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ABSTRACT: Dynamic colors that respond to environmental changes are of great interest for diverse areas of science and
technology ranging from chemical and biological sensors to smart information display. Here, we demonstrate a multitude of
responsive colors from a conjugated polymer film arising from a thin-film interference. This mechanism provides an excellent control
over the thin-film color by varying the film thickness, type of substrate, and degree of polaron population and is generally applicable
to various conjugated polymers for further color variation. Furthermore, multiple sets of responsive colors are achieved from a single
polymer layer by patterning the underlying substrate to spatially modify the interference conditions. Using this system, we
demonstrate the reversible color changes induced by an oxidative or reductive environment with color responsivity controllable with
the nature of the polaron state.
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B INTRODUCTION

Nature displays numerous examples of variable coloration for
camouflage and communication.'™* Adaptation of such
responsive colors in our living can provide a real-time visible
signal for environmental changes, useful for a number of

reflected from the top and bottom of the films. We have
previously shown that the oxidative liquid—liquid interfacial
self-assembly of a conjugated block copolymer, poly(3-
hexylthiophene)-block-poly(ethylene glycol) (P3HT-b-PEG),
can generate an oxidized P3HT-b-PEG film displaying

applications such as smart information display, encryption, and
sensors.”” '’ Among various color-changing materials,”””"""*
the conjugated polymers are of particular interests for their
tunable optical and electrical properties and low-cost solution
processability.'* ™" The conjugated polymers are intensely
colored in the neutral state due to strong light absorption in
the visible region. Upon oxidation, the absorption shifts to
longer wavelengths typically in the near-infrared (IR) region,
resulting in color bleaching or change.”*™** This optical
property is responsible for the electrochromic behavior of the
conjugated polymers, which has been utilized in various
applications such as smart windows and electronic skin.”***
However, the possible colors from a conjugated polymer are
usually limited to two states with varying intensities when the
coloration mechanism is based on the intrinsic absorption
property,” and further color tuning requires the design and
synthesis of new polymers with different molecular structures.

Here, we realize a wide range of responsive colors by
adopting conjugated polymers to exhibit a simple thin-film
interference. The thin-film interference color, which is
commonly seen in soap bubbles and oil films, is based on
the constructive and destructive interferences between light
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colorimetric sensitivity to reductive vapors via the thin-film
interference.”* While this method provided a one-step
procedure to prepare an oxidized polymer film, the color
tunability was limited as the degree of oxidation and the film
thickness, two key parameters for color modulation, could not
be independently controlled in the in situ oxidation method.
Herein, we demonstrate full color tunability from a conjugated
polymer by decoupling the oxidation and the film formation
through a simple spin-coating and postoxidation process,
which is generally applicable to commercially available
prototypical conjugated polymers. A range of different color
combinations and color patterns with varying responsivities to
reductive and oxidative species were achieved by the
combination of film thickness, type of substrate, and reduction
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Figure 1. Working principle and optical characterization of the tunable thin-film interference display. (a) Schematic of the tunable structural color
principle via the thin-film interference through the material change depending on their oxidation state. (b) Color obtained by tuning the thickness
(t) of P3HT and +P3HT films on Si substrate (scale bar: 1 mm). (c) Photographs showing color pallet of the P3HT films depending on the film
thickness and the oxidation time with a 100 uM HAuCl, solution (scale bar: 1 mm). (d,e) Time-dependent reflection (d) and UV—vis (e) spectra
of the P3HT film oxidation reaction (scale bar: 2 mm). The P3HT film was dipped in a 100 M HAuCl, solution. Each subsequent scan occurred

at 5, 10, 20, 30, 40, and 60 min.

potential of oxidants. The superior versatility, robustness, and
generality of conjugated polymer-based responsive thin-film
interference colors make them highly suitable for colorimetric
sensors and smart label applications beyond previous electro-
chromic research based on the absorption color.

B RESULTS AND DISCUSSION

Tunable Thin-Film Interference Color of the P3HT
Film. Figure 1a presents a schematic of our responsive thin-
film interference color system composed of a conjugated
polymer layer on a reflective substrate. In our typical study, the
thin-film interference color was fabricated by spin-coating a
1,4-dichlorobenzene solution of P3HT on a silicon wafer,
where the film thickness was controlled by simply varying the
polymer concentration. P3HT was selected as our typical thin-
film material for the large contrast in optical constant it
possesses between oxidized and neutral states, making the
colors dynamically switchable. Figure 1b (top) presents
photographs of P3HT thin films of varying thickness (Tables
S1 and S2, Figure S1), exhibiting thin-film interference colors
varying with the film thickness. As mentioned above, these
colors originate from the interference between light normally
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reflected by the top and bottom interfaces. Due to the larger
index of each underlying layer, the light is reflected at each
interface with a near z-phase shift. This results in strengthening
of the total reflected light when integer multiples of its half
wavelength in the polymer correspond to the polymer
thickness. As a result, the modulated spectrum varies with
thickness, the effect of which is illustrated in Figure 1b (top)
via the display of various structural colors.

The color-switching capability of P3HT thin films (Figure
1a) was assessed by exposing the film to a HAuCl, (500 M)
solution for 1 min to generate oxidized P3HT (+P3HT).
Consistent with the literatures,”*™>® the cyclic voltammetry
data of P3HT revealed reversible oxidation and reduction, with
the estimated highest occupied molecular orbital (HOMO)
energy of —4.82 eV (Figure S2). The comparison of the
HOMO level and the reduction potential of Au** (Figure S3)
indicates that the hole polarons can be produced in P3HT
through the redox reaction between P3HT and HAuCl,
(Equation S1), which changes its polarizability manifested by
noticeable variations in the complex dielectric function (See
Figure S4a). The modified refractive index dramatically shifts
the interference condition, producing a new set of distinct

https://doi.org/10.1021/acsami.3c11940
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Figure 2. Thin-film interference color of other types of conjugated polymers. (a,b) Chemical structure and photograph of (a) PTOTT and (b)
MEH-PPV with various thicknesses on a Si substrate (scale bar: 1 mm). (c,d) Experimental (left) and simulated (right) reflectance spectra and
corresponding colors of (c) initial polymer and (d) oxidized polymer (oxidation condition: 500 uM HAuCl,, 1 min) films of similar thickness
(P3HT: S0, PTOTT: 5SS, and MEH-PPV: 62 nm) on Si. Calculations were performed with a transfer matrix algorithm, where the optical constants
n and k for the conjugated polymers were measured by ellipsometry (Figure S4) and those for substrate materials were obtained from ellipsometry
measurements and tabulated data (Figure $8).>*** Simulated thicknesses of 54, 60, and 57 nm for P3HT, PTOTT, and MEH-PPV, respectively,

resulted in a good match between experimental and simulated colors.

thickness-dependent colors, as shown in Figure 1b (bottom).
The color-changing process was monitored over time. Each
row in Figure lc is a photograph of 25, 85, and 125 nm thick
P3HT films on silicon as a function of the oxidation time. A
gradual color change was observed during oxidation of the 25
nm thick P3HT film from light blue to gray, whereas the 85
nm thick P3HT film shifted from green to purple and the 125
nm thick P3HT film shifted from yellow to blue. The gradated
colors indicate that the thin-film interference color can be fine-
tuned by adjusting the degree of polaron formation. In other
words, color variation can be correlated to the extent of
oxidation.

Redox of P3HT converts the real and imaginary parts of the
complex refractive index, as shown in Figure S4a. Figure 1d
presents the evolving reflection spectra for a 125 nm thick
P3HT film on silicon due to the changing refractive index,
where the peak position shifts from approximately 650 to 550
nm with intensity decrease. On the other hand, the absorption
spectra in Figure le carried out with a P3HT film on a
transparent glass substrate show intensity variations rather than
spectral shifts. The index of glass is closer to that of the
polymer film, which limits the reflection from the polymer—
substrate interface in such a way that the film colors are
dominated by absorption. As the oxidation reaction proceeds,
the absorption at 520 nm assigned to the 7—z* transition of
P3HT decreases in intensity, and a new absorption band
appears at 800 nm, characteristic of the hole polaron state
(Figure 1e). Previous studies have monitored the redox state of
P3HT based on the changes in its absorbance.””**” In this
approach, the color changes were mostly limited to intensity
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differences within a small range of colors, usually from red to a
dimer or transparent state. However, when the P3HT film is
on Si, the reflected color changes over a wider range of shades
such as from yellow to blue, as shown in the time-dependent
color photographs in the inset of Figure 1d. This highlights the
merits of the thin-film interference where the mechanism
provides visually clearer contrast between different redox states
compared to colors based on absorption.

Extending to Other Types of the Conjugated
Polymers. To assess the generality of our approach, we
employed two additional conjugated polymers, poly[3-
(2,5,8,11-tetraoxatridecanyl)thiophene] (PTOTT) and poly-
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV), for the fabrication of responsive color films. A
thiophene derivative, PTOTT, shares the same polymer
backbone as P3HT but has a different side chain, and thus,
its packing, molar volume, and refractive index are different
from those of P3HT. A widely studied conjugated polymer,
MEH-PPV, was selected as a representative nonthiophene
polymer. PTOTT was synthesized by a previously reported
synthetic procedure30_32 (characterization data in Figures S5
and $6), and commercial MEH-PPV was used as purchased.
Optical and electrochemical characterization data for selected
polymers are provided in Figures S7 and S2.

The PTOTT films on the Si substrates showed the
interference colors evolving from purple to green to brown
with a change in film thickness from 38 to 180 nm (Figure 2a,
top). When oxidized by HAuCl,, a new set of interference
colors were observed, varying from gray to blue to yellow
(Figure 2a, bottom). The MEH-PPV films also showed the

https://doi.org/10.1021/acsami.3c11940
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Figure 3. Thin-film interference colors for PBHT and +P3HT films on various substrates. Series of measured and calculated colors (top) and
calculated reflection (bottom) as a function of film thickness and wavelength of P3HT and +P3HT films with different thicknesses on (a) Si, (b)

Si0,/Si, (c) Au/Si, and (d) Pt/Si substrates (scale bar: 3 mm).
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Figure 4. Thin-film interference colors from P3HT and +P3HT films on a metal-patterned substrate. (a) Schematic of the metal-patterned
substrate consisting of Au or Pt metal patterns on Si substrate or 300 nm SiO, layer on Si substrate. (b) Schematic of the tunable structural color
depending on the oxidation state of the polymer film on the metal-patterned substrate. (c) Photographs of the 150, 100, and S0 nm thick P3HT
and +P3HT films on various types of the metal-patterned substrates. (d) Photographs of the EWHA logo during oxidation and reduction for
decryption and encryption, respectively. (e) Photographs of P3HT, +P3HT, and reverted P3HT films on a dual metal pattern on SiO,/Si substrates
(top row) and single metal pattern on SiO,/Si substrates (middle and bottom rows). For all experiments, P3HT oxidation was induced using a 500
UM aqueous solution of HAuCl,, and the P3HT reduction was induced by exposure to pyrrole vapor (scale bar: 2 mm).

interference color changes depending on their thickness and
oxidation state (Figure 2b). Due to their different refractive
indices (see Figure S4, black), the three different polymer films
(i.e, P3HT, PTOTT, MEH-PPV) at the neutral state showed
distinct colors at the same thickness. For example, the 50—60
nm thick film of P3HT (50 nm), PTOTT (55 nm), and MEH-
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PPV (62 nm) exhibited greenish-blue, reddish-purple, and blue
colors, respectively (Figure 2c, top). After oxidation, the
refractive indices become similar (Figure S4, blue) such that
the film colors were converted from their initial states to
slightly toned brownish-grays, as shown in Figure 2d (top).
These color transitions were investigated by electromagnetic

https://doi.org/10.1021/acsami.3c11940
ACS Appl. Mater. Interfaces 2023, 15, 51753-51762
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field simulations, modeling the thin-film interference at the
pristine and polaronic states. The calculations were performed
through a transfer matrix method, where light was normally
injected through air onto a polymer film on a substrate (see
Supporting Information for the detailed simulation parame-
ters). Figure 2c,d displays the experimental and simulated
results for each film, respectively. In general, the experimental
color and the reflectance spectra for P3HT (50 nm), PTOTT
(55 nm), and MEH-PPV (62 nm) films match fairly well with
those of the simulations, confirming that the thin-film
interference is the colorant mechanism. The slight discrepancy
in intensity and shade for the measured and simulated colors
are attributed to two reasons. One is that the experimental
images are raw photographs of the samples whose colors are
weighted by the spectrum of the ambient light. The simulated
colors, on the other hand, are free from the influence of the
light source. The second reason is that the photographs were
taken at slightly off-normal angles such that the optical path
length of light traveling in the film is larger than that in the
simulated film. These contribute to small shifts in the color
depending on the wavelength, thickness, and refractive index.

Interestingly, the PTOTT and P3HT films of similar
thicknesses showed distinct colors of reddish-purple and
blue, respectively, despite sharing the same polymer backbone.
On the other hand, similar colors were observed for the MEH-
PPV and P3HT films. We also note that the thin-film
interference colors of PTOTT and MEH-PPV are quite
different, although their thin-film absorption spectra are similar
(Figure S7). These results suggest that regardless of the
chemical structure and the absorption property, MEH-PPV
and P3HT share similar refractive indices, while PTOTT and
P3HT do not. Given the current lack of research on photonic
structural colors from the conjugated polymers, our simple
approach can serve as the basis for evaluating the optical
properties of polymers and their dynamic tunability.

Multicolor Films with the Patterned Substrates.
Developing multicolor visual cues is important for reliable
and rapid on-site visual diagnostics for colorimetric sensors.
However, spatially modulating the thickness of a single
polymer film in selective areas is a nontrivial task. Here, we
exploit the metal-patterned substrates for a responsive
multicolor system. A rigorous treatment of the reflection
considers multiple reflections occurring between the top and
bottom interfaces of the film, which are captured in the higher
order reflection coefficients.'”*> These terms are usually
negligible, especially when the index contrast between film
and surrounding is small. Otherwise, the total sum of the
reflection coefficients determines the reflection, where the
coeflicients are defined by the complex refractive index of the
substrate and film. Differences in the complex refractive index
among substrates cause deviations in the phase shifts for the
reflection coeflicients, ultimately modifying the interference
conditions and the corresponding colors.

Figure 3a—d presents the experimental and simulated colors
along with calculated reflection spectra for P3HT and +P3HT
supported by Si, SiO, (300 nm) on Si (SiO,/Si), Au (100 nm)
on Si (Au/Si), and Pt (100 nm) on Si (Pt/Si) substrates,
respectively. Various thin-film interference colors were
observed depending on the type of substrates as well as the
film thickness and the oxidation state. For example, a purple
color was observable for P3HT on gold and a clear blue for
P3HT on SiO,/Si, which were not seen on Si. These results
indicate that the thin-film interference colors of P3HT and

+P3HT films can be effectively modulated by the choice of the
substrate.

Accordingly, we created multicolor films by adopting a
metal-patterned Si or SiO,/Si substrate (Figure 4). Au or Pt
patterns were fabricated on Si or SiO,/Si substrates through
photolithography (Figure 4a). A single polymer layer of
uniform thickness was then coated on the metal-patterned
substrate, where the polymer thickness remained constant
regardless of the underlying material (Figure S9). Distinct
reflective colors were observed on the metal and the parts of
the film (Figure 4b—c). The colors appearing on the metal-
patterned substrates are consistent with those found on each
respective material (Figure 3), confirming that the color
contrasts are due to the reflective substrate rather than the
polymer thickness. The distinct colors from the underlying
patterns can undergo further changes with the oxidation state
of P3HT, resulting in patterns with different shapes and
background color combinations (Figure 4c,d). For example,
purple rose in a blue background turns to yellow rose in a gray
background with oxidation (the 50 nm thick P3HT film on the
Au/Si substrate in Figure 4c). Again, different color sets can be
readily obtained by varying the thickness of polymer films, as
presented in Figure 4c. Among various color combinations, we
point out two interesting color-changing behaviors. First, in the
case of the 150 nm thick P3HT film on Au/Si or Pt/Si and the
100 nm thick P3HT on Pt/SiO,/Si, the reflective colors from
the substrate and the metal pattern are nearly indistinguishable
in the pristine state but become clearly distinct after P3HT is
oxidized as shown in Figure 4c. Such feature is useful for
fabricating encryption—decryption devices. Figure 4d illus-
trates the effect revealing the letter “EWHA” with oxidation,
which can be concealed again by exposing the oxidized
polymer film to a reductive vapor, such as pyrrole (Figure 4d).
Second, the 150 nm thick P3HT on Au/SiO,/Si and Pt/SiO,/
Si shows clear oxidation-induced color changes on the
background with negligible color changes on the leaf metal
pattern. Such behavior is useful for smart labeling, where the
static color can be used to monitor the stability of the sensor
and the dynamic color can be used to monitor the
environmental change.

The ability to add more colors expands the breadth of
information that can be conveyed. Figure 4e presents a tricolor
system from two metal patterns displaying three distinct colors
on one substrate (top row), along with the single metal (Au or
Pt) patterns (middle and bottom rows). P3HT on the Au
(flower, sun) and Pt (leaf, cloud) patterns appeared purple and
blue, which shifted to yellow and white after oxidation,
respectively. All observed color changes were reversible, as
shown in Figure 4e. It is also interesting to note that the
boundary of the pattern is sharp in the P3HT film but becomes
blurry after the P3HT film is oxidized (Figure 4e). This effect
is clearly seen in the line profile across the boundaries of the
sun ray pattern, showing abrupt and gradual color transitions at
the pattern boundaries for the oxidized and pristine P3HT
films, respectively (Figure S10). This is because the thickness-
dependent behavior varies with the polymer oxidation state
and the substrate type. This feature was also reversible with
chemical reduction (Figure 4e). These results illustrate that the
combination of polymer thickness and substrate type provides
high degrees of freedom for managing colors and their
transitions.

Effect of Oxidants on the Color Responsivity. The
responsivity of +P3HT thin-film color to reductive vapors can

https://doi.org/10.1021/acsami.3c11940
ACS Appl. Mater. Interfaces 2023, 15, 51753-51762
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Figure S. Characteristics of the +P3HT films prepared by different oxidizing agents. (a,b) Time-dependent UV—vis spectra of the P3HT film
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middle), and the 40 nm-thick P3HT film (sky blue color, bottom), after oxidation by dipping in (c) a S00 M aqueous solution of HAuCl, for 30 s
or (d) a 10 mM acetonitrile solution of FeCl; for 1 min and after reduction by exposure to pyrrole vapor. (e,f) Photographs of the 125 nm thick
+P3HT films prepared by dipping in (e) a 500 uM HAuCl, solution for 30 s or (f) a 10 mM FeCl, solution for 1 min before and after exposures to
various chemical vapor environments. (gh) Time-dependent ratio of reflection (Rg30/Rsy) of the 110 nm thick +P3HT films prepared by dipping
in (g) a S00 uM HAuCl, solution for 30 s or (h) a 10 mM FeCl; solution for 1 min exposed to DMF vapor. The insets show photographs of the
+P3HT films exposed to DMF over time. (c—f) Scale bars: 1 mm. (gh) The length of one side of the inset picture is 2 mm.

vary with the nature and degree of oxidation, which can be
controlled by the type of oxidants, as well as the oxidation time
and the oxidant concentration. To investigate the effects of
oxidizing agents to the color responsivity, the P3HT films were
treated with a common oxidizing agent, FeCl; (Equation S2),
as well as HAuCl,. Figure Sa,b presents the extinction spectra
measured over time during oxidation by aqueous solutions
HAuCl, and FeCl;, respectively, both of which show increases
of the hole polaron band at 800 nm but at different rates.
HAuCl, is a stronger oxidizing agent than FeCl; with the
reduction potential of +1.5 V and +0.77 V,* respectively
(Figure S3), which explains the faster reaction rate with
HAuCl,. Exposure of the P3HT films to metal complexes with
a lower reduction potential such as CuCl, does not cause any
color change as expected (reaction 3 in Figures S3, S11c). For
FeCl;, the oxidation of P3HT is accompanied by the reduction
of FeCl; to FeCl, (reaction 1 in Figures S3, S12a).”” For
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HAuCl,, the oxidation occurs with the reduction of HAuCl, to
Au nanoparticles (reaction 2 in Figures S3, S12b,c).
Nonetheless, the same set of thickness-dependent and
doping-induced colors could be generated with FeCl; and
HAuCl, by adjusting the oxidation condition (ie., oxidant
concentration and oxidation time, Figure Sab). Likewise, both
+P3HT films showed color responsivity to reductive vapors, as
demonstrated with pyrrole (Figure Sc,d). However, the
responsivity of +P3HT to reductive vapors varied significantly,
depending on the type of oxidant used to generate the hole
polarons (Figure Se)h). Figure Se,f presents the photographs of
+P3HT films oxidized by HAuCl, and FeCl;, respectively,
before and after exposure to N,N-dimethylformamide (DMF),
pyrrole, ammonia, ethyl acetate, acrylonitrile, and form-
aldehyde vapor for 1 h in a closed system (Figure S13). The
+P3HT film oxidized by FeCl; exhibited a color shift from blue
to yellow contingent on the reducing power of the exposed

https://doi.org/10.1021/acsami.3c11940
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(top), the 85 nm thick P3HT film (middle), and the 25 nm thick P3HT film (bottom) exposed to 50 ppm of NO, gas flow [1000 standard cubic
centimeters per minute (SCCM)] over time. (d) Photographs of the P3HT film coated on a dual metal-patterned substrate (sun pattern: Au, cloud
pattern: Pt, substrate: Si0,/Si) during oxidation by using 100 ppm of NO, gas flow (1000 SCCM) over time. (e) Reflectance spectra and color
change of the P3HT film upon exposure to oxidative gases (gas calculated as the relative change of reflection ratio at 630 and 460 nm) (Response
(%) = ARg30/Rygo response + Rys0/Ryq initial X100) for NO, sensing and 475 and 610 nm (Response (%) = ARg30/Ry6o response + R,75/Rgio
initial X100) for NHj; sensing. (c,d) Scale bars: 1 mm. (e—g) The length of one side of the inset picture: 4 mm.

chemical vapor. Specifically, the blue +P3HT films exposed to
formaldehyde (683.3 kJ/mol)*® and acrylonitrile (753.7 kJ/
mol)*® with relatively a low gas-phase basicity turned to purple,
and the +P3HT films exposed to ethyl acetate (804.7 kJ/
mol),”® ammonia (819.0 kJ/mol),*® pyrrole (843.8 kJ/mol),**
and DMF (856.6 kJ/mol)*® with relatively a high basicity
showed a greater degree of color change to yellow. When
oxidized by HAuCl,, the +P3HT films were found to only
react to vapors with a higher basicity threshold that excludes
ethyl acetate, acrylonitrile, and formaldehyde under the
reaction condition. In addition, the +P3HT film prepared
with HAuCl, showed less reactivity to DMF than pyrrole and
ammonia despite its higher basicity because it has a lower
vapor pressure than other tested solvents. On the other hand,
the +P3HT film prepared with FeCl; showed a high
responsivity even to the low vapor pressure DMF. The
reactivity of the +P3HT film was further monitored by taking
reflection spectra over time during the reduction process with
DMF. The responsivity was quantified by taking the ratio
between the reflection intensity at 630 nm (Rg3), reflection
peak position of the pristine film, and the reflection intensity at
520 nm (Rg,), 7—7* absorption peak position of the pristine
film (original reflectance data shown in Figure S14). As can be
seen from the reflection ratio plot and the film color in the
inset (Figure S), the +P3HT film prepared with HAuCl,
(Figure Sg) exhibited a slower response rate and a less
reactivity to DMF vapor than the film prepared with FeCly
(Figure Sh).

51759

Fourier transform-infrared analysis showed characteristic
intensity reduction of IR bands with hole doping,®*~*" which
were almost fully recovered upon exposure to pyrrole (Figure
§15). In addition, IR bands corresponding to irreversible
oxidation products such as sulfoxides, sulfones or sulfonic
acids,” unsaturated hydroperoxides, or carboxylic acid
derivatives”’ were not found in both cases. These results
indicate that the chemical integrity of the film is maintained
after a redox cycle for both oxidants. The dedoping process of
the HAuCl,-treated P3HT films has been explained by the
reduction of AuCl,” complexed with the thiophene ring of
+P3HT through the strong sulfur—gold bond.”” We attributed
the lower responsivity of the HAuCl,-treated films to the
stronger interaction of +P3HT with AuCl,~,*** which
requires stronger reducing agents for dedoping. Taken
together, these results demonstrate that the oxidation method
of the P3HT film determines the nature of the oxidized film,
which in turn affects the response time and sensitivity of
+P3HT films to reductive vapor.

Multicolor Responses to Gaseous Species. The ability
of the color-changing behavior to recognize harmful gases was
further investigated for the NMR bands of NO, and NHj;. Our
study proposes two strategies for the development of
multicolor sensors, using the thickness (Figure 6a) and the
substrate type (Figure 6b). Figure 6¢ shows the results of the
NO, detection using the P3HT films with different thicknesses.
NO, is an oxidizing gas that can generate holes in organic
semiconductors. The as-prepared P3HT films show color
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changes in response to exposure to NO, due to the hole
polaron generation in the P3HT film. The multicolor capability
was enabled by the thickness-dependent concentration of CO,
and SO,: 200 ppm and NO,: 20 ppm. (fg) The time-
dependent responses of (f) the 125 nm thick P3HT film
exposed to various concentrations of the NO, gas and (g)
+P3HT film prepared using FeCl; solution (10 mM in
acetonitrile, 10 s exposure) exposed to the NH; gas. The insets
show photographs of the P3HT and +P3HT films exposed to
each gas. The gas response and color improve the reliability of
the detection. The gas-sensing ability was also tested on our
multicolor pattern made from a P3HT film on a dual metal-
patterned substrate as shown in Figure 6d. The time-varying
response of this film can be observed in Movie 1. When
exposed to 100 ppm of NO, gas, the film showed color
changes in the pattern and the background was consistent with
that found under oxidizing solutions of HAuCl, and FeCl;
within 3—5 min. The sensing selectivity was evaluated with 20
ppm of NO,, 200 ppm of CO,, and 200 ppm of SO,. As shown
in Figure Ge, significant changes in the reflectance spectra and
structural color were observed only for NO, among the tested
analytes even at concentrations that were 10 times lower than
other tested gases, confirming the selectivity toward the NO,
gas. Figure 6f presents the response of the P3HT films
depending on the NO, concentration, which showed that the
colorimetric responses increase with the concentration of NO,
with significant changes in the reflection spectra at the lowest
concentration of 2.5 ppm (original reflectance data in Figure
S$16). In Figure 6g, the +P3HT film oxidized by FeCl, was
used for the detection of a reductive gas, NH;, at varying
concentrations, which showed the colorimetric responses
down to 50 ppm (original reflectance data shown in Figure
S17). The sensitivity allows for detection at or below the
permissible exposure limits set by the National Institute for
Occupational Safety and Health, which are 3 and 50 ppm for 8
h for NO, and NH,, respectively.**™**

When the colorimetric film oxidized by the NO, gas was left
in ambient air, vacuum, or the NH; gas environment, the color
reverted back to its initial neutral state with the reversibility
slightly degrading with multiple cycles (Figure S18). The
reversibility may allow for reuse of the colored film, but the
P3HT film is reasonably cost-effective even without reusability,
as the colorimetric information can be visually assessed
without any optical or electrical equipment. The mechanism
of the P3HT reactivity to oxidative and reductive gases was
explored previously in the context of organic field-effect
transistor devices, where the carrier generation by doping
increases the current.”” Our method relies on changes in
optical properties with doping/dedoping processes. Although
the lower bounds to the sensitivity of our method are modest
compared to electrical devices,’’ >" the colorimetric method
reported here provides readily detectable visual signal without
complicated devices and can be coupled with electrical devices
when desired.

Bl CONCLUSIONS

Multidimensional responsive colors were achieved with a
conjugated polymer film on a reflective substrate through the
simple thin-film interference mechanism. The polymer film
exhibited a wide range of colors controllable with the film
thickness and substrate type, which can be further shifted in
response to the exposure to an oxidative or reductive
environment through the generation or reduction of hole

polarons in the polymer film. This mechanism was generally
applicable to conventional conjugated polymers, such as
P3HT, PTOTT, and MEH-PPV, demonstrating that the
color combinations can be further expanded by the choice of
conjugated polymers. The responsivity of the oxidized polymer
films to a reductive environment can be modulated by the
nature of oxidation. The polymer films oxidized with FeCly
showed a higher sensitivity and a shorter reaction time than the
films prepared with a stronger oxidant, HAuCl,, making them
more suitable for the sensor applications. Nonetheless, HAuCl,
can be conveniently used to prepare the oxidized polymer films
due to its fast oxidation rate. Dual or tricolor devices were
realized from a single polymer film by adopting the metal-
patterned substrates to spatially modulate the thin-film
interference. Such multicolor capability is a desirable attribute
for various applications, including sensing, encryption, and
smart display. Our conjugated polymer films therefore provide
a facile, economical, yet robust approach to the design and
fabrication of dynamic multicolor palettes.

B EXPERIMENTAL SECTION

Preparation of the Conjugated Polymer Films. The P3HT
(10—-50 g/L) and MEH-PPV (4.5 g/L) solutions were prepared by
dissolving them in 1,2-dichlorobenzene. The PTOTT (10—40 g/L)
solution was prepared by dissolving it in a 9:1 mixture of acetonitrile
and ethanol, heating the solution at 60 °C for 1 min, and vortexing it
for 10 min at room temperature. The P3HT and PTOTT solutions
were filtered by using a 0.2 ym PTFE filter before use. Silicon wafers
were cleaned with piranha solution and prefunctionalized with
hexamethyldisilazane, following a literature procedure.”**> The
conjugated polymer solutions were spin-coated on silicon wafers at
1000—6000 rpm for 60 s. The polymer film thickness was controlled
by changing the polymer concentration and spin-coating speed (Table
S1) and measured by atomic force microscopy (Figure S1, Table S2).
The oxidized P3HT films were prepared by dipping the spin-coated
film into an aqueous or acetonitrile solution of HAuCl, or FeCl;
(0.1-10 mM). The oxidized films were washed with water or
acetonitrile and dried with N, to remove any residual dopant solution.

Fabrication of the Reflective Substrates. The metal-coated Si
or SiO,/Si substrates were prepared by using an ultrahigh vacuum
direct current magnetron sputtering system with Cr (20 nm) and Ti
(20 nm) as an adhesion layer for Pt (100 nm) and Au (100 nm),
respectively. After deposition, the metal patterns were fabricated by
UV photolithography. SiO,/Si was prepared by thermal oxidation of
the Si wafer.

Response of the P3HT Films to Reductive Organic Vapor. In
a typical measurement, a polaronic P3HT film on a Si wafer was
placed in a sealed vessel (4.5 cm diameter) with an aliquot of the
selected liquid (100 L) for 60 min until the chemical vapor reached
its equilibrium pressure (Figure S13). Ammonium hydroxide solution
(25%) was used to generate ammonia gas. All other vapors were
generated from the corresponding pure liquid. Freshly prepared
+P3HT films were used for all experiments, as they show
discoloration to their original color states over time (Figure S19).

Response of the P3HT Films to Oxidative and Reductive
Gases. The recognitions of P3HT for NO, and +P3HT for NH; were
tested with a customized sensing measurement system. The P3HT or
+P3HT films on a Si substrate were placed in a chamber with a quartz
window. The inner volume of the chamber was approximately 100
cm?, and the distance between the window and the sample stage was
6.5 mm. Selected gas was flowed into the chamber through a gas inlet
and outlet, and the gas concentration was controlled by mass flow
controllers. Photographs and reflectance spectra were obtained
through the quartz window. Diffuse reflectance spectra were measured
with an Ocean Optics Flame instrument equipped with an Ocean
Optics HL-2000-LL halogen-deuterium light source and a 400 ym
reflection probe.
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