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Ordered Honeycomb Structure Surface Generated by
Breath Figures for Liquid Reprography

Liping Heng,* Jie Li, Muchen Li, Dongliang Tian, Li-Zhen Fan,* Lei Jiang, and

Ben Zhong Tang*

In this paper, photoelectric cooperative induced patterned wetting is demon-
strated on a hydrophobic ordered polymeric honeycomb structure surface,
which is prepared by BF method, then photosensitizing with a dye and hydro-
phobizing with low-surface-energy materials; finally, photoelectric cooperative
induced patterned wetting is achieved on such a hydrophobic honeycomb
structure surface. These results indicate that this work is promising for broad-
ening the applications of photoelectric cooperative liquid reprography, which
break the limitations of only using inorganic materials and super-hydrophobic
materials. It should be of great scientific interest to extend the relevant
research from inorganic nanorod, nanopore, and nanotube structures to
polymeric honeycomb structures, because polymeric materials can overcome
the inherent drawbacks of the inorganic materials owing to their advantages
of low specific weight, flexibility, tunable material properties, and wide variety.

1. Introduction

Porous-structured materials, especially highly ordered porous
polymeric films have been studied intensively in the past dec-
ades. At present, there are several ways to fabricate regularly
porous films including templates,™ lithography,®l emul-
sions,* colloidal crystals,>® and so forth. Among them, the
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breath figure (BF) process is the simplest
method to prepare honeycomb structures,
which was firstly reported by Frangois
et al. in 1994.1 After that the formation
mechanism of the honeycomb structure
has been suggested by Francois et al.!
and then revealed by Shimomura and co-
workers in detail.®] This method is more
competitive compared to other methods
because it is non-polluting, cheaper and
faster. In the past ten years, many works
have mainly focused on changing poly-
mers and solvents to prepare ordered
porous films by the BF process.>?
Recently, research focus in this field
started to concentrate on fabricating new
structures, such as patterned structures
and three dimensional structures,!314
and developing new function, such as photoelectric conver-
sion,® photocatalysis,!'®l antireflection,'”] hydrophobicity, '8l
high mechanical strength!'®?% and cell adhesion.?'-*1l How-
ever, their applications, particularly in the liquid reprography
aspects, have not yet drawn the scientific attention.
Stimuli-responsive surface wettability has been intensively
studied under external stimulus such as thermal treatment,?
pH,12>2 light irradiation,?’?! electric fields,***!l and sol-
vent treatment.3233 Specially, the cooperation of two different
stimuli seems to be a trend for more effective surface wetting
tunability.?*37] Among them, the photoelectric cooperation
stimulus is a more-effective way for regulating surface wet-
tability. Recently, our group achieved the patterned wettability
transition from the Cassiel*® to the Wenzel state® on super-
hydrophobic surfaces such as aligned-ZnO-nanorod array sur-
face,* aligned-nanopore array surface of TiO, -coated nanopo-
rous AAO film*! and CdS quantum dots sensitized TiO, nano-
tubes*?l by photoelectric cooperative wetting process, which
had been used for liquid reprography. However, all of these
surfaces reported above based on inorganic materials are prone
to damage due to their low mechanical strength and high fran-
gibility, so they could not sustain repeated printing. Meanwhile,
because of the limited categories of the inorganic materials,
their practical application was limited. In addition, all of these
surfaces reported above are superhydrophobic surfaces, while
the practical applications of superhydrophobic surfaces are still
not universal because there are many problems needed to be
solved. Firstly, it is difficult to prepare a large area of superhy-
drophobic surfaces because of the harsh preparation conditions.
Secondly, superhydrophobic surfaces are not stable and robust
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because micro-structures of the superhydro-
phobic films were easily damaged or scraped
by external forces in the long-term operation
process, which could result in a gradual loss
of superhydrophobicity. As a result, it is dif-
ficult to apply liquid reprography on such an
inorganic superhydrophobic surface. Hence,
a robust film with good flexibility and excel-
lent stability of hydrophobicity for photoelec-
tric cooperative liquid reprography towards
practical applications is still a challenge.
The geometry of the honeycomb structure is
ordered-pore array which is similar to AAO
membranes.*! Such a structure is expected to
display excellent liquid reprography behavior.
It should be interesting to extend the relevant
research from inorganic nanorod, nano-
pore and nanotube structures to polymeric
honeycomb structures, because polymeric
materials can overcome the inherent draw-
backs of the inorganic materials owing to their advantages of
low specific weight, flexibility, tunable material properties and
wide variety. To our best knowledge, the development of honey-
comb structure surface by using polymeric materials for liquid
reprography is still a challenge for modern science.

Here, we displayed photoelectric cooperative induced pat-
terned wetting on a hydrophobic ordered polymeric honeycomb
structure surface. The hydrophobic honeycomb structure sur-
face was prepared by BF method, then photosensitizing with
a dye and hydrophobizing with low-surface-energy materials;
finally, photoelectric cooperative induced patterned wetting was
achieved on such a hydrophobic honeycomb structure surface.
The patterned wetting process on this structure was easily con-
trolled by the parallel structure of the adjacent pores. This work
will promote the practical applications of photoelectric coop-
erative liquid reprography, which break the limitations of only
using inorganic materials and super-hydrophobic materials.

122.5 +3.3°.

2. Results and Discussion

2.1. Fabrication of the Hydrophobic Honeycomb
Structure Surface

The mechanism of honeycomb formation has been described
by several authors® 2 and will be only briefly outlined here.
When the water-immiscible organic solvent starts to evapo-
rate, the solution surface temperature decreases. Water from
the atmosphere starts to condense. Because the condensation
takes place on an unstructured liquid surface, the water drop-
lets have a narrow size distribution. With ongoing evaporation
of the organic solvent, these water droplets can grow until the
solution becomes too viscous. The droplets of the condensed
water self-assemble into a hexagonally ordered array at the air/
solution interface. After the evaporation of solvent and water
droplets, the well-ordered honeycomb structure is left on the
film surface. The detail synthesis and characterization informa-
tion of polymer 1 (P1) used in experiments is shown in Chart
S1 (Supporting Information). The UV-Vis spectra of P1 in THF
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Figure 1. SEM images, water CA photographs, and schematic diagrams of the as-prepared
honeycomb structure film. Top view SEM image (top) and schematic diagrams (bottom) of
the as-prepared a) polymer honeycomb structure, b) N3 dye coated polymer honeycomb struc-
ture, and c) polymer honeycomb structure sensitized by N3 dye and modified with FAS. Inset
photographs show the corresponding CAs on respective surface are 120.3 + 5.1°, 69.7 £ 2.8°,

solution show that its absorption peak appears in the region
of around 340 nm (Figure Sla, Supporting Information). The
UV-Vis spectra of P1 solid film show that its absorption peak
appears in the region of around 300-400 nm (Figure S1b, Sup-
porting Information). These curves illustrated that the solid
state absorption peak red shifts comparing with P1 solution,
the light can be hardly absorbed by the p1 solid film when the
wavelength is larger than 450 nm. Photoluminescence (PL)
spectra of P1 in THF/hexane mixtures with different hexane
volume fractions are shown in the Figure S2 (Supporting Infor-
mation), and it is found that the PL intensity is enhanced with
increase of the non-solvent hexane volume fraction. That is to
say, this molecule has the aggregation-induced emission (AIE)
property.[*>*1 The AIE feature of this polymer will benefit the
study of photoelectric cooperative wetting mechanism, which
will be discussed in detail as follows.

Figure 1 shows the scanning electron microscopy (SEM)
images, water-contact angle (CA) photographs, and schematic
diagrams of the as-prepared porous structure film. Figure la
and Figure 1b are the top-view SEM images before and after
the honeycomb structure film were sensitized with cis -bis(4,4’-
dicarboxy-2,2"-bipyridine) dithiocyanato ruthenium(II) (N3
dye), respectively. Figure 1c is the SEM image after the film
was modified by heptadecafl uorodecyl-trimethoxysilane (FAS)
(Figure S3, Supporting Information), which can improve the
surface hydrophobicity, and protect their morphologies from
being damaged. In fact, the pore inner surface can be modi-
fied by N3 dye and FAS. The honeycomb-patterned films were
sensitized by a solution (0.5 mmol L™ of N3 dye in dry ethanol
by dip coating method, then treated with the vapor of hepta-
decafluorodecyl-trimethoxysilane (FAS) for 3 h. Ethanol CA
on the porous films is about 0°(shown in the Figure S4, Sup-
porting Information). So N3 ethanol solution can enter into the
pores due to the capillary effect on this superhydrophilic film.
The solution can completely fill the pore and the pore inner
surface can be modified by N3 dye. Then the pores were treated
with the vapor of heptadecafluorodecyl-trimethoxysilane (FAS)
which can enter the pore inner surface, forming the structure
of Figure 1c. The pore diameter is about 1.5 pm, while the
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average wall between two pores increased from (0.5 + 0.1) to
(0.8 £ 0.2) and (0.8 £ 0.2) pm, respectively. Inset photographs
show the corresponding CAs on respective surface are 120.3
5.1°, 69.7 + 2.8°, 122.5 * 3.3°, indicating that the N3 sensitizer
decreased the CA, while FAS modification can increased the
hydrophobicity of the surface. As a result, the prepared honey-
comb structure surface was tuned to be a hydrophobic surface
with a CA of 122.5 + 3.3° (Figure 1c). More importantly, the
honeycomb structure film was kept well during the printing
process as shown in Figure S5 (Supporting Information), dem-
onstrating the robustness and reliability offered by organic
polymeric materials. Meanwhile the side-view SEM images
indicate that the pores are grown almost perpendicularly onto
the substrate with a thickness of about 4 pm, and the adjacent
pores have been separated each other by the wall.

www.afm-journal.de

2.2. Wettability Transition on the Honeycomb Structure Surface
Induced by Photoelectric Cooperation Stimulus

Wettability changes on the honeycomb structure surface
induced by electric fields and photoelectric cooperation stim-
ulus were studied systematically. Figure 2a—c show the elec-
trowetting phenomenon investigated on the honeycomb
structure surface. We can see that the honeycomb structure
surface had a CA of about 120° (Figure 2a) at the initial stage.
When a voltage of 24.9 V was applied, the CA began to decrease
and finally reached <5° at 33.6 V (Figure 2b), but the CA did
not change after the voltage was turned off (Figure 2c). That
is to say, the electrowetting happened when the applied voltage
ranged from 24.9 V to 33.6 V. Analogically, photoelectric coop-
erative wetting was examined, as illustrated in Figure 2d-f.

0 10 20

Voltage(V)

30 40

Figure 2. Electrowetting and photoelectric cooperative wetting on the honeycomb structure film surface. a) With no voltage applied, the CA is around
120°. b) The CA decreases finally reaches <5° at 33.6 V. c) After the voltage is turned off, the CA does not change. d) With light illumination, the CA is
around 120° at 0 V. e) With light illumination, the CA decreases and finally reaches <5° at 26.4 V. f) After the light and the voltage are turned off, the
CA remains the same. g) The CA as a function of the applied voltage is measured with (e) and without (o) light illumination. The applied voltage can
be divided into three regions: in region @, electrowetting cannot occur, even with light illumination; in region @, electrowetting takes place with light
illumination; in region ®, electrowetting also happens without light illumination. Region @ is considered to be the suitable work-around for photoelec-

tric cooperative wetting. The symbols “+” an represent the anode and cathode of the electrical source, respectively.
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When white light with an intensity of about 240 mW cm™
illuminated the surface, and a voltage of 10.8 V was applied,
the CA began to decrease and finally reached <5° at 26.4 V.
(Figure 2e). Similarly, the CA remained almost the same, even
after the light and the voltage were turned off (Figure 2f). Here
the photoelectric cooperative wetting appeared as the applied
voltage ranged from 10.8 V to 26.4 V. Eventually, a remarkable
wettability transition was realized with a CA change as large
as 120°. Based on the CA versus voltage curve of electrowet-
ting as shown in Figure 2g, the threshold voltage was about
24.9 V without light, while it was about 10.8 V with light. It
is evident that the CA finally reached <5° both without and
with light illumination, while the former situation needed a
higher voltage for electrowetting. According to the conditions
of electrowetting, the applied voltage can be divided into three
regions. In region ®, electrowetting cannot occur because
the applied voltage does not reach the threshold voltage; in
region @, electrowetting takes place under light illumination
because the light illumination reduces the threshold voltage; in
region ®, electrowetting also happens even without light illu-
mination, owing to the applied voltage exceeding the threshold
voltage. Thus, region @ is considered to be the suitable work-
around for photoelectric cooperative wetting. It should be
noted that inorganic materials have the contact angle satu-
ration during the photoelectric collaborative wetting testing
process,***2 but the polymeric materials have no this phenom-
enon, since the film will be broken when the applied voltage is
above 26.4 V. This situation is also found in our other studies.
Considering the CA change range and the film stability during
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photoelectric cooperative wetting, a voltage of 21 V was chosen
for the following study. These results strongly demonstrate that
photoelectric cooperative induced wetting can be realized on
the honeycomb structure surface fabricated by using organic
polymeric materials.

2.3. Liquid Reprography on the Honeycomb Structure Surface

In order to examine the possibility of liquid reprography
induced by patterned-light illumination on the honeycomb
structure surface, a detailed process was given Figure 3, in
which the testing method was similar to that described in
the literature.**#2 When the commercial water-soluble ink
was added onto the honeycomb structure surface below the
threshold voltage, air was trapped in the pores!*! (Figure 3a),
which is attributed to the transitional state between Wenzel's
and Cassie's state of the hydrophobic surface (this transitional
state was confirmed by calculation, shown in Figure S6, Sup-
porting Information).*®! With the patterned light (ie., “a”)
illuminating the honeycomb structure surface through a photo
mask, the wettability of the patterned-site transferred from the
transitional state to the Wenzel state (Figure 3b),3% and thus
the ink entered into the pores. After the light and the voltage
were turned off, the ink pattern “a” was left with the removal
of redundant ink (Figure 3c). Finally, the ink pattern was easily
transferred from the honeycomb structure surface onto hydro-
philic printing paper, and the desired reprographic image,

“a”, was successfully obtained (Figure 3d). Similarly, other

b)

Local Wenzel regime

Removel of surface
redundant 1

Transfer ink
to a paper
PP E—

Ink pattern

Figure 3. Schematic diagrams of the liquid reprography process. a) Surface wettability behaves hydrophobic transitional state below the electrowetting
threshold voltage. b) Surface wettability locally transits from transitional state to Wenzel state under the patterned light “a” illuminating to the porous
structure film below the electrowetting threshold voltage. c) After the light and the voltage are turned off, ink pattern “a” is left with the removal of
redundant ink. d) When the ink pattern is transferred onto a printing paper, the desired image “a” is obtained.
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reprographic images can also be obtained. During the liquid-
reprography process, when the applied voltage exceeds the
threshold voltage, photoelectric cooperative wetting occurs, the
surface wettability of the porous film changes from hydrophobic
to hydrophilic at the patterned illumination site. After the light
and the voltage are turned off, the hydrophilicity of the region
remains almost the same. Based on this character, ink can enter
into the pores due to the capillary effect in this hydrophilic
region. The other region is still the original hydrophobic state
due to the low-surface-energy compound modification. Thus
the residual ink on the hydrophobic region can be removed by
the filter paper carefully. Here, we can see the picture marginal
was not clear because the reprographic resolution is not high.
In fact, the resolution of liquid reprography is related to the
pore diameter. The smaller the pore diameter is, the higher the
resolution is. In this work, the pore diameter is about 1.5 pm.
Thus, resolution of liquid reprography is not so high.

2.4. Mechanism of Photoelectric Cooperative Liquid
Reprography on the Honeycomb Structure Surface

To understand the mechanism of this photoelectric cooperative
liquid reprography on the honeycomb structure surface, the
photoconductivity property and the special surface structure of
the honeycomb structure should be carefully examined. Here,
the N3-dye-sensitized organic honeycomb structure film, as a
composite photoconductor layer, shows good photoconduction
in the visible region. The UV-vis diffuse-reflectance spectra
in Figure 4a show that the N3-dye- sensitized organic honey-
comb structure film presented much-weaker light reflection
at around 400-700 nm than that of before sensitization, thus
allowed maximum harvesting of light in the UV-vis region.
The photocurrent action spectrum in Figure 4b shows that
the N3-dye-sensitized- organic honeycomb structure film had
a broad photoelectric response over almost the whole region
around 450-700 nm, indicating that the N3 dye could strongly
sensitize the organic honeycomb structure film. As shown in
Figure 5a,b, the electrochemical impedance decreased greatly
under the illumination, illustrating that this polymer composite
system has a good photoconductivity property. The Nyquist dia-
grams of the impedance spectra obtained in the dark and under
illumination for the N3-dye-sensitized- honeycomb structure
film in Figure 5c showed that the film had a high electrical
resistance in the dark, acting as a dielectric layer, while it pre-
sented a lower electrical resistance under illumination as a
conductive layer. And the bode diagrams of the electrochemical
impedance spectra obtained in the dark and under light illumi-
nation for the N3-dye-sensitized-polymer honeycomb structure
film as shown in Figure 5d measured under the illumination of
one sun at open-circuit potential. From the medium-frequency
semicircle in the bode plots, it can be seen that the low fre-
quency peak of film under illumination is shifted to high fre-
quency compared with that in dark, verifying that the interfacial
charge recombination between the photo-injected electron and
electrolyte materials was encumbered.

These results indicate that the N3 dye strongly sensitized the
honeycomb structure film due to the efficient electron transfer
from the polymer to the excited state of the N3 dye, as illustrated

Adv. Funct. Mater. 2014, 24, 7241-7248
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Figure 4. The photoelectric-properties characterization of the N3-dye-
sensitized- polymer films. a) UV-vis diffuse-reflectance spectra of
polymer honeycomb film and N3-dyesensitized- polymer honeycomb
films. b) Photocurrent action spectrum of the N3-dye-sensitized-polymer
honeycomb film.

in detail in Figure 6a. The lowest unoccupied molecular orbital
(LUMO) energy levels of P1 and the N3 dye are -2.7 eV and
-3.6 eV (Figure S7, Supporting Information), respectively. The
highest occupied molecular orbital (LOMO) energy levels of P1
and the N3 dye are -5.6 eV and -5.7 eV (Figure S7, Supporting
Information), respectively. N3 molecule is easily excited by
white light because it has a broad absorption in the visible light
region (shown in Figure S8, Supporting Information). Excited-
state N3 is both a very good electron acceptor and an excel-
lent electron donor material. Here N3 molecule is an electron
acceptor material according to their energy levels. So the effi-
cient electron transfer from the polymer to the excited state of
the N3 dye occurred when the film was irradiated by the white
light. Efficient photoinduced electron transfer is a prerequisite
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Figure 5. a) Variations of the open circuit voltage with the time, b) Variations of the electrochemical impedance with the time, ¢) Nyquist and d) Bode
diagrams of the electrochemical impedance spectra obtained in the dark and under light illumination for the N3-dye-sensitized-polymer honeycomb
films. The inset shows the corresponding enlarged drawing. The spectra were measured under the illumination of one sun at open-circuit potential.

for achieving efficient liquid reprography in organic composite
systems. Here, both the top and the inner surface N3 modifi-
cation play a key role for the liquid reprography, because the
photoelectric cooperative wetting effects is related to the total
amount of dye. If we only modified the top surface, the total
amount of dye is small which can make the threshold voltage
large and the work-around small. The photoelectric cooperative
wetting effects are affected and difficult to achieve the liquid
reprography. One concern that might arise is whether the
photoinduced electron transfer occurs between the dye and
polymer molecules. We also test the efficiency of photoinduced
electron transfer through photoluminescence (PL) measure-
ments. As shown in Figure 6b, although the FL intensity of
polymer in solution is genuinely weak P1 is highly emissive in
its solid state, demonstrating its AIE property. But in the N3 dye
sensitized- honeycomb structure film, direct contact of the dye
layer with the polymer layer led to a dramatically reduced PL
intensity from polymer due to the efficient photo-induced elec-
tron transfer in the interpenetrating donor/acceptor network by
inter-diffusion of dye into the pores of polymer matrix. Conse-
quently, the effective thickness of the dielectric layer decreases,
as described by Equation 1, the threshold voltage drops, and
then electrowetting happens.

Eo€y

cosOy, = cosO, + (V-Vz) 1)

Y

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where 6, is the initial CA with no voltage applied, 6y is the CA
at a voltage V, g, is the permittivity of vacuum, &, is the permit-
tivity of the dielectric layer, d is the thickness of the dielectric
layer, iy is the surface tension of the liquid—vapor interface,
and Vr is the voltage that needs to compensate the influence of
the trapped charges.

Compared to the smooth surface with the CA of (88.2 £ 2.3)°
(advancing angle 6,, = (105.3 % 1.8)°), the pore surface has a
higher CA of (122.8 + 2.6)° (advancing angle 6, = (138.7 + 1.2)°),
suggesting that the pore surface is the transitional state between
Wenzel's and Cassie’s state (see Figure S6 in Supporting Infor-
mation). To further thoroughly understand the mechanism of
the patterned wettability transition, we model the wetting of
the ordered honeycomb structure surface in Figure 7, on the
assumption that the pores were arranged approximately in
a regular, hexagonal array with an average pore diameter of
1.5 £0.3 pm and a spacing of 0.8 + 0.2 pm (based on Figure 1c).
From Figure 7, it is clear that electrowetting occurs only at the
illumination site. The reason why the pores are effective at pre-
venting spontaneous transitions from the transitional state to
the Wenzel state is due to the advancing angle, 6,,, that the
liquid has to exceed in order to wet the bottom of each pore.
Accordingly, the liquid will stay on top of the pores and remain
in the transitional state between Wenzel's and Cassie’s state
unless an external pressure is applied to overcome the hydro-
static pressure, AP, which must be exceeded before water will
intrude into the pores. AP is given as:[*]

Adv. Funct. Mater. 2014, 24, 7241-7248



'A\
M“h\‘liié

www.MaterialsViews.com

a) -27ev
[
tUMo -3.6eV
hv
S5.6eV NG, eedlm 57ev
Polymer Dye
b) 1.2
PHF
0.9
2
‘» 0.6
c
Q
k=
—1 0.3-
o N3/PHF
0.0 4 —Z& : e TS
500 600 700
Wavelength/nm

Figure 6. a) Schematic energy level diagram of the N3-dye-sensitized-
polymer honeycomb structure film and photoexcited electron transfer
process, b) PL spectra of polymer honeycomb film (PHF), polymer hon-
eycomb film coated with N3 dye(N3/PHF), and polymer solution (PS).
Excitation: 450 nm.

AP =-ly.y(cosB,)/A (2)
In Equation 2, I is the circumference of a pore, A is the cross-
sectional area of a pore and 6, is the advancing angle of liquid
on the surface. Equation 2 predicts the hydrostatic pressure to
be 9.82 x 10* Pa, which is a considerable wetting-energy barrier
at atmospheric pressure and must be overcome if the liquid is
to intrude into the pores. For the illumination site, photoelec-
tric cooperative wetting induces the CA to decrease and causes
an electrocapillary pressure, ECP, which is given by:*!

b)

light

light

Figure 7. Schematic diagrams of the wetting model of the as-prepared
honeycomb structure film. a) the initial state schematic diagrams. It
shows that wetting does not occur when P < AP; and b) are the final liquid
wetting state schematic diagrams of the illumination site. It clearly shows
that electrowetting occurs only at the illumination site when P> AP.
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ECP = =
A 2A d

(V=Vy) (3)

The ECP can promote the influx of the liquid into the pores,
as long as the condition ECP > AP is satisfied. Calculated by
Equation 3, the ECP was 1.1 X 10° Pa in this study, which was
enough to overcome the hydrostatic pressure, AP. Meanwhile,
the liquid could not spread to the unilluminated sites, on
account of the solid-wall blocking. Clearly, the clear ink pattern
on the aligned-pore array structure could be easily controlled
because only the condition of AP < ECP was needed, showing
the excellent controllability.>")

3. Conclusions

In conclusion, we have demonstrated the photoelectric coop-
erative induced patterned wetting process on the hydrophobic
organic polymer honeycomb structure film surface. The
ordered photoconductive pore array provides a wetting condi-
tion for the patterned wettability transition, and micro-scale
liquid can be controlled by designing the nanostructures of the
surface and controlling the ECP. Liquid reprography has been
achieved through the patterned wetting process on the hydro-
phobic organic honeycomb structure film surface, which is a
novel concept for the organic honeycomb structure system,
represents new progress in liquid reprography and is prom-
ising for broadening the application of photoelectric coopera-
tive liquid reprography. This result is of great scientific interest
to extend the relevant research from inorganic materials to
polymer materials.

4. Experimental Section

Preparation of the Hydrophobic Honeycomb Structure Surfaces: P1
used in this experiment with a molecular weight of about 23 400 was
synthesized according to the literature. The detail synthesis and
characterization information was in Chart S1. P1 solutions with different
concentration were prepared by dissolving appropriate amounts of
polymer in chloroform. Water was purified using a Milli-Q purification
system (Millipore Corp., Bedford, MA) to give a resistivity of 18 MW cm™".
A solution of polymer 1 in chloroform (100 uL, 2 mg mL™)
was cast on cleaned ITO substrates at room temperature (24 £ 1 °C)
under a humid atmosphere with relative humidity of about 85%,
and honeycomb-patterned films were obtained. Subsequently, the
honeycomb-patterned films were sensitized by a solution (0.5 mmol L™
of N3 dye in dry ethanol and then dried at 60 °C for 1 h, then treated
with the vapor of heptadecafluorodecyl-trimethoxysilane (FAS) for
3 h. The composite honeycomb-patterned films dielectric layer for the
photoelectric cooperative induced wetting process was then obtained,
with a thickness of 4-5 pm. More importantly, a smooth polymer layer
was also formed at the air/ITO interface when the polymer solution
was coated onto the ITO (Figure S5c, Supporting Information). FAS
coated onto the N3-sensitized honeycomb-patterned films were used to
prevent electrolysis to damage N3 molecule during the electrowetting
measurements.

Instruments and Characterization: SEM images were obtained using
a JEOL JSM-6700F SEM at 3.0 kV. The CAs were measured using a
Dataphysics OCA20 CA system at ambient temperature. A 2 pL water
droplet was used in all of the water-CA measurements. At least five
different positions were measured and averaged to get a reliable
value, using the same sample. A solar simulator (CMH-250, Aodite
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Photoelectronic Technology Ltd., Beijing) was used as the light source.
The applied voltage in the electrowetting measurements was supplied
by a dc power source; the corresponding voltages were obtained directly
without time steps to achieve more-exact data in the experiment. UV-Vis
spectra were obtianed using a Hitachi U-3010 UV-Vis spectrometer, and
fluorescence spectra were recorded on a Hitachi F-4500 fluorescence
spectrophotometer. The electrochemical impedance measurements were
carried out on a Zahner IM6eX impedance analyzer (Germany) under
illumination of 100 mW c¢m™ and open-circuit conditions. The action
spectra of the monochromatic incident photo-to-current conversion
eciency (IPCE) for solar cells were collected using a commercial setup
(PV-25 DYE, JASCO). A 300 W Xenon lamp was employed as light
source for generation of a monochromatic beam. The electrochemical
cyclic voltammetry (CV) was conducted on a CHI650D electrochemical
workstation with glassy carbon, platinum wire, and Ag/Ag+ electrode
as working electrode, counter electrode and reference electrode
respectively, in a 0.1 wm tetrabutylammonium hexauorophosphate
(Bu4NPF6) acetonitrile solution.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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