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A hybrid monomer consisting of diphenylalanine with the self-assembling ability and tetraphenylethylene (TPE) with

aggregation-induced emission (AIE) properties was synthesized and employed for reversible addition-fragmentation chain

transfer polymerization. The diphenylalanine—TPE hybrid monomer (APhePheTPE) self-assembled into helical nanoribbons

and fiber-like structures and exhibited AIE properties with blue emissions, which originated from the aggregation of TPE

units by tuning the water fraction in the tetrahydrofuran/water mixtures. The APhePheTPE revealed the formation of B-

sheet structures and aggregation-induced circular dichroism (AICD) by achiral TPE units via interactions with diphenylalanine

moieties. The APhePheTPE homopolymers showed the feasibility of forming stable assembled structures, such as rod-

shaped structures and nanofibers, with characteristic molecular weight-dependent emissions and AIE properties. This study

revealed the potential of the polymerizable diphenylalanine—TPE hybrid monomer as a building block for the development

of chiral AIE hybrid polymers with the ability to form various self-assembled structures and characteristic AIE and AICD

properties.

Introduction

Diphenylalanine is an aromatic dipeptide composed of two
phenylalanine and is of great interest as a simple and versatile
building block. This dipeptide exhibits a unique intrinsic ability
to self-assemble into various nanostructures, such as
nano/microtubes,4 nanofibers, and nanowires.3>
Manipulation of various non-covalent interactions (such as
aromatic stacking, hydrogen bonding, and electrostatic
interactions) and sample preparation conditions (such as
solvent/co-solvent polarities) are crucial for controlling the
intrinsic self-assembly of dipeptide derivatives. Diphenylalanine
also functions as a core recognition portion of B-amyloid in
Alzheimer’s disease via hydrophobic interactions.! Thus, the
diphenylalanine motif offers a unique direction in designing
new bio-inspired nanomaterials with superior mechanical and
physical properties. An increasing number of potential
applications have been observed in various fields, such as
templates,! gels,%” piezoelectrics,®® antimicrobial activity,1011
and biosensors.1213

As an efficient approach for developing functional polymers
with bio-inspired nanostructures, the merging of the attractive
features of diphenylalanine with the advantages of synthetic
polymers has gained significant attention. Margel et al.
reported the synthesis of hydrophobic dipeptide (N-acryloyl-
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L,L-diphenylalanine methyl ester)-based polymeric
nanoparticles, which showed biocompatibility and inhibition of
amyloid-f fibrillation.?* Jeong et al. reported substantial
improvement in the physical properties of polymeric gels
consisting of ethylene glycol and propylene glycol triblock
copolymers by introducing diphenylalanine moieties into the
end groups.’®> Our previous study also demonstrated the
synthesis of homo- and copolymers with characteristic self-
assemblies and thermoresponsiveness via reversible addition-
fragmentation chain-transfer (RAFT) polymerization of a
dipeptide-containing acrylamide (N-acryloyl-L,L-
diphenylalanine, APhePheOH).’® Knight et al. recently
demonstrated the RAFT synthesis of amphiphilic copolymers
containing hydrophilic monomers and a hydrophobic
diphenylalanine acrylamide, along with the formation of
globule and B-sheet-like structures derived from the dipeptide
side chain.’” Other examples of diphenylalanine-polymer
conjugates include the hybrid copolymers containing
polylactide,'81® polyurethane,?® and DNA,2! as well as
nanoobjects prepared via polymerization-induced
assembly of a methacrylate with diphenylalanine-containing
tripeptide.2223

Aggregation-induced emission (AIE) molecules,
hexaphenylsilole and tetraphenylethylene (TPE), have been
extensively explored, which exhibit no emission in the
molecularly dissolved states but strong emission in the
aggregation or solid state.?42%2 These molecules have been
widely used in bioimaging,?® sensing,3® and theragnostic
applications?® owing to their unique AIE characteristics and
structural diversity. The combination of AIE molecules with self-
assembling motifs via molecular modifications is promising in

self-
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Scheme 1 Synthesis of a diphenylalanine-TPE hybrid monomer (APhePheTPE) and the corresponding hybrid homopolymer (PAPhePheTPE) via reversible
addition-fragmentation chain-transfer (RAFT) polymerization.

the fabrication of nano- and microstructures with tunable
size/shape and fluorescent properties, which have great
potential for applications in devices and sensors.3146 Several
synthetic approaches have been developed, which include the
chemical linkage of AIE molecules with self-assembling
motifs,3141 conjugation with chiral polymers,*2** and co-
assembly of AIE molecules and self-assembling motifs.>4¢ The
synthesized structures are mainly constructed via non-covalent
bonds such as hydrogen bonding, hydrophobic and electrostatic
interactions.3237,39-41,43-46  Ag 5 gelf-assembling motif, TPE
molecules hybridized with amino acids or peptides show the
ability to self-assemble into various structures, such as spheres,
vesicles, and helical nano- and microfibers, which is achieved
through specific interactions derived from amino acids or
peptides.3233:354041  These hybrid materials also exhibit
aggregation-induced circular dichroism (AICD)32:33:3543,44 gnd
circularly polarized luminescence due to the transfer of chirality
by amino acids to achiral AIE molecules.32-37,39-41,43,44

Herein, we report the synthesis, self-assembly,
polymerization of a diphenylalanine—TPE hybrid monomer
(APhePheTPE) consisting of diphenylalanine as the self-
assembling motif and TPE as an AIE luminogen (AlEgen).
Diphenylalanine-containing acrylamide (APhePheOH) bearing a
carboxylic acid was combined with the TPE derivative (TPEOH)
via condensation to afford a hybrid monomer (APhePheTPE),
which was used for the controlled synthesis of the hybrid
homopolymer (PAPhePheTPE), as shown in Scheme 1. Scanning
electron microscopy (SEM), atomic force microscopy (AFM),
circular dichroism (CD), and fluorescence measurements were
performed to evaluate the formation of the assembled
structures of the APhePheTPE and PAPhePheTPE in selected
solvents and their luminescence behavior upon assembly. To
the best of our knowledge, the present study is the first to show
APhePheTPE as a successful combination of a dipeptide motif
involving a polymerizable vinyl group with an AIE unit and the
controlled synthesis of the corresponding APhePheTPE, offering
the ability to self-assemble into helical nanoribbons, fiber-like
and rod-shaped structures, and nanofibers with characteristic
AIE and AICD properties.

and

Results and discussion

Synthesis and characterization of APhePheTPE
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A diphenylalanine—TPE hybrid monomer (APhePheTPE) was
synthesized via esterification of N-acryloyl-L,L-diphenylalanine
(APhePheOH)16 with TPEOH*’ to achieve potential synergistic
effect of combining self-assembly of dipeptide and AIE
properties. The synthesis was conducted in the presence of
N,N'-dicyclohexylcarbodiimide and 4-dimethylaminopyridine in
tetrahydrofuran (THF), followed by column purification,
affording APhePheTPE in 49% vyield. The formation of
APhePheTPE was confirmed using 'H nuclear magnetic
resonance (NMR), which showed the peaks of the vinyl group at
6.22—6.14 and 5.97-5.49 ppm, two amide groups at 8.75 and
8.28 ppm, and phenyl groups from PhePhe and TPE units at
7.24-6.64 ppm (Figure S1). Structural analysis was also
performed using 13C NMR (Figure S2), elemental analysis, and
2D NMR (Figures S3 and S4), confirming the synthesis of
APhePheTPE. The resulting APhePheTPE exhibited good
solubility in organic solvents, such as dimethyl sulfoxide
(DMSO0), dimethylformamide (DMF), and THF and was soluble
in alcoholic solvents (methanol and ethanol) under dilute
conditions (less than 10 mM) but insoluble in water (Table S1).

Self-assembly of APhePheTPE

Next, APhePheTPE was used as a self-assembly directing motif
to manipulate the formation of the desired assemblies with
environmentally sensitive emissions. One of the representative
strategies to provide the unique self-assembly of
diphenylalanine derivatives is the use of specific solvents with
different polarities and suitable concentrations.51648 |n this
study, THF and water were selected as the good and poor
solvents, respectively (Table S1). First, APhePheTPE was
dissolved in THF to obtain the stock solution, which was then
diluted with water to obtain the desired THF/water mixtures at
arbitrary compositions and concentrations; the mixed solution
was allowed to equilibrate for 24 h in all the cases. The SEM
images of APhePheTPE nanostructures prepared in THF/water
mixtures with different water fractions are illustrated in Figure
1. In the THF/water mixture (10/90 vol%, conc. = 1.0 mg/mL),
APhePheTPE self-assembled mainly into right-hand helical
nanoribbons. The helical pitch of the nanoribbon was 120 nm
and longer, with a relatively constant width of approximately 50
nm (Figures 1a and b); twisted nanofibers and plate-like crystals
were also observed occasionally (Figure S5). AFM images also
revealed fiber-like structures (Figure S6) that were formed
during the evaporation of the THF/water mixture onto the mica

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 SEM images showing self-assembled structures of APhePheTPE prepared in THF/water mixtures with different water fractions: (a, b) 90%, (c, d) 80%,
(e) 70%, (f) 60%, (g) 30%, and (h) 0% (conc. = 1.0 mg/mL). (b, d) Magnified SEM images of the region inside the box in (a and c).

substrate, which may affect the nucleation growth mechanism.®
Similar helical nanostructures were observed in SEM images
even when the samples were prepared at higher (10.0 mg/mL)
and lower (0.03 mg/mL) concentrations in the THF/water
(10/90 vol%, Figure S10), suggesting a limited impact of
The helical
nanostructures were partially observed in the system with an
80% water fraction, in addition to the fiber-like structures
(Figures 1c and d). The fiber-like structures were predominantly

concentration on the assembled structures.

observed at 70% water fraction, and a further decrease in the
water fraction led to a structural change from aggregates to
large spheres (60, 30, and 0%, Figures 1le—h). AFM images of
APhePheTPE samples prepared by drop-casting from THF/water
mixtures (20/80 and 30/70 vol%) also indicated the formation
of large fiber-like structures (Figures S7 and S8). However, the
sample prepared by spin-coating from THF/water mixture
(10/90 vol%) showed only small spherical aggregates, which
may be attributed to collapse and/or aggregate of
nanostructures during rapid solvent evaporation by spin coating
(Figure S9). These results suggest that the observed AFM images

—
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Fig. 2 (a) UV-vis, (b) fluorescence (i, = 310 nm), (c) CD spectra of
APhePheTPE dissolved in THF and self-assembled in THF/water mixtures
(conc. = 0.03 mg/mL). (d) Photographs of luminescence behaviors of
APhePheTPE in THF/water mixtures under UV light irradiation (conc. = 0.03
mg/mL, A, = 360 nm). (e) FT-IR spectrum of APhePheTPE.

This journal is © The Royal Society of Chemistry 20xx

are affected by the sample preparation procedure and
conditions. Nevertheless, both AFM and SEM images showed
the morphologies transitions, depending on the water fraction
in THF/water mixtures. In the DMF/water and THF/MeOH
mixtures (10/90 vol%, conc. = 1.0 mg/mL), isolated rod-shaped
assemblies and large aggregates consisting mainly of fibers
were observed in SEM images (Figures S11 and S12). Wateris a
poor solvent for APhePheTPE, while the two amide groups and
an ester group present within the hybrid monomer contribute
to hydrogen bonding. Hence, in the THF/water mixtures, the
diphenylalanine unit with amide groups is located on the
surface of the assembled states, and the more hydrophobic TPE
unit is concentrated in the core, as illustrated in Figure 3a, b.
This exposure of the relatively hydrophilic diphenylalanine unit
with specific non-covalent interactions is predominant at high
water affording This
observation is consistent with that of TPE—amino acid
derivatives, in which the co-existence of poor
cooperates with hydrogen bonds derived from amino acid

fractions, nanoribbon structures.

solvent

moieties to stabilize the helically assembled structures.3® For
comparison, the self-assembly of APhePheOH with a less bulky
carboxylic acid, instead of the TPE unit in APhePheTPE, was
evaluated, which showed straight nanofibers and bundle
structures under the same conditions (THF/water = 10/90 vol%,
conc. = 1.0 mg/mL, Figure S13). These results suggest that the
diphenylalanine motif chemically linked to the TPE unit imparts
self-assembly behavior, thus forming helical
nanostructures depending on the solvent polarity.

a unique

AIE and chiroptical properties of APhePheTPE

Ultraviolet—visible (UV-vis) absorption and fluorescence
measurements were conducted in THF and THF/water mixtures
to gain insight into the AIE properties and their correlation with
the self-assembly of APhePheTPE. As shown in Figure 2a,
APhePheTPE dissolved in THF exhibited absorptions at 240 and
310 corresponding to the phenyl rings of the
diphenylalanine and TPE moieties, respectively. When
APhePheTPE was excited at 310 nm, the hybrid monomer was

nm,

almost non-emissive in THF and THF/water mixtures with water

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Schematic illustrations of postulated assembled structures of (a,b)
APhePheTPE in THF/water mixtures with different water fractions: (a) 0—
70% and (b) 80 and 90%, and (c) PAPhePheTPE in THF/water mixture (10/90
%).

fractions less than 60%, suggesting to non-radiative relaxation
via intramolecular rotation of the TPE unit. However, a blue
fluorescence with a maximum emission was detected a 475 nm
for at a higher water fraction (70%), which corresponded to the
AIE phenomenon originating from the aggregation of TPE units
(Figures 2b and d). The highest fluorescence intensity of
APhePheTPE was obtained for the mixture with the highest
water fraction (90%). Hence, the change in the water fraction of
the THF/water mixtures is an essential factor in manipulating
the fluorescence properties and assembled structures of the
diphenylalanine-=TPE hybrid monomer. Thus, stronger
emissions are achieved as a higher content of poor solvent
(water) leads to remarkable aggregation of the TPE units in the
helical nanoribbons and fiber-like structures.

CD measurements were performed to
chiroptical
monometr.

investigate the
properties of the diphenylalanine—TPE hybrid
Diphenylalanine shows characteristic positive
Cotton effects at approximately 200 and 220 nm, which were
attributed to the n—m* and m—mt* transitions derived from
hydrogen bonding and the m—m stacking
diphenylalanine with the B-sheet structures.*174° As shown in
Figures 2c and S14, APhePheTPE exhibited no characteristic
positive Cotton effect in the THF solution, and a strong negative
peak was visible at 220 nm. However, the intensity of the

interactions of

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

negative peak decreased with an increase in water content.
Furthermore, positive Cotton effects at approximately 200 and
220 nm due to the n—1t* and n—mt* transitions, as well as a new
Cotton effect at 280-350 nm were detected when the water
fraction in the THF/water mixtures reached 80%, which
corresponded to the AICD phenomenon (Figure
2c).32:33,354344The broad CD peak at 280—350 nm was attributed
to the helical stacking of the TPE unit via chiral transfer from
amino acid moieties to the TPE units in various amino acid—TPE
conjugates.3?3344 Similar enhancement of CD by aggregation
(AICD) was also reported in other systems.>%>! When the water
fraction in the THF/water mixture was varied to 90%, a further
increase was observed in the TPE-derived peak at 280-350 nm
(Figures S14 and S15), suggesting that the transformation of the
APhePheTPE-assembled structures into helical nanoribbons is
related to the AICD property.

Fourier transform infrared (FT-IR) measurements were also
conducted to evaluate the intramolecular interactions of
monomeric APhePheTPE, which showed two amide absorptions
at 1625 cm™ and 1650 cm™? (Figure 2e). The peak at 1625 cm™ is
attributed to B-sheet structures,>? which may be related to the
TPE-induced diphenylalanine unit, because APhePheOH used
for comparison showed only the peaks corresponding to B-turns
(1648 cm™and 1670 cm™, Figure S16).4%°>3 A peak corresponding
to the a-helix conformation was detected at approximately
1660 cm,>? which may have overlapped with the strong peak
at 1650 cm in APhePheTPE. The peak at approximately 1650
cml, which was visible in APhePheTPE and APhePheOH, is
attributed to the hydrogen-bonded B-sheet conformation with
antiparallel configurations® or aperiodic secondary structures.*®

From these results, as illustrated in Figure 3, parallel stacking
via hydrogen bonding and mn—mstacking derived from
diphenylalanine is predominant at low water fractions (0-70%)
in THF/water mixtures. By increasing the water fraction (80%),
this stacking is transformed into the helical stacking of the TPE
moiety, resulting in thermodynamically stable nanostructures,
such as helical and twisted structures. This behavior is related
to two coexisting mechanisms derived from diphenylalanine
derivatives? and TPE—amino acid amphiphiles,*! which
includes several steps: (1) formation of bilayered assemblies
consisting of antiparallel-arranged APhePheTPE via stacking
interactions between the diphenylalanine-based aromatic
moieties, interactions of TPE units, and intra- and
intermolecular amide-based hydrogen bonds; (2) formation of
extended sheets via stabilization by aromatic interactions and
hydrogen bonds, and (3) formation of helical nanoribbons,
fiber-like structures, and large spheres, depending on the
nature of the monomeric diphenylalanine—-TPE hybrid
(APhePheTPE) and sample preparation conditions (such as the
THF/water ratios). The mechanism of the second step is similar
to that of the self-assembly process of diphenylalanine
derivatives involving sheet formation, followed by rolling up.2
The first and third steps rely on the unique structures of the
diphenylalanine—TPE hybrid.*!

T—TU

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



== Polymer: Chemistry: -1

Journal Name ARTICLE
Table 1 RAFT polymerization of APhePheTPE using a trithiocarbonate-type chain transfer agent (CTA) @
Conv.? /Yield® M9 M, M,® M /M,®
Run APhePheTPE]/ [CTA]/[AIBN
! [ V [CTA/IAIBN] (%) (theory) (NMR) (SEC) (SEC)
20/2/1 83/71 6000 7600 4600 1.40
50/2/1 76/48 13200 14800 9300 1.34
3 100/2/1 64/41 22600 24100 12000 1.27

a) Polymerization in dimethylformamide (DMF; conc. = 0.20 g/mL) at 60 °C for 24 h. ") Calculated using H NMR in dimethyl sulfoxide (DMSO)-dg. © Diethylether-insoluble
part. 9 Theoretical molecular weight (M, theory) = (MW of APhePheTPE) x ([APhePheTPE]o/[CTA]o) x conv. + (MW of CTA). e) Determined by size-exclusion chromatography

(SEC) in DMF (0.01 M LiBr)

The dynamic morphological transition of APhePheTPE with
changes in the emission properties was investigated in
THF/water mixtures (10/90, 20/80, and 30/70 vol%). When the
THF stock solution was added to water, a slightly turbid
dispersion was obtained in the THF/water mixture (10/90, conc.
= 1.0 mg/mL), which changed to floating assembled structures.
A gradual change from a turbid dispersion to a precipitated
assembled structure was also observed in THF/water (10/90,
0.03 mg/mL) mixture. A similar time-dependent change was

previously reported for functionalized diphenylalanine
derivatives.” For instance, fluorenyl-9-methoxy carbonyl
diphenylalanine in DMSO reportedly undergoes rapid

precipitation when water is added, followed by a change from
an opaque white mixture to a clear gel within 5 min.54%5 In the
system of our study, several microcrystals were predominantly
detected in the SEM image (Figure S17) immediately after
mixing the APhePheTPE THF solution with water, which is
distinct from the nanoribbons (Figures 1a and b) observed after
equilibration for 24 h. This implies a gradual structural

1pm

10 0 30 @ 50 BB 70 8'0 w0 150 110 150 130 1'ﬂnm

Fig 4. SEM images showing (a) sphere- and (b) acicular -like structures, and
AFM (c) height and (d) phase images showing nanofibers derived from
PAPhePheTPE (M, = 24100, Mw/M, = 1.27) in (a) THF and (b-d) THF/water
mixture (10/90 vol%). Conc. = (a, c-d) 1.0 mg/mL and (b) 0.03 mg/mL. (e)

cross section at the position indicated by the white line in (c).

This journal is © The Royal Society of Chemistry 20xx

transformation of the microcrystals into nanoribbons in the
THF/water (10/90, 1.0 mg/mL) mixture. The time-dependent
UV—vis and fluorescence spectra of APhePheTPE in the
THF/water mixture (conc. = 0.03 mg/mL) indicated gradual
changes in the absorption and emission peak intensities, with
slight peak shifts until 24 h (Figure S18). The absorption of
APhePheTPE decreased over time, probably owing to the
transformation from small assemblies into larger microscopic
clusters and/or assembled
systems.>®57 Furthermore, a slight increase in fluorescence
intensity was detected, with a blue-shifted peak from 475 nm
to 452 nm. In the normalized UV-vis spectra (Figure S18b), the
absorbance derived from TPE unit was also blue shifted from
314 nm to 308 nm, suggesting the possibility to form
APhePheTPE H-aggregates by TPE core units with alignment, as
illustrated in Figure 3b. Similar H-type helical structures were
also reported in other systems.>8-¢2 CD measurements indicated
an apparent decrease in the peaks attributed to
diphenylalanine at 200 and 220 nm, with an increase in the peak
attributed to the TPE unit at 280-350 nm as the self-assembly
progressed up to 24 h. This result suggested a structural change
from B-sheet-rich plane to a helical structure in the THF/water
(10/90) mixture.

Similar time-dependent changes were observed in the
absorption, fluorescence, and CD peaks in THF/water mixtures
(30/70 and 20/80 vol%) (Figures S19 and S20). Interestingly, the
samples prepared immediately after mixing the APhePheTPE
THF solution with water exhibited low fluorescence intensity,
which strongly increased with time. The relationship between
emission in solution/suspension states and morphological

structures, similar to other

transition observed by SEM measurement are shown in Figure
S21. When the samples were prepared immediately after
THF/water mixing (30/70, 20/80, and 10/90 vol%), sphere-,
plate- and short nanofiber-like structures were observed with
relatively low emission. After 3 h, morphological changes into
observed in SEM
images with higher emissions in suspension states, suggesting

microcrystal, nanofibers, nanoribbons were

that the change in the fluorescence intensity is related closely
to the morphological transition. Large assembled objects
obtained from APhePheTPE monomer in THF/water mixtures
can be dispersed, depending on the THF/water ratios, while
APhePheTPE behaves as single dissolved molecules or small
assemblies to afford transparent solutions in THF. Obviously,
large objects having the sizes of hundreds of nanometers to a
few micrometer should affect the reflection of light and
absorbance, resulting in the different emission behaviors.

J. Name., 2013, 00, 1-3 | 5
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Fig 5. SEM images showing self-assembled structures of PAPhePheTPEs with
different molecular weights, M, = (a) 7600, (b) 14800, and (c) 24100, in the
THF/water mixture (10/90 vol%, conc. = 1.0 mg/mL). (d) CD spectra and €
DLS traces of PAPhePheTPEs in the THF/water mixture (10/90 vol%, conc. =
0.03 mg/mL).
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Similar fluorescence change ascribed to the time-dependent
morphological transition was observed in another AIE
molecule.®? In the THF/water (20/80) mixture, a broad positive
CD peak corresponding to the TPE-derived Cotton effect was
still visible, whereas the TPE-derived Cotton effect disappeared
in the THF/water (30/70) mixture, implying the disappearance
of the helical structure with decreasing water fraction. This
tendency is consistent with the assembled structures detected
by SEM (Figures la—e), showing helical nanoribbons (10/90),
helical nanostructures with fiber-like structures (20/80), and
fiber-like structures (30/70) in the THF/water mixtures.

Polymerization of APhePheTPE

Diphenylalanine—TPE hybrid homopolymer (PAPhePheTPE)
bearing a bulky side chain consisting of diphenylalanine with the
self-assembling ability and TPE with AIE properties were
synthesized via RAFT polymerization (Scheme 1). RAFT
polymerization of APhePheTPE was conducted in DMF at 60 °C
in the presence of azobisisobutyronitrile (AIBN) as initiator at

[chain transfer agent [CTA]o/[AIBN], = 2 using a
trithiocarbonate-type CTA. As shown in Table 1, the
polymerization at [APhePheTPE]o/[CTA]lo/[AIBN]y = 20/2/1

afforded a polymer in 71% yield. The structure of the resulting
PAPhePheTPE was confirmed using *H NMR and 2D NMR
spectroscopy in DMSO-dg (Figures S22a and S23). The DMF size-
exclusion chromatography (SEC; 10 mM LiBr) of PAPhePheTPE
revealed relatively low dispersity (M,/M, = 1.40) and
reasonable molecular weights of My,sec = 4,600 and M, nwr =
7,600, which are comparable to the theoretical value (M, =
6000) calculated from the monomer conversion and monomer-
to-CTA molar ratio in the feed.

RAFT polymerization at higher [APhePheTPE]o/[CTA]ly molar
ratios (20 and 50) was conducted under the same conditions to
synthesize APhePheTPEs with longer chain lengths. Unimodal
SEC peaks were observed for the resulting PAPhePheTPEs,
which shifted toward higher molecular weights with increasing
[APhePheTPE]y/[CTA], ratios (Figure S22b). The increase in the
M.,, of the PAPhePheTPEs while maintaining low polydispersities
(Monwr = 14800-24100, M,,/M, = 1.34-1.27) and sufficient

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

polymer vyields suggests the feasibility of tuning the chain
lengths of the diphenylalanine-TPE hybrid homopolymers.
When the polymerization was conducted at [CTA]o/[l]o = 5 and
10, however, a remarkable decrease in the polymer yield was
observed (Table S2), which is probably due to relatively low
reactivity of APhePheTPE originated from bulky side chain.
Similar to monomeric APhePheTPE, PAPhePheTPE was soluble
in DMSO and THF but insoluble in water, which imparts the AIE
property of PAPhePheTPE in mixed solvents.

Self-assembly and luminescence behavior of PAPhePheTPE

The self-assembled structures of PAPhePheTPE were prepared
from THF/water mixtures under the same conditions as those
used for the self-assembly of monomeric APhePheTPE. As
shown in Figure 4b, an acicular structure was predominantly
obtained when the PAPhePheTPE sample (M, = 24100) was
prepared from dilute THF/water (10/90 vol%, 0.03 mg/mL)
mixture. In contrast, a higher concentration (1.0 mg/mL) led to
the formation of rod-shaped structures and nanofibers, as
confirmed by the SEM and AFM measurements (Figures 4c—e).
The AFM height image suggested that the nanofibers had a
persistence length on the order of micrometers, approximately
2 nm in height and 50 nm in width (Figure 4e). AFM analysis
indicated the existence of stable fiber-like structures that were
absorbed on the mica surface in a hydration environment. Gazit
et al. demonstrated a fast-evaporation-indicated self-assembly
of dipeptide on the solid phase.®* In our system, rapid
evaporation of THF from THF/water mixtures may occur owing
to the lower boiling point of THF compared to that of water,
contributing to forming fiber-like assembled structures on the
mica surface. Spherical morphologies were observed in the SEM
image of the sample prepared from a non-selective THF solution
(Figure 4a). Unlike APhePheTPE, no helical nanostructure was
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Fig. 6 (a) Photograph and (b) fluorescence spectra of PAPhePheTPE (M, =
24100, M,/M, = 1.27) in THF/water mixtures. (c) M, —dependent
fluorescence spectra of PAPhePheTPEs in the THF/water (10/90) mixture
(conc. = 0.03 mg/mL). (d) Plots of emission peak intensity (///,) at 475 nm
against the water fraction of the THF/water mixtures, where / = peak
intensity and /, = peak intensity in pure THF.
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detected for PAPhePheTPE, suggesting that the formation of a
carbon—carbon main chain from the vinyl group may interfere
specific interactions to form unique helical structures of
monomeric APhePheTPE.

The effect of the molecular weight of PAPhePheTPEs on the
assembled structures and AIE behavior was evaluated (Figures
5 and 6). The CD spectra of PAPhePheTPE (M, = 14800) in the
THF/water mixture (10/90 vol%) exhibited strong positive peaks
at 200 nm and 220 nm. The intensity of the positive peak at 220
nm increased with increasing molecular weight, suggesting an
increase in the stacking interactions between the
diphenylalanine-based aromatic rings (Figure 5d). The positive
Cotton effect at 280-350 nm originating from the TPE moiety
was still visible, implying that the chirality transformation from
the diphenylalanine into TPE moieties remained in the
polymeric states, with the preservation of the AICD property.
This remarkable increase in the positive Cotton effect attributed
to the m—mt interaction of the diphenylalanine unit with a weak
TPE-based peak suggests the preferable formation of rod-
shaped structures with increasing molecular weights of
PAPhePheTPEs; the phenomenon is consistent with the
tendency observed in the SEM images (Figures 5a—c). This
structural transition is distinct from that of monomeric
APhePheTPE and PAPhePheOH used for comparison (Figures
S24 and S25). Dynamic light scattering (DLS) measurements
showed a unimodal peak corresponding to the assembled
structure (D, = 100-120 nm, Figure 5e) independent of the
molecular weight of PAPhePheTPE. FT-IR measurements of
PAPhePheTPEs showed a broad peak in the range of 1600—-1700
cm™ (Figure S26), and clear absorptions corresponding to B-
sheet conformations (1625 and 1650 cm™ observed in the
monomeric APhePheTPE) were difficult to detect, regardless of
the molecular weight. Nevertheless, the SEM and CD
measurement results suggest that PAPhePheTPEs form B-sheet-
like structures induced by hydrogen bonds and ni—mtinteractions
of diphenylalanine, subsequently forming a fibrous structure via
the closing of the B sheets (Figure 3c).2

The UV—vis spectrum of PAPhePheTPE showed absorbance at
approximately 250 and 310 nm, and blue fluorescence with a
maximum emission at 475 nm was detected in THF/water
(10/90, Figures 6a and b), which are almost comparable to those
of monomeric APhePheTPE. As shown in Figure 6a,
PAPhePheTPE was vertically nonluminescent in the molecularly
dissolved state in THF and THF/water mixtures with water
fractions less than 60%, whereas a remarkable emission was
detected in 70% water fractions. The emission was stronger as
the water fraction increased on the THF/water mixtures,
whereas no significant shift was observed in the fluorescence
spectra (Figures 6b and S27), which is distinct from the tendency
of monomeric APhePheTPE. Because water is a poor solvent for
PAPhePheTPE, the hybrid homopolymer chain aggregated in
THF/water mixtures with high water fractions. Interestingly,
PAPhePheTPEs showed strong emission with increasing
molecular weight (Figure 6c), indicating that the
diphenylalanine- and TPE-derived interactions concertedly
affected the aggregation states and restricted intramolecular
rotation of the TPE moiety. The quantum yields of APhePheTPE

This journal is © The Royal Society of Chemistry 20xx
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monomer and homopolymers in THF/water mixture (10/90-
vol%) were approximately 7-12% (Table S3). The fluorescence
intensity and I/l were plotted against the water fraction in the
THF/water mixtures (Figure 6d). PAPhePheTPE with the highest
molecular weight displayed a remarkable increase in
luminescence against the water fraction, whereas a low-
molecular-weight PAPhePheTPE resulted in lower water (a poor
solvent)-induced luminescence.

Conclusion

In this study, we developed a diphenylalanine-TPE hybrid
monomer (APhePheTPE) by covalently linking diphenylalanine-
containing acrylamide with a TPE unit. The hybrid monomer can self-
assemble into various nano/microstructures with characteristic AIE
and AICD properties. Depending on the water fraction, the
assembled structures from monomeric APhePheTPE in THF/water
mixtures undergo a morphological transition from large spheres,
nano/micro fiber-like structures, and nanoribbons. In particular, the
AIE and AICD properties are correlated with the assemblies of
APhePheTPE, which facilitates structural design suitable for desired
chiral fluorescent materials in selective solvents. PAPhePheTPE
exhibited unique molecular weight-dependent AIE and AICD
properties, which increased the emission and CD peak intensities
with The
manipulation of the precise nature of hydrophobic interactions and
hydrogen bonds in the hybrid monomer and corresponding polymer

increasing molecular weight. understanding and

can facilitate the future development of bio-inspired nanomaterials,
sensing, and optoelectronic materials.
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