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Abstract: Light that rotates in a circular spiral when viewed from the front is known as circularly
polarized luminescence (CPL), and can be divided into two types, namely, left- and right-rotating
light. To emit both left- and right-rotating CPLs, two types of optically active luminophores, namely,
enantiomer D- and L-bodies, are generally required. This mini-review mainly discusses our latest
study on CPL properties via the control of the pyrene ring as the luminescent unit incorporated into
chiral peptides. In this study, optically active peptide–pyrene organoluminescent materials that emit
CPL were synthesized by combining a peptide as a frame and two pyrene rings as a luminescent
unit. By adjusting the interpyrene distance, external conditions, and absolute chiral configuration
(D- or L-configuration), the chiral spatial configuration of the luminescent pyrene ring was precisely
controlled. Consequently, the direction of CPL rotation from pyrenylalanine-containing peptides
with the same configuration was successfully controlled.

Keywords: chiral molecule; circularly polarized luminescence (CPL); peptide; pyrene

1. Introduction

Polarized light refers to light that exhibits oscillations in a particular direction, whereas
circularly polarized luminescence (CPL) is used to describe light that rotates in a spiral
pattern and can be categorized into left- and right-rotating light (Figure 1).
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1. Introduction 
Polarized light refers to light that exhibits oscillations in a particular direction, 

whereas circularly polarized luminescence (CPL) is used to describe light that rotates in a 
spiral pattern and can be categorized into left- and right-rotating light (Figure 1). 

 

Figure 1. Mirror image of CPL. 

CPL can be used in various applications, including energy-efficient three-dimen-
sional displays, advanced security tags, and LED-based plant growth control, and new 
industries using this special polarized light are expected to emerge. However, because the 
light emitters of CPL light sources currently in use do not have CPL properties, circular 
polarization filters are used to convert linearly polarized light into circularly polarized 
light, producing left and right circularly polarized luminescence. However, in this 
method, the use of a circular polarization filter causes a significant reduction in light in-
tensity. If a CPL emitter is used as the light emitter, CPL can be produced without any 
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Figure 1. Mirror image of CPL.

CPL can be used in various applications, including energy-efficient three-dimensional
displays, advanced security tags, and LED-based plant growth control, and new industries
using this special polarized light are expected to emerge. However, because the light
emitters of CPL light sources currently in use do not have CPL properties, circular polar-
ization filters are used to convert linearly polarized light into circularly polarized light,
producing left and right circularly polarized luminescence. However, in this method, the
use of a circular polarization filter causes a significant reduction in light intensity. If a CPL
emitter is used as the light emitter, CPL can be produced without any reduction in the light
intensity, enabling a significant improvement in energy efficiency. In other words, the use
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of CPL-type light emitters makes it possible to achieve a significant improvement in energy
efficiency and high functionality simultaneously. The production of left- and right-handed
CPLs typically necessitates the use of two distinct types of optically active luminescent
materials, namely, enantiomers D and L. The generation of both left- and right-handed
CPLs from an optically active luminescent material with only one chirality will reduce
the material cost and production time to obtain CPLs. Moreover, it may be possible to
develop luminescent materials for CPLs using natural compounds or biomolecules. The
development of luminescent CPL materials using biomolecules has been reviewed by Qu’s
group [1].

This review describes methods for the generation and control of both left- and right-
handed CPLs from an identical organoluminescent material consisting of an optically active
peptide–pyrene structure. A peptide has been used as a scaffold to bind pyrene, and CPL
studies that used such a structure were reported in the 1980s [2–6]. However, these studies
were limited to peptide synthesis via polymerization, and the compounds used lacked
a well-defined structure owing to the distribution of molecular sizes. Therefore, these
compounds may not be suitable for controlling CPL. The authors expect that CPL can
be more precisely controlled using solid-phase peptide synthesis to obtain peptides with
well-defined structures.

Some research groups that conducted studies on the peptide-based regulation of
CPLs recently reported that they succeeded in generating CPL from achiral molecules
incorporated into peptide assemblies and peptide-based assemblies [7–15]. These research
groups used peptides of various sizes, from dipeptides to polymeric peptides, to form
peptide aggregates. A feature of these methods is that the chiral field generated by the
aggregates triggers the generation of CPL from achiral molecules. In addition to these
reports, Xin’s group reported that CPL was generated from soft hydrogels with aggregation-
induced luminescence obtained via interacting the six-core Ag(I) nanoclusters with an oligo-
aspartic acid in water [16,17]. This method is characterized by the specific fluorescence
detection of the amino acid Arg.

Cao’s group investigated a method that does not use a peptide assembly and reported
that CPL is induced by incorporating chiral dipeptides composed of aromatic amino acids
into achiral supramolecules composed of tetraphenylethylene (TPE) units [18]. Their
research group also reported that the interaction of an achiral supramolecular organic
framework with an L-form dipeptide successfully generated the N-terminal amino acid-
dependent CPL of the dipeptide [19]. Furthermore, Xing’s group reported that the specific
binding of a tryptophan-containing dipeptide to an acceptor, such as aromatic molecules,
induces CPL from the nonemissive peptide [20]. These methods that use dipeptides as
triggers for the generation of CPL will continue to receive increasing research interest in
the future.

In terms of research on the application of CPL in cells, Parker’s group noted that Eu
(III) complexes containing ammonium salts can regulate CPL by interacting with various
phosphorylated hexapeptides [21]. Because this method can detect phosphorylated amino
acids, there is a possibility of the intracellular utilization of CPL. Additionally, Shi et al.
reported that fluorescent TPE-modified peptide analogues facilitated the intramolecular
assembly of TPE and successfully generated CPL [22]. This method is unique and can be
utilized to align many fluorescent dyes on the peptide using a single peptide molecule as a
template.

Apart from the above-mentioned research, Wu’s group reported on CPL generated
from complexes of Eu (III) with various short histidine-containing peptides [23]. Duan’s
group also used the complexes of cyclodextrins with pyrene-modified branched peptides,
and they demonstrated the regulation of pyrene-derived CPLs depending on the cyclodex-
trin cavity size [24].

Although these studies differ from our concept of CPL regulation, they are significant
studies on CPL regulation using peptides. The present study also demonstrates that
peptide–pyrene organoluminescent materials can control CPLs as well as the intensity
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of the CPLs. The manipulation of non-classical CPL properties via the precise control
of the chiral space associated with the luminescent pyrene unit is discussed through a
demonstration.

2. Control of Configuration-Dependent CPL Properties in Optically Active
Peptide–Pyrene Organoluminescent Materials [25]

Four optically active peptide–pyrene organoluminescent materials, namely, (L)-1,
(L)-2, (D)-1, and (D)-2, were newly designed by combining a peptide as a frame with a
luminescent pyrene unit (Figure 2). These peptides were synthesized using the Fmoc-based
solid-phase peptide synthesis method [26–28] using Fmoc-Eg6-OH, Fmoc-L-Ala(Pyr)-OH,
and Fmoc-D-Ala(Pyr)-OH. All peptides used in this study have a hexethylene glycol (Eg6)
unit attached to both ends of the peptides. The Eg6 unit was expected to improve the
affinity of peptides for various solvents, which aided in the assessment of the peptides for
the solvents described below (Section 6).
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Figure 2. Scheme of the solid-phase peptide synthesis and chemical structures of chiral peptide–
pyrene luminophores: (L)-1, (L)-2, (D)-1, and (D)-2.

The chiroptical properties of these four peptide luminophores were investigated in a
chloroform (CHCl3) solution. First, the circular dichroism (CD) spectra were determined
to assess the chiral environment of the luminescent pyrene units in their ground state
(Figure 3).



Processes 2023, 11, 2778 4 of 14Processes 2023, 11, x FOR PEER REVIEW 4 of 14 
 

 

 
Figure 3. CD (top) and absorption (bottom) spectra of (a) (L)-1 (blue lines) and (D)-1 (red lines), and 
(b) (L)-2 (blue lines) and (D)-2 (red lines) in CHCl3 solutions. 

The absorption wavelengths of (L)-1 and (L)-2 were not significantly different. How-
ever, a large distinction emerged in the CD spectrum, where (L)-1 exhibited a negative (–) 
Cotton effect, whereas (L)-2 exhibited a positive (+) Cotton effect. The photoluminescence 
(PL) and CPL spectra were determined in a CHCl3 solution (Figure 4). 

 
Figure 4. CPL (top) and PL (bottom) spectra of (a) (L)-1 (blue lines) and (D)-1 (red lines), and (b) (L)-
2 (blue lines) and (D)-2 (red lines) in CHCl3 solutions. 

The CPL spectra of (L)-1 and (L)-2 were significantly different. (L)-1, with one pyrene 
unit, emitted weak monomeric CPL at a maximum luminescence wavelength (λem) of ap-
proximately 378 nm. In contrast, (L)-2, with two pyrene units, emitted strong excimer CPL 
at λem of approximately 455 nm. The sign of the CPL profiles between (L)-2 and (D)-2 were 
reversed relative to each other. Takaishi et al. synthesized pyrene or perylene compounds 
with bulky functional groups at both ends and demonstrated, using their CPL spectra and 
TD-DFT calculations, that the sign of the CPL derived from a pyrene excimer or a pyrene–
perylene exciplex is governed by the twist direction between the dye’s planar rings [29–
31]. Our results suggest that the chirality (L- and D-configurations) of the pyrenylalanine 
unit in a peptide governs the twist direction between the pyrenes, based on their method. 

The anisotropy factor, which is a measure of CPL performance, is expressed as a 
Kuhn asymmetry factor, gCPL = 2 × (IL − IR)/(IL + IR), where IL and IR are the intensities of 
the left and right circularly polarized luminescent components, respectively. (L)-1 and (L)-
2 exhibited anisotropy factors (|gCPL|) of −1.9 × 10−4 and −0.9 × 10−2, respectively, which 
were too large for luminophore 2-emitting excimer CPL. This was attributed to the ability 
of the peptide to flexibly twist its pyrene rings upon photoexcitation, resulting in a chiral 
spatial configuration that is well suited for emitting intramolecular excimer CPL. 

(a) (b)

0

0.5

1-4

-2

0

2

4

250 300 350 400

Absorbance

CD
 / 

m
de

g

Wavelength / nm

.0

0

0.5

1-2

-1

0

1

2

250 300 350 400

Absorbance

C
D

 / 
m

de
g

Wavelength / nm

.0

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-10

-5

0

5

10

D
C

 / V

C
PL

 / 
m

de
g

Wavelength / nm

.0

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-30

-15

0

15

30

D
C

 / V

C
PL

 / 
m

de
g

Wavelength / nm

.0

(a) (b)

Figure 3. CD (top) and absorption (bottom) spectra of (a) (L)-1 (blue lines) and (D)-1 (red lines), and
(b) (L)-2 (blue lines) and (D)-2 (red lines) in CHCl3 solutions.

The absorption wavelengths of (L)-1 and (L)-2 were not significantly different. How-
ever, a large distinction emerged in the CD spectrum, where (L)-1 exhibited a negative (–)
Cotton effect, whereas (L)-2 exhibited a positive (+) Cotton effect. The photoluminescence
(PL) and CPL spectra were determined in a CHCl3 solution (Figure 4).
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Figure 4. CPL (top) and PL (bottom) spectra of (a) (L)-1 (blue lines) and (D)-1 (red lines), and (b) (L)-2
(blue lines) and (D)-2 (red lines) in CHCl3 solutions.

The CPL spectra of (L)-1 and (L)-2 were significantly different. (L)-1, with one pyrene
unit, emitted weak monomeric CPL at a maximum luminescence wavelength (λem) of
approximately 378 nm. In contrast, (L)-2, with two pyrene units, emitted strong excimer
CPL at λem of approximately 455 nm. The sign of the CPL profiles between (L)-2 and
(D)-2 were reversed relative to each other. Takaishi et al. synthesized pyrene or perylene
compounds with bulky functional groups at both ends and demonstrated, using their
CPL spectra and TD-DFT calculations, that the sign of the CPL derived from a pyrene
excimer or a pyrene–perylene exciplex is governed by the twist direction between the dye’s
planar rings [29–31]. Our results suggest that the chirality (L- and D-configurations) of the
pyrenylalanine unit in a peptide governs the twist direction between the pyrenes, based on
their method.

The anisotropy factor, which is a measure of CPL performance, is expressed as a Kuhn
asymmetry factor, gCPL = 2 × (IL − IR)/(IL + IR), where IL and IR are the intensities of the
left and right circularly polarized luminescent components, respectively. (L)-1 and (L)-2
exhibited anisotropy factors (|gCPL|) of −1.9 × 10−4 and −0.9 × 10−2, respectively, which
were too large for luminophore 2-emitting excimer CPL. This was attributed to the ability
of the peptide to flexibly twist its pyrene rings upon photoexcitation, resulting in a chiral
spatial configuration that is well suited for emitting intramolecular excimer CPL.



Processes 2023, 11, 2778 5 of 14

3. Control of Configuration-Dependent CPL Properties in Optically Active
DL–Peptide–Pyrene Organoluminescent Materials [32]

The absolute configurations of the peptides in one optically active peptide–pyrene
organoluminescent material were identical, as shown in Section 2. In Section 3, optically
active peptide–pyrene organoluminescent materials, namely, (L,D)-3 and (D,L)-3, contain-
ing pyrenylalanine with different configurations (Figure 5) were synthesized, and their
chiroptical properties in CHCl3 solutions were investigated.
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Figure 5. Chemical structures of the chiral peptide–pyrene luminophores (L,D)-3 and (D,L)-3.

First, the CPL properties of (L,D)-3 and (D,L)-3 were examined (Figure 6a). Conse-
quently, pyrene excimer-derived CPL with an anisotropy factor of (|gCPL|) = 0.5 × 10−2

was successfully observed at approximately 450 nm for both (L,D)-3 and (D,L)-3, similar to
the case where (L)-2 exhibited pyrene excimer-derived CPL in Section 2. Interestingly, (L)-2
exhibited negative (–) CPL, whereas (L,D)-3 and (D,L)-3 exhibited negative (–)- and positive
(+) CPL, respectively. This indicates that the absolute configuration of the N-terminal
amino acid (pyrenylalanine) unit determines the direction of CPL rotation. Furthermore,
when amino acid units with different chiralities were introduced into a single molecule, the
different chiralities of the amino acid units did not cancel each other out but instead resulted
in a synergistic CPL. That is, these results suggest that the mere absolute configuration of
the amino acid units in the peptide does not affect the CPL sign, and they indicate that the
twist between pyrenes resulting from the absolute configuration of the N-terminal amino
acid unit affects the CPL sign.
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Figure 6. (a) CPL (top) and PL (bottom) spectra, and (b) CD (top) and absorption (bottom) spectra of
(L,D)-3 (blue lines) and (D,L)-3 (red lines) in CHCl3 solutions.

Next, CD spectra were acquired to investigate the chiral environment of the lumi-
nescent pyrene unit in its ground state (Figure 6b). The CD spectra of an equimolecular
mixture of two absolute configurations, such as L-pyrenylalanine and D-pyrenylalanine,
are usually expected to show no Cotton effect owing to the nullification of the different
chiralities. However, both (L,D)-3 and (D,L)-3 exhibited clear CD profiles. (L)-2 exhibited
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a positive (+)-CD Cotton effect, whereas (L,D)-3 and (D,L)-3 exhibited positive (+)- and
negative (–)-CD Cotton effects, respectively, at the longest absorption wavelength. This
suggests that the absolute configuration of the N-terminal amino acid unit determines the
chiral spatial configuration of the pyrene unit, even in the ground state.

In summary, a synergistic CPL effect was successfully created by changing the combi-
nation of the absolute configurations of the amino acid units in the peptide backbone.

4. Control of the Pyrene Number-Dependent CPL Properties in Optically Active
Peptide–Pyrene Organoluminescent Materials [33]

The effect of the number of pyrene rings located within a peptide on the chiropti-
cal properties of optically active peptide–pyrene luminescent materials was investigated.
Peptide–pyrene luminescent materials (L)-4 to (L)-6 and (D)-4 to (D)-6 were synthesized
with fixed distances between the pyrenylalanine units and different numbers of pyrene
rings in the peptides: two, four, and six (Figure 7). In these peptide–pyrene luminescent
materials, glycine units were used as alkyl spacers.
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Figure 7. Chemical structures of the chiral peptide–pyrene luminophores (L)-4 to (L)-6 and (D)-4
to (D)-6.

CPL spectra of (L)-4, (L)-5 and (L)-6 in CHCl3 solution with different numbers of
pyrene rings are shown in Figure 8a–c; for (L)-4, both monomeric and excimer CPL from
pyrene units was observed. However, for (L)-5 and (L)-6, CPL properties were not observed.
(L)-5 and (L)-6 were too low in solubility in a CHCl3 solution compared with (L)-4, and
aggregates were likely formed when they were mixed with CHCl3. Indeed, the CHCl3
solution was a turbid suspension that did not properly transmit light. Therefore, CPL could
not be detected. (L)-1, with one pyrene unit, emitted weak monomeric CPL at a maximum
luminescence wavelength (λem) of approximately 398 nm and a maximum luminescence
wavelength (λem) of approximately 482 nm. The signs of the CPL spectra between (L)-4
and (D)-4 were reversed relative to each other. (L)-4 exhibited an anisotropy factor (|gCPL|)
of −2.0 × 10−3 for excimer CPL.
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To investigate the ground-state chirality of (L)-4, (L)-5 and (L)-6, we compared CD
and UV-vis absorption spectra in CHCl3 solution (Figure 9a–c). Clear UV-vis absorption
spectra and the corresponding CD spectra were observed for (L)-4; however, although the
UV-vis absorption spectra were very weak owing to the aggregation of the peptide–pyrene
luminophores, the signals of the CD spectra for (L)-5 and (L)-6 were observed.
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When the solvent was changed from the CHCl3 solution to a methanol solution, the
CD and CPL properties were similar in both solutions.

The results of these CD and CPL properties indicate that it is likely that aggregates
are formed between pyrene units when the number of pyrene units increases in Gly
peptides. Therefore, in the following experiments, we investigated the optical properties of
a peptidopyrene luminescent material with two pyrene rings.

5. Control of Distance-Dependent CPL Properties in Optically Active Peptide–Pyrene
Organoluminescent Materials [34]

The distance between the two pyrene rings located within the peptide and its effects
on the chiroptical properties of the optically active peptide–pyrene luminescent materials
were investigated. For this purpose, (L)-7 to (L)-14 and (D)-7 to (D)-14, in which alkyl
spacers with different chain lengths were introduced between the two pyrenylalanine units
in the peptide, were synthesized (Figure 10). Eight types of alkyl spacers were used, from
glycine units (n = 1) and β-alanine units (n = 2) to 9-aminononanoic acid units (n = 8), with
the number of carbon atoms increasing by one. These units were expected to change the
distance between pyrenylalanines by approximately 1.5 Å for each additional C–C bond,
and to change their orientation between pyrene rings according to the even-odd rule.
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First, their CD spectra were determined in CHCl3 solutions to investigate the chiral
environment of the luminescent pyrene units in the ground state of the 16 optically active
peptide–pyrene luminophores (Figure 11).
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Figure 11. CD (top) and absorption (bottom) spectra of (a) (L)-7 (blue lines) and (D)-7 (red lines),
(b) (L)-8 (blue lines) and (D)-8 (red lines), (c) (L)-12 (blue lines) and (D)-12 (red lines), and (d) (L)-13
(blue lines) and (D)-13 (red lines) in CHCl3 solutions.

The CD and absorption spectra were similar, regardless of the number of carbons in the
peptide main chain between the pyrenes, with the Cotton effect observed at approximately
346 nm at the longest wavelength. The same signs of the CD spectra of the (L) and (D)
peptide–pyrene luminophores suggests that the relative chiral arrangements of the two
intramolecular pyrene rings of the peptides, which had the same absolute configuration,
were all the same in the ground state.

The PL and CPL spectra of 7–14 (Figure 12) were then measured. The PL spectra
exhibited an increase in excimer-derived fluorescence near 500 nm as the alkyl spacer
length was increased. Evaluations of the fluorescence spectra at various peptide concen-
trations revealed that such excimer formation occurs within peptides rather than between
peptides [35]. This result suggests that the forced proximity to the two pyrene rings through
the alkyl spacer in the peptide prompts their excimer formation. Furthermore, this result
indicates that the alkyl spacers are sufficiently flexible to not interfere with the proximity of
the two pyrenes.

Interestingly, when the number of carbons between the pyrenes in the peptide main
chain increased from one (in 7) to two (in 8), CPL inversion occurred in the CPL spectra
(Figure 12a,b). The intensity of monomeric luminescence decreased, whereas excimer
luminescence increased, as described above, with an increasing number of carbons between
the pyrenes in 7–10. Additionally, the anisotropy factor (|gCPL|) became stronger, in the
order of 10–2, resulting in strong CPL. CPL sign reversal occurred again as the number of
carbons in the peptide main chain between the pyrenes increased from six (in 12) to seven
(in 13) (Figure 9c,d).

Notably, the CD spectra signs were the same in luminophores (L)-7 to (L)-14 and (D)-7
to (D)-14 with the same absolute configuration, whereas only the CPL spectrum exhibited
a sign reversal. This indicates that the relative chiral configurations of the intramolecular
pyrene rings are the same in optically active peptide–pyrene luminescent materials with
the same absolute configuration in the ground state; however, the relative configuration
between the changes in the intramolecular pyrene with the inter-pyrene distance was only
observed in the photoexcited state. Therefore, this result indicates that the distance between
the alkyl spacers between the pyrenes influences the excimer formation of the two pyrene
rings and their twisting. The expected even–odd rule provided by the alkyl groups was
not reflected in the CPL results. The pyrenes in these peptides show that the distance and
orientation provided by the alkyl spacers between them act in a complex way to influence
the sign and strength of the CPL.



Processes 2023, 11, 2778 9 of 14Processes 2023, 11, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 12. CPL (top) and PL (bottom) spectra of (a) (L)-7 (blue lines) and (D)-7 (red lines), (b) (L)-8 
(blue lines) and (D)-8 (red lines), (c) (L)-12 (blue lines) and (D)-12 (red lines), and (d) (L)-13 (blue lines) 
and (D)-13 (red lines) in CHCl3 solutions. (e) gCPL values as a function of the number of alkyl spacers 
(n in Figure 10) in (D)-7 to (D)-14. (f) A plausible schematic illustration of the twist between two 
pyrenes in the peptides. The two pyrenyl groups in the peptide are expected to twist in a counter-
clockwise or clockwise manner, depending on the number of alkyl spacers, thus changing the CPL 
sign. 

Notably, the CD spectra signs were the same in luminophores (L)-7 to (L)-14 and (D)-
7 to (D)-14 with the same absolute configuration, whereas only the CPL spectrum exhib-
ited a sign reversal. This indicates that the relative chiral configurations of the intramolec-
ular pyrene rings are the same in optically active peptide–pyrene luminescent materials 
with the same absolute configuration in the ground state; however, the relative configu-
ration between the changes in the intramolecular pyrene with the inter-pyrene distance 
was only observed in the photoexcited state. Therefore, this result indicates that the dis-
tance between the alkyl spacers between the pyrenes influences the excimer formation of 
the two pyrene rings and their twisting. The expected even–odd rule provided by the alkyl 
groups was not reflected in the CPL results. The pyrenes in these peptides show that the 
distance and orientation provided by the alkyl spacers between them act in a complex way 
to influence the sign and strength of the CPL. 

In summary, the direction of CPL rotation in optically active peptide–pyrene lumi-
nescent materials was successfully controlled by changing the distance between the lumi-
nescent pyrenes and varying the chirality of the peptide main chains. 

  

(a) (b) (c) (d)

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-30

-15

0

15

30

DC
 / V

C
PL

 / 
m

de
g

Wavelength / nm

.0

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-60

-30

0

30

60

D
C

 / V

C
PL

 / 
m

de
g

Wavelength / nm

.0

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-30

-15

0

15

30

DC
 / V

C
PL

 / 
m

de
g

Wavelength / nm

.0

0

0.5

1

1.5

350 400 450 500 550 600 650 700

-30

-15

0

15

30

D
C / V

CP
L 

/ m
de

g

Wavelength / nm

.0

(+)-CPL                         (–)-CPL                      (+)-CPL

-10

-5

0

5

1 2 3 4 5 6 7 8
n

g C
PL

/ 1
0-3

(e)

(f)

Figure 12. CPL (top) and PL (bottom) spectra of (a) (L)-7 (blue lines) and (D)-7 (red lines), (b) (L)-8
(blue lines) and (D)-8 (red lines), (c) (L)-12 (blue lines) and (D)-12 (red lines), and (d) (L)-13 (blue
lines) and (D)-13 (red lines) in CHCl3 solutions. (e) gCPL values as a function of the number of
alkyl spacers (n in Figure 10) in (D)-7 to (D)-14. (f) A plausible schematic illustration of the twist
between two pyrenes in the peptides. The two pyrenyl groups in the peptide are expected to twist in
a counterclockwise or clockwise manner, depending on the number of alkyl spacers, thus changing
the CPL sign.

In summary, the direction of CPL rotation in optically active peptide–pyrene lu-
minescent materials was successfully controlled by changing the distance between the
luminescent pyrenes and varying the chirality of the peptide main chains.

6. Control of Solvent-Dependent CPL Properties in Optically Active Peptide–Pyrene
Organoluminescent Materials [36,37]

Sections 2–5 described the control of CPL properties via changing the molecular design
of optically active peptide–pyrene organoluminescent materials. This section focusses
on optically active peptide–pyrene luminophores (10), in which the number of carbons
between the two pyrenes was four (n = 4) and investigates the solvent-dependent CPL
properties of these peptides (Figure 13). Four solvents, namely CHCl3, dichloromethane
(CH2Cl2), N,N-dimethylformamide (DMF), and methanol (MeOH), were used for the CPL
measurements.

Figure 14a,b shows the CPL spectra of (L)-10 and (D)-10 in CHCl3 and CH2Cl2, respec-
tively. Both samples exhibited excimer CPL due to intramolecular pyrene interactions, with
maximum CPL wavelengths (λCPL) of 484 and 478 nm, respectively, and anisotropy factors,
|gCPL|, of 0.5 × 10–2 for both. The CPL properties were also examined in polar DMF and
MeOH (Figure 14c,d). Notably, (L)-10 exhibited a positive (+) CPL in CHCl3 and CH2Cl2,
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whereas it exhibited a negative (–) CPL in DMF and MeOH. The λCPL values were 464
and 458 nm, and the anisotropy factors, |gCPL|, were 0.2 × 10–2 and 0.3 × 10–2, in DMF
and MeOH, respectively. These results indicate that changes in the environment around
peptides, which differ between non-polar solvents (CH2Cl2 and CH3Cl) and polar solvents
(DMF and MeOH), affect CPL properties. That is, the difference in solvent polarity affects
the structural flexibility of the peptide chain and the interaction between the solvent and
functional groups, such as the amide and pyrenyl groups within the peptide, resulting in
these changes prompting a change in the twist between the two pyrene units.
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Figure 14. CPL (top) and PL (bottom) spectra of (L)-10 and (D)-10 in (a) CHCl3, (b) CH2Cl2, (c)
DMF, and (d) MeOH solutions, and CD (top) and absorption (bottom) spectra of (L)-10 and (D)-10 in
(e) CHCl3, (f) CH2Cl2, (g) DMF, and (h) MeOH solutions.

CD spectra were also acquired to investigate the chiral environment of the luminescent
pyrene units in the ground state (Figure 14e–h). The sign of the Cotton effect at the longest
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wavelength (345–346 nm) was the same in all solvents, being negative (–) for (L)-10 and
positive (+) for (D)-10, suggesting that an inversion of chirality in different solvents occurs
only in the photoexcited state.

In summary, the direction of CPL rotation in optically active peptide–pyrene lumines-
cent materials was successfully controlled by changing the type of solvent used in addition
to the chirality of the peptide main chain.

Subsequently, peptide–pyrene–piperidine organoluminescent materials, (L)-15 and
(D)-15, as shown in Figure 15, were synthesized. These peptides consisted of (L)-10 and
(D)-10 backbones containing piperidine units on both sides of the peptides, and their
solvent-dependent CPL-controlled on–off switching properties were investigated.
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Figure 15. Chemical structures of the chiral peptide–pyrene-piperidine luminophores (L)-15 and
(D)-15.

Similar to the CPL spectra measurements, the CD spectra were acquired using the
same four solvents, namely CHCl3, CH2Cl2, DMF, and MeOH. When peptide–pyrene
luminescent (L)-10 was used, positive (+) CPL was observed in the CHCl3 and CH2Cl2
solutions, and negative (–) CPL was observed in the DMF and MeOH solutions. However,
when piperidine-incorporated luminescent (L)-15 was used, all exhibited positive (+) CPLs
(Figure 16a–d). This suggests that the introduction of piperidine units on both sides of the
peptide main chain suppressed the inversion of the solvent-dependent CPL. This may have
been due to the steric effect that the piperidine rings impart to the peptide and the interac-
tion between the two piperidine rings and the solvent. The anisotropy factors (|gCPL|) in
the CHCl3, CH2Cl2, DMF, and MeOH solutions were 0.4 × 10–2 (λCPL = 470 nm), 0.4 × 10−2

(λCPL = 455 nm), 0.4 × 10–2 (λCPL = 485 nm), and 0.3 × 10–2 (λCPL = 495 nm), respectively.
The CD spectra of (L)-15 and (D)-15 were also acquired (Figure 16e–h). Similar to (L)-10
and (D)-10, the Cotton effect at the longest wavelength (341–347 nm) was negative (–) and
positive (+) for (L)-15 and (D)-15, respectively, in all solvents.
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Figure 16. CPL (top) and PL (bottom) spectra of (L)-15 and (D)-15 in (a) CHCl3, (b) CH2Cl2, (c) DMF,
and (d) MeOH solutions. CD (top) and absorption (bottom) spectra of (L)-15 and (D)-15 in (e) CHCl3,
(f) CH2Cl2, (g) DMF, and (h) MeOH solutions.

The solvent-dependent CPL properties on optically active peptide–pyrene organolu-
minescent materials in the presence or absence of piperidine units in the peptide backbone
was successfully controlled.

7. Conclusions

This study investigated non-classical CPL properties by controlling the pyrene rings
as luminescent units incorporated in the main chain of peptides. Control was achieved
using (1) the absolute configuration of the pyrenylalanine units (Sections 2 and 3), (2) the
number of pyrene units introduced in the peptides (Section 4), (3) the distance of the
pyrenylalanine units using an alkyl spacer introduced in the peptides (Section 5), and
(4) the solvent (Section 6). In particular, in (3), both left- and right-rotating CPLs were
produced using optically active peptide–pyrene organoluminescent materials with the
same absolute configuration.

CPL research is in its early stages, and it is anticipated that CPL will be applied in
various fields, including circularly polarized white light sources, circularly polarized lasers,
CPL sensors, CPL FETs, plant growth control using CPL, absolute asymmetric synthesis
using CPL, and the elucidation of the origin of asymmetry in life. The authors expect that
this study will help expand the design of new circularly polarized luminescent materials.
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23. Brichtová, E.; Hudecová, J.; Vršková, N.; Šebestík, J.; Bouř, P.; Wu, T. Binding of Lanthanide Complexes to Histidine-Containing
Peptides Probed by Raman Optical Activity Spectroscopy. Chem. Eur. J. 2018, 24, 8664–8669. [CrossRef]

24. Zhang, Y.; Yang, D.; Han, J.; Zhou, J.; Jin, Q.; Liu, M.; Duan, P. Circularly Polarized Luminescence from a Pyrene-Cyclodextrin
Supra-Dendron. Langmuir 2018, 34, 5821–5830. [CrossRef] [PubMed]

25. Nishikawa, T.; Tajima, N.; Kitamatsu, M.; Fujiki, M.; Imai, Y. Circularly Polarised Luminescence and Circular Dichroism of L- and
D-Oligopeptides with Multiple Pyrenes. Org. Biomol. Chem. 2015, 13, 11426–11431. [CrossRef]

https://doi.org/10.1002/anie.202211822
https://doi.org/10.1021/ja00348a074
https://doi.org/10.1021/ma00147a011
https://doi.org/10.1021/ma00198a015
https://doi.org/10.1021/j100370a003
https://doi.org/10.1021/la00095a021
https://doi.org/10.1039/C8NA00216A
https://www.ncbi.nlm.nih.gov/pubmed/36132252
https://doi.org/10.1021/acsomega.8b03175
https://www.ncbi.nlm.nih.gov/pubmed/31459399
https://doi.org/10.1039/D1NJ04824D
https://doi.org/10.1021/acs.nanolett.1c00697
https://www.ncbi.nlm.nih.gov/pubmed/34014681
https://doi.org/10.1002/smll.202106130
https://doi.org/10.1002/smll.202104438
https://doi.org/10.1039/D2NJ04807H
https://doi.org/10.1002/smll.202302517
https://www.ncbi.nlm.nih.gov/pubmed/37165600
https://doi.org/10.1039/D2TC04961A
https://doi.org/10.3390/nano12030424
https://www.ncbi.nlm.nih.gov/pubmed/35159774
https://doi.org/10.1039/C8SM01734D
https://www.ncbi.nlm.nih.gov/pubmed/30303240
https://doi.org/10.1039/D2SC05854E
https://doi.org/10.1002/ange.202308029
https://doi.org/10.1021/acs.chemmater.2c02967
https://doi.org/10.1039/C6DT01212D
https://www.ncbi.nlm.nih.gov/pubmed/27109001
https://doi.org/10.1021/jacs.9b05329
https://doi.org/10.1002/chem.201800840
https://doi.org/10.1021/acs.langmuir.8b01035
https://www.ncbi.nlm.nih.gov/pubmed/29672070
https://doi.org/10.1039/C5OB01710F


Processes 2023, 11, 2778 14 of 14

26. Kitamatsu, M.; Nakamura-Tachibana, A.; Ishikawa, Y.; Michiue, H. Improvement of Water Solubility of Mercaptoundecahydrodo-
decaborate (BSH)-Peptides by Conjugating with Ethylene Glycol Linker and Interaction with Cyclodextrin. Processes 2021, 9,
167–177. [CrossRef]

27. Shigeto, H.; Kishi, T.; Ishii, K.; Ohtsuki, T.; Yamamura, S.; Kitamatsu, M. Adjusting the Structure of a Peptide Nucleic Acid (PNA)
Molecular Beacon and Promoting its DNA Detection by a Hybrid with Quencher-Modified DNA. Processes 2022, 10, 722–732.
[CrossRef]

28. Kitamatsu, M.; Inoue, K.; Yamagata, N.; Michiue, H. Reaction of Chloroacetyl-Modified Peptides with Mercaptoundecahydrodo-
decaborate (BSH) Is Accelerated by Basic Amino Acid Residues in the Peptide. Processes 2022, 10, 2200–2208. [CrossRef]

29. Takaishi, K.; Iwachido, K.; Ema, T. Solvent-Induced Sign Inversion of Circularly Polarized Luminescence: Control of Excimer
Chirality by Hydrogen Bonding. J. Am. Chem. Soc. 2020, 142, 1774–1779. [CrossRef]

30. Takaishi, K.; Murakami, S.; Iwachido, K.; Ema, T. Chiral Exciplex Dyes Showing Circularly Polarized Luminescence: Extension of
the Excimer Chirality Rule. Chem. Sci. 2021, 12, 14570–14576. [CrossRef]

31. Takaishi, K.; Maeda, C.; Ema, T. Circularly Polarized Luminescence in Molecular Recognition Systems: Recent Achievements.
Chirality 2023, 35, 92–103. [CrossRef]

32. Mimura, Y.; Nishikawa, T.; Fuchino, R.; Nakai, S.; Tajima, N.; Kitamatsu, M.; Fujiki, M.; Imai, Y. Circularly Polarised Luminescence
of Pyrenyl Di- and Tri-Peptides with Mixed D- and L-Amino Acid Residues. Org. Biomol. Chem. 2017, 15, 4548–4553. [CrossRef]

33. Mimura, Y.; Motomura, Y.; Kitamatsu, M.; Imai, Y. Development of Circularly Polarized Luminescence (CPL) Peptides Containing
Pyrenylalanines and 2-Aminoisobutyric Acid. Processes 2020, 8, 1550–1557. [CrossRef]

34. Nishikawa, T.; Kitamura, S.; Kitamatsu, M.; Fujiki, M.; Imai, Y. Peptide Magic: Interdistance-Sensitive Sign Inversion of Excimer
Circularly Polarized Luminescence in Bipyrenyl Oligopeptides. ChemistrySelect 2016, 4, 831–835. [CrossRef]

35. Mimura, Y.; Motomura, Y.; Kitamatsu, M.; Imai, Y. Controlling the Sign of Excimer-Origin Circularly Polarised Luminescence by
Balancing Hydrophilicity/Hydrophobicity in Bipyrenyl Arginine Peptides. Asian J. Org. Chem. 2021, 10, 149–153. [CrossRef]

36. Mimura, Y.; Kitamura, S.; Shizuma, M.; Kitamatsu, M.; Fujiki, M.; Imai, Y. Solvent-sensitive Sign Inversion of Excimer-origin
Circularly Polarized Luminescence in Bipyrenyl Peptides. ChemistrySelect 2017, 2, 7759–7764. [CrossRef]

37. Mimura, Y.; Kitamura, S.; Shizuma, M.; Kitamatsu, M.; Imai, Y. Circular Dichroism and Circularly Polarised Luminescence of
Bipyrenyl Oligopeptides, with Piperidines added in the Peptide Chains. Org. Biomol. Chem. 2018, 16, 6895–6901. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pr9010167
https://doi.org/10.3390/pr10040722
https://doi.org/10.3390/pr10112200
https://doi.org/10.1021/jacs.9b13184
https://doi.org/10.1039/D1SC04403F
https://doi.org/10.1002/chir.23522
https://doi.org/10.1039/C7OB00503B
https://doi.org/10.3390/pr8121550
https://doi.org/10.1002/slct.201600212
https://doi.org/10.1002/ajoc.202000463
https://doi.org/10.1002/slct.201701315
https://doi.org/10.1039/C8OB01869C

	Introduction 
	Control of Configuration-Dependent CPL Properties in Optically Active Peptide–Pyrene Organoluminescent Materials B25-processes-2559815 
	Control of Configuration-Dependent CPL Properties in Optically Active DL–Peptide–Pyrene Organoluminescent Materials B32-processes-2559815 
	Control of the Pyrene Number-Dependent CPL Properties in Optically Active Peptide–Pyrene Organoluminescent Materials B33-processes-2559815 
	Control of Distance-Dependent CPL Properties in Optically Active Peptide–Pyrene Organoluminescent Materials B34-processes-2559815 
	Control of Solvent-Dependent CPL Properties in Optically Active Peptide–Pyrene Organoluminescent Materials B36-processes-2559815,B37-processes-2559815 
	Conclusions 
	References

