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Thermal nanoimprint lithography was utilized as an efficient method to directly create periodic

nanostructures on the conjugated polymer films that were synthesized from 2,5-bis(2-octyldodecyl)-

3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione, 3,3-bis((tetradecyloxy)methyl)-3,4-

dihydro-2H-thieno[3,4-b][1,4]dioxepine and thieno[3,2-b]thiophene monomers. This type of

nanopatterned polymer film with 275 nm features was achieved by the use of a direct, top-down

thermal nanoimprinting method, and then fabricated into absorption/transmission type electrochromic

devices. The nanopatterned devices displayed considerably better overall electrochromic performance

than their non-nanostructured pristine counterpart as evidenced by the improvement of up to 20% in

switching speed, coloration efficiency as well as enhanced colored-to-transmissive optical contrast. The

improvement in electrochromic performance could be ascribed to the increased exposed polymer

surface area induced upon nano-structuring of the conjugated polymer films, which was demonstrated

by the fact that the increase in the imprint depth from 100 to 130 nm led to a further improvement in

the electrochromic performance such as shorter switching speeds and higher coloration efficiency. In

addition, unlike the pristine un-patterned polymer film which displays an identical hue regardless of the

viewing angle, the nanoimprinted films gave different hues under different viewing angles because of the

ability of the nanogratings to diffract ambient white light, potentially opening up the path to many

interesting applications.
Introduction

The commercial realization of electrochromic polymers and
their devices has never been closer with the advent of numerous
exciting smart windows,1 displays2 and wearables prototypes3–5

that can display colour or transmittance changes upon a ick of
an electrical switch. As breakthroughs in the development of
electrochromic conjugated polymers in terms of their colour
availability have been achieved, many research efforts are now
being targeted towards device optimization and performance
enhancement through morphological control and manipula-
tion of the active polymeric layer. It is now widely accepted that
the morphology of the polymer lm has a signicant inuence
on its resulting properties. Logically, polymer lms with a large
ineering, A*STAR (Agency for Science,

ay, Innovis, #08-03, Singapore 138634.

ng@imre.a-star.edu.sg

s and Engineering, National University of

456

r Engineering, National University of

117583

ersity of Singapore, 3 Science Drive 3,

hemistry 2017
surface area-to-volume ratio or ‘volumetric redox density’6 have
the capability to exhibit better electrochromic performances as
they provide more electrically-addressable active sites and
facilitate ion movement during the redox reaction. To this end,
the use of nanotechnology has been keenly explored.

For the creation of nano-structured electrochromic polymer
lms, a wide range of methods such as electrospinning,7 layer-
by-layer deposition8,9 and template-assisted approaches10,11 have
been reported. Another emerging method makes use of various
hard and so lithographic techniques, for instance, photoli-
thography,12,13 micromolding in capillaries14,15 and nano-
imprinting.16,17 In particular, the nanoimprinting approach is
highly favourable as they can be adapted for large-scale, high
throughput roll-to-roll production with very high yields and
patterning resolution. An improvised thermal nanoimprinting
procedure may potentially be more advantageous as it enables
both patterning and thermal annealing of the polymer layer
simultaneously. While the benets of thermal annealing on the
electrochromic properties of conjugated polymers have yet to be
established, the strategy has afforded signicant improvements
in various polymer-based organic electronics.18,19

Despite the attractiveness of thermal nanoimprinting, to the
best of our knowledge, there is no report of its direct use on
RSC Adv., 2017, 7, 49119–49124 | 49119
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electrochromic conjugated polymers to form nanostructured
patterns except for a report in which a polymer precursor was
rst patterned into nanolines and subsequently chemically or
electrochemically polymerized into poly(terthiophene)s.20

Herein, we present the use of a direct, top-down thermal
nanoimprinting approach to create ordered line gratings
directly on a conjugated polymer lm without any post-
polymerization aer imprinting. The electrochromic perfor-
mance of the nanoimprinted polymer lms was evaluated and
compared against an un-patterned control lm. The impact of
polymer nano-structuring on its resulting electrochromic
properties is revealed, demonstrating faster switching speed
and higher coloration efficiency in comparison with the
controlled EC device.
Experimental
Materials

The donor–acceptor type diketopyrrolopyrrole-based conju-
gated polymer, ECP–DPP (Fig. 1), previously reported by our
group21 was employed as the electrochromic polymer in this
study. ITO/glass substrates (15 U sq�1, 35 � 30 � 1.1 mm) were
purchased from Xinyan Technology Ltd and were routinely
cleaned with successive ultrasonication in acetone, isopropyl
alcohol and distilled water, and blown dry with nitrogen (N2)
prior to use.
Thermal nanoimprinting

Electrochromic polymer lms with thicknesses of around
135 nm were rst spin-coated onto the ITO/glass substrates
from a stock solution (10 mg mL�1, 1 : 3 v/v chloroform : -
chlorobenzene) at 300 rpm for 60 second. Polymer edges were
removed by swabbing with chloroform using a cotton bud to
afford an active area of 1 � 1 cm2. Nano-structuring of the
polymer lms was subsequently carried out using a thermal
nanoimprint lithography process. A silicon mold with line
gratings (250 nm width, 250 nm gap and 125 nm depth) was
deliberately chosen as it possesses a thickness suitable for the
135 nm spin-coated polymer lms. A peruorodecyltri-
chlorosilane (FDTS) monolayer was coated on the surface of the
mold as an anti-adhesion layer. Prior to the nanoimprinting
process, both the polymer lm and silicon mold were cleaned
Fig. 1 Schematic illustration of the thermal nanoimprinting process for

49120 | RSC Adv., 2017, 7, 49119–49124
using a N2 blower. Following which, the mold was placed on top
of the polymer lm and placed into the thermal nanoimprinter.
The mold and substrate were then heated to a temperature of
120 �C and a constant pressure of 30 and 50 bars were applied
onto separate samples for 300 seconds. Subsequently, the
system was cooled down to 30 �C and the pressure was released.
The mold was then removed to yield the patterned lms. A
schematic illustration of the procedure is shown in Fig. 1.
Herein, the imprinted polymer lms that have been subjected
to a pressure of 30 and 50 bars during the nanoimprinting
process are denoted as ‘NIL-30’ and ‘NIL-50’ respectively. The
un-patterned lm is referred to as ‘pristine’.
Device fabrication

On a piece of ITO/glass substrate, paralm was lined along a 2
� 2 cm2 area to act as both a spacer and barrier layer. Within the
blocked-out area, 250 mL of the gel electrolyte (composition:
0.512 g of lithium perchlorate and 2.8 g of poly(methyl meth-
acrylate) (MW ¼ 120 000 g mol�1) in 6.65 mL of propylene
carbonate and 28 mL of dry acetonitrile (ACN)) was dispensed
and le to dry for 5 minutes under ambient conditions.
Assembly of the device was carried out on the bench-top by
sandwiching both ITO/glass substrates together with the poly-
mer lm and gel electrolyte in contact.
Instrumentation

A thermal nanoimprinter (Obducat, Sweden) was employed for
thermal nanoimprinting. Atomic force microscopy (AFM)
images were captured using a Veeco Dimension 3100 atomic
force microscope under the tapping mode. UV-vis-NIR absorp-
tion spectra were recorded on a Shimadzu UV-3600 UV-vis-NIR
spectrophotometer. An Autolab PGSTAT128N potentiostat was
employed for cyclic voltammetry experiments. For the
measurements, a three-electrode cell conguration with
polymer-coated ITO/glass substrate, Pt wire and Ag wire utilized
as the working, counter and pseudo-reference electrodes
respectively was used. A 0.1 M LiClO4/ACN electrolyte/solvent
couple was used and all measurements were recorded at
50 mV s�1. All electrochromic characterizations were performed
in situ, using both the spectrophotometer and potentiostat.
the electrochromic ECP–DPP film.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra08850g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 9
:1

1:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Thin lm morphology

The surface morphologies of the nanoimprinted lms were
probed using AFM and the height images and cross-sectional
proles of both NIL-30 and NIL-50 lms are presented in
Fig. 2. Thermal nanoimprinting had been successfully carried
out on the polymer lms and this was conrmed from the
presence of periodic one-dimensional nanoscale gratings. The
transfer of the patterns from the mold to the polymer lm was
Fig. 2 Height images and cross-sectional profiles of nanoimprinted (a)

Fig. 3 (a) UV-vis absorption spectra and (b) cyclic voltammograms of p

This journal is © The Royal Society of Chemistry 2017
also achieved at high yields (>95%). The widths of the polymer
gratings (represented by the lighter regions in the AFM images)
for both NIL-30 and NIL-50 were found to be approximately
275 nm, which is slightly wider than the gaps of the mold
(250 nm). The discrepancy is likely due to the limitations in the
resolution of the AFM tip.22 For NIL-30 which was imprinted at
a lower pressure at 30 bars, the measured depth of the gratings
is predictably shallower at 100 nm. In comparison, the gratings
of NIL-50 had reached a depth of approximately 130 nm. This is
attributed to the increased lling of the patterns under an
NIL-30 and (b) NIL-50 polymer films. Scan size: 5 � 5 mm.

ristine and nanoimprinted polymer films.

RSC Adv., 2017, 7, 49119–49124 | 49121
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Table 1 Optical and electrochemical properties of pristine and nanoimprinted polymer films

lmax (nm) lonset (nm)

Oxidation potentiala (V) Reduction potentiala (V)

Eox Eonset
b Ered Eonset

c

Pristine 575, 710, 766 (sh) 871 0.50, 0.96, 1.41 0.30 0.38, 0.55 0.83
NIL-30 575, 712, 770 876 0.49, 1.06, 1.53 0.29 0.49, 0.67 0.95
NIL-50 575, 716, 779 886 0.44, 1.06, 1.56 0.26 0.51, 0.77 1.01

a Against pseudo-reference (Ag wire). b First oxidation peak from neutral to positively-charged state. c First reduction peak from positive-charged to
neutral state.
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increased pressure. Nevertheless, the surface proles achieved
with both pressures were similar.

Optical and electrochemical properties

The spectroscopic properties of the pristine and nanoimprinted
lms were analysed from their UV-vis absorption behaviours. As
illustrated from the absorption spectra in Fig. 3a, the pristine
dark magenta polymer lm reveals numerous peaks cantered at
around 575 and 710 nm. At the lower-energy wavelength region,
a shoulder peak (766 nm) also exists. Following the thermal
nanoimprinting process, both NIL-30 and NIL-50 lms exhibit
spectral broadening as well as overall bathochromic shis in
absorption peaks and onset. Moreover, it was also observed that
the initial shoulder peak in the pristine lm becomes increas-
ingly dominant going from NIL-30 to NIL-50 and the absorption
maximum shis from 766 to 769 and 780 correspondingly. All
the above observations indicate the greater p–p stacking
behaviour and polymer chain ordering in the nanoimprinted
lms.17 The alignment of the polymer chains may have been
facilitated during the thermal nanoimprinting process as the
polymer chains are most likely able to re-orient themselves
under elevated temperatures and are constrained into nano-
scale structures within the gaps of the mold.

The redox behaviours of the polymer lms were subse-
quently investigated using cyclic voltammetry (CV). For all the
pristine and nanoimprinted NIL-30 and NIL-50 lms, similar
redox proles were observed. In all cases, the CV curves revealed
three pseudo-reversible redox couples upon anodic oxidation
(Fig. 3b). Nonetheless, key differences between the pristine and
nanoimprinted lms are still observed. Firstly, the nano-
imprinted NIL-30 and NIL-50 lms exhibited a systematic
increase in redox activities as indicated by the higher induced
currents. Secondly, the potential onsets of the rst oxidation
Fig. 4 Photographs of (a) NIL-50 ECD in its neutral (0.0 V) and
oxidized (1.6 V) states, and (b) NIL-50 film displaying different hues
under different viewing angles.

49122 | RSC Adv., 2017, 7, 49119–49124
peak and reverse reduction peak are found to occur at lower and
higher potentials respectively, suggesting the gradual ease of
redox reaction in the nanoimprinted polymer lms. The
enhancement in the redox capability of the nanoimprinted
lms can most probably be ascribed to the increase in the
interfacial area between the electrolyte and accessible redox-
active polymers. A summary of the optical and electro-
chemical properties of the pristine and nanoimprinted polymer
lms is presented in Table 1.
Electrochromic performance

The electrochromic performances of the pristine and nano-
imprinted polymer lms were investigated in the form of
absorption/transmission type devices. Between the neutral and
oxidized states, the devices reveal dark magenta-to-transmissive
grey electrochromic switching. An illustration of the colour
changes using the NIL-50 electrochromic device (ECD) is shown
in Fig. 4a. Interestingly, unlike the pristine un-patterned poly-
mer lm which shows an identical hue regardless of the viewing
angle, the nanoimprinted lms are able to reveal different hues
under different viewing angles due to the ability of the nano-
gratings to diffract ambient white light (Fig. 4b). This property
could potentially give rise to numerous interesting applica-
tions,14,15 but it is beyond the scope of this work.
Fig. 5 Transmittance-time profiles of pristine and nanoimprinted
ECDs cycled between +1.6 and �1.6 V at 720 nm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Graphical summary of the electrochromic performance ((a)
optical contrast, (b) switching time and (c) coloration efficiency) of
pristine and nanoimprinted ECDs probed at 720 nm.
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The electrochromic parameters of the ECDs such as the
optical contrasts, switching speeds and coloration efficiencies
were probed at 720 nm and the effect of nano-structuring of the
polymer lm on its performance is examined. For the experi-
ments, oxidative and reductive biases of +1.6 and �1.6 V were
applied to the devices while the changes in transmittance were
monitored over time. For each of the samples, three trials were
carried out. Fig. 5 depicts the switching cycles for the pristine
and nanoimprinted ECDs. The maximum optical contrasts
attained for the nanoimprinted devices were found to be
slightly improved. From a value of around 33% for the pristine
device, the observed contrast slightly increases to 34% and 36%
in NIL-30 and NIL-50 respectively. Other than the magnitude of
colour contrast, the response times (calculated as the time
required for the device to switch to 95% of the optical contrast)
Table 2 Summary of electrochromic performance of pristine and nano

Exposed surface areab (cm2) Optical contrast (%)

Pristine 1.00 32.8 � 0.3
NIL-30 1.18 33.7 � 0.4
NIL-50 1.23 34.4 � 1.9

a All measurements are carried out at 720 nm. b Exposed surface area is
polymer lms within the 1 � 1 cm2 active area.

This journal is © The Royal Society of Chemistry 2017
for the nanoimprinted devices are also determined to be faster
than the pristine device. For instance, between the pristine and
NIL-30 devices, the latter reveal bleaching and coloration
speeds that are approximately 6–8% faster. Similarly for the
NIL-50 devices, improvements by approximately 20 and 7%
respectively were recorded against the pristine ECDs. More
prominently, the coloration efficiencies were observed to be
larger for both the nanoimprinted devices, implying lower
power consumptions and greater energy savings. The average
value increases from 211 (pristine) to 247 (NIL-30) and nally to
254 cm2 C�1 (NIL-50). A graphical summary of the electro-
chromic performance of the various ECDs is shown in Fig. 6
while the detailed experimental data are presented in Table 2.

The enhancement in the optical contrast of the ECDs
following nano-structuring can most likely be accounted for by
the increased amount of accessible chromophoric polymer sites
that can undergo the redox reaction under the potential bias.
This is supported by the observed differences between the
performance of NIL-50 and NIL-30, in which the former
possesses a larger exposed surface area (�1.23 cm2 vs.
�1.18 cm2) due to the higher depth of the nanogratings. None-
theless, a linear relationship between the surface area of the
polymer lm and optical contrast is not observed. By increasing
the interfacial area between the electrochromic polymer and
electrolyte, the ion diffusion distance is also speculated to be
shortened. This is likely to enable more facile movement of the
charge-balancing counter-ions towards the charged polymeric
species during the redox process, leading to more rapid electro-
chromic switching. Besides one-dimensional line gratings, other
nanoscale geometrical structures with even higher aspect ratios
are also expected to yield similar and improved benets.

Conclusions

Ordered nanostructured line gratings were successfully
patterned onto the electrochromic polymer lms through an
easy and quick thermal nanoimprinting process. The approach
was observed to induce closely-packed and aligned polymer
chains, as well as to enhance the ease of redox activity of the
polymer lm through an increase in the exposed interfacial
surface area. When assembled into electrochromic devices, the
nanoimprinted polymer lms were found to exhibit superior
performances in optical contrast, switching speeds and color-
ation efficiency compared to the pristine, un-patterned coun-
terpart. Experimental ndings also appear to reveal a direct
correlation between the polymer-electrolyte interfacial area and
imprinted ECDsa

Bleaching time (s) Coloration time (s)
Coloration efficiency
(cm2 C�1)

21.1 � 0.7 1.17 � 0.18 211 � 17
19.8 � 1.6 1.07 � 0.08 247 � 13
16.7 � 1.6 1.08 � 0.18 254 � 10

estimated based on the number of and depth of nanogratings in the

RSC Adv., 2017, 7, 49119–49124 | 49123
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electrochromic performance, albeit not linearly. It is envisaged
that morphology control and optimization of the polymer lms
could be among the effective strategies to enhance the perfor-
mance of electrochromic devices.
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