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Reversible Fragmentation and Self-Assembling 
of Nematic Liquid Crystal Droplets on Functionalized 
Pyroelectric Substrates
 Investigation on the behavior of nematic liquid crystals on functionalized 
polar dielectric crystal substrates is accomplished. Very interesting effects can 
be observed in maneuvering liquid crystal droplets on the substrate surface, 
driven by electric fi elds generated by pyroelectric effect. Reversible drops frag-
mentation and self-assembling in different confi gurations can be achieved. 
The dynamics of the observed phenomena is studied and the repeatability of 
the process is full assessed. 
  1. Introduction 

 Liquid crystals (LCs) fi nd wide applicability in many fi elds ranging 
from display systems as well as in optics and photonics. [  1–9  ]  The 
major attractive feature of LCs lies in the fact that their optical 
properties can be modulated by electric, optical or magnetic 
fi elds. At present, many issues are still open and further develop-
ments for manipulating and dynamically control LCs are highly 
demanding in many emerging fi elds of technology but also in 
fundamental research. For example LC tunable lenses have been 
extensively studied and many successful confi gurations have 
been designed and experimentally demonstrated. [  10–13  ]  Optical 
microresonators [  14  ]  and unique optical elements for quantum 
cloning of orbital angular momentum photon qubits [  15  ]  have 
been developed. LC based optical devices such as electro-optic 
switches and beam scanners have been proposed for application 
in managing radiation and imaging in THz region. [  16–18  ]  
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 In many of these proposed devices, 
the delivering of liquid crystals is accom-
plished by ink-jet printing methods, but 
effi cient alternatives could be the spatial 
self-assembly of LC drops. 

 On the other side, ferroelectric and/or 
pyroelectric crystals are widely studied and 
employed for patterning or assembling 
organic and inorganic structures, [  19–25  ]  
also displaying different behaviors 
depending on the sign of the charged sur-
face. [  26  ]  In particular, lithium niobate (LN) 
fi nds applications as selective decoration of LN domains by 
polystyrene microspheres, [  22  ]  fabrication of silver nanowires on 
LN domain boundaries, [  27  ]  as well as Ag deposition on periodi-
cally poled LN (PPLN) [  28  ]  and deposition of different elemental 
metals confi ned to the ferroelectric LN domain walls. [  29  ]  

 Furthermore, combination of photonics properties of LN with 
LC electro-optics could be also provided if taking into account 
the recent advancements for LN crystal in photonics. [  30  ]  

 Lately, a novel approach has been discovered for manipu-
lating different classes of liquids by exploiting the pyroelectric 
effect, where the strong electric fi elds pyroelectrically generated 
allow to manipulate liquids in 2D on a substrate or even in 3D 
for dispensing liquids from one liquid reservoir to a dispensable 
substrate. Among various applications demonstrated by taking 
advantage of this effect we cite spatial modulation of the wet-
tability (i.e., wettability patterning), fabrication of arrays of solid 
polymeric microlenses, realization of arrays of tunable liquid 
lenses, and fi nally liquid dispensing, patterning and curing at 
nanoscale. [  31–36  ]  

 In this paper the behavior of LC droplets on z-cut LN wafers 
is reported. [  37  ,  38  ]  The LN sample is functionalized in various 
confi gurations, in particular by micro-engineering its ferro-
electric domains (i.e. by spatially arranging the inverted fer-
roelectric domains) and covering its surface with a fi lm of 
hydrophobic polymer. Very promising effects are reported and 
discussed. Essentially, a reversible uniform fragmentation of 
large LC drops has been observed. [  39–45  ]  In fact, driven by the 
pyroelectric fi elds obtained by a thermal stimulus applied to 
the LN substrate, the fragmented drops are self-assembled 
on the substrate according to the underneath ferroelectric 
domain patterned structures into LN. Successive coalescence 
of the fragmented tiny drops is observed on a longer time 
scale. Reversible character of the whole process has been veri-
fi ed. The aforementioned phenomena are deeply investigated 
3267wileyonlinelibrary.com
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     Figure  1 .     (a) Side and (b) top view of a big LC drop placed onto a PDMS substrate. The cal-
culated contact angle is about 50 ° . (c-d) Side and (e) top view of the sample after heating: the 
big drop is fragmented in a “mother” drop (c) and “daughter” droplets (d).  
and results of many experiments are shown in different 
confi gurations.   

 2. Liquid Crystal’s Fragmentation and 
Self-Patterning 

 When deposited on a hydrophobic (i.e. non-wetting) substrate, 
a liquid thin fi lm undergoes instability phenomena, mainly 
driven by inter-molecular forces (e.g. hydrogen bonds or van 
der Waals forces) and by variations of the surface tension with 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

     Figure  2 .     Fabricated samples. Sample A: PDMS fl at fi lm on PPLN Z- face; sample B: PDMS fl at 
fi lm on PPLN Z +  face; sample C: PDMS microlens array on PPLN Z- face; sample D: PDMS mic-
rolens array on PPLN Z +  face. The plus and minus represent the signs of the electric charges. 
On the left optical microscope images of the PDMS fl at fi lm on PPLN (fi rst row) and PDMS 
microlens array (second row) are reported. The pitch of the structures is about 200  μ m.  
www.MaterialsViews.com

temperature or liquid composition. [  46  ]  The 
conditions for which these instabilities pro-
duce dewetting are governed by the interac-
tion potential of the fi lm, which describes the 
effective interaction between the solid-liquid 
interface and the liquid-air interface. [  47  ]  On 
the other side it is known, in some circum-
stances, the low hydrophobicity of the widely 
used polydimethylsiloxane (PDMS) polymer 
in contact with a nematic LC. [  48  ]  

 Starting from these assumptions, the 
behavior of a nematic liquid crystal in contact 
with a PDMS substrate, subject to a tempera-
ture variation has been tested. It has to be said 
that, due to the PDMS non-full wettability, it is 
diffi cult to obtain a LC homogeneous thin layer 
upon it. Vice versa, the LC arranges itself in 
drops, with a relatively large contact angle, as 
shown in  Figure    1  (a-b). Thanks to the applied 
thermal input, a dewetting-like phenomenon 
occurs, in analogy with Sun et al. [  45  ]  The ther-
modynamic instability produces a fragmenta-
tion of the big drops into smaller droplets, with 
the “daughter” drops surrounding the “mother” 
one, [  43–45  ]  as displayed in Figure  1 (c-e).  

 At this point we might ask: what would 
occur if under the PDMS layer, a geometrical 
structure was present, capable to drive these 
small droplets, that otherwise would be distributed on the 
substrate in a random confi guration? The answer is very fasci-
nating, and will be exposed in the following. 

 Experimental measurements are carried out on four different 
samples, that we named A,B,C and D, and represented in  Figure    2  . 
Details about the fabrication of all samples are given in the experi-
mental section. In the following experiments a small quantity of 
nematic liquid crystal 1-( trans -4-Hexylcyclohexyl)-4-isothiocyanato-
benzene, [  49  ,  50  ]  abbreviated 6CHBT (with phase sequence Cr 12.5  ° C 
N 43.2  ° C l), from Sigma Aldrich, is placed onto each sample. This 
LC has been chosen for the polar structure of the molecule. The 
importance of this statement will be clear soon.  
 Successively, the sample is heated on a hot 
plate at 90  ° C (above the nematic to isotropic 
transition temperature) for 30s and then 
placed at room temperature under an optical 
microscope in transmission confi guration. 

 In the case of a PDMS fi lm spin-coated 
onto the Z- face of a periodically poled 
lithium niobate (PPLN) substrate (sample A), 
the starting situation is that of many LC drops 
(with different dimensions) scattered all over 
the sample, as in Figure  3 (a). On heating 
the specimen, a quite uniform fragmenta-
tion of the LC drops occurs; a high density of 
smaller droplets covers the whole sample, as 
reported in  Figure    3  (b) and (c). This phenom-
enon resembles the well-known dewetting 
effect. [  31  ,  46  ,  47  ,  51–55  ]   

 The behavior of the liquid crystal drops 
during the cooling step requires some further 
nheim Adv. Funct. Mater. 2012, 22, 3267–3272
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     Figure  3 .     Temporal evolution of the experiment on sample A. (a) LC drops scattered on the 
sample without any geometry, before heating. Magnifi cation is about 500. (b) First frame of 
Movie 1: fragmented LC droplets suddenly after heating at 90  ° C, much smaller than before 
heating. LN hexagonal domains are not well visible, covered by the droplets. (c) Magnifi ed view 
of (b). (d) Last frame of Movie 1 (2 hours after beginning of cooling) and (e) corresponding 
scheme. (f) Bigger fi eld of view of (d). (g) Coalesced LC drops on the sample after some days 
at room temperature: the confi guration is almost random as before heating.  
analysis. For doing this, different images recorded at the micro-
scope during cooling (with a room temperature of 22  ° C) for 
two hours are reported. Figures  3 (b) and (d) show two signifi -
cant pictures from a dynamic recorded sequence (Movie 1), one 
at the beginning of cooling process (b) and the second 2 hours 
later (d). Figure  3 (e) represents the scheme corresponding 
to Figure  3 (d), while Figure  3 (f) is a de-magnifi ed view of 
Figure  3 (d). 

 The fi rst evidence is that almost all of the LC drops move 
selectively in the areas around the hexagons. The further sig-
nifi cant aspect is that the fragmented drops gradually coa-
lesce. After two hours, in fact, the average size of the drops 
is substantially increased (see Figure  3 (d)). This phenomenon 
could be probably ascribed to a reduction of the interfacial ten-
sion between nematic LC and PDMS with the decreasing of 
temperature. [  56  ]  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3267–3272
 Moreover, the process is reversible in 
the sense that after a (almost long) lapse of 
time the drops relax and lose their gained 
self-assembled pattern. Figure  3 (g) shows an 
image after four days from the start of the 
cooling process, where the casual re-arrange-
ment of LC drops can be observed. At this 
point, the sample is re-utilizable, meaning 
that a new heating would lead to a new frag-
mentation, a new droplets coalescence and 
so on. 

 If the PDMS layer is deposited onto the Z +  
face of the PPLN crystal (sample B) an oppo-
site behavior is obtained, demonstrating that 
the phenomena are driven by the sign of the 
pyroelectric charge. After the fragmentation 
process the tiny droplets will coalesce again 
but this time the resulting LC droplets move 
 onto  the hexagons and remain trapped there 
for some hours, as shown in  Figure    4  . In this 
case the direction of the LN crystal dipoles is 
inverted into the hexagons, with respect to 
the case of sample A (see Figure  2 ). As also 
shown in Movie 2 (fi rst frame in Figure  4 (a)), 
LC droplets move and remain trapped onto 
hexagons, attracted in this case from the 
tail of the dipole arrow. The fi rst frame of a 
movie (Movie 3) describing the path of single 
droplets is reported in Figure  4 (b). The coa-
lescence of small droplets into bigger ones, 
while migrating onto the center of the hex-
agonal domain can be observed. 19 hours 
after the beginning of the cooling process, the 
situation is that of Figure  4  (c), with the coa-
lesced drops still present onto the hexagons. 
Figure  4 (d) is taken under crossed polarizers, 
thus putting in evidence the birefringent 
nature of liquid crystals. In Figure  4 (e), a time 
of the experiment corresponding more or less 
to Figure  4 (c) is depicted.  

 The phenomenon at the basis of this exper-
imental behavior is the well-known dielectro-
phoresis, widely described in literature. [  57–67  ]  
In this case, however, the process is not induced by an external 
electric fi eld, but it is due to a pyroelectric effect. So in this case 
we speak of pyro-electrophoretic effect, already described in, [  68  ]  
but with different samples. The advantage of using liquid crys-
tals, in this case, is the birefringent behavior of these materials 
and their well-known ability to change the polarization of the 
incident polarized light and, consequently, the huge technolog-
ical impact they have. 

 The basis of the phenomenon is, as said above, the pyro-
electric effect in PPLN. [  69  ,  70  ]  When temperature  T  is constant, 
i.e.  Δ  T   =  0, there is no variation in the polarization  P  of the 
crystal, since the surface charges compensate that of the 
crystal, resulting on the whole neutral. If vice versa  T  increases 
(or decreases), the polarization decreases (or increases) conse-
quently, and surface un-compensated charges arise. So a non-
negligible electric fi eld is generated onto the crystal surface. 
3269wileyonlinelibrary.comheim
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     Figure  4 .     Experiment performed on sample B. (a) Starting frame of Movie 2 where the sample 
is heated at 90  ° C and then cooled at room temperature for one hour. (b) First frame of Movie 
3: the trajectory of fi ve LC droplets during 62 minutes of sample cooling is monitored. (c) The 
sample 19 hours later, at room temperature, and (d) under crossed polarizers: Maltese crosses 
are well visible. (e) Scheme of the experiment.  
Let’s now suppose the surface of the crystal is Z- and consider 
the case  Δ  T   <  0, i.e. a cooling situation. As observed before, 
in this case LC droplets are repulsed by inverted domains 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei

Figure 5. Microscope image of sample C cooled for 1 hour (in the LC’s 
plane). The domains charges’ signs are indicated (Z- face of the crystal). 
Inset: same image but in the lenses focus plane.
(hexagons) and place themselves among 
them, forming a sort of matrix, as schema-
tized in Figure  3 (e). The LC molecules are 
repulsed from a positive charged region. Vice 
versa, if the surface under consideration is 
Z + , LC droplets are attracted by hexagons 
(in this case negative regions), as depicted in 
Figure  4 (e). This behavior has to be ascribed 
to the strong dipole moment of the 6CHBT 
liquid crystal molecule. [  49  ]  In fact, analysis 
of electrostatic potential distribution shows 
that the head of the molecule exhibits nega-
tive potential, while the edges of the aromatic 
ring have a positive potential. The potential of 
the rest of the hydrocarbon chain is roughly 
neutral. [  49  ]  

 The situation is analogous with samples 
C and D. In these cases, however, arrays 
of PDMS microlenses, that can be acti-
vated using the pyro-electrophoretic effect, 
are present (see Figure  2 ). As an example, 
 Figure    5   reports an image of sample C one 
hour after fragmentation (i.e. after heating). 
Sample D (PDMS microlenses on LN Z +  
face) exhibits a behavior similar to that of 
sample B, as expected.  Figure    6  (a-b) shows 
the fragmentation of LC drops after heating 
and their migration onto microbumps. After 
one hour, the situation is again similar to 
that of Figure  4 (c), but this time the resulting 
effect is a single drop of LC on each micro-
bump. In case, this latter phenomenon could 
be exploited to obtain self-arrangement of 
small LC lenses. In fact, the coalesced LC 
drop produces a lens effect (Figure  6 c), 
although smaller than that produced by the 
PDMS bump (Figure  6 d).  
 In the case of sample D, the droplets fragmented pattern 

occurring after heating is not randomly distributed, as it is 
for sample A (see Figure  3 (b-c). In fact, as reported in Fig-
ures  6 (a-b), LC droplets are aligned along radial directions 
passing through the center of each hexagonal domain. The 
geometrical arrangement suggests the fragmented drops are 
aligned along the lines of the electric fi eld components in the 
plane of the substrate, and travel onto the domain following 
these lines (in analogy with the phenomenology described in 
Movie 3 for sample B).  Figure    7  (a-b) represents this situation, 
while Figure  7 (c) and (d) show a close-up of Figures  6 (b-c), 
respectively, in order to appreciate the lines formed by the LC 
droplets and their successive migration to the center of the 
domain.   

 3. Conclusions 

 In summary, many different effects of 6CHBT nematic liquid 
crystal droplets on periodically poled lithium niobate crystals 
covered with PDMS polymer, subject to a pyroelectrically gener-
ated electric fi eld, are reported in this paper. 
nheim Adv. Funct. Mater. 2012, 22, 3267–3272
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     Figure  6 .     (a-b) Microscope images of sample D few instants after heating (Z +  side of the 
crystal). The fragmented droplets are onto hexagonal domains (with negative charges), 
according to the previous measurements. (c-d) Images of the sample one hour later (i.e. after 
one hour of cooling): (c) in the LC’s plane and (d) in the PDMS lenses focal plane. Inset of 
(c): image in the LC lens’ focal plane.  

Figure 7. (a) Side and (b) top view of the electric fi eld lines pyroelectrically generated, going 
from the positive charges (around hexagons) to the negative (onto hexagons). (c-d) Micro-
scope images of one hexagonal domain of sample D (c) few seconds after heating and 
(d) one hour later.
 We observed fragmentation effects of drops in smaller ones, 
migration to different regions of the sample according to the 
geometry of the lithium niobate substrate (pyro-electrophoretic 
effect) and following the electric fi eld lines, successive coales-
cence in bigger drops with the possibility of new fragmentation 
(reversibility of the process), square-matrix arrangements and 
lens effects, and planar alignment of the liquid crystal directors 
(Maltese crosses). 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3267–3272
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 This novel approach for manipulating 
liquid crystals by pyroelectric effect, where 
the strong electric fi elds generated through 
a thermal stimulus allow to manipulate liq-
uids in 2D on a substrate, can be suitable for 
applications such as spatial modulation of the 
wettability (i.e. wettability patterning), or, in 
principle, a dynamical optical element able to 
switch from a diffuser state (fragmentation) 
to a microlens array (coalescence state). In 
case, the birefringent microlenses could be 
also tunable. Of course, the coalescence effect 
should be helped by an appropriate micropat-
terning of the substrate allowing to have coa-
lescence in fi xed locations.   

 4. Experimental Section  
 Samples preparation:  A polished 500- μ m-thick LN 

z-cut crystal (Crystal Technology Inc.) is subject to 
conventional mask-photolithography and standard 
periodic electric fi eld poling in order to achieve a 
square array of hexagonal reversed domains. [  71  ,  72  ]  An 
external voltage, exceeding the coercive fi eld of the 
material (around 21 kV/mm), is necessary to reverse 
the ferroelectric domains; the inversion selectivity is 
ensured by an appropriate resist pattern, generated 
by conventional photolithography. The period of the 
obtained domains is around 200  μ m along both x 
and y crystal directions. [  69  ]  Different samples have 
been prepared by covering the PPLN samples 
with thin layers of polydimethylsiloxane (PDMS) 
polymer solution (Dow Corning Sylgard 184, 10:1 
mixing ratio base to curing agent), spin-coated at 
6000 RPM for 2 minutes. Experiments are performed 
by using both sides of the PPLN samples, Z- and Z + . 
We have prepared samples with thin and uniform 
layer of PDMS and samples with micro patterned 
PDMS microbumps structures, [  31–33  ]  that are also 
useful as an array of microlenses. The whole process 
to obtain this PDMS solid structures is described in 
detail in. [  33  ]  As schematized in Figure  2 , samples A 
and B consist of a homogeneous thin layer of PDMS 
spin-coated on the Z- (A) and Z +  (B) face of the LN 
substrate, while samples C and D are placed onto 
a hotplate at a temperature of 170  ° C for 30s, thus 
inducing the formation of PDMS microlenses (on Z- 
and Z +  respectively), following the arrangement of 
the hexagonal domains. [  31–33  ]   

 Supporting Information 
 Supporting Information is available from the Wiley 
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