Showcasing research from Dr Yutaka Okazaki’s research
group, Graduate School of Energy Science,
Kyoto University, Kyoto, Japan.

Generation of time-multiplexed chiroptical information from
multilayer-type luminescence-based circular polarization
conversion films

Circularly polarized (CP) light generated from
photoluminescence (PL) has great potential for the
transmission of diverse forms of optical information including
light intensity (brightness), spectral profile (color), and
polarization (left-handed (LH)/right-handed (RH)), as well as
temporal information corresponding to the PL lifetime of the
CP light source. Here, we demonstrated a novel approach to
time-multiplexing chiroptical information using multilayered
luminescence-based CP convertors comprising two linearly
polarized luminescence (LPL) films with different PL lifetimes
and a quarter-wave retardation film.
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Introduction

Generation of time-multiplexed chiroptical
information from multilayer-type luminescence-
based circular polarization conversion filmsy

Yutaka Okazaki, °
Guillaume Raffy,
Kan Hachiya, 2% Makoto Takafuiji,
Takashi Sagawa (2 *2

*@ Hayaki Shimizu,® Kaito Nakamura,® Kyohei Yoshida,
© Misaki Kimura,” Keita Tsukamoto,® Rei Akasegawa,®
9 André Del Guerzo (€ and

Circularly polarized (CP) light generated from photoluminescence (PL) has great potential for the
transmission of diverse forms of optical information including light intensity (brightness), spectral profile
(color), and polarization (left-handed (LH)/right-handed (RH)), as well as temporal information corresponding
to the PL lifetime of the CP light source. However, a systematic approach to the design of CP light-
generating materials for the conveyance of time-multiplexed chiroptical information has not yet been
reported. Herein, we demonstrate a novel approach to time-multiplexing chiroptical information using
multilayered luminescence-based CP convertors comprising two linearly polarized luminescence (LPL) films
with different PL lifetimes and a quarter-wave retardation film. We prepared LPL films with short and long PL
lifetimes by stretching films comprising poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV) and CdSe/CdS core/shell quantum rod (QR) luminogens, respectively. We then fabricated four types of
multilayered luminescence-based CP convertors by laminating the LPLuen-ppy and LPLgr films with quarter-
wave retardation films, so that the azimuthal angles between the polarization axes of the LPL films and the
fast axes of the quarter-wave films differed in each case. The resulting CP light comprised short- and long-
lifetime components. Subsequently, we used a time-resolved spectroscopic technique to extract time-
multiplexed chiroptical information from changes in the time-course of the spectral profile of the LH- and
RH-CP light. The time-varying of CP light profiles were thereby read-out as time-multiplexed chiroptical
information. Our findings will pave the way for the design of CP light-generating materials for conveying
time-multiplexed chiroptical information.

conveys information according to the direction of rotation of
the polarization plane (left-handed (LH) or right-handed (RH)).

Polarized light has great potential for the delivery of informa-
tion because it has variable characteristics such as intensity
(brightness), wavelength (color), and polarization (linear and/or
circular). In contrast to linearly polarized (LP) light, which
conveys information according to the plane of propagation
(vertical (v) or horizontal (h)), circularly polarized (CP) light
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The rotational direction of the polarization plane is immutable,
regardless of the angle between the sender and the receiver
of optical information. Therefore, CP light is now considered
potentially useful for various applications, such as anti-coun-
terfeit printing and optical data storage." In particular, CP light
originating from photoluminescence (PL), including circularly
polarized luminescence (CPL),> has the following distinctive
advantages. First, optical information is concealed in visible
light, whereas it is apparent in UV radiation. Second, the PL
mechanism enables the multiplexing of optical information by
the simple addition of other luminogens (summation of light),
whereas the light absorption mechanism has a theoretical
limitation with regard to the addition of other absorbers owing
to a decrease in light intensity (subtraction of light). Third, the
selection of luminogens with different PL lifetimes makes it
theoretically possible to multiplex temporal information as an
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Fig. 1 Schematic illustration of (a) monochromatic and (b) multi-colored
chiroptical information detected by steady-state PL spectroscopy, and
(c) time-multiplexed chiroptical information detected by time-resolved PL
spectroscopy.

additional parameter (Fig. 1c). Time-resolved spectroscopy is a
powerful tool for extracting time-multiplexed optical informa-
tion. Time-resolved CPL has been studied for more than three
decades.’ Recent remarkable progress in CPL spectroscopy has
enabled the detection of time-dependent CPL spectral changes
on a timescale of less than a nanosecond.* Such rapid CPL
detection is accomplished using a simple quarter-wave plate
instead of a photoelastic modulator (PEM) being capable of
directly detecting small differences between LH- and RH-CP
light intensities. Consequently, most research in this field has
been conducted using a few CP light sources that produce high-
intensity light with a high degree of polarization, such as chiral
Eu(m) complexes. Therefore, CP light-generating materials for
multiplexing optical information require certain capabilities.
They must be capable of generating high-intensity light with a
high degree of circular polarization, and must have high levels
of wavelength and PL lifetime tunability. However, a systematic
approach that satisfies all the requirements described above
has not yet been reported.

We have previously reported that high-intensity CP light
with a high degree of polarization can be generated by a
luminescence-based CP convertor comprising a linearly polar-
ized luminescence (LPL) film and a quarter-wave retardation
film.” The key to this approach is the use of LPL. The intensity,
spectral pattern, and polarization degree of the CP light can be
tuned by selecting the appropriate LPL materials. The degree of
linear polarization (P;p.jum) depends on the orientation of the
electronic transition dipole moment in the LPL material, and it
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Fig. 2 Schematic illustration of a multi-layered luminescence-based CP
convertor for generating time-multiplexed chiroptical information.

behaves completely independently of the PL quantum yield (¢).
Therefore, in theory both high ¢ and high P;p,, values can be
achieved by the selection of an appropriate luminogen and
correct orientation of the dipole moment in the LPL material,
in contrast to circularly polarized luminescence (CPL), which
exhibits a trade-off correlation of these values.® LPL with a high
P pyum value can be directly converted to CP light while retain-
ing a large degree of polarization. It is possible to determine the
sign of the CP light (LH or RH) by selecting the angle (—45° or
+45°, respectively) between the polarization plane of the LPL
film and the fast axis of the quarter-wave retardation film.
Furthermore, various types of optical information represented
by PL intensity, peak position, polarization, and lifetime can be
systematically multiplexed by laminating various LPL films
with different optical properties.

Herein, we introduce a novel approach to time-multiplexing
chiroptical information using multi-layered luminescence-
based CP convertors comprising two LPL films with different
PL spectral profiles and PL lifetimes (Fig. 2). The generated
time-multiplexed chiroptical information is extracted by time-
resolved spectroscopy with classical CP detection (see the ESIT).
In the present paper, we demonstrate the generation of time-
varying spectral profiles of LH- and RH-CP light and its read-out
as temporal chiroptical information.

Results and discussion

In the present study, we selected poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV, Fig. 3a) and
a CdSe/CdsS core/shell quantum rod (QR, Fig. 3b) as luminogens
with different PL lifetimes. Because these luminogens have PL
spectra with similar emission ranges (approximately 550-
700 nm), it is difficult to distinguish each spectral pattern
without time resolution. Therefore, we intentionally selected
the luminogens to verify the effect of PL lifetime on the spectral
pattern. The QR was synthesized by the procedure described in
our previous paper.” We used poly(ethylene-co-vinyl acetate)
(EVA) as a transparent and stretchable polymer media at room
temperature. After mixing the luminogen with EVA in toluene,
we cast the mixture on a substrate and dried it in air to obtain a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Chemical structure of MEH-PPV. (b) TEM image of the QRs.

Photographs of (c) the LPLmen-ppy film and (d) the LPLgg film obtained in
visible light (left), in UV light (365 nm; middle), and in UV light (365 nm)
through a linear polarizer placed parallel (||) or perpendicular (L) to the
direction of stretching (right). (e) Absorption (dotted lines) and PL (solid
lines) spectra produced by the LPLuen-ppy film (top) and the LPLgr film
(bottom). The red and blue lines indicate parallel (||) and perpendicular
(L) LP light components against the stretching direction, respectively.
The LPL films were excited with depolarized stationary light at 470 nm.
(f) PL lifetime decay curve of the LPLygn-ppy film (top) and the LPLgR film
(bottom). The red dots, red lines, and grey line indicate the recorded data,
the fitting curve, and the instrumental response function (IRF), respectively.
The LPL films were excited with pulsed light at 470 nm.

luminogen/EVA composite film. We then pealed the resulting
film from the substrate, stretched it in one direction, and
adhered it to a cover glass. As shown in Fig. 3c and d, both
the MEH-PPV/EVA (LPLygr-ppv) and QR/EVA (LPLqg) stretched
films exhibited good transparency in visible light and strong PL
intensity in UV light. There was a marked contrast in light
intensity when PL was observed with the naked eye through a
linear polarizer placed parallel (||) or perpendicular (L) to
the direction of stretching (photographs on the right in
Fig. 3c and d). This indicates that both 1D stretched films
exhibited LPL with a high degree of polarization. We quantita-
tively analysed the LPL properties of both the LPLygsppy and
LPLqgR films by PL spectroscopy with an LP light-detecting setup
(see the ESIf). The LPLyguppv and LPLggr films produced
strong PL peaks (Ama) at 586 and 605 nm, respectively
(Fig. 3e). The degree of linear polarization of the PL (Prp.jum)
was calculated using the following equation:

-4
]H + [L

1)

Prp
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where I and I, are the PL intensities of the parallel and
perpendicular LP light components, respectively, at A,,.x under
depolarized exciting light (470 nm). Since these samples are the
solid-state thin films, it is also important to consider non-
reciprocal component which can be confirmed by film
flipping.® When spectral measurements were done by placing
opposite face of the LPL films, no significant difference was
observed in the LPL spectral patterns and the shape of polar
plots by all LPL spectral measurements. These results indicate
that non-reciprocal component in these LPL films was negli-
gible enough to the measured LPL properties. LPLygpppy film
had an extremely large Pppj,m value (0.88), which was higher
than that of the LPLgg film (Pyp.ium = 0.68). To determine the
origin of the large Pipym Of the LPLygy.ppy film, we investi-
gated the behavior of MEH-PPV in the LPLyyuppy film by
absorption and PL spectroscopy. It is well known that MEH-
PPV exists as two morphologically distinct species depending
on variables such as solvents, concentration, and temperature.9
One species produces PL from a higher energy state (called the
“blue phase”) and the other produces PL from a lower energy
state (called the “red phase”); the states differ in the extent of
delocalization of n-bond electrons.’® Fig. 4 compares absorp-
tion and PL spectra of MEH-PPV in different environments.
An MEH-PPV/toluene solution produced a broaden absorption
peak at 2.47 eV (502 nm) and PL peaks at 2.23 eV (556 nm) and
2.08 eV (596 nm), corresponding to the blue phase in which the
MEH-PPV polymer chain comprises a disordered coil (Fig. S4a,
ESIf). An MEH-PPV/EVA/toluene solution produced similar
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Fig. 4 Absorption (dotted lines) and PL (solid lines) spectra of (a) an
MEH-PPV/toluene solution, (b) an MEH-PPV/EVA/toluene solution, (c) an
MEH-PPV/EVA composite film, and (d) an LPLyen-ppy film. (e) Degree of
linear polarization (DOLP) image of an LPLmen-ppv/eva COmMposite film
obtained by QROM methodology (Section $1.8 in the ESIT).*® MEH-PPV/
EVA ratio = 2.5 x 1077 in mMass, Aexcitation = 490 NM, lexcitation = 765 pW,
Adetection > 520 nm. Inset polar plot describes the angular dependence of
linear polarization corresponding to the bright area in the red dotted circle.
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absorption and PL spectra (Fig. 4b). However, when the MEH-
PPV/EVA/toluene solution was dried on a glass substrate to
form an MEH-PPV/EVA composite film, both the absorption
and PL spectra changed markedly (Fig. 4c). Neither the absorp-
tion nor the PL peaks matched those of pure blue and red
phases,®” indicating the coexistence of blue and red phases
without the application of any external force for elongation of
the MEH-PPV polymer chain. This phenomenon suggests the
formation of MEH-PPV aggregates during the drying process.
After stretching the composite film to form an LPLygy.ppy film,
we observed similar absorption and PL spectra with a slight
sharpening of the PL peaks (Fig. 4d). Such vibrationally
resolved peaks can be explained by the increasing local rigidity
of MEH-PPV polymer chain. These results indicate that the
MEH-PPV polymer chain align in one direction and the stack-
ing of MEH-PPV polymer chain was enhanced (Fig. S2, ESIT).
The fluorescence polarization microscopy results supported
this idea. As shown in Fig. 4e, we observed highly emissive
domains in the LPLygyppy film, each with a high degree of
polarization and aligned along the stretching direction,
whereas we observed homogeneous emission everywhere
in the LPLqr film (Fig. S3, ESI{). These results indicate
that the bundle-shaped highly emissive domains originated
from the phase separation of MEH-PPV from the EVA matrix
at the microscopic level, and contributed significantly to the
large Pppium value of the LPLygy.ppy film, in contrast to the
homogeneously suspended QRs in the EVA matrix. We fabri-
cated a series of multi-layered luminescence-based CP conver-
tors to investigate the multiplexing of chiroptical information.
Each convertor was produced by laminating an LPLygp.ppy film
and an LPLqR film on a quarter-wave film. We varied the angle
between the polarization axes of the LPL films and the fast axis of
the quarter-wave film. The angles between the polarization axes of
the LPLyrrppv (Omen-ppv) and LPLgr (Oqr) films and the fast
axes of the quarter-wave retardation films can be summarized
as follows: Oyprppy = Oqr = —45° (Multi-Vygpa.pevVor; Fig. 5);
Omen-ppy = —45° and Oqr = +45° (Multi-Viygn-pevHor; Fig. 5¢);
Omen-ppy = 145° and Oqr = —45° (Multi-HygrppvVor; Fig. 5€);
and Ongmppv = Ogr = +45° (Multi-Hypr.ppvHaor; Fig. 5g). Fig. 5
shows the 2 x 2 = 4 different CP convertors and each LH- and
RH-CP light spectral profile. When the PL spectra were
obtained without using a polarization setup, we did not detect
any significant differences between the four types of CP con-
vertors (black dotted lines in Fig. 5b, d, f, and h). However, we
obtained four distinctly different sets of chiroptical informa-
tion (red and blue solid lines in Fig. 5b, d, f, and h). These
results indicate that chiroptical information can be easily tuned
while retaining the PL spectral pattern and PL intensity by
changing the angle between the polarization axes of the LPL
films and the fast axis of the quarter-wave retardation film.
Note that even Multi-ViygmppvVor (0r Multi-Hyp-pprvHor)
had an RH-CP (or LH-CP) component. That was because both
Pipum values were less than 1, ie., the light generated
from both LPL films always contained a small perpendicular
PL component, which resulted in the production of an
opposite-handed CP light component. The production of
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Fig. 5 Schematic illustration of (a) Multi-Vmen-ppvVar, (€) Multi-Vmey-
ppvHar, (€) Multi-Hwen-ppvVar, and (g) Multi-Huen-ppvHar. PL spectra of
(b) Multi-Vmen-ppvVar, (d) Multi-Vmen-ppvHar, (f) Multi-Huen-ppvVar. and
(h) Multi-Hmen-ppvHar excited by depolarized light at 470 nm. The red and
blue lines indicate LH- and RH-CP light components, respectively. The
black dotted lines indicate total PL intensity. The total PL values were
normalized so that the highest peak equalled one.

opposite-handed CP light components was also observed in
Multi-VygnppvHor and Multi-HyiprppvVor. This proved that
the Pppjum values (0.68 and 0.88) were high enough to produce
multiplexed chiroptical information, which it was possible to
detect using a classical CP detection setup. Polarization degree
of CP light (Pcp) was calculated by the following equation:

Pep = - RH @)

where Iy and Iry are the intensities of LH- and RH-CP light
components, respectively. When CP light is produced by CPL,
dissymmetry factor (g), which is calculated by the following
equation, is commonly used to quantitatively evaluate the
degree of CP.

g 2(IILH Irn) 3)
Lu + Iru
Since photoluminescence phenomenon in luminescence-based
CP convertor is not CPL but LPL, to be precise, g value should
not be used for evaluating polarization degree of CP light.
However, we dare to show each g value in Fig. S4-S6 (ESIf)
for a simple comparison of their performance with many other
CPL systems. The Multi-Vygr.ppvVor and Multi-Hyp-pevHor
showed large Pcp values (0.72 and —0.72) corresponding to
values between that of single-layered CP convertors (Fig. S4 and
S5, ESIt). In the case of Multi-Vygu.ppvHqr, relatively smaller

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Time-course changesin LH- (left) and RH- (right) CP light generated
by (@) Multi-Vmen-ppvVar, (0) Multi-Vuen-ppvHar, (€) Multi-Huen-ppvVar, and
(d) Multi-Hmen-ppvHar. Red and blue indicate the light intensities of the LH-
and RH-CP components, respectively. Each convertor was excited by
depolarized pulsed light at 470 nm.

Pcp value with negative sign (—0.43) was observed at about
600 nm, where the emission from LPLypy.ppy and LPLqg films
were overlapped (Fig. S6b, ESIT). Whereas large Pcp value with
positive sign (0.8-0.9) was observed in the non-overlapped
wavelength region above 660 nm. Similar result with opposite
sign was observed in Multi-Hygn-pevVar (Fig. S6c, ESIT).
Because each of the four types of multi-layered lumine-
scence-based CP (Multi-Vumgna-ppvVor, Multi-
Vmen-pevHor, MUIti'HMEH-PPVVQR; and MUIti'HMEH-PPVHQR)
comprised two LPL films with different PL lifetimes, the
generated CP light was considered to include temporal infor-
mation. We obtained time-resolved spectral measurements
using a fluorescence lifetime spectrometer operated with a CP
light detection setup to evaluate the time-multiplexing of the
chiroptical information generated by each convertor (see ESIT).
As shown in Fig. 6, the PL spectral profiles of both the LH- and
RH-CP components changed markedly over time. The time-course

convertors

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Time-course changes in PL spectra of Multi-Vmen-ppvVar, Multi-

VMEH_pp\/HQR, MU[ti-HMEH_pvaQR, and MU[ti-VMEH_pvaQR. The total PL
values were normalized so that the highest peak equalled one. The red
and blue lines indicate LH- and RH-CP components, respectively. The
black dotted lines indicate the total PL. Each convertor was excited by
depolarized pulsed light at 470 nm. (b) Time-course changes in PL
intensity of LH-CP components at 590 nm (blue lines in the two graphs
on the left) and RH-CP components at 610 nm (red lines in the two graphs
on the left) produced by Multi-Vmen-ppvVar and Multi-Vmen-ppvHar. Time-
course changes in PL intensity of LH-CP components at 610 nm (red lines
in the two graphs on the right) and RH-CP components at 590 nm (blue
lines in the two graphs on the right) produced by Multi-Huen-ppvVar and
Multi-Hmen-prvHar-

changes of the LH-CP component from Multi-Vygpu-pevVor
exhibited rapid attenuation of the double peak (590 nm and
620-630 nm), and slow attenuation of the single peak (610 nm)
(Fig. 6a, left). The former and the latter signals can be attrib-
uted to emissions from MEH-PPV and QR, respectively. A
similar result was observed for the RH-CP component from
Multi-Hyipa.ppvHor (Fig. 6d, right). In the case of Multi-
Vmen-ppvHqr (0r Multi-Hygr.ppvVor), the emission exhibited
two different attenuation behaviors clearly separated into two
CP light components with opposite handedness (Fig. 6b and c).
Fig. 7a shows the spectral profiles of the total PL, LH-CP, and
RH-CP components in the first 10 ns. All the initial spectral
patterns of the total PL from the four convertors changed
markedly within 10 ns and exhibited a peak shift from 590 to
610 nm (black empty circles and dotted lines in Fig. 7a). The
changes in the LH- and RH-CP light profiles of Multi-Vygg.
ppvVar and Multi-Hygpu.ppvHor Were similar to that of the total
PL. However, the main components in the light generated by
Multi-VygnppvHor and Multi-HygpppvVor switched within
3 ns, as shown in Fig. 7b. These results indicate that it is
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possible to generate time-multiplexed chiroptical information
from the multilayer-type luminescence-based CP convertor by
simply selecting the appropriate LPL films and azimuthal
Qluminogen angles-

Conclusions

Herein, we reported the first example of time-multiplexing
chiroptical information using a multilayer-type luminescence-
based circular polarization convertor comprising two LPL films
with different PL spectral profiles and different PL lifetimes.
We fabricated LPL films with short and long PL lifetimes by
uniaxial stretching MEH-PPV/EVA and QR/EVA composite
films, respectively. The large polarization degree of the LPL
(Prpium = 0.88) was attributable to the LPLygy ppy film, which
contained bundle-shaped highly emissive domains. Using both
LPLyipu-ppyv and LPLgr films, we fabricated four different
multilayer-type luminescence-based CP convertors by selecting
the azimuthal angles between the polarization axes of the LPL
films and the fast axes of the quarter-wave films. The prepared
CP convertors generated four different types of steady-state
chiroptical information. Time-varying of CP light spectral pro-
files were successfully produced by the four CP convertors and
was extracted as time-multiplexed chiroptical information by
time-resolved spectroscopy with CP detection. These findings
will enable the design of novel CP light-generating materials for
various fields, including time-multiplexed anti-counterfeit
printing and optical data storage systems.
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