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Multifunctional POSS-Based Nano-Photo-Initiator for
Overcoming the Oxygen Inhibition of Photo-Polymerization

and for Creating Self-Wrinkled Patterns

Honghao Hou, Yanchang Gan, Jie Yin, and Xuesong Jiang*

Oxygen inhibition remains a challenge in photo-curing technology despite the
expenditure of considerable effort in developing a convenient, efficient, and
low-cost prevention method. Here, a novel strategy to prevent oxygen inhibi-
tion is presented; it is based on the self-assembly of multifunctional nano-
photo-initiators (F,-POSS-(SH),-TX/EDB) at the interface of air and the liquid
monomer. These nano-photo-initiators consist of a thiol-containing poly-
hedral oligomeric silsesquioxane (POSS) skeleton onto which fluorocarbon
chains and thioxanthone and dimethylaminobenzoate (TX/EDB) photo-
initiator moieties are grafted. Real-time Fourier-transform infrared spec-
troscopy (FT-IR) is used to investigate the photo-polymerization of various
acrylate monomers that are initiated by F,-POSS-(SH),-TX/EDB and its model
analogues in air and in N,. FT-IR results show that F,-POSS-(SH),-TX/EDB
decreases the effects of oxygen inhibition. X-ray photo-electron spectroscopy
and atomic force microscopy reveal that the self-assembly of F,-POSS-(SH),-
TX/EDB at the air/(liquid monomer) interface forms a cross-linked top layer

spatial and temporal control.'=367] How-
ever, a primary challenge that is encoun-
tered in free radical photo-polymerization
is oxygen inhibition, which limits the wide
application of the process.B-22 Molecular
oxygen is known to inhibit photo-poly-
merization by reacting with active radicals
to form much more stable peroxy radi-
cals that cannot reinitiate polymerization.
Generally, free radical polymerization is
inhibited by oxygen dissolved within the
monomers and oxygen that diffuses from
the surrounding air into the systems being
photo-cured.[®1% For photo-polymerization
in thin films, the inhibitory effect becomes
especially pronounced for a sample that is
exposed to air because of the diffusion of
oxygen from the air into the sample. The
sample cannot be photo-cured completely,

via thiol-ene polymerization; this layer acts as a physical barrier against the
diffusion of oxygen from the surface into the bulk layer. A mismatch in the
shrinkage between the top and bulk layers arise as a result of the different
types of photo-cross-linking reactions. Subsequently, the surface develops a
wrinkled pattern with a low surface energy. This strategy exhibits consider-
able potential for preventing oxygen inhibition, and the wrinkled pattern may

prove very useful in photo-curing technology.

1. Introduction

Free radical photo-polymerization is widely used in many
fields,M including coatings,/! microelectronics,®! photoresists,*
and dental materials.’l This is because the process offers
obvious advantages over other polymerization processes in
terms of energy savings, being environmentally friendly, time
savings, low cost, ambient temperature requirements, and

School of Chemistry and Chemical Engineering
State Key Lab of Metal Matrix Composite Materials
Shanghai Jiao Tong University

Shanghai 200240, P. R. China
Tel.+86-21-54743268 [w]
Fax: +86-21-54747445

E-mail: ponygle@sjtu.edu.cn

DOI: 10.1002/admi.201400385

Dr. H. H. Hou, Dr. Y. C. Gan, Prof. ). Yin, Prof. X. S. Jiang E

Adv. Mater. Interfaces 2014, 1400385

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

and the top layer becomes tacky because
oxygen inhibits surface polymerization.
Therefore, oxygen inhibition negatively
impacts the polymerization kinetics as
well as the structure and performance of
the resulting polymer.

Both chemical and physical approaches
have been developed to overcome this
considerable challenge of oxygen inhi-
bition. Chemical methods include the
introduction of additives that can rapidly consume O,, such as
amines,"!) thiols,”>"1% organoboranes,!®l organosilanes,l'”) and
singlet oxygen scavengers;!'® the development of low-oxygen-
sensitive monomers and oligomers;!'’l and the exploitation
and utilization of functional photo-initiators.?” For example,
additives of amines, thiols, and triphenylphosphates can scav-
enge and transform peroxy radicals into active radicals to ini-
tiate polymerization.'?1% Nie and co-workers exploited the low
surface energy of fluorinated carbon chains and demonstrated
that the aggregation of 2-methyl-2-benzoylethanolpentade-
cafluorooctanoate (1173-F) on the top surface of a sample can
reduce oxygen inhibition.?!l These creative chemical methods
enable the polymerization process to overcome inhibition from
dissolved oxygen, but they do not efficiently reduce inhibition
from diffused oxygen. Physical approaches to counter oxygen
surface inhibition include increasing the light intensity to
create an inert atmosphere and the use of physical barriers
that are impermeable to oxygen.I'''% Protecting the surface by
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encapsulation in an inert atmosphere (e.g., N,, Ar, CO,)!"1022

and using physical barriers (PVA/PET [poly(vinyl alcohol)/
poly(ethylene terephthalate)], paraffin oil, or other mate-
rials)1% can very efficiently restrict the access of molecular
oxygen, thereby reducing the inhibitory effect of oxygen diffu-
sion from the surroundings. However, it is inconvenient and
costly to use an inert atmosphere and physical barriers in prac-
tical applications.

Very recently, we found that thiol-containing polyhedral
oligomeric silsesquioxane grafted with fluorocarbon chains
(“F-POSS-SH”) self-assembled at the interface of air with an
acrylate liquid resin, forming a top layer that was cured via
oxygen-insensitive thiol-ene photo-polymerization.l’l This
result motivated us to investigate whether a thiol-ene photo-
cross-linked top layer could serve as a self-generating physical
barrier against oxygen diffusion, thereby reducing oxygen inhi-
bition. Thus, we developed a multi-functional photo-initiator
based on POSS, which consists of fluorocarbon chains, thiol
groups, and photo-initiator moieties. We found that oxygen
inhibition could be dramatically reduced using this multi-func-
tional nano-photo-initiator. The entire strategy is illustrated in
Scheme 1. Fluorocarbon chains containing a nano-photo-initi-
ator self-assembled in the top layer. Oxygen-insensitive thiol-
ene photo-polymerization!'>>24 and a high concentration of
the photo-initiator moiety resulted in the curing of the top layer
by UV irradiation even when the sample was exposed to air.
The photo-cured self-assembled top layer served as a physical
barrier against the diffusion of oxygen from the air into the
sample. Thus, conventional radical photo-polymerization was
able to progress smoothly in the lower bulk layer, and the inhib-
itory effect of oxygen was efficiently suppressed. Moreover, a
mismatch in the shrinkage and mechanical properties between
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the top and bulk layers due to the different types of photo-cross-
linking reactions resulted in a wrinkled pattern.

2. Results and Discussion

Thiol-halogen click chemistry was used to graft the func-
tional moieties of the fluorocarbon chains (F), photo-initiator
thioxanthone (TX), and co-initiator dimethylaminobenzoate
(EDB) to mercaptopropyl-polysilsesquioxane (POSS-(SH)g), in
order to obtain the nano-photo-initiator (F,-POSS-(SH),-TX/
EDB), whose structure is shown in Scheme 1. For reference
purposes, the detailed synthesis and structural characteriza-
tion of F,-POSS-(SH),-TX/EDB and its model photo-initiators
can be found in the Supporting Information (SI: Figure S1-
S6). The F,-POSS-(SH),-TX/EDB exhibited the characteristic
UV-vis absorption of thioxanthone, which indicated that TX
had been successfully grafted to the POSS skeleton (Figure S7,
SI). We considered a variety of physical and chemical features
in designing a multi-functional POSS-based nano-photo-ini-
tiator. POSS is the smallest cubic silica nanoparticle that can
be precisely defined, and it was chosen as the skeletal mate-
rial to impart excellent mechanical and thermal properties to
the resulting materials.”! Fluorinated carbon chains were
introduced to provide a low surface energy for the nano-photo-
initiator, which is the key factor for the self-assembly of nano-
photo-initiators in the top layer. TX and EDB were chosen as
the photo-initiating moieties. TX has a high photo-initiation
efficiency and adsorption characteristics near UV-vis range;
it has thus been widely used as a hydrogen-abstraction photo-
initiator in the presence of a co-initiator amine.l?®! The phys-
ical mixture of TX and EDB constitutes the two-component

(b) ++ ++ ++++ 4+ +— Nano-photo-initiator

|
Self-assembly at the
interface of air/acrylate

++

—> Acrylate cross-linker

o

——

+ Assembly layer of
nano-photo-initiator

__—__

(bmpresswestress " \\( )_ %
Nt

l Relieving stress

—> Wrinkled patterned
surface with low energy

Scheme 1. a) Chemical structure of multi-functional POSS-based nano-photo-initiator F,-POSS-(SH),-TX/EDB. b) Complete strategy for self-assembly
of F,-POSS-(SH),-TX/EDB at the interface of air and the monomer liquid, enabling the reduction of oxygen inhibition and creating the self-wrinkled

pattern.
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Figure 1. Real-time FT-IR investigation of photo-polymerization kinetics
of A-BPE-10 using F,-POSS-(SH),-TX/EDB and TX/EDB as photo-initia-
tors in air or in N,; the concentrations of all photo-initiators were 0.0248 m
in terms of the TX moiety, and the light intensity was 3 mW cm™2.

photo-cleavable photo-initiator (labeled as TX/EDB). The TX/
EDB photo-initiating system is less sensitive to oxygen inhibi-
tion than a classical photo-cleavable photo-initiator because the
amine EDB can transform stable peroxy radicals into active rad-
icals to re-initiate polymerization.['% The residual thiol moieties
of F,-POSS-(SH)4-TX/EDB can participate in thiol-ene radical-
mediated polymerization, which is known to be insensitive to
oxygen inhibition.?4]

Scheme 1 shows the proposed mechanism for the use of
F,-POSS-(SH),-TX/EDB as a photo-initiator to reduce the
inhibitory effect of oxygen. To test its ability to reduce oxygen
inhibition, we used real-time Fourier-transform infrared spec-
troscopy (FT-IR) to study the photo-polymerization kinetics of
ethoxylated bisphenol A diacrylate (A-BPE-10), which could be
initiated by F,-POSS-(SH),-TX/EDB in air and in N,. A small-
molecule model photo-initiator TX/EDB was also tested to
serve as a reference. Figure 1 shows almost identical kinetic
curves for the photo-polymerization of A-BPE-10 when initiated
by F,-POSS-(SH),-TX/EDB in air and in N,; thus, there was
no obvious inhibitory effect by oxygen. The final double-bond
(C = C) conversion in this photo-polymerization of A-BPE-10
was as high as 85.3% successful when the sample was exposed
to air, which was slightly less than the corresponding value of
87.4% in N,. In contrast, success of the final double-bond con-
version using the TX/EDB reference was only at 58.7% in air,
and it was enhanced to 67.8% when the sample was protected
by N,. Oxygen inhibition was much more significant when TX/
EDB was used as the photo-initiator than when F,-POSS-(SH),-
TX/EDB was used. When photo-polymerization was initiated by
TX/EDB in air, we found that the sample surface was slightly
tacky even after 10 min of UV irradiation, which was also con-
firmed by subsequent atomic force microscopy (AFM) analysis.
This result was attributed to oxygen inhibition because of O,
diffusion from the air. When photo-polymerization of A-BPE-10
was initiated by F,-POSS-(SH),-TX/EDB in air, the sample sur-
face was cured using thiol-ene photo-polymerization, which
prevented the penetration of O, from the air into the sample
and consequently reduced oxygen inhibition. Note that the final
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Figure 2. a) XPS spectra, showing depth-dependence of photo-cured
A-BPE-10 film using F,-POSS-(SH),-TX/EDB as a photo-initiator. b) AFM
force curves of photo-cured A-BPE-10 films using F,-POSS-(SH),-TX/EDB
and TX/EDB as photo-initiators in N, and in air; the concentration of all of
the photo-initiators was 0.0248 m in terms of the TX moiety; the UV light
intensity was 3 mW cm™2, and the exposure time was 10 min.

conversion percentage for initiation using F,-POSS-(SH)4-TX/
EDB (85.4%) in air was still much higher than that when TX/
EDB was used as an initiator in N, (67.8%). The high efficiency
of F,-POSS-(SH),-TX/EDB was attributed to the presence of
the thiol groups and the intramolecular hydrogen abstraction
between TX and EDB, which facilitates the generation of free
radicals under exposure to UV light.

The self-assembly of F,-POSS-(SH),-TX/EDB in the top layer
to form a physical barrier was confirmed by depth-dependent
X-ray photo-electron spectroscopy (XPS). The strong signal
related to F 1s (Figure 2) was found in the XPS spectra of the
surface, and the corresponding fluorine content was close to
that of F,-POSS-(SH),-TX/EDB and much higher than that
of the entire photo-cured system, suggesting that F,-POSS-
(SH)4+TX/EDB aggregated on the surface. The relative fluo-
rine content to carbon (F/C) changed slightly as analysis went
deeper into the film from 0 to 720 nm from the surface, and it
decreased dramatically at a depth of approximately 1200 nm.
The driving force for the migration of F,-POSS-(SH),-TX/EDB
to the surface was attributed to the interface energy between air
and liquid A-BPE-10. The XPS results for the depth-dependent
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fluorine content indicated the presence of two layers: most of
the F,-POSS-(SH),-TX/EDB migrated to the surface to form
a top layer rich in nano-photo-initiator, which was 720- to
1200-nm thick, whereas a small portion of the F,-POSS-(SH),-
TX/EDB dissolved in the bulk layer of A-BPE-10. In contrast to
the gradient distribution of 1173-F in the acrylate monomer in
Nie and co-worker’s system,l?!] the self-assembly of F,-POSS-
(SH),-TX/EDB at the air/liquid interface formed a top layer
resulting from the superlow surface energy of fluorinated
POSS and the nature of the F,-POSS-(SH),-TX/EDB nanopar-
ticles.?>%7I The high content of the photo-initiator moieties TX/
EDB and the thiol groups enabled the top layer to be cured via
thiol-ene photo-polymerization even when the sample was
exposed to air; this high content was a key factor for reducing
oxygen inhibition and achieving a high percentage of final
double-bond conversion.

To further confirm the aggregation of F,-POSS-(SH),-TX/
EDB at the air/(monomer liquid) interface, AFM was used to
examine the surface mechanical properties of the A-BPE-10
films containing F,-POSS-(SH),-TX/EDB and TX/EDB (as a
reference); the films were photo-cured under N, for protec-
tion or exposed to air. The Young’s modulus (E) of the film was
calculated from the AFM force curves (Figure 2b). The surface
Young’s modulus for the films that were formed with F,-POSS-
(SH)4-TX/EDB as an initiator and with photo-curing in N, or
air were 516 and 499 MPa, respectively; these values are much
higher than the corresponding value of 24 MPa for the film
that was formed with TX/EDB as the photo-initiator and with
photo-curing under N,. The higher surface moduli of the films
produced using F,-POSS-(SH),-TX/EDB as photo-initiator
resulted from the aggregation of the F,-POSS-(SH),-TX/EDB
nano-photo-initiators at the air/liquid interface, which formed
a hybrid top layer containing POSS. The incorporation of inor-
ganic POSS generally enhances the mechanical performance
of photo-cured films. The Young's moduli for the films that
were photo-cured in N, and in air were almost identical, indi-
cating that O, inhibition had no obvious effect on the photo-
curing of the film for which F,-POSS-(SH),-TX/EDB was used
as a photo-initiator. In contrast, the film for which TX/EDB was
used as a photo-initiator and for which photo-curing occurred
in air exhibited a lower Young's modulus (16 MPa) than that
(24 MPa) of the film that was photo-cured in N,, suggesting
that the top layer of the film photo-cured in air was not com-
pletely cross-linked. Detailed information can be obtained from
the AFM curves. Figure 2b shows that the photo-cured films for
which TX/EDB was used as a photo-initiator exhibited a sharp
decrease in the force prior to actual contact, and a clearly nega-
tive force was required to retract the tip from the sample sur-
face because of the strong adhesion between the AFM tip and
the film.[?® Similar behavior was not observed when F,-POSS-
(SH),-TX/EDB was used as a photo-initiator for the films. The
much lower adhesive force for the photo-cured films that were
formed using F)-POSS-(SH),-TX/EDB as a photo-initiator was
attributed to two factors: the lowering of the surface energy of
the top layer because of the aggregation of fluorocarbon chains
containing F,-POSS-(SH),-TX/EDB at the air/film interface and
the increase in the degree of cross-linking that was induced
by the higher percentage of double-bond conversion. These
results from AFM force curves were in good agreement with
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the results of the XPS analyses and supported our hypothesis
that F,-POSS-(SH),-TX/EDB nano-photo-initiators can self-
assemble at an air/(monomer liquid) interface to form a cross-
linked top layer via thiol-ene photo-polymerization, thereby
creating a physical barrier to oxygen inhibition.

To further understand the function of the fluorocarbon
chains, thiol groups, and photo-initiator moieties of TX/EDB
in F,-POSS-(SH),-TX/EDB, we designed three additional model
photo-initiator systems as reference cases and investigated their
photo-polymerization kinetics (Figure 3). Unlike the physical
mixture of F,-POSS-(SH)s and TX/EDB (labeled as F,-POSS-
(SH)s@TX/EDB), TX and EDB photo-initiator moieties were
chemically grafted onto the POSS skeleton in F,-POSS-(SH),-
TX/EDB. B,-POSS-(SH),-TX/EDB was designed without fluori-
nated carbon chains to determine the effect of the fluorocarbon
chains, and F,-POSS-B,-TX/EDB was used to investigate the
effect of the thiol groups (Figure 3a). ‘B’ in these systems rep-
resents a butylthio chain. Photo-polymerization experiments
of A-BPE-10 using these photo-initiator systems were carried
out in N, and in air. Figure 3b shows that the use of F,-POSS-
(SH),-TX/EDB resulted in the highest percentage of final
double-bond conversion among these photo-initiator systems
in N, and in air.

The final double-bond conversion for the sample with
F,-POSS-(SH)s@TX/EDB was much lower than that
of F,-POSS-(SH),-TX/EDB, which may have resulted from
F,-POSS-(SH),@TX/EDB being a physical mixture. In the
physical mixture of TX/EDB and F,-POSS-(SH),, the migra-
tion of fluorinated POSS to the air/film interface did not
promote the aggregation of photo-initiator moieties TX/EDB
in the top layer, resulting in a relatively low photo-initia-
tion efficiency. Note that the double-bond conversion of the
sample containing TX/EDB was enhanced by the addition of
F,-POSS-(SH)s, which promoted thiol-ene photo-polymeri-
zation. Using B,-POSS-(SH),-TX/EDB with butylthio chains
instead of fluorocarbon chains was less efficient than using
F,-POSS-(SH),-TX/EDB for the photo-polymerization of
A-BPE-10. The final double-bond conversion with B,-POSS-
(SH),-TX/EDB clearly increased from 71.2% in air to 81.7%
in N,. This result was attributed to the absence of aggrega-
tion of B,-POSS-(SH),-TX/EDB at the air/film interface
because of the absence of low-surface-energy fluorocarbon
chains in B,-POSS-(SH),-TX/EDB. The higher efficiency of
B,-POSS-(SH)4-TX/EDB compared to TX/EDB indicates that
thiol groups offer an advantage in the photo-polymerization
of acrylate. Although F,-POSS-B,-TX/EDB can aggregate on
the top layer as F,-POSS-(SH),-TX/EDB, the percentage of
final double-bond conversion for the sample containing F,-
POSS-B,-TX/EDB was less than that of the sample containing
F,-POSS-(SH),-TX/EDB. This result was attributed to the
absence of thiol groups, which resulted in conventional rad-
ical photo-polymerization instead of oxygen-insensitive thiol-
ene photo-polymerization in the top layer for the sample con-
taining F,-POSS-B,-TX/EDB. These results from the different
model photo-initiator systems show that the synergistic effect
of functional groups in the F,-POSS-(SH),-TX/EDB nano-
photo-initiator, i.e., fluorocarbon chains, thiol groups, and the
TX/EDB photo-initiator moieties, played a critical role in pre-
venting oxygen inhibition.
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exposure time was 10 min.

We verified the feasibility of using F,-POSS-(SH),TX/
EDB as a nano-photo-initiator to prevent oxygen inhibition by
investigating the photo-polymerization of four common multi-
acrylate monomers—polyethylene glycol diacrylate (PEGDA),
poly(propylene glycol) diacrylate (PPGDA), trimethylolpropane
triacrylate (TMPTA), and 1,6-hexanediol diacrylate (HDDA)—
using F,-POSS-(SH),-TX/EDB and TX/EDB as initiators in N,
and in air (Figure 4). As in the photo-polymerization of A-BPE-
10, F,-POSS-(SH),-TX/EDB initiated the photo-polymerization
of PEGDA, PPGDA, TMPTA, and HDDA very efficiently in
air. Under the same photo-curing conditions, the percentages
of final double-bond conversions for the samples containing
F,-POSS-(SH)4-TX/EDB were much higher than those of sam-
ples for which TX/EDB was used as a photo-initiator. Moreover,
the photo-polymerization behavior of the samples containing
F,-POSS-(SH),-TX/EDB that were exposed to air were similar
to those of the samples that were protected by N,, suggesting
that F,-POSS-(SH),-TX/EDB prevented oxygen inhibition in the
photo-polymerization of these four acrylate monomers.

There are two critical processes in our strategy to prevent
oxygen inhibition: the formation of a top layer via the self-
assembly of F,-POSS-(SH),-TX/EDB at the air/liquid interface
and the oxygen-insensitive thiol-ene photo-polymerization in
the top layer, which is further supported by the generation of
a wrinkled pattern. To decrease the air/liquid interface energy,
F,-POSS-(SH),-TX/EDB can migrate to the surface and self-
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assemble into the top layer. Upon exposure to UV light, thiol-
ene photo-polymerizes in the top layer, while conventional
radical polymerization proceeds in the bulk layer. The different
shrinkage rates after polymerization and the mismatch in the
Young’'s modulus between the top and bulk layers can produce
a compressive stress that triggers buckling, resulting in the
simultaneous formation of a complex wrinkled pattern.[29-31l
Vogt and co-workers reported that the surface segregation of
a photo-catalyst produced a mismatch in the polymerization
rates between the top and bottom layers of furfuryl alcohol,
creating a substantial compressive stress between the bilayers
that generated surface wrinkles.’% However, our system was
different from that of Vogt’s system in some cases; our fluori-
nated nano-photo-initiators self-assembled on the top layer of
an acrylate liquid resin, which exhibited a concentration gra-
dient from the top to bottom layer, causing different types of
reactions to occur between the two layers. Oxygen-insensitive
thiol-ene photo-polymerization occurred in the top layer of
the acrylate liquid resin, while conventional free radical photo-
polymerization proceeded in the bottom layer in the absence
of thiol groups. The mismatch in the shrinkage and modulus
between the bilayers that was induced by different types and
rates of photo-cross-linking reactions generated a self-wrinkled
pattern.l?’l This process was observed for photo-cured films
with a wrinkled pattern, for which F,-POSS-(SH),-TX/EDB was
used as a photo-initiator. Scanning electron microscopy (SEM)
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Figure 4. a) Chemical structure of acrylate monomers. b—e) photo-polymerization kinetics of HDDA (b), PEGDA (c), PPGDA (d), and TMPTA (e) in N,
and in air; F,-POSS-(SH),-TX/EDB and TX/ED were used as photo-initiators at concentrations of 0.0248 m in terms of TX moieties at a light intensity
of 3 mW ecm™.

and AFM were used to determine the sur-
face morphology, considering the A-BPE-10
and HDDA samples as examples. Figure 5
shows the typical wrinkled patterns that were
observed in the SEM and AFM images for
samples in which F,-POSS-(SH),-TX/EDB
was used as a photo-initiator. In contrast, no
pattern was found for the reference sample
in which TX/EDB was used as a photo-initi-
ator (Figure S8, SI), which can be explained
by the absence of a bilayer structure in this
sample. TX/EDB did not aggregate at the air/
(liquid monomer) interface to form the top
layer; thus, no wrinkled pattern was formed.
The difference in the surface morphologies
of the A-BPE-10 and HDDA samples could
be attributed to the difference in the photo-
curing systems under consideration.?*!
Note that the self-wrinkled pattern existed
at the microscale and thus did not affect
the appearance of the photo-cured film. The
photo-cured films with a wrinkled pattern

Figure 5. a,c) SEM and b,d) AFM images of photo-cured A-BPE-10 (a,b) and HDDA films (c,d);
appeared smooth and transparent to the the concentration of the F,-POSS-(SH),-TX/EDB photo-initiator was 0.041 u in terms of the TX
naked eye (Figure S9, SI). moiety, and the intensity and exposure time of UV light were 3 mW cm™2 and 10 min, respectively.
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The wrinkled pattern of A-BPE-10 is similar to the vena-
tion network pattern of a leaf. Kim et al. reported a wrinkled
pattern similar to that of a leaf on the elastic film of a bilayer
under biaxial compressive stress.?! Stress-release mechanisms
could be important in generating this bio-mimetic pattern. In
our strategy, the formation of a self-‘wrinkled pattern results
from the self-assembly of chemical species and photo-polymer-
ization; thus, this “bottom-up” approach may provide an alter-
native that is similar to biological processes to fabricate a bio-
mimetic patterned surface.

Generally, the use of fluorinated POSS to both coat sur-
faces?>?%! and produce a wrinkled pattern*>3* has a significant
effect on the wettability of the coated surface. Complex micro-
and nano-patterned surfaces in nature, such as the lotus leaf,
can result in unique functions such as self-cleaning®¥ and
superhydrophobicity.?¥l The surface of our wrinkled film pos-
sesses similar characteristics to complex patterned surfaces in
nature. This observation motivated us to investigate the wet-
tability of the wrinkled patterned surface by measuring the
water contact angle (WCA) and the di-iodomethane contact
angle (DCA). The data from the WCA measurements and the
surface energy that was calculated from the WCA and DCA
are shown in Figure 6. Using F)-POSS-(SH),-TX/EDB as the
photo-initiator significantly enhanced the WCA values for the
A-BPE-10 and HDDA samples and clearly lowered the surface
energy compared to the corresponding values for the samples
in which TX/EDB was used as the photo-initiator. For example,
using F,-POSS-(SH),-TX/EDB as the photo-initiator increased
the WCA for A-BPE-10 from 50° to 100° and decreased the
surface energy from 53 to 22 mN m™. The contact angle value
was lower than that obtained in our previous study,?*! which
may have resulted from the absence of nanowrinkled patterns
in this study. The substantial hydrophilicity of the cross-linker
substrate prevented the wettability of our surface with the wrin-
kled pattern from exceeding that in other reports;1323* however,
the surface properties of the resulting resins, such as the wet-
tability and rigidity, were clearly improved because of the use
of the fluorinated POSS and the wrinkled pattern on the coated
surfaces. The photo-cured film for which F,-POSS-(SH)4TX/
EDB was used as an initiator had a relatively low surface energy,
suggesting that the film was self-cleaning because of the combi-
nation of the micropatterned morphology and the fluorocarbon
chain coverage. A similar phenomenon was also found for the
HDDA film in which F,-POSS-(SH),-TX/EDB was used as the
photo-initiator.

3. Conclusion

In summary, we have demonstrated that using multi-functional
F,-POSS-(SH)4-TX/EDB as a nano-photo-initiator can signifi-
cantly reduce oxygen inhibition in the photo-polymerization of
various acrylate monomers. F,-POSS-(SH),-TX/EDB consisted
of a thiol-containing polyhedral oligomeric silsesquioxane
(POSS) skeleton onto which fluorocarbon chains and thioxane/
dimethylaminobenzoate (TX/EDB) photo-initiator moieties
were grafted. F,-POSS-(SH),-TX/EDB self-assembled at the
interface between air and the liquid monomer and formed
a cross-linked top layer via thiol-ene polymerization, which
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Figure 6. Water contact angle (WCA) and surface energy of photo-cured
A-BPE-10 and HDDA films. The concentration of the F,-POSS-(SH),
TX-EDB photo-initiator was 0.041 m in terms of the TX moiety, and the
intensity and exposure time of UV light were 3 mW c¢cm= and 10 min,
respectively.

served as a physical barrier to the diffusion of oxygen from the
surface into the bulk layer. Furthermore, a self-wrinkled pat-
tern was obtained because of the mismatch in the shrinkage
between the top and bulk layers that resulted from the different
types of photo-cross-linking reactions. We expect this strategy—
in which the self-assembly of multifunctional nano-photo-
initiators at the air/liquid interface prevents oxygen inhibition
and creates a self-wrinkled pattern—to find wide application in
photo-curing technology.

4. Experimental Section

Preparation of Photo-Cured Samples: In the preparation of films for
measurements, the photo-initiator concentration was expressed in terms
of the TX moiety. Acrylate monomer (1.0 g) and a certain amount of photo-
initiator were dissolved in chloroform (1 mL) 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 sample was maintained at
60 °C for 30 min to remove the solvent and then photo-cured by irradiation
with 365-nm UV light (using a light-emitting diode (LED) with an intensity
of approximately 10 m\W cm~2) for the desired time.

Measurements: The photo-polymerization kinetics were traced using
real-time FT-IR, which was recorded from 4000 to 400 cm™' at a 4 cm™!
resolution on a Spectrum 100 FT-IR absorption spectrometer (Nicolet
1S10).5% The conversions were calculated from the ratio of the peak area
after polymerization to that before polymerization.

The AFM images were obtained using a scanning probe microscope
(Nanoscope IlI, Digital Instruments) that was operated in tapping mode
with silicon cantilevers (with a force constant of 40 N-m™'). The force
curves were collected in contact-mode AFM using silicon cantilevers
with a spring constant of 3 N-m™"; ten force curves were recorded for
each example. The Young's modulus (E) was calculated as the average
value of the approach and the retraction traces for each force curve using
the Hertz model. The measurement of the E using AFM is described in
detail in the SI.

SEM was performed using a Sirion-200 electron microscope (FEI
Company) at 5 kV. The contact angle measurements were recorded using
a spinning drop interface tensiometer (SL200C, USA KINO Industry).
XPS experiments were carried out on a PHI-5000C ESCA system (Perkin-
Elmer) with Al Ko radiation (hv = 1486.6 eV). Generally, the X-ray anode
was run at 250 W, and the high voltage was maintained at 14.0 kV with a
detection angle of 54°. The pass energy was fixed at 46.95 eV to ensure
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sufficient sensitivity. The base pressure of the analyzer chamber was
approximately 5 x 107 Pa.

Supporting Information

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