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Self-organized surface patterns from the nano- to microscale inspired by
nature find wide applications in functional intelligent materials in various
fields. In particular, complex patterns with the reversible topographies that
do not alter the material’s intrinsic properties allow for the possibility of
on-demand control of the surface properties. Herein, a facile strategy is
presented to fabricate a micro/nanopatterned surface whose morphology can
be changed timely and spatially by light. The complex pattern is fabricated on
the surface of a photocuring coating through a one-step, self-patterned pro-
cess, in which self-assembly of fluorinated azobenzene-containing polymer
and photoreversible isomerization lead to the generation of compressive
stress, resulting in the formation of a reversible surface pattern. The revers-
ible change of the pattern morphology allows for light control of the adhesion
and wettability of the surface. Moreover, the one-step approach to fabricate
the complex pattern possesses characteristics similar to the formation pro-
cess of the self-organizing micro/nanopatterns in nature. The feasibility and
generality of this approach for obtaining such bioinspired, photoreversible,
and self-organized patterned surfaces will find wide applications in functional
intelligent materials with properties that can be tuned on-demand without

as lithography, replica moulding, and
self-organization. In biological systems,
a bottom-up strategy has been adopted
to hierarchically structure molecules to
meter-scale biological organisms. Among
these bottom-up techniques, surface pat-
tern of a thin film is widely used to fab-
ricate complex patterns on the surface,
which usually involves compressive stress
caused by the modulus mismatch between
the surface and the bulk of the materials.
Moreover, the resulting complex pattern
on the artificial materials exhibits charac-
teristics similar to the surface pattern in
biology, such as papilla of the lotus and the
venation network pattern of a leaf.[*2! The
ability to reversibly change complex pat-
tern morphology is another important and
interesting issue because it allows for the
possibility to control the surface proper-
ties on-demand.1%1222] Octopus and cut-
tlefish are excellent examples in that they

altering the material’s intrinsic properties.

1. Introduction

As demonstrated by nature, self-organized surface patterns
from the nano- to microscale can endow living creatures
with certain types of special properties, such as self-cleaning
effects,'™*  antireflectivity,>>= controlled adhesion and
release,!'%1? and the ability to capture water from fog.!'>-"! For
example, geckos and some insects can control surface adhe-
sion because of the complex micro- and nanofibrillar arrays
on their legs.'%18 Inspired by these surface patterns and the
interesting functions that are observed in nature, researchers
have developed two common methods to fabricate structured
surface patterns: top-down and bottom-up methods,*?% such
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can rapidly switch their skin texture from

smooth to complex 3D protuberances, or

papillae, to camouflage themselves.?3-2¢]

The bottom-up strategy usually involves
fewer fabricating steps than does the up-down strategy, which
leads to a short fabrication time, low cost, and consequently
increased convenience.'>?"] However, there are few reports on
using the bottom-up strategy to fabricate the micro/nanopat-
tern surface.

In this paper, we present a facile bionic bottom-up strategy
to fabricate a micropatterned surface, whose morphology can
be changed timely and spatially by light. The complex micro/
nanopattern was fabricated on the surface of a photocuring
coating through a one-step, self-organized patterned process,
in which the self-assembly of fluorinated azobenzene (AZO)-
containing polymer and photoreversible isomerisation lead to
the generation of compressive stress, resulting in the forma-
tion of a reversible surface pattern. The reversible change of
the pattern morphology allows for light control of the adhesion
and wettability of the surface. Light as a stimulus provides a
facile approach to tune the surface features spatially and tem-
porally and has some advantages over other stimuli, such as
solvents,!?’l temperature,?® electrical field,” and mechanical
force.}33 The light-control has been harnessed to obtain ver-
satile micro/nanopatterns and structures such as wrinkle.?+-36l
Moreover, it is well known that the gratings pattern generated
by the polarized light illumination of AZO-containing poly-
mers with the well-ordered arrangement of liquid crystal mole-
cules’’# or the pattern of the multilayer systems containing

wileyonlinelibrary.com

(1 0f9) 1600528

didvd 11nd


http://doi.wiley.com/10.1002/admi.201600528

[
™
A
g
-l
wd
=
[

1600528 (2 of 9)

www.advmatinterfaces.de

www.MaterialsViews.com

Figure 1. a) Chemical structure of fluorinated AZO copolymer P(Fx-AZOy-MMAZ) and schematic illustration showing the photoisomerization of
AZO moiety. b) Strategy for the photoreversible, micropattern. c,d) 3D AFM images of photoreversible micropattern of P(F-AZOg-MMA)/A-BPE-10
film under 365 nm UV irradiation for 1 min and 60 min, respectively. e) The characteristic height (H) of surface micro/nanopatterns and the photoi-
somerization conversion ratio (®) of AZO moiety in the micro/nanopatterned P(F-AZOg-MMA) /A-BPE-10 films as a function of UV exposure time. For
the convenience of statistical calculation, the photostationary state after sufficient UV exposure time at 365 nm is regarded as the complete photoi-
somerization state. f) The superficial area (S) as a function of the photoisomerization conversion ratio (®) of the AZO moiety of the surface pattern
P(F-AZOg-MMA) /A-BPE-10 films with different UV exposure times. The concentration of P(F-AZOg-MMA) is 2 wt%.

AZO molecules with photo illumination using the top-down
methods.** Yet the photoreversible microsurface pattern
applying the biomimetic bottom-up method is rarely reported.
Our one-step approach of micropattern to fabricate complex
patterns possesses characteristics similar to the formation pro-
cess of the self-organizing micro/nanopattern of biology in
nature.

2. Results and Discussion

2.1. Photoinduced Growth of the Micropattern

The entire strategy to fabricate the photoreversible micropattern
is illustrated in Figure 1. AZO-containing fluorinated polymer
can self-assemble to form the top layer at the air/monomer
liquid interface because of its low surface energy and vertical
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phase separation of fluorinated carbon chains. Upon exposure
to 365 nm UV light, the conventional radical polymerization
takes place in the bulk layer, whereas the photoisomerization
of AZO moieties from trans to cis occurs in the top layer. The
different volumetric changes between the top and bulk layers
can cause compressive stress, resulting in the simultaneous
formation of a surface pattern. Because of the well-known
reversible photoisomerization of AZO, the morphology of the
surface pattern is expected to be tunable with light. In our
typical experiments, P(F-AZOg-MMA) and the bifunctional
acrylate A-BPE-10 are chosen as the AZO-containing fluori-
nated copolymer and the photocurable monomer, respectively.
The chemical structures and detailed synthesis and characteri-
zation of these materials can be found in the Supporting Infor-
mation (Figures S1-S4 and Table S1). A photocurable mixture
of A-BPE-10 and P(F-AZOg-MMA) (2 wt%) with a trace amount
of photoinitiator 1907 was drop-coated onto the glass slide
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substrate. The surface pattern with lanky mastoid-shape fea-
tures was observed by AFM(Atomic Force Microscope) on the
surface of the cured film after irradiation with 365 nm UV light
for 60 min under N, protection (Figure 1d), suggesting the fea-
sibility of the strategy illustrated in Figure 1b. Note that our
micropattern is quite different from the gratings pattern gen-
erated by the polarized light illumination of AZO-containing
polymers with the well-ordered arrangement of liquid crystal
molecules” 2 or micro/nanopattern of multilayer systems
containing AZO moieties using the top-down methods.[*>*4
The AZO-containing fluorinated polymer P(F-AZOg-MMA) is
the key component in our strategy, which involves the forma-
tion of a top layer through the interfacial self-assembly and
photoisomerization of AZO moieties.

The self-assembly of P(F-AZOg-MMA) at the air/monomer
liquid interface to form the top layer was confirmed by X-ray
photoelectron spectroscopy (XPS). The strong signal related to
F 1s was found in the XPS spectrum of the cured film's surface.
The fluorine content of the surface is close to that of P(F-AZOg-
MMA) (Figure S5, Supporting Information), indicating that
the surface should be completely covered by P(F-AZOg-MMA).
A control experiment was conducted to further understand
the function of P(F-AZOg-MMA) on the surface pattern.
Instead of P(F-AZOg-MMA), the AZO-containing copolymer
P(AZOg-MMA,) without fluorocarbon chains was added to the
mixture of photocurable resin. No obvious surface pattern on
the surface of the cured film with P(AZOg-MMA,) was observed
in the AFM image (Figure S6, Supporting Information), sug-
gesting that the fluorocarbon chains are necessary for the gen-
eration of the surface pattern. Generally, creating the double
layer is one of the key steps in forming the surface pattern.
Because there are no fluorocarbon chains of low surface energy,
P(AZOg-MMA,) cannot self-assemble at the air/liquid interface
to form the top layer, resulting in no formation of the surface
pattern.

To obtain detailed insights into the formation behavior of the
micropattern, we used AFM to trace the surface morphology
dependence on irradiation time and used UV-vis spectra and
real-time Fourier transform infrared (FTIR) to trace the kinetics
of AZO’s photoisomerization and photocrosslinking of A-BPE-
10, respectively. The photocrosslinking of A-BPE-10 in the bulk
layer is very fast and was nearly complete in 1 min under UV
irradiation (Figure S7, Supporting Information). Compared
to the fast photocrosslinking of A-BPE-10, the photoisomeri-
zation of AZO from the trans to cis state is much slower, and
the photostationary state was reached in 60 min by UV irra-
diation (Figure S8, Supporting Information). After irradiation
by UV light for 1 min, the surface of the cured film was quite
smooth, and no pattern was observed by AFM (Figure 1c and
Figure S10, Supporting Information). This result suggests that
the micropattern was not caused by the photocrosslinking of
A-BPE-10. Because of the low density of the C=C double bond
in A-BPE-10, the photocrosslinking of A-BPE-10 in the bulk
layer cannot lead to enough compressive stress to trigger the
formation of the pattern. The surface pattern became obvious
with increasing UV irradiation time, and the bamboo shoot-
shaped bulge with a height of 200 nm was revealed by AFM
after UV irradiation for 60 min. The statistical character-
istic height (H) of the micropattern determined by AFM line
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analysis, and photoisomerization conversion ratio (®) of the
AZO moiety increased with the increasing UV irradiation time
(Figure le and Figure S10, Supporting Information). Based on
the AFM, UV-vis, and RT-FTIR results, we proposed that photo-
induced trans to cis transition of AZO moieties of P(F-AZOg-
MMA) in the top layer leads to the generation of a micropat-
tern. The trans isomer of AZO, with its straight rod-like shape,
tends to align itself along the direction of and can tightly pack
with vertical stretched structures in the plane. However, the cis
isomer, with a curved shape, is less regular and cannot pack
as closely as the trans isomer. The configuration transformation
of P(F-AZOg-MMA) from the trans to cis form under UV irra-
diation requires more space, resulting in the expansion of the
top layer. The mismatch of the volume change between the top
layer and the bulk layer leads to compressive stress, resulting in
the generation of surface pattern. Upon visible light illumina-
tion, the surface pattern vanishes as AZO isomerizes from the
cis to the trans form. Therefore, it is the photoreversible isomer-
ization of AZO on the molecular scale that leads to the revers-
ible surface pattern on the microscale.

2.2. Photoreversible Micropattern

Because the isomerization process of the AZO group is
photoreversible, the limited space would be released with the
photoisomerization from the crooked and noncompact cis form
to the tightly packed trans form. It is expected that if the cured
A-BPE-10 film irradiated by 365 nm UV light was subsequently
exposed to 450 nm visible light irradiation, the size of the
micro/nanopatterns of the patterned film would decrease with
the photoisomerization process. Therefore, irradiation with UV
light will generate surface pattern, whereas visible light will
erase the micro/nanopattern. Indeed, the as-prepared film with
the micro/nanopattern exhibits a photoreversible morphology
(Figure 2). The corresponding morphology of the film surface
with alternate irradiation of UV and visible light was monitored
by AFM (Figure 2a—e). The height (H) and root mean square
surface roughness (RMS roughness) of the film surface micro/
nanopatterns were determined by AFM line analysis (Figure 2f).
As revealed in Figure 2, when the as-prepared micro/nanopat-
terned A-BPE-10 film exposed to 365 nm UV light for 30 min
was subsequently exposed to 450 nm visible light for 6 h, the
height of the film micro/nanopatterns decreased from 150 nm
to =60 nm, accompanied by a sharp decline in the RMS sur-
face roughness. Interestingly, after 12 h of visible light irradia-
tion, the micro/nanopatterns disappeared and the film surface
became almost plain, with a large decrease in the surface RMS
roughness to a very low value. Because of the release of extrusion
stress with the photoisomerization process from the crooked
and noncompact cis form to the tightly packed trans form upon
450 nm visible light exposure, the ordered configuration of the
AZO moiety on the top layer of the film required less space and
the protuberance micro/nanopattern was relaxed. The genera-
tion and disappearance of micro/nanopatterns is determined
by the molecule structure deflection of the AZO moiety in the
top layer of the film as a result of the photoisomerization of
the AZO groups under light irradiation. It is remarkable that
the patterned film can undergo photoreversible morphology
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Figure 2. a—e) 3D AFM images and f) their corresponding height and RMS surface roughness showing the tunable morphology of micropattern
P(F-AZOg-MMA) /A-BPE-10 films with sequential, cyclic photocontrol using 365 nm UV light followed by 450 nm visible light irradiation. a—e) The inset
text shows the illumination type and corresponding irradiation time. f) The top axis text shows the illumination type. UV represents for 365 nm UV light,
VIS represents 450 nm visible light. The white and gray regions represent 365 nm UV light exposure and 450 nm visible light irradiation, respectively.

from surface pattern to a plane film for more than three
cycles (Figure 2). This result indicates that the micro/nano-
patterns were erased and recovered circularly upon light irra
diation of different dimensions, also suggesting the feasibility
of the photoreversible micro/nanopattern.

As for our gradient bilayer system prepared by the self-
assembly of fluorinated polymer at the air/liquid interface,
topographic transition resulting from the surface instability
response to external stimulate is indeed a controlled, revers-
ible surface roughening transition. We purposed this surface
instability-induced micropattern as a special “wrinkle” pattern
whose dynamical growth of the micropattern develops from the
initial nonperiodic, nucleation-like, isolated features to the final
periodic continuous architecture. The surface micropattern can
be described by a sinusoidal vertical deflection of the film

y:Asin(%r-x) (1)

where D and H are the characteristic dimension and height
(peak to valley) of the sinusoidal micro/nanopatterns,
respectively.

The superficial area of the top layer (S) of sinusoid-shaped
micro/nanopatterns in one period is equal to the indefinite
integral of the sinusoid function in the interval of one dimen-
sion (D)

S= JOD ydx (2)
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Substituting Equation (1) into Equation (2) yields

S:JDAsin 2 dxz—i cosl—w—cosO (3)
0 A 20 2

Because De @ = 27, cosw = —1 and cos0 = 1, the following
equation is obtained

.

S=
2r

“)

Regardless of the extremely small change in thickness before
and after irradiation, the superficial area (S) of the micro/
nanopattern represents the volume change of micro/nanopat-
tern fluctuation in the horizontal plane. In our photoreversible,
micropattern system, the volume change of AZO molecules
induced by the configuration transformation of P(F-AZOg-MMA)
results in the extrusion to neighbors and the protrusion micro/
nanopattern, which is responsible for the morphology transi-
tion of the film surface. In other words, the volume change
of the sinusoid micro/nanopatterns (superficial area, S) is
dependent on the molecular volume change of the AZO
moiety (AS). Herein, we defined a constant K as the correla-
tion coefficient between the superficial area (S) of the micro/
nanopattern and the volume change of the AZO moiety (AS),
giving Equation (5)

S = K*AS*® ()

Adv. Mater. Interfaces 2016, 1600528



www.MaterialsViews.com

www.advmatinterfaces.de

Figure 3. a—c) 3D AFM images of the surface pattern cured A-BPE-10 films fabricated under 365 nm UV irradiation for 60 min with different fluorinated
AZO copolymers: (a) P(F-MMAy), (b) P(F-AZO,-MMA;), (c) P(F-AZO,-MMA;). d) Dimension (D, left vertical axis) and height (H, right vertical axis)
of the surface pattern cured A-BPE-10 films as a function of AZO content of different fluorinated AZO copolymers: P(F-MMA), P(F-AZO,-MMA;),
P(F-AZO4,-MMAG), P(F-AZOg-MMA). e) The superficial area (S) of the surface pattern film as a function of the amount (m 7)) of azobenzene moieties
in different fluorinated AZO copolymers. The concentration of all the fluorinated polymers is fixed at 2 wt%, and the surface pattern cured A-BPE-10

films were fabricated under 365 nm UV irradiation for 60 min.

The molecular volume (superficial area) change induced by
the AZO isomerization (AS) can be calculated by Equation (6)

AS =m a70) * AS i (6)

where mxz0) represents the amount of azobenzene moieties
and AS,;, represents the volume change of one azobenzene
molecule between the trans and cis state. According to the cal-
culation of density functional theory (DFT), AS,;, is =0.12 nm?
(Figure S12, Supporting Information), which complies with
previous theoretical results.[*’]

Combining Equations (4)—(6) yields Equation (7), which
quantifies the relationship between the microscopic micro/nan-
opattern and molecular volume change of AZO

AL
S=—=K* *AS i * P
Py M azo) (7)

where @ represents the photoisomerization conversion ratio
of the AZO moiety in the top layer of the surface pattern film.
According to Equation (7), it is assumed that the superficial
area of the surface pattern film (S) is linearly dependent on the
amount of AZO (m) and its photoisomerization conversion.
This assumption is proven in Figure 1f, which presents a good
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linear relationship between S and AZO conversion from the
trans to cis form (®), from which the coefficient K can be calcu-
lated as 1.71 x 1072, Our gradient bilayers system may have a
little bad effect on the perfect linear relationship between S and
®. To fix the concentration of the fluorinated polymer (2 wt%)
and the UV light exposure time (60 min, conversion of trans
to cis is nearly 100%), we also prepared a series of surface pat-
terns using fluorinated polymers with different AZO moiety
contents (Figure 3). The characteristic H and D of the resulting
surface pattern were determined by AFM analysis (Figure 3e
and Figure S13, Supporting Information). The superficial
area (S) of the surface pattern film increases linearly with the
AZO content (mz0)) in ifferent fluorinated AZO copolymers,
from which the coefficient K was calculated as 1.71 x 10712
(Figure 3e). Nearly the almost same value of coefficient K from
two independent series of experiments suggests the feasibility
of Equation (7) and confirms that the driving force of the sur-
face pattern is the molecular volume change induced by AZO
photoisomerization.

Furthermore, by varying the concentration of the fluori-
nated copolymer P(F-AZOg-MMA), a series of surface pat-
terns was prepared, and the characteristic D and A values were
determined by AFM analysis (Figure 4 and Figure S14, Sup-
porting Information). A good linear relationship between the
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Figure 4. a—c) Typical 3D AFM images of the surface pattern of cured A-BPE-10 films fabricated under 365 nm UV irradiation for 30 min within different
concentration of copolymer P(F-AZOg-MMA): a) 0.5 wt%, b) 1 wt%, c) 3 wt%, respectively. d) Dimension (D, left vertical axis) and height (H, right
vertical axis) of the surface pattern cured A-BPE-10 films fabricated under 365 nm UV irradiation for 30 min within different concentration of copolymer
P(F-AZOg-MMA). e) The superficial area (s) of the micro/nanopatterned film as a function of the amount (mazo)) of AZO moiety within different

concentration of copolymer P(F-AZOg-MMA).

characteristic D and A values of the surface patterns and the
concentration of P(F-AZOg-MMA) was obtained, revealing that
the obtained surface patterns in our system are controlled and
conform to the linear buckling theory for our typical gradient
bilayer system (see Section 4.9, Supporting Information).

The stability of the micropattern in the dark is demonstrated
since AZO compounds show also a thermal isomerization. As

depicted in Figure 5, the micro/nanopattern did not remark-
ably change after kept at room temperature in the dark for
more than one month, and the height of micro/nanopattern
decreased =20 nm for kept in the dark at 70 °C for more than
72 h. Apparently, the micropattern exhibit a relatively long-term
thermostability. Also, to verify the feasibility of the photorevers-
ible, micropattern, we chose P(F,-AZOg) as the fluorinated

Figure 5. 3D AFM images showing the stability of phototunable morphology of micropattern P(F-AZOg-MMA) /A-BPE-10 films: a,b) using 365 nm UV
light irradiation for 60 min followed by (a) kept at 70 °C in the dark for more than 72 h or b) at room temperature for more than one month. The curing

condition is the same as before.
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AZO copolymer and PEGDA as the photocurable resin to fabri-
cate the surface pattern. Similar to the results of the P(F-AZOg-
MMA)/A-BPE-10 system, the tip-island surface pattern was
generated by 365 nm UV light exposure for 30 min, followed by
the surface gradually becoming flat upon 450 nm visible light
illumination (Figure S11, Supporting Information). After 4 h of
450 nm visible light illumination, the original surface pattern
with a height of 250 nm and a dimension of 800-1000 nm was
nearly flat and micro/nanopattern-free.

To verify the feasibility of our strategy, we replaced the monomer
A-BPE-10 with three other types of common multiacrylate
monomers as photocrosslinkers: polyethylene glycol diacrylate
(PEGDA), poly(propylene glycol) diacrylate (PPGDA), and
1,6-hexanediol diacrylate (HDDA). Similar to the system of
A-BPE-10, the micro/nanopatterns can be found in different
photocuring systems using other photocrosslinkers (Figure S15,
Supporting Information). Additionally, to further verify the
mechanism of the micropattern, we designed and synthesized a
type of reactive fluorinated AZO copolymer, F-AZOg-EMA, with
a residue double bond (Figure S16, Supporting Information).
Instead of P(F-AZOg-MMA), the formation of the micropattern
can also be realized by P(F-AZOg-EMA). In this homogeneous
photocuring system of reactive fluorinated AZO copolymer,
P(F-AZOg-EMA) participates in the photocrosslinking reaction
with A-BPE-10 monomer, both of which become the moieties
of the monolithic film upon UV light exposure as the fabrica-
tion of the micro/nanopatterns is initiated. Therefore, we can
further exclude the possible mechanism of kinetically trapped
phase separation.

2.3. Phototunable Surface Properties

Surfaces patterned with micro- or nanoscale features offer a new
type of smart materials that can change their physical proper-
ties, e.g., surfaces with tunable adhesion and friction, by dynam-
ically tuning surface geometry in response to external stimuli
without altering the bulk properties.®] Because of the large
change in surface morphology and roughness of our photo-
reversible surface pattern before and after photo-erasure, if the
light is controlled in sequence, the surface morphology can be

www.advmatinterfaces.de

reversibly tuned from patterned, vertically aligned tip-island
macro- and nanopatterns, to an unpatterned, nearly planar sur-
face, resulting in dramatic and reversible surface properties.
First, the adhesion and friction forces of the surface pattern
films were measured through the colloidal probe AFM, the
resolution and sufficient contact area of which are required to
study surface interactions on the micro- and nanoscale.*68l
The experimental value of the pull-off force was extracted
from the minimum of the retraction curves and was taken as
the adhesion force.**8l The characteristic force-displacement
curves of the patterned surface and the nonmicro/nanopat-
tern plane surface photoerasure from the surface pattern were
obtained (Figure S17, Supporting Information). The film with
the surface pattern fabricated under UV exposure for 30 min
showed a clear pull-off event of the patterned film and an adhe-
sive force of 180 nN (red line). When the film was sequen-
tially illuminated by visible light of 450 nm for 12 h, a clear
drop in the pull-off force was observed (95 nN, black line). This
result indicates that the film presents a decrease of adhesion
force when the surface morphology varies from surface pat-
tern to unpatterned. Given our current materials system, the
enhancement of adhesion is limited because of the hydrophily
and adherence of the base A-BPE-10 resins. The change of the
surface morphology also affected the slope of the loading curve,
which reflects the effective Young’s modulus of the patterned
surface. The slope of the loading curve of the unpatterned sur-
face film was slightly smaller, indicating that the macro and
nano patterns could be helpful to increase the surface rigidity.
Therefore, when the patterns of the surface were photo-wiped
via visible light illumination, the surface appeared softer. How-
ever, the nature of the identical materials in the two films
determines the limit of the drop in surface rigidity. With the
appropriate choice of materials, our general fabrication strategy
can be extended to generating smaller dimension structures to
provide even greater enhancement. The adhesive and nonadhe-
sive states were reversibly cycled by switching the light expo-
sure (Figure 6a), demonstrating the first case of photoreversible
adhesion. Note that the adhesion force of micro/nanopattern
can be switched for more than six cycles, in which the adhe-
sion force does not significantly fluctuate. Additionally, as a ref-
erence, we prepared a pure P(F-AZOg-MMA) film spin-coated

Figure 6. a) Changes in the adhesion force measured on the P(F-AZOg-MMA) /A-BPE-10 film (black quadrate) with the cyclic, sequential photocontrol
of 365 nm UV and 450 nm visible light irradiation. The white and grey regions represent 365 nm UV light and 450 nm visible light, respectively. b) The
friction force signal detected by AFM friction force mode (FFM) of patterned surfaces and unpatterned surfaces as a function of the preload. Patterned
surface of P(F-AZO8-MMA) /A-BPE-10 film was fabricated by irradiation under 365 nm UV light for 30 min. Followed by the irradiation of 450 nm visible
light for 12 h, the micro/nanopattern was erased to generate the unpatterned surface.
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Figure 7. Changes in water contact angle (WCA, black line, left vertical
axis) and surface free energy(blue line, right vertical axis) of the surface
pattern P(F-AZO8-MMA)/A-BPE-10 film (solid black quadrate)with pure
P(F-AZOg-MMA) copolymer reference film (empty circle) with cyclic,
sequential photocontrol with 365 nm UV and 450 nm visible light irradia-
tion. The white and gray regions represent 365 nm UV light exposure and
450 nm visible light irradiation, respectively.

onto glass substrate and verified the reversibility of its adhesion
force during sequential UV and visible light exposure for six
cycles (Figure S17b, Supporting Information). The photorevers-
ible change value of the adhesion force (=15 nN) was much
lower than that of the surface pattern A-BPE-10 film (=75 nN),
suggesting that photo-isomerization of the AZO moiety plays
a nondominant role in the surface properties. The change in
the surface morphology makes a significant difference in the
surface adhesion properties. The friction property of the micro/
nanopatterned surface and unpatterned surface was demon-
strated in Figure 6b. The friction factor for the micro/nanopat-
terned surface is 1.05 x 1073, which is much higher than that of
the smooth surface (2.95 x 107, red line in Figure 6b). These
properties are switchable upon the photocontrol process of
the surface pattern. Moreover, the photoactuated switching of
the surface properties between adhesive (rough) and nonadhe-
sive (smooth) states also demonstrates that the reversibility of
the micro/nano patterned surface can be achieved.
Furthermore, the wettability properties of the photorevers-
ible, micropatterned surface were also investigated via contact
angle measurements. Figure 7 presents the changes in water
contact angle (WCA) and surface free energy of the P(F-AZOg-
MMA)/A-BPE-10 micro/nanopatterned film as well as the pure
P(F-AZOg-MMA) copolymer film as a reference at various
stages of UV and visible irradiation over eight cycles. The WCA
of the micro/nanopatterned surface after UV irradiation was
=112° (Figure S18a, Supporting Information). The relatively
large CA could be attributed to the low surface energy caused
by the J-aggregates of the fluorine groups on the surface of the
films. After irradiation by visible light, the surface pattern dis-
appeared, and the average CA decreased to =95° (Figure S18b,
Supporting Information). Note that this contact angle change
is nearly completely reversible after UV light irradiation. The
wettability of the photoreversible patterned surface can be
reversibly tuned under the external stimulus of light. The wet-
tability of the pure P(F-AZOg-MMA) copolymer reference film
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also underwent a reversible change at a lower value of 6°CA
compared to that of the surface pattern A-BPE-10 film (20°),
which agrees with previous works.[**>3 Note that the changes
in contact angle and surface free energy of the fluorine-con-
taining azobenzene polymer film are distinctly different from
those of our photoreversible surface pattern film. With UV irra-
diation of fluorine-containing azobenzene polymer films, the
trans isomers photoswitch to cis isomers of azobenzene, and
the existing fluorine group has different dipole moments and a
decrease in WCA.[*®l However, the photoreversible surface pat-
tern film undergoes an immense change in surface wettability
and improvement of CA. It is well known that surface chem-
istry and morphology are the two key factors that govern the
surface wettability.**7] The reversible wettability of the surface
pattern surface is a result of both the surface microarchitecture
and the existence of fluorine and AZO groups. Upon UV light
exposure, gradual generation of the patterns leads to a large
increase in surface roughness, which immensely changes the
wettability of the surface and significantly improves the contact
angle. The different dipole moments during the photoisomeri-
zation of azobenzene decrease the wettability and contact angle.
Thus, the main cause of the increased contact angle and sur-
face energy is the change in the morphology and surface rough-
ness from the unpatterned plane surface to the micropatterned
surface. The existence of fluorine and AZO groups resulting
from the change of the dipole moments during the process of
AZO photoisomerization plays an opposite and unfamiliar role
in the enhancement of the wettability and surface free energy,
which may explain the limited effect on the wettability of the
photoreversible surface patterned surface.

3. Conclusions

A novel bottom-up strategy for obtaining a photoreversible
micropattern was reported, which was fabricated by the mis-
match of volume change between gradient bilayers as a result
of the photoisomerization of azobenzene groups and the self-
assembly of fluorinated azobenzene copolymer at the air/liquid
resin interface. We demonstrated that the micro/nanopatterns
undulated to accommodate the configuration transformation
of AZO moieties under light-control. Under sequential UV
and visible light exposure, the hierarchical film can reversibly
achieve a change in its surface morphology from a micro- and
nanosurface pattern to an unpatterned, flat surface. This topo-
graphical change, combined with the appropriate bioinspired
adhesive design, allows for photoactuated switching of the
surface properties between adhesive (rough) and nonadhesive
(smooth) states. Aside from the tunable changes in adhesion
properties, we expect the fabricated hierarchical substrates
to exhibit unique friction and wetting properties. Such bioin-
spired, photoreversible micropatterned surfaces may find wide
applications in functional intelligent materials with topog-
raphies and properties that can be tuned on-demand without
altering the intrinsic properties of the materials.

4. Experimental Section

Preparation of Photocured Coating Sample: Acrylate monomer (1.0 g)
and a trace amount of photoinitiator were dissolved in chloroform (1 mL)
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by stirring. The as-prepared resin mixture with a fixed mass was drop-
coated onto an infrared transmitting silicon wafer or a glass slide. The
thickness was fixed at 200 pm. The sample was maintained at 60 °C for
30 min to remove the solvent and then photocured by irradiation with
365 nm UV light (using a light-emitting diode (LED) with an intensity of
=10 mW cm™2) for the desired time at nitrogen atmosphere.

Supporting Information

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