director orientation appears to be 

important, as is illustrated in Appendix, Chapter 7, 7.D.2. When comparing 

homeotropic smectic with planar aligned smectic films, only the homeotropic film 

shows secretion (Appendix, Chapter 7, 7.D.2). Apparently, escape through the LCN 

surface is only made easy for the homeotropic films where the pathway of secreted 

liquid is parallel to the molecular orientation. This is confirmed by a nematic equivalent 

that also shows surface secretion, though to a lesser extent than the smectic coating 

(Appendix, Chapter 7, 7.D.2). It is anticipated that the dipole alignment of the 

homeotropic order maximizes the in-coupling of the RF energy in combination with 

easy escape pathways throughout the network.  

In combination with the in-situ POM and GISAXS experiments shown earlier, 

we can conclude that the order parameter remains constant when applying an RF field 

within the accuracy of the experiments. This means that in the smectic homeotropic 

coating, RF field induced deflections from the common molecular axes are very small. 

Therefore, it can be postulated that upon applying the RF electric field, molecules are 

subjected to an ultrafast oscillatory dielectric torque from the RF electric field, 

especially when molecules are perpendicular to the electric field, which exerts a 

maximum torque on the molecular moieties. In the GISAXS measurement, the minor 

shift of the LCN peaks (q* and 2q) might point to this vibrational excitation.  

By modulating the electric field strength and the frequency, the amount of the 

excretion can be adjusted. Figure 5.6a shows a threshold voltage Vth of approximately 

2.6 V µm-1 above which excretion of molecule 1 occurs. Above Vth, the excretion 

increases with increasing voltage. It can be understood as increasing dielectric diffusion 

with a larger electric field strength. The coating is also subjected to a frequency sweep 

(Figure 5.6b). An increase in the quantity of the excreted liquid with increasing 
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frequency can be observed. It is also known that the RF electric field generates heat, 

which could be a secondary reason for liquid ejection. The temperature rise is 

monitored by an infrared (IR) camera (Figure 5.6c). To estimate the influence of the 

temperature increase, the coating is actuated by temperature alone in the absence of an 

electric field. The neat thermo-induced liquid secretion is measured by DHM and the 

quantity of the secretion is estimated. The liquid excretion due to the thermal effect 

contributes approximately 40% of the excreted liquid (Figure 5.6d). The data points 

relate to the frequency-dependent temperature as derived from Figure 5.6c.  

 

Figure 5.6. Electrical field effects. (a) Influence of the strength of the electric field on 

the excretion. (b) Influence of frequency on the excretion. (c) The temperature increase 

of a coating subjected to an RF AC field of 62.0 Vrms at various frequencies. (d) 

Comparison of the total amount of liquid excreted by an RF electric field (Δ) and by 

the temperature rise as induced at the indicated frequency calculated from (c) (o). The 

applied RF AC field has a voltage of 62.0 Vrms. 

An important feature is that, after excretion of the liquid, the coating can absorb 

the liquid again, as indicated in Figure 5.4. When the secreted droplets are left on the 

surface, directly after removing the RF field, the droplets are reabsorbed within several 
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seconds. We have repeated this for several cycles, as shown in Figure 5.7. When the 

RF field is switched on, the liquid is excreted at the surface and the surface height at 

both gap and electrode regions decreases. When switching the field off, the liquid is 

completely absorbed by the coating and the surface height recovers to the initial state. 

This implies that, under the combined action of polymer elasticity and capillary forces, 

the coating can be 're-loaded' with similar or possibly different liquids. Thinking in 

terms of applications, this will lead to surfaces that on command can be 'wet' or 'dry', 

e.g., varying the level of lubrication or surface adhesion.[13-15]  

 

Figure 5.7. Cycles of secretion and reabsorption by switching the field on and off, 

respectively. The applied RF AC field has a voltage of 62.0 Vrms at 2 MHz. 

5.4 Release of functional fluids  

To demonstrate the administration potential for functional liquids, a 

demonstrative acid-base interfacial reaction providing color upon release of an excreted 

substance was chosen. The process is shown in Figure 5.8. A pH-sensitive dye (4-

(dimethylamino)azobenzene (Figure 5.8c) was dissolved in LC 1, and the combination 

was added to the coating. To avoid the dye's release in a too early stage upon in contact 

with the buffer solution, we designed a coating with a denser polymer network near the 

surface. For this purpose, a UV absorber (Tinuvin 328) was included in the mixture 

prior to polymerization to induce polymerization-induced diffusion. In this process, the 

UV absorber creates a gradient in UV intensity during photopolymerization, which 

causes diffusion of monomers to the surface.[16] Consequently, there is also a gradient 

in the density of the polymer network with the highest density near the surface. This 
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process is amplified by the tendency of the diacrylate monomer 2 to diffuse even faster 

than the monoacrylate 3, increasing next to a gradient in solid polymer also a gradient 

in crosslink density.  

Upon applying the RF electric field, the pH-sensitive dye is excreted from the 

coating together with LC 1. When the dye enters an aqueous sulfuric acid bath of a pH 

of 1, an acid-base reaction occurs which changes the color of the dye (Figure 5.8b). We 

notice that a red color cloud is first formed in the region near the interface between the 

coating and the acid solution where the reaction takes place. As the dye's release goes 

on and the reaction continues, the colored product is distributed over the entire acid 

bath by diffusion and becomes homogenously red within 5 minutes. The release of the 

dye is characterized as absorbance by UV-vis spectroscopy. The aqueous solution is 

collected and measured every 1 minute after the protonation of the dye with the acid. 

Following Beer-Lambert law, the absorbance is correlated to the mass of the released 

dye over time by UV-Vis spectroscopy (Figure 5.8d).[17] 

 

Figure 5.8. (a) Schematic representation of excretion of active dye from the coating 

into the acidic environment. (b) The acidic bath turns red upon RF stimulated secretion 

of methyl yellow from the coating. (c) Reaction scheme of the protonation of the dye 

in an acidic environment. (d) Change in absorbance during releasing of pH-sensitive 

dye and the correlation between dye absorbance and the quantity of the released dye.  
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5.5 Conclusions 

In conclusion, we used an RF alternating electric field to command liquid 

excretion on a porous polymer coating. The liquid is embedded in a nanoporous liquid 

crystal network with smectic order. Upon the application of the electrical field by 

interdigitated electrodes, the fluid present in the nanopores is transported to the high 

field area and is emitted in the form of small droplets. Returning to the the field-off 

state, the liquid reabsorbs in the porous network as supported by elasticity of the 

polymer in conjunction with capillary forces. The initial porosity of the coating is 

controlled by the addition of a smectic porogen to the reactive mixture prior to its 

polymerization. The first excretion experiments are performed with the same smectic 

fluid. Additional to that, we modified the fluid by adding potentially functional 

components. Furthermore, we demonstrated that the coating interacts with the 

environment by performing chemical reactions at its surface. We anticipate that those 

reactions can also be carried out in the bulk of the coating, eventually, after 

(re-)absorption of a second reagent. Due to the robust polymer nature, its function is 

not limited as a stand-alone film but can be integrated into other devices as a functional 

coating. It opens new avenues to robotic handling of reactions, medicine release, 

transfer of chemicals, and alter tribological properties of surfaces or removal of 

unwanted species (sand, ice, high viscous liquids, etc.).  

5.6 Experimental section 

Materials. Molecule 1 was purchased at Synthon Chemicals. Molecule 1 shows the 

following phase behavior: Cr 21.5C SmA 33.5C N 40.5C I. Molecule 2 and 3 were 

kindly provided by Philips Research Laboratories. Molecule 4 was purchased from 

Ciba. Chemical structures of materials are shown in Scheme 1. Typically, thin polymer 

films were fabricated from a mixture containing 69 w% molecule 1, 15 w% monomer 

2, 15 w% monomer 3, and 1 w% photoinitiator 4. Tinuvin 328 was purchased from 

Ciba. 4-(Dimethylamino)azobenzene (methyl yellow), ibuprofen, and cinnarizine were 

purchased from Sigma-Aldrich. Sulfuric acid (95 wt%, Sigma-Aldrich) was diluted 

with deionized water to an aqueous solution of 0.1 M. Glass substrates with 
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interdigitated indium tin oxide (ITO) electrodes were purchased from Suzhou Walthy 

Co., Ltd. 

 

Scheme 1. Materials used to form the liquid crystal polymer network coating. Dielectric 

liquid 1 used as porogen and secreting liquid, diacrylate 2 and mono-acrylate 3 applied 

to form LCNs, photoinitiator 4 used for initiating the photo-polymerization. 

Coating formation. Coatings with smectic alignment were prepared by using a cell 

construction. To establish homeotropic alignment, we used a glass plate with patterned 

interdigitated electrodes (IDEs) provided with a monolayer of 3-(trimethoxysilyl) 

propyl methacrylate to enhance the adhesion. For planar (parallel) alignment, a glass 

plate with electrodes was coated with polyimide (Optmer AL1051, JSR), which was 

unidirectionally rubbed by polyester fabric. In both cases, the cell is formed by 

attaching a second plain glass plate modified with release agent 1H, 1H, 2H, 2H-

perfluorodecyl-triethoxysilane. This setup promotes that, upon opening the cell, the 

coating adheres to the side with the patterned electrodes. The coating thickness is 

controlled by spherical spacers spin-coated at one of the glass substrates. In this work, 

we choose spacers with 4 μm in diameter. The liquid crystal monomer mixture was 

filled into the cell by capillary force when heated to its isotropic phase. After filling, it 

was slowly cooled down to the smectic state at 28 °C (Figure 5.9a), at which it is 

photopolymerized using a mercury lamp (Omnicure EXFO S2000).  

A nematic coating with homeotropic alignment was prepared by the spin 

coating process. The substrates with IDEs were coated with polyimide which provides 

1

2

3

4
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homeotropic alignment (AL7511, Sunever, Nissan Chemical). To fabricate liquid 

crystal polymer coating, the liquid crystal monomer mixture was spin-coated at 1000 

rpm (acceleration rate 300 rpm s−1) from tetrahydrofuran (THF) (25 wt%) solution onto 

IDE substrate and subsequently polymerized by UV illumination at 45 °C for 30 min 

in N2 environment by using a mercury lamp (Omnicure EXFO S2000). The finial 

coating has a thickness of 4 μm. 

The coating that releases a functional liquid is prepared with the mixture 

containing 1.5 wt% 4-(dimethylamino)azobenzene or ibuprofen, 67 wt% molecule 1, 

14.5 wt% molecule 2, 14.5 wt% molecule 3, 1.5 wt% Tinuvin 328, and 1.0 wt% 

photoinitiator 4. The monomer mixture was spin-coated from THF solution (25 wt%) 

on the IDEs at the speed of 800 rpm (500 rpm/s acceleration). IDE substrate was coated 

with polyimide (SE-5661, Nissan Chemical) which provides homeotropic alignment. 

The finial polymer coating is approximately 7 m in height. To prevent the etching of 

ITO electrodes from the sulfuric acid bath, a dense polyimide layer was spin-coated 

and formed on the ITO electrodes.  

Characterization. Phase transition temperature of anisotropic LC 1, liquid crystal 

mixtures and glass transition temperature (Tg) of liquid crystal network after removal 

of molecule 1 were measured by differential scanning calorimetry (Q2000, TA 

Instruments) with a rate of 5 C/min and 20 C/min, respectively. Figure 5.9a shows 

the phase transitions of the non-polymerized liquid crystal mixture, indicating before 

polymerization the mixture seems to be homogeneous. After polymerization the 

transitions of the pure LC 1 are retrieved, corresponding to the values measured in the 

pure compound (Figure 5.9b). This result indicates a phase separation of pure LC 1 

from the LCN. 
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Figure 5.9. Thermal characterization. Differential scanning calorimetry (DSC) 

measurement (second run) shows (a) the phase transition of the monomer mixture as 

indicated in Scheme 1; (b) the polymerized LCN coating. 

Molecule 1 was removed by immersing the coating in cyclohexane for 48 hours 

and was checked by Fourier-transform infrared spectroscopy with an attenuated total 

reflectance attachment (Varian 670-IR, FT-IR Spectrometer) to ensure the complete 

removal. The alternating electric field with sinusoidal wave function was provided by 

a function generator (Tektronix AFG3252C). The electric signal from the function 

generator was amplified by a high voltage linear amplifier (Falco Systems WMA-300). 

The output voltage was measured by an oscilloscope (InfiniiVision DSO-X 3032T, 

Keysight). Coatings thickness was measured by interferometry (Fogale Nanotech 

Zoomsurf). Surface topographies of the coating were measured by digital holographic 

microscopy (Lyncée Tec). The secretion behavior of the coating was investigated by 

recording images using a polarized optical microscope (Nikon Ci Eclipse) equipped 

with a hot stage (LTS420 system, Linkam). Temperature increase during actuation was 

monitored by an infrared thermometer (Fluke Ti32 thermal imager and Gobi-646-GigE, 

Xenics). Grazing incidence small-angle X-ray scattering (GISAXS) was performed on 

an instrument from Ganesha Lab. The flight tube and sample holder are all under 

vacuum in a single housing, with a GeniX-Cu ultra-low divergence X-ray generator. 

The source produces X-rays with a wavelength (λ) of 0.154 nm and flux of 1 × 108 ph 

s-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 487 

× 619 pixel resolution. The sample was placed at an angle () of 0.5 degrees.  
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6.1 Introduction 

In this thesis, the generation of the liquid crystal flow stimulated by light and 

electricity was discussed. Chapters 2 and 3 show that the generation of 

electrohydrodynamic (EHD) flow in low-molecular-weight liquid crystals induces light 

scattering. This transparency modulation of the device has been demonstrated for 

potential smart window or information display application. In Chapters 4 and 5, liquid 

secretion from gel-like composites of polymeric and low-molecular-weight liquid 

crystals induced by light or electricity was discussed. It was demonstrated that the 

secretion of functional fluids could not only wet the surface and change surface 

wettability but also carry and release some chemical reactants. The first part of this 

chapter reflects the electrohydrodynamic instabilities in liquid crystals from the 

perspective of smart window applications and on the challenges for future work. The 

second part introduces some potential applications for liquid crystal coatings that 

release liquids, such as coatings with modulated adhesion, the release of lubricants to 

affect tribology surfaces, and coating that store medicine and subsequently administer 

them to patients at the right place and moment. In addition, the challenges for future 

work are discussed. 

6.2 Smart windows 

Liquid crystal-based smart windows are mostly based on polymer dispersed 

liquid crystals, polymer stabilized liquid crystals and chiral nematic liquid crystals.[1-7] 

All these systems have both advantages and disadvantages. In the ideal case, a smart 

window with the maximum transmission in the field-off state and a scattering state in 

the field-on state seems to be mostly desired, e.g., for security purposes. This is most 

conveniently realized by using liquid crystals with negative dielectric anisotropy and 

high birefringence. A principle which is well described in literature is based on a system 

consisting of these liquid crystals which are stabilized by the addition of an index 

matching liquid crystal monomer which is in-situ polymerized in the homeotropic state. 

Upon switching, the non-polymerized liquid crystal molecules take a planar orientation, 

which is organized in random, micrometer-sized domains because of the presence of 

the polymer. Scattering occurs because of the domain transitions and the mismatch in 
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refractive indices with the anisotropic polymer which keeps its initial orientation. The 

presence of the polymer has a few drawbacks. In general, the interaction between the 

liquid crystal and the polymer increases the switching voltage. The system is more 

sensitive to degradation as the polymers are cured by an intense UV illumination. And 

there is a need to match refractive indices between the polymer and the liquid crystal to 

achieve a bright transparent state in the non-addressed state. In this section, I will 

discuss technologies that provide field-induced scattering which operates in the absence 

of the polymer. 

6.2.1 EHDI based smart window 

Electrohydrodynamic (EHD) flow induced light scattering has been discussed 

in Chapter 2. The principle is to break down domain sizes by utilizing the chaotic flow 

of added ions. The application for this can be smart windows, information displays, or 

switchable projection screens. To demonstrate the versatility of the principle, we have 

fabricated a window with a patterned design (Figure 6.1). Patterned areas consisting of 

thin, lithographically processed conductive indium tin oxide layers generate a local 

electrical field. Under the applied voltage, the window shows light scattering in the 

patterned area. Based on this, one can develop devices with desired information such 

as specific letters or images, which can be used to display information or for decoration.  

 

Figure 6.1. Electro-optical switch of a window with a patterned electrode design. The 

frequency of the applied voltage is 100 Hz. The sample contains a liquid crystal with 

negative dielectric anisotropy doped with a zwitterion.  

For some applications, both industrial and personal use, colored windows might 

be desired. Based on the guest-host effect of dyes in liquid crystals,[8] the device can 

also be colored, which even intensifies the light scattering function. To do this, a 

30 V
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dichroic dye is added as a dopant to a liquid crystal mixture containing salts. An 

example is given in Figure 6.2.[9] In the field-off state, the sample is transparent with 

only a minor color from the dye that is oriented homeotropic parallel to the orientation 

of the liquid crystal. When switching the field at a low frequency (1 kHz), the sample 

exhibits light scattering and purple due to the EHD effect producing turbulent flow. By 

increasing the frequency to 5 kHz, the turbulence disappears. Consequently, the sample 

only exhibits color due to the absorbance of the reoriented dichroic dye that is 

predominantly parallel to the surfaces parallel to the liquid crystal host. Due to the 

dichroism of the dye, it absorbs more when oriented parallel to the device surface than 

when being oriented perpendicular. 

 

Figure 6.2. Demonstration of the smart window with a color. The window (a) at off-

state, (b) switched to a scattering state under an applied AC field of 30 Vrms at 1 kHz 

and (c) adjusted to a colored state at 5 kHz. Reproduced with permission.[9] 

The device shown has an experimental dimension produced on a lab-scale, 

typically around a few centimeters square, and is not suitable for its ultimate application 

in industrial or home conditions. The next step will be scaling-up and subject the 

samples to durability tests. However, in the first larger-scale test rounds, we found that 

the EHD based windows demonstrated some phase separation of the conventional ionic 

additives e.g. CTAB from the liquid crystal host. In addition, adsorption of ions at the 

electrodes became an issue, decreasing the effective voltage in time.[10] Although the 

concentration of the ionic additives can be tuned to a proper range to minimize the 

phase separation, it might take the expense of some light scattering. One solution is to 

use the zwitterions as discussed in Chapter 2, and as already demonstrated in Figure 

6.2. And we anticipate that further improvements might be expected by designing 

zwitterions with a similar chemical structure to that of the liquid crystal host. 

For specific applications, we anticipate that providing light-switchable 

scattering and color could provide benefits. For instance, a smart window can be 

a cb
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decorated with a display function which can be either informative or decorative. An 

example was discussed in Chapter 3 where the ionic material was based on spiropyran. 

In this chapter, I described the use of ultraviolet light with a wavelength of 365 nm to 

generate ions. The use of 365 nm-light is based on the absorption of the spiropyran 

which is converted from its neutral form to an ionic form, thereby enabling the EHD 

effect only in the exposed area and simultaneously add color to that area. However, the 

ultraviolet light is not safe. Therefore, effects based on visible light are preferred, for 

instance, blue light for writing the information and light of a higher wavelength to erase 

it again. For this it will be ideal to have a new spiropyran-based molecule with the 

absorption band shifted to the blue light but with a sensitivity that daylight does not 

excite the spiropyran. Only when we illuminate the molecule with intense blue light, 

which can have narrow bandwidth as for instance generated by LEDs, the molecule can 

be excited. The future work will be to synthesize a new spiropyran molecule that can 

be excited to a zwitterionic form by blue light. 

6.2.2 Smart window based on corrugated surfaces 

Besides the EHD flow triggered by the orientation of liquid crystal molecules 

and the oscillation of charge carriers, other new principles based on polymer free liquid 

crystals might be designed to induce light scattering. One possible principle might be 

controlled domain formation in electrical field-addressed liquid crystal induced by 

corrugated surfaces.[11] The principle is to control the domain-wise reorientation of the 

liquid crystal when it switches from homeotropic to planar. Corrugations at the 

electrode surface will control the direction of the realignment of the liquid crystal by 

which domains are formed in the intermediate state between homeotropic and planar. 

In this case, the domain sizes should be comparable to the wavelength of visible light, 

i.e. below one micrometer. As shown in Figure 6.3a, in general, in the field-off state 

liquid crystals are slightly slanted near the interface of the bumped surface, but overall 

the alignment is homeotropic, which gives rise to high transparency. When switching 

on the field, the liquid crystals follow the direction of the local slant and get a minor tilt 

depending on the tilt angle of the local bump. As a proof of concept in a preliminary 

study, we have made a device based on corrugated surfaces using photoembossing 

technique. The sample can be switched from a transparent state to a light scattering 

state by an electric field (Figure 6.3b). The transmission decreases from 97% to 82% 
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under an applied voltage of 49.5 Vrms, a decrease of 15%, which is not significant. It is 

not good enough for a window. This is because the domain sizes that are formed under 

the influence of the AC field are around 10 µm, which are an order of magnitude larger 

than the ideal ones. The next step could be to reduce the domain sizes by reducing the 

sizes of surface structures using different methods for surface structure formation, e.g., 

using photoalignment layers, microspheres or structured electrodes. 

 

Figure 6.3. Electro-optical switch of a device based on corrugated surface. (a) 

Schematic illustration of tilted homeotropic liquid crystal at minorly corrugated 

surfaces in the field-off and field-on state, respectively. Photograph of a liquid crystal 

device (b) in the field-off state and (c) under an applied electric field (49.5 Vrms, 50 

kHz). The sample is placed in front of a background (a printed blue paper with white 

patterns) with a distance of 10 cm. The areas with corrugated surfaces are highlighted 

by black dotted square. 

6.3 Adhesive surfaces 

In biological systems, many natural surfaces exhibit remarkable surface 

adhesive properties. For example, ants can walk upside down on the ceilings when 
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carrying an object with a weight a hundred times heavier than themselves.[12] This is 

because of their secretion-enhanced adhesive pad surface. When the secreting pad 

contacts a smooth solid surface, the fluid creates a capillary bridge between two 

surfaces, which significantly increases the pad's surface adhesion. Gelebart and 

coworkers have reported a conceptually similar secreting surface with controllable 

surface adhesion.[13] They demonstrated that when two parallel secreting coatings faced 

and touched each other, a capillary liquid bridge was formed between the two surfaces, 

thereby attaching to one another (Figure 6.4a). By adjusting the amount of liquid 

secretion via changing the exposure time of ultraviolet light, the adhesive force can be 

varied, and the state of the two substrates can be changed (Figure 6.4b). 

Our artificial skin shown in Chapter 5 also has potential in tuning surface 

adhesion by secreting liquid at the surface. Instead of using light, we are using electrical 

signals operating at radiofrequency. The amount of liquid secretion not only depends 

on the electric field strength, the frequency of the applied field, and temperature, as 

discussed in Chapter 5, but also depends on the initial stored amount in relation to the 

coating thickness. By adjusting the quantity of the liquid secretion, it is possible to tune 

the surface adhesion. For example, the secreting surface can vertically pick up another 

non-secreting surface when the capillary force between two surfaces is stronger than 

the other object's gravity force. After eventual transport, the object can be released again 

at the desired location by lowering the capillary force by increasing the dose of 

secreting liquid under which flow can occur and capillary forces become less prominent. 

Studies providing optimized conditions for maximum adhesive forces and optimum 

release are now underway. 
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Figure 6.4. (b) Light-regulated surface adhesion and (c) the corresponding friction 

forces measured between two secreting surfaces. Reproduced with permission.[13] 

6.4 Lubricating surfaces 

A lubricant layer can reduce surface friction, transport foreign particles, provide 

a liquid seal and protect the surface from contamination or corrosion.[14-15] In nature, 

with a lubricating liquid layer at their surfaces, living organisms enhance their chances 

of survival in their ecosystem. For example, in a humid environment, Nepenthes pitcher 

plants can easily capture prey by letting them slide off a lubricating peristome surface 

that is constructed with a continuous thin water film over micro-structured 

topographies.[16] The formation of the lubricating layer is due to the condensation of 

hygroscopic nectar secreted by peristome cells.  

Most of the reported research on liquid secretion focus on the secretion of oil 

species, e.g., silicone or paraffin oil.[17-18] The oil materials are cheap, cannot quickly 

evaporate in the ambient due to their high boiling point, and cannot dissolve within 

water-based solutions. These advantages make them popularly used as lubricants. In 

our gel-like liquid releasable liquid crystal polymer coatings as shown in Chapter 5, by 

using a strong electric field strength and a high frequency, a thin liquid layer can be 

formed over the surface by controlled liquid secretion. This layer can act as a lubrication 
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layer to provide a liquid seal and protect the device from hydrolysis of the polymer 

network with a carboxylic ester group in an acidic or alkaline environment. This 

lubrication layer also has a potential application in anti-fouling because of the reduction 

of surface friction. An expectation of using our lubricating surface for anti-fouling will 

be conceptually similar to the work reported by Howell and coworkers. They reported 

a lubricant-infused polymer gel that can peel away the biofilm formed at the lubricant 

layer surface when the substrate is exposed to the air/water interface (Figure 6.5).[19] A 

potential problem will be the loss of the lubricating layer in the water environment. This 

could be solved by lubricant self-replenishment or using our controllable liquid 

secreting surfaces in which the liquid can be continuously released under a trigger. 

 

Figure 6.5. A glass slide half-coated with lubricant contained polydimethylsiloxane is 

immersed in a culture medium containing green alga (B. braunii). After 12 days, the 

slide is removed vertically from the container. At 0 s, the formed alga biofilm attached 

to the untreated glass can be clearly seen. At 16 s, the biofilm begins to peel away from 

the slide surface. At 25 s, when the slide is completely removed from the water, the 

peeled off bio film floated on the water surface can be observed. Reproduced with 

permission.[19] 

6.5 Trigger-induced medicine release 

The liquid in our liquid secreting coatings or films can be the carrier of 

dedicated chemicals. Besides the demonstration of releasing a pH-active dye from the 

coating into an acidic environment conducting a chemical reaction, as shown in Chapter 

5, the other most relevant application will be the release of medicines. The trigger for 

the release can be infrared light to heat up the sample, or electricity to transport and 

0 s 16 s 25 s
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emit the liquid at the desired area. Based on the employed secretion principle, the 

kinetics of the drug release can be tuned correspondingly. For example, ibuprofen, a 

well-known pain killer, can be loaded into the liquid carrier (Figure 6.6a).[20] This now 

functionalized liquid can be released from the coating upon application of a 

radiofrequency (RF) field. The release process of the liquid including the medicine can 

be monitored by measuring the absorbance of the protonated ibuprofen in an aqueous 

solution with a pH of 7.4 (Figure 6.6b). Needless to say that also other medicines can 

be released in a similar manner, depending on the composition of the liquid, the stability 

of the liquid, and the solubility of the medicine in the liquid carrier.  

To think even further of applications based on controlled medicine release, one 

can think of a plaster-based skin for diabetes treatment. The construction of this plaster 

is to integrate this liquid crystal gel-like coating onto a robust flexible solid substrate. 

The combination with the flexible substrate provides support for the gel-like coating. 

When applying a common trigger like an RF field, infrared light, or even using body 

temperature, the drug is released to the skin surface. Based on the penetration of the 

drug via skin pores, the drug can arrive at the blood vessels and be transported. 

 

Figure 6.6. (a) Ibuprofen molecule. (b) Change in the absorbance during the release of 

ibuprofen and the correlation between the medicine absorbance and the quantity of the 

released medicine. Reproduced with permission.[20] 
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6.6 Alternative secreting liquids 

In our liquid releasable sponges, the liquid that is secreted shown in Chapters 4 

and 5 is a nonreactive liquid crystal. From an economic point of view, this material is 

more expensive than other liquids like water, alcohol, or oil. And the liquid crystal is 

probably also not approved by medical authorities to bring it in contact with the skin. 

In addition, for the biological application of drug release, as mentioned earlier, as 

carrier for medicine polar liquids like water or alcohol are most relevant. The problem 

to solve is then to make the responsive polymer network of the coating more compatible 

with liquids with other polarity. Many applications require liquids with higher polarity, 

like water and alcohol. So also to our network preferably should be added, such as 

carboxylic acid or its salts. In order to make these structures compatible with the liquid 

crystal monomers and porogen prior to polymerization, while maintaining the desired 

liquid crystal properties, the copolymerization with hydrogen-bridges benzoic acid 

containing monomers is proposed.[21] This research proposal is now under study. 

6.7 Conclusion 

With this chapter, I hope to have given some prospects of the work that I have 

done for this thesis. The electrohydrodynamic switching devices reach a stage that early 

pilot manufacturing experiments are done, which will provide more insights into the 

further developments needed in the field of materials and device design. The work on 

the secreting coatings is still in an early stage, but the prospects are high with a plurality 

of applications in the medical field, e.g., for controlled drugs administration. But also 

in the field of tribology where the release of oils and grease will control friction 

properties. And a possible new field might be so-called soft robotics where new pick 

and place functions are needed to manipulate objects.  
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7.A Appendix to Chapter 2 

7.A.1 Differential scanning calorimetry of LC mixture 

We characterized the phase transitions of the LC mixture consisting of cationic 

3-LC by differential scanning calorimetry (DSC). The curves show that the nematic-to-

isotropic phase transition occurs at 94 C upon heating and cooling which is identical 

to the pure LC mixture (Figure 7.1). This means that the salt dopant does not shift the 

phase transition of the LC mixture. 

 

Figure 7.1. Differential scanning calorimetry curves of the mixture consisting of 

cationic 3-LC. 

7.A.2 Power consumption of a window 

For the privacy window application, we estimated the power consumption of a 

window of 9 × 9 cm2. We first took the output current measurement when applying an 

input voltage. Figure 7.2a shows a circuit diagram of the experimental setup containing 

two voltmeters; one is for measuring the voltage of the resistor, and the other for the 

sample. To obtain a relatively accurate voltage value of the resistor, we chose to use 

the resistance with a high resistance value (1 k). A phase lag between the applied 

voltage and generated current is calculated as almost zero (Figure 7.2). Following the 

equation of power P = V⋅Icos, where V is the RMS voltage, I is the RMS current 
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passing through the window, and cos is the phase difference between voltage and 

current, the window demonstrated in Figure 7.2 consumes 0.649 W of power, and for 

24 h, the energy consumed is 0.016 kWh. 

 

Figure 7.2. (a) Equivalent circuit diagram of the experimental setup for the current 

measurement of the window. (b) The output current passing through the window under 

the applied voltage at 20 Vrms. The window is filled with zwitterionic 4-LC 

7.B Appendix to Chapter 3 

7.B.1 The merocyanine-to-spiropyran relaxation in the dark 

The thermal relaxation of SP doped LC mixture was measured in the dark at 

room temperature. The back MC to SP conversion and its corresponding elimination of 

light scattering were measured by changes in the transmittance by taking UV-vis 

spectra and measuring the transmittance at 590 nm and 700 nm, respectively. Figure 

7.3 shows that both events take 10 minutes. 
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Figure 7.3. Change in transmittance during thermal relaxation in the dark of the MC to 

SP isomer in an LC matrix and MC isomer induced light scattering measured at room 

temperature. 

7.B.2 Spiropyran photochemical kinetics in solution 

The photochemical response of the spiropyran in tetrahydrofuran (THF) 

solution was also investigated. Figure 7.4a shows the change in absorbance during 

thermal relaxation in the dark of MC to SP. It takes 6 minutes to convert MC into SP 

state. This back reaction to the SP isomer can be accelerated by exposing to visible light 

which shortens the isomerization to 60 seconds (Figure 7.4b). In the UV-VIS 

measurement, we monitored the changes of the MC absorption band. 

 

Figure 7.4. Change in absorption of spiropyran in THF solution. (a) The thermal 

relaxation of MC to SP in the dark. The absorbance was measured at 590 nm. (b) The 

conversion of MC to SP under visible light illumination (530 nm, 7 mW cm-2, 60 s). 

The concentration of spiropyran is 0.03 M (1.1 wt %). 
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7.C Appendix to Chapter 4 

7.C.1 Thickness measurement 

We measured the coating thickness before and after the solvent extraction of the 

porogen. The thickness after removal of porogen slightly reduces by 5% with respect 

to its initial thickness (Figure 7.5). This reduction is due to a lack of mechanical support 

from smectic porogen. 

 

Figure 7.5. The thickness of the coating before and after the solvent extraction of the 

porogen measured by interferometry. 

7.C.2 Raman spectra 

We confirmed the characteristic peaks of azobenzene molecule 4 or 5 and liquid 

molecule 3 by comparing to a reference LCN coating polymerized using the same 

composite but without molecule 4 or 5. Raman spectrum shows that azobenzene 

molecule 4 or 5 vibrates at 1410 cm-1 and liquid molecule 3 at 2226 cm-1 (Figure 7.6). 
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Figure 7.6. Raman spectra show characteristic peaks of azobenzene and liquid. The red 

line shows the spectrum of LCN coating copolymerized with azobenzene moiety, and 

the blue line shows the spectrum of a reference LCN coating without azobenzene 

moiety. 

7.C.3 Calibration curves for quantification of liquid secretion 

Calibration curves were plotted by measuring non-polymerized liquid crystal 

mixtures with different concentrations of azobenzene and liquid. Ratios of molecule 1, 

2, 3, 6 remain the same in each liquid crystal mixture. Azobenzene and liquid content 

are given in Figure 7.7.  
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Figure 7.7. Calibration curves of liquid and azobenzene. The measurements were taken 

using the samples of non-polymerized liquid-crystal mixtures consist of (a,b) molecule 

4, and (c,d) molecule 5. 

7.C.4 The coating that is polymerized in the isotropic phase 

In a reference experiment, we estimated the contribution of the molecular order 

to the secretion. We prepared a coating with the same composition, which was 

polymerized in the isotropic state at an elevated temperature of 75 °C. The sample was 

examined under POM (Figure 7.8a); although the polymer network was isotropically 

aligned, the phase-separated porogen (molecule 3) in the pores was in the smectic 

phase. When triggered by UV light, the amount of liquid excreted at the coating surface 

from the isotropic LCN was far less than that released from the LCN with the smectic 

order (Figure 7.8b). Even at high azobenzene concentrations, the secretion from 

isotropic LCNs was close to zero, indicating that the contracting force of the 

homeotropic-oriented smectic LCN was responsible for secretion. 
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Figure 7.8. (a) A coating is made by polymerizing at the isotropic phase of the initial 

mixture at 75 C. (b) The influence of azobenzene (molecule 4) concentration and the 

molecular alignment on the secretion. 

7.D Appendix to Chapter 5 

7.D.1 Influence of polymer content on liquid secretion 

To estimate the role of the polymer network in the secretion process, we made 

a series of coatings with different solid contents as set by the initial total amount of 

molecule 2 and 3 in the original mixture. The coatings have a solid content of 90 wt% 

(a,b), 70 wt% (c,d), 50 wt% (e,f) and 10 wt% (g,h), respectively. Based on DHM 

measurement, we calculated the liquid secretion efficiency of the coatings: 8.6 % and 

0.9 % for the coating containing 30 wt% and 50 wt% of LCN, respectively (Figure 7.9i). 

When the network content increases above 70%, no measurable amount of mobile LC 

1 is excreted, as shown in Figure 5.10a-d. This result suggests that a maximum 30 wt% 

of LC 1 is molecularly distributed in the network rather than being phase separated 

leading to the pores. Also, it can be observed that in the case of the more solid coatings 

for instance 50 wt% of LCN, LC 1 is secreted as droplets (Figure 7.9e). At lower solid 

content, LC 1 spreads out over the surface, which can be understood in terms of 

interfacial energy between the droplet and the predominantly still wet coating. It 

therefore forms a continuous film which becomes realigned by the electric field (Figure 

7.9g,h). 
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Figure 7.9. DHM measurements of the actuated surface of a coating consisting of (a) 

90% LCN, (c) 70 wt% LCN, (e) 50 wt% LCN, and (b, d, f) the corresponding surface 

height change at different locations over time by switching 'on' and 'off' the electric 

field, respectively. (g) The 3D surface profile of the actuated surface of a coating 

consisting of 10 wt% LCN and (h) the corresponding POM image. (i) Calculated 

secreted liquid amount as the function of LCN content. The coating surfaces were 

measured activated by an AC field of 62.0 Vrms at a frequency of 2 MHz. 

7.D.2 Influence of the molecular alignment on liquid secretion 

To estimate the influence of the molecular alignment on the secretion, we have 

prepared samples with various molecular configurations (Figure 7.10). Sample I with 

homeotropic smectic alignment has been described in the main text. Sample II has 

homeotropic alignment and is polymerized at the nematic state. Sample III is 

polymerized at the isotropic state at the elevated temperature. Both sample IV and V 

are uniaxial aligned at the smectic state. In sample IV, molecules are parallel to the 

electric field line whereas in sample V, molecules are orthogonally to the electric field 

line. 
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Figure 7.10. Influence of molecular alignment and order on fluid secretion. (a) 

Schematic representation of the different molecular alignments studies. The grey arrow 

represents the electric field line. (b) Comparison of the amount (µg/cm2) of liquid 

released from the coatings depending on its alignment. (c-f) Kinetics of the height 

changes in the gap and above the electrodes. 
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Summary 

In this thesis, we describe the generation of liquid crystal flow by light and by electricity, 

and its application for electro-optical switches, and the administration of liquids at a 

polymer surface. Liquid crystals are a class of materials with intermediate phases in 

between their solid crystalline state and their isotropic liquid state. They are 

characterized by their ability to organize and align along a common director which 

gives them properties that are highly anisotropic. Liquid crystals often are low 

molecular weight materials with relatively low viscosity in their liquid crystalline state. 

But their order can also be preserved permanently by polymerizing liquid crystal 

monomers in their ordered state. In the thesis, both classes, low molecular weight, and 

polymeric liquid crystals are discussed as well as the composites of both materials types. 

 

Electro-optical switches based on liquid crystals are well-known and for instance used 

for flat panel displays in televisions, tablet computers, and mobile phones. Most often 

they are based on the anisotropic optical and the anisotropic dielectric properties of 

liquid crystals. An electrical field alters the molecular orientation of the liquid crystal 

positioned between two electrodes and light is transmitted or blocked due to absorption 

by two polarizer films or by switching to a scattering state. In the study described in the 

first part of the thesis, light scattering is induced by electro-hydrodynamic (EHD) flow. 

EHD flow is induced by ionic fluxes induced by an alternating electric (AC) field and 

brings the liquid crystal in turbulence such that it becomes highly scattering. This effect, 

which was already known in the fifties of the last century, appeared to be ultimately 

suited to make smart windows that switch between a highly transparent state in the AC 

field off state and a highly scattering state when the field is switched on. To induce the 

EHD effects the presence of ions is indispensable. In Chapter 2, the EHD effect was re-

evaluated in a mixture of liquid crystals containing ionic additives. In Chapter 3, a new 

method is described to switch the local presence of ions by light. Thereto a non-ionic 

spiropyran is added to the liquid crystal mixture. The non-ionic molecule is converted 

into the zwitterionic merocyanine by using UV light. Consequently, by illumination 

with UV light, ions are created which in the presence of electric field create EHD flow 

and induces (local) scattering. Besides generation mechanistic insights of this effect, 
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also the practical application of the effect is studied for programmable smart windows 

and large area displays.  

 

The second part of the thesis focuses on liquid crystal-polymer composites to create 

polymer coatings that can release or take up liquid(s) triggered by light or by electricity. 

The on-command generation of liquid at a solid surface is envisioned to lead to new 

applications in tribology, microfluidics and the administration of medicines. Porous 

liquid crystal network coatings are formed by photopolymerizing highly ordered liquid 

crystal monomers in the presence of a liquid crystal porogen. During polymerization 

the porogen is partly phase separating from the forming polymer network which yields 

the porous nature of the coating. During actuation of the porous network, either by light 

or by an electrical field, the liquid porogen is released. This process of liquid ejection 

is optimized as a function of the composition of the polymer network and liquid crystal 

porogen, the types of liquid crystal phase and the director orientation. Most optimum 

results were obtained with a liquid crystal network with frozen-in smectic order and a 

director alignment perpendicular to the surface. The generated knowledge also leads to 

control over the secretion location of the liquid enabling patterned liquid delivery 

position at the surface. For light actuation a photosensitive chromophore was 

copolymerized with the polymer network. This azobenzene-based compound changes 

its shape and molecular length by a trans to cis conformational change which contacts 

the polymer network and squeezes the mobile liquid to the surface of the coating. 

Alternatively, electrical fields were applied to induce liquid secretion. We found that 

high-frequency AC electric fields are required to release the liquids present in the 

(sub)micrometer pores. The mechanism of liquid secretion, in this case, is different 

from the light-driven system and is based on the dielectric displacement of the liquid 

which is steered by molecular alignment and the field. The electrical field, driven at 

radio frequencies, stimulates both the liquid transport in the coating and the release. As 

the liquid that is secreted can be re-absorb again by the coating, using reverse 

mechanisms and a combination of capillary effect and polymer elasticity, the liquid 

porogen could be replaced by more functional liquids. Some prospects of applications 

of the systems studied for medical treatment supported by experiments were discussed. 

 

The thesis ends with a technology assessment describing the potential applications and 

the challenges for future research of the described systems.  
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