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ABSTRACT

Poly(3,4-ethylenedioxythiophene) (PEDOT) dot micro-/nanostructures are synthesized by
electrochemical polymerization in a concentrated hydroxypropyl cellulose (HPC) liquid crystal
electrolyte solution. Surface observations by scanning electron microscopy and atomic force
microscopy reveal micro-/nanostructures having hemisphere-like dots on the surface of the
PEDOT film, which causes light diffraction at ultraviolet and visible light wavelengths. The size
of the dots depends on the concentration of the HPC electrolyte solution, decreasing with
increasing the HPC concentration. Electrochemical oxidation and reduction causes changes in
the color of the PEDOT film and the diffracted light. Moreover, Au coating on the surface of the
PEDOT film enhances the diffracted light reflection intensity by more than tenfold compared to
the non-coated PEDOT film.

1. Introduction

The investigations of micro-/nano-structured surfaces are of great interest in the field of science
and technology because materials with controlled surface micro-/nanostructures can be used in
various applications such as super water repellents, plasmon resonance, enhancement of
mechanical adhesions, and anti-reflection.!™ Recently, research in this field has focused on the
micro-/nanostructures of m-conjugated polymers because the intrinsic property of the n-
conjugated system can be induced by controlling the micro-/nanostructures, resulting in
enhanced performance in terms of energy efficiency of solar cells, super-capacitors, thermal
conductivity, and energy storage.> 3

In this context, poly(3,4-ethylenedioxythiophene) (PEDOT) is regarded as one of the most
attractive m-conjugated polymers because of its high conductivity, air stability, chemical stability,
and high optical transparency at the oxidized state.

Generally, PEDOT can be synthesized by chemical polymerization, electrochemical
polymerization, interfacial polymerization, or chemical vapor deposition. The fabrication of
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chemically synthesized micro-/nano-structured PEDOT in the form of spheres, rods, tubes, and
fibers has been attempted by using template or template-free methods.'*!* For example, Xinyu
Zhang et al. synthesized PEDOT nanotubes by chemical polymerization in the presence of a
surfactant.?’ As a result, microns long PEDOT nanotubes were obtained. Meanwhile, Yinan
Zhang et al. synthesized PEDOT microspheres by ultrasonic spray polymerization.?! In this
template-free method, ultrasonic nebulized microdroplets of 3,4-ethylenedioxythiophene
(EDOT) and oxidant pass through a heated tube, affording PEDOT microspheres.

Electrochemical polymerization is also a convenient method to produce conductive polymers.
Several studies on the electrochemical synthesis of PEDOT micro-/nanostructures by using
various methods have been reported.””?* Thus, Rui Xial et al. electrochemically synthesized
PEDOT nanotubes in a porous alumina template and investigated systematically the effects of
applied potential, monomer concentration, and temperature.*® Meanwhile, David K. Taggart et al.
electrochemically synthesized PEDOT nanowires and thin films using a lithographically
patterned template, obtaining ultra-long PEDOT nanowires with high Seebeck coefficient and
conductivity.’!

One of the advantages of electrochemical polymerization is that conductive polymers deposit
directly at film state on the surface of an electrode. Generally, conductive polymers are insoluble
and infusible unless an alkyl chain is introduced. This renders the dissolution of non-substituted
conductive polymers in organic solvents and film preparation hard. Unfortunately, conductive
polymers bearing an alkyl side chain tend to show low conductivity compared with unsubstituted
conductive polymer. Note worthily, electrochemical polymerization directly affords conductive
polymer films from unsubstituted monomers.

The electrochemical polymerization to produce conductive polymers in various liquid crystals
such as 4-cyano-4'-hexylbiphenyl (6CB) and hydroxypropyl cellulose (HPC) solution has been
previously developed. In this method, the liquid crystal is used as an electrolyte solution and soft
template. Kawabata et al. performed the electrochemical polymerization of various monomers in
cholesteric liquid crystal.*? The optical and scanning electron microscope observations of the
obtained polymer films showed a liquid crystal-like texture, suggesting that the transcription of
liquid crystal order occurred. The electrochemical polymerization of EDOT-alt-fluorene
monomer in HPC liquid crystal was also attempted.*> HPC is a derivative of cellulose that is
abundant in nature. It is known that concentrated aqueous or organic solutions of HPC show
lyotropic cholesteric liquid crystal (CLC) behavior.***> Cellulose and its derivatives have been
widely used as templates for producing optical materials because of their unique optical property,
environmental friendly nature, and low cost.>**” Polymer films synthesized in HPC liquid crystal
show fingerprint texture and optical activity, which is consistent with the transcription of CLC
helical order. Therefore, electrochemical polymerization in a liquid crystal can be envisaged as a
useful and facile template method to produce micro-/nano-structured polymers.

Herein, we report the electrochemical polymerization of EDOT in a HPC liquid crystal. As a
result, micro-/nano-ordered dot-like structures of PEDOT are produced on the surface of the film.
It is considered that the dot-like structures are derived from transcription of fingerprint texture
and deformation of polygonal texture of CLC. To the best of our knowledge, this is the first
report on the synthesis of a PEDOT having such structures using HPC as a template by
electrochemical polymerization. The dots are uniform in size and irregular in periodicity, and the
dot size depends on the concentration of HPC liquid crystal. The PEDOT film prepared in HPC
liquid crystal shows diffraction grating function due to the convex—concave surface structure.
Diffraction grating consisting of liquid crystal has been paid attention and studied such as
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homeotropic aligned CLC, polymer stabilized CLC and holographic polymer-dispersed liquid
crystal. 46 Furthermore, conductive polymers such as PEDOT can be changed its optical
properties dynamically between neutral state and oxidized or reduced state by electricity.
Therefore, diffraction grating consisted with conductive polymers has potential for lightness,
flexible and electrically adjustable optical gratings. electrochemical oxidation and reduction of
the PEDOT film changes not only the film color, but also the diffracted light color due to the
change of light absorption. This method using self-assembled hydroxypropyl cellulose liquid
crystal offers a new approach to fabricate low-cost bottom-up-type micro-/nanostructures of
conductive polymers for optical applications and the development of functional surface materials.

2. Experimental Section
2.1. Chemicals

HPC was obtained from Wako Pure Chemical Industries, Ltd (Tokyo) and was used as
supplied. The viscosity of the HPC is 2.0-2.9 mPa-s (2%, 20°C). Therefore, the molecular
weight of the hydroxypropyl cellulose is approximately 40,000 g/mol. EDOT and
tetrabutylammonium perchlorate (TBAP) were purchased from Tokyo Chemical Industries, Ltd
(TCI, Tokyo) and were used as supplied. N,N-Dimethylformamide (DMF) was obtained from
Nacalai Tesque, Inc (Kyoto) and was used as supplied.

2.2. Electrochemical Polymerization

The electrochemical polymerization of EDOT was conducted in a mixed HPC/DMF solution
(Scheme 1). The HPC/DMF solution contained 1wt% TBAP as a supporting salt. The electrolyte
solution components, helical pitch of HPC cholesteric liquid crystal observed by polarizing
optical microscope (POM) and polymerization conditions are summarized in Table 1. TBAP and
EDOT were dissolved in DMF and mixed well. Then, HPC was added to the solution and
allowed to stand for at least one week to form a homogeneous solution. The HPC electrolyte
solution was pasted on an indium tin oxide (ITO) glass with a polytetrafluoroethylene spacer
(200 pum thick) and was sandwiched with another ITO glass. The ITO glass cell was left for one
day to release the shear stress and stabilize the liquid crystal phase. Then, a voltage of 3.2 V was
applied to the cell for 30 min. The EDOT monomer was oxidized at the surface of the anode, and
PEDOT was deposited on the surface of the ITO glass in a film state. The PEDOT film deposited
onto the ITO glass was washed with distilled water and acetone to remove unreacted monomer,
residual HPC, and TBAP. The Fourier Transform infrared (FT-IR) spectra of EDOT and PEDOT
film are shown in Figure S1.

d o 32V 30min

Z/ \g HPC/DMF

S

Scheme 1. Electrochemical polymerization of 3.,4-ethyelenedioxythiophene (EDOT) in
hydroxypropyl cellulose (HPC)/N, N-dimethylformamide (DMF) solution.
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Table 1. Electrolyte solution components and polymerization conditions.

Entry Wt%* HPC DMF TBAP EDOT Voltages Time
(mg) (uL) (mg) (uL) V) (min)
PEDOT HPC 54 54.0 491.0 400.0 14.0 20.0 32 30
PEDOT HPC 58 58.0 577.0 400.0 14.0 20.0 32 30
PEDOT HPC 62 62.0 682.0 400.0 14.0 20.0 32 30
PEDOT HPC 63 63.0 700.0 400.0 14.0 20.0 32 30
PEDOT HPC 66 66.0 812.0 400.0 14.0 20.0 32 30

a Weight% of hydroxypropyl cellulose

2.3. Characterization

Polarizing optical microscopy (POM) observations was performed using an ECLIPS LV 100
high-resolution polarizing microscope (Nikon, Tokyo). Scanning electron microscopy (SEM)
was performed with a JSM-7000F (Hitachi, Tokyo) device. Atomic force microscopy (AFM)
was performed using an S-image (Hitachi, Tokyo) instrument. FT-IR absorption spectroscopy
was conducted with an FT-IR 4600 (JASCO, Tokyo) instrument using the KBr method. The
spectra were recorded in the range 400—-4000 cm ' with a resolution of 4 cm™'. UV-vis
absorption spectroscopy was conducted using a V-630 (JASCO, Tokyo) spectroscope. All UV—
vis absorption spectra measurements were conducted at 1.0 nm bandwidth, 400 nm/min scan rate,
and 0.5 nm data interval. Cyclic voltammetry and chronoamperometry were conducted on a
PAUTOLAB TYPE III (ECO Chemie, Kanaalweg) instrument. All potentials were defined
against Ag/Ag" reference electrode. Reflection spectroscopy measurements were performed on
an ARMN-735 (JASCO) equipment. All reflection spectra measurements were conducted at 5.0
nm bandwidth, 1000 nm/min scan rate, and 1.0 nm data interval. Optical microscope image
analysis was performed by Imagel] software. Au sputtering was conducted by using a MSP-1
magnetron sputter (Vacuum Device, Japan). The thickness of Au coating was measured by using
a Dektak 3ST (Ulvac, Japan).

3. Results and Discussion
3.1.  Optical Microscopy

Optical microscopy and POM observations were performed on an electrolyte solution and the
PEDOT HPC 60 film. Figure la shows the POM image of the HPC electrolyte solution
containing the EDOT monomer. The optical texture resembles the polygonal texture of a CLC,
which is consistent with the previously reported result.*”* POM observation of the same region
with sensitive color plate suggests that the molecule aligns circularly in region A and radially in
region B (Figure 1b). Schematic illustrations corresponding to regions A and B are shown in
Figure 1(c, d).
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Figure 1. Polarized optical microscope image of HPC/DMF electrolyte solution containing
EDOT monomer (a). POM image with sensitive color plate (b). All scale bars are 50 pum.
Schematic illustration of regions A and B (c, d). Arrows in (c) indicate the direction of molecular
orientation. Dashed lines and green solid lines correspond to the helical axis and the molecule,
respectively (d).

Figure 2(a, b) show the optical microscope and POM images of the PEDOT HPC 63 film.
The optical microscope image reveals that many dots almost uniform in size and irregular in
periodicity were fabricated. Figure 2b shows a POM image corresponding to the same region
depicted in Figure 2a. Exposure time of POM observation was 6-8 seconds for brightening the
image. Therefore, background (= PEDOT film) of POM image is bright. The dots show a cross-
shadow pattern when viewed under cross polarizer, suggesting that the PEDOT is radially
aligned. Figure 2c displays a photograph of the normal appearance of the PEDOT HPC film
showing the deep blue color which is intrinsic color of PEDOT at the oxidized state. Finally,
Figure 2d shows the same PEDOT HPC film displaying an iridescent color under oblique white
light, which is attributed to the presence of periodic dots on the surface of the PEDOT HPC film.
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Figure 2. Optical microscopy image of the PEDOT _HPC 63 film (a) and a POM image of the
PEDOT HPC film showing a cross-shadow pattern (b). All scale bars are 10 pum. Normal
appearance of the PEDOT HPC film (c). The PEDOT_ HPC film showing iridescent color under
oblique incident white light (d).
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.

3.2.  Surface Morphology

SEM and AFM observations were conducted to investigate the surface morphology. Figure 3a
shows that the surface of the PEDOT HPC 66 film has dots that are uniform in size and
irregular in periodicity throughout a large area. Figure 3b is a magnification of Figure 3a. The
results of the AFM observations are shown in Figure 3(c—h). Figure 3c includes an AFM image
of the PEDOT_HPC 66 film of 10 um x 10 um area, and Figure 3d is a 3D image of Figure 3c.
Figure 3e is a cross-sectional image of the black line represented in Figure 3c. This analysis
revealed that the dot height is ca. 270 nm, and the dot diameter is ca. 1.2um. Meanwhile, Figure
3(f~h) shows an AFM image of one of the dots. Moreover, the film thickness was determined to
be ca. 470 nm by AFM (Figure S2). Schematic illustrations of the dots are presented in Figure 3i.
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The aspect ratio of dot height and diameter was estimated to be 0.23, indicating that the dots are
like compressed hemispheres.
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Figure 3. SEM images of the as-prepared PEDOT HPC 66 film (a, b). AFM images of the as-
prepared PEDOT _HPC 66 film (c-h). 2D image of the PEDOT HPC 66 film (c) and a 3D
image of the PEDOT HPC film (d). Figure 3e is a cross-sectional image of the black line in
Figure 3c. The red, blue, and green arrows of Figure 3¢ correspond to the vertical lines in the
cross-sectional image of Figure 3e. An AFM image of one of the dots (f~h). Figure 3h is a cross-

sectional image of the black line and red arrows represented in Figure 3f. Schematic illustration
of the PEDOT HPC film (i).

POM observations of the electrolyte solution suggest that the HPC/DMF solution exhibits a
polygonal focal conic morphology, which resembles those previously reported.*’>° Bouligand et
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al. reported a precise topological description of such polygonal texture along with a schematic
representation (Figure 4).°! Rofouie et al. showed that the CLC forms periodic convex structures
corresponding to the helical pitch due to changes in the surface energy.’? Furthermore, Agez et al.
investigated the reflection color of a CLC by monitoring interface-induced deformations.™
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Figure 4. Schematic illustration of polygonal structure of cholesteric phase. Overhead view (a)
and side view (b).

On the basis of these models, we propose the formation process for the dot structure generated
during the electrochemical polymerization depicted in Figure 5. Figure 5 shows the schematic
illustration of HPC liquid crystal aligning in ITO glass cell before -electrochemical
polymerization. Helical axis of cholesteric liquid crystal is parallel to the substrate. Half pitch of
cholesteric liquid crystal corresponds to the distance between two bright stripes of POM image.

Side-view

Cathode
i Helical pitch: P
Helical axis Half pitch: P/2
HPC

Helical axis

Top-view

Figure 5. Schematic illustration of hydroxypropyl cellulose alignment in ITO glass cell. Top-
view image was taken under cross-polarizer. Distance between two bright stripes corresponds to
half pitch of HPC cholesteric liquid crystal.

Careful observation of PEDOT thin film at initial state of the electrochemical polymerization
reveals that fingerprint texture is transcribed to the PEDOT film slightly. The reason for slight
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texture is due to the thin film. Height analysis of fingerprint convex-concave analysis by AFM
reveals that there was almost no unevenness (Figure S3a).

Figure 6. Optical microscope image of PEDOT _HPC 66 film when polymerization time is 10
minutes. Scale bar is 20 um.

Figure 7 shows optical microscope (OM) images of PEDOT _HPC 66 film with difference of
focus at the same place when polymerization time is 15 minutes. Figure 7a focuses on dot
structures of initial states. Figure 7b is the OM image at the same area of Figure 7a. The focus of
the optical microscope shifted in a direction of approaching the ITO substrate. When
electrochemical polymerization proceeds and polymerization time is 15 minutes, nuclei of dot
structures are emerged on the PEDOT film. The number of dots is less than that of final state
PEDOT film and the size of dots is smaller than that of final state PEDOT film. As a result,
fingerprint texture was observed behind the dot structures. These results indicate that the
transcription of homeotropically aligned cholesteric liquid crystal is occurred at first, and then
nuclei of dot structures grow.
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Figure 7. Optical microscope images of a PEDOT HPC 66 film when polymerization time is 15
min. Pint of optical microscope focuses on dot structures (a) and fingerprint textures (b) at the
same area. All scale bars are 20 um.

From these results, possible formation mechanism of dot structures during electrochemical
polymerization is proposed. Before the polymerization, the HPC liquid crystal forms a helical
structure derived from the cholesteric phase (Figure 8a). In the early stages of the
electrochemical polymerization, PEDOT is deposited onto the entire area of the anode (Figure
8b), causing changes in the surface energy due to PEDOT thin layer formation. As shown in
Figure 6, the PEDOT film at initial state shows fingerprint texture derived from transcription of
homeotropic alignment of HPC LC (Figure 8b). AFM also reveals that the PEDOT film shows

10
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fingerprint texture (Figure S3). In the step c, the surface of the HPC forms a convex texture near
the surface region of the ITO glass due to the deformation of polygonal structure. Furthermore,
the convex PEDOT structures grow along the HPC structures as shown in Figure 8c. Optical
microscope observation of PEDOT film suggests that the size of dots at early state is small and
number of dots is less than that of final state (Figure 7). As the electrochemical polymerization
proceeds, the size of dots grows, and the number of dots increases. Finally, periodic PEDOT
structures are formed (Figure 8d). The appearance of distorted surface of the CLC near the
surface region generates dot structures and are greater than half helical pitch of the electrolyte
solution®. The relationship between half helical pitch of the electrolyte solution and size of dot
structures are discussed in later section in detail.

(a) (b)
Cathode Cathode
Helical akis
Bulk
_|_region HC | HPC
> PEDOT
‘HPC :EDOT
(c) (d)
Bulk
region
HPC HPC
_—Surface T
region
> PEDOT PEDOT
Anode Anode

Figure 8. Proposed formation mechanism of the convex PEDOT structure during
electrochemical polymerization in the HPC cholesteric liquid crystal. Gray ellipses show HPC
molecular. Yellow circles show EDOT monomer. Before the polymerization (a), initial state of
the polymerization (b), intermediate state of the polymerization (c), and final state of the
polymerization (d).

3.3. Electrochromic Property
In situ UV—vis absorption measurements were performed via cyclic voltammetry to investigate
the electrochromic properties of the PEDOT HPC film. An acetonitrile solution containing 0.1

11
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M TBAP was used as the electrolyte solution. Cyclic voltammogram of the PEDOT HPC film
are shown in Figure S4. The UV-vis absorption spectra recorded during the oxidation process
are shown in Figure 9a. The absorption band at 551 nm attributed to a m—n* transition at the
reduced state of the film was found to decrease with applied voltage. In contrast, a new
absorption band at 713 nm ascribable to a polaron (radical and cation) appears and increases with
applied voltage. The color of the PEDOT HPC film changes from purple to blue with applied
voltage (Figure 9b). The optical transmittance changes at 551 and 713 nm was examined with an
applied voltage between —0.8 V (dedoping) and +0.9 V (doping) with an interval time of 20 s.
The corresponding transmittance and current plots as a function of time at 551 and 713 nm are
shown in Figure 9(c—f). The optical contrast (AT) was determined to be 18% and 22% at 551 and
713 nm, respectively. The time required for 90% change of AT at 551 nm between the oxidized
and reduced state is 2.3 s and 5.6 s, respectively. The electrochromic properties including color
efficiency (n) are summarized in Table 2.

12
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Figure 9. In situ UV—vis absorption spectra of the PEDOT HPC film between —0.8 V (reduced
state) and +0.9 V (oxidized state) (a). The color of the PEDOT_ HPC film changes from purple to
blue (b). Change in transmittance after the first cycle of the PEDOT HPC film at 551 nm (¢) and
713 nm (e). Charge/discharge quantity of electric charge of the PEDOT HPC film at 551 nm (d)
and 713 nm (f) with an applied voltage between —0.8 and +0.9 V.
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Table 2. Electrochromic properties of the PEDOT HPC film with an applied voltage between
—-0.8 Vand +0.9 V.

Polymer Amax (nm) A%T  Response time*  AQDP Charge/discharge Color
amount efficiency

Toxidized Treduced
Q¢ (mC/cm?) nd

(cm?/C)
PEDOT HPC 551 18 2.3 5.6 0.18 2.156 83.9
713 22 2.6 9.9 0.23 2.785 84.3

a Time for 90% of the full-transmittance change. b Optical density (AOD) = log [Treduced/ Toxidized],
where Treduced and Toxidized are the maximum transmittance in the reduced and oxidized states,
respectively. ¢ Q is charge and discharge amount, determined from chronoamperometry. d
Coloration efficiency (CE) = AOD/Q.

3.4.  HPC Concentration Dependency of Dot Size

To evaluate the dependence of the dot size on the HPC concentration, electrolyte solutions
were prepared at various concentrations ranging from 54.0wt% to 66.0wt%. Optical microscope
observation of the obtained PEDOT HPC films reveals that the dot size decreases with
increasing of HPC concentration (Figure 10(a—d)). The corresponding dot areas were calculated
by using image analysis software (Imagel) (Figure 10(e-h)).>* Half helical pitches of the
electrolyte solutions are estimated from POM observations (Figure S5). The dot area, diameter
and half helical pitch of the electrolyte solutions are summarized in Table 3. These results
indicate that the dot area tends to decrease with increasing of HPC concentration. Generally, the
helical pitch of a lyotropic CLC decreases with increasing of concentration. Accordingly, these
results suggest that the half helical pitch of the HPC liquid crystal affects the formation of the
dots as mentioned above and periodicity.

Table 3. Helical pitch of electrolyte solutions and calculated diameter of dot structures.

Entry Area (um?) Diameter® (um) Half helical pitch® (um)
PEDOT HPC 54 3.23 2.03 0.85
PEDOT HPC 58 2.47 1.78 0.79
PEDOT HPC 62 1.89 1.55 0.63
PEDOT HPC 66 0.95 1.10 0.59

a Diameters are calculated from dot area.

b Half helical pitches are calculated from POM images of the HPC electrolyte solution by
Imagel.
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Figure 10. Optical images of PEDOT HPC films at concentrations of 54.0wt%, 58.0wt%,
62.0wt%, and 66.0wt%, respectively (a—d). All scale bars are 10 um. Histograms of dot area
calculated by Image] at concentrations of 54.0wt%, 58.0wt%, 62.0wt% and 66.0wt%,
respectively (e—h). The mean values of dot area at each concentration are 3.23, 2.47, 1.89, and
0.95, respectively. Standard deviations at each concentration are 0.78, 0.74, 0.64, and 0.33,
respectively.

3.5.  Diffraction Grating
The PEDOT HPC films having dots on the surface of the ITO glass shows diffraction grating
properties in both transmission and reflection modes due to the hemisphere dots. When light is
incident on the surface of the diffraction grating, the maximum diffraction angle can be
expressed as follows>:
d(sina+sinf)=mA (1)

where d is the distance between gratings, o is the incident light angle, B is the diffracted light
angle, m is the diffraction order, and A is the wavelength. Left side of an equation means the
optical path difference of incident light and diffracted light. When the optical path difference
equals the wavelength, light will be intensified by interference.

Grating normal

Figure 11. Schematic illustration of diffraction grating. o and 3 are incident light angle and
diffracted light angle, respectively. d is grating space.
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Upon incidence of green laser light (wavelength = 532 nm) on the PEDOT HPC film at the
reduced state, a diffraction ring (m = 1) can be observed on the screen (Figure 12).

PEDOT_HPC film

Diffraction ring
m=1

Figure 12. Diffraction ring upon incidence of the green laser to the PEDOT HPC film at a
reduced state.

3.5.1. Transmission-Type Grating

Angle scan measurements from 5° to 35° of the transmittances on the as-prepared
PEDOT HPC 66 film deposited on the ITO glass are shown in Figure 13a. The maximum
diffraction angles were determined to be 16.5°, 21.0°, and 29.0° for 436, 546, and 700 nm,
respectively. The normalized reflection spectra of the transmission diffraction are displayed in
Figure 13b. As can be seen, the maximum reflection wavelength red shifts when the detection
angle changes from 10° to 30°. This result is a typical phenomenon of gratings. Commission
internationale de 1'éclairage (CIE) color space diagram for the as-prepared PEDOT_HPC film is
shown in Figure 13c, which reveals that the transmission color of the polymer film at 10° is in
the blue region. The color plots gradually move from blue to red via green as the detection angle
increases to 30°. Changes in the transmittance of diffracted light at the reduced and oxidized
states of the PEDOT HPC film with applied voltage were also examined. To this aim, the
PEDOT HPC film was oxidized and reduced by the potentiostat between —0.8 and +0.9 V,
respectively. The corresponding angle scan measurements are shown in Figure 13d. It was found
that the maximum diffraction angles remain unaltered at 436, 546, and 700 nm. However, the
intensity of the reflectance at 436 nm increases with oxidation, whereas those at 546 and 700 nm
decrease with oxidation. This can be attributed to the difference in optical absorption between
oxidized state and reduced state. The CIE color space diagrams of the diffracted light transmitted
by the PEDOT_HPC 66 film in the reduced state and the oxidized state are shown in Figure 13
(e,f). The transmission light diffraction color of the oxidized state shifts slightly toward the blue
region compared with the reduced state.
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Figure 13. Angle scan measurements of the transmittance on the PEDOT HPC 66 film at an
incident light angle of 0° (a). Blue, green, and red lines correspond to 436, 546, and 700 nm
wavelength, respectively. Diffracted transmission spectra of the PEDOT HPC 66 film from 10°
to 30° of detection angle (b). CIE color space diagram of the as-prepared PEDOT HPC 66 film
from 10° to 26° of detection angle (c). Angle scan measurements on the PEDOT_HPC 66 film
at the reduced state (solid line) and oxidized state (dashed line) (d). Blue, green, and red lines
correspond to 436, 546, and 700 nm, respectively. CIE color space diagram of the
PEDOT _HPC 66 film at the reduced state () and oxidized state (f).

3.5.2. Reflection-Type Grating

The PEDOT HPC film also shows reflection-type diffraction grating properties. Angle scan
measurements of the reflectance on the PEDOT HPC 66 film were performed at incident light
wavelengths of 436, 546, and 700 nm, and the results are shown in Figure 14a. When the
incident angle is 30°, diffraction light is observed in two regions due to the —1 and +1 diffraction
order. For incident light at 436, 546, and 700 nm, the maximum reflectance angles are 17.5°,
13.5°, and 9.0° in the +1 order region (Figure 10a) and 44.5°, 47.5°, and 55.0° in the —1 order
region, respectively (Figure 14b). The corresponding reflection spectra are displayed in Figures
10(c, d). As can be seen, the maximum reflection wavelength gradually shifts toward the blue
region as the reflection angle changes from 0° to 20°. In contrast, the maximum reflection
wavelength gradually red shifts as the detection angle increases from 40° to 70°. These results
are consistent with those of the angle scan measurements. The CIE color space diagrams
calculated from the reflection spectra are shown in Figure 14(e, f). The diffracted light changes
from red to blue when the detection angle varies from 0° to 20°. Conversely, the diffracted light
changes from blue to red with the detection angle changing from 40° to 70°. The angle scan
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measurements, reflection spectra, and CIE color space diagram at incident angles of 45° and 60°
are available in Figure S6-S10.

a b
(@), )
| —2m .
o nm 52.0°
o4 04 Hl —— 700 nm
S & Polymer
§ 0.3 § 0.3
[0 ©
802 8 02
4 4
0.1 0.1
p 0 \‘_
-10 - 35 40 45 50 55 60 65 70 75 80
Angle/deg
©) g6

0.6

o
o

0.5
0.4

0.3

Reflectance (%)

400 500 600 700 800 400 500 600 700 800
( ) Wavelength/nm Wavelength/nm
e

Figure 14. Angle scan measurements of the reflectance on the PEDOT HPC 66 film at an
incident angle of 30° (a, b). Blue, green, and red lines correspond to 436, 546, and 700 nm
wavelength, respectively. Reflection spectra of the PEDOT HPC 66 film at an incident angle of
30° with detection angle from 0° to 20° (¢) and from 40° to 70° (d). CIE color space diagram of
the PEDOT HPC film at detection angle from 0° to 20° (e) and from 40° to 70° (f).

3.5.3. Diffracted Light Angle Dependency of Dot Diameter
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We also evaluated the relationship between dot diameters and diffracted light angle. To this
aim, the dot diameters were calculated by ImagelJ software from the optical microscope images.
The mean value of each dot diameter is determined to be 2.03, 1.78, 1.56, and 1.10 um at a
concentration of 54.0wt%, 58.0wt%, 62.0wt%, and 66.0wt%, respectively. All angle scan
measurement results of each HPC concentration are available in Figure S11. Figure 15 shows a
plot of the diffracted light angle as a function of dot diameter at an incident light angle of 30°, in
which the widening of the diffracted light angle with decreasing the dot diameter can be
observed in both —1 and +1 diffraction order regions. This result indicates that the PEDOT HPC
film having small dot diameter shows small “d” value in Equation 1 because the inter-dot
distance decreases with the size of the dots (Figure 15(b, c¢)). As mentioned in the former section,
the dot diameter depends on the HPC concentration. Therefore, the diffracted light angle can be
tuned easily by changing the HPC concentration.

(a) (b) Large diameter (low HPC concentration)
T T T T T T T . :
70 - 0 436 nm Incident light .
O 546 nm 3
60 .

© 700 nm-3
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(C) Small diameter (high HPC concentration)
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Diffracted light angle/deg
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PEDOT_HPC
ITO glass

Figure 15. Plots of diffracted light angle as a function of dot diameter (a). The black lines are
approximations by linear polynomial functions at each wavelength. Schematic illustrations of the
light diffraction at large dot diameter (b) and small dot diameter (c).

3.6.  Metal Coating

Au coating on the surface of the PEDOT HPC film was demonstrated to enhance the
diffracted light intensity. Although PEDOT-HPC film has diffraction grating property, reflection
intensity is very low due to the polymer surface that is hard to reflect light. Therefore, Au was
coated on the surface of the PEDOT film to enhance the reflection intensity. The thickness of the
Au film is plotted as a function of coating time in Figure S12. From the plot, the expected
deposition rate of Au was estimated to be 27 nm/min. Figure 16a shows a reflection optical
microscopy image for the Au-coated PEDOT HPC 66 film obtained after a coating time of five
minutes. The inset photograph shows a strong iridescent reflection upon white light irradiation.
Surface observation by AFM reveals no morphology change before and after Au deposition
(Figure 16(b,c)), which indicates that the Au layer is uniformly deposited on the surface of the
film. The CIE color spectra of PEDOT HPC 66 film with no Au coating and with Au coatings
of 13 and 113 nm are shown in Figure S13.
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Figure 16. Reflection microscopy images of the PEDOT _HPC 66 film coated with Au for 5 min
(inset: the Au-coated PEDOT HPC 66 film showing iridescence upon irradiation of white light)
(a). AFM image of the PEDOT HPC 66 film before Au coating (b) and after Au coating (c).

Angle scan measurements of the reflectance on the PEDOT HPC 66 film with various
thicknesses of Au layer were performed at 436, 546, and 700 nm wavelength at an incident light
angle of 30° (Figure 17a). At all wavelengths, the reflection intensity was found to increase more
than tenfold compared with films without the metal coating. Interestingly, a new reflection peak
appears at approximately —3° (Figure 17(a—c)), which can be attributed to the second-order
diffracted light (m = 2). The second-order diffracted light is also observed at incident light angles
of 45° and 60°. These results are summarized in Figures S14-S15. Figure 17(d) shows the
reflection intensity as a function of Au thickness. As can be seen, the reflection intensity
increases with the Au thickness up to ca. 50 nm. However, further Au thickness increase does
not affect the reflection intensity. Therefore, the thickness of Au layer is enough within 50 nm
for the improvement of reflectance intensity.
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Figure 17. Angle scan measurements of the reflectance on the PEDOT HPC 66 film at each
wavelength: The as-prepared film and Au-coated film (13, 27, and 53 nm) at 436 nm (a), 546 nm
(b), and 700 nm (c). Reflectance of Au-coated PEDOT HPC 66 film as a function of Au
thickness (first-order diffraction (m = 1) and second-order diffraction (m = 2)) (d). The plots of
first-order diffracted light at 436, 546, and 700 nm are depicted as circles and that of second-
order diffracted light at 436 nm as triangles.

4. Conclusions

PEDOT films having hemisphere-shaped micro-/nanostructures have been electrochemically
synthesized in concentrated HPC liquid crystal solution for the first time. Surface observations
by SEM and AFM reveal that the PEDOT film exhibits micro-/nano-scale dotted structures on
the surface in a large area. The dot diameter can be tuned in the range of ca. 1.1 to 2.0 um by
changing the concentration of HPC electrolyte solution. The dots uniform in size and irregular in
periodicity show diffraction grating property derived from convex—concave surface at both
transmission and reflection modes. Electrochemical redox cycling (doping—dedoping) changes
not only the film color, but also the diffracted light color due to the difference of light absorption.
The diffracted light angle also depends on the dot size, indicating that the inter-dot distance
decreases with the dot diameter. Finally, Au was coated onto the PEDOT HPC film to
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demonstrate the enhancement of the diffracted light intensity. We found that the reflection
intensity of the PEDOT film with Au coating increases more than tenfold. Moreover, second-
order diffracted light behavior of the Au-coated PEDOT HPC film was observed. This bottom-
up polymerization technique using HPC as a template could be applied to other conductive
polymers for functional surface fabrication and the development of optical materials.
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FT-IR spectra

FT-IR spectra of 3,4-ethyeneldioxythiophene (EDOT), poly(3,4-ethyelnedioxythiophene) (PEDOT) and
hydroxypropyl cellulose (HPC) were measured by KBr method. The spectra are recorded in the range of
400-4000 cm* with a resolution of 4 cm*. Transmittance peak at 890 cm™ is attributed to C-H bending mode
connected to the o carbon of thiophene ring. Disappearance of this peak in the polymer spectrum indicates that
the EDOT monomers are polymerized and PEDOT is produced. Peaks at 1523, 1487 and 1366 cm™ are
attributed to the stretching modes of C=C and C-C in the thiophene ring. Peaks at 987, 848 and 697 cm™ are
attributed to the vibration modes of the C-S. The peaks at 1218 and 1092 cm are attributed to the stretching

modes of the ethylenedioxy group. Peaks at 926 cm™ is attributed to the ethylenedioxy ring deformation

mode.!
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Figure S1. FT-IR spectra of PEDOT_HPC film, EDOT and HPC.



2. Film thickness
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Figure S2. AFM image of PEDOT_HPC film (a). 3D image of AFM image (b). Cross-sectional image along blue
line of AFM image (c).
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3. AFM images of PEDOT_HPC_66 film

AFM measurements of PEDOT HPC 66 film prepared by changing applied voltage time from 10
min to 30 min are showed in Figure 6. Cross-section profile at black line in each image are shown in
bottom. At the initial state of the electrochemical polymerization, fingerprint texture is observed (a).
When the applied voltage time is 25 min, the low height dot structures begin to be formed (b). As the

polymerization time increases, the dot structures grow and become high (c, d).
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Figure S3. AFM images of the PEDOT HPC 66 film by changing polymerization time. 10 min (a),

25 min (b), 26 min (c¢) and 30 min (d). All scale bars are 2 pum.
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4. Cyclic voltammetry
Cyclic voltammetry was conducted with a uyAUTOLAB TYPE Il (ECO Chemie). ITO glass deposited on a
PEDOT_HPC_66 film, Ag/AgNOs electrode, and platinum wires were used as a working electrode, reference
electrode and counter electrode, respectively. When the scan rates were varied at 10, 20, 30, 40, 50, 60, 70, 80,
90 and 100 mV/s, the oxidation current peak and reduction current peak are gradually increase. Current peak
to square root scan rate plot is shown in Figure S4, inset. The linearity of the slope indicates that the oxidation

and reduction process of this polymer film is electrochemically reversible.
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Figure S4. Cyclic voltamogram of PEDOT_HPC film (electrolyte: 0.1 M TBAP/ACN; scan rate: 10 - 100 mV/s vs.
Ag/AgNQO3). Cyclic voltammogram of PEDOT_HPC film at various scan rates of 10 to 500 mV/s. TBAP =
tetrabutylammonium perchlorate. Insets: plots of redox peak current versus square scan rate of PEDOT_HPC_66

film.



5. Helical pitch of electrolyte solutions

Figure S5. Polarizing optical microscope images of electrolyte solutions. HPC concentration of 54.0 (a), 58.0

(b), 62.0 (c), and 66.0 (d), respectively. Helical pitches were estimated by ImageJ. All scale bars are 10 um.
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6. Reflection type diffraction grating property at incident angle of 45° and 60°
Incident angle 45°
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Figure S6. Angle scans measurements of PEDOT_HPC_66 film in the range of 5° to 40° (a) and 50° to 85° (b).
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Figure S7. Reflection spectra of PEDOT_HPC_66 film in the range of 5° to 35° (a) and 55° to 80° (b).
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Figure S8. CIE color spectra of PEDOT_HPC_66 in the range of 15° to 35° (a) and 53° to 80° (b).
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Incident angle 60°
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Figure S9. Angle scan measurements of PEDOT_HPC_66 film in the range of 20° to 55° (a) and reflection spectra
in the range of 25° to 50° (b).
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Figure S10. CIE color spectra of PEDOT_HPC_66 in the range of 26° to 50°.
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7. Angle scan measurements of PEDOT_HPC
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Figure S11. Angle scan measurements of PEDOT_HPC 54 (a), PEDOT_HPC 58 (b), PEDOT_HPC 62 (c)
and PEDOT_HPC_66 (d). All measurements were carried out at incident angle of 30°.
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8. Deposition rate of Au coating
Coating time to Au thickness plot is showed in Figure S11. Au is coated onto the indium tin oxide (ITO) glass
by MSP-1 magnetron sputter. Au thickness was measured by Dektak 3ST (Ulvac). From this result, deposition

rate is estimated as 27 nm/min.
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Figure S12. Au thickness plot as a function of coating time.

Table S1. Coating time to Au thickness dependence when Au was sputtered onto the ITO glass for 120 sec to 360

sec.
Coating time (s) Au thickness (nm)
120 51.21
180 74.99
240 108.91
300 124.40
360 167.60
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9. Reflection type diffraction grating property of the PEDOT_HPC film coated with Au
Figure S13 (a) to (c) shows CIE color spectra of the film with no Au coating, Au coating for 30 seconds (13
nm) and 5 minutes (133 nm), respectively. The diffracted light color of the film with no Au coating changes
from red to blue when the detection angle is scanned from 0° to 20°. When Au was coated on the
PEDOT_HPC film, the diffracted light color changes as shown in Figure S12 (b) and (c). The reflection color

slightly shifted to orange and yellow region when the coating time becomes longer. This is may be due to the
intrinsic reflection color of Au.
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Figure S13. CIE color spectra of PEDOT_HPC_66 film. As prepared state (a) and coated with 13 nm Au (b) and
133 nm (c).
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10. Au thickness to reflectance plot
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Figure S14. Au thickness to reflectance plot of PEDOT_HPC 66 film at incident angle of 30°. -1 order light (a)
and +1 order light (b).
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Incident angle 60°
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Figure S15. Coating time to reflection intensity (-1 order light) plot of PEDOT_HPC_66 film.
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