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Chiroptical Switching of Electrochromic Polymer Thin Films

Inho Song,* Liyan You, Ke Chen, Won-June Lee, and Jianguo Mei*

The interaction between light and chiroptical polymers plays a crucial role in
chiroptics, spintronics, and chiral-spin selectivity. Despite considerable
successes in creating dissymmetric polymer films, the elucidation of
chiroptical activities under electrochemical switching remains unexplored.
Here homogeneous chiral electrochromics is reported using chiral assembly
of conjugated polymers through a transient solidification process with
molecular chiral templates. In their neutral state, the chiral electrochromic
polymers directly produce a remarkably dissymmetric polarization-dependent
transmittance. The circular dichroism (CD) and dissymmetric transmission
can be tuned by adjusting the doping level of the electrochemically active
polymer films. Under high levels of oxidation, the chiroptical activities are
reversed with strong bleaching in the visible, leading to formation of
monosignate CD spectra over the infrared region. The matching between
circular polarization handedness and chirality of chiroptical polymers makes a
distinct impact on optical contrast and color switching dynamics due to the
flipped chiroptical activities through polymer redox reactions. The differential
circularly polarized transmission in the chiral see-through display can make a
well-resolved color change in human eyes, demonstrating proof-of-concept
devices for 3D imaging and information encryption. This work serves as a
foundation to develop advanced on-chip fabrication of circular
polarization-multiplexed display in flexible and highly integrated platforms.

1. Introduction

Manipulation of a light polarization helicity—the degree of cir-
cular polarization—with chiral matter is an attractive route to-
ward realizing the next generation of quantum information
technologies.[1–6] To date, there has been rapid progress in the
investigation on chiroptical interaction in diverse semiconduct-
ing materials; however, typical studies have focused on the helical
light–matter interaction related to the charge or spin population
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of electron itself in the chiral matter. It
has yet to be explored to study the dis-
symmetric optical activities of the semicon-
ducting materials under electrochemical
switching in consideration of lattice vibra-
tions and their distortion by the electrons
and surrounding ions in redox reactions.

The chiroptical tuning through the elec-
trochemical switching has the potential to
innovate polarization-multiplexed displays
via their chiral electrochromics. These
displays have recently gained attention due
to the applications in various fields, includ-
ing 3D imaging and augmented/virtual
reality systems, liquid-crystal display
backlighting, high-luminance displays,
bioresponsive imaging, optical control, and
information encryption.[7–13] Most studies
on the circular polarization-modulated
displays have predominantly focused on
organic light-emitting diodes and liquid-
crystal displays.[11–21] Successful helicity
modulation of light from chiral elec-
trochromic (EC) materials with the redox
reaction have not been demonstrated yet,
which is expected to lay a foundation for
the circular polarization-multiplexed,
energy-saving see-through displays.

Herein, we highlight the first development of an intrinsic, chi-
ral electrochromics from redox-active polymer films by a chiral
templating approach, in which a small chiral molecule is used
to assist the formation of the dissymmetric active layer. The chi-
ral nature of polymer assemblies was induced by rapid chiral
orientation without extra high-energy heat or electric/magnetic
field. The blue-colored, chiral EC polymer (ECP-Blue) are highly
dissymmetric with high CD signal (≈13 000 mdeg) in the neu-
tral state. The intrinsic chiroptical behavior allowed a signifi-
cant polarization-dependent transmittance and a natural color
change depending on the CP handedness. With electrochemi-
cal switching in the chiral polymer films, the obvious bisignate
CD spectra attenuated with strong visible bleaching, finally lead-
ing to a reversible inversion of the sign of the chiroptical ef-
fect. The synchronizing between circular polarization and poly-
mer chirality makes largely differential optical contrast and color
switching dynamics. Under ambient light conditions, the chi-
ral EC films allow a noticeable color perturbation in the human
eye, functioning as a chiral transmissive display. This paves the
way for the highly promising application of these newly devel-
oped homochiral EC systems in 3D imaging and information
encryption.
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Figure 1. Chiroptical properties of chiral EC polymer films. a) Schematic of chiral transient templating using molecular chiral templates and long-range
ordered conjugated polymers. No heat or electric/magnetic field are needed to induce the chiral ordering of achiral polymers. Template sublimation by
annealing treatment does not attenuate the chiroptical properties. b) Molecular structures of the blue EC polymer and the chiral BN additive. c) Optical
absorbance spectra of ECP-Blue films in the reduced and oxidized states. Inset Figure shows photographic image of ECP-Blue film at the reduced state.
d) Maximum ellipticity intensity recorded in diverse chiral templated EC polymer films on quartz plate. e) Optimized ellipticity spectra of the templated
ECP-Blue films (25 wt% BN additives, ≈350 nm) before and after thermal annealing. f) Bright optical microscopy and polarizing optical microscopy
images (i.e., degree of cross polarizers = 90°, 45°, and 135°) of the templated ECP-Blue films blended with S-BN after thermal annealing. Scale bars
show 20 μm. g) Maximum ellipticity intensity of the templated ECP-Blue films before and after thermal annealing depending on the ratio of chiral BN
additives.

2. Results and Discussion

2.1. Electrochromic Chiral Polymer Films

To develop the highly dissymmetric, electrochemically active
polymer thin films, we introduced the chiral templating method
by blending chiral additives (dopants) into achiral EC poly-
mers (Figure 1a). Four conjugated polymers based on poly(3,4-
propylenedioxythiophene) (PProDOT), which are commonly

used in EC applications were initially tested for the formation
of chiral structures through the templating method. In the ab-
sence of chiral additives, the four colors of EC polymers (ECP-
Black, ECP-Blue, ECP-Magenta, and ECP-Yellow) showed re-
versible absorbance changes during the redox process. With a
positive bias applied, they exhibited a significant decrease in
visible-absorbance, along with a color change from black, blue,
magenta, and yellow to transmissive, respectively (Figure 1b,c;
Figure S1, Supporting Information).
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To test whether chiral templating can lead to dissymmetric
polymer thin films, three chiral additives, whose molecular
structures and names are depicted in Figures S1 and S2 (Sup-
porting Information), were blended with four polymers above.
Briefly, chiral additives and polymers at a specific ratio were
dissolved in chloroform. All solutions were then spin-coated
on quartz plates and the obtained thin films (≈200 nm) were
subjected to CD measurements. Among all combinations, only
ECP-Blue presented intense CD signals (Figure 1d; Figure S3,
Supporting Information), while others either showed no chiral
response or exhibited a weak Cotton effect in absorption region
of the conjugated polymers (i.e., ECP-Magenta with (−)−4,5-
Bis[hydroxy(diphenyl)methyl]−2,2-dimethyl-1,3-dioxolane [S-
taddol] and (R)-Octan-2-yl 4-((4-(hexyloxy)benzoyl)oxy)benzoate
[R811]; ECP-Yellow with S-taddol and (S)−(−)−1,1’-Bi(2-
naphthol) [S-BN]) with their CD intensities less than 20 mdeg.
It is worth noting that the chiral BN templated ECP-Blue thin
films generated the strongest signate CD signal (≈13 000 mdeg;
≈0.21 of gabs) in the visible absorption band of ECP-Blue with
optimized thicker films (thickness ≈ 350 nm; Figure 1e; Figure
S4, Supporting Information). This value is among the highest in
chiral polymers. The CD-effective region did not originate from
the chiral additive itself (Figure S5, Supporting Information),
which is indicative of the chirality transfer and amplification
from the chiral additives to whole blended systems. This is
supported by the polarized optical study, in which pronounced
birefringent textures were observed in the ECP-Blue films. The
birefringence indicates the presence of long-range molecular
ordering (Figure 1f; Figure S6).[22–24] Chiral conformation in the
long-range ordered polymer films was dominantly induced by
interactions with the chiral additives, resulting in the amplified
chiroptical properties depending on the chiral composition of
the templates. The other EC polymer films did not show any
anisotropic or birefringent domains (Figure S7, Supporting
Information). In addition, atomic force microscopy (AFM) was
used to observe surface morphological changes during the chiral
templating at microscale (Figure S8, Supporting Information).
All polymer films exhibited similar morphologies with small
nanobeads, suggesting that chiral templating and thermal
annealing did not significantly impact the microscale mor-
phologies in ECP-Blue films. In order to investigate molecular
packing within the polymer films, we utilized X-ray diffrac-
tion techniques. Figures S9 and S10 (Supporting Information)
present the results of grazing-incidence X-ray diffraction (GIXD)
analysis. Chiral templating led to the emergence of distinctive
crystalline diffraction in as-casted samples. However, the new
diffraction pattern vanished upon thermal annealing, indicating
that this diffraction pattern was associated with chiral dopant
itself. Excluding the diffraction peaks from the chiral small
molecule crystals, the polymer films exhibited weakly diffracting
lamellar peaks along the out-of-plane (qz) direction and in-plane
𝜋–𝜋 packing peaks (Table S1, Supporting Information).[25] In-
terestingly, the introduction of chiral additives induced denser
packing in both lamellar and 𝜋–𝜋 packing stacking, indicative
of the formation of relatively distorted, herringbone motif due
to intermolecular interactions with the dopants.[26] Despite
the sublimation of the chiral templating molecules, the 𝜋–𝜋
stacking distances further decreased, suggesting that the chiral

films retained their molecular ordering formed with the chiral
additives.

To investigate the interactions between the ECP-Blue and dif-
ferent chiral templates, the chiral templating was confirmed
in the Fourier transform infrared (FTIR) spectra of the tem-
plated ECP-Blue films. The peak at 1730 cm−1 corresponding
to the C═O stretching from ECP-Blue showed distinct changes
by the intermolecular interactions with the different chiral addi-
tives (Figure S11, Supporting Information). The templating us-
ing R811, R-taddol, and S-taddol showed neglectable changes
in the C═O stretching, although R811 induced additional, blue-
shifted C═O stretch from R811 itself. On the other hand, both
R-BN and S-BN templating caused broadening and reduction in
the C═O stretching peak, suggesting some of the polymer chains
strongly interact with the BN molecules via hydrogen bonding be-
tween the ketone and the hydroxyl group.[27,28] Additionally, four
chiral BN derivatives (as shown in Figure S2c−f in the Support-
ing Information) were evaluated for the chiral templating. Upon
the optimization, the parent BN exhibited the highest CD am-
plification due to their strong intermolecular noncovalent inter-
actions with the conjugated polymers (Figure S12, Supporting
Information).

Interestingly, our chiral templating is rapidly realized in the
transient solidification during the removal of the low-boiling
point solvent in the spin-coating process, contrasting with pre-
vious methods that relied on either high thermal energy or slow
chiral chain rearrangement.[21,29,30] Chiral BN sublimation in the
range of 160–240 °C did not attenuate the chiroptical activities of
polymer films as observed in CD spectra, but accordingly the op-
tical absorbance at UV region from the template molecule is ab-
sent with its removal (Figure S13, Supporting Information). On
the other hand, the thermal annealing resulted in slight broaden-
ings and red-shifts of absorption and CD peaks due to a stronger
intermolecular aggregation in polymer chains (Figure S14, Sup-
porting Information). It was found that 20–35 wt% of chiral ad-
ditives in the blends provided the strongest chiroptical response,
as shown in Figure 1g and Figure S15 (Supporting Information),
while the excess additive loading could disrupt the chiral confor-
mation of polymer chains, leading to a significant decrease in
ellipticity.

2.2. Chiroptical Properties Under Electrochemical Switching

The EC devices were assembled with a standard configura-
tion ITO/counter electrode (CE)/electrolyte/ECP/ITO, in which
VOx served as the charge-balancing material (CE), electrolyte
was made from polyethylene glycol diacrylate (PEGDA):lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and the ECP layer
was chiral ECP-Blue templated by chiral BN additive. Further
details on the device fabrication and characterization of the
chiral EC films are given in the Experimental Section. In the
cyclic voltammetry measurements, the pristine (achiral) and chi-
ral films showed almost identical curve shapes, peak positions,
and oxidation onsets, which indicates that they possess a sim-
ilar electrochemical reaction (Figure S16, Supporting Informa-
tion). Figure 2a,b and Figure S17a (Supporting Information)
show the optical absorption of the chiral EC films with left- and
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Figure 2. Dissymmetric chiroptical behavior of chiral templated ECP-Blue EC devices. a,b) Optical absorbance of S-BN (a) and R-BN (b) templated
ECP-Blue EC devices after thermal annealing upon the left- (solid line) and right-handed (dotted line) circularly polarized light. c) Differential optical
absorbance of S-BN (solid line) and R-BN (dotted line) templated ECP-Blue EC devices after thermal annealing. d,e) Optical transmittance of S-BN
(d) and R-BN (e) templated ECP-Blue EC devices upon the left- (blue) and right-handed (red) circularly polarized light after thermal annealing.
f) Optical contrast and dynamic coloration rate of chiral templated ECP-Blue EC devices upon the left- (blue) and right-handed (red) circularly po-
larized light. g,h) Optical contrast change as a function of charge density in bleaching and coloration process of annealed S-BN (g) and R-BN
(h) templated ECP-Blue films. i) Bleaching and coloration efficiency of annealed chiral templated ECP-Blue films.

right-handed circularly polarized beams. Interestingly, S-BN
templated EC devices showed a larger absorption under the
left-handed circularly polarized beam in the neutral state,
while R-BN EC devices gave a larger absorption under the
right-handed beam. As compared to achiral ECP-Blue films
(Figure S18, Supporting Information), the CD (i.e., differen-
tial absorption) signals of the chiral templated films were
prominent. As summarized in Figure 2c, the chiral tem-
plated ECP-Blue films exhibited mirror-imaged differential ab-
sorption depending on the chiral composition of the molec-
ular templates. The S-BN templated ECP-Blue films showed
a positive CD at a longer wavelength (645 nm) and a neg-
ative one at a shorter wavelength (510 nm), which is in-
dicative of a clockwise screw sense in the chromophore con-
stitution. The R-BN templated films showed mirror-imaged

spectra, leading to counterclockwise stacking for transition
dipoles.

With applying the potential from −0.8 to 0 V, the EC devices
were gradually bleached as the EC polymer is being doped. Ac-
cordingly, the bisignate, mirror-imaged CD spectra could be at-
tenuated (Figure 2c; Figure S19, Supporting Information). Thus,
it indicates that the CD signal originated from the intrinsic ex-
citon chirality in chiral polymer films,[31] rather than from the
artificial CD.[32] In the chiral exciton coupling, the intensity of
the exciton CD is proportional to the square of the absorption
coefficient, 𝜖, of the polymer.[33] The absorption coefficient of the
polymer decreases as the ECP-Blue oxidizes,[34] leading to the de-
crease in the bisignate CD intensity in our chiral films. In the
intrinsically generated chiroptical activities, the CD-active region
is synchronized with the polymer absorption profile, enabling a
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natural CD modulation through electrochemical switching of
chiral ECP-Blue films. The chiral templated films without ther-
mal treatment showed similar chiroptical electrochemical behav-
iors compared to those of annealed films (Figure S20, Support-
ing Information). We confirmed that the electroactive CD after
redox reactions has slightly different peak positions as compared
to that before the redox reactions (Figure S21a−c, Supporting In-
formation). The formation of favorable pathways for ionic move-
ment during the electrochemical activities leads to small morpho-
logical and consequent chiroptical changes (i.e., “break-in”).[35]

The gtrans values estimated from UV–vis–NIR spectrophotome-
ter customed with circular polarization lenses showed similar
trends with those from conventional CD spectrometer (Figure
S21d, Supporting Information).

As the applied voltage continues to increase to 0.4 and 0.8 V,
ECP-Blue became fully doped, leading to a significant reduc-
tion in their CD intensities. At high doping levels, only broad,
monosignate CD spectra were observed in the short-wave in-
frared (SWIR) region (Figure S22, Supporting Information). The
presence of monosignate CD spectra suggests potential chiropti-
cal activities in the polaron band. The polarons exhibited strong
localization along the polymer chains due to the strong electro-
static coulomb binding to anions[36] as well as a robust electron–
phonon coupling.[37] While highly delocalized excitons in chi-
ral stacks can generate strong degenerate coupling, leading to
the splitting of excitonic states into a high-energy (H-aggregate)
and low-energy state (J-aggregate) with subsequent bisignate CD
features,[31] this phenomenon was not observed in the strongly
localized polarons at the charged quinonoid structures.[38] Con-
sequently, the CD signal in this polaron band arises from
the nondegenerate transition dipoles, resulting in observed
monosignate CD spectra at the highly electrochemically-doped
state.[39]

Figure 2d,e and Figure S17b (Supporting Information) com-
pare double potential step chronoabsorptometry (DPSC) of pris-
tine and chiral templated films (+1 V to −0.8 V, 𝜆 = 615 nm).
S-BN templated EC devices showed low transmittance under the
left-handed circularly polarized light at the reduced state, but
inversely have high transmittance under the left-handed one at
highly oxidized state. On the other hand, R-BN templated de-
vices displayed opposite behavior, with high transmittance in the
reduced state and low transmittance in the oxidized state under
left-handed beam. In other words, the chiral templated ECP-Blue
films clearly exhibited the inversion of the sign of chiroptical ac-
tivities in the visible region between oxidized and reduced states,
leading to a larger transmittance contrast (Δ%T) of around 3%
depending on the circular polarization handedness of the inci-
dent beam. The coloration and bleaching switching rates in the
electrochemical doping were evaluated as function of time to
reach 95% of the full transmittance contrast, t95% (Figure S23,
Supporting Information). The coloration rates of the chiral tem-
plated films were also changed by the incidence of different hand-
edness of the circularly polarized beam (Figure 2f). Interestingly,
it was confirmed that the optical switching becomes faster as well
as the EC optical contrast increases. The S-BN templated ECP-
Blue films exhibited faster transmittance changes in coloration
process under the left-handed CP light transmission, which may
be related to larger differential beam absorption changes at the
same redox reaction rate.

The pristine (achiral) ECP-Blue devices showed the negligible
changes in Δ%T and t95% under different circular polarization.
Compared to the pristine film, however, the chiral templating
decreased the switching speed, especially in the coloration pro-
cess. The chiral templating mainly affects the EC dynamics in
the coloration stage, where electrolyte ions migrate out of the
polymer film to maintain charge neutrality in the dedoping pro-
cess. The morphological changes caused by the chiral templating
perturb the ionic movement pathways for anion dissociation in
the reduction process. However, chiral ECP-Blue films demon-
strated remarkable electrical and optical stability despite the in-
troduction of chiral dopants. All ECP-Blue films exhibited mini-
mal changes in transmittance (ΔT < 0.7%) during 1-h EC cycling
(Figure S24, Supporting Information). To study the switching
response of the electrochemical reaction, chronoamperometry
(CA) curves of ECP films were recorded at the same potential step
condition as the DPSC characterization (Figure S25, Support-
ing Information). The achiral ECP-Blue films showed a higher
transient current density than the chiral templated ones for elec-
trochemical redox reactions. Accordingly, the slightly better col-
oration efficiency (≈600 cm2 C−1 for coloration and ≈900 cm2

C−1 for bleaching) could be observed in the chiral templated films
due to their small charge intercalation and extraction (Figure 2g–
i; Figure S26, Supporting Information). It should be noted that
chiral templated ECP films exhibited differential coloration and
bleaching efficiencies with respect to the polarization handed-
ness of the transmitted beam. It resulted from the larger and
faster optical contrast changes upon the polarization handedness
during the polarization-independent electrical charge accumula-
tion. In short, the color switching dynamics, optical contrast, and
electrochemical charge extraction of EC devices could be modu-
lated depending on the circular polarization handedness and chi-
rality of templating molecules.

2.3. Dissymmetric Circularly Polarized Transmission

To demonstrate the feasibility of circularly polarized transmis-
sion through chiral EC films, we employed nonchiral light ir-
radiation to record their differential transmission. We utilized
a circular polarization filter, consisting of a linear polarizer and
quarter-waveplate, positioned between the chiral polymer films
and the photodetector of the absorption spectrometer to quan-
tify the circular polarization content (Figure 3a). Remarkably, the
chiral templated ECP-Blue films exhibited mirror-imaged differ-
ential transmittance in the undoped state (Figure 3b,c; Figure
S27, Supporting Information). This indicates that these films
serve as excellent chiral transmissive filters, capable of generat-
ing well-resolved circularly polarized light transmission from un-
polarized ambient light. Furthermore, upon oxidation of chiral
electrochemical polymers, we observed a significant sign inver-
sion in the visible region of the differential transmittance spec-
tra. This inversion was particularly evident in the dynamic trans-
mittance difference with respect to circular polarization (Δ%T ≈

7%), as characterized by DPSC (Figure 3d). The extremely large
chiroptical activities of ≈13 000 mdeg resulted in intrinsic opti-
cal perturbation that could even be detected by the human eye,
depending on circular polarization handedness. Tristimulus val-
ues, which represent the sensitivity of the cone cells in the human
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Figure 3. Dissymmetric circularly polarized transmittance in see-through chiral EC display devices. a) Two different measurement methods for CD (top)
and dissymmetric transmittance (bottom) of chiral EC films. b) Optical absorbance of R-BN templated ECP-Blue EC devices after thermal annealing
recorded through the left- (solid line) and right-handed (dotted line) circularly polarized light filter. c) Dissymmetric light transmission of S-BN (solid
line) and R-BN (dotted line) templated ECP-blue EC devices after thermal annealing. d) Dynamic optical transmittance changes of R-BN templated ECP-
Blue EC devices after thermal annealing through the left- (blue) and right-handed (red) circularly polarized light filter. e) CIE a* and b* color coordinate
values of chiral templated ECP-Blue EC devices. Inset shows color hues of a* and b* color indicators. f) Reconstructed colors from L*a*b* system
from absorbance spectra of chiral templated ECP-Blue EC devices recorded. g) Maximum ellipticity of R-BN templated ECP-Blue films considering the
azimuthal rotation/flipping of samples and the angle of incident light. Diamond means positive maximum, and circle means negative one in bisignate
CD spectra.

eye, were estimated using the CD and the dissymmetric transmit-
tance measurement (1976 CIE L*a*b*; Figure 3e). In the color
space, L* corresponds to the perception of lightness, while the
a* and b* axes define the chromaticity, each ranging from 0 to
100.[40] In a 2D chromaticity space (inset of Figure 3e), +a* and
−a* values indicate color with red and green hues, respectively.
Meanwhile, the b* axis represent yellow at positive point and
blue at negative point. The calculated chromaticity values of the
chiral templated films varied with different circular polarization
handedness in both measurement setups. Importantly, the dis-
symmetric optical properties were expressed as changes in chro-
maticity rather than brightness in the 3D color space (Figure S28,
Supporting Information). Specifically, the right-handed circularly
polarized light resulted in a reduction of b* value and an increase
in a* value for S-BN templated EC films, while the left-handed

beam resulted in the similar color changes for R-BN templated
ones. This indicates that the pure blue hues (related to−b*) of the
ECP-Blue films were attenuated when circular polarization hand-
edness and chirality of transmissive matter were not matched.
The color estimated from L*a*b* values demonstrated recogniz-
able color changes visible to the human eye in chiral polymer
films with different optical densities, highlighting their potential
for chiral transmissive displays utilizing optical perturbation un-
der ambient light irradiance (Figure 3f).

To ensure a wide viewing angle and maintaining a constant
polarization in transmissive displays that utilize random outdoor
light as a light source, it is crucial to demonstrate an isotropic
chiroptical property irrespective of the incident light–matter
interaction conditions such as azimuthal sample rotation, sam-
ple flipping, and varied beam incidence angle. The interaction

Adv. Mater. 2024, 36, 2307057 2307057 (6 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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between ambient light and the anisotropic nature of the material
can give rise to artificial CD (Equation and detailed explanation
are summarized in the Experimental Section).[31] In outdoor
applications, the detrimental impact of anisotropic CD on differ-
ential transmittance can be amplified due to the interaction with
versatile circular and linear polarization of random ambient light.
To address this, we first investigated the influence of sample
flipping. We found that there were negligible differences in the
positive and negative maxima across the entire CD spectral range
when the sample was flipped (i.e., front vs back in Figure 3g and
Figure S29, Supporting Information). This observation indicates
that the artificial CD based on the macroscopic anisotropic
effect in the chiral active layer was minimal.[22] Furthermore,
we investigated the effect of rotating the azimuthal angle of the
mounted sample around the optical axis of the incident light
(denoted as 𝜃R). We observed no change in the CD signal, which
suggests that the residual linear polarization did not contribute
to the artificial CD. Overall, these findings highlight the high
feasibility of utilizing circularly polarized transmission for real
see-through chiral display applications. By minimizing the
contributions of artificial CD, such displays can offer enhanced
performance and functionality. In certain chiral media based
on a periodic helicoidal structure, the optical responses remain
unchanged when the sample or the beam polarization axis
is rotated along the azimuth.[41] However, there are notable
differences in the optical behavior depending on the incident
angle of the beam. These chiral media exhibit a decrease in CD
intensity as the incident angle decreases. Additionally, there is a
significant shift in the spectral optical response described by the
equation, 𝜆 = 𝜆0 cos𝜃, where 𝜃 represents the angle of incidence
and 𝜆0 corresponds to the peak position at normal incidence.[42]

In electronic CD measurement, our chiral EC films displayed
consistent chiroptical properties when the angle of incident light
(i.e., 𝜃I) varied from 90° to 45° within the plane parallel to the
sample orientation. This characteristic is crucial for expanding
the viewing angle in chiral EC display application.

2.4. Chiroptical Electrochromic Display

Finally, a circular polarization-encoded EC display was created
by selectively patterning chiral templated ECP-Blue films us-
ing standard photolithography techniques (See the Experimental
Section for detail). Chiral ECP films were selectively patterned to
display millimeter-sized grid-pattern images (square pattern of
1.0 mm). To read the encoded circularly polarized transmission,
a quarter waveplate and linear polarizer were placed between the
chiral templated EC display and a digital camera. These com-
ponents acted as a circular polarization filter, selectively block-
ing one-handedness circularly polarized light depending on the
cross angle between the lenses. By rotating the cross angle, an
observable image change was achieved after passing through
the circular polarization filter. This concept holds potential for
polarization-encoded 3D display with circular polarization fil-
tered glasses (Figure 4a). In Figure 4b, the images measured at
−45° (left) and +45° (right) cross angles demonstrated distinct
differential colors in the grid-patterned chiral films, depending
on matching between the polarization handedness of the filters
and the chiral composition of the films. Consequently, the two

images from a single segment display could be separated to en-
ter the left and right human eyes after passing through opposite
circular polarization lenses, resulting in binocular disparity and
an immersive 3D sensation for viewers.[11]

A more sophisticated segment-type EC display with a “train”
image was prepared by patterning chiral ECP-Blue films, which
could be colored and bleached by the external electric bias (−1.0 V
for colored and +1.0 V for bleached state) as shown in Figure S30
in the Supporting Information. Figure 4c displays photographic
results after circular polarization filtering, revealing differential
colors with low crosstalk observed at the positions of the left and
right human eyes, even in microsized patterns. Furthermore, the
circular polarization-encoded images could be hidden from na-
tive eye as demonstrated through using linear polarization filter-
ing (i.e., zero cross angle between waveplate and linear polarizer),
which showcased a successful proof-of-concept for information
encryption and anti-counterfeit concepts using circular polariza-
tion encoding. The circular polarization-modulated transmission
and information encryption in chiral EC displays were further
verified by rotating the waveplate angle of the circular polariza-
tion filter in front of the digital camera (Movie S1, Supporting
Information).

The operation of the chiral transmissive display was tested
under various ambient conditions, including artificial daylight
(D65), store light (TL84), and home light (Type A incandescent),
as shown in Figure 4b,c and Figure S31 in the Supporting Infor-
mation. The chiral EC films exhibited excellent circularly polar-
ized transmission and encryption ability in all light irradiations,
highlighting their potential for use in diverse real-life ambient
light conditions. Furthermore, the chiral EC films demonstrated
consistent differential circularly polarized transmission regard-
less of the rotation of the polarization axis and the viewing angle
of the observer (Figures S32 and S33, Supporting Information).
This characteristic allows spectators to observe the circularly po-
larized transmissive image without experiencing crosstalk or a
double image caused by a mismatch of the polarization axis be-
tween the display and the circular polarization filter, as well as
incorrect positioning of the observer. Thanks to the distinct cir-
cularly polarized transmission without crosstalk and the easy in-
tegration and patterning capabilities of chiral EC polymers, the
projection of the polarization-selective EC images enabled the 3D
imaging and information encryption in chiral transmissive dis-
play applications.

3. Conclusion

In this work, we present highly dissymmetric chiroptical activi-
ties in electrochemically active polymers that exhibit inherent cir-
cularly polarized transmission. These chiroptical activities arise
from the chiral ordering of polymer chains during the rapid
solidification process in the presence of molecular chiral tem-
plates. The chiroptical properties of the polymers can be con-
trolled through electrochemical switching. We uncovered the sig-
nificant flipping of the chiroptical activities when the polymers
were highly doped, resulting in a transition from featured bisig-
nate CD spectra to monosignate CD spectra. One important ob-
servation is the synchronization between the circular polarization
handedness and the chirality of the chiral polymers, which leads
to substantial changes in optical contrast and color switching

Adv. Mater. 2024, 36, 2307057 2307057 (7 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Chiral EC display application using circularly polarized transmission. a) Schematic of polarization-sensitive EC image projection in transmissive
display for 3D imaging. b,c) Photographic images of chiral EC displays by patterning chiral templated EC polymer with differential handedness into grid-
type square pixels (b) and “Train”-shaped segment image (c) for proof-of-concept demonstration in 3D imaging and information encryption. Different
circular polarization filters were placed between chiral EC display and a picture capturing digital camera. P indicates a polarization axis of linear polarizer
and W indicates a fast axis of quarter waveplate. Type A incandescent, home light was used as light source for ambient condition demonstration. Scale
bars indicate 2 mm in all figures.

dynamics. The highly dissymmetric circularly polarized trans-
mission, reaching around 13 000 mdeg, induces noticeable opti-
cal perturbations when passing through the circular polarization
filters, even to the naked human eye. This was confirmed through
the changes in tristimulus values and photographic color. The
isotropic chiroptical activities of the electrochemically active poly-
mers are not affected by random polarization or the incidence
angle of the irradiated light, thanks to their homogeneous and
intrinsic CD behavior. Notably, we report, for the first time, the
development of a circular polarization-transmissive display based
on the chiral electrochemically active polymers, without the need
for additional optical elements. This chiral EC display demon-
strates excellent compatibility with wide viewing angle and no
crosstalk under varied ambient light irradiation conditions. By

leveraging the simplicity and processability of chiral polymers,
our pioneering findings open up the way for compact circu-
lar polarization-encoded see-through displays that can be imple-
mented on flexible and highly integrated on-chip platforms.

4. Experimental Section
Materials: LiTFSI salt, propylene carbonate (PC), PEGDA, 2-hydroxy-

2-methylpropiophenone (HMPP), and R811 were obtained from Sigma–
Aldrich. S-taddol were supplied by Alfa Aesar. Other chiral additives were
purchased from Combi-Blocks. EC polymers were provided by Ambilight.
All materials were used as received unless otherwise stated.

Characterization: All additive-blended polymeric solutions (20–40 mg
mL−1 in chloroform) were spin-coated on quartz plates at 400–2000 rpm

Adv. Mater. 2024, 36, 2307057 2307057 (8 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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to obtain the desired film thickness without further treatment for CD and
UV–vis–IR spectroscopic measurements except for post-thermal anneal-
ing at 200 °C (80–240 °C for annealing temperature-dependent exper-
iments). Polarized optical microscopic images were obtained using an
Olympus BX51 microscope equipped with polarizers oriented in a crossed
arrangement. Absorption spectra were recorded using a Cary 5000 UV–
vis–NIR spectrophotometer (Agilent Technologies). Electrochemical char-
acteristics were recorded using a Biologic SP-150 potentiostat. AFM re-
sults were obtained using Cypher Asylum AFM and processed through
Gwyddion Software. Polymer films spin coated on silicon substrates were
analyzed using GIXD at the Advanced Photon Source at Argonne Na-
tional Laboratory. Incident beam energy of 10.92 keV was used to collect
the diffraction data on a 2D detector, with sample-to-detector distance of
217 mm. FTIR spectra were recorded using Thermo Nicolet 6700 FTIR. El-
lipticity spectra were collected using J-1500 circular dichroism spectropo-
larimeters (JASCO). The gabs values are typically defined using absorption
and ellipticity spectra recorded with the J-1500 by the following equation

gabs =
Θ (m deg)

32980 × Abs
(1)

Fabrication of Chiral Templated Polymer Films: All polymers (20–
40 mg) were dissolved in 1 mL chloroform and stirred continuously
overnight. The chiral additives were blended according to the indicated
weight ratio. Standard devices were fabricated with 25 wt% of chiral BN
blended into polymer solution. Indium-tin oxide (ITO)-coated glass were
rinsed using water with 1% detergent, deionized water, acetone, and iso-
propyl alcohol for 10 min per step. The prepared EC polymer solutions
were spin-coated on the ITO substrate, and then annealed at 200 °C for
10 min. The VOx-based ion storage layer was fabricated on the other pre-
rinsed ITO substrate according to the reported method.[43] PEGDA, PC
with 0.2 m LiTFSI, and HMPP were mixed in a volume ratio of 5:5:1.
After stirring for 10 min, the solution was dropped on the ion storage
layer deposited ITO substrate. The EC polymer deposited ITO substrate
was transferred to the top after flipping. After waiting a few seconds for
the electrolyte precursor solution to become uniform, the electrolyte was
crosslinked under the UV light irradiation for 15 min. For electrical contact,
copper tape was applied to both sides of the ITO.

Chiroptical Spectra Measurements: The differential absorbance spec-
tra of chiral EC devices were measured using a Cary 5000 UV–vis–NIR
spectrophotometer customized with SP-150 potentiostat and circular po-
larization filter with linear polarizer and quarter-wave plate (Thorlabs). To
measure circular dichroism, the chiral filter was placed between the light
source and the sample. To measure dissymmetric transmission, the re-
versed chiral filter (i.e., light transmitted from the sample passed through
the waveplate and linear polarizer, in turn) was placed between the sam-
ple and the photodetector of the spectrometer. The gtrans values are de-
fined using two absorption spectra recorded with the Cary 5000 UV–vis–
NIR spectrophotometer with circular polarization filter by the following
equation

gtrans =
2 (ILCP − IRCP)
(ILCP + IRCP)

(2)

ILCP and IRCP denote recorded optical absorbance using UV–vis–NIR spec-
trophotometer after passing through left-handed and right-handed circu-
lar polarization lenses, respectively.

Patterning of Chiral EC Polymer Films: The patterning of chiral EC poly-
mer films was demonstrated using conventional photolithography in com-
bination with dry reactive ion etching (RIE) process. AZ1518 (Microchem-
icals) was spin-coated on the predeposited S-BN templated ECP-Blue film
as an etch blocking layer (4000 rpm, 45 s) and baked at 110 °C for 2 min
to remove residual solvent. The photoresist films were then exposed to
the near-UV light (405 nm, 100 mJ cm−2) using a maskless aligner (Hei-
delberg MLA150). The films were developed in developer solution (Mi-
croposit, MF-26A) for 45 s. After rinsing with DI water, the patterned films
were exposed to etching plasma for 30 min to remove the unprotected
polymer layer. The R-BN templated EC solutions were spin-coated. Then

the photoresist solutions were deposited and patterned in the same way.
After plasma etching, all the remaining photoresist films were removed
with acetone.

Interpretation of CD Signal According to Mueller Matrix: Mueller ma-
trix analysis indicates that the CD signal observed in electronic CD spec-
troscopy for anisotropic solid samples can be described by the following
equation[32]

CDobs ≈ CDiso + 1
2

(LD′ ⋅ LB − LD ⋅ LB′)

+ (−LD cos 2𝜃 + LD′ sin 2𝜃) sin 𝛼

+
(

P2
x − P2

y

)
sin 2𝛼

(
−LB cos 2𝜃 + LB′ sin 2𝜃

)
(3)

where CDiso is the isotropic CD which is independent of sample orienta-
tion; LD (LD’) and LB (LB’) are the linear dichroism (LD) and linear bire-
fringence (LB) associated with the x and y (x’ and y’; with a + 45° shift of
the x and y axes) axes, respectively. 𝜃 is the angle of sample rotation around
the optical axis, 𝛼 is associated with the residual birefringence of the pho-
toelastic modulator of the CD machine, and a is the azimuth angle of the
photomultiplier with respect to the vertical axis. Px

2 and Py
2 are related to

the transmittance of the detector in the x and y axes. The second term in
the equation represents the interference of anisotropic LD and LB, giving
rise to generation of artificial CD.[39,44] This interference leads to a sign
inversion in the CD spectra when the incident light is flipped.[45] The third
and fourth periodic terms correspond to the contributions of a residual
linear polarization, which can introduce spurious CD by interacting with
macroscopic anisotropies (LD or LB) of solid sample, depending on the
rotation of sample.

Transmissive Chiral EC Display Demonstration: A transmissive chiral EC
display devices were fabricated using patterned chiral EC layer on ITO,
electrolyte solution, and ion storage layer deposited on ITO glass in the
same way to unit device. Three different light sources (D65, TL84, and
incandescent A) were supplied from MM-1e (GTI Graphic Technology).
The transmissive chiral EC display was placed in the center of the chamber
of MM-1e. The photographic images and supporting video were recorded
at a distance of 30 cm from the sample. The linear polarizer and quarter-
waveplate were equipped on the front of the digital camera in the same
way as the dissymmetric transmission was measured in unit device using
UV–vis–IR spectroscopy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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