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Aggregation of Au Colloids using Surface Acoustic Waves

Shunya Saegusa'’, Tsunemasa Saiki%, Sho Amano®, Takao Fukuoka',
Yukako Takizawa® , Masatoshi Takahashi', Keisuke Yoshiki‘, Kaito Fujitani',
Koji Sumitomo*, Yuichi Utsumi' , and Akinobu Yamaguchi!

! Institute of Advanced Industrial Science and Technology, University of Hyogo,
3-1-2, Koto, Kamigori, Ako-gun, Hyogo, 678-1205, JAPAN
? Hyogo Prefectural Institute of Industrial Technology,
3-1-12, Yukihira, Suma, Kobe, Hyogo, 654-0037, JAPAN
3 Department of Mechanical Engineering Graduate School of Engineering,
The University of Tokyo,
7-3-1, Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan
! Graduate School of Engineering, University of Hyogo,
2167 Shosha, Himeji, Hyogo 671-2201, JAPAN

* saesaeS4@lasti.u-hyogo.ac.jp

For the implementation of SERS in microfluidic devices, we propose a rotor structure
using SAW as a simple aggregation mechanism. In this study, 45 nm gold nanoparticles were
agglomerated in a rotor and evaluated. It was found that the aggregate size increased with
increasing supply energy, indicating that this mechanism contributes to aggregate formation.

SERS measurements using this mechanism were also successfully performed.
Keywords: Photopolymer resist, SERS, SAW, p-TAS, Aggregation

1. Introduction

The p-TAS (Micro Total Analysis System), which
is based on microfabrication technology, is a
resource-saving, short-time, highly sensitive, and
highly efficient analysis system. This system is
expected to be applied in various fields such as
medicine, environment, chemistry, biochemistry,
and food [1-4]. However, the fluorescence and
absorption methods used as detection methods in p-
TAS have several problems. First, the fluorescence
method requires pretreatment by immobilizing and
labeling a fluorescent substance on an antibody,
which is indispensable for measurement. In addition,
the output signal lacks stability due to a decrease in
fluorescence intensity caused by light fading. In the
absorption method, detection sensitivity depends on
the optical path length through the sample, which
makes high-sensitivity detection difficult for
microchemical analysis systems used in a limited
microscopic space. This also causes the problem of
limiting the shape and size of devices and chips due
to the optical path length. Furthermore, since

these two detection methods are generally
Received April 1, 2023
Accepted May 17,2023

performed in the visible light range, where noise is
very large, even if a signal with very large light
intensity is obtained, the S/N ratio, which is the
contrast ratio between signal and noise, becomes
small. And, the signal is disturbed by the large noise
effect. To solve these problems, we focused on

SERS (Surface Enhanced Raman Scattering) [5-16].

SERS is an analytical method that does not require
antibody labeling or device limitations due to
optical path length. This method is a combination of
Raman spectroscopy and Localized Surface
Plasmon Resonance (LSPR), in which the Raman
scattering intensity of molecules adsorbed on noble
metal nanostructures is significantly enhanced, and
the signal is obtained. This method is expected to
simplify the system because the measurement is
performed by simply adsorbing a molecule on the
noble metal nanostructure and irradiating it with a
near-infrared laser. Ultimately, this method will
enable measurement at the level of a single
molecule, making it possible to fabricate ultra-
sensitive sensors with higher sensitivity than those
currently available. However, the fabrication of
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noble metal nanostructures is essential for detection
by SERS. To fabricate this structure in a channel, an
aggregation mechanism of gold nanoparticles is
necessary, and we need to prepare a complex
channel structure [8.9]. In this study, we focused
on surface acoustic waves (SAW) [17] as a method
of agglomeration. SAW is a sound wave that
propagates by concentrating its energy only on the
surface of an elastic body [17-26]. This is a power
source that can be easily integrated into devices
because it is generated by applying an alternating
current to IDT (interdigital transducer) [18]
fabricated on a piezoelectric substrate such as
LiNbO; [19] or LiTaOs. In the past, our research
group has fabricated and evaluated a SAW actuator
[21-26] that drives a continuous fluid by SAW and
a micro rotating mixer that applies SAW actuators
[26]. On the other hand, we focused on shear fields
as a method of agglomeration. Simulations in
previous papers have shown that particles in a shear
field tend to form chain-like structures [27,28]. We
considered that agglomeration occurs when this
chain-like structure grows. In this paper, we report
on the evaluation of the agglomeration process by
the shear field generated by SAW and the result of
its application to SERS, as shown in Fig. 1.

Fig. 1. Conceptual diagram of particle transfer

2. Experimental
2.1. Fabrication of SAW devices

A small liquid rotor was fabricated using SAW as
a device to fabricate aggregate structures.

First, we fabricate IDT by lift-off method. In this
method, we sputtered 20 nm of Cr and 1000 nm of
Al on a LiNbOs substrate by DC sputtering.  After
sputtering, positive photopolymer resist (OFPR-800
from Tokyo Ohka Kogyo Co., Ltd.) is applied on the
substrate and UV exposure is performed to transfer
the IDT pattern drawn on a glass mask. Then, based
on this pattern, IDTs were fabricated on the
substrate by etching Al and Cr. Finally, an absorbing
material was applied to reduce reflections from the
edge surfaces [25]. The conceptual diagram of the
fabricated device is shown in Fig. 2.

In this liquid rotor, the liquid is driven by SAW from
two directions to produce rotation. The top of the
IDT and the liquid reservoir are open to allow for
SAW damping and to prevent the rotation of the
liquid.

Raman spectrometer

SAW device

Fig. 2. Setup of SAW experiment

The experimental flow is as follows. First, a high-
frequency voltage is generated by a signal generator
(Tektronix AFG3252) and amplified by an amplifier
(R&K ALMO00110-2840FM). The amplified voltage
is then applied to the IDT to generate SAW. To
prevent damage to the piezoelectric substrate due to
heat generation, a burst voltage waveform was used
as the high-frequency voltage applied to the IDT.
This waveform consists of a burst period followed
by k cycles of sine waves and a pause period. By
using such a burst waveform, the energy supplied to
the IDT can be reduced to kf» /fi» compared to a
continuous waveform. Here, fb is the frequency of
the sine wave during the burst period, which is
determined by the IDT shape and other factors. Also,
fi is the reciprocal of the burst interval from one sine
wave to the next. In the experiment, instead of
measuring the amplitude V), of the applied voltage
to the IDT, the power P is measured by an RF power
meter (Rohde & Schwarz NRP-291). In this
experiment, we adjusted supply energy £ by f;.

2.2. Analysis of aggregation process by SAW
During the rotation of the rotor by SAW, a shear
field is generated in the rotor. Simulations in
previous papers have shown that particles form
beads in the shear field [27, 28]. To verify the
aggregation process, gold colloids (Tanaka
Kikinzoku Kogyo K.K.) with a particle size of 45
nm were rotated in the rotor for 1 min. We measured
the change in particle size of the gold nanoparticles
using dynamic light scattering (DLS). The liquid
samples rotated were 3.0 pl of pure water, 3.0 puL of
IM NaCl solution as a flocculant, and 44 pL of Au
colloid. Since the sample obtained in one
experiment is very small, the DLS measurements
were made by mixing 150 pl of sample from three
experiments and 300 pl of pure water.
2.3. Application to SERS
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The SERS activity was confirmed by actually
aggregating Au nanoparticles in the prepared liquid
rotor. A sample of 1 mM 4,4'-Bipyridine (4bpy) was
prepared. SERS measurements were performed by
mixing 3.0 pl of the sample, 3.0 pL of 1M NaCl
solution, and 44 pL of Au colloid with a SAW rotor.
The SERS spectrum of 4bpy and the interactions
corresponding to the peaks are shown in Fig.3. The
RAMAN instrument used was the spectrometer
module (C13560, Hamamatsu photonics).

1600 . CN e

C=C (Benzene ring)
"

1200

800
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Fig. 3. The SERS spectrum of 4bpy

3. Results and discussion
3.1 Aggregation process by SAW

Fig. 4 shows the particle size after mixing for 1
minute, measured using DLS (dynamic light
scattering). The gold nanoparticles before
agglomeration have a diameter of 45 nm, indicating
that agglomeration occurs under all conditions. The
particle size also increases as the supply energy Ej
increases. The curve fitted by this equation is the
black line in Fig. 4. The frequency of particle
collisions increases in the shear field due to SAW,
which accelerates particle agglomeration.
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Fig. 4. Relationship between supply energy and
diameter of Au agglomerates.

3.2. SERS Analysis
The SERS intensity increases with rotation, as

shown in Fig. 5. However, there was no stability in
the measurement results. The graphs in Fig. 6 show
the change in Raman peak intensity around 1250
cm™ when 49.2 uW of supply energy was applied.
This may be because high supply energy and high
density of Au nanoparticles cause rapid
agglomeration, resulting in variation in the size of

Intensity (arb.unit)
— [
) 3
fm

0s
800 1,000 1,200 1,400 1,600 1,800

Raman Shift (cmrl)
Fig. 5. Change in Raman spectra of 4bpy (E; =49.2 uW)
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Fig. 6. Change in SERS intensity at 1250 ¢cm’!
(Es=49.2 pW).

the Au nanoparticle agglomerates as shown in Fig.

129
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7. When the size of the agglomerates is unevenly
distributed, there is a considerable difference in
intensity between when the large agglomerates are
hit by the laser and when they are not.

Gold agglomerates

Fig. 7. Rapid agglomeration of Au particles

To solve this problem, the concentration of gold
nanoparticles was reduced. The mixing ratio of the
new sample is 3.0 pl of measurement sample, 3.0
uL of 0.5 M NaCl solution, 10uL of Au colloid, and
44 ul pure water. Fig. 8 compares the SERS
intensity for the new sample with a supply energy of
39.4 uW. The intensity after saturation is more
stable than in Fig. 6. From Fig.9, the formation of
large agglomerates as shown in Fig.7 was not
observed. Fig. 10 shows the data processed; the five
data were normalized with respect to the maximum
peak intensity and then averaged. the red line
indicates the SERS measurement results. The time
to saturation becomes shorter as the number of
cycles increases. To determine this saturation time,
a verification by relaxation time analysis is
performed. The relaxation time is a measure of the
time required for a system to change from non-
equilibrium to equilibrium. In this case, this time is
the time until saturation occurs. The relaxation
times were compared by fitting Equation 1 to a
graph.

I=1I,+Aexp (—g) (1)

The relationship between relaxation time and
supplied energy is shown in Fig. 11. As shown in
Figure 4, higher supply energy causes rapid particle
growth, which also results in more hot spots. The
reason why the relaxation time is lower on the high
supply energy side in Fig. 11 is that the number of
hot spots easily saturates.These results indicate that
mixing by SAW is useful for the fabrication of
SERS structures.

Normalized Intensity (arb.unit)

3rd

2nd

st

0 100

200 300
Time (s)

Fig. 8. Change in SERS intensity at 1250 cm™' when
measuring new sample. (Ey =39.4 uW) .

Nomalized intensity (arb.unit)

Fig. 9. Photograph after 5 min of rotation
with a new sample.(Es= 39.4 uW)
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Normalized intensity (arb.unit)

(d) E<=39.4 uyW

50 100 150 200 250 300
Time (s)

Fig. 10. Change in SERS intensity at 1250 ¢cm’!

(Es = (a) 9.8 uW, (b) 19.7 uW, (c) 29.5 uW, (d) 39.4 W)

]

Relaxation time (s)
8888858

*
 J
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Fig. 11. Relationship between relaxation time and

supply energy.

4. Conclusion

The aggregation of Au nanoparticles by the SAW
rotor was evaluated. The volume of agglomerated
particles increased with increasing feed energy. This
is thought to be due to the increase in the velocity of
the nanoparticles and the increase in the collision
frequency of the nanoparticles due to the increase in
the supply energy. On the other hand, as an
application of the agglomeration structure, the
SERS intensity was evaluated using 4bpy. The
SERS intensity showed a trend of decreasing
saturation time with increasing supply energy of
SAW. This corresponds to the experiment on
agglomeration and is due to the increase of hot spots
with the progress of agglomeration. Based on these
results, the SAW rotor system is helpful for
nanoparticle aggregation and is expected to be
applied to SERS measurements in microfluidic

devices. In the future, we will confirm the effect by
other measurement molecules and construct the
system by combining it with the flow channel
structure.
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Currently, high-density semiconductor packages have been required to satisfy the demands

of realizing high-performance computing network systems.

Hybrid bonding is one of the

promising processes for 3D-IC package utilizing WoW (wafer on wafer), CoW (chip on
wafer) to realize fine vertical interconnection by die stacking. However, the current
fabrication processes and materials for hybrid bonding are based on the front-end based
technology such as dry processes and Si-based inorganic materials. In this paper, we
demonstrated a novel hybrid bonding system using organic materials especially for Epoxy
Molding Compound (EMC) and Photo Imageable Dielectric (PID) which are frequently
applied to Fan-Out WLP (Wafer Level Package) and PLP (Panel Level Package) with CMP,
UV modification and thermal annealing processes.

Keywords: Hybrid bonding, PID, EMC, Surface treatment, UV modification

1. Introduction

Currently, high-density semiconductor packages
have been required to satisfy the demand of
realizing high-performance computing network
system. The structures and assembly processes in
2.xD and 3D-IC package tend to be more and more
complicated. Under the situation, logic chips (such
as GPU (Graphics Processing Unit), CPU (Central
Processing Unit), Al (Artificial Intelligence)
accelerator, ASIC (Application Specific Integrated
Circuit)) and 3D memory cubes (such as 3D cache
and HBM (High Bandwidth Memory)) are usually
integrated via chiplet dies with interposer layer. In
order to achieve low latency communication, high
density interconnections between chiplet die and
interposer are required fine via and p-bumping
which is high-yields, low cost and good process
window for thermal management. On the other hand,
it is usually difficult to narrow the p-bumping
pitches less than 20 um because of the bump bridge
between micro-solder joints [1-17].

For approaching these technical issues, hybrid

7,2023
18, 2023

Received May
Accepted May

bonding process is proposed. Hybrid bonding is the
concept of Cu-Cu bonding directly without the
solder joint without neighbor bridging. Currently,
Si0,, SiN and SiCN are applied for the insulation
layers of dies. However, the fabrication cost of
inorganic insulation layer tend to be high due to
using dry processes for deposition and activating the
die surface. In addition, the particle adhesion for the
bonding surfaces cause the yield loss. Here, we
proposed a novel hybrid bonding system utilizing
organic materials such as Epoxy Molding
Compound (EMC) and Photo Imageable Dielectric
(PID) which are applied to fan-out WLP (Wafer
Level Package) and PLP (Panel Level Package)
with CMP, UV modification and thermal annealing
processes [18-24].
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The organic materials for insulation layer of
bonding dies needed to be stable during the Cu-Cu
diffusion bonding process under the temperature of
more than 300 °C. Furthermore, the mechanical
strength is required to for planarization by CMP and
the pressure of bonding process for the organic
insulation materials. Thus, we estimated that PID and
EMC are suitable to the hybrid bonding process
because these materials have favourable reliabilities
against the various reliability tests [25-26].

In addition, for activating the surface of
insulation layer, the surface treatment is one of the
most important process in hybrid bonding. In
general, O, plasma treatment using by dry ashing
equipment improves wettability for the surface. In
this paper, we also focused on the UV modification
as an alternative reasonable candidate for the
surface treatment. In general, it is known that the
UV modification process by low pressure mercury
lamp can remove organic dirt and is applied to LCD
manufacturing for glass panel cleaning. We
compared the treatment effects between O, plasma
ashing and UV modification for the surface of the
organic insulation materials. In this paper, we
proposed the novel hybrid bonding systems with
EMC and PID materials and reported the
experimental results of thermal bonding test,
including the UV modification process [27-28].

2. Experimental
2.1 EMC and PID preparation

Here, we fabricated the EMC chips and the PID
wafers in 12 inch wafer size, respectively. The
fabrication processes of TEGs for organic hybrid
bonding are shown in Fig. 1. and Fig. 2. First, we
implemented the compression molding granule-
type EMC on the 12 inch Si wafer. The thickness of
EMC on the wafer was 200 um. Then, after PMC
(Post-Mold-Cure), we grinded EMC surface
smoothly by using a wafer grinder (DISCO,
DAG&810). The thickness of EMC after grinding was
50 um. After that, CMP (Chemical-Mechanical-
Polishing) was conducted to planarize the EMC
surface. The thickness of EMC after CMP was 20
um. In addition, the EMC wafer was singulated into
5.0 mm x 5.0 mm chips with a dicing saw.

Next, we coated the PID varnish on 12 inch Si
wafer. The thickness of PID film on the wafer was
10 pm after curing at 230°C. After that, CMP was
carried out for the surface of PID to obtain more
planar.

(a) Compression Molding (b) Grinding
» < —
| I
|
¥
() CMP (d) Singulation
. - F

Fig. 1. Fabrication process of EMC chips

(a) Coating PID material (b) CMP

. 6.9 F

Fig. 2. Fabrication process of PID wafer

2.2 Observation of the EMC and PID surface

The surface conditions of EMC and PID before
and after CMP were analyzed by using Field
Emission Scanning Electron Microscope (FE-SEM)
(Hitachi High-Tech, Regulus-8230).

2.3 Surface treatment

As the surface treatment, O, plasma ashing and
UV modification were conducted. O, plasma ashing
was conducted under the O, atmosphere by using
plasma cleaner (Nordson Advanced technology,
AP-1000). And that, UV modification was
conducted by using UV/Ozone processor (Sen-
lights, SSM-16). UV light included wavelengths of
184 nm and 254 nm.

2.4 Surface roughness of EMC and PID

We evaluated the arithmetic average roughness
(Ra) and the surface roughness (Rz) for the EMC
and PID surface after O, plasma ashing or UV
modification by using an Atomic Force Microscopy
(AFM).

2.5 Wettability and Surface Energy of EMC and PID

We evaluated static contact angle for the
dielectric surface after O, plasma ashing or UV
modification using a contact angle meter (Kyowa,
DMo-501). The solvents for evaluating static
contact angle were ultrapure water and formamide.
The dispersive and polar parts of surface energy
were calculated using Kaelble-Uy theory, shown as
equation (1).
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y.(1+ cosB) = 2()’?)’1‘})0'5 + 2(}/5}{,)0_5 %

Y1 : The surface energy of liquid

¥s: The surface energy of solid

0 : The static contact angle

¥& : The dispersive parts of surface energy

y_f : The polar parts of surface energy

2.6 Elemental analysis of the PID surface

To evaluate the treatment effects of O, plasma
ashing or UV modification, elemental analysis of
the PID surface was conducted by an X-ray
Photoelectron Spectroscopy (XPS) (ULVAC-PHI,
PHIS5000 VersaProbe II). We compared the intensity
of spectra of C-H bond, C-C bond, C-O bond, C=0
bond and COO bond between two surface treatment
processes.

2.7 Thermal bonding using EMC and PID

Fig. 3. shows the process flow scheme of the
thermal bonding using EMC and PID by Chip on
Wafer (CoW) process. First, the two kinds of
surface treatments, namely, O, plasma ashing and
UV modification were conducted onto the surface
of PID wafer. Next, the pre-bonding process was
conducted wusing Flip Chip Bonder (Toray
Engineering, MD-4000). After that, the coupons
were bonded under a nitrogen atmosphere at 300°C,
5 MPa for 5 min by gang bonder (ALPHA DESIGN,
THB-MM). Finally, the annealing was carried out
under a nitrogen atmosphere at 250°C, 2 h by inert
gas oven (KOYO THERMO, CLH-35CD (III)-S).

(a) Surface Treatment (b) Pre-bonding

.

]
(c) Bonding

+

(d) Annealing

Fig. 3. Thermal bonding process using EMC and PID

2.8 Evaluation of bonding strength between EMC
and PID

After the thermal bonding process, shear strength
was evaluated by using a bond tester (ROYCE
Instruments, ROYCEG650) at room temperature.

3. Results and discussion
3.1 Fabrication of EMC chips and PID wafer

We fabricated EMC chips and PID wafer to
evaluate hybrid bonding. Fig. 4. (a) and (b) show the
SEM images of the EMC and PID surface after CMP.

From these pictures, both of EMC and PID had good
flatness after CMP. Especially, the SEM image of
EMC shows that cross-section of various size silica
filler were exposed in whole.

H”/‘ AR ﬂ B

Fig. 4. The SEM images of (a) the EMC chip and (b) the
PID wafer after CMP

3.2 The effects of surface treatment on EMC and PI
For the surface treatment, O, plasma ashing and
UV modification were conducted for the surfaces of
EMC and PID. We evaluated the surface roughness
trends through the O, plasma ashing and UV
modification as shown in Fig. 5. (a) and (b),
respectively. Fig. 5. (a) showed that the roughness
increased by O plasma ashing. On the contrary, as
shown in Fig. 5. (b), there were little changes in the
roughness by UV modification.
(2) O; Plasma Ashing
) @Ra (EMC) WR2CID)

(b) UV Modification
30

.40
30
= £ 20

10

3

BRa(EMC) BRa(PID)

Y
=

Ka ()
L
L=
{nn

—
=

==

0
60 120 300 0 60 120 300
UV Modification Time (sec)

o
03 Plasma Ashing Time (sec)

Fig. 5. Roughness Ra on EMC and PI (a) by O, plasma
ashing and (b) by UV modification

In addition, in order to analyze the effects of O
plasma ashing and UV modification for the surfaces
of EMC and PID, we evaluated the surface free
energy utilizing the static contact angles of ultrapure
water and formamide. The polar and dispersive
parts of surface free energy were calculated by
equation (1) described in experimental section. By
surface treatments, the summation of surface free
energy was increased as compared to initial values.
Especially, the polar parts of surface free energy
were increased significantly. These results indicate
that surface polarity was improved by O, plasma
ashing and UV modification.

(a) Oz Plasma Ashing (EMC)

100{
0 60 120 300

O3 Plasma Ashing Time {sec)

(b) O; Plasma Ashing (PID)

0 60 300

120
O3 Plasma Ashing Time {sec)
B Polar Dispersive

e
=
=

=
=
=

b

=]
{(ml)em?)
[

o o o

Surface Free Energy
(ml/cm?)
g
b=
Surface Free Energy

Fig. 6. Relationships between O, plasma ashing time and
surface free energy (a) EMC and (b) PID
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(b) UV modification
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Fig. 7. Relationships between UV modification time and

surface free energy (a) EMC and (b) PID

3.3 Elemental Analysis of the PID surface

In order to evaluate the treatment effects of O
plasma ashing and UV modification against the PID
surface, elemental analysis was carried out by XPS.
Fig. 8. showed the results of measurement Cls
spectra. In both cases of O, plasma ashing and UV
modification, the peak of 288.5 eV raised as the
treatment time increased. However, there was a
difference in the behavior of the peak transition
between O plasma ashing and UV modification. In
the case of O, plasma ashing, the intensity of peak
of 288.5 eV jumped up at 60 s, and after 120 s the
intensity of this peak little changed. These results
suggested that the effect of surface roughening by
O: plasma ashing blocked the growth the peak of
288.5 eV. On the other hand, in UV modification,
the intensity of the same peak grew steadily as the
treatment time increased. These results suggest that
UV modification can modify chemical bonds
without damaging PID surface.

(b) UV modification

F12
S0 |
'gO.S [
5
E 0.6 T
204
%0‘2 r
0 L C‘O PG RO
300 295 290 285 280 300 295 290 285 280

Bonding Energy (eV)

60 sec = 120 sec ® 300 sec

(a) Oz plasma ashing

Bonding Energy (eV)

Osec ©60sec m120sec m300 sec 0 sec
Fig. 8. The relation between Cls spectrum and surface
treatment time, (a) O» plasma ashing, (b) UV
modification

In addition, we analyzed the peak of 288.5 eV
shown in Fig. 9. The part of COO bond having
polarity increased by O, plasma ashing. Whereas
the part of C-H bond having dispersibility decreased.
Similar to the results of O, plasma ashing, the part
of COO bond grew and that of C-H bond decreased,
as the UV modification time increased. However,
for UV modification, C=0O bond also increased.
These results indicated that the effect of UV

modification was different from the one of O,
plasma ashing against the PID material.

(a) Oz plasma ashing (b) UV modification
100 ¢ 1 100
B B
= b S 60|
5 & : S}
m i =
g5 200 2 B0}
o F P i
S o E N B EI: iHENEN
e 0 6 120 300 @ 0 60 120 300
07 Plasma Ashing Time (sec) UV modification Time (sec)
® Polar Dispersive

Fig. 9. The ratio of elements of function groups as the
PID surface treatment time, (a) O, plasma ashing, (b) UV
modification.

3.4 Thermal bonding test

Thermal bonding test by using EMC and PID by
CoW process was described in Chapter 1. As shown
in Fig. 10., assembled coupon was obtained after
pre-bonding by flip chip bonder. The Smm x Smm
square size EMC chips were lined up at a pitch of
10mm on PID wafer.

Fig. 10. A photo of an assembled coupon using the
EMC/PID system after pre-bonding

Next, the bonding was conducted by gang bonder
at 300 °C. After that, the annealing was carried out
at 250 °C under nitrogen atmosphere. Fig. 11. shows
the cross-sectional SEM image of an assembled
coupon. There were no voids or gaps at the interface
between EMC and PID. This result indicated that
the novel system utilizing EMC and PID is suitable
for the hybrid bonding process.

Fig. 11. The cross-sectional SEM image of a thermal
bonded coupon using EMC and PID
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3.5 Evaluation of shear strength

In order to evaluate the effects of O, plasma
ashing and UV modification for bonding strength
between EMC and PID, we measured shear strength
by using a bond tester. The results of shear test with
two kinds of the surface treatment were shown in
Fig. 12. These results showed that the shear strength
little changed by any treatment conditions of O»
plasma ashing. On the other hand, UV modification
improved the shear strength drastically. Especially,
after UV modification for 120 s, the shear strength
increased five times stronger as compared to no
treated coupons. These results indicated that UV
modification accomplished an excellent shear
strength with the EMC and PID system.

B O, plasma ashing ® UV modification

200
o) L
& r
2 150
) ;
g 10.0 |
3 507
» r

o

0 60 120 300

Treatment time (sec)

Fig. 12. The results of shear test of coupons treated by O»
plasma ashing and UV modification

Furthermore, we compared the bonding condition
of the PID/EMC interface treated by O, plasma
ashing and UV modification. The SEM images of
the surfaces of PID after shearing EMC chips were
shown in Fig. 13. As shown in Fig. 13. (a), there was
little EMC residue on the PID surface treated by O»
plasma ashing. Whereas, as shown in Fig. 13. (b),
there was a large amount of EMC residue on the PID
surface treated by UV modification. As these results,
after O, plasma ashing, the interface between PID
and EMC was fractured, while after UV
modification, the bulk of EMC was fractured.

(a) Oz plasma ashing

(b) UV modification

Fig. 13. The SEM image of PID surface after shearing the
EMC chip (a) treated by O» plasma ashing, (b) treated by
UV modification

Finally, we compared the shear strength between
the EMC/PID system and the Polyimide/Polyimide
(PI/PI) system as shown in Fig. 14. From these
results, the shear strength of the EMC/PID system
were a little smaller level of the PI/PI system
referred from [23] indicating that the adhesion
strength of EMC and PID was strong adequately for
hybrid bonding. In the future, we will investigate the
hybrid bonding with Cu-Cu junction using the EMC
and PID system.

® Data plots B Box plots B Mean

Shear Strength (MPa)
w
\
|
|
I
i

EMC/PID PI/PI
Bonding System

Fig. 14. The results of shear test using the EMC/PID
system and PI/PI system.

4. Conclusion

In order to propose the novel hybrid bonding
systems by using organic materials such as EMC
and PID, we achieved thermal bonding between
those materials by using UV modification process.
It can be indicated that UV modification is the
excellent way of surface treatment to increase the
adhesion strength of EMC and PID. As compared to
O, plasma ashing, UV modification is superior
process to improve wettability and the polarity part
of surface free energy for EMC and PID surfaces
without roughening them. UV modification can
improve the shear strength between EMC and PID
five times more than untreated coupons.
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We developed photocured films from a blend of TiO, nanoparticles and dinaphthylfluorene
derivatives having acryl and mercapt groups and a photoinitiator by a photo-thermal dual

curing technique.
thermal dual curing conditions.

The curing properties of the blends were strongly affected by the photo-
We successfully fabricated films with high refractive

indices (1.693 at 589 nm) and a high thermal stability (5% weight loss temperature: 266 °C).
Keywords: Photo-thermal dual curing, Fluorene, Acryl, TiOz, High thermal stability,

High refractive index

1. Introduction

Organic-inorganic ~ hybrid ~ nanocomposite
materials have attracted much attention to improve
the physical and chemical properties of organic
materials [1]. Based on this point of view,
Matsukawa et al. reported the preparation of
organic-inorganic hybrid films having high
refractive indices [2-4]. They used TiO, and ZnO»
as inorganic compounds which have high refractive
indices.  We also reported the fabrication of
photocured films of diphenyl- or dinaphthylfluorene
having acryl, epoxy, and oxetane moieties and
polysilanes blends [5-8]. We have successfully
fabricated the films with high refractive indices (7p:
1.62) and the decrease of about a 0.03 refractive
index was observed after the photodecomposition at
254 nm with a dose of 18 J/cm?[7]. The prepared
films have a high thermal stability (temperature for
5% weight loss, Tgs: 300 °C) [7].

In this study, we employed TiO; nanoparticles as
an inorganic compound. We developed the
photocured films of a blend of TiO, nanoparticles
and dinaphthylfluorene derivatives having acryl and
thiol groups and a photoinitiator by the photo-
thermal dual curing technique. The optical and

Received March 15,2023
Accepted May 12, 2023

thermal properties of the photocured films were
investigated.  The photocuring mechanism was
also discussed.

2. Experimental

The structures of the used chemicals are shown in
Fig. 1. Diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO), a photoinitiator,
was used as received. A hexafunctional acrylate
dipentaerythritol hexaacrylate (DPHA) was kindly
donated by Shin-Nakamura Chemical Co., Ltd., and
used without further purification. 9,9-Bis[6-(3-
acryloyloxy-2-hydroxypropoxy)-2-naphthyl]-
fluorene (BNFGA), 9H-fluoren-9-ylidenebis(6,2-
naphthyleneoxy-2,1-ethanediyl) 3-mercaptbutyrate
(BNEFMB), and a TiO, dispersion in N-
methylpyrrolidone were obtained from Osaka Gas
Chemicals Co., Ltd.

Solvent exchange of the TiO, dispersion was
carried out by dialyzing the obtained dispersion
against acetylacetone for 1 day using a Spectra/Por
7 dialysis membrane (cutoff molecular weight:
3500). The concentration of TiO, after dialysis
was determined by thermogravimetry at 500 °C.

Sample films (ca. 1 pm) were prepared by spin-
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casting from the mixture of fluorene derivatives,
TiO,, a photoinitiator, and acetylacetone onto a
silicon wafer.

Photo-thermal dual curing was performed by
irradiation at 405 nm using an LED laser (Ball
Semiconductor, BP300, 300 mW, 48 mW/cm?)
along with baking using a conventional hot plate.
The intensity of the light was measured by an Orc
Light Measure UV-M02 and an Ushio USR-45VA.
The irradiated films were soaked in tetrahydrofuran
and the insoluble fraction was determined by
comparing the film thickness before and after
soaking in tetrahydrofuran for 1 min. The
thickness of the films was measured by
interferometry (Nanometrics Nanospec M3000).

The UV-vis spectra were obtained by a Shimadzu
UV-2450. The FT-IR measurements were carried
out using a JASCO FT/IR-4600. The refractive
indices of the films were measured using a
spectroscopic ellipsometer (J. A. Woollam M-
2000UL). Thermal decomposition behavior was
investigated by a Shimadzu DTG 60 simultaneous
thermogravimetry and differential thermal analyzer
(TG-DTA) under flowing nitrogen. The heating

rate was 10 °C/min.
O CH,
9
o=P
G

Tio,
TPO
o] o
CHZ:CH—H—O O-H-CH:CH;
H, éHz
CHy—CH—C—0-CH,-C—CH,—O—CH,—¢_CH,—0_C—CH=CH,
H, H,
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SH O [0} SH
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Fig. 1. Chemical structures of the used chemicals.

3. Results and discussion
3.1. Photo-thermal dual curing

Incorporation of TiO; in organic films produced
a high thermal stability and high refractive indices
[2,3]. Thus, we prepared blended films of TiO;
and DPHA, a hexafunctional acrylate which gave a
high reactivity by photo-induced radical
polymerization in the presence of a photoinitiator.
When a DPHA/TIO/TPO (67/33/1, wt/wt/wt)
blended film was irradiated at 405 nm for 5 min with
a dose of 14.4 J/cm? under ambient conditions, a low
insoluble fraction (33%) was observed. A photo-
thermal dual curing technique [7,9] enhanced the
reactivity. The insoluble fraction increased with the
irradiation temperature. When the irradiation was
carried out at 100 °C for 5 min, a 96%
insolubilization was observed. On the other hand,
insolubilization was not observed without
irradiation.

The incorporation of fluorene moieties into the
films enhanced the refractive indices [2-8].
BNFGA, a diacrylate having naphthyl and fluorenyl
moieties was used instead of DPHA. When a
BNFGA/TiO,/TPO (67/33/1, wt/wt/wt) film was
irradiated at 405 nm for 5 min with a dose of 14.4
J/em? under ambient conditions, insolubilization
was not observed after the irradiation. When
irradiation was performed at 100 °C for 5 min, a
46% insolubilization was observed. A longer
irradiation time was effective to increase the
insoluble fraction. When irradiation was
performed at 100 °C for 15 min, a 94%
insolubilization was observed. On the other hand,
insolubilization was not observed without
irradiation.

The TiO: content affected the insolubilization.
When a BNFGA/TiO/TPO (50/50/1, wt/wt/wt)
film was irradiated at 405 nm for 15 min with a dose
of 43.2 J/cm? at 80 °C, a 94% insolubilization was
observed. Without irradiation, no insolubilization
was observed. When the temperature was
increased to 100 °C, insolubilization was observed
regardless of the irradiation. Thus, the optimum
conditions to fabricate the cured BNFGA/TiO,/TPO
(50/50/1, wt/wt/wt) blended film was determined to
be a 15-min irradiation at 80 °C.

The thiol-ene reaction [7,10] was used to
enhanced the reactivity. BNEFMB, a dimercapt
derivative having naphthyl and fluorenyl moieties,
was added in the system. @ When a BNFGA
/BNEFMB/TiOo/TPO (44/22/33/1, wt/wt/wt/wt)
blended film was irradiated at 100 °C for 5 min,
insolubilization was observed. The value (81%)
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was higher than that when the BNFGA/TiO./TPO
(66/33/1, wt/wt/wt) blended film was used (46%).
The optimum condition to fabricate the cured
BNFGA/BNEFMB/TiO»/TPO (44/22/33/1,
wt/wt/wt/wt) blended film was determined to be a
15-min irradiation at 80 °C, which gave an 89%-
insoluble fraction.

3.2. Reaction mechanism

The FT-IR spectral changes revealed the reaction
mechanism of the blended films. Figure 2 shows
the  FT-IR  spectral  changes of the
BNFGA/TiOo/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO»/TPO (44/22/33/1,
wt/wt/wt/wt) blended films. After irradiation, the
peak at around 1630 c¢cm! ascribed to the C=C
stretching of the acryl groups decreased. After
additional baking at 200 °C for 1 min, the peak
above 3000 cm™ ascribed to the hydroxy groups in
TiO, decreased.
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Fig. 2. FT-IR spectral changes of (a) BNFGA/TiO»/TPO
(50/50/1, wt/wt/wt) and (b) BNFGA/BNEFMB/TiO,/
TPO (44/22/33/1, wt/wt/wt/wt) blended films containing
1 wt% TPO. Solid line: no irradiation. Dashed line:
irradiated at 405 nm for 15 min with heating at 80 °C.
Irradiation intensity: 48 mW/cm?2. Dotted line:
additional baking at 200 °C for 1 min after irradiation.
Film thickness: 0.81 pum.

Scheme 1 shows a plausible reaction mechanism
of the BNFGA/BNEFMB/TiO»/TPO blended
system. Upon irradiation, the photoinitiator TPO
was photolyzed to produce radicals. The
generated radicals promote the polymerization of
BNFGA in addition to the crosslinking reactions of
the acryl groups in the BNFGA and mercapt groups
of BNEFMB. The reactions induced the
insolubilization of the films due to the nature of the
difunctional compounds of BNFGA and BNEFMB.
As minor reactions, dehydration of the hydroxy
groups on TiO», the hydroxy groups in BNFGA, and
the mercapt groups in BNEFMB proceeded. We
consider the baking treatment accelerates the minor
reactions.

major reaction

photoinitiator
¢ hV (405 nm)
R* .
onSH g St RH

. . s e SH H s
—S /\\ > j\\ PR

—_—
.
.

network formation

minor reaction

J
HO—Ti 1L9>1L —OH — Hoﬂ—é#gqlpcpﬁ—é#%ﬁ_w +  H0
b &
HO'ILHAQ %‘}OH —>m Hcmlu—é#
Ho#% %11»—% m—> Ho{—éwl

Scheme 1. Plausible reaction mechanism.

3.3. Thermal and optical properties

The TGA analyses of the photocured and baked
BNFGA/TiO,/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO,/TPO (44/22/33/1,
wt/wt/wt/wt) blended films were carried out. The
films were prepared by irradiation at 405 nm for 15
min with heating at 80 °C and additional baking at
200 °C for 1 min after the irradiation. The 5%

weight loss  temperature (7as) of  the
BNFGA/TiO»/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO,/TPO (44/22/33/1,
wt/wt/wt/wt) blended films were 266 and 197 °C,
respectively.

The UV-vis spectral changes of the
BNFGA/TiO»/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO,/TPO (44/22/33/1,

wt/wt/wt/wt) blended films were observed (Fig. 3).
When the films were irradiated at 405 nm for 15 min
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with heating at 80 °C, an increase in the absorption
above 400 nm was observed in both films. The
increase was enhanced by additional baking at 200
°C for 1 min.

(@) (®)

Table 1. Curing conditions and refractive indices of
TiO,/diarylfluorene blended films.

Formulation (weight ratio)

Guring condifi . » .
BNFGA BNEFMB TiO, TPO uring condition ne fo e

50 50 1 dual cured® 1709 1677 1666 16
50 50 1 dual cured and baked" 1726 1693  1.681 15
44 22 33 1 dual cured® 1715 1686 1675 17
44 22 33 1 dual cured and baked’ 1.720 1.690 1.678 17

o

15

1

Absorbance
Absorbance

o
o

0.5

[
300 400 500 600 700
Wavelength (nm)

Fig. 3. UV-vis spectral changes of (a) BNFGA/TiO,/TPO
(50/50/1, wt/wt/wt) and (b) BNFGA/BNEFMB/TiO»/
TPO (44/22/33/1, wt/wt/wt/wt) blended films containing
1 wt% TPO. Bold line: no irradiation. Solid line:
irradiated at 405 nm for 15 min with heating at 80 °C.
Irradiation intensity: 48 mW/cm?. Dashed line:
additional baking at 200 °C for 1 min after irradiation.
Film thickness: (a) 0.77 pm, (b) 2.0 um.

0
800 300 400 500 600 700 800
Wavelength (nm)
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Fig. 4. Optical images of (a,c) BNFGA/TiO»/TPO
(50/50/1, wt/wt/wt) and (b,d) BNFGA/BNEFMB/TiO»/
TPO (44/22/33/1, wt/wt/wt/wt) blended films containing
1 wt% TPO. Curing condition: (a,b) irradiated at 405
nm for 15 min with heating at 80 °C. Irradiation
intensity: 48 mW/cm?.  (c,d) additional baking at 200 °C
for 1 min after irradiation. Film thickness: (a) 0.77 um,
(b) 2.0 pm.

Figure 4 shows the optical images of the
BNFGA/TiOo/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO»/TPO (44/22/33/1,
wt/wt/wt/wt) blended films before and after baking
at 200 °C for 1 min.  Strong coloring was observed
in the BNFGA/BNEFMB/TiO,/TPO (44/22/33/1,
wt/wt/wt/wt) blended film. The oxidation of the
sulfur atoms in BNEFMB may cause the color

change.

The refractive indices of the cured
BNFGA/TiO»/TPO  (50/50/1, wt/wt/wt) and
BNFGA/BNEFMB/TiO»/TPO (44/22/33/1,
wt/wt/wt/wt) blended films were investigated

(Table 1). The np values ranged from 1.677 to
1.693. The baking treatment increased the refractive
indices.

*Measured at 486 nm. "Measured at 589 nm. “Measured at 656 nm.
dAbbe number: (np-1)/(n-nc).  °80 °C, 15 min, 43.2 J/cm?. 80 °C, 15
min, 43.2 J/em? + 200 °C, 1 min.

4. Conclusion

We developed photocured films from a blend
of TiO, nanoparticles and dinaphthylfluorene
derivatives having acryl and mercapt groups and a
photoinitiator by a photo-thermal dual curing
technique. The curing properties of the blends
were strongly affected by the photo-thermal dual
curing conditions. A cured BNFGA/TiO»/TPO
(50/50/1, wt/wt/wt) film had high refractive indices
(1.693 at 589 nm) and a high thermal stability (5%
weight loss temperature: 266 °C).
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Photo-reactivity of 2,4,6-Tris(benzylthio)-1,3,5-
triazines and Accompanying Refractive Index Change
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The photo-isomerization reaction of 2,4,6-tris(benzylthio)-1,3,5-triazine (TBT) structure
was investigated for the first time. Pristine TBT was prepared as the model compound. TBT
showed good thermal inertness up to 200 °C without any thermal isomerization. The
photoreaction of TBT under 254 nm irradiation was investigated with UV/vis and FT-IR
spectroscopy using the TBT film in poly(methyl methacrylate) (PMMA) matrix. Detailed
analysis of the spectra using density functional theory (DFT) calculation revealed that the
single enol-keto isomerization at one benzylthio moiety in TBT dominantly proceeded. The
refractive index change along with the photo-isomerization of TBT was evaluated with
ellipsometry technique, which showed the refractive index increase of +0.0050 at 633 nm.
Keywords: Thiocyanurate, Photo-isomerization, Refractive index change, PMMA film

1. Introduction

The molecules with modulable refractive index
(n) are important functional materials for many
optical devices [1]. Such function has often been
realized by designing the photo-reactive molecules,
which enable on-demand patterning of the
refractive index of materials. To this end, many
molecular units with selective photo reactivity
have been explored such as nitrones [2-4],
cinnamates [5], norbornadiene [6—8], azobenzene
[8], and thiocyanates [9]. Recent examples involve
photo-Fries rearrangement of aromatic esters
[10-14], amides [15], and urethanes [16]. The
photo reactions of these molecules induce the
changes in molecular refraction (R) and molecular
volume (V), and the concomitant changes of R/V
lead to the refractive index changes according to
Lorentz—Lorenz equation (1) [17].

2 R
n'2 1 _ IR 0
n+2 V

While a variety of examples of the refractive
index modulation of organic molecules including
polymers has been reported to date, little has been
reported for the polymers with high refractive
index. Such high refractive index is one of the
important parameters for high performance optical

Received March 24,2023
Accepted May 2, 2023

devices such as microlens and light emitting diodes
[18]. The high refractive index molecules can be
generally designed by incorporation of the
molecular units with heavy atoms and/or aromatic
rings, which contribute to high molecular
refraction R and thus high refractive index. Among
them, the aromatic polymers with thiotriazines
(thiocyanurates) and its derivatives have been
reported to show high refractive index over 1.7
[18-20]. Meanwhile, our group has previously
revealed that the thermal rearrangement of
cyanurates to isocyanurates in polymer backbone
afford the refractive index increase up to 0.051,
which is attributed to the formation of C=0O group
with high molar refractions [21]. Because C=S
group possesses even higher molar refractions [22],
the  rearrangement of  thiocyanurates to
isothiocyanurates could also afford the refractive
index increase. In other words,
thiocyanurate-containing polymers can be a
promising candidate for the optical polymers with
both high refractive index and its adjustability.
However, such rearrangement reaction of
thiocyanurate has yet to be reported. On the other
hand, thiobenzothiazole derivatives with the
common N=C-S-R substructure have been
reported to undergo photo-rearrangement to
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N(S)-C-R [23], supporting the feasibility of the
targeted photo-rearrangement of thiocyanurates. In
this work, we designed 2.4,6-tris(benzylthio)-
1,3,5-triazine (TBT) with photolytically cleavable
benzylthio groups, and investigated the photo-
rearrangement reaction and concomitant refractive
index change.

2. Experimental
2.1. Materials and measurements

All the reagents and solvents were purchased
from TCI, Wako Pure Chemical Industries, Kanto
Chemical, or Sigma-Aldrich and used as received,
unless otherwise noted. FT-IR spectra were
measured  with JASCO Inc. FT/IR4600
spectrometer. UV/vis spectra were measured with
JASCO Inc. FT/IR4600 spectrometer. 'H NMR
measurements were carried out at 25 °C with
DMSO-ds as the solvent and tetramethylsilane
(0.00 ppm) as the internal standard on a JEOL
ECA-500 instrument. Differential scanning
calorimetry (DSC) analysis was performed on a
Seiko EXSTAR DSC 6200 at heating and cooling
rate of 10 °C/min under N, flow. Density
functional theory (DFT) calculation was performed
with Wavefunction Inc. Spartan 18 software at the
B3LYP/6-311+G(d,p) level. The refractive index
and thickness of polymer films were determined by
ellipsometry (DHA-OLX/S4, 633 nm, Mizojiri
Optical Co. Ltd.).

2.2. Synthesis of TBT (Scheme 1)

In a 100 mL flask, triethylamine (TEA, 7.29 g,
72.0 mmol) was added to thiocyanuric acid (3.76 g,
20.0 mmol) in DMAc (20 mL). The flask was
immersed in an ice bath, and benzyl bromide (16.4
g, 90.0 mmol) was added dropwise to the solution
over 15 minutes. The solution was stirred for 4.5 h
until the consumption of thiocyanuric acid was
confirmed by thin layer chromatography. The
reaction solution was poured into 600 mL of water,
and the formed precipitate was collected by
filtration, washed twice with 80 mL of methanol,
and then dried under reduced pressure. The crude
product was purified by recrystallization from
methanol to give TBT as a colorless needle crystal
(7.25 g, 76% yield).

"H-NMR (500 MHz, DMSO-ds, 25 °C) & (ppm) :
7.36 (d, J=7.5 Hz, 6H), 7.31 (t, J = 7.5 Hz, 6H),
7.26 (t, J = 7.5 Hz, 3H), 4.40 (s, 6H); *C-NMR
(126 MHz, DMSO-ds, 25 °C) o (ppm): 178.68,
136.69, 128.89, 128.56, 127.38, 33.64; FT-IR (KBr,
cm) 1 3022 (v, ary), 2926 (ven, aikyt), 1472 (vex),

1267 (ve=n), 1239 (ve=n), 786 (vess); ESI-TOF MS
(m/z) calcd. for [M+Na"] = 448.10, found: 448.13;
m.p. = 85.0-85.3 °C.

2.3. Photo-irradiation experiments of TBT

Typically, TBT films were prepared by
spin-coating of the solution of TBT with PMMA
matrix (20 wt%) in 1,2-dicholoroethane on a quartz
plate for UV/vis, KBr plate for FT-IR, or Si plate
for ellipsometry. The films were irradiated with a
Xe lamp (Asahi Spectra MAX-302) equipped with
a band-pass filter at 254 nm with the intensity of
1.12 mW/cm?.

3. Results and discussion
3.1. Synthesis and characterization of TBT

TBT was first synthesized as the model
compound by the condensation of thiocyanuric
acid and benzyl bromide in the presence of
triethylamine (TEA) in N,N-dimethylacetoamide
(DMACc) at r.t. for 4.5 h (Scheme 1). TLC analysis
of the reaction mixture suggested the selective
conversion of thiocyanuric acid to a single product.
The FT-IR spectrum of the product showed the
peaks attributed to C—H groups at 2900-3100 cm™,
triazine ring at 1473 cm'!, and C-S groups at 839
cm !. The 'H and C NMR spectra of the product
indicated the presence of a single benzyl structure,
as consistent to the trigonal structure of TBT.
ESI-TOF MS measurement confirmed the mass
peaks corresponding to the H" and Na" adducts of
TBT.

Our group has previously reported the thermal
rearrangement of triphenyl cyanurates in the
presence of tetrabutylammonium bromide as the
catalyst [21]. We have also reported the thermal
rearrangement of 2-(benzoylthio)benzoxazole to
3-benzoylbenzoxazoline-2-thione  without any
catalyst, which involves the structural change from
N=C-S-R to N(S)-C-R [24]. Based on these

examples, we briefly examined the thermal
reactivity of TBT by differential scanning
calorimetry (DSC). As the result, only one

endothermic peak attributed to the melting point
was observed at 86 °C during the heating up to
200 °C (Fig. 1), indicative of the thermal inertness
of TBT. In fact, the "H NMR spectrum of the DSC

Br
o _,@ g 0
o L3

Scheme 1. Synthesis of TBT from thiocyanuric acid.
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sample after the heating was comparable to the
pristine one, supporting the good thermal stability
of TBT in contrast to the 2-(benzoylthio)-
benzoxazoles.

3.2. Photoreaction of TBT

The photoreactivity of TBT was next
investigated. Herein, the targeted photoreaction
was expected to proceed via the homolytic
cleavage of the C—S bond between the benzyl and
triazine groups. Such reactions have been known to
be generally disturbed by the intermediate
diffusion particularly in a solution [25]. According
to these backgrounds, we carried out the photo
experiments in the thin film state using
poly(methyl methacrylate) (PMMA) as the
film-forming matrix, where the molecular mobility
should be more suppressed than in a solution. The
photoreaction of TBT was first investigated by
UV/vis spectroscopy using the film of TBT
prepared on a quartz substrate, which was
irradiated at 254 nm (1.12 mW/cm?). The original
absorption peak at 265 nm decreased while new
peaks appeared at 288 nm and further longer
wavelength region up to ca. 400 nm (Fig. 2). This
result is in accordance with other reports on the
UV/vis spectral changes along with the enol-keto
isomerization of thioamide derivatives [23,26], and
the newly appeared peaks are attributed to the n—

n* transition of the C=S group. The observed
UV/vis spectral change accompanied an isosbestic
point at 280 nm up to 13 min, suggesting that a
single photoreaction proceeded within the
timescale. On the other hand, the absorption at the
longer wavelength turned to decrease by the
prolonged irradiation, suggesting that the formed
C=S chromophore was lost due to some side
reactions such as desulfurization as observed with
the analogous photo-isomerization of alkylthio-

f
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Fig. 1. DSC profile of TBT (10 °C/min, 1st heating,
under N, flow).
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Fig. 2. UV/vis spectral change of TBT in PMMA film
under 254 nm irradiation.

benzothiazole [23]. These results show that the
photo-irradiation at 254 nm selectively induced the
enol-keto isomerization of the thioamide group in
TBT to an extent within the proper irradiation
time.

The structural change along with the
photoreaction of TBT was investigated in more
detail by FT-IR spectroscopy (Fig. 3). Herein, the
TBT concentration in the PMMA matrix was set to
be higher (43 wt%) than the UV/vis study (20
wt%) for the clearness of the spectra. The TBT
film was prepared on a KBr substrate and
irradiated at 254 nm (1.12 mW/cm?) for 13 min.
The peak of the C=N stretching of the triazine ring
at 1477 cm™' significantly decreased during the
irradiation, further supporting the proceeding of
the enol— keto isomerization reaction. The decrease
of the C—S peak at 838 cm™! also supported the

—0 min
—1 min
—2 min
—4 min
—6 min

—8 min
—10 min

—13 min

Absorbance

1600 1500 1400 1300 1200 1100 1000
Wavenumber (cm-1)

Fig. 3. FT-IR spectral change of TBT in PMMA film
under 254 nm irradiation.
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1somerization reaction. Meanwhile, there were
observed several new peaks and absorption
increase after the irradiation, which are attributed
to the photo-isomerization products.

3.3. Detailed analysis of the FT-IR and UV/vis
spectra with DFT calculation

To characterize these spectral changes, the
FT-IR spectra of TBT and its three possible
triazine-thione isomers were simulated by density
functional  theory  (DFT)  calculation at
B3LYP/6-311+G(d,p) level. The calculated UV/vis
spectrum of TBT (Fig. 4, left column, black line)
well reproduced the experimental one with a peak
top at 265 nm (caled.: 264 nm). Among the
calculated UV/vis spectra of the three possible
isomerization products, the one of the monothione
isomer with its peak top at 293 nm and 345 nm
was the most comparable to the experimentally
observed absorption increases at 288 nm and 336
nm during the photo-irradiation of TBT. We next

carried out the DFT study on the FT-IR spectra.
The spectrum of TBT was again reproduced well
with the deviation less than 11 cm™' (Fig. 4, right
column, black line) with the scaling factor of 0.983
[27]. Consistent to the previously described DFT
study on the UV/vis spectra, the most apparent
absorption increases observed at 1510 and 1434
cm™!' in the experiment were reproduced by the
calculated spectrum of the monothione isomer,
which shows the C=N stretching peak at 1535 cm™!
and C-N at 1441 cm™. On the other hand, a little
increase observed around 1390 c¢m! in the
experiment corresponded not to the monothione
but to the dithione and trithione with the S=C-N
vibration, suggesting the little formation of these
isomers in addition to the monothione. The overall
reaction ratio was calculated to be 28% from the
decrease ratio of the C—S stretching peak at 838
cm™!, which is attributed only to TBT according to
the DFT calculation. Based on these results, it was
concluded that the photoreaction of TBT mainly
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Fig. 4. Calculated UV/vis and FT-IR spectra before (black line) and after (red line) the photo-isomerization of TBT to
either of its three possible thione isomers given by DFT calculation at B3LYP/6-311+G(d,p) level.
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Scheme 2. Photoreaction of TBT under 254 nm irradiation in PMMA film.
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Photo-induced depolymerization is a useful technique in designing functional materials and
polymer recycling. Polyphthalaldehyde (PPA) has been known to be depolymerizable even
in solid state. In this study, networked PPAs linked with oxime ether and urethane units
have been prepared, and their photo-induced depolymerization was attempted. The
networked structure of PPAs was prepared by anionic polymerization of phthalaldehyde
monomer (0-PA) initiated with trifunctional oxime and 1,8-diazabicyclo[5.4.0Jundec-7-ene
to form truxene core bearing three PPA chains, followed by termination with difunctional
isocyanates. We could obtain networked PPAs from 1,5-naphthalene diisocyanate, although
could not from hexamethylene diisocyanate. Obtained networked polymers were pressed
in neat pellets and UV-irradiated with Hg-Xe lamp (>310 nm). By repeated irradiation in
solid state and dispersed state in chloroform, almost of the PPAs became soluble in
chloroform. In '"H NMR spectra of the soluble fractions, peaks due to 0-PA and phthalide
were observed, suggesting the proceeding of almost complete decrosslinking and
depolymerization. Trace amount of insoluble powder finally remained and discussed based
on its IR spectrum. We also compared the scanning microscope images of PPAs before and
after irradiation.

Keywords: Polyphthalaldehyde, Anionic polymerization,
Isocyanate, Depolymerization, Networked polymer

Photo-degradation,

1. Introduction

Controlled degradation of polymers provides
many approaches in polymer recycling and
functional materials [1,2].  Polyphthalaldehyde
(PPA) is a well-known polymer that can be
degradable by heat, acid, and photo-irradiation even
in solid state [3]. Due to their excellent
degradability, PPAs have been utilized as a thermal
sacrificial layer [4], and photoresists for laser beam
lithography [5] and EUV [6-8] recently.

PPAs are obtained by both cationic and anionic
polymerization. While the former often leads to
the formation of cyclic PPAs, the latter affords
linear chains whose terminals contain fragments of
initiator and terminator. Thus, easy introduction

Received March 31, 2023
Accepted May 16, 2023

of desired functional groups into the PPAs is
possible by anionic polymerization [3]. Several
attempts have been reported to introduce terminals
that can trigger the depolymerization of PPA chains
[6,9,10]. Crosslinked PPAs have also been
proposed as copolymers of PPA bearing allyl group
with  stimuli-responsible endcaps, and their
depolymerization has been demonstrated [11].

We have already explored the preparation and
photoreaction of PPAs with oxime ether terminals
[12-14]. In these studies, we have accomplished
the photolysis of oxime ether units and following
depolymerization [12], the introduction of
methacryl  units by  terminating with
methacryloyloxyethylisocyanate [13], and the
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Fig. 1. Preparation and photo-induced degradation of networked PPAs in this work.

formation and photodegradation of polymers
bearing two and three PPA chains [14].

Based on the above results, this paper describes
the preparation and photodegradation of networked
PPAs as shown in Fig. 1. Herein the networked
structure  was  obtained by the anionic
polymerization of phthalaldehyde (o-PA) initiated
with truxenone trioxime and terminated with
molecular diisocyanates. Resulting polymers
would be composed of long PPA chains linked with
short oxime ether and urethane units, and most of
the networked structure can be degraded into small
molecules.

2. Experimental
2.1. General

IR and UV spectra were recorded on Jasco FT-
IR4200, and UV630 spectrometers, respectively.
NMR spectra were measured by a JEOL JNM-
ECX400 spectrometer.

Truxenone trioxime was obtained as described
previously [15].  1,5-Naphthalene diisocyanate
(NDI) was obtained from Tokyo Chemical Industry
and recrystallized from toluene / hexane mixture.
0-PA was obtained from Nacalai Tesque (Kyoto,
Japan) as SP grade for fluorometry, recrystallized
grade. Dehydrated grade of dichloromethane and
pyridine were received from Nacalai and Wako,
Chemical (Osaka, Japan), respectively, and used for
polymerization  reactions. Hexamethylene
diisocyanate (HDI) was used as received from
Nacalai.

2.2. Polymerization

Typical polymerization was carried out as
follows under yellow light: in a flask, 960 mg (7.16
mmol) of 0-PA was placed, and the flask was purged
with argon gas after equipment of a three-way cock
with a septum and a balloon. Then, 5 mL of argon-
purged CH2Cl; was added through a syringe to the
flask and cooled to —80 °C in an aluminum block
cryostat PSL-2500 A (EYELA, Tokyo, Japan). In
other flask, truxenone trioxime and 1,8-
diazabicyclo[5.4.0Jundec-7-ene ~ (DBU)  were
dissolved in toluene and pyridine and rotavapped
under reduced pressure. The flask was equipped
with a septum, purged with argon, and added 0.05
mL of pyridine and 1.0 mL of CH,Cl,. Then, 0.5
mL of the oxime solution was taken out with a
syringe, added to the monomer solution, and kept
stirring at —80 °C for 30 min. The polymerization
was quenched by adding a CH)Cl, solution
containing a diisocyanate, and the flask was taken
out from the cryostat bath. After a given time, the
mixture was once rotavapped, added 50 mL of
methanol, and filtered.  Obtained powder was
reprecipitated from methanol after dissolving in
chloroform, or just washed in chloroform.

2.3. Photo-irradiation of PPAs

Photo-irradiation was performed in air with a
Hayashi Watch-Works LA410 Xe-Hg lamp (Tokyo,
Japan) whose light intensity was 200 mW/cm? at
365 nm, which was measured by an Orc UV-M03
illuminometer (Tokyo, Japan). The solid samples
were irradiated via 50 um PET film to cut the shorter
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wavelength light completely.

Neat polymer powder (ca. 6 mg) was pressed
into to 5 mm? diameter pellets using a Jasco MP-1
hand press. KBr pellets containing PPAs were
prepared by mixing PPA: KBr=1:4 (wt/wt). The
irradiation of powder in chloroform was performed
in Pyrex 5 mm® NMR tubes.

Scanning electron microscope (SEM) was
performed with a Hitachi High-technologies
Regulus 8230 FE-SEM at 10 keV. As a
pretreatment, samples were fixed to conductive
carbon adhesive tape, and platinum deposition was
performed at 10 mA for 90 s.

3. Results and discussion
3.1. Preparation of PPA networks

PPAs were prepared by anionic polymerization
of 0-PA and terminated with difunctional
isocyanates to form networked structure. In a
similar polymerization condition, we have already
obtained three-PPA armed star polymer of 12.3 kDa
of number average molecular weight in 15 %
conversion after separation of two-armed PPAs
using a recycle SEC system [14]. Because we did
not remove in the present study, obtained polymers
would involve the two-armed PPAs.  Table 1
summarizes the polymerization conditions and
conversion in this study. All PPAs were light tan
colored due to truxene core. When the
polymerization was terminated with NDI, the
reaction mixture became gelatinous immediately
(entries 1, 2). After the flask was taken out from
the cold bath and warmed to room temperature, the
mixture became homogeneous solutions. During
stirring at ambient temperature, precipitates began
to deposit gradually, and finally the mixture became
slurry.  Finally, 120 and 46 mg of insoluble

Table 1. Polymerization condition® and conversion of PPAs.

fractions in chloroform were obtained in entries 1
and 2, respectively. These results clearly show the
proceeding of crosslinking by NDI to form

b) . | L

e) [

ey o PPCH).
117 100 9 8 7 6 5 4 3 2 1 0
Fig. 2. 'H NMR (CDCl;) spectra of soluble fraction
recovered from irradiated TruxPPA-NDI and related
molecules.  After irradiation for a) 3 h in neat pellet, b)
4 h in KBr, and c¢) 6 h in neat pellet and 9 h in CDCls.
Authentic samples of d) 0-PA and e) phthalide.

Entry Abbreviation Diiso- Trioxime / o-PA / diisocyanate Time after Recovered  Insoluble fraction”
cyanate in feed (mmol) polymerization® polymer (mg)? (mg)
1 TruxPPA-NDI NDI 0.099/7.16/0.411 7d -€ 120
2 NDI 0.031/7.16/0.137 7d -€ 46
3 TruxPPA-HDI HDI 0.093/7.16/0.207 7d 563 0
4 HDI 0.031/7.16/0.074 7d 342 0
5 HDI 0.093/7.16/0.207 x 2° 48 h 493 0
6 HDI 0.032/7.16/0.076 x 2° 48 h 413 0

a) Polymerization in 5 mL of CH,Cl, at —80 °C for 30 min.

DBU : trioxime = 1 : 1 (mol/mol) .

b) After the first addition of HDI, the mixture was stirred for 40 min at ambient temperature, condensed to ~ 1 mL

under reduced pressure, and added HDI solution again.

c¢) After diisocyanate addition at room temperature.

d) After reprecipitation from chloroform / methanol system.

¢) Not measured.
f) In chloroform.
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networked structure.

However, we could not obtain insoluble
fraction from HDI (entries 3-6). In these cases, the
formation of gelatinous material was not observed
after addition of HDI.  Additional reaction of HDI
in condensed condition was also ineffective (entries
5 and 6). The difference might be due the lower
reactivity of aliphatic isocyanates compared to
aromatic ones, as often observed in many addition
reactions of isocyanates [16].

3.2. Photoreactions of PPAs

We have attempted to irradiated a PPA
terminated with NDI (TruxPPA-NDI, entry 1 in
Table 1) in the form of pressed pellets (5 mm?®).
After irradiation for 3 h with Hg-Xe lamp in air, the
pellets were soaked in CDCls, and 43 wt% was
recovered as insoluble powder. 'H NMR spectrum
of soluble fraction is shown in Fig. 2a, where no
broad band due to PPA remains, and peaks
assignable to o-PA and phthalide are found. It is
known that UV irradiation of o-PA leads to the

Fig. 3.

SEM images of TruxPPA-NDI a) before and b)
after irradiation for 5 h. Scale bars: 5 um.

formation of both phthalide and its dimer depending
on the solvent in varying yield ratio, and the former
is preferential in chlorinated solvents [17,18].
These results indicated that partly decrosslinking
and depolymerization for TruxPPA-NDI proceeded
in solid state. The surface morphology changes of
TruxPPA-NDI powder on irradiation in Fig. 3 was
consistent with the degradation behavior, where
sharpness of powder edge reduced on irradiation.

In the next step, we irradiated TruxPPA-NDI
dispersed in KBr pellets to penetrate more light.
During the irradiation, IR spectral changes of the
pellet are shown in Fig. 4a, where remarkable
increase is found at 1770, 1470, 1440 cm’
assignable to phthalide. Similar increase in the
peak at 1770 cm™ is also shown for TruxPPA-HDI
(entry 3 in Table 1) as shown in Fig. 4b. After
irradiation for 4 h, the KBr pellets were soaked into
D,0O and extracted in CDCIs.  Although soluble
fraction involved peaks due to 0-PA and phthalide
as shown in Fig. 2b, insoluble fraction in both D,O
and CDCl; remained, suggesting insufficient
degradation of networked structure.

T I U
a)
3 L
1770
o) 240 min
o 180
& 120
2 2F 60
2 0
Q
<
1 |— —
phthalide
2000 1800 1600 1400 1200
Wavenumber (cm™)

T T T T lv 'll ﬂ'
® -
3]

C
@
2
o]
(%]
Q
< -
1 I 1 I 1 I 1
2000 1800 1600 1400 1200
Wavenumber (cm™)
Fig. 4. IR spectral changes of a) TruxPPA-NDI (KBr)

with authentic phthalide, and b) TruxPPA-HDI (neat) on
irradiation. Numbers in the figures show total
irradiation time and wavenumbers of peak tops.



J. Photopolym. Sci. Technol., Vol. 36, No. 3, 2023

The above behavior of solubility and changes
in spectral and SEM was almost identical for
another PPA terminated with NDI (entry 2 in Table
1), which will have longer PPA chains than that in
entry 1. These results show that the effect of PPA
chain length was not observed in this study.

In order to accomplish the entire degradation of
TruxPPA-NDI, we tried to continue the irradiation
for longer time in solid and solvent. Three neat

PPA pellets were irradiated for 3 h, soaked in CHCl;.

Then, recovered insoluble powder was pressed in
two pellets, irradiated for additional 3 h, and soaked
in CHCl;. The weight of the insoluble fraction

was 22 wt% against the starting PPA. Then, the
insoluble powder was dispersed in CDCl; and
irradiated in a 5 mm® NMR tube for 9 h to afford
trace amount of dark brown powder. As shown in
Fig. 2c¢, the soluble fraction afforded similar 'H
NMR spectrum to Figs. 2a and 2b, suggesting the

Fig. 5. SEM image of insoluble powder obtained from
TruxPPA-NDI after irradiation for 6 h in neat pellet and

9hin CDCl;.  Scale bar: 5 pm.
1.4 T T T T T T
1217 3400 1700-1720 7
8 1
c
@®©
2
g 08
Qo
<
0.6
. I L L . L
4000 3000 2000 1000
Wavenumber (cm™)
Fig. 6. IR spectrum (KBr) of insoluble powder

obtained from TruxPPA-HDI after irradiation for 6 h in
neat pellet and 9 h in CDCl;. Numbers in the figures
show wavenumbers of peak tops.

i P
o — L

H

-

Scheme 1. Photo-Fries rearrangement and plausible
further reaction with unreacted isocyanato end groups.

formation of phthalide or its further reaction
products such as dimer.

Considering that no such insoluble fraction was
observed for non-crosslinked PPAs initiated from
truxenone trioxime [14], the insoluble powder
would be attributed to naphthalene diisocyanate
units.  Figure 5 shows SEM images of the
insoluble polymer whose surface morphology was
different from PPA before irradiation. For
aromatic urethane unit, the proceeding of photo-
Fries rearrangement is often observed [19-22].
Plausible photoreaction is seen as shown in Scheme
1, where resulting aromatic amino groups can react
with unreacted isocyanato groups to form new
covalent bonds. IR spectrum of the final insoluble
powder from TruxPPA-NDI in Fig. 6 is consistent
with the formation of aromatic ester and urea units,
where peaks due to N-H and C=0 stretching bands
around 3400 and 1700-1720 cm, respectively,
appeared.

4. Conclusions

We have polymerized o-PA initiated with
truxenone trioxime and DBU, and terminated with
diisocyanates. When terminated with NDI,
resulting TruxPPA-NDI afforded insoluble fractions
and succeeded in the formation of networked
structure, although TruxPPA-HDI did not.
TruxPPA-NDI was irradiated in solid state and in
chloroform, and almost became soluble in
chloroform, suggesting the proceeding of almost
complete decrosslinking and depolymerization.
'"H NMR and IR spectral changes supported the
depolymerization. The effect of PPA chain length
was not observed in this study. Trace amount of
insoluble powder would be attributed to NDI units.
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We report the design of pyrene-substituted azobenzene chromophores and their assembly
into flat aggregates capable of repeated switching of their absorption and emission properties
in response to light and heat. The introduction of a relatively longer butoxy linker between
the pyrene and azobenzene (AzBuPy) resulted in the production of more than 90% of cis-
azobenzene at the photostationary state of ultraviolet (UV) light, as determined by UV-visible
absorption and "H NMR spectral data. Flat petal-shaped micrometer-sized structures formed
in highly polar DMF-H,O mixtures did not experience severe disassembly even after
sufficient UV light irradiation, and showed excellent photoswitching performance. In
addition, we investigated light and heat responses of DPA@AzBuPy aggregates assembled
from hydrophobic fluorophore (9,10-diphenylanthracene: DPA) and AzBuPy mixtures.
Keywords: Molecular assembly, Pyrene-substituted azobenzene chromophores,

Repeated switching, Stimuli-responsive

1. Introduction

External stimuli-responsive fluorescent materials
are of great interest because of their promising
utilization in optoelectronic devices, sensors,
photopatterning, biomedical delivery, and therapy
systems [1-13]. A number of studies have been
reported on the design of organic, inorganic, and
organic-inorganic hybrid systems that respond to
external or internal stimuli such as light, heat, force,
magnet, electricity, specific chemicals, etc [5,14-
22]. For instance, chemical combination of
photochromic compounds and organic fluorophores
can be extended to the development of
photoluminescent organic materials capable of
responding to various stimuli (such as light
wavelength, temperature, etc) [23-28]. In particular,
photochromic compounds, which are sensitive to
light and heat, such as diarylethene, spiropyran,
fulgide, stilbene, spirooxazine, and azobenzene are
good candidates for repeatedly photoswitchable
nano-, micro- and macro-scale systems [29-35].

To develop light-responsive self-assembled
nano/microstructures that involve light-induced

Received April 8, 2023
Accepted May 17,2023

structural transformation of constituent molecules
and resulting changes in color and emission
characteristics, we recently introduced a new type
of chromophore in which azobenzene and pyrene
units are linked by a short methoxy linker (AzMePy,
Fig. 1 and Table 1) [36]. The chromopohore
exhibited  aggregation-induced emission
enhancement (AIE/AIEE) characteristics and
underwent repeated trans<>cis isomerization in
dilute solutions, while the formation of self-
assembled micrometer-sized sheets significantly
inhibited their light response ability.

To resolve this problem, we have attempted to
synthesize pyrene-substituted azobenzene
derivatives capable of excellent repeated
photoswitching in assembled states as well as in
dilute solutions. AzBuPy, in which a longer butoxy
linker is introduced between azobenzene and pyrene
moieties (Scheme 1), was converted to >90% of the
cis form upon ultraviolet (UV) light irradiation.
Alternating irradiation with UV and visible light
gave rise to reversible changes in the absorption
(color) and emission spectra of AzZBuPy DMF-H,O

155



156

J. Photopolym. Sci. Technol., Vol. 36, No. 3, 2023

KoCO3, DMF, 110 °C
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Scheme 1. Synthesis

A O, 4

n=1: AzMePy
n =4: AzBuPy

@
O Q O 9,10-diphenylanthracene (DPA)
P,

Fig. 1. Chemical structures

mixtures containing flat petal-shaped aggregates.
Furthermore, light and heat responses of the
assembled aggregates (DPA@AzBuPy) obtained
from mixtures of hydrophobic fluorophore (9,10-
diphenylanthracene: DPA) and pyrene-substituted
azobenzene dye (AzBuPy) were examined.

2. Experimental
2.1. Synthesis

The precursor (AzOH) (0.11 g, 0.26 mmol),
which was dissolved in N,N-dimethylformamide
(DMF, 15 mL), was reacted with 1I-
bromobutylpyrene (0.15 g, 0.43 mmol) in the
presence of K,CO; (0.11 g, 0.77 mmol). The
reaction proceeded at 110 °C for 24 h and the
mixture was cooled to room temperature.
Chloroform and water were added and the collected
residue was purified by silica gel column
chromatography (n-hexane:chloroform, v/v = 1/3).

(0.10 g, yield: 63%). '"H NMR (400 MHz, CDCl3) &
8.34 (d, 1H, PyH, J=9.27 Hz), 8.14-8.22 (m, 4H,
PyH), 8.01-8.07 (m, 3H, PyH), 7.93 (t, 3H, ArH and
PyH), 7.59 (d, 2H, ArH), 7.36 (s, 2H, ArH), 7.03 (dd,
4H, ArH, J= 18.2 Hz, J= 8.88 Hz), 4.15 (t, 2H,
ArOCH,(CH»)3Py), 4.04 (t, 2H,
ArOCH,(CH,)4CHs), 3.49 (t, 2H,
ArO(CH,);CHaPy), 2.78 (q, 4H, ArCH,CH3), 2.01-
2.17 (m, 4H, ArOCH»(CH).CH2Py), 1.84 (quin, 2H,
ArOCHQCHz(CHz)z.CHz.), 1.52 (quin, 2H,
ATO(CH2)2CH2(CH2)2CH3), 1.37-1.41 (m, 4H,
AI‘O(CHz)3(CH2)2CH3, 1.23 (t, 6H, AI‘CHQCH3),
0.950 (t, 3H, ArO(CH,)sCHs. *C NMR (400 MHz,
CDCl;) 6 161.6, 158.8, 149.9, 147.3, 140.3, 137.1,
136.4, 133.3, 131.5, 130.9, 129.9, 128.1, 127.5,
127.3, 127.2, 126.7, 125.9, 125.8, 124.9, 12428,
124.7, 1244, 123.4, 114.8, 114.7, 68.1, 33.2, 31.6,
29.3,29.2,28.2,25.8,255,22.6,15.7, 14.1. FAB-
MS (m/z): [M+H]" found, 687.3950 (=M+1), caled
for C48H51N202: 687.3951.

2.2. Instrumentation

Spectroscopic grade DMF and ultrapure water
purified to reach a minimum resistivity of 18.0
MQ-cm (25 °C) using a Romax pPure HIQ water
purification system (Hanam, Republic of Korea)
were used for optical measurements. The prepared
solution was placed in a quartz cell, purged for 30 s
with nitrogen gas, and sealed with Parafilm® for
further  optical measurements.  UV-visible
absorption and emission spectroscopic

Table 1. Spectroscopic data and repeated photoswitching behaviors of AzBuPy and AzMePy in dilute solutions and in

aggregated states.

Compound Solvent A4bs (nm) PO (nm) Photoswitching
AzBuPy DMF 315.0,328.5, 344.5 371.5,397.0,418.5 O
DMF-H,0 322.0,334.5,351.5 377.5,400.5, 420.5 O
AzMePy[36] DMF 316.0,329.5,345.5  379.0,398.0, 418.5, 460.5 O
DMF-H,0 339.0,354.0 376.5, 396.0, 400—650 X
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measurements were carried out with a Shimadzu
UV-2600 UV-visible spectrophotometer and a
Horiba FluoroMax-4 spectrofluorometer. Toshiba
color filters, UV-35+UV-D36A and Y-43+V-44,
were used to generate UV light (365 nm) and visible
light (436 nm) combined with Supercure-204S,
Tokina, for trams-to-cis and cis-to-trans
photoisomerization experiments. 'H and *C NMR
spectroscopic measurements were performed with a
Bruker 400 MHz NMR spectrometer. Field-
emission scanning electron microscopy (FE-SEM)
images were recorded using a TESKAN-MIRA3-
LM microscope, after placing a few drops of turbid
suspensions on a quartz (and glass) substrate and
coating it with platinum layer in a Hitachi E-1030
ion sputtering system.

3. Results and Discussion

UV-visible absorption, 'H NMR, and
fluorescence spectroscopy measurements were
performed to investigate the degree of trans<cis
molecular conformation changes caused by UV
(365-nm) and blue (436-nm) light irradiation and
the resulting spectroscopic information. Three

intense absorption bands at 315.0, 328.5, and 344.5
nm correspond to the pyrene unit and a broad
absorption band appearing in the 360-400 nm region
is likely due to the m-m* transition of the typical
azobenzene unit (Fig. 2a) [36-38]. Upon exposure
of the AzBuPy DMF solution to UV light, a drastic
reduction of the m—m* band near 370 nm was
observed as a result of the trans-to-cis
photoisomerization. Light irradiation for 150
seconds was sufficient to reach a cis-rich
photostationary state. In addition, '"H NMR spectral
data taken before and after UV light irradiation
revealed noticeable appearance of both doublet
signals (6 8.27, 7.13, 6.75 ppm) attributable to
aromatic protons around the azo (—N=N-) group
and multiplet signals (3.42, 2.38, 2.22 ppm)
corresponding to protons attached to the alkyl group
(Fig. 2b). The ratio of the trans to cis forms present
in the photostationary state was estimated to be
approximately 6/94, which was roughly consistent
with that of the absorption spectral data. The dilute
AzBuPy DMF (20 pM) solution displayed
characteristic monomer emission in the 370450
nm region, and no excimer-like emission was found

a b
L8 (a) ( ) ” -
as prepared - ; : 3
§ uv | ‘
Q Vis 1 \
S L W R . 1 - i
@ i
< 1l
0.0 Lus sy - M | “ ! MU . I LU
300 400 500 600 SN et VLAY
Wavclength (Ill’l‘l) 8.5 7.5 6.5 5.5 4.5 3.5 2.5 (]me]'
()
3
15x10 L d uv . L V\.._ vis OV v, | i LJV\ . uv ; uv e ] 20x10°
— _ as prepare S CAT s ] _
= . —a&—450.0 nm 15%105 =
S10x108 8 —0—377.5nm - s
E“: : 5 J\/ \ :10X105§
E 5x10° 2 WL £
. [ 15x105 2
0 [ > 1l ] PR - A 1 L L L L 1 L Il L 1 1 L Il 1 1 L |- 0
350 400 450 500 550 2 3 4 5 6 7 8 9 10

Wavelength (nm)

Number of cycles

Fig. 2. (a) UV-visible absorption spectral changes of AzBuPy in 20 uM DMF upon UV (365 nm, ~1.1 mW/cm?) and
subsequent visible (436 nm, ~1.1 mW/cm?) light irradiation. (b) '"H NMR spectral changes in CDCls: (A) as-prepared
and (B) after exposure to UV light (trans:cis = 6:94). (c) Fluorescence spectral changes (Aex= 330 nm) and (d) repeated
switching of absorption and fluorescence properties by alternating UV and visible light irradiation.
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in the long wavelength region (Fig. 2c). This is in
contrast to AzMePy, which exhibited pyrene
excimer-like emission at around 440-570 nm even
in a dilute solution [36]. Exposure to UV light
increased the monomer emission intensities to some
extent, and subsequent exposure to blue light
restored them close to their original values. Fig. 2d
shows that alternating exposure to UV and visible
light led to repeated absorption and fluorescence
spectral fluctuations without gradual declines. Such
excellent photoswitching behaviors can be
interpreted as a significant reduction in interference
between the azobenzene and pyrene moieties due to
the introduction of the longer butoxy linker [39].
To examine molecular assembly and the resulting
absorption and emission spectroscopic features,
AzBuPy aggregates were prepared by adding water
to an AzBuPy DMF solution under gentle shaking
conditions. The resulting DMF-H,O mixture was
turbid yellow and maintained stable turbidity at
ambient temperature. SEM measurements indicated
the formation of long, flat petal-shaped aggregates
with lengths and widths of >2 pum and <1 um,
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respectively (Fig. 3b). The absorption spectrum had
three characteristic absorption bands attributable to
the pyrene unit in the 300-355 nm region, which
were red-shifted by 6—7 nm, compared to the dilute
solution (Fig. 3a and Table 1). Considerably broad
absorption bands appearing in the 360-550 nm
region are attributed to azobenzene. As the exposure
time to UV light increased, the broad bands
gradually decreased as a result of trams-to-cis
isomerization. Light irradiation for ~200 seconds
was sufficient to reach the cis-rich photostationary
state. Interestingly, even after UV light exposure for
600 seconds, the turbidity remained constant with
little decrease. This can be interpreted as follows.
The relatively polar cis-azobenzene would be
directed toward the polar solvents (outer layer),
while nonpolar and flat pyrene units would be
stacked through intermolecular m—m stacking
interactions and would be located inside the flat
microstructures.

Fig. 3¢ shows emission spectral changes before
and after self-assembly. The formation of flat
aggregates greatly reduced the monomer emission
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Fig. 3. (a) UV-visible absorption spectral changes of 50 uM DMF-H»O (1/3, v/v) as a function of UV light irradiation
time. (b) SEM image and (c) fluorescence spectra (Aex= 330 nm) of DMF and 50 uM DMF-H,O0 (1/3, v/v) upon UV and
subsequent visible light irradiation. (d) Changes in absorption and fluorescence intensity depending on the irradiation of
UV light (365 nm, ~2.5 mW/cm?) and subsequent visible light (436 nm, ~2.5 mW/cm?).
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of the pyrene unit, but weak emission centered at
around 425 nm appeared instead. Upon exposure to
UV light, weak monomer emission emerged in the
370450 nm region. Subsequent visible light
irradiation restored the shape of the emission
spectrum to its initial state. Surprisingly, constant
and repeated photoswitching of more than 10 times
was possible while maintaining the turbidity of the
AzBuPy DMF-H,0 mixtures (Fig. 3d).

We next examined the delivery functions of a
guest fluorescent dye (9,10-diphenylanthracene:
DPA) in the AzBuPy aggregates using the degree of
intermolecular interactions between the nonpolar
fluorophore and AzBuPy chromophores. AzBuPy
and DPA were mixed in equal amounts to form blue
fluorescent  aggregates using a  simple
reprecipitation method. Fig. 4 shows UV-visible
absorption and fluorescence spectral changes of the
turbid DPA@AzBuPy suspension before and after
light and thermal treatment at 90 °C. The monomer
emission was rarely found in the fluorescence
spectrum of the suspension containing the
DPA@AzBuPy aggregates. Interestingly, UV light
irradiation to induce frams-to-cis isomerization of
the azobenzene moiety significantly reduced the
absorption bands corresponding to DPA (at 380.0
and 401.5 nm), together with a decrease in the nt-*
absorption band of trans-azobenzene.
Simultaneously, the blue emission intensity was
also reduced.

These absorption and emission spectral results
can be interpreted as follows. The relatively polar
cis-azobenzene would be directed toward the polar
solvents and, instead, the nonpolar DPA dyes would
exist inside AzBuPy aggregates through favorable
intermolecular interaction with the nonpolar pyrene
units. Conversely, thermal treatment at 90 °C to
induce rapid cis-to-trans isomerization resulted in
recovery of the absorption bands due to the DPA
dye, and also increased the blue fluorescence
intensity. Therefore, it is considered that when
intermolecular interactions between the trans-
azobenzene units are restored, some of the DPA dye
or its aggregates could intervene between the
azobenzenes, forming an outer layer of
DPA@AzBuPy aggregates.

4. Conclusion

We synthesized a light-responsive pyrene-based
azobenzene dye by introducing a butoxy linker
between the azobenzene and pyrene moieties, and
demonstrated excellent switching behaviors in
response to light before and after self-assembly.
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Fig. 4. (a) Absorption and (b) fluorescence spectra of
turbid suspension containing AzBuPy and DPA
(DPA@AzBuPy suspension). (1) As-prepared 100 pM
AzBuPy DMF-H,O (1/2, v/v) containing 100 uM DPA.
(2) Spectral changes after UV light irradiation. (3)
Spectral recovery after subsequent thermal treatment
(90 °C). (c) Reversible absorption spectral changes of
the DPA@AzBuPy suspension based on the UV light
irradiation and subsequent heating at 90 °C.

This is in contrast to AzMePy (with a shorter
methoxy linker), which did not show light-induced
molecular switching in the aggregated states.
Exploiting the repeated  photoswitching
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performance, the delivery functions of conventional
hydrophobic  fluorophores were investigated.
Stimuli-induced trans<scis isomerization of the
azobenzene unit caused changes in spectroscopic
characteristics of fluorescent dyes.
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The stability of the surface potential derived from spontaneous orientation polarization
(SOP) in 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) films was
significantly improved by inserting an insulating layer at the electrode interface. The time of
20% potential loss from the initial value was extended from 1.3 days to 64 days in the dark
at room temperature. Numerical simulations of the electrostatic potential in the films showed
that the electrons accumulate at the surface region of the TPBi films in thermodynamic
equilibrium, compensating for the internal electric field to decrease the surface potential. It
was suggested that the insulating layer prevents electron injection from the electrode and

stabilizes the surface potential.

Keywords: Spontaneous orientation polarization, Stability, Dipole moments, Organic

semiconductor, Surface potential

1. Introduction

In many organic films prepared by vapor
deposition, the formation of a large surface potential
has been observed, a phenomenon referred to as
spontaneous orientation polarization (SOP).!¢ It has
been hypothesized that the polar molecules have a
small directional selectivity (up or down) of the
molecular permanent dipole moment during the
deposition, which induces the residual polarity in
the films perpendicular to the film plane.” The
surface potentials increase with the thickness of the
organic layer to give a surprisingly large potential in
the thick films; for example, the as-deposited tris(8-
quinolinolato)aluminum (Algs) film with a

1, 2023
16, 2023
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thickness of 560 nm had a surface potential of 28 V.8
This leads to the possible application of SOP to thin
film electrets in the vibronic-based electret
generators (EGs)’ and the charge transport layers in
organic light-emitting diodes (OLEDs). To enhance
the surface potential change by SOP, various
molecular designs have been proposed by
considering the molecular dipole moment,
molecular conformation, and the orientation control
in the films.> 3 10-11

In addition to the magnitude, the stability of the
SOP is also important for the applications. It has
been observed that the surface potential of the films
decays slowly at room temperature in the dark,
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Fig. 1 The schematic illustration of the energy diagram of TPBi/indium tin oxide (ITO) (a) with SOP (in non-
equilibrium), (b) with charge injection from ITO, and (c) with charge in TPBi (in equilibrium). VL, EA, IE and Er
represent vacuum level, electron affinity, ionization energy and Fermi level, respectively.

while higher temperature and light irradiation
accelerate the decay.® >'7 These decays may be
related to electrostatic equilibration; the residual
polarity in the organic film results in the large shift
of the vacuum level (Fig. 1a), but this state is in
principle a non-equilibrium = state. At the
thermodynamic equilibrium, the Fermi level of the
system should align, and the accumulated charges in
the organic film can screen the internal electric field
to reduce the surface potential (Fig. 1c). The charge
carriers can either be thermally injected from the
electrodes (Fig. 1b) or generated in the organic layer
by photo-induced charge separation assisted by the
internal electric field. It has been shown that the
potential decay due to the photogeneration of the
charges can be avoided by designing the organic
molecules with a wide bandgap.” '* It has been
reported that an organic overlayer deposited on the
film surface can reduce the surface potential and the
involvement of the charge injection has been
speculated.”” However, the effects of the charge
injection from the electrode interface on the stability
of SOP are still unclear.

In this study, the effect of charge injection on the
decay of SOP in 2,2',2"-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi) films was
investigated. TPBi is a well-known electron
transporting material in OLEDs and has a high SOP
in the vacuum deposited films.?*>* To suppress the
charge injection from the electrode, an insulating
layer of benzocyclobutene (BCB) was inserted at
the interface between ITO and TPBi. Compared to
the direct contact between ITO and TPBi, the wide
bandgap of the BCB layer creates an injection

barrier to slow down the charge injection from the
ITO. Numerical simulation was performed to
elucidate the charge distribution in the thin film at
equilibrium.

2. Experimental
2.1. Sample Preparation

The ITO/glass substrates were ultrasonically
cleaned with detergent solution, distilled water,
acetone, and isopropanol for 20 min in succession.
The substrates were then treated with UV/Os3 for 20
min. To form an insulating layer, a
benzocyclobutene (BCB, 4.7 wt %, purchased from
Dow Chemical) solution, which dissolved in
mesitylene, was spin-coated on the cleaned
ITO/glass substrates at 3000 rpm for 1 min. The
BCB/ITO/glass substrates were heated up by two-
step thermal annealing: (1) the substrates were
heated up at 150 °C for 10 min to evaporate
mesitylene, and (2) the temperature was raised to
250 °C for 3 h. The cross-linked reaction resulted in
a three-dimensional network structure of a 22-nm-
thick BCB layer. Both the prepared BCB/ITO/glass
and ITO/glass substrates were immediately
transferred to a vacuum chamber. TPBi (99.8 %,
Luminescence  Technology) was  thermally
deposited on both the substrates simultaneously at a
stable deposition rate of 0.5 A/s and the pressure of
2x107* Pa. After the deposition, the surface potential
was measured by Kelvin probe. The whole process
was carefully controlled in the dark condition to
avoid the possible loss of the surface potential due

to the light irradiation.

2.2. Kelvin Probe
The surface potential of the films was measured
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using a home-made Kelvin probe system. Details of
the system are given below. The sample was placed
on the stage, which had a stainless-steel plate with a
radius of 4.0 mm about 120 um above the sample
surface. During the measurement, the stainless-steel
plate was caused to vibrate at a frequency of 85 Hz
a piezoelectric actuator. The AC current in the
stainless-steel plate is amplified by a preamplifier
(CAS5350, NF) and obtained by a lock-in amplifier
(LI5640, NF). A DC voltage is applied to the sample
and swept to obtain the current-voltage
characteristics. The surface potential of the sample
is estimated from the applied bias voltage, which
gives the minimum AC current with respect to the

work function of the stainless-steel plate (—4.32 eV).

2.3. Numerical calculations of Electrostatic
Potentials
Numerical calculations of the electrostatic

potential were performed based on the model
reported by Oehzelt et al. using a custom Python
program.?* The 1D mesh size of the films is 0.5 nm.
The initial E£r of TPBi is assumed to be halfway
between ionization energy (IE) and electron affinity
(EA). The density of TPBi was assumed to be 1.0
g/cm’® to calculate the site density. The IE and EA
values of TPBi are taken from the literature.?

3. Results and discussion
3.1. Stability of Spontaneous
Polarization in the Dark

To investigate the effect of an insulating layer on
the stability of SOP, the change in the surface
potential of 200 nm thick TPBi films on ITO/glass
and BCB/ITO/glass substrates was monitored by
Kelvin probe for more than 200 days in the
atmosphere under dark conditions. The initial
values of the surface potentials for TPBi/ITO/glass
and TPBi/BCB/ITO/glass are +17.22 V and +17.37
V, respectively, indicating that the orientation of the
molecular permanent dipole moments in the TPBi
film was not changed by the insertion of the BCB
layer. The decay process of the relative surface
potential was plotted in Fig. 2. The retention time of
20 % loss in TPBi/BCB/ITO/glass sample was 1542
h (64 days), which is 49 times longer than that in
TPBi/ITO/glass (31.2 h, 1.3 days). More than 70 %
of the initial surface potential remained in the
TPBi/BCB/ITO/glass sample after 216 days. These
results confirm that the insertion of the insulating
layer slows down the change of the surface potential
in the dark. It is speculated that the charge injection
from the electrode to the SOP layer was suppressed
by the insertion of the BCB layer.

Orientation
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90| = TPBI/BCB/ITO
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Surface potential (%)
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Fig. 2 Decay curves of the surface potential in
TPBi/ITO/glass and TPBi/BCB/ITO/glass samples under
the dark conditions. The lines are a guide for the eyes.

4000

3.2. Numerical Simulation

The time-dependent SOP values in Fig. 2 suggest
that just after the deposition of TPBi on an ITO
electrode, the system is not in the thermodynamic
equilibrium. Since the SOP decay rate changed with
the insertion of an insulating layer between the
electrode and TPBi, this time dependence may
involve the number of the injected charges,
implying the SOP decay corresponds to the system
reaching the thermodynamic equilibrium. To
discuss the effect of the injected charges on the SOP
value, we calculated the electrostatic potential in the
SOP layer under thermodynamic equilibrium
conditions as an ultimate limit following the
reported method.?* This calculation solves the
Poisson equation self-consistently with the given
molecular orbital energy levels and the distributions,
in which the Fermi level of the organic
semiconductor aligns with the work function of the
electrode. The charge carrier density in the
semiconductor is calculated using the Gaussian
shaped density of states (DOS) of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) and the
Fermi-Dirac distribution. The input parameters are
given in Table 1. To simulate SOP effect in the films,
we included additional surface charges of +2.2
mC/m? at the bottom and top surface of the TPBi
layer, which corresponds to the SOP of +82.9
mV/nm.

Fig. 3a shows the electrostatic potentials in the
TPBi layer at different thicknesses. The potentials
in the films and at the surface are represented by the
lines and the filled squares, respectively. In the thin
film regime (< 30 nm), the surface potential
increased monotonically with thickness, which
agrees with the experimental results from the Kelvin
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Fig. 3 (a) Electrostatic potential simulation results of the thickness dependence of the surface potentials for TPBi on
ITO/glass substrate. (b) Energy diagram with different thicknesses of TPBi layer. (c) Charge density distribution in
the 200 nm thick TPBi film on ITO. The negative and positive charge densities correspond to the electrons and hole

densities, respectively.

Table 1. Parameters used for the electrostatic potential calculations. HOMO ¢ and LUMO o represent the ¢ values for

the gaussian shaped HOMO and LUMO bands, respectively.

e Site density HOMO o LUMO o
Layer Er (eV) Permittivity (cm™) IE (eV) (meV) EA (eV) (meV)
ITO —4.7 - - - - - -
TPBi —4.45 3.0 9.1x10% 6.2 250 2.7 250

probe, plotted with the black pentagons. However,
for the thicknesses above 30 nm, the calculated
surface potentials saturated at about +1.8 V and
remained unchanged up to 200 nm. This saturation
of the potential can be understood from the
calculated energy diagram shown in Fig. 3b. For
thick TPBi layers, the HOMO (dashed lines) and
LUMO (solid lines) are bent by the potential
through SOP, moving the LUMO at the film surface
close to Er. Under equilibrium condition, this means
that electrons accumulate at the film surface, and the
density of states of the LUMO to accommodate the
electrons at the surface determines the saturated
energy diagram. Note that this saturated energy
level behavior is sometimes referred to as Fermi
level pinning, where gap states trap Er and leave it
unchanged. However, there were no additional gap
states in our simulation, and we only used a
Gaussian-shaped DOS, indicating that the pinning
behavior is not due to gap states, but is due to the
requrement of thermodynamic equilibrium. The
charge carrier distribution in the TPBi layer is
shown in Fig. 3c. Besides the fixed surface charges
corresponding to the SOP (green lines), there are
negative charges near the surface due to the injected
free charges (purple line). This compensates for the
surface potential due to the SOP.

When the system is in the thermodynamic

equilibrium, the remaining SOP potential is about
+1.8 V; however, we observed the initial potential
as high as +17 V. This indicates that the system does
not reach the thermal equilibrium in the beginning
and the electron injection from ITO into TPBi is a
slow process, which determines the slow decay of
the surface potential in the dark. The insertion of the
insulating layer between the electrode and TPBi
made the process more inactive, resulting in the
improved long-term stability of the SOP.

4. Conclusion

We have shown that the stability of SOP is greatly
improved by inserting the insulating layer between
the electrode and the organic layer. For the
application of the organic films with SOP to
vibronic-based EG, where the top electrode is
absent and the films can be in non-equilibrium state,
this is a simple but promising strategy to improve
the device stability. In contrast, when applied to
OLED, where the top metal electrode is present and
the charge injection is necessary to operate the
device, the organic films are in equilibrium and the
surface potentials are screened by the accumulated
charges. In this case, the numerical calculations can
be useful to study the energy structure inside the
films.
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In this study, we developed a new actuator that can be driven by both magnetic and
pneumatic and conducted driving experiments using the fabricated actuator. Soft actuators
are widely used as a means of biomimicry. However, many existing actuators that use a single
drive source have limited degrees of freedom and deformation capabilities. Recently, hybrid
actuators that can be driven by multiple sources have gained attention due to their ability to
produce movements that are not achievable by a single drive source. In this study, we
fabricated a simple actuator that combines a cylindrical pillar made of silicone material
containing magnetic particles with a hollow structure for pneumatic deformation. Three types
of actuators with varying diameters and positions of the hollow structure were fabricated, and
the drive of each actuator was measured. The pneumatic extensible actuator allows the
actuator tip to be manipulated on a fan-shaped two-dimensional plane. The pneumatic
bending actuator could manipulate the actuator tip in three dimensions. The actuator with a
larger diameter hollow structure could be deformed differently in the same magnetic field by
changing the stiffness of the actuator depending on the air pressure. Furthermore, by
modifying the hollow structure and the external shape of the actuator, more unique
movements can be achieved, and it is expected to be applied to bio-mimicry such as tentacle
movement and cilia structure.

Keywords: Soft actuator, Magnetic, Pneumatic, Hybrid actuator, Manipulation, Bio-

mimicry

1. Introduction

Soft actuators are made of flexible and
lightweight materials, such as silicone rubber, and
can be driven by various methods, including
pneumatic or hydraulic fluid pressure [1-4], and
smart materials that respond to external stimuli like
electricity  [5,6], magnetic fields [7-28],
temperature [29-31], or light [32]. These drive
methods enable softer and more delicate movements
than conventional rigid actuators that use metal
parts, and they are frequently used in biomimicry to
replicate human body functions, such as the heart
[33] and tongue [34], or natural movements like
those of a caterpillar [11,35] or the tentacles of an
octopus [36].

Recently, researchers have been developing
hybrid-drive soft actuators that combine multiple
drive sources, allowing for greater manipulation
freedom and larger deformations that are impossible
with a single drive source [37,38]. However, the

Received April 5, 2023
Accepted May 18, 2023

combination of drive sources complicates
deformation control and requires a more expensive
setup for the drive, limiting their practical
applications. To address this issue, we fabricated a
simple actuator that can be driven by both a
magnetic field and pneumatic pressure by adding a
hollow structure for pneumatic deformation to a
cylindrical pillar made of silicone material
containing magnetic particles.

The driving principles of magnetic field and
pneumatic pressure are explained as follows. To
drive an actuator using a magnetic field, the actuator
containing magnetic particles is magnetized, which
is a process of applying a strong magnetic field to
the particles to leave residual magnetization. When
an external magnetic field is applied to a magnetized
actuator, the magnetic moment acts in the direction
of the external magnetic field and the direction of
the remanent magnetization, causing the actuator to
deform (Fig. 1). Pneumatic actuation deforms the
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actuator by increasing the internal pressure like a
balloon. In the cylindrical balloon fabricated in this
study, pneumatic deformation causes elongation
when the film thickness is uniform and bending
when the film thickness is anisotropic (Fig. 2). A
drive was also developed to change the stiffness of
the actuator by depressurizing it and concaving its
cross-section.

In this study, we fabricated three types of

actuators: one that undergoes elongation
deformation when the hollow structure is
pressurized, one that undergoes bending

deformation when pressurized, and one whose
stiffness is changed by depressurization. Driving
experiments were conducted using these actuators
in combination with magnetic field driving, and the
resulting deformation was measured to investigate
the driving characteristics.

11

Magnetization

"3 ¥

Deformation along magnetic field

|-:Magnetic field =) :Residual magnetic flux

Fig. 1. Schematic illustration of a magnetically
driven soft actuator.

]ncreasmg
pressure

Elongation  Bending

Fig. 2. Schematic illustration of a pneumatic driven
soft actuator with a central and eccentric hollow cavity.

2. Materials and driving system
2.1. Materials

This section provides information about the
materials and methods used to fabricate the
magnetic field/pneumatic hybrid actuator. The
Ecoflex 00-30 (Smooth-On) was chosen as the two-
component silicone resin material due to its high
flexibility and durability. SF-500 (DOWA F-Tec),
with an average particle diameter of 1.42 um, was
selected as the magnetic particle for the actuator.

Strontium ferrite was used to make the particles,
which is a hard-magnetic material commonly used
as a permanent magnet material.

To make the actuator, a mold was created by
combining three parts: a plastic tube with an inner
diameter of 4.0 mm and a length of 20 mm, a metal
pin with a diameter of 0.80 mm and a length of 22
mm, and a part to fix the metal pin. The fixed parts
were made of PLA (Poly-Lactic Acid) resin using a
3D printer (Original Prusa i3 Mk3, Prusa Research).
For the actuator used in section 3.3, which deforms
the cross-section by depressurizing, a thick metal
pin with a diameter of 2 mm was used.

2.2. Fabrication

The fabrication process for the actuator is
presented in Fig. 3. Firstly, magnetic particles (20
mass%) were added to silicone rubber. The mixture
was then stirred and deaerated using a stirring and
deaeration device (Kakuhunter, Shasin Kagaku CO.,
LTD.) to achieve a uniform dispersion of the
magnetic particles, resulting in the production of
magnetic elastomer. The magnetic particle-
dispersed elastomer was then injected into a mold
using a syringe, and a fixing component was
inserted to secure the position of a metal pin at the
top. The sample was then placed in a vacuum
chamber for 1.2 ks (20 min) to remove air bubbles.
The silicone was cured at 50 °C for 3.6 ks (1 h). The
fixing component at the top was then removed, and
the cured sample was slid up slightly while still
attached to the metal pin. Additional magnetic
particle-dispersed elastomer was injected from the
top, and the top hole was closed by placing the
sample in a vacuum chamber for 600 s (10 min) to
fill it with silicone. The silicone was then cured at
50 °C for 1.8 ks (30 min). Finally, the sample was
removed from the mold and connected to an air
supply connector (Mini Tube Connector, ARAM
Corporation) for inflation. The gaps at the
connection were filled with instant adhesive (CA-
522, CEMEDINE CO., LTD.).

2.3. Driving System

A system was constructed to enable the
application of both magnetic field and pneumatic
pressure concurrently. To generate a uniform
parallel magnetic field of 50 mT at the center of the
system, permanent magnets were placed diagonally
as illustrated in Fig. 4. Air pressure was regulated
by a syringe that was connected to the actuator from
underneath the stage.
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3. Experimental
3.1. Pneumatic extension actuator

Snapshots (a) and measured displacements of a
pneumatic extension actuator (b) are shown in Fig.
5. The internal pressure was fixed at 0, 10, 25, and
30 kPa, the angle of the parallel magnetic field was
rotated between 0 and 360 degrees, and
displacements were measured every 30 degrees.

The magnetic field drive only allows movement
on a circular arc, while the pneumatic drive only
allows deformation by extending and retracting in
the longitudinal direction. By combining magnetic
and pneumatic drive, we were able to extend the
operation range to a two-dimensional plane.

The actuator is tilted to the left (negative side of
the x-axis) as a whole, which is because the actuator
could not be fixed in a strictly symmetrical manner
or due to a fabrication error. In addition, when 30

kPa was applied, the actuator was greatly extended,
which may have caused it to fall outside the range
of the uniform parallel magnetic field of the device.
To accurately apply a uniform parallel magnetic
field even after stretching under pressure, the
actuator must be made smaller.

60°

30 kPa

0 kPa 20 kPa

(a)

o PSWBE(S 0 30 kPa

15 -+

15 +

10 kPa
0 kPa

10 +

Position in y-direction [mm]

5 +

L L 1 L

o
v

20 15 -0 5 0 5 10 15 20
Position in x-direction [mm]

(b)
Fig. 5. Snapshots and measured displacements of a
pneumatic extension actuator.

3.2. Pneumatic bending actuator

We fabricated an actuator that bends when
pressurized by displacing the center of the hollow
structure by 0.5 mm from the axis. When this
actuator is pressurized, it deforms as shown in Fig.
6(a). The top line in Fig.6(a) shows the side view,
and the following lines show the front view. This
actuator begins to expand at 15 kPa and
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subsequently expands by the amount of air injected
without any change in air pressure. Thus, we
divided the expanding phase into three stages
labeled as (1), (2), and (3) at 15 kPa. Magnetization
was applied perpendicular to the direction in which
pneumatic pressure causes bend deformation. The
actuator was set to bend in the z-axis direction, fixed
at 0 kPa and three stages of expansion at 15 kPa, and
driven by the application of a magnetic field.
Figure 6(b) show snapshots taken from the front
and a plot of the actuator tip, respectively. The
actuator was bent in the forward direction by the
pneumatic drive, and then the tip was deformed in a
circular motion by the magnetic drive. The
pneumatic bending actuator, in combination with

0 kPa 15kPa (1) 15kPa(2) 15kPa(3)

S > 15kPa (3)

Position in y-direction [mm]

-10 S50 5 10
Position in x-direction [mm)]

(b)
Fig. 6. Snapshots and measured displacements of
a pneumatic bending actuator. The top line of (a)
shows the side view, and the following lines show
the front view.

the magnetic field, was able to manipulate the
actuator tip in three dimensions.

3.3. Stiffness change actuator

We developed an actuator with a larger hollow
diameter compared to the ones used in sections 3.1
and 3.2, which utilizes deformation of the cross
section induced by depressurization. The internal
pressure was set at -20, 0, and 8 kPa, and the angle
of the parallel magnetic field was rotated between 0
and 360 degrees, with the displacement being
measured every 10 degrees. During
depressurization, the actuator was externally
pressed on the side to assist the cross-section in
bending concavely in the desired direction.

Figure 7 displays a snapshot of the actuator and
the measured tip displacement. By collapsing the
hollow portion of the actuator under reduced

NN

-20 kPa 0 kPa
(a)

20
o

8 kPa

25 1

10 T .
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T o t
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Fig. 7. Snapshots and measured displacements of
an actuator using stiffness change actuator.
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pressure, the moment of inertia of area was reduced,
increasing the deformation caused by the magnetic
field. The actuator could also be elongated when
pressurized.

4. Conclusion

We have developed an actuator that is capable
of being powered by both air pressure and a
magnetic field. By altering the diameter and
location of the hollow structure, we have produced
three distinct types of actuators. The pneumatic
extensional actuator can be manipulated in a fan-
shaped two-dimensional plane, while the pneumatic
bending actuator can be driven in a circular motion
in addition to the forward bending. The actuator
with a larger hollow structure was able to achieve
unique deformations by adjusting the stiffness
through negative pressure. Our actuator design has
the potential to be further developed for biomimetic
applications, such as mimicking the movements of
biological tentacles and cilia structures.
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Laparoscopes are now widely used in clinical settings.
useful in detecting cancers and excising affected areas.

Laparoscopes are particularly
During laparoscopic operations,

however, the spatter of blood and bodily fluids resulting from the excision of the affected

area can fog the objective lens.

between the instrument interior and exterior can also obscure vision.

Condensation on the lens caused by temperature differences

Any obstruction of

the field of view during the surgical procedure must be addressed by cleaning the lens at the
tip; however, doing so prolongs the time required for the procedure, makes it more invasive,

and increases patient burdens.

our results.

Drawing on biomimicry principles, we developed a
laparoscope lens with super water-repellent and antifouling properties.

This paper reports

Keywords: Laparoscope, Minimally Invasive, Biomimetics, Nanoimprint

1. Introduction

Many surgical procedures are now performed
using laparoscopes [1]. In many cases, less
burdensome laparoscopic surgery has supplanted
once predominant open abdominal surgery, which
tends to increase patient burdens. As shown in
Figure 1, laparoscopic surgery involves puncturing
several small holes into the body wall to allow the
insertion of laparoscopes, with each hole measuring
5 mm to 10 mm. This surgery has spread rapidly
since it is minimally invasive and contributes to the
patient’ rapid recovery and early reintegration into
society [2-16]. For surgeons, however,
laparoscopic surgery poses numerous new risks and
restrictions not seen with conventional open
abdominal surgery. One such issue is the fogging
and fouling of the camera lens at the tip of the
laparoscope.

A laparoscope is used by inserting a trocar into
the abdomen and using this trocar as a guide to
insert and advance the laparoscope into the body.
To obtain a wide view of the surgical field, the
abdominal cavity is inflated with carbon dioxide or

5,2023
18, 2023

Received April
Accepted May

other gas using an abdominal wall lift and an
insufflator to create space between the abdominal
wall and the organs. Typically, bodily fluids and
blood will not adhere to the objective lens at the tip
of the laparoscope if the laparoscope once inserted
is left as it is. However, once an electrocauterizer
or other tool is manipulated to excise the affected
area, the high temperature generated by the
electrocauterizer can cause bodily fluids and blood
to vaporize and adhere to the surface of the
objective lens. In addition, condensation on the
lens caused by temperature differences between the
instrument interior and exterior can also obscure
vision. Any obstruction of the field of view caused
by fogging or fouling of the objective lens with

blood, etc. during the surgical procedure must be
addressed by cleaning the lens [17,18]. This has
generated demand for laparoscopic camera

objective lenses that offer antifogging and
antifouling properties. Previously, we developed a
biliary stent offering antifouling properties, which
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Fig. 1

we realized by producing a biomimetic structure
mimicking the structure of a snail shell and
transferring it onto a resin surface [19-25]. This
biomimetic structure is well-known for its oil-
repelling  effects in  water  (nanoscale
ultrahydrophilic properties). Our current paper
reports on the development of an objective lens for
laparoscopic cameras with antifogging and
antifouling properties based on a super water-
repellent mechanism that applies the same
biomimicry principles.

2. Biomimetics and super water-repellent
structures

From antiquity, lotus leaves have been known to
repel water.  This effect is attributed to the
nanostructure on the surface of these leaves, called
a double roughness structure (Fig. 2 (a) and Fig. 2
(b)). The field of technologies based on imitating
unique functions observed in nature for industrial
applications is known as biomimetics [26-28].
Numerous reports describe industrial applications
of the structure observed on lotus leaves. In this
study, we drew on nanoimprint technology to
develop a substrate with super water-repellent

Schematic illustration of laparoscopic surgery.

properties and apply it to laparoscopic camera
lenses (Fig. 3).

3. Examination of the water repellency of
photocurable and thermosetting resins

First, we coated substrates with three types of
base resins, which we then cured by irradiation or
heating and assessed the water repellency of the
surface by measuring contact angles. Next, we
formed a 200 nm dotted pattern on the resin surface
using nanoimprint technology [29-32]. We then
reassessed the water repellency of the surface to
determine whether the nanopattern enhanced water
repellency.

The resins tested were as follows:

(D Photocurable acrylic resin
(PAK-01 manufactured
by Toyo Gosei Co., Ltd.)

@ Thermosetting epoxy resin
(SU-8-3005 manufactured
by Nippon Kayaku Co., Ltd.)

(@ Photocurable acrylic resin
(AR-1 manufactured
by Litho Tech Japan Corporation)
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~ Bouncing
behavior

LotUs surface

Fig.2 (a) Water repellency of lotus leaves and (b) underlying mechanism.

Convex-concave nanoscale
structure of several tens of

nanometer7

Fig.3 Schematic view of super
water-repellent laparoscope lens
incorporating lotus leaf structure.

Of the above, @ and @ are commercially
available products, while (3 is an original resin
with the following composition:

PMMA
(acrylic polymer) 77.8
Dipentaerythritol hexaacrylate
(multifunctional acrylic monomer) 20.7
1-Hydroxycyclohexyl phenyl ketone
(photoinitiator) 1.5
(weight ratio)

The above ingredients were dissolved in PGMEA
and adjusted to prepare a 5% solution.

The mold pattern used to imprint a nanopattern
was prepared by producing a 200 nm hole pattern
(hole depth: 200 nm; pitch: 400 nm) on Si material
using electron beam lithography (Fig. 4) [33].

When transferred, the mold creates a dotted
pattern. The nanoimprinting equipment used was
the LTNIP-5000, manufactured by Litho Tech Japan

Design for EB exposure

(R B
k SE(UL) 2.00um

Si nano-pattern mold

SuU_8 8.

SM photo of

Fig.4 Mold design and SEM image of Si mold.

Corporation.

3.1. PAK-01 (UV curable acrylic resin)

A coat of PAK-01 resin (Toyo Gosei Co., Ltd.)
[34] was applied to a quartz substrate and
nanoimprinted using the mold with the 200 nm hole
pattern.

Transfer conditions:

PAB: None

Transfer pressure: 1,000 N

Filling time: 5 minutes

Photocuring: 1 minute @10 mW/cm?

Exposure wavelength: 365 nm

Figure 5 shows the water repellency of PAK-01
and the results of 200 nm patterning. The cured
PAK-01 coating is hydrophilic. The contact angle
was modest.  Imprinting the 200 nm pattern
slightly increased the contact angle.
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Water repellency of PAK-01 CA=54.2° CA—67.2°

e " o
[SE— e — | — . —
Without 200 nm pattern With 200 nm pattern

(a) Water repellency of cured coating

Photo of external appearance of 200 nm pattern and SEM image of PAK-01

Photo of external appearance
(b) Results of 200 nm patterning

Fig. 5 Water repellency of PAK-01 with and without 200 nm pattern and 200 nm patterning results.

Water repellency of SU-8 CA=113.3° CA=137.3"

- -

Without 200 nm pattern With 200 nm pattern
(a) Water repellency of cured coating

Photo of external appearance of 200 nm pattern and SEM image of SU-8

54 s Brmm .fZU.UkE-é!LU:‘ .l
Photo of external appearance SEM image
(b) Results of 200 nm patterning

Fig. 6 Water repellency of SU-08 with and without 200 nm pattern and 200 nm patterning results.
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3.2.  SU-8 (thermosetting epoxy resin)

We applied a coat of SU-8 (Nippon Kayaku Co.,
Ltd.) [35, 36] to a quartz substrate and
nanoimprinted using the 200 nm hole pattern mold.
There is a pattern, and it shows the water repellency
of a hardened film at the time without a pattern to
Fig. 6 (a).

Also, it shows an outward appearance when a
pattern is possible and SEM observation result to
Fig. 6 (b).

Transfer conditions:

PAB: 2 minutes @65°C
Transfer pressure: 3,000 N

Filling time: 5 minutes

Photocuring: 1 minute @10 mW/cm?

Heat curing condition: 10 minutes @65°C

The cured SU-8 coating is hydrophobic. The
contact angle for the coating surface without pattern
was 111.3°.  The contact angle significantly
improved to 137.3° after 200 nm patterning.

3.3.  AR-1 (photocurable acrylic resin)
We prepared this photocurable acrylic resin using

Water repellency of F-based resin

Without 200 nm pattern
(a) Water repellency of cured coating

' CA=113.6°

dipentaerythritol hexaacrylate (Tokyo Chemical
Industry Co., Ltd.) as the monomer and adding 1.5%
1-hydroxycyclohexyl phenyl ketone (Tokyo
Chemical Industry Co., Ltd.) as the polymerization
initiator. ~ This resin was applied to a quartz
substrate and nanoimprinted using the 200 nm hole
pattern mold. There is a pattern, and it shows the
water repellency of a hardened film at the time
without a pattern to Fig. 7 (a).

Also, it shows an outward appearance when a
pattern is possible and SEM observation result to
Fig. 7 (b).

Transfer conditions:

PAB: None

Transfer pressure: 1,000 N

Filling time: 5 minutes

Photocuring: 10 minutes @10 mW/cm?

Exposure wavelength: 365 nm
Since the resin material failed to cure properly,

the patterning could not be adequately performed.
No further study was made of this resin type.

l CA=112.3°

With 200 nm pattern

Photo of external appearance of 200 nm pattern and SEM image of F-based resin

Phto of external appearance

Failed patterning?

54800 5.0kV 7. 8mm x30 SE{M)

SEM image

(b) Results of 200 nm patterning

Fig. 7 Water repellency of AR-1 with and without 200 nm pattern and 200 nm patterning results.
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4. Effects of F additives

Of the three resin types described above, F

additives were mixed into the two resins, excluding

Effect of F-2 additive on SU-8.

AR-1, to examine the changes in contact angles for

surfaces without the nanoimprinted pattern.

It

shows the structural formula of the add-in material
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to Fig. 8.
Photocurable acrylic resin
(PAK-01 manufactured
by Toyo Gosei Co., Ltd.)
Thermosetting epoxy resin
(SU-8-3005 manufactured
by Nippon Kayaku Co., Ltd.)

The F additives used were as follows:
F-1: 2,2-Bis(4-hydroxyphenyl)hexafluoropropane
(Tokyo Chemical Industry Co., Ltd.)
F-2: 2,2°-Bis(trifluoromethyl)benzidine
(Tokyo Chemical Industry Co., Ltd.)

4.1. Effect of F additives on PAK-01

Quartz substrates were spin-coated with PAK-01
+ F-1 and PAK-01 + F-2 and allowed to stand for
two minutes in a vacuum before exposure to UV
irradiation (365 nm) for 70 seconds. The amount
of F additives was varied from 0% to 10% relative
to the resin by weight.

Figure 9 shows the relationship between the
amount of F additives and contact angles.

Figure 9 shows the effect of F additives on PAK-
01. No improvement in contact angle is evident,
even when the amount of F-1 and F-2 additives is

increased.

4.2. Effect of F additives on SU-8

Quartz substrates were spin-coated with SU-8 +
F-1 and SU-8 + F-2 and subjected to photo and
thermal imprinting. This entailed two minutes of
UV irradiation, followed by PEB at 65°C, 95°C, and
125°C.

Figure 10 and Figure 11 shows the relationship
between the amount of F additives and contact
angles.

We found that mixing F-1 additive into SU-8 at
increasing concentrations improved contact angle.
In contrast, adding F-2 additive failed to improve
contact angle, even when the amount of F-2 additive
mixed into the resin was increased.

5. Examination of the water repellency of
patterned F additive-added resin material

Based on the study up to this point, we found it
was possible to achieve super water-repellency by
mixing F-1 additive into SU-8 at a weight ratio of
10%. We believe that the application of
nanopatterning could enhance the super water-
repellency even further.

Figure 12 illustrates the water repellency

CA=146.9°

(a) Measuring the contact angle

Fig. 12 Water repellency of patterned section of SU-8 + 10 % F-1 and 200 nm patterning results.
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Before tilting the lens After tilting the lens

(a) Sliding liquid droplet

(b) Measuring the angle of the sliding liquid droplet
Fig. 13 Sliding angle measurement on a patterned section of SU-8 + 10 % F-1.

Withinanesstitctiie; Withoufnano-structure

Fig. 14 Assessment of self-cleaning effect.

measured on a 200 nm patterned section of SU-8 sliding angle obtained was 31.1°.
added with 10 % F-1 additive, along with an SEM
image of the section. 6. Self-cleaning effect
The contact angle obtained was 146.9°.  Figure We explored whether the self-cleaning effect

13 shows how we measured the sliding angle. The could be achieved on an untreated substrate and the
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present substrate. The substrates were first wetted
with water, after which oil droplets were placed on
each. The substrate surfaces were then rinsed with
water to assess the self-cleaning effect. (Fig. 14)
The results showed that oil could be effectively
removed from the 200 nm patterned substrate under
running water, proving the high self-cleaning effect.

7. Summary

We achieved a contact angle (CA) of 146.9° and
a sliding angle (SA) of 31.3° for a substrate surface
coated with a material composed of SU-8 +10 % F-
1 and imprinted with a 200 nm pillar pattern. A
self-cleaning test confirmed the effectiveness of the
surface created. The results confirmed that we
could apply this material to laparoscopic camera
lenses.
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Nanoimprint Lithography and Microinjection Molding

Using Gas-Permeable Hybrid Mold for Antibacterial
Nanostructures
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Biomimetic antibacterial nanostructures with a height of approximately 310 nm and a
bottom diameter of approximately 240 nm were fabricated by microinjection molding for
practical mass production in the fields of biology, electronic engineering, and life science.
The gas-permeable hybrid mold fabricated by nanoimprint lithography was used as the mold
for microinjection molding to improve the incomplete filling and molding defects caused by
gas entrainment in cavities during microinjection molding. One same mold could be used
repeatedly without cleaning for 200 injection molding cycles. Antibacterial activity
evaluation showed that that the antibacterial activity of the fabricated biomimetic
antibacterial nanostructures was 15% greater than that of a flat surface. This work establishes
the advanced processing technology of high-resolution nanostructures by microinjection
molding with the gas-permeable hybrid mold.

Keywords: Nanoimprint lithography, Microinjection molding, Gas-permeable mold,

Antibacterial structures, Advanced processing technology

1. Introduction

In recent years, the COVID-19 pandemic and
antibiotic resistance have become challenges for
public health agencies worldwide, increasing the
demand for antibacterial materials that prevent
bacterial infections by inhibiting primary bacterial
adhesion and killing bacteria [1,2]. Antibacterial
materials include catechin; chitosan; and metal
compounds, such as silver, copper, and titanium
dioxide [3-5]. In contrast to common antibacterial
materials, such as biocides, paints, and abrasives
containing toxic and rare metal species, the above
materials are considered environmentally friendly
because they do not release contaminants into the
environment [6]. In particular, silver nanoparticles
have been introduced for biomedical applications
due to their numerous advantages, such as good

Received April 7, 2023
Accepted May 10, 2023

antibacterial activity, excellent biocompatibility,
and satisfactory stability [7]. These advantages are
due to the higher surface area than volume of silver
nanoparticles that allows for sustained contact with
bacteria and more potent antibacterial activity [8].
However, the widespread use of silver nanoparticles
has raised concerns that silver nanoparticle-resistant
bacteria may develop due to long-term exposure to
silver nanoparticles [9]. Moreover, reports of the
adverse effects of silver nanoparticles on higher
organisms, including humans [10], have warranted
caution against their widespread use [11].

Against this background, several studies have
explored physical alternatives to killing bacteria
chemically through the contact antibacterial
mechanism [12,13]. A schematic of how
nanostructures kill bacteria is shown in Fig. 1.
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Developing a surface expressing physical
antibacterial activity by fabricating nanostructures
without using chemical antibacterial materials that
affect the environment and human body is of high
priority [14]. Recent studies from a biomimetic
perspective have focused on the physical
antibacterial activity of the nanostructures in the
wings of insects, such as dragonflies and cicadas,
that penetrate bacterial cell walls [15,16].
Biomimetically engineered nanostructures on black
silicon have also demonstrated antibacterial activity
against a variety of bacterial species [17].

Antibacterial activity
" A
A

Namostraciure sarface

*\
-

Ways in which nanostructures can kill bacteria.

Flat sarface

Fig. 1.

Bright et al. reported that nanostructured titanium
alloy fabricated via a hydrothermal etching process

executed antibacterial activity against
Staphylococcus  aureus and  Pseudomonas
acruginosa [18]. Dickson et al. synthesized

nanopillared surfaces on poly (methyl methacrylate)
through nanoimprint lithography. They found that
the nanopillared surfaces were effective in killing
Escherichia coli, a Gram-negative bacterium, and
increased the killing rate of attached bacteria by
16%—-141% [19]. In addition, nanostructure—cell
interactions have been observed to behave
differently with different sizes and shapes and many
studies have shown that nanostructures with high
aspect ratios have effective antibacterial activity
[20].

Thus, the motivation of our study is to explore the
use of versatile microinjection molding utilizing a
gas-permeable hybrid mold with a nanoimprinted
surface for defect reduction to fabricate biomimetic
nanostructures that express antibacterial activity
through a physical approach. Our previous studies
demonstrated that the application of gas-permeable
molds with porous molecule design improves
microstructural defects [21-23]. Microinjection
molding is used for practical large-scale production
in many fields due to its short cycle time and
relatively low cost per part [24,25]. This method is
a novel technology given that only a few previous
studies have used it to create nanostructured
antibacterial ~materials. For preventing the

incomplete filling of nanostructures and defects due
to the entrainment of gases in cavities during the
microinjection molding of biomimetic antibacterial
nanostructures [26,27], a gas-permeable hybrid
mold fabricated by nanoimprint lithography [28,29]
was used and evaluated.

2. Experimental
2.1. Fabrication of the gas-permeable surface
material in the gas-permeable hybrid mold

The gas-permeable surface material was bonded
to the gas-permeable substrate described below to
form the gas-permeable hybrid mold. The chemical
structures of the prepared gas-permeable surface
material in the gas-permeable hybrid mold and the
mechanism of the cross-linking reaction under
ultraviolet (UV) irradiation is shown in Fig. 2. A
sol—gel copolymer (Fig. 2, a) with four components,
namely, 40 wt% 3-(acryloyloxy) propyl
trimethoxysilane, 35 wt% methyltrimethoxysilane,
15 wt% tetracthyl titanate, and 10 wt%
tetraethoxysilane, was synthesized by using sol-gel
polymerization [30-32]. The 87 wt% sol—gel
copolymer was added with 2,4,6,8-tetramethyl-
2.4,6,8-tetravinylcyclotetrasiloxane (T2523: Tokyo
Chemical Industry) (Fig. 2, b) as a cross-linking
agent. Then, 3 wit% 2-hydroxy-2-methyl-1
phenilpropanone  (Omnirad  1173:  Toyotsu
Chemiplas) (Fig. 2, ¢) was added as a UV-radical
polymerization initiator to the sol-gel copolymer
and cross-linking agent. The mixture was next
mixed with a roller stirrer (MR-5: AS ONE) for 8 h.
The structure of the gas-permeable surface material
is shown in Fig. 2, d. Reticulated chains and ring
structures formed a porous structure and conferred
the surface material with gas permeability.

2.2. FT-IR spectroscopy of the gas-permeable
surface material

The structural changes of the gas-permeable
surface material caused by the UV cross-linking
reaction were confirmed before and after UV
irradiation by  Fourier transform infra-red
spectroscopy  (FT-IR).  Measurements  were
performed by using an FT-IR system (Spectrum
Two: Perkin Elmer). Recording was performed with
a resolution of 4 cm!, the number of integrations of
10, and a frequency range of 4004000 cm '. The
measurement was performed on the materials
prepared through surface irradiation with UV light
(25 mW/cm?) (LC8: Hamamatsu Photonics) for 0,
30, or 60 s.
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Fig. 2. Chemical structure and reaction of gas-permeable surface material: (a) sol—gel copolymer, (b) cross-linking
agent, (¢) UV-radical polymerization initiator, and (d) gas-permeable surface material.

2.3. Fabrication of the gas-permeable substrate in
the gas-permeable hybrid mold

The metal photoengraving composite processes
for the fabrication of the gas-permeable substrate in
the gas-permeable hybrid mold was performed by
using a metal photoengraving composite processing
machine  (LUMEX  Avance-25:  Matsuura
Machinery) [33,34]. The laser fabrication chamber
was filled with nitrogen gas to prevent oxidation
during the melting of the materials. Standard
maraging steel powders with an average particle
size of 20-30 um were baked and hardened under
irradiation with a 400 W YD fiber laser and the shape
was cut. This series of operations was repeated to
produce the gas-permeable substrate. The gas-
permeable substrate was ultrasonically cleaned with
acetone for 20 min in an ultrasonic cleaner (US-101:
SND), then vacuum-dried at 180 “C for 20 min in
a vacuum dryer (AVO-250SB: AS ONE) to remove
the lubricants and other oils used in the metal
photoengraving composite processes.

2.4. Nanoimprint Lithography of the Gas-permeable
Surface Material in the Gas-permeable Hybrid Mold

The fabrication method for the gas-permeable
hybrid mold spliced with the gas-permeable surface
material and gas-permeable substrate is shown in
Fig. 3, a. This quartz master mold had a
nanostructure with a height of 309 nm and bottom
diameter of 236 nm. The quartz master mold was
treated with a mold release agent (DURASURF DS-
831TH: Harves) to release it from the gas-
permeable surface material. The gas-permeable
surface material was placed on the gas-permeable
substrate and pressed with the quartz master mold.
UV irradiation for the polymerization of the gas-
permeable surface material was then performed by
using a UV light (25 mW/cm?) (LC8: Hamamatsu
Photonics) for 60 s. The quartz master mold was
released from the surface of the gas-permeable
surface material in the gas-permeable hybrid mold.
The surface with the inverted nanostructures was
fabricated in the gas-permeable hybrid mold for the
next step of microinjection molding.
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Fig. 3. (a) Fabrication of gas-permeable hybrid mold by nanoimprint lithography and (b) fabrication of biomimetic

antibacterial nanostructures by microinjection molding.

2.5. Microinjection molding utilizing the gas-
permeable hybrid mold with nanostructures

The microinjection molding of the above inverted
nanostructures from the gas-permeable hybrid mold
into polypropylene (PP) (NOVATEC-PP BCO03B:
Japan Polypropylene) is shown in Fig. 3, b. A
microinjection molding machine (Model GL150:
Sodick) with a screw preplasticating system was
used. The fabricated gas-permeable hybrid mold
was placed on a flat plate for shrinkage
measurement and 400 injection molding cycles
were performed. The basic parameters of the
microinjection molding conditions included filling
speed (17.5 mm/s), melt temperature (220 C),
molding temperature (30 °C), holding pressure (20
MPa), holding pressure time (10 s), and cooling
time (20 s).

2.6. Evaluation of antibacterial activity

Antibacterial activity was evaluated by using the
PP-derived biomimetic antibacterial nanostructures
(approximate height of 300 nm and bottom diameter
of 220 nm) with an area of 20 mm x 20 mm molded
by microinjection molding. The method for
antibacterial activity evaluation is presented in Fig.
4. The antibacterial activities against E. coli of the
biomimetic antibacterial nanostructures derived
from PP and a flat surface were compared. E. coli
JM109 was cultured in NB medium at 37 “C for 16
h. The bacterial suspension was centrifuged at 5000
g for 10 min. Then, its supernatant was discarded.
Next, 1 mL of 1/500 nutrient broth (NB) medium
was added and the suspension was pipetted. The
suspension was diluted 200-fold with 1/500 NB
medium to prepare a bacterial suspension for
seeding. The bacterial suspension was placed on the
biomimetic antibacterial nanostructures or the flat
surface and the droplet was covered with
polyethylene film. Samples were incubated at
37 C with a relative humidity of 95%. After 24 h
of incubation, each surface was rinsed with

Mueller—Hinton ~ Broth ~ (08931: Kyokuto
Pharmaceutical Industrial) to harvest the bacteria.
The number of viable bacterial cells in the harvested
solutions was measured by using Microbial
Viability Assay Kit-WST (M439: Dojindo).

Incubate

Temperature: 371
Humid

S - - Absorbance
' measurement
agents

Fig. 4. Methods for antibacterial activity evaluation.

3. Results
3.1. FT-IR spectroscopic analysis of the gas-
permeable surface material

The dependence of the FT-IR spectra of the gas-
permeable surface material on UV irradiation time
is shown in Fig. 5. We used the 1720 cm ! band
assigned to C=O stretching to normalize the
obtained infra-red spectra. The main spectral region
of'interest for the copolymerization reaction of vinyl
groups in the gas-permeable surface material was
the C=C stretching vibration from 1680 c¢cm ' to
1620 cm !, the C=C stretching vibrations of a,B-
unsaturated carbonyl compounds from 1640 cm ! to
1590 cm'!, and the C—H stretching vibration from
3000 cm ! to 2840 cm .

The spectrum of the gas-permeable surface
material presented some typical peaks at 1635 and
1619 cm ! (C=C bond). The absorption maximum
of C=C in the gas-permeable surface material
decreased through the copolymerization of vinyl
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Fig. 5. FT-IR spectra before and after UV irradiation of gas-permeable surface material (0.75 and 1.5 J/cm?).

groups under UV irradiation. In particular, the peak
of 1635 cm!' showed a reduction of 45% at 0.75
J/em? and 64% at 1.5 J/cm? In addition, the
absorption maximum of C-H (2950 and 2870 cm ')
increased under UV irradiation. These changes
indicated that the gas-permeable surface material
was synthesized.

The physical distance between molecules was
considered to be responsible for gas permeability
given that approximately 36% of the C=C bonds
remained at 1.5 J/cm?. Thus, FT-IR confirmed the

polymerization of the gas-permeable surface
material.
3.2. Fabrication of biomimetic antibacterial

nanostructures by microinjection molding using the
nanoimprinted surface of the gas-permeable hybrid
mold

The scanning probe microscope images of (a) the
quartz master mold; (b) the gas-permeable hybrid
mold fabricated via nanoimprint lithography; and
(c) the biomimetic antibacterial nanostructures
derived from PP at the fifth, 50", 200", and 400"
injection molding processes using one gas-
permeable hybrid mold without cleaning for up to
400 times are shown in Fig. 6. The result of
microinjection molding directly from a quartz
master mold without a gas-permeable hybrid mold
is provided as the reference in Fig. 6. This material
showed molding defects. The surface of the gas-
permeable surface material fabricated in the gas-

permeable hybrid mold transferred from the quartz
master mold was inverted clearly and the
biomimetic antibacterial nanostructures synthesized
by using the fabricated gas-permeable hybrid mold
were also well molded. Furthermore, no significant
difference in molding defects was found between
the 5" and 200" cycle of injection molding.
Although some molding defects were observed at
the 400" cycle, they were not considered to be a
problem for the antibacterial materials. PP, a typical
general-purpose plastic, was filled into the tip of the
nanostructure in the gas-permeable hybrid mold and
the use of the gas-permeable hybrid mold improved
molding defects compared with that of the
conventional quartz master mold. In the future, we
will optimize the microinjection molding conditions,
study the gas-permeable surface material, and aim
to create biomimetic antibacterial nanostructures by
performing microinjection molding for more than
200 times with the same mold without cleaning.

3.3. Evaluation of antibacterial activities on the
fabricated biomimetic antibacterial
nanostructures

The results of the antibacterial activity evaluation
of the biomimetic materials are shown in Fig. 7.
They were normalized against the results of the
control samples tested under the same conditions.
The number of viable bacteria on the biomimetic
antibacterial nanostructures derived from PP had
obviously reduced compared with that on the flat
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Scanning probe microscope images: (a) quartz master mold; (b) gas-permeable hybrid mold prepared through

nanoimprint lithography; (¢) biomimetic antibacterial nanostructures fabricated by microinjection molding at the fifth, 50,
200™, and 400" cycles; and (Ref) molding defects created by microinjection molding.

surface. Furthermore, the ratio of the number of
viable bacteria on the biomimetic antibacterial
nanostructures had reduced by approximately 15%
compared with that on the flat surface. The
microinjection-molded biomimetic antibacterial
nanostructures were speculated to exhibit
antibacterial activity due to the tensile force exerted
on the cell membranes of E. coli in the voids of the
nanostructures. This tensile force caused the
membranes to break and intracellular fluid to leak
out.

Antibacterial materials developed through
physical processes are expected to have medical
applications as biomaterials, such as materials for
the surfaces of dental devices [35]. In particular, the
PP used in this work’s injection molding process is
a biocompatible resin [36] that may provide a
solution to the challenges of orthopedic implants,
such as infections caused by bacterial biofilm
formation. In the future, we will study the
differences in antibacterial activity due to variations
in the height and pitch of the nanostructures and
investigate the structure with the optimal
antibacterial activity.

& LAY

1 ML A

Antibacterial activity

Relative Numbers of Live Cells
on the Surface
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)
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Flat surface Biomimetic antibacterial

nanostructures

Fig. 7. Results of antibacterial activity evaluation.
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4. Conclusion

We investigated a fabrication method for
biomimetic nanostructures with antibacterial
activity by using the two microfabrication processes
of nanoimprint lithography and microinjection
molding with a gas-permeable hybrid mold. The
molding defects caused by gas impermeability
during microinjection molding were solved by
using the gas-permeable hybrid mold. The
evaluation of antibacterial activity using E. coli
demonstrated that the nanostructures expressed
approximately 15% more antibacterial activity than
the flat surface. This work shows the advanced
processing technology of microstructures and has
the potential to contribute to research on the creation
of antibacterial materials through physical
approaches.
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This study presents the development of a balloon-type dielectric elastomer actuator (DEA)
that utilizes the Maxwell stress generated by applying voltage between electrodes. DEAs
have been recognized for their superior responsiveness, durability, and energy efficiency,
making them a promising candidate for applications such as artificial muscles. We fabricated
two types of DEA using a latex balloon as the elastic material and carbon grease as the
electrode to generate inflating and squashed deformations. We conducted experiments to
measure and analyze the two types of deformation while varying the size or inner pressure
of the balloon and the voltage magnitude. We found that the voltage magnitude affected the
magnitude of the deformation in the actuator with inflating deformation, but not in the
actuator with squashed deformation. Additionally, we estimated the applied Maxwell stress
in the actuator. The developed actuators were capable of producing movements that imitate

the behavior of organisms, such as the pufferfish.

Key words: Soft actuator, DEA, Balloon, Maxwell stress

1. Introduction

Soft actuators have gained significant attention
due to their flexibility and ability to generate a
variety of movements such as crawling [1, 2],
jumping [1, 3], grasping [3, 4], and bending [5].
Compared to conventional rigid actuators, soft
actuators can move delicately, resulting in low noise
levels and high adaptability to the surrounding
environment. With their lightweight and soft bodies,
soft actuators are expected to find applications in the
medical and aerospace fields. They can be driven by
various inputs, including pneumatic [2, 4, 5],
magnetic [6-15], thermal [16, 17], and electrical
[18-31] methods. In this study, we focus on
electrically-driven  soft actuators and have
developed dielectric elastomer actuators (DEAs)
due to their superior responsibility, durability, and
energy efficiency [29].

DEAs are typically composed of a thin film
possessing  dielectric  properties, sandwiched
between two deformable electrodes as shown in Fig.
1. When a high voltage is applied between the
electrodes, the resulting attractive force, known as
the Maxwell stress, causes the diclectric film to
deform elastically, becoming thinner while
extending in the planar direction.
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Fig. 1. Principle of DEA operation

In this study, we experimentally analyze the
deformation of a balloon-type DEA. While previous
studies have developed DEAs generating bending
[25] and stretching [26] deformations, our actuator
produces inflating and squashed deformations using
natural rubber latex balloons as the material. The
actuators are fabricated by placing an electrode
inside a latex balloon and subsequently inflating it.
We measure the resulting deformations when a high
voltage is applied, and estimate the applied Maxwell
stress to the actuator based on the results.

2. Developed Balloon-type DEA
This section describes the materials and methods
used to fabricate and actuate the balloon type DEA.
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The actuator was fabricated using a latex balloon
made from natural rubber (Pioneer Balloon) and
antistatic grease (Sunhayato, GE-L201) as the
electrode. High voltages were applied to the
actuators using an AC/DC high voltage generator
(Advanced Energy Industries, TREK 610E).

Two types of actuators were fabricated in this
study: inflated and squashed. To fabricate the
actuator with inflating deformation, carbon grease
was applied to the inside and outside of a latex
balloon that was then inflated as shown in Fig. 2.
For the actuator with squashed deformation, the
carbon grease was coated only inside the balloon,
and the balloon was placed on a metal substrate and
connected to a high voltage generator. Schematic
setups of the both actuators are shown in Figs. 3 and
4, respectively. In both cases, the Maxwell stress
between the carbon grease inside and outside the
balloon resulted in the desired deformation.

To measure the deformation, we varied the size

~<Sgi) u=eeamy [EEREREE!

Applying carbon
grease inside

Fig. 2. Actuator creation process
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Maxwell stress
/_ - / | i’
i\ LY
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|
Carbon grease /
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Inflating deformation

| Carbon grease l“,‘-“

| .

Fig. 3. Structure of the actuator with inflating

deformation
Carbon grease |

: 4 Voltage
‘\\‘ . A

Metal substrate

Fig. 4. Structure of the actuator with squashed
deformation

Maxwell stress

(or inner pressure) of the balloon and the magnitude
of the voltage applied to the actuator. The
measurements and analyses of the deformation were
performed using a video. The video images were
processed by an image processing software
(ImagelJ) and a markerless pose estimation software
based on a machine learning system with deep
neural networks (DeepLabCut). The Maxwell stress
applied to the actuator was estimated based on the
deformation results and discussed in the following
section.

3. Experiment
3.1. Actuator with inflating deformation

The actuator with inflating deformation was
operated at different voltages while varying the
diameter of the balloons. The actuated balloons are
shown in Figure 5. The voltage range applied was
from 0 to 5 kV. Once the voltage was initiated, the
carbon grease on the surface of the actuator
expanded in area, resulting in a noticeable
deformation that increased slightly as the voltage
was increased.  The relationship between the
deformation and the voltage is shown in Fig. 6. As
the wvoltage increased, the Maxwell stress also
increased, resulting in a corresponding increase in
the deformation. At high voltages, the actuator
sometimes experienced a dielectric breakdown as
the short diameter decreased. This breakdown could
be attributed to the Maxwell stress further thinning
the dielectric film, which was already reduced due

Fig. 5. Deformation of the actuator with
inflating deformation. The diameter of the
balloon was 50 mm (upper), and 55 mm
(lower)
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Fig. 6. Deformation of the actuators. The
diameter of the balloon was 50 mm (upper), and
55 mm (lower)

to the balloon's enlargement. meter of the balloon
increased due to the occurrence of electrical
breakdown. This dielectric breakdown can be
considered to have been caused by the Maxwell
stress further thinning the film thickness, which was
reduced by the balloon’s enlargement.

3.2. Actuator with squashed deformation
3.2.1. Characteristics of balloons

Prior to performing the experiment of the actuator
with squashed deformation, we conducted an
experiment to measure the deformation properties
of the latex balloons. This experiment involved
applying a vertical force to a balloon placed on an
electrical balance and measuring the load. The
deformation was measured for each internal
pressure of the balloon, and the results are shown in
Fig. 7. As shown, the deformation decreases as the
internal pressure of the balloon increases.

When a vertical load is applied to a balloon, the
force F is given by the following equation:

nD?

F=""Ap (1)

where D is the contact diameter, and Ap is the

18.00 "B
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

Contact diameter [mm]

Fig. 7. Change of contact diameter of the balloon
on the substrate

pressure difference between inside and outside of a
balloon. The relationship between the vertical force
to a balloon and the contact diameter determined
this theoretical equation, and qualitatively similar as
the experimental results.

3.2.2. Deformation measurement

The results of applying voltages of 0-5 kV while
varying the internal pressure of the balloon are
shown in Fig. 8. The measured contact diameter
between the metal substrate and the balloon for each
case is shown in Fig. 9. The deformation was
smaller at 1 kV. The deformation would not reach
the peak value because the Maxwell stress was too
small. For voltages of 2 kV and above, there was
little difference in the size of the deformation due to
voltage, indicating that the deformation of this
actuator was independent of the applied voltage.
The reason for the lack of deformation at an internal
pressure of 6 kPa would be due to nonlinear
deformation of the natural rubber. The rubber would
be stiffer just before reaching an internal pressure of
6 kPa.

The contact diameter results obtained and the
perpendicular force applied when a voltage is
applied were estimated using equation (1). Figure
10 shows the case of the applied voltage of 5 kV.
The vertical force was decreasing where the internal
pressure of the balloon exceeds 4 kV. This is
considered to be due to the nonlinearity of rubber
elasticity.

4. Conclusion

We produced balloon type DEA that cause
inflating and squashed deformation. We created two
types of actuators that differed in the inner pressure
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Fig. 8. Deformation of the actuator with
squashed deformation. Inner pressure 1
kPa (upper), 3 kPa (center), and 5 kPa
(lower).
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Fig. 9. The result of applying voltage to the
actuator with squashed deformation
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Fig. 10. Maxwell stress estimates

of' the balloon and applied voltage, and we measured
the deformation for each type. In the actuator with
inflating deformations, we observed a slight
variation in the amount of deformation with
increasing voltage. For the actuator with squashed
deformation, we noted a negligible difference in
deformation magnitude despite applying varying
voltage levels. Also, the value of Maxwell stress
could be estimated by comparing the deformation
when a vertical load was applied with that when a
voltage was applied. These actuators could produce
movements that mimic organisms such as pufferfish.
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Photoresist materials are also used in semiconductor manufacturing and have excellent
properties for fine processing. In recent years, lithography technology has enabled
microscopic processing. Among them, photoresist materials, which are also used in
semiconductor manufacturing, are attracting attention for their potential to contribute to the
development of biosensors, bioelectronics, and biotechnology in the life science field.
However, photoresist materials use organic compounds in the casting solvent and developing
solution, which raises concerns about environmental protection and health and safety.
Therefore, it has been difficult to apply them to the life science field. In this study, we used
amylose and amylopectin sugar chains to create a photoresist material that can be developed
in water without using organic compounds. This material is characterized by its ability to be
applied and developed with water and processed without the use of organic compounds. The
photoresist patterns were fabricated and surface shapes were observed, achieving a fine
fabrication of approximately 8 pm.

Keywords: Photoresist, Water-developable lithography, Water soluble polymer, Bio-

electronics, Biomedical application

1. Introduction

In recent years, demand for semiconductors has
increased and computer chip components such as
logic and memory have continued to shrink in size.
This miniaturization has been made possible by the
development of lithography technology [1,2].
Photoresist materials, also used in semiconductor
manufacturing, are essential for lithography and are
becoming increasingly miniaturized [3]. Current
resist materials use organic compounds as casting
solvents and on occasion as developers. Therefore,
the use of organic solvents in the lithography process
is a concern from the standpoint of environmental
conservation. In addition, the disposal of organic
solvents is a factor that increases costs for
semiconductor device manufacturers and other

10, 2023
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companies that use photoresist materials [4]. A
typical organic formulation consists of about 70 wt%
organic solvent. This organic solvent has adverse
effects on the human body and the environment
when handling resist formulations. For example,
during the coating and baking processes, the organic
solvent evaporates and most of it is released into the
atmosphere. In addition, the edge bead removal and
backside cleaning processes use more organic
solvents than the organic solvents in the resist
formulation, resulting in a large amount of organic
waste. For these reasons, health hazards,
environmental impact, and waste disposal costs must
be considered when using resist formulations [5].
There are two possible ways to minimize the
environmental impact of organic solvents in resist
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processing. The first method is to deposit a resist film
on the substrate from the vapor or solid phase and
dry develop it to completely remove the cast solvent
[6]. The other is to replace the developing solution
with water [5].

Out of the two methods, our laboratory is working
for replacing organic solvent with water. The
lithography processes include developing with
organic solvents or water. In conventional
lithography, resist materials are immersed in an
alkaline developing solution of
trimethylphenylammonium hydroxide (TMAH) [4]
dissolved in pure water. Other methods include the
use of organic solvents such as cyclohexanone and
2-heptanone.

Replacing developing solution with water could
contribute to the development of biosensors [7,8],
bioelectronics [9], and biotechnology [10,11]. It is
also an effective alternative to alkaline developers,
organic solvents, and solvents that pose significant
safety, health, and environmental concerns [12].
Water-soluble photoresist materials reported to date
include those using poly (vinyl alcohol) [13],
polyvinylpyrrolidone [14], and water-soluble
polymer materials containing pendant sugars [15].
There are negative [16] and positive [17, 18] types of
resist, and we used the negative type, which cross-
links where it is exposed to light and becomes
insoluble in water.

In our previous studies, this photosensitive
material was made by modifying the hydroxyl group
of each dextrin with acrylate, a photosensitive group,
while maintaining water solubility. This material was
applied by spin-coating [19] on a silicon wafer,
exposed with a mask contact exposure system, and
developed with water to evaluate sensitivity, etching
resistance, and coating strength. In the
microfabrication evaluation, it was found that the
performance varied depending on the bonding mode.
Furthermore, it was shown that indigestible dextrin
can function as a water-soluble micro-patterning
material. Since it does not require organic solvents
or highly toxic strong alkaline developer, it is
effective as a patterning material with low
environmental impact [20].

This paper describes new water-soluble resist
materials, amylopectin-based eco-friendly
photoresist material, which is a mixture of amylose-
based and amylopectin-based photosensitive
polymers as a water-soluble resist. Hereafter,
amylopectin-based eco-friendly photoresist will be
abbreviated as amylopectin resists.

2. Experimental
2.1. Amylopectin resist materials

Amylopectin resist materials that can be applied
with water and developed with water were prepared.
Scheme 1 shows the chemical reaction equation
for amylopectin  resists. (e) The amylopectin
resist polymers with UV-sensitive acrylic groups
were formed through the reaction of 50 mol% (a) 2-
isocyanatoethyl acrylate (Resonac) and 50 mol% (b)
1,1-  (bisacryloyloxymethyl) ethyl isocyanate
(Resonac) with the hydroxyl group of (c)
amylose and (d) amylopectin.

The reacted amylopectin polymers with UV-
sensitive acrylic groups as shown in (e) had the
weight-average molecular weight of 36000, and the
range of polydispersity was 2.9 related to the
standard polystyrene, in terms of the gel permeation
chromatography (GPC) conditions described below.

The weight average molecular weight and
polydisperse range were determined using a GPC
system (HLC-8320GPC EcoSEC, Tosoh). Three
separation columns of SuperAW3000 (TSK-GEL,
Tosoh) and double-serially linked SuperAW-H
(TSK-GEL, Tosoh) were wused, and NN-
dimethylformamide was selected. The column
temperature was maintained at 40 °C. The solvent
flow rate was set at 0.6 ml/min. The solution was
filtered through an ultrahigh-molecular-weight
membrane filter with an average pore size of 250 nm
(Whatman Lab). Thereafter the weight average
molecular weight and polydispersity range were
measured.

2.2. Film thickness of amylopectin resist materials

A spin-coating and developing system (CLEAN
TRACK ACT 8,Tokyo Electron) was used to
evaluate the thickness uniformity of the spin-
coated amylopectin resist materials.

The aqueous solution of amylopectin resist
materials on an 8-inch silicon wafer spin-coated with
underlayer material that complements the plasma
etching resistance (transfer characteristics to the
substrate to be processed) of negative water
developable resist materials for lithography. The
spin-coated conditions were 1500 rpm for 60 s
following spin coating at 500 rpm for 15 s on the Si
wafer after pre-wet process at 1000 rpm for 15 s by
pure water to improve the surface roughness,
thickness uniformity, and coating defect of
amylopectin resist materials.
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Scheme 1. Chemical reaction equation for amylopectin resists: (a) 2-isocyanatoethyl acrylate, (b) 1,1- (bisacryloyloxymethyl) ethyl
isocyanate, (¢) amylose, (d) amylopectin, and (¢) amylopectin resist polymers.
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2.3. Changes in the structure of amylopectin resist
materials

The structural changes of the synthesized water-
soluble resist materials before and after UV cross-
linking by UV were confirmed using an attenuated
total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) of the infrared absorption
spectrum  (FT-IR). The measurements were
performed using an FT-IR (Spectrum Two: Perkin
Elmer).

In order to measure the thickness of the film, the
film was thickened by the casting method, and two
types of UV irradiation were made: one with 17
J/em? exposure and the other without exposure. In
order to normalize the infrared spectra obtained, we
used the 1714 cm™! band, assigned to ester.

The frequency range was set to 1600-1680 cm™! in
order to compare non-covalent alkenes (vinyl
groups) at 1634 cm™ before and after UV irradiation.

2.4. Exposure sensitivity

The sensitivity of the amylopectin resist was
confirmed by measuring the thickness of the
amylopectin resist film with varying intensity of UV
irradiation, respectively. Aqueous solution of
amylopectin resist materials was dropped onto
hydrophobic surface-treated silicon wafers and spin-
coated. The spin-coated conditions were 2500 rpm
for 60 s following spin coating at 300 rpm for 10 s.
The resist film thickness of the amylopectin
resist materials was measured in advance using a
non-contact thin-film measurement system (F20-UV,
Fimetrics). Then 10 samples were prepared by
varying the exposure dose from 0-160 mJ/cm? and
dissolved in aqueous solution without alkali
development (27°C, 60 s). Again, the resist film
thickness of the amylopectin resist materials was
measured and the non-dissolving resist film
thickness was calculated.

2.5. Preparation of water developable amylopectin
resists

The substrate was treated to improve
hydrophilicity, which is considered to enable
microfabrication, and the effect of the treatment was
confirmed by measuring the contact angle between
the substrate and water. Micro-patterns were
fabricated on the substrate with amylopectin resist
and observed. The plastic polystyrene slide
substrates (Kenis, Japan) were hydrophilically
treated for 2 min using UV ozone treatment
equipment (LT0Z-180, Litho Tech Japan), to
improve the adhesion between the amylopectin resist

materials and the plastic polystyrene slide substrates.
Then 200 pL of aqueous solution of amylopectin
resist materials were measured with a pipettor and
dropped.

The substrate was spin-coated (10 s at 0 rpm, 5 s
at 500 rpm, and 25 s at 1500 rpm) and then baked for
30 s on a hot plate at 75°C. UV irradiation was
performed with an exposure of 590 mJ/cm? followed
by 1 min development in water at 25°C.

Figure 1 presented the water- developable
lithography processes using amylopectin resist
materials. The contact angle for water on the 4 types
of substrates was measured using a dynamic contact
angle meter (DropMaster500Z, Kyowa Interface
Science) to evaluate the film's water repellency. The
contact angle for water was calculated using the 6/2
analysis method. The measurement time after
dropping was 1.0 s. The four substrates are untreated
plastic, untreated glass, ozone-treated plastic and
ozone-treated glass substrates.
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Fig. 1. Water- developable lithography processes.

3. Results and discussion
3.1. Film thickness uniformity

The thickness of the film of amylopectin resist
materials without organic solvents was measured and
the results are shown in Fig. 2. There is a correlation
between the number of spin-coating rotations and
film thickness uniformity, which is affected by the
viscosity of the resist solution. In the case of
amylopectin resist materials, spin coating conditions
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with a main rotation speed of 2500 rpm or more were
found to be preferable for obtaining good in-plane
uniformity of application. From the results in Fig. 2,
the average thickness of the resist was measured to
be 165 nm + 7 nm thickness uniformity.

Amano et al. reported the following results. Spin-
coating of water-soluble resist materials generated
from dextrin manufactured by San-ei Sucrochemical
was performed to check uniformity, and a flat film of
+10 nm was formed with a rotation speed of more
than 2000 rpm. This variation in film thickness is
thought to be due to wetting of the silicon wafer by
the moisture coating [3]. The above shows that the
amylopectin resist materials have a better uniformity,
as the result of 7 nm is obtained.

In addition, Bajpai et al. found that spin-coating of
existing photoresist materials under optimized
conditions resulted in a film thickness of 2.17 +
0.0332 um [21]. In other words, amylopectin resist
materials have a larger variation in average thickness
from place to place compared to existing photoresist
materials. However, when compared by thickness
alone, the amylopectin resist materials have smaller
fluctuations in value and is considered less
problematic for patterning.
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Fig.2.  Film thickness uniformity of amylopectin resist

materials.

3.2. FT-IR spectroscopic analysis

The FT-IR spectra before and after light irradiation
are shown in Fig. 3. Scheme 2 suggests that the
double bonds in (c) amylose and (d) amylopectin are
broken and (a) 2-isocyanatoethyl acrylate and (b)1,1-
(bisacryloyloxymethyl) ethyl isocyanate are joined,
so the absorption at 1634 cm™! of the vinyl group was
compared before and after light irradiation. In the
present reaction, the double bond reacts and the bond
is broken, so the non-covalent alkene spectrum
(1634 ¢cm-") is reduced. This result suggests that the

vinyl groups of the material may be polymerized by
light. The reason why the double bond does not
become 0 is thought to be because of the effect of
steric hindrance, and therefore, the reaction was not
complete even when the light was applied. In
other words, Fig. 3  suggested that the vinyl
groups of the material may have been polymerized
by light, and the polymerization was confirmed to
cause the film to become thicker as it was no longer
soluble in the aqueous solution.

1634 em1

c=C e R —After UV curning

Normalized transmittance

—DBefore UV curning

1680 1670 1660 1650 1640 1630 1620 1610 1600
Wave number ( cm!)

Fig. 3.  FT-IR spectroscopy of amylopectin resist

materials.

3.3. Sensitivity curve

Figure 4 shows the sensitivity curve
of amylopectin resist materials without organic
solvents. There is little change in film thickness
when exposure is up to 60 mJ/cm?, and it increases
sharply from 60 to 120 mJ/cm?. After 120 mJ/cm?, it
can be seen that the film thickness does not change
even if exposure is continued. In other words, at 120
mJ/cm?, almost all reaction points are considered to
have reacted.

0 20 40 60 80 100 120 140 160 180

Normalized non-dissolved resist thickness
=
th

Exposure dose (mJ/cm?)

Fig. 4. Sensitivity curve of amylopectin resist materials.
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In a recent study, it was reported that water-soluble
resist materials with cross-linking agents added to
the main backbone, the dextrin require exposures of
900 mJ/ cm? or higher [22]. This material is
considered less sensitive because the cross-linking
agent chemically modified on the main backbone has
only one acrylate group per molecule, resulting in a
slow progression rate of the cross-linking reaction.
Conversely, in the amylopectin resist materials used
in this study, 1,l1-(bisacryloyloxymethyl) ethyl
isocyanate, chemically modified as the main frame,
has two acrylate groups in one molecule, which is
considered to have a faster cross-linking reaction,
resulting in superior sensitivity.
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3.4. Microfabrication results

Figure 4 shows that the reaction started at 30
mJ/cm? and that more than 95% of the reaction
occurred at 120 mJ/cm?. Since it was found that the
reaction does not change at higher levels, the
exposure was set at 590 mJ/cm? for this study.

The results of the observation of its surface
topography are shown in Fig. 5 (a) is an oval pattern,
(by) is a line pattern, (by) is an expanded image of
(b1), (c) is a polyline pattern, (d,) is a square pattern,
and (d») is an expanded image of (d;). In the (a) oval
pattern, the curves are nicely patterned, but the
thinner the line is, the more the lines stick together,
and microfabrication is not achieved. Similarly, (b)
the finer the line pattern, the more lines are attached

(b;) Expanded line pattern

--

(d;) Expanded square pattern

Observation of surface topography of amylopectin resist materlals. (a) oval pattern, (b;) line pattern, (bz)

expanded image of (b1), (c) polyline pattern, (d;) square pattern, and (d») expanded image of (d).
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to each other and not out of the middle. (c) polyline
pattern shows the finest processing among (a)-(d).
Compared with (b), the pattern with lines separated
from each other can be processed more finely than
the pattern with straight lines. The large dots on the
outside of the (d) square pattern are also processed
nicely, but there is a problem with the
microfabrication because the dots are not coming off
the inside when the spacing between them is
narrower.

The results of microfabrication of water-soluble
resists to date were compared. In the previous study,
fremicrofabrication evaluation was performed with
water-soluble resist materials containing cross-
linking agents added to pullulan with acrylic acid-
denatured polysaccharide chains and the dextrin [22].
The water-soluble resist materials with a cross-
linking agent added to dextrin, which gave the best
microfabrication results, was compared with the
amylopectin resist materials. The water-soluble
resist materials with cross-linking agents added to
the dextrin were able to process about 10 um. As can
be seen from Fig. 5. (c), amylopectin resist materials
were able to process approximately 8 um. In essence,
it can be said that amylopectin resist materials were
capable of microfabrication.

Another possible reason for the good
microfabrication results is the hydrophilic treatment
to the plastic substrate. In this case, the hydrophilic
treatment was performed by UV ozone surface
treatment. Hydrophilic treatment of the substrate is
believed to be effective in the material from sticking
to the substrate when developing and preventing the
pattern from flowing because the water-soluble resist
materials is hydrophilic. The contact angles to water
on four different substrates (untreated plastic,
untreated glass, ozone-treated plastic and ozone-
treated glass substrates) were measured, and the
results are shown in the Fig. 6. The plastic
substrate is more hydrophilic than the glass substrate,
since the contact angle of water was much smaller
for the plastic substrate after ozone treatment. For
this reason, the experiment was conducted this time
with ozone treatment on the surface of the plastic
substrate. This may have made it more difficult for
the pattern to peel off from the substrate and
improved the developability, enabling
microfabrication.

100
80
m Untreated
60
UV ozone treatment
40

0
Glass substrates Plastic substrate

Fig. 6.  Difference of water contact angle by substrate.

4. Conclusion

The effectiveness of water-soluble resist materials
consisting of amylopectin resists without organic
solvents for nanopatterning was investigated.

The amylopectin resists were prepared by
converting the hydroxyl groups of amylose and
amylopectin into photosensitive groups, and

irradiated with 590 mJ/cm? and developed with water.
It was found that this material can be microfabricated.

The amylopectin material was available as resist
materials that enables microfabrication and has a low
environmental impact for alternative applications of
biosensors, bioelectronics, and biotechnology in the
life science field.
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