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Synthesis of Highly Ordered Si-Containing
Fluorinated Block Copolymers

Jianuo Zhou, Xuemiao Li, and Hai Deng"

School of Micro-Electronics, State Key Laboratory of Molecular Engineering of Polymers
Fudan University, Shanghai 200433, China
*haideng@fudan.edu.cn

Series of Si-containing, especially polyhedral oligomeric silsesquioxane (POSS)-
containing fluorinated block copolymers (BCPs), poly(styryl polyhedral oligomeric
silsesquioxane)-block-poly(hepatafluorobutyl methacrylate) (PStPOSS-b-PHFBMA) were
synthesized via living polymerizations. The flory-huggins parameter (y, at 150 °C) of
PStPOSS-b-PHFBMA BCP was 0.060. Highly ordered hexagonal domain with 13.2 nm d-
spacing was observed by small-angle X-ray scattering (SAXS) after 10 h 160 °C annealing,
exhibiting rough line patterns in scanning electron microscope (SEM). SiO; 5 residue (13.7
wt%) still remained after 700 °C sintering in thermal gravimetric analysis (TGA).
Keywords: POSS BCP, Polyhedral oligomeric silsesquioxane, POSS, Fluorinated BCP,
DSA, Hexagonal line, Organic-inorganic hybrid

1. Introduction

As a potential strategy for next-generation
lithography technology (sub-10 nm), Directed Self-
Assembly (DSA) with high resolution, has been
attracting great attention from both academic and
industrial fields. The most common materials used
for DSA are block copolymers (BCPs) [1-6].
Extreme Ultraviolet lithography technology
(EUVL) [7] has entered high-volume-manufacture
(HVM) era with 13 nm half-pitch resolution, while
patterning technologies for sub-10 nm resolution is
still under defined.

Following the strategy of synthesizing BCPs with
high flory-huggins parameter (%), indicating high
incompatibility between two blocks, and low degree
of polymerization (), various BCP systems with
sub-10 nm domains were reported [8]. Our group
recently reported several series of high y fluorinated
BCPs which can form 4-8 nm line-width pattern.
Besides high resolution, the fluorinated block can
drive BCPs to form cylindrical and lamellar line
patterns at a very fast speed (~1 min) at rather low
temperature (<100 °C), showing great throughput
advantage [9-17].

Besides high resolution and fast self-assembly
speed, high etch contrast is also a key property for
patterning  materials.  Si-containing  BCPs,
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especially polyhedral oligomeric silsesquioxane
(POSS)-containing BCPs, were widely studied,
whose y value ranged from 0.03 to 0.45 with max
resolution of 4.4 nm [18] were reported [18-25].

In order to enhance the etch contrast for fast
assembling fluorinated BCPs, high etch resistant
metal-containing block and components were
integrated into the BCPs [11,26]. In this study, Si-
containing, especially POSS-containing BCPs,
were synthesized and studied. Styryl-POSS-
containing fluorinated BCPs, poly(styryl polyhedral
oligomeric silsesquioxane)-block-poly(hepatafluoro-
butyl methacrylate) (PStPOSS-b6-PHFBMA), and
poly(trimethylsilylstyrene)-block-poly(pentadeca-
fluorooctyl methacrylate) (PTMSS-5-PPDFMA)
BCPs were synthesized via living polymerizations.
Preliminary results of y value and phase-separated
patterns were reported in this paper.

2. Experimental
2.1. Synthesis and characterization

A newly-designed styryl polyhedral oligomeric
silsesquioxane (StPOSS) monomer was used to
synthesize PStPOSS-5-PHFBMA BCP via two-step
reversible addition-fragmentation chain transfer
(RAFT) polymerization. As a comparison, another
Si- and F-containing BCP, PTMSS-b-PPDFMA,
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Fig. 1. Synthesis of (a) PStNPOSS-b-PHFBMA (M,=12.4k, PDI=1.12) and (b) PTMSS-b6-PPDFMA (M,=6.5k,
PDI=1.11) via living polymerizations, resulting in higher molecular weight BCPs with narrow polydispersity.

was also synthesized via living anionic
polymerization.  Trimethylsilylstyrene  (TMSS)
monomer was synthesized according to reported
method [27]. All the other monomers and initiators
were purchased from Energy Chemical or J&K and
purified by neutral alumina column or

recrystallization to remove inhibitors and impurities.

Lithium chloride was obtained from Alfa Aesar. All
the solvents (hexafluoroisopropanol (HFIP),
tetrahyfrofuran (THF), methanol, propylene glycol
monomethyl ether acetate (PGMEA)) were
purchased from Titan and used as received.

All the synthesized BCPs were purified by
dissolution three times and precipitation, followed
by nuclear magnetic resonance (NMR) and gel

permeation chromatograph (GPC) characterizations.

"H NMR spectrums were recorded on a Bruker
spectrometer (Advanced HD III) using CDCl; as a
solvent with tetramethylsilane as an internal
standard. GPC characterizations were conducted by
an Agilent/Wyatt 1260 GPC eluting with THF (flow
rate of 1 mL min™").

Differential scanning calorimetry (DSC) was
performed on a TA Instruments Q2000.
Measurements were taken from -20 °C to 200 °C at

a heating rate of 10 °C min™' upon the second heating.

Thermal gravimetric analysis (TGA) was performed
on a PE Pyris 1 and measurements were taken under
a nitrogen flow with a heating rate of 10 °C min™".

The small-angle X-ray scattering (SAXS)
diffraction patterns of powder polymer samples
were collected on a Xenocs Xeuss 2.0 scattering
system with a Pilatus 3R 200 K-A detector, which is
equipped with Cu Ka radiation wavelength of 1.54
A. Field-emission scanning electron microscopy
(FESEM) images were acquired with a Zeiss Ultra
55 and a Zeiss Gemini SEMS500 with an in-lens
detector operated at 3 kV.

2.2. BCP bulk sample preparation

For SAXS characterizations, bulk sample of
BCPs were prepared as following procedure. 0.5 mL
10 wt % BCP solution (in THF) was drop-cast on a
clean Si wafer. After solvent evaporating and
sample being dried in a vacuum oven, the resulted
bulk samples were annealed on a hot plate at 160 °C
for 10 h and then quenched on a cold plate.

2.3. BCP thin film preparation
1.0 wt % solution of BCPs in PGMEA or THF
was spin coated onto a Si wafer. After annealing
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Table 1. Characterizations of PStPOSS-b-PHFBMA block copolymers

My nvrY

Sample (kg mol!) PDI®  DPsposs®  DPursva®  Morphology®  d-spacing ¥ et © YN
S1 14.1 1.08 6.6 27 DIS / 0.060 7.8
S2 14.6 1.07 6.3 30 DIS / (15'0 °C) 8.1
S3 23.7 1.12 12.7 40 HEX 13.2 13.3

a) The molecular weights (M, nvr) and degrees of polymerization were calculated by '"H NMR results. b) Polydispersity
indexes (PDI) were measured by GPC in THF against PS standards. ¢) HEX represented hexagonal morphology, while
DIS represented disordered structure was obtained after thermal annealing. d) d-Spacing represented the domain spacing
of block copolymer and was calculated by the equation as d = 2n/q", while q* was the value of the first order peak in
SAXS.e) The effective y value at certain temperature. f) N represented the overall degree of polymerization and was
calculated by reference volume vy = 118 A3, based on the densities of PStPOSS and PHFBMA. The N values of S1-S3

were 130, 135 and 222, respectively.

process, reactive ion etching (RIE) was conducted
in a plasma cleaner (Oxford Plasmalab System100)
to enhance the image contrast between two blocks
under FESEM measurement.

3. Results and discussion
3.1. Synthesis of PStPOSS-b-PHFBMA and
PTMSS-b-PPDFMA BCPs

Styryl-POSS-containing  fluorinated =~ BCP,
PStPOSS-H6-PHFBMA, and PTMSS-56-PPDFMA
BCP were synthesized via living polymerizations.
The synthetic routes and GPC curves of PStPOSS-
b-PHFBMA and PTMSS-b6-PPDFMA  were
presented in Fig 1. The GPC curves completely
shifted to higher molecular weight, indicating both
Si-containing BCPs with PDI<1.12 were obtained.

Table 1 summarized molecular weight (M,), %
value and morphology data. The M, and degree of
polymerization (DP) of PStPOSS-6-PHFBMA were
measured by 'H NMR. Resulted PStPOSS-b-
PHFBMA BCPs have various M, ranged from 14.1
kg mol! to 23.7 kg mol™, with POSS block and
fluorine methacrylate block, which also are so-
called organic-inorganic hybrid material.

3.2 x value characterization

Morphologies and domain spacings of PStPOSS-
b-PHFBMA BCPs were determined by SAXS. All
the BCP bulk samples were thermally annealed at
160 °C for 10 h to achieve equilibrium microphase
separation state. As shown in Table 1, S3 could form
highly ordered 13.2 nm hexagonal domain after
thermal annealing, while S1 and S2 obtained
disordered structure.

The effective y value at 150 °C of PStPOSS-b-
PHFBMA was calculated to be 0.060, higher than
conventional PS-h-PMMA BCP (yx = 0.030, at 150
°C) [28], but lower than reported POSS-containing
BCPs [24]. The yN value of S1 and S2 BCP was
lower than the critical value of yN = 10.5 [§],

a

2

o

8

£

0.40 0.‘45 0.‘50 0.‘55 0.;50 0.65
q (nm)
b 0.064
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0.060 |-
| |
|

0.056 |-

=<

0.052 |
x =40.45/T-0.0358

0.048 |-
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215 2.20 2.25 2.30 2.35 2.40
10%T (K

Fig. 2. (a) Fitlines of SAXS intensities of disordered
PStPOSS-h-PHFBMA at various temperatures. (b)
Temperature dependence of y between PStPOSS block
and PHFBMA block.

resulting that S1 and S2 could not obtain ordered
structure.

The yx value of PStPOSS-6-PHFBMA was
estimated by Leibler’s mean field theory using the
random phase approximation of the absolute
intensity from SAXS (Fig. 2a) [29-31]. Fully
disordered BCPs were used to estimate y values.
The y value of PStPOSS-H6-PHFBMA BCP has a
temperature dependence as y = 40.45/T-0.0358 (Fig
2b).
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Fig. 3. The FESEM images of PStPOSS-b-PHFBMA (S3) thin film prepared by (a) THF and (b) PGMEA. The dark and
bright lines correspond to PStNPOSS and PHFBMA microdomains, respectively. (¢) DSC curves of PStPOSS-b-
PHFBMA (Tg, 54 °C and 99 °C; T, 130 °C) compared to PStPOSS (Tw, 150 °C) homopolymer. (d) TGA curves of
PStPOSS-b-PHFBMA (S3, Tg, 274 °C) compared to PTMSS-h-PPDFMA (Tq, 334 °C). Residue of PStPOSS-h-PHFBMA

was 13.7 wt% at 700 °C, versus 2 wt% of PTMSS-BCP at 430 °C.

3.3 Phase separation in thin film

As well known, POSS monomer is crystallizable
and can form crystalline domain when served as
pendant group covalently linked to polymer
backbone [32,33]. The nanostructure of PStPOSS-
b-PHFBMA (S3) thin films prepared by various
solvents, PGMEA and THF, were characterized by
FESEM after CF4 RIE treatment.

Distinct 7.7 nm line-pattern was observed in the
thin film prepared by THF compared to thin film
prepared by PGMEA (Fig. 3a-b). However, the line-
pattern in THF-prepared thin film still had rather
high roughness which might be caused by POSS
crystalline.

3.4 Themal analysis of organic-inorganic hybrid
BCP (PStPOSS-b-PHFBMA)
As the DSC curves presented in Fig. 3c, the Ty, of

PStPOSS homopolymer and PStPOSS-b-PHFBMA
were 150 °C and 130 °C, respectively. The POSS
crystalline could retard the polymer chain mobility
[32,33], resulting in relatively rough line-pattern.
PStPOSS-H-PHFBMA (S3) has two glass transition
temperature (T), similar to previously reported PS-
b-PPDFMA BCP [9]. The T, at 54 °C corresponded
to PHFBMA, while T, at 99 °C was assigned to
PStNPOSS block.

The thermal stability of PStPOSS-h-PHFBMA
(S3) was further investigated by TGA comparing to
PTMSS-b-PPDFMA (Fig. 3d). The decomposition
temperatures (Tq) of PStPOSS-Hb-PHFBMA and
PTMSS-b-PPDFMA were 274 °C and 334 °C,
respectively. As PStPOSS-b6-PHFBMA contained
rigid inorganic POSS cage similar to SiO», the
inorganic residue (13.7 wt%) of PStPOSS-b-
PHFBMA was consistent with theoretical fraction
of SigO12 (13.0 wt%) after 700 °C sintering (Fig 3d),
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indicating inorganic characteristics. Comparing to
POSS BCPs, Si in PTMSS-b-PPDFMA almost
vanished after heating up to 450 °C, similar to
normal organic compound.

4. Conclusion

Series of POSS-containing fluorinated BCPs,
PStPOSS-b-PHFBMA, were synthesized via RAFT
living polymerization. Resulted BCPs showed
higher molecular weight compared to PHFBMA
marco-CTA, and the polydispersity was lower than
1.15, which indicated PStPOSS-b-PHFBMA BCP
was obtained. The effective y value (150 °C) of our
BCPs is 0.060, lower than previously reported by
others. Ordered hexagonal domain with 13.2 nm d-
spacing was observed once YN > 10.5. The SEM
image further confirmed the highly ordered line-
pattern. Due to the POSS crystalline effect showed
in DSC, the lines were quite rough. Benefit from the
inorganic POSS cage, 13.7 wt% of PStPOSS-b-
PHFBMA BCP still remained at 700 °C, which is
consistent ~with the theoretical inorganic
composition of SigO1».
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Synthesis of Ordered Fluorinated BCPs with One
Block Composed of Random Copolymer
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A series of fluorinated block copolymers (BCPs), with one block composed of random
vinyl copolymers were synthesized by reversible addition fragmentation chain-transfer
(RAFT) polymerization. Despite of the hugely different properties of the two monomers in
the random copolymer block, highly ordered lamellar structure with sub-10 nm resolution
was observed by SAXS after 160 °C annealing for 24 h. Each micro-domain consisted of two
uniformly distributed monomers, with a low T, down to 24 °C.

Keywords: Random Copolymer, Fluorinated BCP, Low Ty, DSA

1. Introduction

As a potential candidate for sub-10 nm
lithography technology, Directed Self-Assembly
(DSA) with high resolution has attracted great
attention from both academic and industrial fields.
Block copolymers (BCPs) are the most common
materials used for DSA [1-6]. Extreme Ultraviolet
lithography technology (EUVL) [7] has entered
high-volume-manufacture (HVM) era with 13 nm
half-pitch resolution, while patterning technologies
for sub-10 nm resolution is still under defined.

The most widely studied DSA material has been
polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) [8-10], both of the two blocks show a
high glass transition temperature (T,), giving rise to
plastic domains. Introducing rubbery block with
low T, into DSA material offers the possibility of
thermal reflow to reduce the defect in the final
pattern.

Our group recently reported several series of low-

S
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F F
F F
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T, fluorinated BCPs capable of forming 4-8 nm
microdomains, in which fluorinated block can drive
BCPs to form lamellar line patterns [11-20]. In these
cases, both of the two blocks are composed of one
monomer. In this study, two monomers (one was
methacrylate monomer, the other was a totally
different vinyl monomer) of hugely different
properties were randomly incorporated into one
block, with the other block maintaining fluorinated
methacrylate. After thermal annealing, ordered
lamellar structure with sub-10 nm domain size was
obtained, demonstrating that fluorinated block can
also drive the two-component random copolymer
block to form ordered structures. Each micro-
domain consisted of two uniformly distributed
monomers, with a low T, down to 24 °C.

2. Experimental
2.1. Synthesis and characterization

S
A-r-B S
S

A B 0
> F

PHFBMA

ABN, THF F\p

F
F

PHFBMA-b.p(A-r-B)

Fig. 1. Synthesis route of PHFBMA-b-P(A-1-B) by RAFT polymerization
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Table 1. Characterizations of P(HFBMA ),4-b-P(A-1-B), block copolymers

Sample  Mynwr? PDI®  A/B¥®in  DPag? T, © Morphology ¥ = d-spacing ©
(kg mol™) 2" block (°0) (nm)
Sl 14.3 1.16 81/19 24&45 LAM 13.0
S2 9.8 1.13 74/26 46 LAM 12.9
S3 8.6 1.09 76/24 51 DIS /

a) The molecular weight (M, nvr) and degrees of polymerization (DP) were determined by 'H NMR. b) Polydispersity
indexes (PDI) were determined by GPC in THF against PS standards. c) LAM represented lamellar morphology and DIS
represented disordered structure. d) d-Spacing represented the domain spacing of block copolymer and was calculated
by the equation as d = 2n/q", while q* was the value of the first order peak in SAXS.

The  PHFBMA-b-P(A-r-B) BCPs  were
synthesized via two-step RAFT polymerization.
The macromolecular chain transfer agent PHFBMA
was synthesized first, followed by adding monomer
A and B to build the second block. All the other
monomers and initiators were purchased from
Energy Chemical or J&K and purified by neutral
alumina column or recrystallization to remove
inhibitors and impurities. All the solvents, including
hexafluoroisopropanol  (HFIP), tetrahydrofuran
(THF), methanol and 2-acetoxy-1-methoxypropane
(PGMEA) were purchased from Titan and used as
received.

All the synthesized BCPs were purified by
dissolution twice and precipitation.

Gel permeation  chromatography  (GPC)
characterizations of the molecular weight (M,) and
molecular weight distribution (PDI = M/M,,) of the
polymers were performed on a Shimadzu
instrument equipped with a differential refractive

index (RI) detector, and an ultraviolet (UV) detector.

THF was used as the eluent at a flow rate of 1.0 mL
min’,
Differential scanning calorimetry (DSC) of
polymers was performed on a TA Instruments
Q2000 equipped with a RCS 90 electric freezing
machine under nitrogen flow at a heating or cooling
rate of 10 °C min"!. TGA was performed on a PE
Pyris 1 and measurements were taken under a
nitrogen flow with a heating rate of 10 °C min™..
The small-angle X-ray scattering (SAXS)
diffraction patterns of powder polymer samples
were collected on a Xenocs Xeuss 2.0 scattering
system with a Pilatus 3R 200 K-A detector, which is
equipped with Cu Ka radiation wavelength of 1.54

2.2. BCP bulk sample preparation
For SAXS characterizations, the bulk samples
were prepared as follows: 1 mL 10 wt % BCP

solution in THF was drop-casted on a clean Si wafer.

After the evaporation of THF, the samples were
annealed at 160 °C under a nitrogen atmosphere for

24 h on a hot plate.

3. Results and discussion
3.1. Synthesis of PHFBMA-H-P(A-1-B)

The  PHFBMA-b-P(A-r-B) BCPs  were
synthesized via two-step RAFT polymerization, and
the corresponding synthetic route were presented in
Fig. 1. The degree of polymerization (DP) of the
macromolecular chain transfer agent PHFBMA was
kept as 24. The GPC curves in Fig. 2 completely
shifted to higher molecular weight, with PDI
keeping relatively low (1.16), despite that the
second block was composed of two monomers,
indicating a uniform chain-to-chain monomer
distribution.

PHFBMA
PHFBMA-b-P(A-r-B)

M, =82k

Lf PDI = 1.16

PDI =1.05

10° 10°*
MW
Fig. 2. Overlaid GPC curves of PHFBMA (black) and
PHFBMA-b-P(A-1-B) block copolymers (red) of block
copolymer S1.

M,, DP and composition of the random
copolymer block (A/B) of PHFBMA-b-P(A-r-B)
were measured by '"H NMR and summarized in
Table 1. All the PHFBMA-b-P(A-r-B) BCPs have
various M,, ranged from 8.6 kg mol™! to 14.3 kg mol’
' with low PDI (<1.16), and the composition of the
two monomers in the random block could be tuned
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from 81/19 to 76/24.

3.2. Phase separation in the bulk

If the random copolymer is uniform enough to act
as one-component block, microphase separation is
expected in such BCPs. Actually, the resulting BCPs
could sub-10 nm lamellar morphology after
annealing at 160 °C for 24 h, as seen with SAXS in
Fig. 3. Interestingly, BCP S1 and S2 exhibited
similar d-spacings (13.0 nm vs 12.9 nm), although
the DP of A-r-B block in BCP S1 was distinctly
higher than that in BCP S2, which was attributed to
the different incorporation amount of bulky
monomer B in the random copolymer block. Further
decrease of the DP of A-r-B block further to 5
resulted in disordered BCP.

*
13.0 nm LAM

12.9 nm LAM

2 *
- 3q* o)

In (1) (a.u.)

DIS

S3

0.00 0.05 0.10 0.15 0.20
q (A7)

Fig. 3. SAXS profiles of PHFBMA-b-P(A-r-B) block
copolymers S1-S3.

3.3. Themal analysis of PHFBMA-b-P(A-r-B)

The formation of random copolymer block was
also demonstrated by the thermal analysis. As was
shown in the DSC curves presented in Fig. 4, the T,
of PHFBMA homopolymer was 53 °C. With the DP
of A-r-B increasing from 5 to 20, two T,s were
observed in the PHFBMA-b-P(A-r-B), the higher T,
corresponded to PHFBMA block and the lower T,
was assigned to P(A-r-B) block. This was because
that the incorporation of low Ty monomer B (T, of
the homopolymer of B was below 0 °C while T, of
polymethacrylate was around 105 °C) would

dramatically decrease the T, of the whole random
copolymer block.

The thermal stability of PHFBMA-bH-P(A-r-B)
was also investigated by TGA, with a
decomposition temperature (Tq) of 245 °C, ensuring
their stability under 160 °C thermal annealing.

24 °C

s1
45°C
46 °C

S2

51°C
S3
53°C
PHFBMA
T T T T

0 20 40 60 80 100
Temperature (°C)

Fig. 4. DSC curves of block copolymers S1-S3 and
PHFBMA homopolymer.

4. Conclusion

A series of fluorinated block copolymers with one
block composed of random copolymer was
synthesized by two-step RAFT polymerization. The
resulted BCPs could form ordered lamellar structure
with sub-10 nm domain size driven by fluorinated
block after thermal annealing, confirming the
uniformity of the random copolymer block. Each
micro-domain  consisted of two uniformly
distributed monomers. Such a random copolymer
block exhibited a low T,, which could be tuned by
the incorporated two components, indicating the
possibility of achieving fine-tuning T, as well as
improved roughness for DSA patterning material.
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Synthesis of Highly Ordered Fluorinated Copolymers
with One Polyhydroxystyrene Block for Subsequent
Metal Incorporation
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Polyhydroxystyrene (PHS)-containing block copolymers (BCPs) were synthesized via
reversible addition-fragmentation chain-transfer (RAFT) polymerization, and subsequent
hydrolysis. Self-assembly domain size of poly (pentadecafluorooctyl methacrylate)-block-
polyhydroxystyrene (PPDFMA-b-PHS) were measured by small-angle X-ray scattering
(SAXS), revealing highly ordered nanostructure. The effective Flory-Huggins parameter y
(150 °C) is 0.268. The resulted PPDFMA-b-PHS then reacted with metal ion or metallocene
compounds. BCPs chemically bonded with metal ion were obtained.

Keywords: fluorinated BCPs, PHS-containing BCPs, Self-assembly, Sub-7 nm, Metal-
containing BCP

1. Introduction attractive alternative approach [3-13] due to its high
As extreme ultra violet lithography (EUVL) resolution up to Snm L/S [14].

approaching its intrinsic resolution limit [1-2], In our recent studies, we demonstrated that BCPs

directed self-assembly (DSA) is considered as an with perfluoroalkyl-containing methacrylic block

PPDFMA- b-PAS
(b) M, =94k
PDI = 1.12 — [roma

PPDFMA-b-PAS

(a) . — MA-b-PHS
N iy ) PPDEMA-5-PHS || “
Y Al on 2 B e oo s I - ! PPDFMA
A L T NN q 7 Tt Jm I M, =88k | M,=4Tk
? 0 s 'En I h R oo #5 ° PDI = 1.14 / PDI = 1.08
Cifi” HFIP, AIBN §e CF” %
CFy ‘R
PPDFMA PPDFMA- »-PAS 12 1:; 14. 15 1.6
Retention Time (min)
. G e
deprotection NC— 1T /[\:n “1 : al — (9] . PPDFMA-5-PHS
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PPDFMA- 5-PHS
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Fig. 1 (a) Synthetic route of PPDFMA-bh-PHS via reversible addition-fragmentation chain-transfer (RAFT)
polymerization followed by hydrolysis. Subsequent addition of metallocene or metal ion resulted in solution and
insoluble solid; (b) GPC curves of PPDFMA (black), poly (pentadecafluorooctyl methacrylate)-block-poly
acetoxystyrene (PPDFMA-b-PAS) (blue) and PPDFMA-H-PHS (red); (c) IR spectra of PPDFMA-H-PHS (black),
metallocene introduced PPDFMA-b6-PHS (red) and metallocene compound (blue).
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can achieve sub-5 nm microdomains, with fast
assembly speed up to 1 min at 80 °C annealing [15-
19]. Although we successfully synthesized poly
(pentadecafluorooctyl methacrylate)-block-poly(3-
hydroxystyrene) (PPDFMA-b-P3HS) and
demonstrated its fast assembly behavior [16], the
isomer of poly(4-hydroxystyrene) (P4HS) is still
under investigation. Furthermore, in order to
enhance etch resistance, we introduced metallocene
into BCPs with poly(2-vinylpyridine) (P2VP) block,
showing better plasma etch resistance [20-21].

In this study, we synthesized PPDFMA-bH-P4HS
and characterized its effective Flory-Huggins
parameter  value, a parameter describing the binary
monomer-monomer incompatibility [22-23], and its
assembly micro structure and domain size. We also
utilized hydroxy group in PHS BCPs to react with
metal ion to increase etch resistance. Many attempts
of introducing metal reagents into PHS domains
were conducted.\

2. Experimental
2.1. Synthesis and Characterization

Series of fluorine-containing hydroxystyrene
BCPs were synthesized via RAFT polymerization
and subsequent deprotection (Fig. 1a). The
monomers utilized, 1H,1H-pentadecafluorooctyl
methacrylate (PDFMA, 96%) and 4-acetoxystyrene
(4AS, 96%) were purchased from Sigma-Aldrich
and purified by passing through a neutral alumina
column to remove stabilizer. The RAFT chain
transfer reagent (CTA) 2-cyano-2-
propylbenzodithioate (CPDB, 98%) was purchased
from Stream. Hexafluoroisopropanol (99%, HFIP)
was purchased from Admas-beta and was dried and
de-oxygenated following standard procedures.
Azoisobutyronitrile (AIBN, 98%) was received
from Admas-beta and used after recrystallization
from ethanol. Other chemicals were used as

received without other purification.

All BCPs were purified by dissolution and
precipitation. '"H NMR spectrum was recorded on a
Bruker spectrometer (Advanced HD III) using
CDCl; and THF-&® as solvents  with
tetramethylsilane as an internal standard. Gel
permeation chromatography (GPC)
characterizations ~ were conducted by an
Agilent/Wyatt 1260 GPC eluting with THF (flow
rate of 1 mL min'). The small-angle X-ray
scattering (SAXS) diffraction patterns of powder
polymer samples were recorded with a Xenocs
Xeuss 2.0 scattering system with a Pilatus 3R 200K-
A detector equipped with Cu K a radiation
wavelength of 1.54 A. Fourier transform infrared
(FT-IR)  spectroscopy  measurements  were
conducted with a Thermo Fisher Nicolet 6700 at
room temperature, and the samples were pressed
into KBr pellets before measurements.
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Fig. 2 'H NMR spectra of the block copolymers:
PPDFMA-b-P4AS, PPDFMA-b-P4HS and metallocene
introduced PPDFMA-b-P4HS.

Table 1. Characterizations of PPDFMA-b-PHS hydrolyzed from PPDFMA-bH-PAS

a) d) 1itve)
Sample (kMg’rﬁﬁ'l) PDI? In tlr)fliil:e d Morphology® @)@cfwc Solubility YN D
PAS 9.4 1.12 NA HEX 0.167 Soluble 16.7
PHS 8.8 1.14 NA HEX 0.268 Soluble 24.7
PHS-M 9.3 1.18 Metallocene DIS / Soluble /
Ni2+, C03+
PHS-M / / (NOY) / Insoluble /

a) The molecular weights (M, nmr) were calculated by 'H NMR results. DP of PPDFMA and PAS/PHS was 11.4 and
25, respectively. b) Polydispersity indexes (PDI) were measured by GPC in THF against PS standards. ¢) HEX
represented hexagonal morphology, while DIS represented disordered structure was obtained after thermal annealing at
160 °C for 20 h. d) The effective x value at 150°C. e) Solubility was tested via dispersing 10 mg samples in various
solvents (DCM, THF, PGMEA) and then ultrasonicating for 4 h. f) N represented the total DP and was calculated by
reference volume vo = 118 A3, based on the densities of PPDFMA and PAS/PHS. The N values of PPDFMA-b-PHS and

PPDFMA-bH-PAS were 92 and 100, respectively.



J. Photopolym. Sci. Technol., Vol. 34, No. 4, 2021

(a)
i
5
0.68 0.70 0.72 0.74 0.76
qlnm™)
(b)
0.166 ¢
0.164 |
x -1
: x=—5+0.1646
0.162
-1 i i
" mzns 2.20 2.25% 2.30 2.35
109 T (K)

(c)

Intensity

;-$+0.2ﬁ32

215 220 225 230 235
10%T (K1)

Fig. 3 (a) SAXS data and fitlines of SAXS intensities of disordered PPDFMA-b-P4AS at various temperatures (y =
0.167 at 150 °C). (b) Temperature dependence of y between PPDFMA and P4AS. (c¢) SAXS data and fitlines of SAXS
intensities of disordered PPDFMA-b-P4HS at various temperatures (y = 0.268 at 150 °C). (d) Temperature dependence

of y between PPDFMA and P4HS.

2.2. Preparation of BCP Bulk Samples

Two drops of a viscous, concentrated (~10 wt%)
solution of BCPs in THF were gently placed onto a
washed silicon wafer. The THF was evaporated
under ambient conditions for 1 h. The samples were
thermally annealed to observe their corresponding
microphase-separated structures. The morphologies
of these annealed samples were investigated by
SAXS at room temperature.

2.3. Introduction of metal compound into BCPs
Addition of metallocene dichlorides was
accomplished through dissolving PPDFMA-b-
P4HS and PPDFMA-b-P3HS BCPs and
metallocene dichlorides in dichloromethane and
ultrasonicating for 4 h after adding triggering
triethylamine at room temperature. Introduction of
metal salts including nickel nitrate and cobalt nitrate
was done by dissolving PPDFMA-b-PAHS BCPs
and metal salt in dichloromethane and then
ultrasonicating for 2 h at room temperature.

3. Results and discussion
3.1. Synthesis and characterizations of BCPs

An acetoxy group-containing monomer, 4AS was
used to synthesize BCP systems and PPDFMA-b-

P4HS BCPs were obtained after subsequent
deprotection (Fig. 1). PPDFMA-b-P3HS BCPs
were obtained through previous method reported.!%!

The polymer dispersity index (PDI) was
determined by GPC. The GPC curve shows a good
living nature of the RAFT polymerization of the
4AS monomer from fluorinated macroinitiator (PDI
=1.12, Fig. 1b.). The monodisperse nature was also
well maintained through deprotection (PDI = 1.14,
Fig. 1b).

The hydrolysis of acetoxy group was confirmed
by the 'H-NMR spectra. After hydrolysis, the
hydrogen of benzene in PPDFMA-H-P4HS showed
a single peak compared to multiple peaks in
PPDFMA-b-P3HS [16].

The yx values of poly (pentadecafluorooctyl
methacrylate)-block-poly(4-acetoxystyrene)
(PPDFMA-b-P4AS) and PPDFMA-b-P4HS BCPs
were estimated by Leibler’s mean field theory using
the random phase approximation of the absolute
intensity from SAXS [24].

Morphologies and domain spacings of PPDFMA-b-
P4AS and PPDFMA-b-PAHS BCPs were
determined by SAXS. Fully disordered BCPs were
used to estimate  values, and the  values at 150 °C
of PPDFMA-b-P4AS and PPDFMA-H-P4HS are

341



342

J. Photopolym. Sci. Technol., Vol. 34, No. 4, 2021

0.167 and 0.268, respectively, all of which are
higher than conventional PS-6-PMMA BCP (y =
0.030, at 150 °C). With exposed hydroxyl groups,
the hydrophilicity of the styrene block is increased,
therefore increasing the incompatibility between the
two blocks and resulting in higher y value of
PPDFMA-b-P4HS BCPs than PPDFMA-b-P4AS
(Fig. 3).

Both PPDFMA-b-P4AS and PPDFMA-b-P4HS
are high y BCPs, forming sub-7 nm hexagonal
microdomains (see Table 1), which is similar to that
of PPDFMA-b-P3HS reported previously !¢,

3.2 Incorporation of metal into BCPs

In order to enhance etch resistance, both BCPs
containing P3HS and P4HS were employed to
incorporate metal ions. After reaction between
metallocene dichlorides or nitrate salts and -OH
group in PHS at 1:1 mole ratio, incorporation of
metallocene was confirmed by the ligand peaks in
FT-IR and '"H NMR spectra (Fig. Ic, Fig. 2). Ligand
peaks were observed at 1300 cm™ in IR and 4.7 ppm
in 'H-NMR.

Surprisingly, after the reaction and 10 h annealing
at 160 °C, the nanodomain structure disappeared,
which indicated strong interaction between metal
ion and -OH group. Such phenomenon is different
from the result of metallocene-P2VP system 2,

It seems like strong chemical bonding between
oxygen and metal ion could destroy the ordered
nanostructure. The nitrate salts actually directly
resulted in insoluble solids, which may be the same
cause.

By choosing adequate metal ions and ligands,
we are expecting to obtain PHS-metal BCPs with
highly ordered structure.

4. Conclusion

Series of F-containing hydroxystyrene BCPs,
PPDFMA-bH-PHS, were synthesized via RAFT
followed by hydrolysis. Confirmed by 'H NMR and
GPC, BCPs with narrow PDI were successfully
synthesized. The Flory-Huggins parameter y of
resulted BCPs is 0.268. Subsequent reaction with
metal salts and metallocenes resulted in insoluble
solids and solution from both PPDFMA-b-P4HS
and PPDFMA-bH-P3HS. Large amount of
metallocenes reacted with PHS changed the BCP
from a hexagonal cylindrical domain to disordered.
More detailed results will be reported.
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Functional dyes are one of the most attractive materials because of their potential use in
microenvironment probes, bioapplications, and optoelectronic devices. The modification of
chemical structures of the functional dyes due to external stimuli such as heat and
photo-irradiation affects the absorption and emission behavior of the dyes. Among them,
solvatochromic molecules are attracting great interest because they are used as molecular
sensors and indicators. Herein, we investigated chemiluminescence using betaine 30 and
dansyl acid ethyl ester (DNSE) as solvatochromic molecules. We demonstrated
chemiluminescent reactions using a mixture of betaine 30 or DNSE as the functional dye
and bis(2,4,6-trichlorophenyl) oxalate as a precursor to introduce a high-energy moiety
under chemiluminescence conditions in several solvents. Although betaine 30 did not
exhibit fluorescence except with toluene, DNSE showed different emission colors
depending on the solvent polarity, which indicated that chemiluminescence depends on the

environment.

Keywords: Chemiluminescence, Solvatochromism, Betaine 30, Dansyl group

1. Introduction

Functional dyes are attracting intense interest
in applications such as photo-memories, optical
devices, and dimming windows [1-4] because
their absorbance and fluorescence can be
controlled by the external stimuli such as heat and
photo-irradiation. Crenshaw et al. [5] and Pucci et
al. [6] reported that the emission wavelengths of
solid-state distyrene derivatives were modified by
changing  their = aggregation  mechanisms
following external stress. Imato et al. have
reported the development of mechanochromic
materials, in which a color change was observed
in response to external stress, using a polymer
with a spiropyran group [7]. Furthermore, we
successfully showed volume phase transition
using an N-isopropylacrylamide derivative and
detected the emission of a dansyl group [8].
Solvatochromic molecules, in which the
absorption and emission wavelengths change
depending on the solvent polarity, are
well-known functional dyes. Several studies have

Received November 16, 2020
Accepted April 30, 2021

proposed their application as molecular sensors
and indicators for examining solution polarity [9—
12]. The solvatochromic molecules may also help
develop solvatochromic materials.

Chemiluminescence is observed when a
chemical moiety in the excited state is stabilized
to its ground state, accompanied with the
emission of fluorescence [13—16]. For example,
1,2-dioxetanedione is produced when oxalate
derivatives are treated with hydrogen peroxide
and an inorganic salt; subsequently, it changes to
carbon dioxide with energy emission. When the
dyes are mixed in the reaction system, they
receive the emitted energy and exhibit
fluorescence. In conventional research on
chemiluminescence, the emission wavelengths
were controlled by modifying the chemical
structures of the dyes [15,16].

The purpose of the present study is to develop
a solvatochromic dye using the
chemiluminescence method, in which the
wavelength of emission is controlled by
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environmental conditions. To this end, we used
betaine 30 [17-20] and a dansyl acid derivative
[21-23] as solvatochromic molecules (Figure 1).
The former, a well-known solvatochromic
molecule, is a relatively highly polar molecule
because it has both cationic and anionic charges
within its molecular structure. Solvatochromism
results due to the formation of a different
molecular structure depending on polarity of
solvents when the solvation manner of the polar
ground state is varied with respect to the less
polar excited state [17]. The dansyl group is
generally used as a fluorescent labeling reagent
for proteins and amino acids. Because the dansyl
group has a large Stokes shift, its fluorescence
quantum yield and emission wavelength are
expected to change with solvent polarity.
However, its solubility is quite low. Therefore, we
used an esterified derivative of the dansyl group,
dansyl acid ethyl ester (DNSE) [24, 25], to
improve its low solubility. In addition,
chemiluminescence reactions were performed
using bis(2,4,6-trichlorophenyl) oxalate as a
precursor to produce an excited intermediate with
sodium carbonate and hydrogen peroxide. Figure
2 shows the chemiluminescence reaction.
Although we did not visually observe
chemiluminescence of betaine 30 because its
fluorescence intensity was relatively low except
with toluene, we showed the environmental
dependence of chemiluminescence of DNSE
using relatively low-polarity solvents.

(a) O (b)

O O OEt
()&

Fig. 1. Chemical structures of betaine 30 (a) and
dansyl acid ethyl ester, DNSE (b).

22/

©

Cl

Cl (0] O CI H202

solvent

2. Experimental
2.1. Apparatus

UV-vis absorption spectroscopy
measurements were performed using a
UV-visible spectrophotometer (V-550, JASCO
Corporation UV-2600, SHIMADU Corporation),
and emission and excitation spectroscopy
measurements were performed using a
spectrofluorometer (FP-6200 and FP8300 JASCO
Corporation) with each solvent. The excitation
wavelengths for the emission spectra and the
detected wavelengths for the excitation spectra of
betaine 30 and DNSE are summarized in Tables 1
and 2, respectively. 'H NMR (400 MHz) spectra
were measured on a Bruker UltraShield Plus 400

Table 1. Summary of excitation wavelengths for
emission spectra and detected wavelengths for
excitation spectra of betaine 30.

Excitation wavelength of
emissionspectra (nm)

Detected wavelength of

Solvent excitation spectra (nm)

MeOH 500 525
acetone 352 393
EtOAc 320 383
toluene 358 440

Table 2. Summary of excitation wavelengths for
emission spectra and detected wavelengths for
excitation spectra of DNSE.

Excitation wavelength of ~ Detected wavelength of

Solvent emission spectra (nm) excitation spectra (nm)

NAA 356 531
DMF 359 530
MeOH 350 529
DEP 358 514
EtOH 352 526
Acetone 354 522
CH,Cl, 358 507
THF 351 501
EtOAc 351 501
Toluene 352 482
HFB 354 475
Hexane 342 449
emission
*
betain 30 betain 30
or or x

DNSE DNSE

(6]
o S e

Fig. 2. Chemical reactions of chemiluminescence.
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spectrometer. The spectra were referenced to the
proton signal of tetramethylsilane (0 ppm) in
CDCls.

2.2. Reagents

All commercially available reagents were
used as received from TCI or Wako Pure
Chemical Industries, Ltd.

2.3. Syntheses of compounds
2.3.1. Preparation of betaine 30 [17]

A mixture of 4-amino-2,6-diphenylphenol

(254 mg, 972 pmol), 2.4,6-triphenylpyrylium
hydrogensulfate (399 mg, 982 pmol), sodium
acetate (2.02 g, 24.6 mmol), and ethanol (9.9 mL)
was refluxed for 3 h. To the mixture, 1 M NaOH
aq. (178 mg) was added. Then, ethanol was
removed under vacuum and the crude product
was washed with pure water. After filtration, the
product was dried under vacuum for 88 h. The
crude mixture was purified by silica gel column
chromatography (CH,Cl,/EtOH = 9/1) to afford
betaine 30 (44% yield) as a blue solid. The
chemical reaction is shown in Figure 3a.
"H NMR (400 MHz, CDCls, 25 °C): & 8.06 (s,
2H), 7.86-7.88 (m, 2H), 7.62-7.64 (m, 3H),
7.38-7.39 (m, 10H), 7.31-7.33 (m, 4H), 7.16 (t, J
= 7.5 Hz, 4H), 7.08 (t, J = 7.5 Hz, 2H), 6.45 (s,
2H).

2.3.2. Preparation of DNSE [24]

Dansyl chloride (403 mg, 1.48 mmol) and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) (225
mg, 1.48 mmol) were dissolved in ethanol (20
mL). The reaction mixture was stirred at room
temperature. After 17 h, the mixture was added

Fig. 3. Schemes of syntheses of betaine 30 (a) and
DNSE (b).

dropwise to water. The product was extracted
with CH,Cl,. The organic layer was dried over
NaxSOs.  After removing the solvent under
vacuum, the mixture was subjected to silica gel
column chromatography (CH,Clo/hexane = 4/1)
to obtain DNSE (50% yield) as a yellow solid.
The chemical reaction is shown in Figure 3b.

'H NMR (400 MHz, CDCls, 25 °C): §8.59 (d, J
= 8.0 Hz, 1H), 8.26 (dd, /= 7.3 and 1.2 Hz, 1H),
8.11 (d, J = 8.0 Hz, 1H), 7.71 (dd, J = 10.1 and
9.7 Hz, 1H), 7.69 (dd, J = 10.1 and 9.7 Hz, 1H),
7.30 (d, J= 8.0 Hz, 1H), 4.05 (q, J = 8.0 Hz, 2H),
2.84 (s, 6H), 1.15 (t, J= 8.0 Hz, 3H).

2.4. Chemiluminescence reaction

A  mixture of bis(2,4,6-trichlorophenyl)
oxalate (50 mg, 110 umol), sodium carbonate
(100 mg, 940 umol), dye (0.1 eq. of betaine 30 or
DNSE), and solvent (10 mL) was treated with an
ultrasonic cleaner. After 5 min, 35% hydrogen
peroxide ag. (3 mL) was added to the mixture.

3. Results and discussion
3.1. Optical properties of betaine 30 based on
solvents

We measured the UV spectra of betaine 30
(1.0 x 10* M) using methanol, acetone, ethyl
acetate, and toluene as solvents (Figure 4). Table
3 shows a summary of maximum wavelengths of
absorption (Aabs), emission (Aem), and excitation
(Aex) in each solution. The wvalue of Aaws
red-shifted from 525 nm (MeOH) to 738 nm
(ethyl acetate) as the polarity of the solvent
except toluene (429 nm) was increased. In
addition, concentration quenching was observed
in the excitation spectrum of toluene.

0.8

0.6

Abs.

0.4

0.2

300 400 500 600 700 800 9200
Wavelength(nm)

Fig. 4. UV spectra of betaine 30 measured in
methanol (solid line), acetone (broken line), ethyl
acetate (dotted line), and toluene (chain line).
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Figure 5 shows the emission and excitation
spectra of betaine 30 using methanol, acetone,
ethyl acetate, and toluene (1.0 x 107*M). Table 3
shows summary of Aabs, Aem, and Agx for these
spectra. For acetone and ethyl acetate,
although Aans was detected at 685 nm , 738 nm
(Figure 4), the corresponding emission was not
observed. Instead, emission at 467 nm was
detected for excitation at 400 nm for methanol.
For the other solvents, emissions corresponding
to the absorption of betaine 30 were observed.
For fluorescence in the visible range, the intensity
of emission in toluene was the highest, although
the intensity of the detected emissions was
relatively weak.

2500

2000 . P
1500 b %
= H .,
£ N .
1000 :
$ e .
N PR
: . ., S,
500 / S,
o R DU - e S,
ad L. \—:T\ ] \— Sl el
F e A I e Lo _ TV EN
300 350 400 450 500 550 600

Wavelength(nm)

Fig. 5. Emission (blue) and excitation (red) spectra of
betaine 30 in methanol (solid line), acetone (broken
line), ethyl acetate (dotted line), and toluene (chain
line).

Table 3. Summary of maximum wavelengths of
absorption (Aaps), emission (Aem), and excitation
(AEx)-

Solvent Anps (Nnm) Aex (nm) Aem (nm)
MeOH 525 500 522
acetone 394, 685 352 420
EtOAc 399,738 320 370
toluene 429 358 437

3.2. Chemiluminescence using betaine 30
Although the intensity of betaine 30 was low,
we performed its chemiluminescence reaction
using the method described in Section 2.4. We
demonstrated the reaction using methanol,
acetone, ecthyl acetate, and toluene solvents;
however, we could visually detect
chemiluminescent emission only in toluene
(Figure 6). In other solvents, unfortunately, we
did not observe chemiluminescent emission
because of the low intensity of the emission.

Fig. 6. Photo image of the mixture of reagents for
chemiluminescence using betaine 30 as a dye in
toluene.

3.3. Optical properties of DNSE based on
solvents

Next, we investigated the optical properties of
DNSE using N-methylacetamide (NAA),
dimethylformamide (DMF), methanol, diethyl
phthalate (DEP), ethanol, acetone, CH,Cl,, ethyl
acetate, toluene, hexafluorobenzene (HFB), and
hexane as the solvent. The solute concentration of
DNSE was 1.0 x 10* M for each solvent [25].
Figures 7 and 8 show the UV spectra and
emission and excitation spectra, respectively,
obtained with each solution. The values of Aaws,
Aem, and Agx with permittivity are summarized in
Table 4. The Aaps was detected between 330 and
360 nm for all solutions. However, Agm shifted to
longer values with increasing polarity of the
solvent. The Aem was detected at 449 nm in
hexane (the lowest-polarity solvent) and at 529

300 350 400 450 500
Wavelength (nm)

Fig. 7. UV spectra of DNSE in NAA (pink solid
line), DMF (pink dotted line), methanol (pink
broken line), DEP (pink one-dot chain line), ethanol
(pink two-dot chain line), acetone (blue solid line),
CH,Cl, (blue dotted line), THF (pink short broken
line), ethyl acetate (blue broken line), toluene (blue
one-dot chain line), HFB (blue two-dot chain line),
and hexane (blue short broken line).
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2000

1500
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Fig. 8 Emission (blue) and excitation (red) spectra
of DNSE in NAA (bold solid line), DMF (bold
dotted line), methanol (bold broken line), DEP
(bold one-dot chain line), ethanol (bold two-dot
chain line), acetone (narrow solid line), CH>Cl,
(narrow dotted line), THF (bold short broken line),
ethyl acetate (narrow broken line), toluene (narrow
one-dot chain line), HFB (narrow two-dot chain
line), and hexane (narrow short broken line).

Table 4. Summary of maximum wavelengths of
absorption (Aaps), emission (Aem), excitation (Agx),
and the value of permittivity (E).

Solvent Aabs (nm) Aem (nm) Aex (nm) E (ev)
NAA 337 529 356 2.34
DMF 334 530 359 2.34

MeOH 334 529 350 2.34
DEP 338 514 358 241
EtOH 336 524 352 237

acetone 360 520 354 2.38

CH,Cl, 347 506 358 245
THF 336 504 351 246

EtOAc 335 501 351 248

toluene 337 483 352 2.57
HFB 338 474 354 262

hexane 334 449 342 2.76

nm in NAA (the highest-polarity solvent).
Moreover, large Stokes shifts were detected with
a maximum of 173 nm for NAA solution and a
minimum of 107 nm for hexane solution (Figure
8). Furthermore, the intensity of fluorescence in
the lower-polarity solvents was weaker than that
in higher-polarity solvents.

To summarize the solvent effect on the
emission of DNSE, we plotted the fluorescent
energies using the relative dielectric constants
[26] for each solvent. The fluorescent energies
(E) were calculated using the following formula:

E=hc/ A,
where 4 and ¢ are the Planck constant and the
speed of light, respectively. Figure 9 shows the
plot of the calculated fluorescent energies with
respect to the relative dielectric constants. The
fluorescent energies were relatively higher in
lower-polarity ~ solvents. In  contrast, the

2.80
3
wo (e
Q.) L
2.20
0 100 200

relative dielectric constant

Fig. 9. Plots of the fluorescence energies of DNSE
in NAA (blue circle), DMF (yellow circle), MeOH
(red circle), EtOH (blue square), acetone (yellow
square), CH>Cl, (red square), THF (blue triangle),
EtOAc (yellow triangle), toluene (red triangle), HFB
(blue rhombus), and hexane (yellow rhombus)
solution with respect to the relative dielectric
constants.

fluorescence energies of DNSE in solvents with
relatively higher relative dielectric constants were
observed at a constant value of ~2.3 eV.

3.4. Chemiluminescence using ethyl dansylate
We performed chemiluminescent experiments
using DNSE in NAA, DMF, methanol, DEP,
ethanol, acetone, CH,Cl,, THF, ethyl acetate,
toluene, HFB and hexane. Figure 10 shows the
photos of the reaction mixtures in each solvent
taken after adding hydrogen peroxide aq. No light
emission was detected visually in the NAA, DMF,
methanol, ethanol, and acetone EtOAc, and
hexane solutions, while the emission was
detected visually in DEP, CH,Cl,, THF, toluene
and HFB. The emission colors of the solutions
owing to chemiluminescence are relatively well
consistent with the fluorescent wavelengths
detected in the solution phase (Table 4), which
indicates that DNSE was excited by
1,2-dioxetanedione produced from
bis(2,4,6-trichlorophenyl) oxalate in the organic
phase. Surprisingly, the lifetime of the THF
emission  instantaneously  decreases  when
hydrogen peroxide was added. Although we

DEP CH:Cl: Toluene HFB

THF

Yellow green Green Blue green Light blue Light blue

Fig. 10. Photo images of the solutions after
chemluminescent reaction using DNSE in THF,
DEP, CH,Cl,, toluene and HFB solution.
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could not completely understand this
phenomenon, we hypothesize that energy transfer
from 1,2-dioxetanedione to DNSE occurred
momentarily in the THF and water solution
because of their miscibility. Note that, in highly
polar solvents, the emission of DNSE was not
visualized, probably because the rate of
chemiluminescent reaction is too fast to visually
detect the emission caused by the miscibility of
their solvents with water in comparison with the
case observed wusing low-polarity solvents.
Moreover, no emission was observed with ethyl
acetate, although it is immiscible with water. This
is probably because the reaction of ethyl acetate
with hydrogen peroxide was faster than the
oxidation of bis(2,4,6-trichlorophenyl) oxalate.
As a result, DNSE was not excited because
1,2-dioxetanedione was not produced.

4. Conclusion

We wused betaine 30 and DNSE as
solvatochromic molecules to investigate the
dependence of chemiluminescence on solvent
polarity. Although absorptions of betaine 30 were
detected within 340-900 nm depending on the
solvent polarity, the intensity of fluorescence was
relatively low and chemiluminescence was not
observed visually except for toluene. DNSE
showed chemiluminescence with the solvents that
are immiscible with water, producing several
colors depending on the solvent polarity. It is
possible that the lifetime of chemiluminescence
in the solvents miscible with water is quite short
and is not sufficient to visualize because the
emission of DNSE in THF solution was observed
only for a moment. Although it is necessary to
optimize chemiluminescence conditions using
solvatochromic molecules, we showed that it is
possible to modify the chemiluminescence of
dyes by varying the microenvironment.
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Ternary polymer solar cells based on a polymer PTzBT have attracted attention because
its power conversion efficiency (PCE) and thermal stability have been greatly improved by
adding a small amount of an oligomer ITIC. However, the charge accumulation states of the
PTzBT ternary polymer solar cells have not yet been completely clarified. Here, we report
electron spin resonance (ESR) spectroscopy of layered samples of ZnO/(blend or pristine
film) using PTzBT, ITIC, and a fullerene derivative PCsiBM to investigate the charge
accumulation states of the PTzBT ternary solar cells at a molecular level. We have observed
monotonic increases in the ESR intensity of the ZnO/(blend or pristine film) samples under
simulated solar irradiation, where the increases in the ESR intensity of the PCs;BM with ITIC
component are smaller than those without ITIC component. The present results would be
useful to develop further highly efficient and durable polymer solar cells.

Keywords: Charge accumulation, Electron spin resonance spectroscopy, Ternary

polymer solar cells, ITIC

1. Introduction

Polymer solar cells have been extensively
investigated as they have characteristics such as low
manufacturing cost, enabling large-area, and
flexibility that are difficult to be realized with
silicon-based solar cells [1-3]. In recent years, the
power conversion efficiency (PCE) of ternary
polymer solar cells has been remarkably improved
[4]. However, the internal deterioration mechanism
has not yet been completely clarified. Ternary
polymer solar cells with a wide-band gap polymer
based on thiophene and thiazolothiazole (PTzBT)
(Fig. la) have attracted attention because the
maximum PCE of the solar cells with PTzBT and
[6,6]-phenyl  Cgi-butyric acid methyl ester
(PCs1BM) have been improved from 7.4% to 10.3%
by adding a small amount of ITIC (Fig. 1b). This
ternary polymer solar cells with ITIC have excellent
thermal stability that the PCE has almost not
changed even after the storage at 85°C for 1000 h in
a nitrogen-filled glove box under dark conditions
under open-circuit conditions. Thus, the PTzBT

Received March 31, 2021
Accepted April 22, 2021

solar cells are expected as polymer solar cells with
high PCE and stability, and ITIC are expected as an
ideal additive [5].

Sealing solar cells can suppress the extrinsic
irreversible degradations from oxygen and moisture
[6—12]. However, there is still some internal
deterioration factors that cannot be prevented such
as charge accumulation. Electron spin resonance
(ESR) spectroscopy is a useful method that can
directly investigate the states of accumulated
charges in polymer solar cells and organic solar-cell
materials at a molecular level [13—23]. It is very
interesting to investigate the charge accumulation in
PTzBT ternary polymer solar cells with ITIC.

In this study, we have measured layered samples
of the active layer and an electron transport layer
(ETL) ZnO using light-induced ESR spectroscopy,
and have found some differences of the ESR signals
between the samples of ZnO/PTzBT:ITIC:PCs;BM
and ZnO/PTzBT:PCsBM. We conducted a further
study by measuring layered samples of
ZnO/ITIC:PCsi1BM and ZnO/PCs;BM. We have
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observed several signals and monotonic increases in
the ESR intensities of all the ZnO layered samples.
The ESR signal of PCsi1BM electron (or radical
anion), namely, the electron signal of PCs;BM, is
observed and the signal increase in the ESR
intensity of PCqBM with ITIC component is
smaller than that without ITIC. This deep
understanding of the charge accumulation states
would be important for optimizing the device
structures and for improving the PCE and durability
of ternary polymer solar cells.

2. Experimental

In the present work, the ternary polymer solar
cells were fabricated with PTzBT, ITIC (Fig. 1b),
and PCs:BM (Solenne BV, purity > 99.5%). A
quartz substrate (20 mm x 3 mm) was cleaned with
acetone and 2-propanol in ultrasonic treatment. A
Zn0O layer was prepared by a spin-coating method
(at 1500 rpm) from a diluted solution of ZnO
nanoparticles. PTzBT, ITIC, and PCs;BM (1:0.2:2
w/w/w) dissolved in chlorobenzene (CB) solvent
was mixed at 100 °C for 30 min with a vibrational
method. Active layers (PTzBT:ITIC:PCsBM or
PTzBT:PCs1BM) were fabricated by a spin-coating
method (600 rpm, 20 s) on the quartz substrate in a
nitrogen-filled glove box (0, < 0.2 ppm, H,O < 0.5
ppm). The fabricated samples were measured under
dark conditions or simulated solar irradiation with a
solar simulator (AM1.5G, 100 mW cm?)
(OTENTOSUN-150LX).

3. Results and discussion
3.1. ESR measurements

ESR is a magnetic resonance phenomenon
occurring for unpaired electrons, which is a non-
destructive and highly sensitive method that can
evaluate materials at the molecular level by
observing the microwave absorption at the magnetic
resonance. We used a continuous-wave ESR method
in the experiments which performs a lock-in
detection with an external magnetic field (H)
modulation of 100 kHz. Thus, photogenerated
charges with a lifetime (<10 ps) cannot be observed,
and it is possible to observe only long-lived (or
accumulated) photogenerated charges with an
unpaired spin with a long lifetime (>10 ps) in thin
films and solar cells [19, 21—-23].

We simultaneously measured the ESR signals of
our sample and a same standard Mn?>" marker
sample in a same ESR -cavity in all ESR
measurements in order to compare these g factors
directly. The calibration of the g factor was

(b)

Fig. 1. Chemical structures of (a) PTzBT and (b) ITIC.

performed by using a software program of the ESR
system considering high second-order correction of
the effective resonance field. Its correctness was
also confirmed by wusing 2,2-diphenyl-1-
picrylhydrazyl (DPPH) as another standard sample.
The present ESR system significantly reduces
experimental errors because the fluctuation of
experimental conditions such as microwave power
etc. can be calibrated by using the signal of the
marker sample [19, 21-23].

By using ESR measurements, it is possible to
investigate accumulated charge states in the samples
directly. The light-induced ESR spectrum is a
difference spectrum between ESR spectra obtained
from under dark condition and simulated solar
irradiation. We can study the effect of the irradiation
for the samples. In our study, the substrate plane was
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Fig. 2. ESR signals of ZnO/PTzBT:ITIC:PCsBM (red
line) and ZnO/PTzBT:PC¢;BM (blue line) after 14 h
simulated solar irradiation at room temperature.
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light-induced ESR signals of layered samples of (¢) ZnO/ITIC:PCs;BM and (f) ZnO/PCsBM.

parallel to the H direction. All measured light-
induced ESR spectra were averaged over 1 h
irradiation [19, 21-23].

3.2. ESR spectra of layered samples

Investigating the effect of ITIC addition on
charge accumulation is a very interesting issue to
clarify the internal deterioration mechanism of the
ternary polymer solar cells. For this purpose,
layered samples of ZnO with PTzBT:ITIC:PC¢s;BM
or PTzBT:PCsi:BM have been fabricated and

measured using ESR spectroscopy. Fig. 2 shows the
ESR spectra of the layered samples after 14 h
simulated solar irradiation. According to Fig. 2,
whether or not ITIC has been used, apparent two
signals have been observed. We define the signal on
the left as Signal A, and the signal on the right as
Signal B, respectively. The g factors of the Signal A
and Signal B are obtained as g =2.0026+0.0004 and
g =2.0001%0.0004, respectively.

In order to find out the origins of ESR signals,
layered samples of PTzBT:PCs1BM, ZnO/PCsBM,
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Fig. 4. Two cases of energy diagrams of the
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line) and (b) ITIC (black line) contact with ZnO (red
line). The broken line shows the energy level of Vo
(blue line) in ZnO. The dotted lines show the variation
of energy levels of PCs1BM (green line) and ZnO (red
line).

ZnO/ITIC:PC¢BM, and ZnO/ITIC were fabricated
and measured using ESR spectroscopy. The
observed ESR spectra are shown in Fig. 3a,b,c,d,
respectively. As the duration of the light irradiation
increased, the intensity of the ESR signals in Fig.
3a,b,c increased, while the ESR intensity in Fig. 3d
was almost constant. The ESR signal of Fig. 3a is
identified as a hole signal of PTzBT because the
spin-lattice relaxation time of PCsiBM is so short
that the ESR signal of PCs1BM cannot be observed
at room temperature [21—-23]. The g factor of holes
in PTzBT is identified as g = 2.0024+0.0004. When
measuring the ESR signals of ZnO/PC¢BM (Fig.
3b) and ZnO/ITIC:PCs:BM (Fig. 3c), we observed
same signals of two components with their g factors
g = 2.0027+0.0004 and g = 2.0003%0.0004,
respectively. The observed signals of ZnO/PC¢s1BM
(Fig. 3b) and ZnO/ITIC:PCsi:BM (Fig. 3c) are
almost the same as those of
ZnO/PTzBT:ITIC:PCsiBM and
ZnO/PTzBT:PCsBM (Fig. 2), whose g factors are g
= 2.0026 (Signal A) and g = 2.0001 (Signal B) as
mentioned above. The ESR signal of g =2.0027 has
been reported as the signal of a singly positively
charged oxygen vacancy (V3) in ZnO [24,25]. The
ESR signal of g = 2.0003 has been reported as the
electron signal of PCsiBM [21-23].

In order to get more accurate component signal,
we performed fitting analyses for the light-induced
ESR signals of ZnO/PC¢BM (Fig. 3b) and
ZnO/ITIC:PCsiBM (Fig. 3c) after 14 h light
irradiation, and the calculated results are shown in
Fig. 3f and 3e, respectively. In previous studies, the
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S
N
T
|

1 ) 1 L |
320 322 324
H (mT)
Fig. 5. ESR spectra of ZnO/ITIC:PC¢BM (red line) and

ZnO/PCs;BM (blue line) after 14 h simulated solar
irradiation at room temperature.

electron signal of PCqBM with an anisotropic
lineshape have been observed at low temperatures
such as 30 K [26]. However, the molecular
vibrations are large and the electron signal of
PCsiBM is averaged at room temperature. The
isotropic electron signal of PCsBM and the
isotropic hole signal of V& in ZnO have been
reported by previous studies at room temperature
[24,27]. Thus, we have fitted the light-induced ESR
signals of ZnO/ITIC:PCsBM and ZnO/PCs1BM at
room temperature using isotropic signals, and found
that the best result can be described using the sum
of two Lorentzian functions. The results of the
fitting analyses are evaluated as follows: ESR
parameters of Signal A are g factor g
2.0027+0.0004, peak-to-peak ESR linewidth AH,,, =
0.234£0.02 mT, and ESR parameters of Signal B are
g=2.0003+0.0004, AHy, = 0.30+0.02 mT. Thus, the
Signal A (g = 2.0026) is identified to be composed
of both the hole signals of PTzBT (g = 2.0024) and
Zn0O (g =2.0027), and the Signal B (g =2.0001) is
identified to be due to the electron signal of PC¢;BM
(g = 2.0003). It is worth noting that the electron
signal of PC¢ BM, which have not been observed
with the active layer thin films at room temperature
because of the short spin-lattice relaxation time due
to the rotation of wave function of electrons on
PC¢BM [21-23], has been observed when we have
measured  ZnO/PCqBM  (Fig.  3b) and
ZnO/ITIC:PCsBM (Fig. 3c). The observation of the
Signal B indicates the interactions between ZnO and
PCsiBM electrons with a strong spin-orbital
interaction due to a heavy element Zn in the ZnO
layer. Compared to the previous study, our observed
g factor of PC¢BM is slightly larger because the
heavy element Zn is effective in shifting the g factor
[28].
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3.3. Effect of ITIC addition.

Schematic energy level diagrams of ZnO, ITIC,
and PCs1BM are shown in Fig. 4. The values of
energy levels are taken from previous studies [29-
33]. The energy levels of valence band (VB) top and
conduction band (CB) bottom of ZnO have been
reported as a range of —7.4 ~ —=7.7 eV and —4.0 ~
—4.3 eV, respectively [29-31]. The energy levels of
highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of
PCs1BM have been reported as a range of —6.0 ~
—6.2 eV and —3.8 ~ —4.2 eV, respectively [30-33].
The energy level of the oxygen vacancy Vois —0.05
eV deeper than the CB bottom of ZnO [29].
Normally, the electrons are transferred from
PCs1BM to ZnO. However, our present ESR results
indicate that the electrons are transferred from ZnO
to PCs1BM. In the case of ZnO/PCs1BM (Fig. 3b),
the electron signal of PCs;BM and the hole signal of
Vg are observed. We infer that the the LUMO of
PCs1BM may be deeper than the energy level of the
Vo, and thus electrons can transfer from the Vo in
ZnO to the LUMO of PC¢ BM. The bandgap energy
of ITIC calculated by the difference between
HOMO and LUMO energy levels, which have been
determined by photon yield spectroscopy and low-
energy photoemission spectroscopy, respectively, is
2 eV [5]. This is actually different from the value
determined by optical absorption onset of ITIC
(1.59 eV) [5]. Such difference originates in the
exciton binding energy and is typical to m-
conjugated organic materials [34].

It is interesting to find out the effect of the ITIC
addition by comparing the ESR spectra of

ZnO/PC¢BM (Fig. 3b) and ZnO/ITIC:PCs:BM (Fig.

3c) after 14 h simulated solar irradiation. The
compared ESR spectra are shown in Fig. 5. It is
worth noting that the intensity of the Signal B with
ITIC is weaker than that without ITIC (see Fig. 2
and 5). The reason may be that some of ITIC
molecules prevent the contacts between the ZnO
layer and PCs1BM molecules (see Fig. 4b), and thus
some electrons’ signal of PC¢BM cannot be
observed because of the short spin-lattice relaxation
time of PCs1BM without contacting ZnO at room
temperature as mentioned above [21-23,26]. From
our ESR study, we suggest that PCs;BM and ITIC
are mixed, and both are in contact with the ZnO
layer. Our clarification of the charge accumulation
at the interface between the ZnO and active layers
would be important for improving the PCE and
durability of ternary polymer solar cells.

4. Conclusion

The layered samples of
ZnO/PTzBT:ITIC:PCs;BM and PTzBT:PCsiBM
have been investigated with ESR spectroscopy
under dark conditions and simulated solar
irradiation. As the duration of the light irradiation
increased, the intensities of the hole signal of PTzBT,
the hole signal of ZnO, and the electron signal of
PCs1BM increased. The observation of the electron
signal of PCs;BM indicates the interactions between
ZnO and PCsBM electrons with the strong spin-
orbital interactions due to the heavy element Zn in
the ZnO layer. The electron signal of PCsiBM with
ITIC are smaller than that without ITIC under
simulated solar irradiation. The reason may be that
some of ITIC molecules prevent the contacts
between the ZnO layer and PCs;BM molecules, and
thus some electrons’ signal of PCs;BM cannot be
observed. This deep understanding of the charge
accumulation states at the interface between the
Zn0O and active layers of ternary polymer solar cells
will be useful for optimizing the device structures
and for improving the PCE and durability.
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Biomimetics is attracting more and more attention as a powerful clue to cutting-edge
breakthroughs in a lot of areas. Of course, it is so powerful not only for material science but
also for the areas of social infrastructure such as transportation. I would like to review an
example of Biomimetics in transportation, which is called as ant colony optimization (ACO) ,
thoroughly studied in the area of mathematical optimization.

Keywords: Biomimetics, Mathematical Optimization, Transportation

1. Introduction

Sometimes, Biomimetics might be regarded as a
subarea of material science due to enthusiastic
activities in the area. Such active studies began with
remarkable achievements with powerful electron
microscopes. However, Biomimetics should not be
limited to material science. It could be applied to
almost all areas of human activities, as we can
confirm through a lot of wisdom referring to
animals’ activities etc. Of course, it can be applied
to the area of transportation. From the standpoint of
material science also, it would be meaningful to
study on transportation because the transportation
area would be one of the most active playgrounds of
the IoT and smart technologies.

In this occasion, we would like to introduce an
example of Biomimetics applied to the
mathematical optimization on transportation. In the
area of transportation, a lot of studies are devoted to
the mathematical optimization such as routing
problems to search for an efficient way of
management. Such studies would bring not only
cost-effective management but also less carbon
emission. In this article, we would like to explain
the ant colony optimization which is a powerful
calculation method for routing problems.

The aim of routing problems is to find out the
shortest path for delivery visiting all customers. One
might naively speculate that it would be so easy
since a human being unintentionally thinks of an
efficient path to visit all necessary locations in daily
life. However, it is not so simple as one might

Received March 22,2021
Accepted April 19, 2021

speculate. Suppose that there are 50 locations to be
visited for delivery, if one tries to find out the
shortest path by assessing all patterns of location
orders, it is required to probe 50! ~ 10% patterns.
This is a too tremendous number to work out within
allowable time in practical usage. Even if a pattern
can be evaluated by one operation in the current
fastest computer (420 PFLOPS), it takes more than
10*° years. This duration is much longer than
universe age (around 10 years), then it is
completely impossible. On the other hand, it is usual
to visit more than 50 locations in daily delivery jobs,
therefore we need to devise computational methods
to find out the efficient way. This is one of the
missions of mathematical optimization.

To devise methods, it could be natural to refer to
efficient animals’ activities. It has been known that
ants take the shortest route to return to colony after
obtaining their feeds. Inspired by this nature, M.
Dorigo suggested a remarkable method so-called
“ant colony optimization” (ACO) [1] in 1992.
Following him, there are a lot of studies based on
this ant colony optimization [2-13]. We will explain
the ant colony optimization. Since human being is
also one of animals, it could suite human behavior
also.

2. Ants’ behavior to return to their colony

It would be well known that ants form a walking
line along the shortest path between the colony and
their destination, on which their feeds are often
located. This chapter is devoted to the explanation
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Fig. 1. (Left) Two ants arrived at the same food at the same time, but A’s route is shorter than B’s.

(Center) Pheromone on B’s route becomes weaker while A’s one is kept strong

(Right) Pheromone on the B’s route is almost disappeared and only A’s one survives

of a mechanism to form the line with the shortest
path. Ref. [14] would be a famous paper on the ants’
behavior. Since the ants live under the ground, they
do not have a strong ability to see the environment
through light. Alternately they rely on the sense
related to the smell. Although ants initially wander
randomly outside the colony with dropping the
pheromone, upon once finding their feed, they
return to the colony guided by the pheromone laid
down along the path to the colony. Ants tend to be
attracted to the pheromone line, probed by their
sense of smell. This pheromone plays a role of
signal of safe path, since it could be an evidence that
precedent ants passed along. It is important that
pheromone has strong volatility, then the ants can
feel it.

Here let us see how the walking line is formed.
Suppose that there are two ants, A and B, the two
arrived at the target food at the same time, and the
length of the ant A’s route is much shorter than the
ant B’s one (Fig. 1. Left). In this case, since the
pheromone on the B’s route would be exposed for
longer time, due to the strong volatility of
pheromone, ant B’s route would lose more
pheromone than the A’s route. Then subsequent ants
are attracted to A’s route more than B’s route due to
the stronger pheromone. Moreover, the subsequent
ones would put additional pheromone on the A’s
route, while the pheromone on the B’s route is
vapored only without sufficient addition (Fig. 1.
Center). Then the pheromone on the A’s route
becomes relatively stronger and stronger than the
one on the B’s route. B’s route would be gradually
excluded from the options for subsequent ants, and
then only A’s route would remain as the unique route
connecting the food and the colony (Fig. 1. Right).
Due to this mechanism, only the shortest path is kept,
we can see that the ant walking line indicates the
shortest path.

3. Ant colony optimization algorithm

Inspired by the above nature, the ant colony
optimization algorithm, which is explained in this
chapter, was developed.

3.1. Setup

For the efficient routing path for daily delivery
jobs, it is required to consider the route visiting all
locations to be delivered. Here symbol D denotes
the set of the locations to be delivered. For each pair
of locations denoted by i, je D , the distance

between these two 1s described as dl.j. In the

algorithm, not only distances but also “pheromone”
which attracts the deliverers are considered. We
describe the quantity of the pheromone put on the

road betweeni € D and j€ Das 7,. Here the

deliverers start from the point s and after
visiting all location to deriver, they return to
the starting point.

3.2. Calculation procedure
3.2.1. Decision probability for selecting next
visiting location

First of all, it is necessary to set up the procedure
to decide the first visiting point. Inspired by the ants’
behavior, it is natural to set up the probability for
choosing the point depending on the quantity of the
pheromone. Among the locations, the probability
to choose k € Dis described as

a B
_ v sk /d sk
k a B
ZT si /d si
ieD
Here, the exponent «, 3 are parameters which

P (.

can be set according to the preference. This
shows the tendency to select a location with a
shorter route and stronger pheromone. After
arriving at the point £, the deliverer should visit a
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location which has not been visited yet. If the set of
the unvisited point is denoted as U , the
probability to visit the point i € U next to the
present location k 1is described similarly as

a B
Pki :% @2).
ZTkj /dy
jeUu

Since all the points are unvisited at the beginning,

D =U, equation (2) results to equation (1) at
the starting. Until the deliverer visits all the
required points and returns to the starting
point, a deliverer keeps selecting a next visiting
point according to the probability described in
equation (2). After finishing the sequence of the
selecting, pheromone would be updated by the
procedure explained in the next section, and
after that the same calculation would be
restarted from equation (1).

We should note that equations (1) and (2) just
provide the probability, hence it is not ensured
to reproduce the same result. One might
wonder that this procedure might provide so
random results which might not be reliable.
However, thanks to the updating process of the
pheromone explained in the following section,
we can expect that this algorithm surely
provides solutions with shorter routes which
we pursue.

3.2.2. Pheromone update

Evaporation and addition process of the
pheromone plays a central role in the mechanism of
forming ants’ line with the shortest length.
Therefore, it is natural to include the process in the
algorithm. In the ant colony optimization, the
pheromone update is usually executed after visiting
all required locations. Suppose that the pheromone

before the update is denoted as T;ld , updated
pheromone T;ew is calculated as

" =(1-p)r, + Az, (3.

Here p (0L p<1) denotes the evaporation

ratio and the first term becomes residue of old
pheromone. The second term Arl.j is the

pheromone added by ants which passed
through the route between ie D and jeD.

Of course, ATii becomes zero if the ant did not

pass through the route. Suppose that the
closed path of the ant is denoted by ¢, and the

length of the path is X, the nonzero case of

the Az, isusually given as &/ X, , with some

constant coefficient & . We should note that the
quantity is inversely proportional to the length
of the closed route X _, then a shorter route

would append stronger pheromone which is
more attracting.

It would deserve to note that equations (1) and
(2) refer only to the very local information of
places connected to the current location of the
deliverer. So, this means that both the
equations do not overlook the nature of the
whole part of the closed path. Hence it would
not be ensured to enforce to choose the shortest
path only by equations (1) and (2), then it
would be necessary to include the information
of the whole part of the path. Here equation (3)
would compensate for such lack of information.
Equation (3) plays a role to set a proper bias on
probability gradually enforcing deliverer to
select the shorter path. Once a short path is
chosen, the pheromone quantity to be added

&/ X, is large enough and it can be so

powerful bias for the short path to dominate
the relative probability weight. On the other
hand, suppose that the inadequate path is
chosen, the quantity of the added pheromone is
not so big, and hence there is still a chance to
escape from selecting the wrong answer.

3.2.3. Pheromone reset

As explained in equations (1) and (2), the
calculation procedure is stochastic. Hence it is
not perfectly ensured to derive the proper
optimized solution. Once the wrong answer is
selected, due to the pheromone updating
process, the probability to choose the wrong
answer could be dominating. Then only the
wrong answer is focused due to the pheromone
allocated inadequately. To resolve this biased
situation, it 1s necessary to reset the
pheromone distribution. The following
quantity, so-called the convergence factor, is
often used to evaluate the degree of the
localization of pheromone distribution,

z max(7,.. —7;7; — Toin
of =2| 22 -0.5| (.
! 7 T =7

max min ’

Here,
T o = maxi,jeD(rij), T

min = min

(z,) ),

and |7| is the number of connecting routes

i,jeD

between two locations of delivery points D. It
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is often asserted that the pheromone
distribution is too biased if c¢f >0.99 , and

pheromone distribution is reset to be initial. In
the following experiments also, we use this
level to judge whether the pheromone
distribution is too biased or not.

3.3. The number of ants

It is natural to set multiple ants in the calculation,
since it is a consequence of swarm intelligence.
Compared with the single ant case, it is usual to get
better results since the effect of the pheromone
becomes more effective. Even if an ant passed
through an improper route, as long as the other ants
go through a much better route, it is easy to recover
the defect by the stronger pheromone on the shorter
route. We can also see this effect in the experiments
in the next section.

4. Experiments to observe the reliability of this
stochastic calculation

Here we will demonstrate how the above updating
and resetting procedure of the pheromone works
well to obtain solutions with short length. As a
problem instance, we prepared eil51 [15] in the
TSPLIB. The TSPLIB [16] is the library of the
sample instances for the traveling salesman problem,
which can be accessed via the internet. The shortest
length of the optimal solution of the instance is
known to be 426, which was obtained by some
refined methods. Let us compare the three kinds of
calculations, (i) calculation by full-fledged ACO,
(i1) calculation by ACO without pheromone reset,
(ii1) almost random calculation without both the
pheromone reset and update, at which the
pheromone does not help anything. The parameters
and the setup are summarized in Table. 1. In this
setup, we obtain the result described in Table. 2.

Table 1. Parameters in the calculation

a (1),(11) 1.2
(iii) 0.0

B 1.0

o) 0.5

Number of Ants 7

Iteration number of | 10000

calculation

Number of (1)100

implementing (i1),(iii) O

pheromone reset

& 2.0

Program Language Java
Table 2. Results of the calculation

(i) Full-fledged ACO 477

(i)ACO without reset | 514

| (iii))No pheromone | 937 |
The full-fledged ACO result (i) is the closest to the
optimized result. Calculation (i) and (ii) get much
shorter length than (iii), hence we can see that the
pheromone update is significant to get a good result.
The updating seems to work well for making ants
concentrate on the shorter route. Compare the result
(i) with (i1), we can also see that the pheromone reset
procedure is working well to obtain shorter routes.
Actually, in these calculations, we set up the
parameters very roughly. Even in this rough set-up,
the result (i) looks close to the best-known result of
the instance. Hence ACO could be reliable, although
the method employs stochastic calculation.

It would be also interesting to compare with the
calculation with a single ant. In these calculations,
only the number of ants is changed to 1. The results
are described in Table 3.

Table 3. Result of the calculation in the case of single
ant
(i) Full-fledged ACO 853
(i))ACO without reset | 1021
(iii))No pheromone 991
It is remarkable that the results in (i) and (ii) are
terribly disimproved. The result of (iii) is not so
changed from the one in Table 2. From these, we can
see that the number of ants would affect the
pheromone effects so much. Moreover, the result of
(i1) got even worse than the result (iii). Although the
pheromone is expected to attract the ants to the short
route, once the pheromone is put on the improper
route, it becomes a nuisance confining the ants
within an improper path. If there are multiple ants,
even if one ant takes a mistake, such mistake can be
casily smeared out if the other ants put their more
attractive pheromone on the proper route. However,
if there is only one ant, if the ant takes a mistake, it
would be impossible to smear out the mistake since
the pheromone can be added only on the improper
route. So, the pheromone could sometimes lead to
the worse result if we use it in an improper way. This
result could imply the significance of the diversity
of the ants.

5. Comment on the ant colony and comparison
with other algorithms

In equations (1) and (2), if we choose the nearest
location as the next visiting point, in a deterministic
way, it would come down to be a greedy algorithm.
Although, in some classes of the problems, a greedy
algorithm is proven to provide the optimized
solution, it is not the case in the routing problems.
Once we choose a starting point in a deterministic
algorithm, the whole order of the visiting points is



J. Photopolym. Sci. Technol., Vol. 34, No. 4, 2021

totally determined and is not ensured to be optimal.
In a usual routing problem, it is often specified the
starting point without taking into account the nature
of the whole part of the route network. Hence it is
important to deviate from a rut of the deterministic
method. One powerful option would be employing
a stochastic method, and the ant colony optimization
is one of them. One might wonder that the stochastic
calculation would not surely provide the optimal
solution. Although as we already confirmed by the
above experiment, we can expect that the method
provides a good solution. However, such anxiety is
partially true, it is not perfectly ensured that the
algorithm always gives the proper solution, due to
the randomness.

The important point is that it is basically happy to
choose the locally shorter path, but at the same time,
a small deviation should be allowed. Such a
deviation is a crucial clue to break a curse forcing to
focus on limited options only. This kind of spirit is
often referred to as “diversification and
intensification”. In simple problems, simple
intensification would work well, one example is the
greedy algorithm. But if the problem becomes more
complex with additional constraints, intensification

could be an obstacle to screen the global perspective.

In this case, diversification is also required. Small
deviation is a key clue for the diversification, and a
lot of mathematical optimization algorithms take
such deviation to obtain globally better solutions.
The ant colony optimization is one of those
algorithms. Pheromone updating plays a role of
intensification and resetting is regarded as a
diversification procedure. Other than ant colony
optimization, there are several methods taking the
“diversification and intensification”, for instance,
simulated annealing [17], tabu search [18], and
genetic algorithm [19][20], and so on. It is so
interesting to observe that there are several bio-
inspired  “diversification and intensification”
algorithms, such as genetic algorithm and ant
colony optimization. It would deserve to consider
the feature of evolution and Biomimetics from the
aspects of “diversification and intensification” and
we discuss in the next chapter.

ACO is known to be an algorithm utilizing the
stigmergy [21], which is the nature of self-
organization of swarm intelligence without need of
central controlling. Such a nature appears in
equations (1) and (2) referring to only local
information nearby the ant. Thanks to this nature,
the ACO can be a strong method when the graph
may change dynamically. In the case of a central
controlling method, large overhead is required to
rebuild the network information. On the other hand,

ACO is free from such disturbing overhead because
ant has only to react to the local environment nearby
which is free from the change in far place. Due to
this merit, the ant colony approach is often
employed in urban transportation systems and
network routing [22-25].

6. Discussion

It would be so interesting to consider Biomimetics,
R&D, and species evolution from the aspect of
“diversification and intensification”.
Intensification would be regarded as the refinement
based on the well-grounded local examination.
Usual research and development activities in the
industry would be categorized as intensification.
Currently, existing bio-species would be an ultimate
consequence of the evolution with intensification,
because the several functions are especially
emphasized to adjust to the specific environment.
Living fossils could be typical explicit examples of
intensification. These species already reached the
optimal style for surviving, and there is no need to
deviate from their style. In this viewpoint, since
usual Biomimetics are activities to refer to the
specific functions, they are surely regarded as
activities utilizing the ultimate form of the
intensification. However, species evolution has an
aspect of diversification also. The mutation is one
typical example. The mutation is a source of
diversity of bio-species, and this deviation so-called
mutation plays a key role for sustain the
environment with bio-species. As we can see from
the extinction of dinosaurs and sustained bio-
species prosperity, such diversity could be a backup
to sustain bio-species under the drastic change of
environment. Moreover, the human beings and
many animals are the consequence of the mutations.
So, the diversification plays a key role to lead to a
sustainable and better solution. Due to the virtue, the
evolution system is referred to in mathematical
optimization directly.

We can also see the significance of the
diversification in human activities. In past, there
was an event trying to exterminate the sparrows
because they steal the rice and crops. However, once
the number of sparrows became drastically
decreased, a lot of noxious insect spoiling crops
showed up and human beings started to suffer from
starvation. This is a harmful consequence of
intensification from the narrow viewpoint. The
point of this story would be that it is important to
have a breadth of mind for small deviations and
defects. Sustainable traditions would have the good
sense to keep diversity, as a consequence of it, they
would survive as traditions.
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Field of vision with diversification would have a
key role to shift to better solution and sustainability.
Studies of mathematical optimization would give
hints for the perspective.
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A technique for antibacterial functions is always required in such as medical treatment or
food manufacturing. Sharkskin, wings of cicadas and dragonflies have antibacterial functions
on their surfaces. It is attractive for human technologies to mimic their microstructural
surfaces. In this study, we cultured biofilms on micro-pillar surfaces which was inspired by
living organism, and evaluated the antibacterial effect. Growth of biofilms depended on the
pitch and diameter of pillar arrays. Formations of the biofilm were suppressed when the pitch
and diameter of the pillars were comparable to the size of the bacteria. This suppression
seems to be caused by the instability of bacteria sticking on the pillar-array scaffold.
Keywords: Biomimetic riblets, Sharkskin, 3D digitizing, Antibacterial effect, Biofilm,

Fluid control

1. Introduction

There has been remarkable progress in
biomimetics, the emulation of nature’s time-tested
patterns, functions, and strategies for the purpose of
discovering sustainable solutions to practical
problems in recent years [1]. For example, the
adhesive function of geckos’ feet has been studied
[2]. Geckos are known to crawl up walls, hang from
ceilings, and firmly grasp slippery glass-like
surfaces using their adsorptive toes. The flagella on
the soles of geckos’ feet are dense, and the feet
adhere by van der Waals forces working between
the flagella and the surface. In addition, an excellent
water-repellent surface was developed that was
inspired by the fine, rough surface texture of lotus
leaves [3].

With respect to antibacterial effects, two surface
structures of living matter are known as having
antibacterial functions.

One is the nano-structural pillar surface on the
wings of cicadas and dragonflies [4-6]. [vanova et
al. found that the surfaces of both black silicon and
wings of Diplacodes bipunctata have a strong
antibacterial effect that were confirmed by Gram-
negative (Pseudomonas aeruginosa) and Gram-

Received March 24, 2021
Accepted April 19, 2021

positive (Staphylococcus aureus, Bacillus subtilis)
bacteria [4]. Both surfaces have a hierarchical
surface-structure through the formation of clusters
of adjacent nano-protrusions. These nanostructures
are significantly smaller than the size of bacteria,
and reported that antibacterial effect is caused by
physical breaking of the cell membranes of the
bacteria.

Another is the denticles of shark skin. Sharkskin
is covered with numerous small tooth-like elements
termed “dermal denticles” (“denticles” hereafter) [7,
8]. The microstructure of denticles (i.e., the minute
projections) are reported in view of controlling a
turbulence flow and reducing drag experimentally
and computationally [9-24]. We reported that there
is a special flow, vertical flow near the denticles,
and this flow beark the bacteria film and suppress
the growth of biofilm [25, 26]. Also an antibacterial
plate (Sharklet™) made of silicone elastomer has
been known to provide an antibacterial effect in
various pathogenic microorganisms
(Staphylococcus — aureus,  methicillin-resistant
Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia  coli, and  vancomycin-resistant
enterococci) [27, 28].
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Considering the feature size of functional
surfaces of living matters, the micron-scale such as
the flagella of geckos’ feet or denticles of shark skin
is cell-size because these structures are generated by
cell. On the other side, the surface structures of lotus
leave or wings of cicadas and dragonflies are sub-
micron scale and formed by self-organization of
proteins or organics.

We focused self-organized structures, namely
concave-convex surface, in this research, and
analyze the antibacterial effect using artificially
designed pillar arrays as a self-organized surface.

2. Experiment

2.1. Fabrication of pillar arrays

Pillar arrays for a bacterial culture were prepared
using nanoimprinting [32]. Figure 1 shows the
fabrication process of nanoimprint. A mold has fine
hole patterns on its surface. The mold is pressed to
a resin film at the temperature around a glass-
transition of resin film. Then the mold is de-molded
from the film, and the designed pillar array were
formed on the film surface.

Figure 2 shows a schematic diagram of a mold
on which the micro-patterned hole structures were
fabricated. A conventional optical lithography and
silicon etching were used to fabricate the mold.
Figure 2 (a) shows a perspective view of the mold.
The mold size is 28 x 28 x 2 mm, and half of the
area was the fabrication area. Figure 2 (b) shows a
top view of the mold. 1 pum-diameter holes (about
the same size as bacteria) and 5 pm-depth were
fabricated. The mold was divided into eight regions
of 4 mm x 4 mm, and each differed in the pitch (a
distance between the centers of the nearest holes).
The pitch size were 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.2,
and 2.4 pm. Using this mold, pillar arrays on resin
films were obtained by nanoimprint.

Resinfilm] > PLILLIY —
Substrate

Heat,

Pressure Printing

$ Mold
release

Fig. 1. Method for fabricating resin sheet by
nanoimprinting.

(a) Fabrication area
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Hole fabrieation

(b) 28 mm |
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Fig. 2. Schematic diagram of mold for pillar arrays.
(a) Perspective view. (b) Top views.

2.2. Method of bacterial culture

A culture device was designed for the pillar arrays.
Figure 3 shows a CAD image and appearance of the
designed culture device. A resin container which fix
the pillar-array chips was placed in a glass petri dish
with an outer diameter of 90 mm and a height of 45
mm. The container has four places to fix the pillar-
array chip. There was a glass-lid.

The bacterial culture conditions are shown in
Table 1. Staphylococcus aureus subsp. aureus
NBRC 15035 was wused as test bacteria.
Staphylococcus aureus 1is spherical and has a
diameter of about 0.9 pum. The test bacteria was
cultured in a trypticase soy (SCD) broth medium,
and the number of cultured test bacteria was 107
10%/mL The medium was exchanged once a day. The
temperature of an incubator was kept at 37 °C, and
the cultured bacteria solution was obtained on the
fifth day of the culture.

Petri dish

Design drawing Overview

Fig. 3.
device.

CAD image and appearance of the culture
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2.3. Quantification method of bacteria coverage

A degree of biofilm-growth was evaluated by an
optical image. After 5-day culture, the pillar array
chips were removed from the culture device, and
then Gram stain were treated [33]. The chips were
immersed in crystal violet solutions for one minute
and then rinsed with purified water.

The color-images of dyed chips were taken by
an optical microscope. The degree of color indicates
a thickness of biofilm, namely the image appears
darker as the biofilm becomes thicker. The coverage
ratio of biofilm was calculated from a binary-
processed image of the chip. Each pixel of the taken
image was binarized to white (not existing bacteria)
and black (existing bacteria), and the covering ratio
was obtained using the equation as follow.

covering ratio of bacteria

__ Areaofblack area % 100 (%) (1>

" Total area of image

Table 1. Bacterial culture conditions
Bacteria Staphylococcus aureus subsp.
type aureus NBRC 15035

Preparation The bacteria are cultured in SCD

of bacteria broth medium at 37 °C for 24 hours,

solution and then suspended in SCD broth
medium to prepare test bacteria in
which the number of bacteria is 107
to 108 /mL.

Sterilization Sterilize test samples culturing

process equipment under high pressure
steam sterilization (121 °C, 15
minutes)

Biofilm Prepared bacteria solution (300 —

formation 350 mL) was added to the culture

device. The solution was stirred for
1 minute using a magnetic stirrer.
The cultured device with pillar
arrays were rinsed by a purified
water three times, then add fresh
SOD broth medium (300 — 350 mL)
and cultured at 37 °C. This process
repeated once a day.

3. Result and discussion

Figure 4 (a) and (b) shows the SEM image after
Staphylococcus aureus culture, and the pitch is 1.5
pum and 2.2 um, respectively. Few bacteria
(Staphylococcus aureus) were detected in 1.5 um
pitch size. However, there were many bacteria in the
gaps of the pillar structures observed like white
round shapes in case of 2.2 um pitch array. Same
distributions of bacteria were observed in the case
of 2.0 um pitch array. When the pitch size was large
than 2.0 pum, bacteria seems to exist between the
pillars and form a biofilm easily.

Figure 5 shows the optical microscopic images
(200x) of pillar arrays after 5-day bacterial culture
and staining with crystal violet. The pillar structures
cannot be observed in this low magnitude, and an
average situation can be evaluated in wide area. The
optical image becomes darker as increase of pitch
size, namely the thickness of biofilm becomes
thicker as increase of pitch size of pillar array.
Figure 6 shows the relationship between the pitch
size and the brightness of each array. The vertical
axis is normalized by the value at the pitch size of
1.5 um. The brightness is maximum when the pitch
is lower than 1.7 um. However, the brightness
decreases when the pitch becomes less than 1.9 um.
This shows the growth situation of biofilm depends
on the pitch of pillar array, and there is a critical
pitch size around 1.7 — 1.9um. We add the comment
that when observe the edge of pillar array region,
plenty of stained areas were observed outer the
pillar array region, namely a plenty of biofilm was
grown on the flat area.

Next, we examined to calculate the coverage
ratio of biofilm using equation (1). Figure 7 shows
the relationship between the pitch size and the
coverage ratio. The coverage ratio on the vertical
axis was normalized by the value at the pitch size of
1.5 pm. This graph also shows that there is the
critical pillar pitch around 1.7 — 1.9 pum.

As mentioned above, there is the critical pillar
pitch around 1.7 — 1.9 pm for growth of
Staphylococcus aureus. Here considering the size of
Staphylococcus aureus, namely around 0.9 pum, the
suppression model of growth is shown in figure 8.
In general, biofilms are grown step by step. First a
pioneer bacteria stick on a carbonated substrate, and
then a next bacteria stick onto the first pioneer
bacteria. Therefore, the important process of biofilm
is the first coverage of pioneer bacteria onto the
substrate. In our experiment, the first sticking of
bacteria is restricted in case of a narrow spacing of
pillar. Therefore, the continuous sticking of bacteria
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is restricted and a conventional growth process of
biofilm seems to be inhibited.

4. Conclusion

Surface structures in micron-scale in nature is
formed by self-organization phenomena. The
artificially  designed micron-structures  were
designed and pillar array chips were fabricated by
nanoimprint. Staphylococcus aureus was cultured
using the original culture device. The growth of
Staphylococcus aureus was restricted when the
pillar pitch is less than 1.7 — 1.9 pm, and the biofilm
did not grow in these narrow pitch array chips. The
restriction of inserting Staphylococcus aureus to
base area of substrate seem to cause the inhabitation
of biofilm growth process.
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Fig. 4. SEM images of pillar arrays after 5-day
bacterial culture. Pitch size is (a) 2.2 pm, (b) 1.5 um.
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Fig. 5.

Microscope images of pillar arrays after 5-day
bacterial culture (200x). The chips were stained by
crystal violet. The pitch is (a) 1.5 pm, (b) 1.7 um, (c) 1.8
pm, (d) 2.2 pm.
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Fig.8. Model of biofilm growth. (a) In case of the pitch
size is enough for inserting the bacteria, the bacteria stick
onto the base substrate, then biofilm grows step by step
by continuous sticking of bacteria. (b) In case of pitch
size is narrower than the size of bacteria, the first bacteria
is hard to stick onto the pillar-tops and hard to form the
biofilm.

4. Conclusion

In this study, we focused on the antibacterial effect
of surfaces inspired by living organism and
evaluated the effect of suppressing biofilm growth
on the scaffold with fabricated microstructural
designs. Micro-patterned pillar structures were
fabricated on a resin sheet by nanoimprint, on which
Staphylococcus aureus was cultured for five days.
The amount of attached bacteria was evaluated by
calculating the brightness of the optical microscopic
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images of cultured samples stained with crystal
violet. The micro-patterned pillar structures
suppress the biofilm growth and decrease the
bacteria covering when the pitch size of the pillars
and the size of the bacteria are comparable. The
antibacterial mechanism was proposed in which the
concavo-convex structure of the surface makes
unstable for bacteria sticking and the formation of
the biofilm was suppressed when the pitch size of
the pillars and the size of the bacteria were
comparable.
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In this paper, snail’s crawling motion was precisely observed and measured to understand
the mechanism of its special locomotion. The locomotion has been focused on not only
biological researchers but also engineers. Snails can crawl on rough surfaces with obstacles,
and also can climb up even on vertical walls. These features are highly useful for applications
in the field of soft robotics. We prepared an experimental setup for direct observation of the
locomotion. A snail was put on a soft gel substrate, and the deformation of the substrate was
measured by tracking marker particles dispersed under the surface of the substrate. At the
same time, deformation of the snail’s sole was also obtained by tracing the marker particles
which was embedded in the snail as fluorescent tattoo. It is essential to obtain these data at
the same time to verify the reported locomotion theory. A similar observation was performed
with a soft magnetic crawling robot, and we compared these data, which would be helpful to

design bio-mimic soft robots like snails.

Keywords: Gastropod, Crawling motion, Soft robot, Bio-mimic, Bio-inspired

1. Introduction

In this paper, we focused on locomotion
behavior of gastropods, especially the locomotion
of snails. They can crawl on a flat surface using their
body propagating wavy contraction and relax
motion of muscle. The motion is versatile and
makes it possible to crawl on not only flat surfaces
but also rough surfaces with obstacles. As you know,
locomotion on vertical walls is also possible for
them to climb up. These characteristics are highly
useful to apply for the soft-robotics field, which has
been a growing field.

In the soft-robotics field, elastic or flexible
materials are essential to realize many kinds of soft
motions. In our previous works, we employed
clastomer dispersed with magnetic particles. We
developed energy harvesting systems [1-3],
artificial cilia [4-14] and worm-like robots [15, 16]
using the magnetic soft material. We evaluated the
motion of worm-like crawling robots and found that
the interface between the robot and the substrate
affected so much for the locomotion ability of the

1, 2021
27,2021
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robot [15]. Also, wavy motion should be optimized,
so that we started to mimic the motion of natural
creatures.

Among many kinds of natural creatures, we
focused on gastropod, which possesses a soft pedal
sole. This pedal is a curious part which can generate
wavy motion for locomotion. The crawling
mechanism of gastropods has been discussed in
some decades [17-19], however more observation
has been still needed for further understanding of
the locomotion. There are various motions found in
natural, and some of them are different each other
so much [20]. For example, some gastropods move
forward with forward movement of muscle wave,
but others move forward with “backward” wave.
This behavior has been explained theoretically [19].

It is needed to know stress distribution on the
substrate where a test creature crawls. We can
measure the stress using soft substrate such as gel,
which is soft and easy to deform [21]. In order to
verify the theory, not only the force from the body
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to the substrate but also motion of the test creature
should be taken simultaneously. This is the main
objective of this paper.

For this purpose, 2 colors of fluorescent
particles were prepared. One was dispersed on the
surface of gel substrate and the other was injected
into the sole of the test snail as “fluorescent tattoo”.
Also 2 kinds of color filters were prepared so that
we could obtain both the deformation of the surface
of the substrate and the motion of the bottom surface
of the body at the same time. The detailed
explanation will be shown in the experimental
section.

2. Materials and Methods

Red and blue colored fluorescent particles
were prepared for markers. The red particles were
dispersed onto the bottom of a plastic case, and
uncured silicone gel (Sylgard 527) was poured in it.
After curing at 80 °C for 7.2 ks, the cured silicone
gel was put out which has the red markers on the
surface. The test creatures were snails (Euhadra
herklotsi) which were collected for this experiment
on Ito campus of Kyushu University. We put blue
fluorescent particles into the sole of a snail by a
bundle of needles. For easy operation, the snail was
anesthetized by dipping diluted mouth wash
(Listerine, Johnson & Johnson). This is a popular

method to make biological specimens of gastropods.

The tattooed particles remained in their body at least
for some months. Also, we checked the operation
had not harmed their locomotion ability. Figure 1
shows a snail with fluorescent particles inside. The
embedded blue particles fluoresced under black
light and were clearly observed.

2.1. Experimental setup for snail

Fig. 1. Snail with blue fluorescent particles inside.
Photos under visible light (left), and under black light

(right).

Gel

Half
Mirror

Filter

Fig. 2. Schematic illustration of experimental setup.
The red particles on the gel surface and the blue
particles in a snail are separately observed through
filters.

The experimental setup is shown in Fig. 2. The
snail was put on a silicone gel substrate, and the
crawling snail was observed from the bottom side.
The image was split by a half-mirror, and each split
image was filtered to show only one of the blue or
red image, which corresponded to the motion of
snail or the deformation of the gel substrate,
respectively.

2.2. Experimental setup for soft robot

We also tried to actuate a crawler-robot which
was made of silicone rubber and rubber magnetic
parts, which was the same sample as reported work
[15], instead of a live snail in a similar setup. The
setup is schematically shown in Fig. 3. In this case,

Rotating

Camera

Fig. 3. Experimental setup for a crawler-type magnetic
soft robot. The robot was actuated as wavy motion by
rotating magnet.
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0.0s 0.5s 10s

Locomotion direction

15s 20s 25s

Fig. 4. Velocity map of the gel substrate just under a crawling snail. The map was obtained by PIV.
Pink and yellow arrows show upward and downward moving directions, respectively. The arrow

patterns shifted upward as the snail crawled upward.

the motion of the robot could be easily observed
without fluorescent particles.

3. Results and discussion
3.1. Locomotion of snail

Figure 4 shows velocity map of the gel
substrate in every 0.5 s. The snail was crawling from
down to up direction. To clarify the motion, pink
and yellow arrows are added in each image which
shows upper and lower movement, respectively.
These pink and yellow arrows were arranged
periodically several times and the contraction and
extraction areas propagated to upward as the snail
crawled to upward. We can obtain stress distribution
on the surface of the substrate from this result.

Figure 5 shows deformation of the gel
substrate as positions of markers. The blue markers
on the snail were also plotted. Wavy change of each
position was caused by the force excreted by the
snail motion. Phase of each position shifted as its
position; however more precise data would be
needed using computational image analysis. To
show the deformation of the snail, two points on the
snail body were selected to be traced. The blue
markers in the snail were observed as shown in Fig.
1, and the numbers of the markers were not enough
to show deformation in a large area of the snail sole.
This is an issue that we should improve the skill of
our tattoo operation. Anyway, the 2 blue markers
proceeded in y-direction with changing the distance
between the markers. This periodic change in the
body deformation should be compared with the

-~ «

Y-coordinate of markers [mm]

Markers on snail ‘ ‘
0 1 2 3 4 5 6 7 8
Time [s]

Fig. 5. Markers positions on the gel substrate (red)
and on the snail (blue).

stress distribution on the substrate which would
express the effect of friction between the body and
the substrate. It is the key point of the snail
locomotion theory [19] so that more precise and
higher resolution of data should be taken.

3.2. Locomotion of soft robot
The similar observation and measurement
method could be used also for a robot. Authors
already developed soft robots which have been
actuated like snails or slugs by an applied magnetic
field [15]. In this report, we tried to actuate a crawler
on some kinds of substrate, such as glass and paper.
The surface state affected so much to crawling
behavior of the robots that we should consider the
surface effect such as friction.
Figures 6 and 7 show results of the experiments
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Fig. 6. Markers positions on the gel substrate (red)
and on the soft robot (blue). The robot was sticking to
the substrate so that it could not proceed, and the
substrate deformed similarly.
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Fig. 7. Markers positions on the gel substrate (red)
and on the snail (blue) with oil. The robot slipped on
the substrate so there was no deformation in the gel
substrate.

of soft robot locomotion. The red lines and the blue
lines correspond the motion of the markers on the
substrate and the robot, respectively. The robot was
just put on the substrate in the former case, and
silicone oil was applied on the substrate before
putting the robot in the latter case. The robot
generated wavy motion that resulted periodic
change of the distance between the 2 blue markers;
however, the robot did not proceed at all for the both
cases. The robot was sticking to the substrate
without oil so that the substrate deformed in the
same way as the robot. On the other hand, the
substrate became so slippery with oil that only the
robot deformed in the latter case.

The motions of a live snail and our soft robot
look similar; they generated wavy motion from its
tail to head. However, the robot could not crawl at
all on a gel substrate. We should think 2 possibility,
one is the difference of the motion, and the other is
the effect of mucus, which is like a highly viscous
liquid. Some papers reported non-linear effect of
this mucus is the key of the snails’ locomotion.

We will check these possibilities as our next
work using the presented system. There is an idea to

realize various motion in the soft robot. We are now
developing 3D printing systems for the magnetic
soft materials [22-25]. Of course, we can change oil
to many kinds of viscous liquid to change the
interfacial state. Also, micro patterning is another
way to change the friction effect. Nano-imprinting
processes [26, 27] would be a powerful tool for the

purpose.

4. Conclusion

We developed a system for observation and
measurement of the gastropod locomotion. Using a
gel substrate dispersed with fluorescent particles.
One of the most important characteristics of this
system is simultaneous measurement of gel
deformation and test creature’s motion. The system
is also available to apply for soft robots.

We showed examples using a live snail and a
soft robot which was actuated by an applied
magnetic field. We will consider the differences
between live creatures and robots, such as the mimic
of the essence of their movements, frictional
phenomena at the interface, and the effects of
viscous materials between the body and the ground.
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We used double-network-gel (DN-gel) to develop a new magnetic gel. Agar and Poly-
acrylamide gels were selected to prepare Agar/PAAm DN-gel. We dispersed
magnetic particles in this gel to fabricate a soft actuator or soft robot. Our modified
DN-gel, Agar/PAAm, was suitable for this purpose. During the preparation, we
employed thermal initiator instead of UV-initiator, which is popular for DN-gel, for
crosslinking. The material contains magnetic particles so that it is difficult to use
UV-light. The particles prevent from transmit the light. In this process, we employed
thermal initiator so that UV-light is unnecessary. We also propose a micro patterning
system of magnetic properties using laser scanning. CO; laser was employed for
local heating, which can make reversible transformation of gel-liquid states. Finally,
we demonstrated a simple strip soft actuator using the proposed method with DN-
gel.

Keywords: Soft actuator, Double-network gel, Agar, Magnetic particles, Magnetic

orientation

1. Introduction

Recently, double-network gels (DN-gel) have
been attracting attention as a tough gel material.
This gel was developed by Gong et al. and has the
characteristics of compression strength of 20 MPa
and elongation at break of more than 80 % [1].
Figure 1 shows an example of DN-gel sample we
tried. It is found that the gel was extremely tough.
In this study, we aim to develop a soft actuator by
dispersing magnetic powder particles in this gel
material.

The magnetic soft actuators that have been
reported so far mainly use silicone rubber as the
base material, and magnetic particles are dispersed
in it. The authors have been studying magnetic soft
actuators using this kind of silicone rubber, focusing
on biomimetic structures such as artificial cilia [2-
12] and worm-like robots [13, 14]. Silicone rubber
material is a viscous liquid material before curing.
We can make magnetic rubber by mixing magnetic
powder material with it. Also, it is possible to

Received April 1, 2021
Accepted April 27, 2021

Fig. 1. Photo of DN-gel sample (PAMPS/PAAM gel),
which has high resistance from cutting.

prepare a magnetic rubber material with magnetic
anisotropy by curing it while applying a magnetic
field. Silicone is easy to handle and is widely used
in this field because it can be prepared as magnetic
rubber by the method described above.

On the other hand, in recent years, gel
materials have been focused as flexible materials as
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well [15-18]. A gel material is a flexible material
that contains a liquid such as water in its polymer
network structure. Among them, DN-Gel is a
promising material due to its toughness. DN-gel has
a structure in which a network of two gel materials
overlap at the molecular level. When a large
deformation occurs, the first gel network collapses
first. On the other hand, the 2nd gel network
continues to bridge the 1st gel network, and at that
time, the 2nd gel molecular chain slides to relieve
the concentration of stress. This is the key
mechanism that generates toughness.

The most popular DN-gel material is made of
2 kinds of polymer materials, the 1st gel is poly (2-
acrylamido-2-methylpropane-sulfonic acid) gel and
poly-acrylamide gel. It is called PAMPS/PAAm gel.
This material was developed by Gong et al. In their
recipe, UV crosslinking initiator is used and
gelation is performed by UV light. The 1st gel
material is gelated and then immersed in the 2nd gel
monomer solution. After that, the swollen material
is irradiated with UV light, and the 2nd gel is gelated
to obtain DN-gel.

In this paper, authors propose to use DN-gel as
a matrix of a magnetic soft actuator. In order to use
DN-gel for this purpose, Gong's PAMPS/PAAm had
some problems. Therefore, we chose Agar/PAAm
gel system [19], which can be controlled by thermal
crosslinking. The reason will be described in the
following experimental section.

We also propose a new micro-patterning
method of magnetic orientation in this paper. The
agar plays an important role for this process, which
will be also explained later. This method would be
used for a new method for a 4D-printing system of
magnetic materials [16-18, 20].

2. Experimental
2.1. DN-gel preparation

We prepared 2 kinds of materials for base gels,
agar (Kantenpapa, Ina Food Industry) and
acrylamide monomer (AAm). The flow of the
preparation of the DN-gel is shown in Fig. 2. At first,
2 mass% of aqueous solution of agar was prepared
by heating, and magnetic powder (carbonyl iron
OM, BASF) with a mean diameter of 4.3 um was
mixed in it (Fig. 2a). The mixture was put in a
plastic case and it was cooled in a refrigerator at 4
°C for 1.8 ks (0.5 h). Agar gel dispersed with
magnetic particles was obtained (Figs. 2b, c). Next,
the agar gel was dipped into AAm solution for 10.8
ks (3h). The AAm solution was added 0.03 mol% of
methylene-bisacrylamide (MBAA) as crosslinker, 1
mol% of ammonium peroxodisulfate (APS) as
thermal  initiator, and 025 mol%  of

Agar (b)

(a)
solution
- +
" Magnetic
e particles
(c)
AAm solution

SO I
o | =]

15t gel with magnetic particles

w b
o o
30

Gelling 15t gel Immersion of AAm
(e) (f)
50 °C
3 3 3 60 min I
— Double-Network gel
Gelling 2™ gel

Fig. 2. Flow of Agar/PMMa DN-gel preparation.

Fig. 3. Prepared Agar/PAAm gel sample; (upper)
after knife edge cutting test, and (lower) the bent
sample after the test.

tetramethylethylenediamine (TEMED) as
hardening accelerator agent (Fig. 2d). The gel
sample was heated at 50 °C for 3.6 ks (1h) to
crosslink AAm, and finally Agar/PAAm DN-gel
was obtained (Figs. 2e, f). The material contains
magnetic particles so that it is difficult to use UV-
light. The particles prevent from transmit the light.
In this process, we employed thermal initiator so
that UV-light is unnecessary.

Figure 3 shows an example of an obtained DN-
gel sample. We checked the toughness by a
preliminary cutting resistance test. The sample was
hard to cut by a knife edge, and hard to fracture even
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in a severe bending state after testing.
2.2. Tensile test

Tensile test was performed in accordance with
JIS6251K. We used a testing machine (EZ-Test,
Shimadzu Cooperation) for the test. We prepared 4
kinds of Agar/PAAm DN-gels which contained 0, 5,
10, and 20 mass% of carbonyl iron powder. Test
specimens of the 1st and 2nd gels, which were agar
gel and PAAm gels, were also prepared. For all
samples, stress-strain relations were obtained.

Tensile speed was set at 10 mm/min for each sample.

2.3 Micro-patterning of magnetic orientation

Magnetic particles generate chain-like cluster
structures which align to be parallel to an applied
magnetic field. We can fix the cluster structures in a
gel matrix to set an anisotropic magnetic orientation
in the material. We propose a new method to pattern
the magnetic orientation in a DN-gel sheet.

Figure 4(a) shows a schematic illustration of
this process. A sheet of agar gel, which is just before
immersion of AAm, is put under an applied
magnetic field. Laser is scanned on the agar sheet to
heat and melt the agar sheet. By laser heating, the
agar is molten so that the magnetic particles can
move freely and generate chain clusters as to align
the applied magnetic field. The cluster structures are
fixed by re-gelation after cooling in the air. Agar is

(a)

CO, laser scanning

Fig. 4. (a) Schematic illustration of proposed
patterning system of magnetic orientation, and
(b) Sample photo of chain-like clusters. The
highlighted area shows laser-scanned line, where
horizontal chain-like clusters of particles were
generated.

useful for the present method as this reversible gel-
liquid change by temperature. During the laser
processing, a thin glass sheet was put on the agar
sheet not to dry it. Figure 4(b) shows obtained micro
chain clusters. The obtained agar sheet will be
processed as shown in Figs. 2(d-f).

3. Results and discussion
3.1. Tensile tests

Stress-strain curves are shown in Fig. 5. The
elongation of the 1st gel, agar, was much smaller
than any other samples. The 2nd gel showed high
elongation, while the tensile strength was less than
0.1 MPa. The DN-gel sample based on these 2 gels
improved much better in the tensile properties. The
elongation was more than 1000 % and the tensile
strength was about 0.6 MPa.

As increasing iron powder contents, tensile
properties decreased, however the tensile strength
of each sample was larger than that of the 1st or 2nd
gel. The particles might be origins of fractures in
this case. The properties could be improved by
surface treatment of powder particles, which would
cause high bonding effect between particles surface
and gel molecules.

0.7

06
Agar/PAAm gel

05 + Fe: 0 mass%

04 r Fe: 1 mass%

03t Fe: 5 mass%

Stress [MPa]

02 r Fe: 10 mass%
Fe: 20 mass% PAAM gel

0.1 f -

Agar

0.0

1 3 5 7 9 11
Strain [mm/mm]
Fig. 5 Stress-strain relationships of DN-gel

samples. The 1st and 2nd gels data were also
plotted.

3.2. Micro-patterning and actuation

We prepared a sample strip as shown in Fig. 6.
We scanned lasers in parallel lines changing the
direction of an applied magnetic field. After cutting
out, a thinner strip sample was obtained. Figure 7
shows an optical micro photo of the sample at the
area as shown in Fig. 6(a). Chain clusters were
generated in the scanned area.

The cut sample strip was set under a vertical
applied magnetic field of 0.6 T. The deformed
sample is shown in Fig. 8. Different rotational
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(a)

Laser

Gel with magnetic particles

— Ny ™

Applied magneticfields

(b)

Fig. 6. Schematic of sample preparation; (a) Laser
scanning pattern and applied magnetic fields, and
(b) dimension of cut sample.

Fig. 7. Optical micro-photo image of laser scanned
sample. The observed area is shown in Fig. 6(a) as
a square with dashed line.

moments excreted in the 3 areas caused wavy shape
change. Patterning of magnetic property was
successfully applied by our proposed method.

4. Conclusion

We proposed to use DN-gel for magnetic soft
actuators. Agar and PAAM gels were combined as
DN-gel material for this purpose. The obtained
material showed excellent tensile properties. Micro
patterning system using laser scanning was also
proposed for further application of 3D or 4D
printing. We demonstrated a simple strip sample,
which could actuate by an applied magnetic field.

The method would be useful to develop soft
robots which is bio-compatible or bio-degradable.
Micro- or nano- patterning on this kind of soft
material on the surface will be our future work [21,
22], which would improve the locomotion ability of
soft robots.

Fig. 8. DN-gel strip sample with patterned
magnetic orientation. Wavy deformation was
observed under a vertical magnetic field.
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We propose a new method to fabricate complicated 3-dimensional glass microchannels. We
employed mycelium for this purpose. Mycelium possesses a complicated, fine and three-
dimensional network structure. We cultivated mycelium in silica compounds, and
subsequently silica compounds were heated to be sintered. During this heating process, all
the mycelium was burned off and remained a fine network channel structure in a transparent
glass chip. We also tried to control of the growth of this mycelium. The growth could be
changed by growth conditions. In this work, we used cyclic mechanical stimuli for this
purpose. We set cyclic tensile strain to the sample under growing mycelium. This cyclic strain
caused anisotropic growth of the mycelium in some condition.

Keywords: Microchannel, Glass, Mycelium, Aspergillus oryzae

1. Introduction

In this paper, we employed mycelium to form
3-dimensional microchannel in a glass chip.
Microchannels are widely used for lab-on-a-chip
including organ-on-a-chip. The popular
microchannels are 2-dimensional, and most of them
are fabricated by lithography methods [1]. It is more
difficult to prepare 3-dimensional channels, some
processes have been proposed to fabricate them,
such as lamination [2-4], reverse imprinting [5, 6],
and the utilization of deformation [7-10] and the 3D
printer [11-13]. The blood vessel structure is more
complicated than that of microchannels fabricated
by these methods.

Authors utilized glass nano powder as a start
material of microchannels in this work. We have
already developed many kinds of processes to form
micropatterned sheets or other micro devices using
nano powders [14-25]. Nano powders of ceramics
and glasses are popular and already have used in
industry fields, so that it is affordable and easy to
obtain. We can form nano powder as a powder
compact by some ways. Sometimes we compress
powder; this is the simplest way to get some form.
Also, we can mix powder to polymer binder
material. The mixed compound material could show
plasticity, and we can form it easier. We have tried

7,2021
27,2021
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Fig. 1. Overview of rice-malt, Aspergillus oryzae,
employed for this work.

nano imprint lithography to fabricate a ceramic or
glass sheet with highly fine patterns on it. After
forming, powder compacts can be solidified by
heating. It is called sintering process.

Instead of forming by machines, we came up
with an idea that live organs such as plant root or
mycelium could form the nano powder compound.
Plants and fungi grow into soil which consists of
inorganic particles. Nano particles could also work
as soil. We have tried to grow plant seed on nano
particles with aqueous binder. The seed grew into
particles, and after then, we heated this “soil” with
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plant to burn off the plant and to sinter the sample.
We obtained a ceramic chip with root-shaped
microchannels [26]. Silica powder was also used for
the same procedure, and a transparent glass chip
with microcavity was obtained [27]. In this glass
chip, we could fix the structure where plant roots
were in symbiosis with arbuscular mycorrhiza.

In this paper, rice-malt, Aspergillus oryzae,
was employed to form microchannels in glass chips.
Figure 1 shows rice-malt we used in this work.
Mycelium generated a network structure in the
sample, which could be fixed as a cavity in a
transparent glass chip after sintering. It is also
important to control growth of mycelium. The
growth could be changed by growth conditions. We
used cyclic mechanical stimuli for this purpose. We
set cyclic tensile strain to the sample under growing
mycelium.

2. Experimental
2.1. Cultivation and sintering

Aqueous solution of agar and sucrose as
cultivation medium. Water was boiled, and 1 mass%
agar and 1 mass% sucrose was dissolved. The same
mass of silica powder was mixed with the solution
to obtain a compound material. We prepared
spherical silica powder (SC2500-SQ, Admatechs).
The particle size of the prepared silica powder was
about 0.5 um. We dispersed spores into water by
dipping edible rice-malt grains. The spores were
mixed into the silica compound, and subsequently,
mixed sample was poured into a plastic case. After
cooling, agar became gelatinous.

The sample was put in an incubator at 35 °C for
2 days. After growth of mycelium, the sample was
taken out from the case and was dried in an oven at
50 °C for more than 21.6 ks (6 h). Next, the dried
sample was sintered at 1400 °C for 7.2 ks (2 h). The
obtained glass samples were observed by an optical
microscope.

2.2. Cultivation under cyclic strain.

A flexible container was made using silicone
rubber (Ecoflex 00-30, SmoothOn) to be deformed.
The container was set to a hand-maid stretching
device. The container and the device are shown in
Fig. 2. In this experiment, 0.5 mass% agar gel was
used as cultivation medium. Sucrose of 1.0 mass%
was also added to the gel. Silica powder was not
used in this experiment for easy observation.

We prepared 2 kinds of samples following the
flows as shown in Fig. 3; one was an agar sample
dispersed with spores, and the others was 2 agar
sheets which sandwiched spores. Both samples in
the silicone container was set in an incubator, and

Fig. 2. (a) Stretching device, and (b) silicone
containers. The soft containers could be attached to
the device so that the linear rale could apply cyclic
strain. The cyclic motion was controlled by
microcomputer board which is also shown in this
figure.

(a) ’

/ 0.5 Hz, 10 % strain

¢ ()

Agar 0.5 % Yoo * L .
Sugar 1% _', . °

’ Incubate at 35 °C

for48h

Incubate at 35 °C
for48h

(b)
1
0.5 Hz, 10 % strain
e

|/
Clameer 1 F T F —‘

Fig. 3. Two methods for agar sample preparation.
(a) Spores were dispersed in medium. (b) Spores
were set between 2 gel sheets.

Fig. 4. Sample after cultivation (a), after drying (b),
and after sintering (c).

applied cyclic strain of 10 % at 0.5 Hz. Incubation
was carried out at 35 °C for 2 days.

3. Results and discussion
3.1. Sintered glass channel

Figure 4 shows photos of a silica sample with
mycelium after cultivation (a), after drying (b), and
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Sl i
Fig. 5. Optical micro photo of sintered glass chip.

Microchannels remained after mycelium networks
are observed.

after sintering (c). Shrinking was observed in each
step. After cultivation, a sample gel was distorted a
little, and more distortion was observed during the
drying stage, but there was less distortion during
sintering.

The sintered sample looked clear, but unclear
spots were observed inside. Spots were observed by
an optical microscope. The image is shown in Fig.
5. The spot was an area where a colony of mycelium
grew. From the microscopic image, many pores
were also observed. We have not made it clear how
these pores generated. It might be possible that
bubbles which were generated during mixing the
high viscous material had remained in the compact.
We should improve the process to remove the
bubbles.

3.1. Anisotropic growth under cyclic strain

We cultivated mycelium in 2 kinds of setup.
The first one was with a medium in which spores
were dispersed (Fig. 3a), and the other one was that
spores were sandwiched between agar sheets (Fig.
3b). Figure 6 shows the mycelium in the former
setup. There were colonies which were similar to the
result in the previous section. The growth was
isotropic that means the colony grew radially even
under unidirectional cyclic strain.

In the latter case, mycelium grew differently
between agar sheets. Figure 7 shows colonies after
cultivation. The colony which grew in a static state
was isotropic, whereas the mycelium was aligned
vertical direction, which was the same direction to
the cyclic strain.

The strain caused anisotropic growth of
mycelium. This is one possible way to control the
growth. We will try to cultivate mycelium in a silica
compound to fabricate a glass chip with controlled
grown channels. This is our future work.

Fig. 6. Colony of mycelium grown in medium
dispersed with spores at initial state.

Strain

Fig. 7. Colony of mycelia grown between 2 agar
sheets in a static state (upper), and under vertical
cyclic strain (lower).

4. Conclusion

We propose a method to form microchannels
in a glass chip by growth of mycelium. We
employed silica nano powder as a starting material
and fabricated a glass chip with fine channels. In
order to control the growth of the mycelium, we
cultivated mycelium under uniaxial cyclic strain
state. Anisotropic growth was observed in some
condition.
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This study targets development of a biomimetic technique for mitigating endoscope
surface antifouling. We specifically examined a snail's shuck, which has convexo-concave
microstructures, to achieve an antifouling function. Unfortunately, fabricating
microstructures on lens surfaces entails large costs because of technical difficulties. As one
alternative method, we fabricated microstructures on films with different PMMA
concentrations and examined their surface profiles using atmospheric pressure low-
temperature plasma. Convex structures on a low (67.4 wt%) PMMA concentration film have
a rounded tip at high RF power. When RF power is low, however, structures fabricated on a
67.4 wt% PMMA film surface were more incisive and orderly than those on a 84.4 wt%
PMMA film. Microstructures with 200-nm pitch, like a snail's shuck, were fabricated on a
67.4 wt% PMMA film when irradiating plasma at 52 W for 40 s.

Keywords: Biomimetics, Snail’s shuck, Super nanohydrophilia, Antifouling function

1. Introduction

For today's medical care, laparoscopic surgery is
commonly used to reduce postoperative burdens on
patients. During the operation, steam, blood, and
body fluids adhere to the endoscope lens surface.
Therefore, endoscope must be taken out of the
patient’s body frequently to wash the lens. Those
interruptions not only extend the operation time:
they increase burdens on the patient. These
shortcomings can be resolved by fabricating
microstructures on the lens surface to provide
antifouling functionality.

We specifically examined a snail shuck surface to
achieve an antifouling function. This surface has
convexo-concave microstructures. When the
surface is covered with water, a thin water film is
formed on the surface. This water film can repel
smears and provide superior antifouling

Received March 31, 2021
Accepted April 28, 2021

functionality. This structure, designated as a super
nanohydrophilic structure, has antifouling function
for repelling oil-containing proteins. This super
nanohydrophilic effect can be achieved by
fabricating convexo-concave microstructures at 200
nm pitch, thereby mimicking the snail's shuck, on
the lens surface [1]. This technique, called
biomimetics, artificially mimics widely diverse
functions possessed by living organisms in the
natural world [2]. For this study, we used
biomimetics to develop a surface antifouling
function improvement for use with endoscopy.

The base lens material of the endoscopic
instrument is glass. Because of the related technical
difficulties, fabricating microstructures on its
surface is costly. An alternative to methods for
direct processing of glass is desired. We suggest a
method of fabricating microstructures on the
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polymer surface to coat a glass substrate because the
polymer can be processed easily.
Polymethylmethacrylate (PMMA) is an appropriate
polymer for our suggested method because of its
high transparency. We used an atmospheric pressure
low-temperature plasma [3, 4] to fabricate
microstructures. We irradiated the PMMA surface
using plasma and examined the relation between the
irradiation time and surface profile. We report
results of the present study hereinafter.

2. Experimental
2.1. PMMA film preparation

Spin-coating and baking conditions were
adjusted such that the initial PMMA film thickness
was 4.00 £ 0.30 pm. Table 1 shows the PMMA film
formation conditions. After the PMMA (Sigma-
Aldrich Corp., LLC, Mw=15,000) was dissolved in
lactic acid ethyl (Wako first Grade; Fujifilm Wako
Pure Chemical Corp.), the solution concentration
was 30.0 wt%. The solution was spin-coated onto a
glass substrate (1 mm thickness, 76x52 mm?
S9111; Matsunami Glass Ind., Ltd.,) using a spin-
coater (K-359 S-1; Kyowa Riken Co., Ltd.). After
pre-baking of the substrate in an oven (CLO-2AH;
Koyo Thermo Systems Co., Ltd.), the initial film
thickness was measured using a surface profiler
(Surfcom 480A; Tokyo Seimitsu Co., Ltd.). The
PMMA film concentration was calculated by
weighing the substrate before and after baking.

2.2. Plasma treatment

Each sample substrate was irradiated with
plasma. Figure 1 portrays a plasma treatment
equipment diagram. RF power supply (Pearl Kogyo
Co., Ltd.) was used to generate an atmospheric
pressure low-temperature plasma. The RF power
was of two conditions: 52 W and 67 W. Its
frequency was 13.56 MHz. The He gas (>99.99%;
Takamatsu Teisan Co.) flow rate was fixed at 1.40
slm using two mass flow controllers (SEC-
400MK2; STEC Inc.). The O; gas (=99.5%; Iwatani
Sangyo Corp.) flow rate was fixed at 4.0 sccm using
another mass flow controller (SEC-400MK3; STEC
Inc.). The He/O» mixture was introduced into a glass

Gases inlet
Electrode

- strut

Glass tube

Electrode
- strut

Jet-like
atmospheric
pressure low
temperature

plasma

o Stage

RF power supply

Fig. 1. Diagram of plasma treatment equipment.

tube with 2.5 mm inner diameter and 4.0 mm
external diameter. The inter-electrode distance was
12.5 mm. The electrodes were separated from the
stage by 7.0 mm. The distance between the glass
tube tip and the stage was 5.0 mm. The plasma
irradiation time per irradiation was 10 s. This was
one set; it was repeated several times. A small
thermocouple (ST-56 K-CA 0200 N-N; RKC
Instrument Inc.) was used for surface temperature
measurement during plasma irradiation. The surface
profile after irradiation was examined using an
atomic force microscope (AFM). The relation of the
surface area to the surface roughness to the plasma
irradiation condition was evaluated. The evaluation
area of AFM was 5 x 5 um?. The surface coarseness
and the surface area were analyzed from AFM
results using WSxM [5].

3. Results and Discussion
3.1. Relation between plasma power and film
thickness

Figure 2 shows the normalized PMMA film
thickness dependence on the plasma irradiation time.
For both RF power conditions, the normalized film
thickness at 84.4 wt% was greater than that at 67.4

Table 1. Conditions for preparing films with different PMMA concentrations

PMM[.‘ . Rotation rate Rotation time Baking Baking PMM[.‘ .
concentration in . . . . . . concentration in
. in spin-coating  in spin-coating temperature time
solution [rpm] Is] °C] Is] film
[Wt%] P [Wt%]
30.0 2400 20 100 60 67.4
30.0 1900 20 200 600 84.4
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wt%. For RF power 67 W and irradiation time of
2040 s, the etching rate of 67.4 wt% was 9.2
um/min. That of 84.4 wt% was 10.3 um/min. In
both PMMA films, the film thickness became zero
with irradiation time of approx. 50—60 s. The
substrate surface temperature achieved during
plasma irradiation was 102 °C. The temperature
decreased to 47 °C within 15 s after plasma
irradiation ceased. The glass-transition temperature,
ceiling temperature, and pyrolytic temperature of
PMMA were, respectively, 108 °C [6], 220 °C [7],
and 327 °C [8]. The decomposition temperature by
thermal oxidation is generally lower than the
pyrolytic temperature [8]. Although a simple
estimation, the temperature achieved during plasma
irradiation increased by 23 °C at the second and
subsequent  times. Therefore, the surface
temperature presumably reaches 150 °C after four
plasma irradiation iterations. Because the pyrolysis
and thermo-oxidative decomposition must be minor
in this temperature range, film thickness is unlikely
to decrease. This large etching rate might be
ascribed to decomposition by O radicals produced
by the Penning effect [9, 10]. The etching rate of
approx. 10 pm/min is much higher than the removal
rate for an organic film under dry processing [11—
14]. At 67 W, the PMMA surface must be exposed
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Fig. 2. Dependence of normalized PMMA film
thickness on plasma power.

Table 2. Etching rate of each PMMA film at 52 W
PMMA Plasma

concentration irradiation Etching

i ; rate

in film time i
[wt%] [s] H
674 2040 1.19
67.4 80-120 33
84.4 20-40 0.40
84.4 80120 3.0

to an intense reaction field.

At 52 W, a substrate surface temperature of 86 °C
is presumably reached during plasma irradiation.
The temperature decreased to 42 °C within 15 s after
plasma irradiation ceased. This reaction field is less
intense than the field at 67 W. Distinguishing the
change of film thickness can be done easily by
observing differences of PMMA contents. Results
show that the film thickness with small PMMA
content decreased compared with that of film with
large contents.

Results presented in Fig. 2 indicate that the film
thickness slope changed at irradiation times of 40—
80 s. Table 2 shows the etching rates of PMMA
films. The etching rate of 67.4 wt% PMMA film was
three times higher than of 84.4 wt% PMMA film
with irradiation time of 20-40 s. However, the
different etching rates of the films were 10% with
irradiation time of 80-120 s. The difference in
etching rates by the irradiation time might be
ascribed to increased substrate temperature through
repeated exposure to plasma. At 52 W, the
temperature achieved during plasma irradiation
increases by 17 °C per iteration at second and
subsequent times. When the plasma is irradiated
more than five times, the surface temperature
presumably reaches 150 °C. Even when the RF
power is 52 W, O radicals must be produced by the
Penning effect. Although the O-radical population is
smaller at 52 W than at 67 W, the decomposition
reaction proceeds at either RF power. The
decomposition reaction by O radicals can be more
active at 150 °C and higher temperatures. Therefore,
the higher etching rate at 40-80 s is probably
attributable to this active reaction. The 67.4 wt%
PMMA film vanished during exposure to plasma
within 130-150 s. The 84.4 wt% PMMA vanished
within 160-170 s.

Figure 2 and Table 2 show that the film thickness
changes that occur with respect to the plasma
irradiation time differ depending on the PMMA
concentration. Etching by plasma proceeds by
active species produced in plasma [15, 16]. In this
experiment system, O radicals must be among the
main active species. This reaction is classified as a
surface reaction. The reactant concentration is
regarded as constant because etching constantly
renews the surface. In this case, the etching rate
increases concomitantly with increasing O-radical
density. When the RF power is constant, its density
1s also constant. Under these conditions, the
concentrations of the reactant PMMA differ. For a
low PMMA concentration, the etching rate is
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expected to be large. The etching rate of the 67.4
wt% PMMA film was higher than that of the 84.4
wt% PMMA film. Consequently, the results
presented herein are inferred as reasonable.

3.2. Relation between plasma irradiation time and
surface microstructure at 67 W

Figure 3 portrays surface morphologies and
profiles of PMMA films irradiated by plasma at 67
W. Table 3 shows the full width at half maximum
(FWHM) and height of a convex superior portion,

the surface roughness, and the surface area. At both
irradiation times, the nose shape of the convex
structure on the 84.4 wt% PMMA film was more
incisive than on the 67.4 wt% PMMA film. The
height in the convex superior portion on the surface
of each PMMA film was approx. 20—40 nm. For 20
s irradiation time, the FWHM of 67.4 wt% was 15
nm wider than that of 84.4 wt%; its variation was
also 27 nm larger. The aspect ratio of the 67.4 wt%
PMMA film was 0.12. That of the 84.4 wt% was
0.15. At 40 s irradiation time, the FWHM of 84.4
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Fig. 3. Surface morphologies and profiles of PMMA films irradiated plasma at 67 W.

Table 3. Analysis of surface profiles of PMMA films irradiated plasma at 67 W

PMMA FWHM

Height

. Plasma Surface
concentration S at convex at convex Surface area
. irradiation time roughness )
in film [s] structure structure [nm] [um=]
[wt%] [nm] [nm]
67.4 0 : : 0.32+0.06 25.03 £0.01
67.4 20 93+43 114+£3.6 3.01+£1.25 25.37+0.19
67.4 40 220+24 141+1.38 4.88+0.41 25.31+0.17
84.4 0 : : 0.44+0.20 25.04 +0.03
84.4 20 78 £ 16 11.9+42 2.96 +0.45 25.60 +0.03
84.4 40 89+ 16 10.9+1.5 3.17+0.02 25.39+£0.01
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wt% film was 11 nm wider than that at 20 s. This
aspect ratio was 0.12. However, the ratio of the 67.4
wt% PMMA film decreased to 0.07.

The surface roughness of the plasma
unirradiated surface was small. Its surface was
nearly equal to the projected area (25 pm?). This is
an optical flat surface. The 84.4 wt% PMMA film
roughness changed little despite changes in the
plasma irradiation time. At 20 s, the averaged
roughness of the 67.4 wt% PMMA film was about
equal to that of the 84.4 wt% film, but its variation
was much greater. At 40 s, the roughness of the 67.4
wt% PMMA film was 1.5 times greater than that of
the 84.4 wt% film. Even then, however, the surface
area changed little.

The thickness of the 84.4 wt% PMMA film as
about 20% when the irradiation time was 40 s (Fig.
2). However, the glass substrate becomes exposed
on the 67.4 wt% PMMA film surface (Figs. 2 and 3).
The reaction field of 67 W is intense. For that reason,
the PMMA surface must be heated locally. In this
situation, PMMA is heated to its melting
temperature, which is around 160-220 °C [17-19].
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Fig. 4. Surface profiles of PMMA films irradiated with
plasma at 52 W.

It is probably softened. This large convex structure
might be fabricated by mutually coalescing with
some small convex structures. Consequently, large
roughness is obtainable for 67.4 wt% PMMA films
for 40 s irradiation time.

3.3. Relation between plasma irradiation time and
surface microstructure at 52 W

Figure 4 portrays surface profiles and profiles of
PMMA films irradiated by plasma at 52 W. Figure 5
portrays the relation between FWHM and the
convex structure height portrayed in Fig. 4, in
addition to the plasma irradiation time. When the
irradiation time is 130 s, the 67.4 wt% PMMA film

thickness vanished. The glass substrate was exposed.

Even the 84.4 wt% PMMA film was very thin. In
this situation, convex structures are heated to the
melting temperature. They are probably softening.
The neighboring convex structures might mutually
coalesce. For that reason, results obtained at 130 s
are excluded from Fig. 5. As shown in Figure 5(a),
the convex structure width shows similar tendencies
in both PMMA films. This width increases slightly
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W.
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with increasing irradiation time. As shown in Figs.
4 and 5(b), the convex structure height differed
according to the PMMA concentration. Structures
fabricated on the 67.4 wt% PMMA film surface
were more orderly than those on the 84.4 wt%
PMMA film. The 67.4 wt% PMMA film height was
approx. 5—10 nm higher than the 84.4 wt% PMMA
film height.

Figure 6 portrays the relation between the
surface roughness, area, and irradiation time in a 5
x 5 um? area. As depicted in Fig. 6(a), the 84.4 wt%
PMMA film surface roughness increases in direct
proportion to the irradiation time. However, for the
67.4 wt% PMMA film, its roughness increases at a
high rate at 20 s; it subsequently increases gradually.
At irradiation time of 100 s, the surface roughness
of the 84.4 wt% PMMA film is greater than that of
the 67.4 wt% PMMA film. The results shown in Fig.
6(b) suggest that the surface area is maximized at
irradiation time of 40 s. That tendency is the same
for both PMMA films. The area of the 67.4 wt%
PMMA film was larger than that of 84.4 wt%
PMMA film. At irradiation time of 100 s, the surface
roughness of the 84.4 wt% PMMA film is large, but
its surface area is rather small. Under these
conditions, as portrayed in Fig. 4, the large convex
structures increase, instead of decreasing in small
structures. As presented in Fig. 5, FWHM increases
concomitantly with increasing irradiation time. In
principle, the surface area decreases concomitantly
with decreasing convex structures, which show a
high aspect ratio. Therefore, the surface area is
considered to increase little as the surface roughness
increases in the case of the 84.4 wt% PMMA film.

As Table 1 shows, films with different PMMA
concentrations were fabricated by adjusting the
preparation conditions. When baked in an oven, the
PMMA film is heated from all directions. The
solvent in a film volatilizes mainly from the film
surface. The solvent on the substrate side moves to
the surface side because a glass substrate exists at
the bottom of the film. Some of the solvent cannot
arrive at the surface: it remains in the film. Passages
through which vaporized solvents moved in the
polymer film, perhaps become open ceiling space.
Micropores, which are exits, might form on the film
surface. Figure 7 shows AFM images and surface
profiles without plasma irradiation. The concave
area can be confirmed on the surface, which is
seemingly flat. The number of the concave areas on
the 67.4 wt% PMMA film is greater than that on the
84.4 wt% PMMA film. In the 84.4 wt% film, large
concave areas are formed, but they are few. Such
large concave areas might be ascribed to bundling
of the open ceiling space because of the high

PMMA concentration. Generally, a solvent takes
heat from the environment as it volatilizes. The
vaporization heat of the solvent retained in the film
might suppress the temperature increase, even when
the surface is heated by plasma irradiation. The
solvent is lactic acid ethyl, with a boiling point of
155 °C. The 67.4 wt% PMMA film is pre-baked at
100 °C for 60 s. However, the 84.4 wt% PMMA film
is pre-baked at 200 °C for 600 s. Some small amount
might be left in the solvent in the 84.4 wt% PMMA
film. Therefore, as portrayed in Figs. 4-6, a more
orderly convex structure might be fabricated on the
67.4 wt% PMMA film than on the 84.4 wt% PMMA
film.

Convex structures with 200-nm pitch were
fabricated on the 67.4 wt% PMMA film when
irradiating plasma at 52 W for 40 s. The passages of
volatilized solvents can play a role in fabricating
microstructures. Because of different experiment
conditions used for this study, direct comparison
might be difficult, but at least two conditions, which
are an approx. 0.1 um/min etching rate and approx.
108 °C (T of PMMA [6]) temperature, have been
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reported as important for fabricating
microstructures on PMMA [20]. Present conditions
might not be desirable because etching rates are
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Fig. 7. Surface morphologies and profiles of PMMA
films without plasma irradiation.

very high at any RF power. At least threefold
improvement in the aspect ratio might be necessary
to achieve good antifouling functionality [21-23].
As subjects for future study, we intend to clarify
microstructure formation mechanisms and to
develop techniques for their control.

4. Conclusion

For this study, after fabricating microstructures
on films with different PMMA concentrations, we
examined their surface profiles using atmospheric
pressure low-temperature plasma.

Using RF power of 67 W, the etching rates of
PMMA films were around 10 pm/min. The film
surface must be exposed to intense reaction fields.
The surface temperature reaches more than 150 °C
by local heating. The convex structure on the film
with low PMMA concentration (67.4 wt%) has a
rounded tip. For the high concentration (84.4 wt%)
film, the nose structure shape remains incisive.

For RF power of 52 W, the etching rate was a few
micrometers per minute. This reaction field is
milder than the field at 67 W, but the surface
temperature exceeds 100 °C. Structures fabricated
on the 67.4 wt% PMMA film surface were more
incisive and orderly than those of the 84.4 wt%
PMMA film.
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Water-repellent surfaces that mimic various water-repellent surfaces of living things have
been developed using photolithography technology. The water-repellency of water striders in
particular has gotten a lot of attention. Micro-hairs on their legs are tilted and curved at the
tip. These curving micro-hairs contribute to water-repellency properties and various reports
have considered the property origins. However, the water-repellency function produced by
the curved micro-hairs has not been compared with the dynamic situation (when water
striders are rowing their legs), that is when there is a directly measured leg-rowing force.
Therefore here, first we discussed water-repellent properties using the relationship between
Laplace pressure and water pressure caused by rowing of the insect legs. In order to obtain
the Laplace pressure when affected by the curved micro-hairs, a water-repellency model was
proposed. To construct this new model, we measured the morphological information of
micro-hairs on the tip of the middle leg (tarsus and pretarsus) and fit the curved properties of
the micro-hairs to a log function. Then, the water-repellency model was constructed with the
fitting curve. As a result, we derived the maximum value of Laplace pressure AP as 3.4 kPa.
This maximum value was sufficiently larger than the water pressure (546 Pa) caused by the
rowing motion of the water strider’s middle leg. Thus, we concluded that the water-repellent
function due to the curved micro-hairs worked when the water strider was rowing its legs.
Keywords: Laplace pressure, Micro-hair, Surface morphology, Surface tension, Water
repellency, Water strider

1. Introduction

Hydrophobic-hydrophilic surfaces in engineering
fields have been developed using photolithography
technology. This technology allows nano- and
micro-scale structures to be fabricated on the
surfaces [1-6]. The micro-structures are fabricated
on various surfaces to obtain hydrophobic-
hydrophilic surfaces. The surfaces which are
realized by photolithography technology have
various applications. For example, the surfaces are
applied for functions such as decreasing liquid
friction and directionally controlling droplet slip [1],
implementing the water harvest function via dewing
[3], and implementing the self-cleaning function [6].
In order to control the surfaces more reliably, there
is also a hierarchical structure that combines

Received April 4, 2021
Accepted May 6, 2021

photolithography technology and emulsification [5].

Because photolithography technology can make
micro-scale structure arrays, it has been used to
produce surfaces mimicking surfaces of various
living things. The water-repellency function of
micro-structures is of interest in biomimetic
approaches and engineering applications. Water
striders have many micro-hairs on their leg surfaces
(Fig. 1). The micro-hairs have a water-repellency
function and the legs are not wetted by water [7-11].
This water-repellency function can be explained by
the Cassie-Baxter state of wetting [7-9]. Micro-hair
structure has been mimicked by various techniques
in the development of water-repellent surfaces [12-
17].
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Fig. .
water strider’s leg (around the tarsus and pretarsus).
The micro-hairs are tilted on the leg surface, and the
tip of each micro-hair is curved.

Microscopic image showing the surface of a

In order to develop more effective water-repellent
surfaces, the relationship between the water
strider’s micro-structures and the water-repellency
function needs to be better understood. Therefore,
previously we proposed a water-repellency model
of the water strider [18]. Micro-hairs present on the
legs are tilted (Fig. 1) and tilted micro-hairs are
recognized to enhance water-repellency [19]. Tilted
micro-hairs interact with the free surface to generate
directionally anisotropic adhesive forces that
facilitate locomotion [20]. Additionally, the
horizontal arrangement of micro-hairs provides
better resistance than the simply tilted and randomly
arranged micro-hairs [19]. In order to keep the
horizontal arrangement, micro-hairs are bent over at
the tip in a curve (Fig. 1) [21]. Because the micro-
hairs are curved toward the tip of the legs with the
tips of the distally tapered micro-hairs pointing
downward, our previous model considered that the
micro-hairs were cylindrical and in a parallel series.
In our previous study [18], we focused on the water
surface which contacts with the micro-hair surface
(cylindrical curved surface) at the top of the micro-
hair bend (where the hairs are horizontally laying).
In that study, we also considered the dynamic
situation in which the water strider was rowing its
legs, and we compared Laplace pressure calculated
by the previous model and the water pressure
calculated from directly measured leg-rowing force.
The leg-rowing force was measured directly with a
special system [22].

For the next stage, in this study, we have looked
at the relationship between the water surface and the
curved tip of the micro-hairs. We assumed that this
curve enhanced the water-repellency function in the
dynamic situation because tilted micro-hairs were
effective for enhancing water-repellency. However,
the water-repellency function produced by the
curved micro-hairs was not compared with the

dynamic situation (i.e., when the water strider is
rowing its legs) with the directly measured leg-
rowing force. When water striders move on water
surfaces, water is not pushed into the space between
the micro-hairs by the water pressure caused by the
leg-rowing motion. If the excess pressure outside
the space is larger than the maximum Laplace
pressure, the water surface is forced into the space
between the hairs. This means that the water-
repellency properties of the legs are lost.

In this study, we measured morphological
information of the micro-hairs and proposed a
water-repellency model. Then, we compared
Laplace pressure calculated by our new model to the
water pressure derived from the directly measured
leg-rowing force. By using the new model, we
showed the deformation condition of the water
surface contacting with the micro-hairs when the
pressure changed.

2. Observation of water strider micro-hairs
2.1. Insect specimen

Water striders (Aquarius paludum paludum) were
collected from a pond on the Suita campus of Osaka
University (Suita, Osaka, Japan). After the initial
collection, they were fed and propagated in an
aquarium (at room temperature, from 20 to 25 °C)
until they became adults. Microscope observations
were made for one adult female insect.

2.2. Observation of micro-hairs

Micro-hairs on the surface of a middle leg tip
(tarsus and pretarsus) of one adult female insect
were observed through a microscope (ECLIPSE
Ti2-E, Nikon Corporation, Tokyo, Japan) under 30x
magnification (Plan APO 20x/0.75 DIC N2 with
1.5x magnification function of the microscope). The
observation was carried out in the atmosphere.
Microscopic images were captured with a CCD
camera (DFK21AU618.AS, The Imaging Source
Asia Co., Ltd., Taipei, Taiwan).

2.3. Measurement of morphological information of
micro-hairs

Image analyzing software (ImageJ 1.53a) was
used for all the morphological information
measurements of micro-hairs. Coordinate data of
the upper outline (blue dotted line of Fig. 2-a) of the
micro-hairs were obtained by the “Multi-point” tool.
Coordinate data of points were obtained from the tip
of the micro-hair to the end point of the curved
portion. We selected one micro-hair from each of
five microscopic images obtained for the tip of a
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(b)

Fig.2. Morphological information is acquired from
microscopic images. Coordinate data of points are
obtained from the tip of the micro-hair to the end
point of the curved portion (a). Distance L between
the tips of two micro-hairs is obtained (b).

middle leg of one adult female and analyzed five to
seven points along the hair in each image.

Distance between two selected micro-hairs “L”
was measured. To do this, the tip of one micro-hair
and that of another were connected by a line drawn
by the “Straight” tool (Fig. 2-b). Then, the length of
a line which connected the tip of one micro-hair and
an intersecting point of the line and the outline of
the other micro-hair was measured. We analyzed 20
different distances in each of the five microscopic
images (the same images used for measuring
coordinate data of points).

2.4. Curve fitting of the micro-hair outline

Because the profile was similar to a log function,
the outline curves of the tip of the micro-hair (blue
dotted line; Fig. 3) were fitted by Eq. 1.

fey=axep(-3) (O

Here “a” and “b” are constants. We assumed that the
coordinate of the tip of a micro-hair was the zero
point. In order to calculate the constants, the “solver”

Outline: f(x)

d P
Slope: af(xa)

(xq, f(xa)

~

<
g_'i’_"‘i’l____ 0 *
Fig. 3. Tangential line at point A where the outline

of a micro-hair and the water surface are contacting.
The slope of the tangential line (w;) is derived from
the differential of the fitting curve.

which was an add-in of Excel (Microsoft Office
2019, Microsoft Corporation, WA, USA) was used.
All measured coordinate data of points (in each of
five microscopic images) were coupled and fitted in
one fitting curve.

3. Water-repellency model of curved micro-hairs

We considered a relationship between the water
pressure around the micro-hairs and the intersection
of the surface of the micro-hairs and the water
surface. For simplification, we did not consider the
shape of the micro-hair tip or the behavior of the
water surface on the micro-hair tip. Additionally, we
did not consider micro-hair deformation by the
water surface.

First, we explain the relationship between the
morphology of the curved micro-hairs and that of
the water surface. Figure 4 shows a cross-sectional
image for the micro-hairs contacting with a
deformed water surface. The morphology of the
water surface between micro-hairs was assumed to
be a simple sphere (each curvature is the same)
(center, O, radius, R). The water surface contacts at
point A, and the contact angle between the water
surface and the surface of the micro-hairs is ¢ at
point A. The angle between the water surface and
the horizontal line is 8 at point A. The angle between
a tangential line of the outline of the micro-hair and
the horizontal line at point A is w;. The angle
between the tangential line of the outline of the
micro-hair and the vertical line is w; at point A. The
distance between the micro-hairs is L. The distance
between the center of two neighboring micro-hairs
and point A is /. The angle w, is shown as Eq. 2 (Fig.
3).
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Fig. 4. Cross-sectional image of the deformed shape of the water surface that contacts with the curved micro-hairs.
Brown areas are the micro-hairs, the blue area represents water, and the white area is the air layer.

or=tan f) @)

The angle 4 is shown as Eq. 3.
0=90°—¢—w,
Sw—@ 3)
The radius R is shown as Eq. 4.
l
- sLin 6
E+x

- sin @ (4)

Then, we explain the relationship between the
water pressure around the micro-hairs and the radius
R. By taking account of the surface geometry of the
water surface, the water pressure can be given by
the Laplace pressure. The Laplace pressure AP is
shown as Eq. 5.

1,1
AP = Y (E + E) (5)
Here R and R’ are the curvatures of the water surface,
and y is surface tension of water. Because the
geometry of the water surface is assumed to be the
simple sphere and R and R’ are the same value, Eq.
6 is gotten.

_ %
4P =2 (6)

By substituting Eq. 2, Eq. 3 and Eq. 4 into Eq. 6, we

get the water pressure (Laplace pressure 4P).

4. Results
4.1. Morphological information of water strider’s
micro-hairs

Figure 5 shows the coordinate data of the upper
outline of the micro-hairs and the fitting line. By
fitting coordinate data of points of the micro-hair tip
to Eq. 1, we obtained the constants “a” and “4”. The
fitting curve is shown as Eq. 7.

fO)=18597 xexp(-===) (1)

The distance between micro-hairs “L” was 12.9 +
6.6 um (mean + SD).

4.2. Relationship between the water pressure around
the micro-hairs and the intersection of the surface of
the micro-hairs and the water surface

By using Eq. 2, Eq. 3 and Eq. 4 in Eq. 6, we can
get the relationship between the water pressure
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Fig. 5.  Fitting curve (orange dotted line) and

coordinate information of the surface of the micro-
hairs (blue points). Five micro-hairs are used to get
coordinate information.

(Laplace pressure 4P) around the micro-hairs and
the intersection of the surface of the micro-hairs and
the water surface. By assuming the surface tension
of water y as 72.75 um and the contact angle
between water and micro-hair 6 as 124.8 © [23], Fig.
6 is gotten. When x is below 2.62 pm, AP increases
as x decreases (/ decreases). When x is zero, 4P is
3.4 kPa and this value is the maximum Laplace
pressure (R =42.8 um). When AP is zero, x is about
0.32 pm.

5. Discussion

Micro-hairs found on water strider legs are tilted
and bent over at the tip. These curved micro-hairs
are observed on surfaces of various insects and
contribute to water-repellency properties and
pressures (plastron pressure and Laplace pressure)
which contribute to respiration [21,24]. However,
most reports have considered the water-repellency
model of curved micro-hairs in a static situation.
The water-repellency function has not been
compared with a dynamic situation (when the water
strider is rowing its legs) with directly measured
leg-rowing force. Therefore, we discuss water-
repellent properties using the relationship between
Laplace pressure which is derived from the newly
proposed model of curved micro-hairs and water
pressure caused by rowing of the insect middle legs.

Figure 6 shows the relationship between the
Laplace pressure 4P and distance x when the water
surface contacts at the micro-hair tip. When x is
below 0.32 um, AP becomes positive. This means
that the water surface contact point A moves toward
the micro-hair tip, and the shape of the water surface
becomes a convex curve (Fig. 6-a). On the other

hand, when 4P becomes negative, the shape of the
water surface becomes a concave curve (Fig. 6-b).
When x is below 2.62 um, AP increases with a
negative correlation and the maximum value is 3.4
kPa (x = 0 um). When 4P exceeds the maximum
Laplace pressure, the water surface contact point A
is on the tip of the micro-hair, and the micro-hair

pierces the water surface, putting the tip in the water.

Then the water-repellency function of the micro-
hairs may be lost. The above discussion shows that
the micro-hair tips of the water strider provide the
water-repellency function by their curved shape. In
fact, one study has reported that the curved micro-
hairs of insects contribute to water-repellency [21].

The maximum Laplace pressure derived by this
study is smaller than the Laplace pressure (35.2
kPa) derived from the model considering the
horizontal arrangement of micro-hairs (as cylinders)
[18]. Additionally, the maximum pressure is
considered in this study as under a static situation
(micro-hairs touch on the water surface statically).
Regarding the question: “Does the water-repellency
function of the curved micro-hairs work in the
dynamic situation when the water strider is rowing
its legs?” we see that the value derived in this study
is sufficiently larger than the water pressure (546
Pa) caused by the rowing motion of the water
strider’s middle leg and calculated from directly
measured leg-rowing force [18]. The water pressure
was calculated from directly measured leg-rowing
force. Therefore, we consider that the curved micro-
hairs can contribute to the water-repellency function
in rowing motion of the insect.

Because our new model considers only the
curved micro-hair structure, a more accurate model
is needed. However, even comparison at the order
level of AP derived by the new model and the water
pressure derived by leg-rowing force shows that the
water-repellent function of the curved micro-hairs is
also effective for a dynamic situation such as when
the water strider is rowing its legs. In the future, we
will propose a model the fuses morphological
information such as the curved tip shape and the
cylindrical surface of the micro-hairs and discuss
their water-repellency properties in more detail.

6. Conclusion

In this study, we looked at the water-repellent
properties resulting from the curved micro-hairs of
water striders. First, we measured morphological
information of the micro-hairs and the curved shape
of the micro-hairs was fit to the log function. Then,
the water-repellency model was constructed with
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Fig. 6. The relationship between the water pressure around the micro-hairs and the position of intersection point of
the surface of the micro-hairs and the water surface. The maximum Laplace pressure is obtained as 3.4 kPa.

the fitting curve. As a result, maximum value of
Laplace pressure AP is derived as 3.4 kPa from the
model when the water surface contact at the tip of
the micro-hair. The maximum value was considered
in statically situation (without the rowing of insect’s
legs). However, the maximum value is sufficiently
larger than the water pressure (546 Pa) caused by
the rowing motion of the water strider’s middle leg.
Thus, it is considered that the water-repellent
function by bending micro-hairs works when water
strider rowing its legs.
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Biomimetics (or biomimicry) is a field of technologies based on imitating various
functions and properties of organisms. Waterproof products, which are inspired by lotus
leaves with super-water-repellent fine structures, are a well-known example of biomimetics.
The present study examined the surface structure of snail shells, which exhibit oil repellency
(oleophobic property). Snail shells have nanoporous structures with nanoholes on the scale
of 200400 nm. When water enters these nanoholes, the surface is covered by thin water
films. The oil can be repelled by the water film. These structures are known as
superhydrophilic nanostructures. An earlier report discussed our efforts to create such
nanostructures using a nanoimprinting method and assessed the feasibility of application to
the inner walls of biliary stents. This involves a labor-consuming two-stage process
involving creating nanostructures on a film surface, then rolling the film into a tube. In
addition, the nanoimprinting mold made via electron beam lithography is costly and
unsuitable for mass production.

To overcome these issues, we sought to develop elemental technologies for providing
antifouling properties to biliary stents, which are made of polyethylenes (PEs), by forming
nanostructures directly on the inner surface, using atmospheric pressure low-temperature
plasma. We formed nanostructures on the inner walls of PE tubes of varying diameters
under varying plasma conditions. We then examined the resulting structures and effects of
the antifouling properties thus imparted.

Keywords: Biomimetics, Snail shell structure, Super-nanohydrophilic (structure), Bile
duct cancer, Biliary obstruction, Biliary stent, Atmospheric pressure low-temperature

plasma
1. Introduction of a substrate surface independent of substrate shape.
Applying biomimetics, we sought to develop Biomimetics seeks to create artificial structures that
technologies to improve the antifouling properties imitate diverse functions exhibited by living
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organisms [1-3].  As the saying goes, There are no
dirty snails, snail shells have long been known to
exhibit superior antifouling performance. Snail
shells feature nanoporous surface structures on the
scale of 200 nm—400 nm (Fig. 1).

b

Snail shell structure.

Fig. 1.

Water entering these nanoholes forms a thin film
of water on the surface, which repels oil and other
fouling  substances. Referred to as
superhydrophilic nanostructures, these films exhibit
antifouling properties, repelling oils containing
proteins, etc. (Fig. 2).

Film of water
Guttulate

About 200nm

| |

Fig. 2. Mechanism of the production of antifouling
properties by superhydrophilic nanostructures.

Thus, we might expect to produce antifouling
properties  (super-nanohydrophilic effects) by
forming such convex-concave nanoscale structures
replicating snail shells on polymer surfaces. An
earlier report discussed our efforts to form
nanostructures on the surface of an acrylic polymer
substrate by nanoimprinting, after which the
polymer sheet was rolled into a tube to produce
prototypes of biliary stents with antifouling
properties [4, 5]. However, this approach
involved creating a nano-mold using electron beam
lithography and forming nanostructures using a
nanoimprinting method.  Lithography requires
special facilities and equipment and entails high
costs.  Additionally, current nanoimprinting and
lithographic technologies are generally suitable
only for flat substrates; they are not designed to
create nanostructures directly on the inner walls of
a tubular substrate. In the present study, we used
the atmospheric pressure low-temperature plasma
method [6, 7] to develop a technology for imparting
enhanced antifouling performance to the surfaces of
tubular materials, regardless of substrate shape.

2. Biliary Stents with Antifouling Properties

Figure 3 shows the relative positions of the liver,
gall bladder, and bile duct. Bile is a fluid secreted
by the liver that activates lipase, a digestive enzyme
that facilitates the dissolution of oils in water and
assists in the digestion and absorption of lipids.
The main constituents of bile are bilirubin (an end
product of red-blood cell breakdown), cholesterol,
and bile acid [8]. Bile is temporarily stored in the
gall bladder before being excreted to the duodenum.
Biliary strictures attributable to bile duct cancer [9]
or bile duct obstructions inhibit the flow of bile from
the gall bladder to the duodenum, bile may flow
back into the liver, resulting in icterus or, if left
untreated, even fatal hepatic failure. Treatment to
secure a passage for bile flow often involves a
surgical procedure called endoscopic biliary
stenting (EBS) [10, 11].

Two types of biliary stents are -currently
available: metallic stents and plastic stents [11].
Most EBS procedures involve plastic stents.
Figure 4 is a photograph of a straight plastic stent.
Each end has a flap, and each section of the tube
beneath the flap has an opening.
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Fig. 3. Biliary tract structure and example of endoscopic biliary stenting procedure.

Fig. 4. Plastic stent (straight type, Boston Scientific Corporation).

Conventional stent Stent developed in this study
The structure of snail shells

O™

i The gelin bile

Y The gel in bile

Cross-sectional of stents About 200nm

Fig. 5. Comparison of conventional stent and antifouling stent (schematic image).
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Figure 5 is a schematic image comparing an
antifouling stent to a conventional stent. In efforts
to produce a surface that repels fluids containing
oils, such as bile, we believed the structures found
on snail shells, which exhibit super-nanohydrophilic
effects in the presence of water, appeared likely to
prove effective in creating an occlusion-resistant
biliary stent.

We sought to develop elemental technologies for
imparting antifouling properties to the inner walls
of PE biliary stents by forming nanostructures
directly onto the inner surface of polyethylene (PE)
biliary stents with atmospheric pressure low-
temperature plasma. We formed nanostructures
on the inner walls of PE tubes of varying diameters
under varying plasma conditions and examined the
resulting structures and effects of the antifouling
properties thus imparted.

3. Processing of Inner Walls of PE Tubes by the
Atmospheric pressure low-temperature plasma
Method

Atmospheric pressure low-temperature plasma
can generally be categorized into two types: thermal
equilibrium  plasma  (hot plasma) and
nonequilibrium plasma (cold plasma) [12, 13]. A
representative example of the former is arc
discharge, in which the plasma is at high
temperature, with both electron temperature and gas
temperature on the order of 10,000 K. The latter is

Gases inlet

Electrode
o Strut

Glass tube

Electrode
[ ,s_trut

Distance between
head of glass
tube and surface
of sample was
4.5mm

| Plasma
o ey |

Fig. 6.

represented by glow discharge.  Although the
electron temperature of the plasma is 10,000 K or
more, the gas temperature is around room
temperature. Given the high gas pressure (the high
number of molecules in the gas state) at atmospheric
pressure, the number of collisions between electrons
and gas molecules is also high, tending to result in
plasma in a state of thermal equilibrium. While PE
biliary stents cannot be exposed to hot thermal
plasma, we believe cold plasma that can be
sustained near room temperature is suitable.

Two well-known examples of atmospheric
pressure low-temperature plasma are streamer
discharge and dielectric barrier discharge. Since a
uniform spatial distribution of discharge inside the
biliary stent is required, we chose to use an RF
power supply as the power source and helium as the
dielectric barrier discharge gas. This combination
suppresses electron density and is sufficient to form
atmospheric  pressure plasma of uniform
distribution at low temperatures [12]. The
diagram in Figure 6 illustrates the principle of this
apparatus. The basic components are the power
source, electrodes, and a glass tube through which
helium gas flows. Two electrodes are placed on
the opposite sides of the glass tube facing each other
at some distance from the glass tube. High-
frequency power is applied to the electrodes to
generate atmospheric pressure low-temperature
plasma inside the glass tube. As shown in Figure

He+0,

Atmosphere
pressure cold
plasma

The state at the time of the plasma-production

Overview of the atmosphericc pressure low-temperature plasma generation unit and plasma being generated.
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7, a PE tube is set in place of the glass tube.
Plasma is generated inside the PE tube to form
nanostructures directly onto the inner wall of the
biliary stent.

When small amounts of oxygen are mixed into
the He plasma, the dissociation of oxygen molecules
generates atomic oxygen. Since the excitation
level of atomic oxygen is the same as the metastable
level of helium, previous studies suggest the
Penning ionization reaction shown in the reaction
formula below will occur. The oxidation reaction
attributable to the atomic oxygen generated (O*)
holds the promise of various applications for
material surface processing technologies [13-20].
Mixing N> or NHj3 at concentrations of around 1 %
in place of oxygen generates N radical (N*), amino
radical (NH»*), or imino radical (NH*), which can
then be used to induce nitridation or amination of
material surfaces [14, 15].

He + electron — He* + electron (1)

He* + 0, - He + 0" + O + electron  (2)

4. Experimental
4.1. Examining plasma generation conditions

We observed the state of plasma generation inside
the tube for varied He and O- flow rates (Figure 8).
The results showed a stable glow discharge can be
formed at an He flow rate of 1.4 slm and O, flow
rate of 2-10 sccm. We then adjusted the power to
determine the conditions at which stable plasma can
be achieved.

Figure 9 shows the dependency of glow discharge
inception power on O, flow rate. The He flow rate
was fixed at 1.4 slm. We found that at O, flow
rates of 0—6 sccm, a glow discharge can be stably
formed at a power of 20-100 W.  This power range
may be regarded as the process window for glow

2 <

Gases inlet

1.4 slm 0~1.2 sccm
Mass Mass
flow flow
controller | | controller
T T Electrode
Regulator | | Regulator strut
Electrode
He
Guide tube

Fig. 7.

Glass tube
Electrode Mactliing
strut
box
Electrode
RF power
supply
\Biliary stent
Stage

Biliary stent plasma processing unit.
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discharge inception. =~ We surmised that stably
forming a plasma inside the stent within this process
window would allow processing of nanoporous
structures on the inner wall of the stent.
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Fig. 9. Dependency of glow discharge inception power
on O, flow rate (process window) at a fixed He flow rate
of 1.4 slm.
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State of plasma generation at various He and O flow rates.

Figure 10 shows photographs of the state of
plasma formation within PE tubes of varying inner
diameters. We achieved stable plasma formation
with inner diameters of 2—4 mm.

4.2. Observations of plasma processed surfaces

To observe nanostructures on the inner walls of
the PE tube, we rolled a piece of PE sheet into a tube
and inserted it into a guide tube to simulate a PE
biliary stent with an inner diameter of 2 mm, then
exposed it to plasma processing. We observed the
structures on the inner wall of the PE sheet via AFM
(Figs. 11 and 12). We made observations for
power settings of 45 W and 60 W.  To prevent tube
overheating due to plasma exposure, we limited the
duration of a single plasma irradiation to 5 seconds
and allowed cooling intervals of 30 seconds before
subsequent irradiation. This irradiation cycle was
repeated multiple times.

F‘Smalltube (D4><2mm)a f=(!\/liddletube ¢5x3mm%\

Vel T

F‘Largetube ®6x4mm)ﬁ

Fig. 10. State of plasma generation for different PE tube sizes.
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Figure 11 shows the results of examination for
irradiation at 45 W.  Two irradiation cycles
reduced surface roughness. Four to six irradiation
cycles resulted in surfaces with satisfactory convex-
concave nanoscale structures.

Figure 12 presents the results of examination for
irradiation at 60 W. As with a power of 45 W, the
nanostructures achieved after two irradiation cycles
were insufficient. However, we could confirm that
four to six irradiation cycles created surfaces with

45W/5sec/2times

60W/5sec/2times

45W/5sec/4times 45W/5sec/6times

T oW
% o0¥

He 1.4slm

Relationship between irradiation time and surface structures at 45 W and He flow rate of 1.4 slm.

60W/5sec/4times 60W/5sec/6times

i

He 1.4sIm

Relationship between irradiation time and surface structures at 60 W and He flow rate of 1.4 slm.

satisfactory convex-concave nanoscale structures.
These results indicated it was possible to form
nanostructures on the inner wall of a stent by
exposing it to plasma at a power of 45-60 W for four
to six cycles for a duration of 5 seconds per cycle.
We examined the oil repellency of the inner wall
of a PE tube of 2 mm in diameter processed with
four cycles at an applied voltage of 45 W (Figure
13). According to the results, the contact angle
was 107.7 degrees for unprocessed surfaces and
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The water repellency

lCA=107.7°

Unprocessed .
' CA=32.4°

The plasma
polymerization

Contact

The oil repenllency

Oil doesn't adhere

Fig. 13. Confirmation of water and oil repellency of inner stent walls.

32.4 degrees for plasma processed surfaces, which
rendered them hydrophilic. ~ We evaluated oil
repellency in water and found that oil bound
strongly to the unprocessed surfaces, while oil
droplets failed to adhere to the plasma processed
surfaces, confirming the oil repellent effects of the
processed surfaces. =~ We confirmed antifouling
effects can be achieved through plasma processing.

4.3. Liquid passage test for PE stents

To evaluate the antifouling performance of PE
tubes with nanostructures, we prepared an artificial
bile solution from bovine bile powder and oil. The
solution was prepared by dissolving a powder of
bovine bile in pure water to achieve a concentration
of 10 wt.%, adding lard to this solution at a
concentration of 10 wt.%, and then heating to 40 °C.
We used a pump to feed this artificial bile solution
into PE tubes for observations of liquid passage.
(Figure 14(a) is a photo of the apparatus used for the
liquid passage test.) We allowed the bile solution to
pass through the tube for 5 seconds at a flow rate of
6 mL/min, followed for 5 seconds by water. Then,
once again, we passed the bile solution for 5 seconds,
followed by water for 5 seconds. We observed the
inner wall of the tube when water passed for the
second time. For comparison, the photos show the
tubes as the bile solution passes and as the water
passes. We performed tests for tubes of three
diameters: 2 mm, 3 mm, and 4 mm. The plasma
processing conditions were four cycles of 10
seconds of irradiation and 10 cycles of 10 seconds
of irradiation at 20 W and four cycles of 10 seconds

of irradiation at 50 W.  Under all processing
conditions, we allowed a 30-second cooling interval
after each 10-second plasma irradiation. Figure
14(b) presents the results of the liquid passage test.
The results confirmed that for unprocessed tubes
of 2 or 3 mm in diameter, bile adhering to the inner
wall of the tube was rinsed out with water. We
observed no turbidity of the bile solution for
surfaces processed by plasma for 10 cycles of 10
seconds of irradiation at 20 W and four cycles of 10
seconds of irradiation at 50 W; the surfaces were
judged to have antifouling properties. For tubes of
4 mm in diameter, the amount of bile adhering to the
inner wall was excessive, and the bile solution was
confirmed to be turbid for all conditions.

5. Summary

We sought to develop elemental technologies for
imparting antifouling properties to the inner walls
of PE biliary stents by forming nanostructures
directly onto the inner surface with atmospheric
pressure low-temperature plasma. Nanostructures
were formed on the inner walls of PE tubes having
different diameters under varied plasma conditions,
and the resulting structures and effects of the
imparted antifouling properties were examined.
The results show that plasma processing at an He
flow rate of 1.4 slm, an O, flow rate of 0—6 sccm,
and a power of 20-60 W forms satisfactory
nanostructures on the inner walls of PE tubes that
allow them to exhibit antifouling properties,
especially oil repellency in water.  In future studies,
we plan to form nanostructures directly onto the
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(b) Results of liquid passage test

Fig. 14. Apparatus and results of liquid passage test for mixed solution of bile + oil (lard).

inner surface of PE biliary stents with atmospheric
pressure low-temperature plasma and confirm the
imparted antifouling effects by performing animal
experiments.
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Biomimetic functional surfaces have been attracted industrial fields. The surface of a lotus
leaf is a popular example of this bio-mimic surface which realize super-hydrophobicity. The
key of this functional surface is a nano-patterned surface. Especially, double-roughness
structure, which means rough and fine patterns on the same surface, is important. To fabricate
biomimetic surfaces, nano imprint lithography (NIL) is an effective tool. NIL a low-cost
lithographic method with simple thermal pressing process. Conventional NIL can form
precise structures with high-resolution. We have proposed and developed some new
fabrication methods based on NIL; multilayer imprinting (MLI) and in-plain compression
imprinting (IPT). MLI starts with a multilayered sheet material for imprinting and results a
more complex structure on the interface of the layers. IPI adds in-plane compression to NIL
process to obtain structures with higher aspect ratio. There is difference between conventional
NIL and these new processes. For the conventional NIL, obtained surface pattern is
determined by the mold pattern. On the other hand, we could not know the interface pattern
obtained by MLI or the pattern after [PI. We employed finite element analysis in this work.
We used the generalized Maxwell model for the finite element analysis of our newly
developed NIL. The simulation system could be a design tool for our new processes.
Keywords: Multilayer Imprinting, In-plain compression imprinting, Finite element

analysis, Biomimetic

1. Introduction

Nano imprint lithography (NIL) is a promising
process to realize biomimetic surface. NIL has some
advantages such as a high-throughput and low-cost
processes, which is suitable especially for
fabricating biomimetic surfaces [1,2]. Conventional
NIL can only fabricate simple structures [3,4].
Recently, authors developed some new fabrication
methods based on NIL to fabricate more complex
structures. Our newly proposed processing methods
are named multi-layer imprinting (MLI) [5-16] and
in-plain compression imprinting (IPI) [17-19].

Figure 1 shows the processing flow of MLI. The
flow is same as the thermal NIL except using a
multi-layered sheet as a work material. Fine patterns
are transferred by pressing the mold against the
heated multilayer material. By simultaneously
deforming not only the surface of the multilayer

Received April 5, 2021
Accepted April 22, 2021

(a)
Mold

Wavy structure
dsa Bl IR
R Sy

Multilayered sheet

(b) )
Protection layer m
FR—— AL,
Imprint with Imprint with
Fine mold Rough mold

Fig. 1. Schematic illustration of multilayer
imprinting process (a), and with micro-patterning for
hierarchical pattern (b).

material but also the interface of the layers during
pressing, the interface pattern can be produced.
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Fig. 2. Schematic illustration of in-plain compression
imprinting (IPI).

B i e DR h %
Fig. 3. Difference in interface shape due to
processing conditions. Cross-sectional patterns of
simple MLI process, (a) and (b), and with micro-
patterning (c) and (d).

More complicated patterns that were difficult to
form by the conventional NIL have been
successfully formed by MLI.

Our second process is IPI. Figure 2 shows the
processing flow of IPI. IPI adds in-plane
compression to the MLI process to realize more
complex structures by using not only vertical but
also horizontal deformation. We use elastic recovery
force of the rubber substrate as the in-plane
compression. This process makes it possible to
fabricate  protruding structures that grow
horizontally.

There is an issue of MLI and IPI; that is
controlling the interface shape. The mold pattern is
transcribed similarly to the material, on the other
hand, the interface shape would depend on physical
properties of each layer. Also, the pressing
conditions can affect the interface shape. Figure 3
shows examples of the difference in interface shape
due to processing conditions. Figures 3 (a) and (b)
show deformation patterns of samples by MLI,
which corresponds a process shown in Fig. 1 (a).
Figures 3 (c) and (d) show results of MLI, which is
shown in Fig. 1 (b). In our previous studies, we
repeated trial to obtain the target interface shape,
however it was not clever, and a more efficient
designing system would be needed.

(@) 1000 (b) 100

" oo b
B o b
"o b
L]
mopm
LR
LRI
| epx

o tw

=100 =
e i ® B0 =70 %
% o0 =707 o MO
= x80c 490°c = ©100°C ®110°C
<100 °C m1{10°C
1
10
1 10 100 1 10 100
log f[Hz] log f[Hz]
(c) (d)
1000 1000
_— el
70 80°C w
o
/ =
100 | — 100

110

log Er [MPa]

log Ei

1 . . 10
0.001 1 1000 1000000 0001 01 10
log f [Hz] log f[Hz]

1000 100000

Fig. 4. Conditions of FE-analysis. (a) Elastic
component of material, and (b) viscous component.
(c) WLF shifted elastic component, and (d) obtained
master curve.

In order to overcome this issue, we have tried a
computational approach with a simple model [20].
In this paper, we carried out a processing simulation
of MLI using finite element analysis. We performed
2D analysis adopted with a generalized Maxwell
model. A commercial FEA software, ANSYS, was
used for this simulation.

2. Analysis for MLI

Finite element analysis has been sometimes used
for conventional FEA. In these cases, the hyper
elastic model was often used. The hyper elastic
model is known as an effective model for a single
material.

In MLI, multilayer materials are used. There is
difference in elastic modulus between the layers,
which affects significantly on the interface shape.
Here, we should consider viscoelasticity. In the
previous experimental studies, we employed
layered compound sheets with a mixture of ceramic
powder and a polyvinyl alcohol-based binder. We
took material properties of the same materials for
the present simulation. Due to the viscoelasticity of
the materials, response of each layer depends on the
processing speed. Therefore, it is essential to use a
viscoelastic model for finite element analysis of
MLI. In this study, we used a generalized Maxwell
model.

Viscoelastic properties of the compound sheets
were determined by a uniaxial viscoelastic test.
Figures 4 (a) and (b) show elastic and viscous
components, respectively. The  viscoelastic
characteristics were measured in the temperature
range of 60 to 110 °C with the frequency set to 1 to
63 Hz. A master curve could be obtained using WLF
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Table 1. Constants of the generalized Maxwell
model for the master curve shown in Fig. 4 (d).

n a G (MPa) T
5] 0.01 3 -

1 0.33 99 1000
2 0.33 99 100
3 0.33 99 10

Upper layer

Lower layer

100 pm

Fig. 5. Cross-sectional image of experimental data
(a) and that obtained from the simulation (b).

formula from these results. The time-temperature
conversion rule can be applied to the viscoelastic
material. By creating a master curve, a wide range
of frequency characteristics could be implemented
in the simulation. Figure 4 (c) shows WLF shifted
elastic component of lower compound sheet, and
Fig. 4 (d) shows a master curve obtained by fitting.
For the viscoelastic model, a generalized Maxwell
model with four elements in parallel was used. The
parameters for the generalized Maxwell model are
shown in Table 1.

Figure 5 shows the cross-sectional shapes
obtained from the experiment (a) and simulation (b).
The simulated result using the generalized Maxwell
model showed a good agreement with the
experimental data. It would be useful to obtain the
optimal imprinting conditions in virtual before
performing the real process. It is found that the
difference in elastic modulus changed the interface
shape by finite element analysis.

Next, we show an example using some virtual
materials. Three materials M1, M2, and M3 with
different viscoelastic moduli shown in Table 2 were
used. Figure 6 (a) shows the relaxation modulus of
each material. In this model, as in the model shown
in Fig. 4, a generalized Maxwell model with four
parallel elements was used, and the relaxation times

(a) as0
300

250
F200 |
=150

© 400
50 r

M3
M2

1000 100000

0 \ ,
0.001 01 _ 10
Time, t[s]

E R

Fig. 6. Time dependence of relaxation modulus of
each material (a), and snapshots of FE analysis using
M1 as upper material. M2 was used as lower material
(b) and M3 as lower material (c), respectively.

Table 2. Constants of the generalized Maxwell model
for analysis shown in Fig. 6.

T 2 T3

1000 100 10

G»(MPa) G G Gs

M1 3 99 99 99
M2 3 33 33 221
M3 3 221 33 33

T for each of the three viscous elements were 1, =
1000, 2 = 100, and t3 = 10. The viscoelastic
behavior of a material was determined by the elastic
components of the three viscoelastic elements.

The simulated geometry changes are shown in
Figs. 6(b) and 6(c). In both cases, material M1 was
used as the upper layer material, while material M2
and M3 were used as the lower layer material in Fig.
6(b) and Fig. 6(c), respectively. These results show
that the viscoelastic property resulted difference
thickness distribution in the upper layer. This result
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Fig. 7. Relationships between mold displacement and
thickness of upper layer at the peak and valley points.

was caused by the dynamic modulus of the material
M1 was larger than that of M2, and smaller than that
of M3.

Figure 7 shows relationships between the mold
displacement and the thickness of upper layer at the
peak and the valley points of upper layer in each
case. At the valley point, the thickness of the upper
layer decreased with pressing distance in both cases.
On the other hand, upper layer shows different
deformations at the peak point. In case of M2, the
thickness of the mountains decreased as that of the
valleys, but in case of M3, the thickness at the peak
increased. The elastic modulus of the lower layer
was larger than that of the upper layer in the case of
M3, the pressure applied to the upper layer was
larger, and the material around the valley point
flowed up toward the peak points, and this flow
increased the thickness of the mountains. In case of
M2, higher elastic modulus of the upper layer than
that of the lower layer caused easier deformation of
the lower layer so that the horizontal flow of the
upper layer was suppressed, resulting in a decrease
in thickness at all points.

Thus, different distribution of upper-layer
thickness, or the shape of the interface, was obtained
by changing the materials of the upper layer. The
thickness at the peak and the valley points could be
controlled by selecting proper elastic modulus.

3. Analysis for IPI
Similar analysis as described in the previous
section for MLI could be used also for IPI. The in-
plane compaction of multilayered compound sheets
was performed in a previous study. In this
experimental study, the aspect ratio of wavy shape
of the layer interface increased by 15 times at a
compression rate of 50 %. We tried FE-analysis of
IPI using the same condition with this experiment.
Figure 8 shows the result. The experimental data
and the FEA results are shown in left and right,

/--

—

HanalVVY

Compression ratio

Simulation

Experiment

Fig. 8. Cross-sectional view of IPI sample (left) and
result obtained by FE analysis (right).
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40 60 80 100
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Fig. 9. Relationship between in-plain compression
ratio and aspect ratio of the interface.

respectively, and they look similar. Figure 9 shows
the aspect ratio of the interface at different
compression ratios. The both results show the same
trend. The aspect ratio of the interface increasing as
the compression.

We also simulated IPI with micro-patterning on
the interface. Figure 10 shows the result. By
multilayer imprinting, we fabricate a molded body
with a rough pattern on the surface and a finer
pattern at the interface. By applying in-plane
compression to it, the interface is bent along the
surface pattern. As shown in Fig. 10, the simulated
pattern shows a good agreement with the
experimental pattern.

There has been an issue to form a hierarchical
pattern with high aspect ratio [21, 22]. We have not
successfully carried out IPI if higher compression
ratio was needed. However, we can try the process
in a virtual case. Figure 11 shows the result with
larger compression ratio. We can expect the state
after large compression.

4. Conclusion

Finite element analysis was performed for newly
developed nanoimprint processes using the
generalized Maxwell model. Simulations on
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Fig. 10. Relationship between in-plain compression
ratio and aspect ratio of the interface.

Fig. 11. Simulated results with larger in-plain
compression ratio which has been difficult to achieve
in experimental work.

multilayer imprinting (MLI) and in-plain compression
imprinting (IPI) were carried out, and the simulated data
were compared to experimental results. The obtained
deformation showed a good agreement with the
experimental results. This FEM simulation would be a
powerful tool to design variable patterns on the surface
and the interface. The designing of the interface would be
also useful for microchannel formation process [23-25].
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A sterically crowded triangular molecule (3PhA) was synthesized with three terminal
triphenylamine (TPA) wings connected to the central ring structure via a diethylphenyl group.
In contrast to the tendency of conventional triangular molecules to assemble into one-
dimensional fibrous structures, the nonplanar distorted 3PhA formed micrometer-sized petal-
like aggregates. When excited with ultraviolet (UV, 340-360 nm) and green (510 nm) light,
3PhA in organic solutions exhibited two fluorescence bands maximized at ~380-400 and
>650 nm, respectively. The fluorescence properties did not change significantly even after
the formation of flat petal-like structures. These experimental results are likely due to the
distorted molecular structure of sterically crowded 3PhA, which can cause suppression of
intramolecular rotation and weakening of intermolecular interactions.

Keywords: Fluorescence, petal-like structure, self-assembly, sterically crowded

chromophore

1. Introduction

Fluorescent organic materials have attracted
much attention because of their intriguing functions
and potential applications in sensors, switches, and
optical information storage [1-8]. Self-assembled
structures have a variety of unexpected functions
that are different from component molecules.
Because external stimuli such as light, pressure, and
heat may induce changes in intermolecular
interactions, spatial arrangements and morphology,
and/or conformational changes in the individual
component molecules, such nano/microstructured
materials serve a variety of functions. Many studies
have reported on fluorescent materials with
different shapes, sizes and functions [2-14].
Nevertheless, it is still challenging to understand the
rational molecular design of component molecules
and to investigate the absorption and fluorescence
properties of their assembled structures.

Azobenzene is a representative photochromic
compound, but is generally known to not fluoresce
at ambient temperature [15-18]. This is because the

1, 2021
30, 2021
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energy in the excited state is highly consumed
through non-radiative conformational changes, thus
causing a significant reduction in the fluorescence
intensity. To address this issue and to obtain
fluorescent azo-containing chromophore, we
designed sterically crowded 2.,4,6-tris{(£)-(4'-
(diphenylamino)-3,5-diethyl-[1,1'-biphenyl]-4-
yl)diazenyl}benzene-1,3,5-triol (3PhA, Scheme 1)
which has an azo-containing aromatic core and
three nonplanar triphenylamine (TPA) wings [19-
20]. Such o-hydroxy compounds can show
fluorescence due to the presence of the tautomeric
hydrazone form [21-25]. Due to the steric effect and
substantial distortion of 3PhA chromophore, we
expected that intramolecular rotation and
intermolecular interactions would be considerably
limited in an aggregated state. Absorption and
fluorescence characteristics in organic solutions as
well as in assembled states were investigated.

2. Experimental
2.1. Synthesis
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2,4,6-tris {(E)-(4'-(diphenylamino)-3,5-diethyl-
[1,1'-biphenyl]-4-yl)diazenyl } benzene-1,3,5-triol
(3PhA)

3PhA was synthesized from the Suzuki-Miyaura
coupling reaction of the 2,4,6-tris{(E)-(4-bromo-
2,6-diethylphenyl)diazenyl } benzene-1,3,5-triol (1)
in the presence of tetrakis(triphenylphosphine)-
palladium(0) [Pd(PPhs)4] catalyst [24,25]. In a 200
mL three-neck round-bottom flask, the precursor (1,
0.50 g, 0.59 mmol) and a catalytic amount of
Pd(PPh3)s4, 4-(diphenylamino)phenylboronic Acid
(Tokyo Chemical Industry Co., LTD, 0.69 g, 2.38
mmol) were dissolved in toluene (20 mL) under
nitrogen atmosphere. A water solution of NaHCOs3
(IN, 60 mL) were added to the reaction mixture.
The reaction mixture was stirred vigorously under
refluxing condition for 18 hours. After cooling the
mixture to room temperature, water and chloroform
were added and stirred at room temperature for 30
minutes. The organic portion was washed several
times with water and then dried over anhydrous
MgSOs4. The crude compound was purified by
repeated column chromatography (chloroform:n-
hexane = 3:1, v/v) and recrystallization to obtain
dark purple solid (0.35 g, yield 45%).

'"H NMR (500 MHz, CDCl3) & 7.51 (d, 6H,
aromatic, J = 8.59 Hz), 7.35 (s, 6H, aromatic), 7.29-
7.26 (m, 18H, aromatic), 7.15 (d, 18H, J =7.45 Hz),
7.06 (t, 6H, aromatic, J = 7.45 Hz), 2.95 (q, 12H,
ArCH-CH3, J=17.45 Hz), 1.34 (t, 18H, ArCH.CH?>).
Anal. Calcd: C, 80.87%; H, 6.11%; N, 9.43%.
Found C, 80.37%; H, 6.16%; N, 9.37%. HR-ESI-
MS (m/z): Found, 1336.6510 (= M+H), Calcd for
CooHs2N9oO3 = 1336.6541.

Pd(PPh,),
N% toluene, H,O, 110 °C

NH,

Br
Br N OH Br :J
\/©\/ N B @
1) HCI, NaNO; N
- — =
2y OH H H

2.2. Materials and Characterization

Spectroscopic grade tetrahydrofuran (THF), n-
hexane (hexane) dichloromethane (DCM),
methanol (MeOH) and ethanol (EtOH), which were
purchased from KANTO chemical Co., Inc., Japan,
were used to dissolve 3PhA molecule. Ultrapure
water (which was purified to reach a minimum
resistivity of 18.0 MQ-cm (25°C) using a pPure
HIQ water purification system, Romax, South
Korea) was used for all experiments. After a 20-sec
nitrogen purge, a screw-cap quartz cuvette
containing 3PhA solution was sealed with Parafilm.
'"H NMR, ultraviolet-visible (UV-vis) absorption
and fluorescence spectra were obtained using a
JEOL JNM-ECP500 (500 MHz), Shimadzu UV-
2600 UV-vis spectrophotometer and a Horiba
FluoroMax-4 spectrofluorometer, respectively.

X-ray diffraction (XRD) data were collected
using a Rigaku MiniFlex 600 diffractometer with
Cu radiation. Optical microscopy (OM) and
fluorescence optical microscopy (FOM, Aex = 520—
550 nm) images were obtained using an Olympus
BX53 microscope after placing ~3 drops of the
3PhA sample onto a clean glass substrate. FE-SEM
(field-emission scanning electron microscopy,
TESKAN-MIRA3-LM) samples were coated with
approximately 5-10 nm thick platinum layer using a
Cressington 108 auto sputter coater, Ted Pella, Inc.

3. Results and discussion

Whereas many triangular molecules have a
tendency to form long fibrous structures, 3PhA with
three terminal TPA wings at the periphery tends to
assemble into micrometer-sized flat petal-like

hydrazone

Scheme 1
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Fig. 1. SEM images of 3PhA petal-like aggregates obtained from (a) 4x10> M THF-hexane (1:1, v/v), (b) 4x10° M
THF-MeOH (1:1, v/v), and (¢) 4x10> M DCM-MeOH (1:1, v/v) mixed solutions.

structures. For instance, when hexane was added
dropwise as a poor solvent to a 3PhA THF solution,
the resulting well-dispersed suspension [4 X 10° M
THF-hexane (1:1, v/v) mixture] contained flat petal-
like aggregates with the length and width of 2-5 pm
and 0.5-2 um, respectively (Fig. 1a). If MeOH was
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]
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©
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Fig. 2. (a) UV-vis absorption and (b) fluorescence
spectral changes before and after the formation of petal-
like aggregates.

added instead of hexane, thin petals less than ~8 um
long were frequently observed from a 4x10° M
THF-MeOH (1:1, v/v) mixed suspension (Fig. 1b).

By comparison, as MeOH (or EtOH as a poor
solvent) was added to a 3PhA DCM solution, the
mixed solution became opaque in the early stage,
and then precipitation occurred slowly. Scanning
electron microscopy (SEM) and optical microscopy
(OM) images taken from such opaque samples
display relatively larger, curved petal-like structures
that are approximately 10 micrometers long (Fig.
Ic). Such flat microstructures sometimes got
tangled together to form more complex structures,
as the assembly progressed sufficiently.

The self-assembly of 3PhA into flat petal-like
structures instead of long fibrous structures appears
to be associated with the highly distorted molecular
structure containing three terminal TPAs and their
stacking modes. We next employed absorption and
fluorescence spectroscopic and XRD measurements
to obtain such information.

Fig. 2a shows that 3PhA has three intense
absorption bands at around 310, 390, and 530 nm.
Considering that the short axis ¢—¢* transition [26]
of conventional azobenzene unit emerges at
approximately 250-270 nm, the strong absorption
band appearing in the shortest wavelength region
seems to arise from TPA being linked to the central
ring structure via a phenyl ring. The absorption band
at around 530 nm is likely due to the energetic
proximity of the (n,m*) and (n,m*) states and
intramolecular proton-transfer reactions (keto-
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Fig. 3. X-ray diffraction pattern of 3PhA aggregates

hydrazone form) [21-23].

Interestingly, the positions of the maximum
absorption bands were not significantly affected by
the solvents used in this study (THF and DCM) and
aggregation (Fig. 2a). For example, as MeOH was
added to 3PhA THF solution, self-assembly
proceeded and the mixed solution became opaque.
As a result, its turbidity (shown by the absorbance
at >700 nm) increased prominently, but the obtained
maximum absorption positions were hardly
changed. In addition, the XRD pattern exhibited a
strong peak at 20=4.2° (d =21.0 A), which roughly
corresponds to the molecular size. Two peaks
appearing at 260 =21.6° and 23.3° (d = ~4.1 and 3.8
A, respectively) are longer than frequently observed
n-n stacking interaction distances [27,28]. These
results can be interpreted as follows. The
introduction of three propeller-shaped TPA wings
into the distorted triangular structure appears to
cause serious distortion of all phenyl rings in the
molecule, consequently weakening n—m stacking
interactions. For this reason, it appears that small

(a) (b)
o) —— DCM only —— DCM only o)
2r »ees DCM:EtOH=1:3 -« DOM:EtOH=1:3 | &
gl - i 3
sr o
E; E]
35 5
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© ©
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Fig. 4. Fluorescence spectra when excited at (a) 360 nm
and (b) 510 nm.

Fig. 5. (a) OM and corresponding (b) FOM images of
3PhA aggregates obtained from 6.7x10° M DCM-
MeOH (1:2, v/v) mixed solution.

and thin petal-like formed
preferentially.

When excited with UV (340-360 nm) and green
(510 nm) light (Figs 2b and 4), 3PhA in organic
(THF and DCM) solutions showed two
fluorescence bands at ~380-400 nm and >650 nm,
respectively. The two bands may be due to TPA
being linked to the central ring structure via a
diethylphenyl group and keto-hydrazone form [21-
23], respectively.

Notably, regardless of the solvent nature, the
assembly into micrometer-sized flat petal-like
aggregates rarely resulted in a reduction in
fluorescence intensity, but rather increased it
slightly. The red fluorescence from a bunch of petals
was thus confirmed with FOM (Fig. 5). The
fluorescence quantum yield was found to be ~107.
The restriction of free intramolecular rotation in the
sterically crowded 3PhA molecule is likely
responsible for maintaining fluorescence intensity
even after the formation of aggregates.

aggregates are

4. Conclusion

We designed a highly distorted triangular
chromophore with three nonplanar TPA wings
being connected to the central ring structure via a
phenyl ring. The triangular molecule have a
tendency to assemble into fluorescent petal-like
structures rather than long fibers. Compared to the
corresponding solution, the assembly did not
significantly change the maximum absorption bands
and fluorescence properties. That is, the
introduction of three TPA wings leads to serious
distortion of all phenyl rings in the molecule,
resulting in weakening of free intramolecular
rotation and m—m stacking interactions. These results
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may provide an efficient way to produce various
fluorescent nano- and microstructures.
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