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Multicolor circularly polarized luminescence: pendant primary
amine/diphenylalanine chiral copolymers with clustering-
triggered emission

Ryo Yonenuma,? Aoi Takenaka,? Tamaki Nakano,” ¢ and Hideharu Mori?

Clustering-triggered emission (CTE) materials without m-conjugate chromophores have attracted increasing attention,
because of their nonconventional emission properties and wide applications. However, circularly polarized luminescence
(CPL) in CTE materials has been less explored. In this study, we designed CTE-based CPL block and random copolymers
comprising vinyl amine and N-acryloyl-L,L-diphenylalanine. These CTE-based chiral copolymers exhibited concentration- and
excited-wavelength-dependent emissions in water. By introducing a charged fluorescent dye (thioflavin T (ThT) or rose
bengal) into the copolymer aqueous solution, a red-shifted emission color was detected as the amount of fluorescent dye
owing to the fluorescence resonance energy transfer (FRET) between the dye and block copolymers via electrostatic
interactions. The chirality of block copolymer was transferred into achiral ThT, as confirmed by ThT-induced circular
dichroism. The thin film of CTE-based chiral block copolymer and block copolymer/ThT exhibited CPL, and the chirality of
ThT was amplified with the highest emission dissymmetry factor (glum) of —0.9 x 10-3. This study provides a new perspective
on CTE-based CPL polymeric materials, showing CTE-CPL properties in solid states and multicolor CPL by FRET via

electrostatic interactions.

Introduction

Luminescent materials have gained wide interest for diverse
applications, with the manipulation of emission colors by
varying the length of the conjugated electrons in m-conjugated
chromophores being a common approach. Such development
relies mainly on photochemistry and photophysics.1> However,
aggregation-caused quenching (ACQ) poses inherent drawbacks
in these materials, hindering their application. Aggregation-
induced emission (AIE) has emerged as an alternative system
with high emissions in aggregated states.®® Recently, hybrid
materials consisting of AIE and chiral molecules, such as amino
acids and peptides, have attracted significant attention owing
to their unique optoelectronic properties derived from their
ability to self-assemble into various nanostructures via
noncovalent interactions. Through the rational design of
building blocks and linkages, these AlE-chiral molecules
occasionally exhibit aggregation-induced circular dichroism
(AICD) and circularly polarized luminescence (CPL) derived from
achiral AIE molecules via alignment in a chiral environment.10-1°
Particularly, these CPL materials have been explored for
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applications in three-dimensional display?®-2* and sensing.2>27

In our previous study, we developed dipeptide-AIE polymers
comprising diphenylalanine and tetraphenylethylene. One is a
diphenylalanine-AIE homopolymer from a hybrid monomer
with a covalent linkage between diphenylalanine and AIE,?® and
the other is pendant diphenylalanine-AIE copolymers from two
diphenylalanine monomers with an AIE comonomer of different
compositions.?? Both of these exhibit the ability to self-
assemble into nanostructures (e.g., nanofibers, nanorods, and
acicular structures), blue emission, and AICD-derived from
tetraphenylethylene units depending on the solvent polarity.

Recently, nonconventional luminescence without t-conjugate
chromophores, such as polyethyleneimine,3°
poly(amidoamine),3133  poly(N-vinyl caprolactam),3* non-
aromatic amino acids3>-38, has emerged as a new class of unique
luminescence. These materials contain electron-rich atoms (e.g.,
N, O, S, P, and Si) and saturated groups (e.g., —OH, —NH,, —COOH,
and C-0O and C—N bonds). These materials exhibit clustering-
triggered emission (CTE) when concentrated or aggregated,38-4!
showcasing potential applications in chemical sensing,*> 43
bioimaging,3* and room-temperature phosphorescence.*?4>
However, most CTE materials exhibit blue fluorescence, with
limited reports of red-shifted luminescence.3? 46 47 While CPL in
CTE materials has been less explored, recent efforts have
integrated emission dissymmetry factors (gw.m) and CTE
properties, showing promise for practical applications.4851
Compared to conventional CPL materials, CTE-CPL materials
offer attractive features such as good processability and water
solubility, opening avenues for diverse applications.
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In this study, we developed new CTE-based CPL block and
random copolymers consisting of vinylamine (VAm) with a
primary amine as the CTE wunit and N-acryloyl-LL-
diphenylalanine (APhePheOH) as the chiral dipeptide (L-Phe-L-
Phe) unit (Figure 1a). Owing to the ampholytic side-chain
structures bearing cationic VAm and anionic APhePheOH units,
these CTE-chiral copolymers can be regarded as ampholytic
copolymers. By balancing these positive/negative charges, we
aimed to achieve amphiphilic properties in neutral water,
crucial for self-assembled structures, stimuli responsiveness,
and unique CTE-CPL properties. Previously, we synthesized
PVAm/amino acid (glutamic acid, lysine)-containing block
copolymers with multi-stimuli responsiveness and DNA
polyplexes.>? >3 Furthermore, we reported that VAm-based
polyampholytes and cationic copolymers consisting of N-
acryloyl-L-threonine and its methylated one exhibited
characteristic CTE in aqueous solutions with a stimuli-
response>* and polyplex formation.>> VAm/APhePheOH
polyampholytes developed in this study exhibited blue
emissions by clusterization at high concentrations in aqueous
solution. The emission behavior, self-assembled structures,
chiroptical and CTE-CPL properties can be manipulated by
internal (e.g., VAm/APhePheOH composition and comonomer
sequence; block or random sequence) and external factors (e.g.,
the concentration, pH of aqueous solutions, and
solution/suspension/thin  film states). Furthermore, we
demonstrate the tuning of the luminescence color by
fluorescence resonance energy transfer (FRET) combined with
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ionic fluorescence dyes and generate induced circular dichroism
and CPL derived from achiral fluorescence dyes (Figure 1b). The
rational design of chiral ampholytic copolymers, coupled to
their self-assemblies and FRET via electrostatic interactions,
opens the way towards the development of novel color-tunable
CTE-based CPL polymeric materials.

Results and discussion

Synthesis of CTE-based chiral block and random copolymers

CTE-based chiral VAm/APhePheOH block and random
copolymers were synthesized via reversible addition—
fragmentation chain transfer (RAFT) polymerization of

APhePheOH and N-vinylphthalimide (NVPI), which was selected
as a protected monomer for the preparation of PVAm
segment.52-5% 56, 57 RAFT polymerization of APhePheOH using
dithiocarbamate-terminated P(NVPI) macro-chain transfer
agent (macro-CTA, M,xnvr = 10700, M, /M, 1.36) at
[APhePheOH]/[macro-CTA]/[AIBN] = 50/2/1, 100/2/1, 300/2/1
afforded PNVPI-b-PAPhePheOHs with adjustable APhePheOH
content between 15% and 37% (Table S1). The
NVPI/APhePheOH composition is calculated using 'H NMR
spectra to compare the broad peaks at 7.78-6.65 ppm
attributed to the aromatic protons of NVPI and APhePheOH and
methine protons of APhePheOH at 4.92—-4.15 ppm (Figure S1).
SEC analysis of methylated PNVPI-b-PAPhePheOHs exhibits
relatively narrow polydispersities (M,,/M,, = 1.27-1.31) (Figure
S3a). The phthalimide moiety from the P(NVPI) segment in the
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Figure 1. Schematic illustrations of (a) clustering-triggered emission-based chiral block and random copolymers, and (b) multicolor circular polarized luminescence of PVAm-b-

PAPhePheOH by fluorescence resonance energy transfer with fluorescent dye.
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Table 1. Characteristics of CTE-based chiral block and random copolymers consisting of VAm and APhePheOH

M, M, MM,
Sample VAm:APhePheOH 2 Yield ® 1 /

("H NMR) (SEC) (SEC)
PVAmM-b-PAPhePheOH 63:37 74 23500 5900 1.31
P(VAm-co-APhePheOH) 60:40 80 - 5600 1.37

a) prepared by employing RAFT polymerization with AIBN and dithiocarbomate-type CTA followed by hydrazinolysis. ) Diethyl ether-insoluble fraction. ¢ Calculated using
1H NMR spectroscopy of N-vinylphtalimide/APhePheOH copolymers in DMSO-ds. 9 Methylated N-vinylphtalimide/APhePheOH copolymers were measured by SEC using

PSt standards in DMF (0.01 M LiBr).

block copolymers was removed using hydrazine monohydrate
to afford the ampholytic PVAm-b-PAPhePheOH. Quantitative
deprotection was confirmed by *H NMR in D,0 to compare the
broad peaks at 4.54-3.92 ppm, which can be attributed to the
methine protons of APhePheOH and the aromatic protons of
APhePheOH at 7.48—-6.56 ppm (Figure S1b and Table S3).
Random copolymers P(VAm-co-APhePheOH)s were
obtained via RAFT copolymerization and hydrazinolysis. The
RAFT copolymerizations of NVPlI and APhePheOH with a
dithiocarbamate-type RAFT agent at different comonomer feed
ratios ([NVPI]/[APhePheOH] = 50/50 and 25/75) were
conducted in DMF at 60 °C at [CTA]o/[AIBN], = 2. The resulting
random copolymers P(NVPI-co-APhePheOH)s were evaluated
from the SEC analysis and 'H NMR spectra, showing a
predetermined comonomer composition (NVPI:APhePheOH =
78:22 and 60:40) and narrow polydispersity (M,,/M,, = 1.37 and
1.41) (Table S2 and Figures S2a and S3b). The hydrazinolysis of
the NVPI parts of P(NVPI-co-APhePheOH) was conducted using
the same procedure as that used for the block copolymer.
Target P(VAm-co-APhePheOH) was obtained, as confirmed by
the *H NMR results (Figure S2b).

The solubilities of the ampholytic copolymers differed from

also

those of the NVPI-containing precursors. For instance, PNVPI-b-
PAPhePheOH was soluble in DMSO and DMF. After
deprotection, the resulting PVAm-b-PAPhePheOH comprising
63% VAm was soluble in neutral and basic water, and insoluble
in organic solvents (e.g., DMF and DMSO) and water under
acidic conditions (pH < 3) (Table S4). The same tendency was
observed in the solubility of the random copolymers: P(VAm-co-
APhePheOH) comprising 60% VAm was soluble in water (pH =
4, 7, and 12), and the P(NVPI-co-APhePheOH) precursor was
only soluble in DMF and DMSO (Table S4). PVAm-b-
PAPhePheOH and P(VAm-co-APhePheOH) with similar
cation/anion ratios (VAm/APhePheOH = 63/37 and 60/40) and
good water solubility (Table 1) were used for further
investigation.

Clustering-triggered emission of CTE-based chiral copolymers

Uv-Vis  and fluorescence measurements of  the
VAm/APhePheOH block and random copolymers were initially
conducted in neutral water (pH 7). The UV—Vis spectrum of
PVAmM-b-PAPhePheOH exhibited absorbance in the range of
250-270 nm, derived from the phenyl rings of the

diphenylalanine unit. When the concentration of PVAm-b-
PAPhePheOH increased, the broad absorption at 300-350 nm
corresponding to the n— 7 * electronic transitions between the
amine, amide, and carbonyl groups in the copolymer gradually
appeared over 0.5 mg/mL (Figure 2a), which was similar to that
observed in other CTE molecules.*? 5458 P(VAm-co-APhePheOH)
also exhibited absorption at 250-270 nm corresponding to the
diphenylalanine group, whereas negligible and weak absorption
was detected at 300-350 nm (Figure 2b). The tendency was
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Figure 2. (a, b) UV-Vis spectra at different concentrations, (c, d) concentration-
dependent fluorescence spectra (Aex = 330 nm), and (e, f) their photograph captured
under 365 nm UV light of (a, c, e) PVAm-b-PAPhePheOH and (b, d, f) P(VAm-co-
APhePheOH) in water (pH = 7). (g) Fluorescence intensity of PVAm-b-PAPhePheOH and
P(VAm-co-APhePheOH) (Aex = 330 nm) against polymer concentration in water (pH =7,
conc. = 0.01-5.0 mg/mL). (h) Proposed Jablonski  diagrams  of PVAmM-b-
PAPhePheOH in diluted and concentrated solutions.
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Figure 3. (a, b) Circular dichroism (CD) spectra and (c, d) DLS traces of (a, c) PVAm-b-
PAPhePheOH and (b, d) P(VAm-co-APhePheOH) in water (pH = 7).

distinct from the PVAm homopolymer, which exhibited broad
absorption at 300—350 nm derived from the n— 7= * transition
by clustering of the VAm unit in the homopolymer side chain
with increasing polymer concentration (Figure S4a). These
results indicate that the comonomer sequence affects the
states of the n— = * transition at different concentrations of
the assembled structures.

The fluorescence spectrum of PVAm-b-PAPhePheOH exhibited
a broad peak at 437 nm (Ae = 330 nm), and the emission
intensity increased with increasing concentration (Figure 2c). A
similar emission behavior was observed for P(VAm-co-
APhePheOQOH) as its concentration increased from 0.01 to 5.0
mg/mL and the maximum emission wavelength was 435 nm
(Figure 2d). These results indicate a common feature found in
various CTE polymers, exhibiting clusteroluminescence in
condensed states (high concentrations) and nonluminescence
in diluted states (low concentrations).38-41 When irradiated with
UV light, blue emission enhancement was detected visually with
an increase in the concentration of block and random
copolymers (Figures 2e, 2f). As shown in Figure 2g, the block
copolymer exhibited a higher concentration-induced emission
enhancement than the random copolymer. Blue luminescence
at high polymer concentrations was observed for the PVAm
homopolymer (Figure S4), exhibiting red-shifted emission with
a maximum wavelength of 471 nm in water (pH = 7). The
quantum yields of the PVAm, PVAm-b-PAPhePheOH and
P(VAm-co-APhePheOH) were 1.4 %, 6.3 %, 4.8 %, respectively
(Table S5). Similar to other CTE systems via through-space
interactions,3841 the clustering of the primary amino group in
VAm unit induced by APhePheOH-based interactions leads to an
increase in the excitation energy to reach an excited state (S,)
at a high concentration, and the consumption of excitation
energy results in the characteristic fluorescence (Figure 2h).
Probably, production of emissive J-aggregation along with
transition dipole-dipole interaction is an important factor.

Nevertheless, the emissions by clusterization at high

4| J. Name., 2012, 00, 1-3

concentrations is predominant over the J-aggregation in the
present system.

A characteristic of CTE materials is that they exhibit different
emission wavelengths depending on the excitation
wavelength.>* 58 Therefore, we investigated the excitation
wavelength-dependent emission of the CTE-chiral block and
random copolymers. When irradiated with different excitation
wavelengths, PVAmM-b-PAPhePheOH exhibited the strongest
emission peaks at 285 and 290 nm (Aex = 254 and 270 nm)
derived from phenylalanine moieties, and peaks at 420—-438 nm
(Aex = 290—400 nm) (Figure S5a) derived from VAm-based
clusters and APhePheOH-based clusters. The maximum
fluorescence intensity of PVAm-b-PAPhePheOH was observed
at 437 nm (Aex = 330 nm), whereas the fluorescence intensity
decreased significantly when the excitation wavelength was
increased to 380 and 400 nm. P(VAm-co-APhePheOH) also
exhibited similar emission behavior (Figure S5b), even though
the wavelength-dependent change in fluorescence was less
than that of the block copolymer. These results indicate that the
copolymer sequence affects wavelength-dependent emission
behavior. Probably, the production of several aggregated
structures originating from intermolecular and intramolecular
side-chain interactions, and J- and H-aggregation, are
responsive for the excitation wavelength dependency, which
are affected by the copolymer sequence.

(@ (b)
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Figure 4. (a-d) Scanning electron microscopy (SEM) and (e-g) atomic force microscopy
(AFM) height images of (a, c, e, f) PVAm-b-PAPhePheOH and (b, d, g) P(VAm-co-
APhePheOH). The samples were prepared from aqueous solutions (conc. = 2.0
mg/mL) at different pHs, (a-b, e-g) pH 7, (c-d) pH 12. (e-g) Cross sections through the

lines indicated by the dotted line in the AFM height images.

of the
were

CD, DLS, and zeta potential measurements
VAm/APhePheOH block and random copolymers
conducted to elucidate the relationship between the assembled
structures and the chiroptical and CTE properties. The CD

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Emission spectra, (b) circularly polarized luminescence (CPL)
spectra, and (c) gum spectra of PVAm-b-PAPhePheOH in different states
(solution: water (pH = 7, conc. = 2.0 mg/mL); suspension: water/THF = 4/96
(conc. = 2.0 mg/mL); thin film prepared from PVAm-b-PAPhePheOH aqueous
solutions (pH = 7, conc. = 20.0 mg/mL), Lex = 350 nm).

spectra show that PVAm-b-PAPhePheOH in water (pH =7, conc.
=1.0and 2.0 mg/mL) exhibited a positive peak at approximately
235 nm, which was derived from the phenyl rings of the
diphenylalanine moieties (Figure 3a). The strong peak of the
aromatic rings at 220 nm exhibited a blue-shift at lower
concentrations (conc. = 0.1 mg/mL) and was undetectable at
even lower concentrations (0.01 mg/mL), indicating that the
formation of different aggregated structures is influenced by
specific interactions, such as hydrogen bond, hydrophobic
interaction, and n—mn stacking, between the diphenylalanine
moieties, which are dependent on the concentrations and on -
sheet content.>® P(VAm-co-APhePheOH) showed similar
behavior, but when the concentration of the random copolymer

This journal is © The Royal Society of Chemistry 20xx
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was over 1.0 mg/mL, the diphenylalanine-derived peak
decreased gradually (Figures 3b and S6). In both cases, the
positive CD peak was hardly detected at a higher concentration

(5.0 mg/mL), implying that the VAm units inhibit B-sheet
structure formation in a highly condensed state by interfering
with the diphenylalanine-derived interactions. The origin of
redshift in CD and CD spectral inversion with increasing the
concentration from 0.01 into 5.0 mg/mL, as shown in Figures 3a
and 3b, is substantial conformational transitions, owing to the
concentration-depending aggregations.

The intensity-average hydrodynamic diameter (Dy,) of PVAM-b-
PAPhePheOH was initially determined in an aqueous solution at
pH 7 using DLS measurements (Figures 3c and 3d). The PVAm-
b-PAPhePheOH solution exhibited constant size (D, = 109-138
nm) in the concentration range of 0.1-5.0 mg/mL in the
presence of small species (< 10 nm) at every concentration,
which can be attributed to unimolecular and/or smaller
aggregated states (Figure 3c). P(VAm-co-APhePheOH) exhibited
multimodal peaks at all concentrations, indicating the presence
of various assemblies/aggregates in an aqueous solution
(Figures 3d and S7). The zeta potentials of PVAm-b-
PAPhePheOH and P(VAm-co-APhePheOH) exhibited a slightly
positive charge in neutral water (pH = 7) (Figures S8c, S8d, Table
S6), revealing that the copolymers self-assembled into micelle-
like structures with PVAm shells and PAPhePheOH cores
originating from the compositions (60%—-63% VAm contents).
From these results, it can be inferred that various sizes of
assemblies/aggregates exist in an aqueous solution, and
heterogeneous clusters are formed by amine, amide, and
carbonyl groups, generating different sizes of spatial electron
delocalization.”® Therefore, the CTE-based chiral block and
random copolymers may exhibit excitation wavelength-
dependent emission. The remarkable concentration effects
observed in this work may at least partially be connected to Mie
scattering.®%-¢% It is known that CD spectra and optical rotatory
dispersion (ORD) of poly(L-glutamic acid) are affected by the
presence of aggregates whose radius is as small as 0.03
micrometers. In addition, Mie effects on CPLm systems have
also been reported.®> Because the polymers discussed here
have a D, of 100 nm or greater, Mie scattering as well as
changes in polymer conformation and chiral aggregates
depending on concentration can affect the chiroptical
properties.

Scanning electron microscopy (SEM) measurements were
conducted to investigate the self-assembly behavior of the CTE-
based chiral block and random copolymers (Figure 4). When the
samples were prepared from a neutral aqueous solution (pH 7,
conc. = 2.0 mg/mL), aggregate formation of PVAm-b-
PAPhePheOH and P(VAm-co-APhePheOH) occurred (Figures 4a
and 4b). Atomic force microscopy (AFM) heigh image of the
block copolymer sample prepared from the aqueous solution
(2.0 mg/L, pH 7) showed homogeneous spherical structures
with 100-200 nm in diameter and 2—4 nm in height (Figures 4e
and 4f), possibly corresponding to the collapsed micelles
formed on the mica substrate. The same morphology was
observed in the AFM phase images (Figure S9), implying the
referable formation of stable micelles in neutral water. In

J. Name., 2013, 00, 1-3 | 5
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contrast, the random copolymer sample prepared under the
same condition occasionally showed assembled structures
(Figures 4g and S10). These results indicate that the copolymer
sequence has a substantial effect on chiroptical properties and
assembled structures.

Effect of pH on CTE property and assembled structures

APhePheOH and PAPhePheOH exhibited a deep blue
luminescence with maximum emission wavelengths of 431 and
411 nm when dissolved in a basic aqueous solution (pH 12, conc.
of 2.0 mg/mL) (Figure S11). Note that PAPhePheOH was only
soluble in water under basic conditions (pH = 12) and insoluble
at pH 7.%¢ These results suggested that PAPhePheOH also forms
clusters owing to B-sheet-like structures formed by hydrogen
bonds between the amide and carbonyl groups. Therefore, the
CTE-chiral block and random copolymers demonstrated two
clusters derived from the VAm and APhePheOH units,
respectively, and their sequence (block and random) affected
the maximum emission peak position and concentration-
dependent emission behavior. Ampholytic block and random
copolymers might show different emission behaviors owing to
the protonated or deprotonated states of the amino groups and
carboxy groups after changing the pH of the aqueous solution.”
Although the emission intensity was slightly affected by pH
values, the VAm/APhePheOH block and random copolymers
exhibited similar emission behavior (Figures S12 and S13).

DLS traces of PVAm-b-PAPhePheOH exhibited bimodal peaks
corresponding to unimolecular and assembled states at different pH
values (pH = 4-12), indicating the formation of self-assembled
structures that are independent of pH (Figure S8a and Table S6). In
contrast, P(VAm-co-APhePheOH) exhibited multimodal peaks at all
pH values, implying the presence of aggregates of various sizes in the
solution (Figure S8b). SEM images showed characteristic assembled
structures formed under basic conditions (pH 12, Figures 4c and 4d),
which were apparently distinct from the samples prepared in neutral
water (pH 7, Figures 4a and 4b). Both the block and random
copolymers self-assembled into microcrystals and formed fractal
patterns, probably owing to the attraction force between Na* ions
and the COO- groups of APhePheOH during the drying of the
solutions on the substrate, as observed in carboxylate-containing
amino acid derivatives and polymeric materials.68-70

CTE-based CPL of PVAm-b-PAPhePheOH at different states

of PVAm-b-PAPhePheOH were
conducted in different states (e.g., solutions, suspensions, and
thin films). In the solution state, neutral water was selected as
a good solvent (conc.=2.0 mg/mL, pH=7), a water/THF mixture
with THF as the poor solvent was used as the selective solvent
(water/THF = 4/96, conc. = 2.0 mg/mL) and added to the
suspension. Here, the block copolymer was selected for CPL

The CPL measurements

measurements, owing to higher CD signals and preferable
formation of assembled structures, compared to the random
copolymer. Thin films were prepared by drop-casting highly
concentrated PVAm-b-PAPhePheOH aqueous solutions (conc. =
20.0 mg/mL, pH = 7) and dried at 100 °C until the solvent had

6 | J. Name., 2012, 00, 1-3

dried in the atmosphere. As shown in Figure 5a, the maximum
emission wavelength exhibited a red-shift as the state changed
from solution (422 nm) to suspension (451 nm) and thin film
(457 nm), suggesting that more condensed clusters are formed
in the thin film state. Furthermore, the PVAm-b-PAPhePheOH
thin film exhibited a strong right-handed CPL (Figure 5b). The
emission dissymmetry factor (g,,m) was —0.0051 and more than
10 times higher than that of the solution and suspension states
(Figure 5c and Table S7). These spectra were measured at two
angles of the PVAm-b-PAPhePheOH thin film, vertically and
horizontally (Figure S14). Although the CPL intensity changed
slightly depending on the angle, the shapes and signs of the CPL
spectra were largely identical, indicating that the resulting CPL
was based on the chirality of the APhePheOH units.
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Figure 6. (a) Photograph of PVAm-b-PAPhePheOH and different molar ratio of

thioflavin T (ThT) in water captured under 365 nm UV light (polymer conc. = 2.0
mg/mL, ThT = 0-1 mM), (b) fluorescence spectra (Aex = 365 nm), and (c) proposed

Chirality
transfer

Jablonski diagram of a FRET process following light absorption by PVAm-b-
PAPhePheOH donor. (d, e) CD spectra of PVAm-b-PAPhePheOH and different molar
ratios of ThT in water. (f) Schematic illustration of chirality transfer from PVAm-b-
PAPhePheOH to ThT.
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Fluorescence resonance transfer energy with ionic fluorescence
dye

PVAm-b-PAPhePheOH can undergo FRET,
conjugated counterpart, to adjust its color. Recently, Yan et al.
reported that color-tunable CPL generated with
polylysine/oleate ion CTE was obtained via FRET using
appropriate acceptor (fluorescein solidum).*8 In this study, we
selected thioflavin T (ThT) and rose bengal (RB) as the cationic
and anionic commercial fluorescent dyes, respectively (Figures
6 and 7). ThT is frequently used for amyloid fibril detection,”*- 72
as it absorbs light at 380-450 nm and emits strong green
fluorescence near 490 nm via restricted rotation. RB also

similar to its

absorbs at 450-580 nm and emits near 590 nm.’3 74 Because
the emission of PVAm-b-PAPhePheOH in neutral water overlaps
well with the absorption of ThT or RB, the fluorescent dye is
doped as an energy acceptor into the solution via electrostatic
interactions (Figure S15). Figure 6 shows FRET between PVAmM-
b-PAPhePheOH and ThT. With an increase in the amount of
fluorescent dye, the blue emission of PVAm-b-PAPhePheOH
decreases gradually, and the emission color changes to light
blue, green, or yellow with the addition of ThT (Figures 6a and
6b). In FRET process, PVAm-b-PAPhePheOH (donor) absorbs
incident light and transfer the energy to ThT (acceptor), as
shown in Figure 6c. Maximum fluorescent dye emission was
observed at a ThT doping rate of 0.2 mM. The quantum yield of
PVAmM-b-PAPhePheOH/ThT was 25.6 % (Table S8), which was
lower than that of ThT interacted with amiloyd fibrils (43-
44 %).7> 76 The increase in the quantum vyield upon co-
aggregation with ThT is probably due to efficient absorption of
the blue emission from block copolymer, and restriction of free
rotation of the benzothiazole unit by the specific interaction
between ThT and the copolymer. So-called deactivation of
vibrational, rotational, and librational modes in the dyes and
the copolymers in their homogeneous solutions are also
important factor. The FRET efficiency’” determined from the
quenching of the copolymer donor fluorescence intensity in the
absence and presence of ThT as the acceptor molecule (Eq. S2)
was 0.98 (Table S8). Further increase in the fluorescent dye
resulted in a decrease of the emission intensity and quantum
yield (5.8 %, Table S8), attributed to the formation of excimers
or ACQ (Figure S16).78

Furthermore, the chirality of PVAm-b-PAPhePheOH was also
transferred to ThT, resulting in a positive CD signal at 422 nm
and a negative signal at 459 nm and 0.2 mM of ThT (Figures 6d-
f), indicating that ThT is located near the anionic
diphenylalanine moieties owing to the electrostatic interaction
in solution. The absorption dissymmetry factor (g.ps) was 1.66
x 10™*at 422 nm with a ThT doping ratio of 0.2 mM (Table S9).
DLS measurements showed that the size of the complexes
formed between PVAm-b-PAPhePheOH and ThT increased with
an increase in the doping ratio of ThT (Figure S17a) until the
doping ratio reached 0.2 mM. The size of the complex then
decreased (e.g., D, =122 and 32 nm at 0.2 and 1 mM of ThT).
The zeta potential of the PVAm-b-PAPhePheOH/ThT complex at
0.2 mM was almost zero, which changed to positive
(approximately 10 mv at 0.02 mM) and negative (approximately

This journal is © The Royal Society of Chemistry 20xx
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—20 mv at 1.0 mM of ThT) values, depending on the doping rate
(Figure S17b, Table S10). For comparison, the emission
behaviors of the PVAm homopolymer complex and P(VAm-co-
APhePheOH) with ThT were evaluated under the same
conditions. The PVAm homopolymer exhibited blue emission
derived from the CTE of PVAm, without any change in the
emission wavelength, indicating no energy transfer between
PVAm and ThT (Figures S18 and S19a). P(VAm-co-APhePheOH)
exhibited red-shifted emission when combined with ThT (Figure
S19b), which was similar to that of PVAm-b-PAPhePheOH. The
fluorescence energy from P(VAm-co-APhePheOH) to ThT was
less efficient, which may be attributed to limited electrostatic
interactions between ThT and APhePheOH units randomly
distributed in P(VAm-co-APhePheOH). The comonomer
sequence exhibited a substantial effect on the induced CD
derived from the APhePheOH unit in ThT. The P(VAm-co-
APhePheOH)/ThT complex solution exhibited weaker CD
spectra and lower g,ps (5.04 x 10~*) than PVAm-b-PAPhePheOH
complex (Figure S20, Table S11). Tunable color and induced
circular dichroism, derived from the VAm/APhePheOH
copolymers incorporated ThT obtained by adding a fluorescent
dye to the APhePheOH acceptors, were achieved through the
FRET process.

Figure 7 shows FRET between PVAm-b-PAPhePheOH and RB.
The blue emission of PVAm-b-PAPhePheOH gradually
decreased with an increase in the amount of RB, and
consequently, red-shifted emissions, such as pink, orange, and
red, derived from RB were observed (Figures 7a and 7b). The
maximum fluorescence dye emission intensity (592 nm) was
observed at an RB doping rate of 0.2 mM and a further increase
in the fluorescence dye resulted in decreased emission intensity
(Figure S21). The quantum vyields also increased as the amount
of RB (Table S12). Similar to the block copolymer/ThT, the FRET
efficiency increased from 0.35 into 0.99 with increasing the RB
doping rate from 0.02 into 1.0 mM. Furthermore, a block
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Figure 7. (a) Photograph of PVAm-b-PAPhePheOH and different molar ratios of RB
in water captured under 365 nm UV light (polymer conc. = 2.0 mg/mL, RB = 0-1
mM), (b) fluorescence spectra (Aex = 365 nm), and (c, d) CD spectra of PVAm-b-
PAPhePheOH and different molar ratios of RB in water.
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copolymer/RB complex exhibited a slightly longer red-shifted
emission (Aem = 592 nm) than the VAm/APhePheOH random
copolymer/RB complex (Aem = 584 nm), indicating that the
comonomer sequence affects the emission behavior (Figure
S22). The quantum yields were also No remarkable CD peak
transfer from PVAm-b-PAPhePheOH to RB was observed
(Figures 7c and 7d), signifying substantial contribution of
anionic RB to the electrostatic repulsion between RB and
anionic diphenylalanine moieties (Figure S23).

Red-shifted CPL by PVAm-b-PAPhePheOH and ThT

CPL measurements of PVAm-b-PAPhePheOH/ThT complexes
were performed (Figure 8). Initially, the PVAm-b-
PAPhePheOH/ThT complexes prepared in different states
(solution and thin films, Figure S24) were compared. The
emission of the PVAm-b-PAPhePheOH/ThT complexes
exhibited a red-shift in the thin-film state compared with that in
the aqueous solution state, suggesting that the CTE-based chiral
block copolymer and ThT are more aggregated in the thin-film
state (Figure 8a). The CPL spectra also showed right-handed CPL
in both solution and thin-film states. The CPL intensity and
emission dissymmetry factor (gi.m) were higher in the thin-film
state than in the solution state (Figures 8b and 8c). The gjum of
the thin film state was —0.00577, which was more than 600
times that of the solution state (Table S13).

Next, we measured the CPL spectra of thin films prepared from
PVAm-b-PAPhePheOH with different ThT molar ratios (Figures
8d and S25-S27). The fluorescence spectra exhibited red-shift
emission (Figure 8d) with increasing ThT concentration, similar
to the emission behavior observed in solution (Figure 8b), and
all thin films exhibited right-handed CPL (Figure 8e). The highest
emission dissymmetry factor (gjum) was —0.0099 at 486 nm, with
a ThT doping rate of 0.02 mM (Figure 8f, Table S14). Tunable
CPL can be achieved through FRET by tuning the amount and
amplifying the chirality of the achiral fluorescent dye. The
negative CPL from dyes is probably due to the induced axial
chirality between benzothiaziazole and phenyl units in ThT.
Similar tendency was reported in CD and CPL spectra of ThT
bound to amyloid fibrils, showing Cotton effects induced by an
aromatic ring close to the ThT via stabilization of one
enantiomeric conformer.”? As control experiments, we
prepared samples using two different procedures at pH 7, firstly
preparing the copolymer solution, followed by adding dye, and

firstly preparing the dye solution, followed by adding copolymer.

Substantial difference was detected in DLS, Zeta potential, and
CD results (Figures S28-S30 and Table S15-S16). The highest
Cotton effect was observed in the copolymer/ThT sample, firstly
preparing the ThT solution, followed by adding copolymer. In
this procedure, chiral copolymer may be attached or
surrounded to its opposite charged surface of the dye homo-
aggregates. Hence, the sample preparation procedure is also a
crucial factor to achieve characteristic CD/CPL properties.
Various factors, such as the donor-acceptor distance, spatial
arrangement and orientational behavior, the donor quantum
yield, and the refractive index of the medium, are crucial to
optimize FRET process.”” Further studies, such as PL excitation
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Figure 8. (a, d) Emission spectra, (b, e) CPL spectra, and (c, f) gum Spectra, (a, b, c)
comparison of solution state and thin film state of PVAm-b-PAPhePheOH/ThT complex
(polymer conc. = 10.0 mg/mL, ThT conc. = 0.2 mM, A, = 350 nm), and (d, e, f) thin films

of PVAm-b-PAPhePheOH with different ThT molar ratios.

and CP excitation spectral measurements, investigation of PL
dynamics, and Forster distance calculations, will help to
understand detailed mechanisms and achieve improved CTE-
CPL properties.

Conclusion

The CTE-based chiral VAm/APhePheOH block and random
copolymers exhibiting CTE-based CPL were synthesized via
RAFT polymerization and subsequent hydrazinolysis. The
emission intensity was substantially affected by the
concentration, wavelength, and comonomer sequence (block vs.
random). The characteristic CTE behavior has been attributed
to various non-covalent interactions, including hydrogen bonds,
electrostatic interactions, and mn—m stacking between the
primary amines originating from VAm, carboxylic acid and
amide moieties, and the aromatic rings from APhePheOH. The
PVAmM-b-PAPhePheOH block copolymer could interact with the
ionized fluorescent dye via electrostatic interactions, yielding
complexes that exhibited red-shift luminescence (with ThT:
light blue to green, yellow; with RB: pink to orange, red). When
ThT interacted with PVAmM-b-PAPhePheOH, ThT exhibited
induced circular dichroism in the CD spectra. Thin films of
PVAmM-b-PAPhePheOH/ThT complexes exhibited right-handed

This journal is © The Royal Society of Chemistry 20xx
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CPL with emission dissymmetry factors between -0.004 and
close to -0.01 by tuning the ratio of ThT. This finding
substantially broadens the versatility of CTE-based CPL
polymeric materials, combining the chiral self-assembling unit
and nonconjugated CTE unit. This study also represents a novel
approach to achieving CPL using CTE-based chiral copolymers.
These CTE-chiral polymers and CTE-chiral polymer/fluorescent
dye complexes exhibiting CPL show promise for future bio-
related and optoelectronic applications such as bioimaging,

sensing.
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