
 

Reverse switching of surface roughness in a self-organized
polydomain liquid crystal coating
Citation for published version (APA):
Liu, D., Liu, L., Onck, P. R., & Broer, D. J. (2015). Reverse switching of surface roughness in a self-organized
polydomain liquid crystal coating. Proceedings of the National Academy of Sciences of the United States of
America (PNAS), 112(13), 3880-3885. https://doi.org/10.1073/pnas.1419312112

Document license:
TAVERNE

DOI:
10.1073/pnas.1419312112

Document status and date:
Published: 01/01/2015

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1073/pnas.1419312112
https://doi.org/10.1073/pnas.1419312112
https://research.tue.nl/en/publications/563a87e4-3e41-4e4d-9963-05f585761c69


Reverse switching of surface roughness in a
self-organized polydomain liquid crystal coating
Danqing Liua,1, Ling Liub,1, Patrick R. Onckb,2, and Dirk J. Broera,c,2

aGroup Functional Organic Materials & Devices, Department of Chemical Engineering & Chemistry, Eindhoven University of Technology, 5612 AZ
Eindhoven, The Netherlands; bMicromechanics of Materials, Zernike Institute for Advanced Materials, University of Groningen, 9747 AG Groningen,
The Netherlands; and cInstitute for Complex Molecular Systems, 5600 MB Eindhoven, The Netherlands

Edited by Peter Palffy-Muhoray, Kent State University, Kent, OH, and accepted by the Editorial Board February 9, 2015 (received for review October 7, 2014)

In this work we propose randomly ordered polydomain nematic
liquid crystal polymer networks to reversibly generate notable
jagged relief patterns at a polymer coating surface by light illumina-
tion. The domain size is controlled by the addition of traces of partly
insoluble fluorinated acrylate. The photoresponse of the coating is
induced by a small amount of copolymerized azobenzene mono-
mers. Upon exposure to UV light, azobenzene undergoes trans to
cis isomerization, resulting in a change in molecular order and pack-
ing within each domain. The extent of this effect and its direction-
ality depends on the domain orientation. Localized to domain level,
this morphological change forms large 3D spikes at the surface
with a modulation amplitude of more than 20% of the initial thick-
ness. The process is reversible; the surface topographical patterns
erase within 10 s by stopping the light exposure. A finite element
model is applied to simulate the surface topography changes of the
polydomain coating. The simulations describe the formation of the
topographic features in terms of light absorption and isomerization
process as a function of the director orientation. The random di-
rector distribution leads to surface structures which were found to
be in close agreement with the ones measured by interference
microscopy. The effect of domain size on surface roughness and
depth modulation was explored and related to the internal me-
chanical constraints. The use of nematic liquid crystal polydomains
confined in a polymer network largely simplifies the fabrication of
smart coatings with a prominent triggered topographic response.

surface dynamics | self-organization | switchable jagged surfaces |
polydomain liquid crystal polymer | light activation

In nature, living creatures have developed a series of motion
and surviving strategies based on unique topographic patterns

on their surfaces. The surface topographies range from static
patterns as, for instance, found on the leaves of the lotus flower,
repelling water and dirt particles, to the dynamic structures that
appear under certain conditions as found in many mammals. An
example is the pilomotor reflex at the skin of mammals which
creates insulation in cold conditions and provides protection by
scaring away predators when the body appears larger. To date,
many studies have been devoted to the use of static surface
topographies fabricated by wrinkling (1, 2), embossing (3), or
lithography. However, there is an increasing demand to make
these surface structures switchable in modern applications, such
as adjustable gas and water flow behavior at corrugated surfaces
(4), autonomously adjusting lenses (5), controlled wettability (6),
and modulated optics such as scattering, diffraction, or reflection
(7–9). Also, the mechanical properties can be altered by the
appearance or disappearance of protrusions at the surface (10,
11), such as friction, stick, and adhesion which manifest them-
selves in, e.g., haptic applications (12).
Our focus here is to develop dynamic topographic patterns at

surfaces that can be switched on and off in response to an ex-
ternal trigger. From literature it is known that a focused polar-
ized laser spot induces surface wrinkling in azobenzene modified
linear polymer films (13, 14). However, many applications require
polymers that can be switched over a much larger area under

relatively moderate illumination intensities. In addition, we in-
troduce the concept of a cross-linked coating which improves
thermal properties and the resistance against wear under abrasive
conditions. The elastic properties of the polymer network provide
reversibility to the systems where the structures evolve and dis-
appear by switching the light source on and off. Recently we
published on the light-induced formation of dynamic protrusions
in a system that consists of alternating homeotropic and chiral–
nematic liquid crystal network molecules modified with azo-
benzene moieties (15). Although the effects are spectacular, the
procedure to make these films is complicated and requires space-
modulated electrical fields to produce localized homeotropic
alignment. Another method we proposed is based on chiral liquid
crystals that adapt a so-called fingerprint configuration (16). It is
formed in the cholesteric phase of a liquid crystal monomer
mixture by carefully balancing the chiral force that rotates mol-
ecules along their helix axis and the anchoring force at the sub-
strate which acts as an unwinding force to promote the homeotropic
(perpendicular) orientation. Although we can here eliminate the
lithographic patterning and the additional electric field to align
the molecules, large efforts are devoted seeking for the delicate
balance between the two distinct forces and set limits to, for in-
stance, the coating thickness which should be on the order of half
the periodicity of the molecular helix.
A big step forward to the applicability of dynamic surfaces

would be a method to produce this functionality in a simple coating
process. Thereto we report here on a general approach to fabricate
dynamic surface topographies through the self-assembling process
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in a liquid crystal polymer coating. The method is based on the
formation of polydomain nematic liquid crystals. The employ-
ment of polydomain liquid crystals distinguishes itself from
conventional liquid crystal applications, such as in displays,
where a monolithic molecular alignment is desired. In poly-
domain liquid crystals, molecules are aligned in a discrete do-
main region instead of over the entire area. Throughout the
coating, domains are randomly distributed with various align-
ments ranging from uniaxial and parallel to the surface with
different orientations in the plane of the layer, tilted to the
plane of the film with various tilt angles to domains with a (close
to) homeotropic orientation.
To further support our understanding of the underlying actu-

ation mechanisms, a finite element model is used to simulate the
3D surface topography changes of the polydomain liquid crystal
coatings. A nonlinear light absorption model is used to account
for the attenuation of UV light and the corresponding isomeri-
zation process of the azobenzene molecules. Photoinduced strains
of the liquid crystal domains are linked to the generation of cis
isomers. Constraints from the substrate, together with interactions
between domains with different liquid crystal alignment, lead to
the surface profiles that are found to be in close agreement with
the experimental results.

Results and Discussion
Liquid crystals in their nematic phase tend to align along a
common vector ~n, called the director. The degree and accuracy
in which they align depends on many conditions. Important
parameters are the state and preparation of the substrates and
the purity of the liquid crystal mixture with respect to homoge-
neity, the presence of particles, and/or phase-separated com-
pounds. For instance, substrates provided with an anisotropic
surface, as a unidirectionally rubbed polyimide coating, give a nicely
uniaxial monodomain liquid crystal layer under the condition that
there are no contaminating particles present in the liquid crystal
mixture or at the surface. This is the configuration that is of most
interest for many, mostly optical, applications of these materials.
In this paper we adversely explore the use of a polydomain liquid
crystal layer. Here the layer breaks up in domains with varying
directors, often connected by disclinations where the director might
describe a complex rotation on its transition from one domain into
the other. To have control over the formation of the domains and
their sizes, we have dispersed a small concentration of a non-
soluble monomer into the liquid crystal monomer mixture. The
phase-separated monomer droplets disturb the long-range mo-
lecular order of the liquid crystal and nucleate domain formation.
The obtained polydomain state in the liquid crystal is frozen by
polymerization of the liquid crystal using UV light. Simultaneously
the droplets with the nonsoluble monomer become polymerized.
The mixtures that form polydomain polymerizable liquid

crystal coatings were composed from a set of liquid crystal mono-
mers provided with some additives as given in Fig. 1. Monomers
1–3 exhibit a nematic liquid crystal phase providing the molecular
alignment. This mixture of mono- and diacrylates has been chosen
such that it has good processing properties in the monomeric state,
such as a low crystalline melting temperature, good solubility in
organic solvents, and a wide nematic phase after evaporation of
the solvent. The presence and concentration of the cross-linking
diacrylate 1 regulates some important mechanical properties in
the polymeric state such as a glass temperature above room tem-
perature, thermal resistance against loss of order upon heating, and
a measurable formation of protrusions upon activation. Fluorinated
monomer 4 is added in low concentration. It reduces the surface
energy of the coating (Fig. S1). However, because of its limited
solubility in the liquid crystal acrylate monomers it remains
partly undissolved and becomes randomly dispersed as reactive
droplets in the liquid crystal medium after evaporation of the
solvent. It therefore stimulates the formation of the domains in

the monomeric state. The domain size is controlled by the con-
centration of this compound. After polymerization of the mix-
ture this compound remains dispersed as small polymerized
droplets chemically attached to the ordered polymer network.
The reactive azobenzene monomer 5 is added to make the
polymer sensitive for photoactuation. From previous studies we
know that already a concentration as low as 2 wt % is sufficient
to provide significant effects (15, 16). In this study we used 5 wt %
of 5. Photoinitiator 6 is chosen as it can initiate the photo-
polymerization by light exposure with wavelengths >400 nm
preventing undesired activation of the azobenzene compound
at this stage of the process. This mixture is dissolved in dichloro-
methane and spin-coated on clean glass without an alignment layer
but provided with a covalently coupled acrylated silane to pro-
mote adhesion. This silane has a weak tendency to orient liquid
crystal molecules perpendicular to the surface. After polymeri-
zation the polymer coating is hard and glassy and adheres firmly
to the glass substrate.
A cross-sectional schematic view of a polydomain liquid crystal

is presented in Fig. 2A. Although we realize that this figure is
oversimplified, it shows the basic principle. Each domain has its
own specific orientation. The director can be parallel, perpen-
dicular, or tilted with diverse angles and directions to the sub-
strate as shown in Fig. 2 A, 1, 2, 3, respectively. From domain to
domain, molecules align differently without any preference for
a specific orientation. A typical sample is shown in Fig. 2B as
observed by microscopy between crossed polarizers. The purple-
colored areas correspond to domains with a (close to) planar
alignment and the director close to 45° with the polarizer axes.
These areas have a retardation, as defined by the product of
thickness and birefringence, of around 1,000 nm and have colors
that can be found in the second-order region on the Michel–L�zvy
interference color chart (17). The other colors represent either
areas with a tilted alignment with respect to the surface or with
respect to the polarizer axes. Most black regions between crossed
polarizers remain black upon rotation, meaning that they have
a homeotropic orientation. A large variation in the domain size
is observed. In this specific sample, measured along an arbitrary
line, the smallest domain is about 7 μm whereas the largest do-
main is found to be 5 times larger.
The domain size can be controlled by the concentration of the

fluorinated monomer 4. The defects caused by the undissolved
dispersed droplets of this monomer disturb long-range order. An
increasing concentration, within the appropriate range, causes
smaller domain sizes. Polarized optical microscopy images in
Fig. 3 A–D show the effect of the concentration of 4 on the

Fig. 1. Monomers applied for the coating formulation.
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domain size. Large domains, on the order of 50 μm, are found at
a concentration of 0.1 wt % 4 (in fact, no phase-separated areas
are observed anymore at this low concentration) and smaller do-
mains, on the order of 10 μm, at a concentration of 1.5 wt %. In our
further study we keep the domain size in the range of 5–20 μm.
The photomechanical effect is induced by the azobenzene

monomer 5 (18–24). The azobenzene unit has two isomeric states.
In its elongated trans state this molecule is rod-like and complies
with the orientation of the liquid crystal moieties. When the film
is exposed to UV light the bent cis state of azobenzene is popu-
lated. The trans-to-cis isomerization results in a reduction of the
molecular order parameter (S) and a decrease in the density of
the liquid crystal network by the creation of free volume. The
reduction of S results in an anisotropic deformation where mol-
ecules tend to contract along ~n and expand perpendicular to it.
Whereas the deformation is restricted in the x–y plane by the rigid
substrate, both effects act simultaneously on the deformation in
the z direction. Furthermore, depending on the orientation of the
molecules with respect to the direction of the incoming light, the
light absorption is different (for the orientations of the molecules,
see the schematic representation in Fig. 2A). Using Eqs. 1–6
(Materials and Methods), we selected three representative light
penetration schemes using the parameters α = 30, β = 3, η = 3,
and S = 0.7. Note that these parameters are chosen for illustra-
tion purposes only; the actual parameters used in the simulations
were fitted to the measured transmitted light intensities (vide
infra). Fig. 4 shows the attenuation of the UV light and the changes
of the fraction of cis along the light-propagating path in the pho-
tostationary state for a coating with thickness 20dt, where dt is the
attenuation length for the azobenzene in the trans state. With light
incoming along the normal z, the most pronounced absorption is
found when the molecules are aligned in the x–y plane (~n⊥ z). In
contrast, the lowest absorption occurs where ~n k z because the
average direction of molecules is along the propagating direction
of the light, so that the molecules are nearly perpendicular to the
electric field vector in the electromagnetic wave and therefore
absorb less energy. The result is that the trans-to-cis conversion is
highest for the planar orientation near the surface, but reduces
sharply at larger depths where the concentration of cis remains
low. It is worth noting that even for the homeotropic case there is
still generation of cis due to the order parameter S < 1 in Eq. 4 and
the consequent absorption by the off-axis azobenzene moieties.
Before UV actuation of the polydomain coating, the initial

coating surface was analyzed by interference microscopy. Results

are shown in Fig. 5 A and B. A minor surface relief of around
40 nm is observed. This small relief is attributed to the Marangoni
effect in the monomeric phase. The surface energy difference
between planar and the more perpendicular aligned molecules
drives the molecules to accumulate slightly in the lower surface
energy regions where ~n k z (25). From the distance between the
maxima in this curve, one can conclude that the homeotropic
domains are randomly distributed and between 10 and 100 μm
apart, corresponding to the characteristics distances observed by
polarization microscopy.
The surface structure is formed immediately as the sample is

subjected to UV exposure. A reference kinetic measurement is
provided in SI Text (Fig. S2), showing the structure evolving within
10 s. An indirect method further validates the switching speed by
measuring the change of friction of two coatings sheared against
each other. As soon as the light is switched on, the surface spikes
form and the dynamic friction increases within seconds. An ex-
ample of the transient change in friction is shown in Fig. S3.
The surfaces activated by UV exposure are shown in Fig. 5 D

and E. In this specific sample the average of the depth modu-
lation ψ is 23%, with ψ defined as ðZt=ZoÞ× 100%, where Zt is
the height difference (depth) from the peak to the valley of the
adjacent profile and Zo is the initial coating thickness of 5 μm. As
is obvious from Fig. 5 D and E, there is a broad distribution of ψ
over the sample. The Zt distribution histogram in Fig. 5F shows
the density of the depth distribution of the entire coating surface
in Fig. 5D. Various surface heights ranging from 0.4 to 1.9 μm
are observed. The origin of this broad distribution is related to
the distribution in ~n over the sample. However, one should also
take into account that the domains cannot behave as individual
entities. They are mechanically connected to each other in a con-
tinuous polymer network. Nevertheless, the domains with ~n k z
are expected to be in the valleys of the surface and the domains
with ~n⊥ z are expected in the top, as anticipated in Fig. 2A. The
domains with~n⊥ z adjacent to domains with~n k z are expected to
form the highest tops as they benefit from the lateral forces
exerted by the ~n k z domains.
A standard methodology to quantify surface roughness is by

using the so-called Abbott–Firestone curve (also known as bearing
ratio curve) (26). In Fig. 5 C and F the upper horizontal axis
relates to the cumulative probability density function of ψ derived
from the height distribution histogram. In tribology the statistics

Fig. 2. Representation of polydomain liquid crystal networks (LCNs).
(A) Schematic representation of the predicted deformation of the poly-
domain liquid crystal. From A, 1 to A, 3, molecules are aligned in a uniaxial
(1), homeotropic (2), and tilted (3) manner. The arrows illustrate the direction
of expansion propensities upon actuation and the blue inset illustrates the
anticipated formation of surface structures. (B) Polarized optical microscopy
images of a polydomain texture as observed between crossed polarizers.
Bright regions correspond to planar or tilted regions and the black and
whitish areas to regions where the orientation is (close to) homeotropic. In
some black regions the orientation is tilted or planar with the x–y projection
of the director parallel to one of the polarizer axes.

Fig. 3. Polarized optical microscopy images of the polydomain textures
observed between crossed polarizers as a function of the concentration of
fluorinated acrylate. The concentration of fluorinated acrylate is (A) 0.1 wt%,
(B) 0.5 wt %, (C) 1.0 wt %, and (D) 2.0 wt %.
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around physical features of the formed profile are generally
quantified by the kurtosis value Rku as a measure of the sharpness
of the profile (27, 28). The transition between a wavy surface
profile and a spiky surface occurs at a value of 3. Generally, spiky
surfaces will have a high kurtosis value (Rku > 3) and the more
moderately undulating surfaces a low value (Rku < 3). In our
sample, the kurtosis value as derived from Fig. 5C is 2.95 for
the close to flat inactivated surface. In the activated surface it
becomes 3.65 (Fig. 5F) as the more spiky structures are formed.
This means that the coating transfers from a surface with “shallow
tips” to a surface with relatively “sharp hills” when irradiated with
UV light. Relaxation to the flat surface occurs also within about
10 s (Fig. S2), therefore the measurements are carried out in situ
during light irradiation. For further confirmation of the surface
changes we used the silicone rubber replication method by
molding the activated surface structure (29). The fast restoration
of the surface topography is related to the viscoelastic free-vol-
ume relaxation rather than to the cis- back to trans isomerization.
To validate the experimental results in terms of the assumed

mechanistic model we simulated the polydomain structure using
the methodology provided in Materials and Methods. Necessary
input parameters are the dimensionless numbers α and β, the
order parameter of the liquid crystal network S, the quantum
efficiency ratio η, and the attenuation length for the trans state
dt. The source light is diffuse and propagates normal to the top
surface. The order parameter S is taken to be 0.7, a typical value
for glassy liquid crystal polymers (30). For the ratio of quantum
efficiencies η we use an estimated value of 3 from ref. 31. Now
one can calculate α, β, and dt by comparing the calculated and
measured transmitted light intensity for different source in-
tensities. The experiments were done for a sample with a thick-
ness of 7.7 μm, 5 wt % azobenzene, and various incoming in-
tensities. The best-fitted model parameters were found to be α =
54.9, β = 14.3 for the illumination intensity of 600 mW·cm−2 and
the attenuation length dt = 0.998 μm. Details on the fitting
procedure can be found in Fig. S4 and Table S1.
For the mechanical properties, Young’s moduli were mea-

sured to be Ek = 989 MPa and E⊥ = 422 MPa. The Poisson ratio
for liquid crystal glassy polymers is in the range 0.3–0.4 (30).
Here we adopt νk= ν⊥= 0.3. The shear modulus along the director
direction Gk is chosen to be equal to Ek/(2 + 2νk) = 380 MPa. A
group of checkerboard-style polydomain coatings was simulated
using a mesh of 2,500,000 hexahedral elements and 2,761,011
nodes. The domains are simplified to have a cuboid shape with
square in-plane dimensions. Various structures were constructed
with a thickness of 5 μm and an in-plane domain size ranging
from 2.5 to 20 μm. For each domain the director orientation is
randomly chosen by picking the tilt angle ϕ and the azimuth angle
θ from a uniform distribution between 0 and 180° and between
0 and 360°, respectively (Fig. S5). The values of the optomechanical

coupling parameters, Pk and P⊥, are calibrated by comparing the
predicted surface profiles of the polydomain coatings with the
measured data from Fig. 5E. The calibration was done by keeping
their ratio νph = −P⊥=Pk unchanged and then varying one of them.
The νph is reported to range from 0.4 (32) to 0.7 (33). Here, we
adopt νph = 0.6. A νph larger than 0.5 indicates that there is
a volume increase after UV exposure for each domain due to
a positive photoinduced volumetric strain «

ph
vol = (Pk + 2P⊥Þnc. This

corresponds to the measured density decrease of a similar free-
standing liquid crystal film (29). An agreeable correlation between
the predicted and measured surface profiles of a domain size of
15 μm was found for Pk = −0.22 and P⊥ = 0.13. These values were
also adopted for the other domain sizes. Fig. 6 A, B, and D shows
the 3D surface corrugation profile superimposed by a contour plot
for the displacement along the thickness direction uz (in μm) for
domain sizes of 5 and 15 μm. Corresponding surface profiles for
these structures are shown in Fig. 6 C and E, respectively. Results
for domain sizes of 2.5, 10, and 20 μm can be found in Figs. S6–S8.
Clearly, the coatings with small domain sizes were found to

generate protrusions that are rougher and spikier compared with
the coatings with larger domain sizes, which was supported by
the prediction of the surface roughness (Fig. S9). Furthermore,
to quantify the effect of the domain size on the surface height
difference, we computed the average depth modulation (34)
(Fig. S10). The reason for the decreased depth modulation with
decreasing domain size is related to the increased level of con-
straint that the domains impose on each other. Another mani-
festation of the mechanical constraints was found to be present
in situations where planar domains were surrounded by domains
with directors close to homeotropic, leading to an enhancement of
the planar domain’s surface expansion. Finally, we study the effect
of the film thickness (normalized by the attenuation length dtÞ

Fig. 4. Profiles of (A) the fraction of cis molecules and (B) the reduced in-
tensity against the light-propagating distance reduced by the attenuation
length dt. The cases for planar, homeotropic, and 45° tilt angle are gener-
ated using α = 30, β = 3, η = 3, and S = 0.7.

Fig. 5. Interference microscope images of polydomain liquid crystal poly-
mer surfaces. (A) Three-dimensional image of the initial flat state, (B) its
surface profile, and (C) its distribution of the surface height difference Zt
and the corresponding Abbott–Firestone curve. (D) Three-dimensional im-
age of the UV activated surface topographies, (E) its surface profile relative
to the average activated surface height, and (F) its distribution of the surface
height difference Zt and the corresponding Abbott–Firestone curve. Arrows
in the plot indicate the corresponding x axes.

Liu et al. PNAS | March 31, 2015 | vol. 112 | no. 13 | 3883

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1419312112/-/DCSupplemental/pnas.201419312SI.pdf?targetid=nameddest=SF10


on the Wenzel roughness and average depth modulation in Fig.
S11. The results show a strong (linear) dependence of the depth
modulation and a weak dependence of the roughness on the film
thickness, as expected from dimensional arguments.
In conclusion, we have described a self-assembling design to

create surface-responsive coatings based on photopolymerized
nematic liquid crystal networks. By illumination with UV light,
the coating undergoes a change from a flat state to a jagged state
where random surface topographical textures are formed. To
realize this, we formed a polydomain liquid crystal film attached
to a solid substrate. The molecules are aligned only within the
region of the domain but the domains alter their molecular
orientation with respect to each other. The domain size is con-
trolled by the concentration of a nonsoluble polymerizable ad-
ditive. This method paves a simple and effective way to fabricate
smart coatings without involving tedious lithography, external
magnetic or electrical fields, or extra coating layers. The acti-
vated coatings exhibit a significant depth modulation of more
than 20% with a large distribution. A finite element model was
developed to predict the topographic changes of the polydomain
structure as a function of the director-dependent UV absorption
and trans–cis conversion, which was found to be in close agree-
ment with the experiments. A reduction in domain size was found
to lead to smaller profile height differences due to enhanced
mechanical constraints. An indication of the switching speed was
obtained by measuring the kinetic friction coefficient during cy-
cling of the coating between a flat and an activated jagged state.
The transition from low to high friction forces suggests a switch-
ing speed of 5 s. We anticipate the use of these dynamic surfaces
with variable friction and surface area for haptic applications, e.g.,
to provide feedback of touch input, or in robotic manipulation
controlling grip and release of objects (35).

Materials and Methods
Materials. Fig. 1 shows the components for our reactive mixtures. Liquid
crystal monomers 1–3 were obtained from Merck UK. Fluorinated monomer
4 was obtained from Sigma-Aldrich. Photoresponsive monomer 5 was cus-
tom-synthesized by Syncom (Groningen). Photoinitiator 6 was purchased

from Ciba Specialty Chemicals. Typically, thin films were fabricated from
a mixture containing 31.5 wt % 1, 45 wt % 2, and 15 wt % 3, 1.5 wt % 4,
5 wt % 5, 2 wt % 6. For reference measurements the concentration of com-
pound 4 was varied while keeping the ratio of the others the same. The con-
stituents were mixed by dissolving in dichloromethane. Differential scanning
calorimetry results show that this mixture has a melting temperature of 40°C,
above which it becomes nematic. Above 60°C the mixture is isotropic.

Sample Preparation. Glass substrates are cleaned by a 5-min dip in acetone
under stirring, 5 min in propanol-2 under stirring, flushed with demi water,
followed by drying with a nitrogen flow. To promote the adhesion of the
polymer on glass, the surface was treated using a vapor-phase reaction with
Silane A-174 (methacryloxypropyltrimethoxysilane; Sigma-Aldrich). A 33 wt%
concentration of monomer mixture dissolved in dichloromethane is spin-coated
on the glass plates. Spin-coating conditions are speed 1,500 rpm, acceleration
50 rpm·s−1, and duration 20 s. After evaporation of the solvent the mixture is still
in its monotropic (supercooled) nematic state at room temperature. The sample
was cured at 36 °C by UV exposure for 5min with an intensity of 400mW·cm−2 in
N2 atmosphere using a mercury lamp (Exfo Omnicure S2000) equipped with
a cutoff filter transmitting light >400 nm (Newport FSQ-GG400 filter). The
samples were postbaked at 120 °C under N2 to ensure full conversion of the
acrylate monomers. By UV-VIS we checked that the azobenzene has kept its
trans configuration (Fig. S12). The thickness of the final polymer coating is 5 μm.

Sample Characterization. The polydomain liquid crystal film is checked by po-
larized microscopy (Leica). The formation of topographical surface elements is
actuated by a 30-min exposure to a mercury lamp (Exfo; intensity 600 mW·cm−2).
The sample is overexposed to reach its final structure but the time was chosen to
allow sufficient time for manipulation during further experiments while being
sure that equilibrium was reached. The surface topography is measured using
interference microscopy (Fogal Nanotech Zoomsurf). The profile of the water
droplet on the liquid crystal coatings is measured by a contact angle device
(Dataphysics OCA-20). Surface friction is measured by sliding two liquid crystal
coating surfaces against each other in the activated and inactivated state. The
home-built measuring system has been published before (16). The modulus is
tested by a dynamic mechanical analysis tool from TA Instruments (DMA Q800).

Modeling. In light-induced actuation of liquid crystal polymers, the orienta-
tion of the director vector ~n plays a key role in (i) the director-dependent
absorption of light, and in (ii) the generation of director-aligned anisotropic
deformation. To study these effects for polydomain liquid crystal coatings,
we have developed a finite element model to predict the changes in 3D
surface topography as a result of the director-dependent attenuation of UV
light. It is assumed that the magnitude of the optomechanical effect is lin-
early proportional to the fraction of cis, nc (36). The coefficients of the
photoinduced strain tensor with respect to the local coordinate system read

«phij = Pijnc ,

with the local x1 axis aligned with the director ~n. With respect to this local
reference frame, the liquid crystal polymer is assumed to be transversely
isotropic with the rotational symmetry axis pointing along the director. The
components of the photoresponsivity tensor are given by

Pij =

0
@ Pk 0 0

0 P⊥ 0
0 0 P⊥

1
A,

with Pk referring to the contraction along the director and P⊥ to the expansion
in the plane perpendicular to it. The constitutive relation of the material reads

σij =Cijkl«
e
kl =Cijkl

�
«kl − «phkl

�
,

where Cijkl are the components of the elastic stiffness tensor, «eij the com-
ponents of the elastic strain tensor, and «ij those of the total strain tensor.
There are five independent mechanical properties for a transversely iso-
tropic material, namely Young’s modulus parallel to the director Ek, its
perpendicular counterpart E⊥, the Poisson ratio vk corresponding to a con-
traction perpendicular to ~n when an extension is applied along ~n, its coun-
terpart in the isotropic plane v⊥, and the shear modulus parallel to the
director Gk. After the UV actuation, the different director orientations in
neighboring domains lead to a mismatch between the local deformations.
Additionally, the constraint from the substrate suppresses the in-plane de-
formation of the coating. Thus, internal stresses are generated due to these
effects so that the final topography is a result of the superposition of the
photoinduced and elastic (mismatch) strains.

Fig. 6. Predicted activated 3D surface profiles with a contour plot for the
displacement along the thickness direction uz (in micrometers) and the
corresponding surface profile relative to the average activated surface
height. The domain size for A–C and D and E are 5 and 15 μm, respectively.
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To calculate the fraction of cis isomers after UV illumination, the nonlinear
light absorption model proposed by Corbett and Warner (37) was adopted.
Director-dependent absorption was introduced by using a polarization co-
efficient ζ (38).The coupled equations describing the evolution of the reduced
intensity, defined as the local light intensity divided by that of the source
light I = IðzÞ=I0, and the fraction of trans, nt and cis, nc = 1−nt, are given by

τ
∂nt

∂t
=
�
1+ βζIðz, tÞ�− ½1+ ðα+ βÞζIðz, tÞ�ntðz, tÞ, [1]

∂I
∂z

=
��

1
dt

−
1
dc

�
ntðz, tÞ+ 1

dc

	
ζIðz, tÞ, [2]

where the origin of the z axis is located at the bottom of the coating (at the
substrate) and its positive direction points upward toward the light source.
Two dimensionless parameters α and β are used to measure the level of
incident intensity and τ is the average lifetime of the cis molecules.

The isomerization process consists of three contributions: light-induced
trans-to-cis forward reaction, light-induced cis-to-trans back-reaction, and
thermally activated back-reaction with a rate of 1/τ. The dt and dc are the
attenuation lengths for trans and cis, respectively. They are related to the
ratio between the quantum efficiencies of trans and cis η by

dt

dc
=
β

α
η: [3]

The parameter ζ is the polarization coefficient for diffuse light illumination (38)

ζ =
1
3
½1− SP2ðcosϕÞ� , [4]

where P2ðxÞ is the second Legendre polynomial P2ðxÞ= ð3x2 − 1Þ=2 and S
is the order parameter of the liquid crystal polymer. The ϕ is the angle

between the director ~n and the propagating direction ~k. The incorporation
of the polarization coefficient ζ enables us to take into account the differ-
ence in light attenuation between domains with different director align-
ments. We assume the director in each domain will remain unchanged
through the thickness, leading to a constant ζ per domain.

One can obtain the time-evolution history of I and nc by solving the
nonlinear coupled differential Eqs. 1 and 2 subjected to the boundary
conditions I = 1 at the top surface of the coating and nt = 1 at t = 0. In this
paper, we only account for the photostationary state, i.e., the state in
which the forward-reaction rate equals the sum of the two back-reac-
tions. The values for the trans and cis fractions at the photostationary
state can be obtained by equating the right-hand side of Eq. 1 to zero,
resulting in

ntðzÞ= 1+ βζIðzÞ
1+ ðα+ βÞζIðzÞ ,

ncðzÞ= αζIðzÞ
1+ ðα+ βÞζIðzÞ:

[5]

By substituting Eq. 5 into [2], the reduced intensity through the thickness is
given by the nonlinear equation (37):

ln  I +
ðα− βηÞ
βð1+ ηÞ ln

�
1+ βð1+ ηÞζI
1+ βð1+ ηÞζ

�
=

ζ

dt
z: [6]

One can solve Eq. 6 to find the depth profile of the reduced intensity and
then substitute it into Eq. 5 to obtain the fraction of trans and cis through
the thickness.
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