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RAFT-Synthesis and Self-Assembly-Induced Emission of Pendant 
Diphenylalanine–Tetraphenylethylene Copolymers  

Ryo Yonenuma,a Hideharu Moria 

Manipulation of the properties of aggregation-induced emission luminogens (AIEgens) by combining self-assembling motifs 

has attracted significant interest as a promising approach to develop various advanced materials. In this study, pendant 

diphenylalanine–tetraphenylethylene (TPE) copolymers exhibiting self-assembly ability and AIE property were synthesized 

via reversible addition-fragmentation chain-transfer (RAFT) copolymerization. The resulting anionic and non-ionic 

amphiphilic copolymers with a carbon–carbon main chain bearing diphenylalanine–TPE through-space interactions self-

assembled into nanorods and nanofibers, showing blue emissions originating from the aggregation of TPE side chains in the 

assembled structures. Suitable tuning of the comonomer composition, monomer structure, and environmental conditions 

(e.g., solvent polarity) enables manipulation of the self-assembled structures, AIE properties, and aggregation-induced 

circular dichroism by achiral TPE units via through-space interactions with diphenylalanine moieties.

Introduction 

Manipulation of the properties of aggregation-induced 

emission luminogens (AIEgens), which exhibit no emission in 

solutions but strong emission in the aggregated state,1-5 by 

combining self-assembling motifs is attracting increasing 

interest because such manipulation can be used to develop 

various advanced materials.6-21 Recent studies have reported 

significant progress in the development of AIEgens with a 

sophisticated design. They also offer a direct link between 

AIEgens and self-assembling motifs.6-16 The utilization of 

noncovalent interactions between AIEgens and self-assembling 

motifs, such as hydrogen bonding, hydrophobic, and 

electrostatic interactions, is another promising approach to 

achieve the desirable self-assembly of AIEgens.7-12,14-16,18-21 

Construction of nano- and microstructures of AIEgens with 

adjustable fluorescent properties using amino acids or peptides 

has become one of the most efficient and practical strategies 

for tuning their fluorescent properties. It can also lead to the 

development of novel potential applications owing to the 

merging of the attractive features of AIEgens with amino acid-

based properties (e.g., chirality, amphiphilicity, and assembly 

into hierarchical structures), and the nearly unlimited choice of 

amino acids (or peptides) and AIE molecules. 

Tetraphenylethylene (TPE) exhibits unique structure-driven 

AIE properties. Therefore, it is used as a representative AIE unit 

that can be applied to large-area applications such as 

bioimaging,22 sensing,23 and other theragnostic applications.3 

Significant research efforts have been directed toward 

fabricating TPE–amino acid or TPE–peptide hybrids with unique 

assembled structures such as helical nano- and microfibers, 

owing to their useful amino acid-based specific 

interactions.7,8,10,15,16 Another attractive feature of AIE–amino 

acid hybrids is unique aggregation-induced circular dichroism 

(AICD) that can be obtained by controlling the noncovalent 

interactions between chiral supramolecules and AIE 

molecules7,8,10,18-21 AICD is governed by high-ordered 

nanostructures, such as twisted or helical nanofibers, obtained 

by adjusting interactions between the AIE moiety and chiral 

molecules.7-12,14-16,18,19 

Diphenylalanine is a unique platform and a versatile building 

block that can self-assemble into sophisticated nanostructures 

via noncovalent interactions. In addition to the feasible 

formation of nano/microtubes,24-27 nanofibers,28 and 

nanowires,27, 29 diphenylalanine plays a vital role in the 

development of Alzheimer’s disease as it is a part of the core 

recognition portion of β-amyloid. Thus, the diphenylalanine 

motif can be employed in a wide range of potential applications 

involving bioinspired nanomaterials (e.g., antimicrobial 

activity30, 31 and biosensors32, 33), devices (e.g., piezoelectrics34, 

35), and material design (e.g., templates24 and gels36, 37). There 

are also intriguing examples of the application of the properties 

of AIE moiety-containing diphenylalanine derivatives,38, 39 such 

as the formation of microtubes,40, 41 gels,42, 43 peptidyl 

nanostructures,44 and nanoparticles.45 In addition, AIE probes 

have been used to investigate the mechanistic aspects of anti-

amyloid compounds by interaction with diphenylalanine.46 

In addition to small synthetic AIEgens linked covalently with 

self-assembling motifs, increasing attention has been devoted 

to AIE polymers containing amino acid or peptide moieties.15, 17-
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19 Two strategies have been developed for producing TPE–

amino acid hybrid polymers: (a) Synthesis of AIE polymers with 

a TPE unit in the main chain and an amino acid residue (e.g., 

tyrosine, alanine, and phenylalanine) in the side chain;18, 19 and 

(b) synthesis of AIE polymers containing a peptide-based main 

chain and a TPE side chain.15 A suitable incorporation of the 

diphenylalanine motif into a predetermined position in 

synthetic polymers gives access to a wide range of assembled 

polymers and bioinspired nanomaterials. A variety of 

diphenylalanine-containing polymers and nanomaterials have 

been developed from vinyl monomers, such as N-acryloyl-L,L-

diphenylalanine methyl ester (APhePheOMe),47, 48 a carboxylic 

acid-containing diphenylalanine acrylamide (N-acryloyl-L,L-

diphenylalanine, APhePheOH),49 and a methacrylate bearing a 

diphenylalanine-containing tripeptide.50, 51 Reversible addition-

fragmentation chain-transfer (RAFT) polymerization48, 49 and 

polymerization-induced self-assembly50, 51 have been 

effectively employed for producing well-defined 

diphenylalanine-containing polymeric materials with 

sophisticated functions. Other intriguing examples include 

polymeric gels obtained from diphenylalanine end-modified 

ethylene glycol-based triblock copolymers,52 phenylalanine 

peptide-polyethylene glycol block copolymers,53 DNA-

P(APhePheOMe) hybrid,54 and diphenylalanine–polymer 

conjugates consisting of polylactide55, 56 and polyurethane.57 

Despite their great potential, very few diphenylalanine-

containing polymers demonstrating optoelectronic functions, 

particularly those containing AIEgens, are available. Hence, it is 

desirable to develop novel dipeptide–AIE hybrid polymers, 

expand their structural designs, and elucidate the relationship 

between the assembled structures and AIE properties. 

Recently, we developed a diphenylalanine–TPE hybrid 

monomer with a covalent bond between diphenylalanine (a 

self-assembling unit) and TPE (AIEgen) and the corresponding 

homopolymer.58 The hybrid monomer self-assembled into 

nanoribbons and fibers with the characteristic AIE and AICD 

properties. The homopolymer showed molecular-weight-

dependent AIE and AICD properties. In this system, an 

acrylamide is linked covalently with a diphenylalanine–TPE unit. 

Therefore, the acrylamide/diphenylalanine/TPE ratio was fixed 

at 1/1/1 in the hybrid monomer unit. However, it is not clear 

how the diphenylalanine/TPE ratio and through-space 

interactions affect their self-assembly into a structure that 

exhibits unique AIE and AICD properties. 

Herein, we report the synthesis of pendant-type dipeptide–AIE 

amphiphilic copolymers bearing diphenylalanine as a self-

assembling motif and TPE as an AIEgen with different side 

chains and tunable compositions (Figure 1). A diphenylalanine-

containing acrylamide derivative with a carboxylic acid 

(APhePheOH) and its methyl ester form (APhePheOMe) are 

selected, which are then copolymerized with TPE-containing 

acrylate (ATPE) for the synthesis of anionic and nonionic 

amphiphilic copolymers by RAFT copolymerization. The first 

objective of this pendant diphenylalanine–TPE approach is to 

achieve feasible manipulation of the dipeptide/AIE ratios in the 

side chains, which can allow the tuning of the through-space 

interactions between diphenylalanine and TPE and those 

between diphenylalanine moieties themselves. The second 

objective is to clarify the effects of monomeric APhePheR 

structures (R = OH and OCH3) and environmental conditions 

(e.g., solvent polarity using THF/water mixtures) on the self-

assembled structures, emissions, and AICD behavior.

Figure 1. (a) Synthesis of pendant diphenylalanine–TPE copolymers, 

P(APhePheR-co-ATPE) (R = OH, OCH3). (b) Self-assembly-induced emission 
and circular dichroism by P(APhePheOH-co-ATPE). 

Figure 2. (a, c) UV-vis and (b, d) fluorescence spectra (ex = 310 nm) of (a, 

b) P(APhePheOH-co-ATPE)s and (c, d) P(APhePheOMe-co-ATPE)s in 
THF/water (pH = 12) mixture (10/90 vol%). Plots of relative emission peak 
intensity (I/I0) of (e) P(APhePheOH-co-ATPE)s and (f) P(APhePheOMe-co-

ATPE)s at 480 nm versus the water fraction of THF/water (pH = 12) 
mixtures, where I = peak intensity and I0 = peak intensity in pure THF (final 
concentration = 0.03 mg/mL). 
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Table 1. RAFT copolymerization of APhePheOH and ATPE in DMF at 60 °C for 24 ha) 

Run [I]/[CTA]/[APhePheOH]/[ATPE] 
Conv. (%)b) 

APhePheOH/ATPE 

Yieldc) 

(%) 

Mn
d) 

(theory) 

Mn
e) 

(SEC) 

Mw/Mn
e) 

(SEC) 
APhePheOH:ATPE 

1 1/-/50/50 81/<99 72 - 16000 1.82 38:62b) 

2 1/2/50/50 75/83 74 14500 8300 1.24 40:60b)/56:44f) 

3 1/2/75/25 83/91 70 13400 9000 1.25 63:37b)/68:32f) 

4 1/2/90/10 85/85 72 13600 8500 1.19 86:14b)/86:14f) 

a)Monomer concentration = 0.25 g/mL, [M] = [APhePheOH]+[ATPE]; AIBN = 2,2′-azo(isobutyronitrile). b)Calculated using 1H NMR spectroscopy in DMSO-d6.  c)Diethyl 

ether/hexane (2:1 v/v)-insoluble fraction. d) Theoretical molecular weight (Mn, theory) = (Mmonomer) × [M]/[CTA]0 × yield + (MW of CTA), Mmonomer = A1F1 + A2F2 (A = 

molecular weight, F = molar fraction). e)Methylated samples were measured by SEC using PSt standards in DMF (0.01 M of LiBr). f)Calculated using elemental analysis. 

This study also evaluates the formation of highly ordered 

structures of these pendant-type copolymers by self-assembly 

in selective solvents and their assembly-induced emission 

behaviors using scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), circular dichroism 

(CD), and fluorescence measurements. Anionic APhePheOH has 

two amide groups and one carboxylic acid group, which can 

contribute to intra- and intermolecular hydrogen bonding and 

electrostatic interaction in water, whereas the ester linkage in 

ATPE and APhePheOMe can contribute to hydrogen bonding 

with the NH unit in the amide units. The hydrophobic 

interactions between the diphenylalanine–diphenylalanine and 

diphenylalanine–TPE moieties in the side chains result in a 

unique self-assembled structure.  

Results and discussion 

Synthesis of pendant diphenylalanine–TPE copolymers 

Two series of pendant copolymers bearing diphenylalanine 

and TPE units in their side chains, P(APhePheOH-co-ATPE)s and 

P(APhePheOMe-co-ATPE)s, respectively, were synthesized by 

RAFT copolymerization (Figure 1a). Diphenylalanine-containing 

acrylamide (APhePheOH) provided carboxylic acid-containing 

amphiphilic copolymers. Nonionic APhePheOMe was used for 

comparison. TPE-containing acrylate (ATPE) acted as the 

hydrophobic component to afford anionic and nonionic 

amphiphilic AIE copolymers. The RAFT copolymerization of 

APhePheOH and ATPE was conducted in DMF at 60 °C using 

AIBN as an initiator at [CTA]0/[AIBN]0 = 2 with a 

trithiocarbonate-type RAFT agent (Table 1, and Figures S3-S4). 

By adjusting the APhePheOH/ATPE feed ratios (50/50, 75/25, 

90/10), the targeted copolymers with pre-determined 

comonomer compositions (APhePheOH:ATPE = 56:44, 68:32, 

86:14) and molecular weights (Mn,SEC = 8300–9000) were 

obtained in reasonable yields (70–74%) after 24 h. The SEC 

traces of P(APhePheOH-co-ATPE)s after the methylation were 

unimodal with low dispersities in the range of 1.19–1.25 (Figure 

S7). Similarly, RAFT copolymerizations of APhePheOMe and 

ATPE at varying feed ratios showed that it is feasible to 

manipulate the comonomer composition in nonionic pendant 

copolymers with low dispersities (APhePheOMe:ATPE = 47:53–

88:12, Mw/Mn = 1.30–1.40), as shown in Table 2 and Figures S5-

S7. 

Figure 1. CD spectra of (a) P(APhePheOH-co-ATPE)s and (b) P(APhePheOMe-
co-ATPE)s at different comonomer compositions, and (c, d) comparison of the 
CD spectra of representative (c, d) P(APhePheOH-co-ATPE) and (e, f) 

P(APhePheOMe-co-ATPE) with P(APhePheOH), P(APhePheOMe), and P(ATPE) 
in THF/water (pH = 12) mixture (10/90 vol%, concentration = 0.03 g/L). Plots 
of relative CD peak intensity (I286/I220) of P(APhePheOH-co-ATPE)s and 

P(APhePheOMe-co-ATPE)s versus APhePheR contents in the THF/water ((g) 
pH = 12, (h) pH = 7) mixtures (THF/water = 10/90 vol%, concentration = 0.03 
mg/mL).
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Table 2. RAFT copolymerization of APhePheOMe and ATPE in DMF at 60 °C for 24 ha) 

Run [I]/[CTA]/[APhePheOMe]/[ATPE] 
Conv. (%)b) 

APhePheOMe/ATPE 

Yieldc) 

(%) 

Mn
d) 

(theory) 

Mn
e) 

(SEC) 

Mw/Mn
e) 

(SEC) 
APhePheOMe:ATPE 

1 1/2/50/50 91/97 77 15400 9000 1.39 44:56b)/47:53f) 

2 1/2/75/25 91/95 83 16300 8100 1.40 67:33b)/73:27f) 

3 1/2/90/10 94/88 62 12200 9300 1.30 83:17 b)/88:12f) 

a)Monomer concentration = 0.25 g/mL, [M] = [APhePheOMe]+[ATPE]; AIBN = 2,2′-azo(isobutyronitrile).  b)Calculated using 1H NMR spectroscopy in DMSO-d6. c)Diethyl 

ether/hexane (2:1 v/v)-insoluble fraction. d) Theoretical molecular weight (Mn, theory) = (Mmonomer) × [M]/[CTA]0 × yield + (MW of CTA), Mmonomer = A1F1 + A2F2 (A = 

molecular weight, F = molar fraction). e)Samples were measured by SEC using PSt standards in DMF (0.01 M of LiBr). f)Calculated using elemental analysis. 

 Overall, six pendant copolymers (three anionic and three 

nonionic) with approximately identical molecular weights 

(Mn,SEC = 8100–9300) and dispersities (Mw/Mn = 1.19–1.40), but 

with different comonomer compositions, were synthesized and 

used for further evaluation. In both cases, the polymer yields 

were slightly lower than those of the monomer conversions 

(Tables 1 and 2), implying the partial loss of the low molecular 

weight products during the purification process. To evaluate the 

comonomer sequence, the monomer reactivity ratios (r1 and r2) 

with APhePheOH and ATPE being designated as M1 and M2 

were determined by the copolymerization at different 

comonomer feeds (Table S1 and Figure S8). Using Fineman–

Ross method, r1 and r2 values of 0.61 and 4.92 were obtained, 

suggesting preferable insertion of ATPE at the initial stage of the 

copolymerizations. The resulting gradient-like copolymers may 

affect the solution properties and self-assembly behaviour. 

P(APhePheOH) exhibits pH-dependent water solubility. It 

shows good solubility in basic water (pH = 12). However, it is 

insoluble in acidic and neutral water because of the pH-

dependent ionization of a carboxylic acid group in each 

APhePheOH uni.49 P(APhePheOH) was also soluble in polar 

solvents (e.g., DMF, methanol, ethanol, and THF), while P(ATPE) 

was insoluble in water, methanol, and ethanol (Table S2). 

Hence, only P(APhePheOH-co-ATPE) with a relatively high 

APhePheOH content (86%) demonstrated reasonable solubility 

in basic water (pH = 12), methanol, and ethanol. Interestingly, 

blue luminescence was detected in the basic aqueous solution 

of P(APhePheOH-co-ATPE) (Figure S9). Both anionic 

P(APhePheOH-co-ATPE)s and nonionic P(APhePheOMe-co-

ATPE)s were soluble in THF, DMF, and acetone, regardless of the 

comonomer composition (Table S2). Both the pendant 

copolymers demonstrated good thermal stabilities, exhibiting 

5% weight loss above 220 °C, as determined by 

thermogravimetric analysis (TGA) under nitrogen (Figure S10 

and Table S5). 

 

Fluorescent and chiroptical properties of pendant diphenylalanine–

TPE copolymers 

The fluorescence and chiroptical properties of the pendant 

diphenylalanine–TPE copolymers were characterized via UV-vis, 

fluorescence, and CD measurements in THF/water mixtures. An 

increase in the TPE content of the anionic and nonionic amphiphilic 

copolymers led to stronger absorbance and fluorescence (Figures 2a-

d). It was also demonstrated an increase in the fluorescence intensity 

with an increase in the ATPE content and water fraction in THF/water 

(pH = 12) mixtures (Figure 2e-f). The UV-vis spectrum of 

Figure 2. Thioflavin T (ThT) fluorescence of (a) P(APhePheOH-co-ATPE)s and 
(b) P(APhePheOMe-co-ATPE)s with different comonomer compositions (ex = 

450 nm). (c, d) Their photographs in THF/H2O mixture with ThT (polymer 
concentration = 0.03 g/L, ThT concentration = 5 M, ex = 365 nm). (c) 
Postulated binding mechanism of P(APhePheOH-co-ATPE) with ThT through 

electrostatic interactions. 

Figure 3. (a-c, g, h) SEM and (d-f) TEM images of P(APhePheOH-co-ATPE)s with 
different comonomer compositions. APhePheOH:ATPE = (a, d) 86:14, (b, e) 

68:32, (c, f) 56:44, formed from THF/water (pH = 12) mixture (10/90 vol%). (g, 
h) SEM images of P(APhePheOH-co-ATPE) with high APhePheOH content 
(86%) formed from different THF/water (pH = 12) mixtures: (g) 50/50 vol%, 

(h) 100/0 vol% (concentration = 2.0 mg/mL). (i) Photographs of their solutions 
under UV irradiation (concentration = 2.0 mg/mL, ex = 365 nm). 
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P(APhePheOH-co-ATPE) with a high ATPE content (44%) in a 

THF/water (pH = 12) mixture (10/90 vol%) showed absorbances at 

approximately 250 and 310 nm (Figure 2a), which can be assigned to 

the phenyl groups of the diphenylalanine unit and the TPE unit, 

respectively. Peak intensities of these peaks decrease with 

decreasing ATPE content in the anionic amphiphilic copolymers. 

When the copolymer was excited at 310 nm, it exhibited blue 

fluorescence with the maximum emission at approximately 480 nm, 

which can be attributed to the AIE derived from the aggregated TPE 

units (Figure 2b).  
The fluorescence spectra of the anionic and nonionic amphiphilic 

copolymers were recorded in THF/water (pH 12) mixtures with 

different water fractions (Figures S11 and S12). The anionic 

P(APhePheOH-co-ATPE)s showed negligible emission in THF/water 

mixtures at water fractions of <70 vol%. In contrast, an increased 

emission was detected with increased water fractions (80% and 

90%), as shown in Figure 2e. A similar tendency was observed for the 

nonionic P(APhePheOMe-co-ATPE)s (Figure 2f). Both P(APhePheOH-

co-ATPE) and P(APhePheOMe-co-ATPE) showed stronger emissions 

in THF/neutral water (pH = 7) mixtures than that in THF/basic water 

(pH = 12) (Figure S13-S14). The fluorescence quantum yields of the 

anionic and nonionic amphiphilic copolymers were 0.5–1.5 % in 

THF/water (pH = 12) and 3.0–4.5 % in THF/water (pH = 7) (Table S6). 

These results suggest that the aggregated states of the TPE unit in 

the fiber-like structures of both the copolymers formed in THF/water 

(pH = 12) were less condensed than those in the spherical and 

acicular structures formed in THF/neutral water (pH = 7).  

CD measurements were employed to evaluate the chiroptical and 

AICD properties of the pendant diphenylalanine–TPE copolymers.  In 

this system, through-space transfer of the chirality of the 

diphenylalanine motifs into the TPE units located in the side chains 

was observed.  Interestingly, nonionic P(APhePheOMe-co-ATPE)s 

exhibited intensive AICD behavior in contrast to that shown by 

P(APhePheOH-co-ATPE)s in THF/water mixtures. These results are 

consistent with the AIEgen behavior, suggesting that more 

condensed states formed from nonionic P(APhePheOMe-co-ATPE) 

compared to those from anionic P(APhePheOH-co-ATPE), leading to 

higher chiral transfer and quantum yields. As shown in Figures 3a and 

3b, the CD spectra of the P(APhePheOH-co-ATPE)s and 

P(APhePheOMe-co-ATPE)s in the THF/water (pH = 12) mixture 

(10/90 vol%) exhibit a strong positive peak at 220 nm with an 

increase in the APhePheR (R = OH and OCH3) content, suggesting 

stacking interaction among the aromatic rings of diphenylalanine 

units.26, 48, 49 A comparison of the representative CD spectra of the 

P(APhePheR-co-ATPE)s with the corresponding homopolymers, 

P(APhePheR) and P(ATPE), indicates a strong positive peak at 220 nm 

in both the copolymers originating from P(APhePheR), regardless of 

the substitute unit (R = OH or OCH3, Figures 3c–3f). However, P(ATPE) 

showed no Cotton effect, as expected, implying an achiral nature. 

The CD spectrum of P(APhePheR-co-ATPE) exhibited a broad 

negative peak at 280–350 nm, suggesting the through-space transfer 

of the chirality. Similar chiral transfer and AICD behaviors were 

observed in amino acid–TPE band small molecules7, 8 and main-chain 

type polymers.18, 19 No significant effect of the water fraction in 

THF/water mixtures or that of the pH value of water on the chiral 

Figure 4. SEM images of P(APhePheOH), P(APhePheOH-co-ATPE) with a high APhePheOH content (86%), P(APhePheOMe), and P(APhePheOMe-

co-ATPE) with a high APhePheOMe content (88%). The samples were prepared from basic water (pH = 12), THF/water (pH = 12) mixtures (10/90 
vol%), THF/water (pH = 7) mixture (10/90 vol%), and THF/methanol mixture (10/90 vol%) at 2.0 mg/mL. 
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transfer was observed for either copolymer (Figures 3g, 3h, S15, and 

S16). The relative peak intensities (I280/I220), which correspond to the 

degree of chiral transfer, were mainly affected by the 

APhePheR/ATPE composition; a higher ATPE content led to a higher 

chiral transfer (Figures 3g and 3h). A comparison of the anionic 

P(APhePheOH-co-ATPE)s and the nonionic P(APhePheOMe-co-

ATPE)s with different comonomer compositions indicated that it is 

indispensable to have a sufficient amount of diphenylalanine units in 

order to obtain unique fiber and rod-like assembled structures. 

Anionic and nonionic APhePheR structures (R = OH or OCH3) may 

contribute to the different microscopic locations of TPE and 

TPE/diphenylalanine units, leading to different assembled structures 

and emission behaviors. 

Thioflavin T (ThT) fluorescence spectroscopy was used to 

investigate the secondary structures of the pendant 

diphenylalanine–TPE copolymers. In the present systems, 

P(APhePheOH-co-ATPE)s were found to from -sheet like 

structure, while different assembled structures were observed 

in P(APhePheOMe-co-ATPE)s. In fibril-containing regions, ThT is 

frequently used to identify amyloid fibrils, which demonstrate 

restricted rotation and emission at 490 nm.53, 59 ThT was added 

to the THF/water (pH = 7) mixture (10/90 vol%) of both 

copolymers, followed by absorption and fluorescence 

measurements (ex = 450 nm) (Figures 4 and S17). In the 

presence of P(APhePheOH-co-ATPE)s and P(APhePheOH), ThT 

exhibited emission at 490 nm. However, ThT itself showed no 

emission (Figure 4a), suggesting the formation of a -sheet like 

structure in the solution. Diphenylalanine-dependent 

fluorescence was detected, and the intensity decreased with a 

reduction in the diphenylalanine content of P(APhePheOH-co-

ATPE)s. Both the nonionic P(APhePheOMe-co-ATPE)s and 

P(APhePheOMe) showed fluorescence peaks at 480 nm (Figures 

4b and d), which were apparently distinct from those of the 

anionic P(APhePheOH-co-ATPE)s. P(APhePheOH-co-ATPE) has 

an anionic carboxylic acid in each APhePheOH unit, which can 

bind to the cationic site of ThT by electronic interaction (Figure 

4e).  
 

Assembled structures and AIE properties of P(APhePheOH-co-

ATPE) 

SEM and TEM measurements were conducted to confirm the self-

assembled structures of the pendant diphenylalanine–TPE 

copolymers. Different morphologies (e.g., fibers, nanorods, and 

spherical particles) were obtained, which were mainly governed 

by the copolymer composition (APhePheR/ATPE ratio) and 

environmental conditions (e.g., solvent polarity, including 

THF/water ratio, water pH value, and solvent concentration). As 

an efficient strategy to form self-assembled structures from 

diphenylalanine and its derivatives, the dilution of a stock solution 

dissolved in a good solvent (e.g., hexafluoroisopropanol) by a poor 

solvent (e.g., water) was frequently employed.24 Both P(APhePheOH-

co-ATPE) and P(APhePheOMe-co-ATPE) were insoluble in 

hexafluoroisopropanol owing to the presence of the TPE moiety. 

Hence, THF was selected as a good solvent that exhibits universal 

solubility for both the copolymers, independent of the comonomer 

composition. The copolymer was initially dissolved in THF at a 

concentration of 20 mg/mL, followed by the dilution with a basic 

water (pH 12), affording a mixed solution (2.0 mg/mL), and the 

resulting mixed solution was used for the sample preparation. 

Figure 5 shows the representative SEM and TEM images of the 

assembled structures of P(APhePheOH-co-ATPE)s prepared using a 

THF/water (pH = 12) solution (10/90 vol%, final concentration = 2.0 

mg/mL). The photographs of the emission behavior in the mixed 

solutions are also given. As depicted in the SEM images (Figures 5a 

and b), the amphiphilic copolymers with relatively higher 

APhePheOH contents (86–68%) had nanofiber-like assembled 

structures with blue emission that is a few micrometers long and 

<500 nm wide. Similar nanofiber-like crystals were observed in the 

TEM images (Figures 5d and e). The higher APhePheOH content of 

the copolymers increases their length to 10 μm (Figure 5a), which 

suggests that the nanorods change to nanofibers on increasing the 

number of APhePheOH moieties in the copolymers. Similarly, fiber-

like structures were observed in the SEM images of the 

P(APhePheOH) samples prepared using a THF/water (pH = 12) 

solution (10/90 vol%) and basic water, as illustrated in Figure 6. 

These structures are comparable to the morphologies of 

P(APhePheOH) sample prepared using a 

hexafluoroisopropanol/basic water reported in our previous study.49 

These results imply that the ordered structures of P(APhePheOH-co-

ATPE)s originate from the specific interactions of APhePheOH 

moieties. Occasionally, fractal structures can be seen in the SEM 

images (Figure S18). P(APhePheOH-co-ATPE), with a low APhePheOH 

content (56%), shows agglomerated structures without any 

assembled features (Figures 5c and f).  
Next, we evaluate the effects of the water fraction in 

THF/water mixtures, their concentrations, and water pH values 

on the assembled structures and AIE behavior of P(APhePheOH-

co-ATPE) with a high APhePheOH content (86%). As shown in 

Figure 5g, short nanofiber-like structures can be seen when the 

amphiphilic copolymer sample is prepared from a THF/water 

(pH 12) mixture (50/50 vol%). In the sample prepared from THF, 

no assembled structures with negligible emissions were 

Figure 5. (a-c, g, h) SEM and (d-f) TEM images of P(APhePheOMe-co-ATPE)s 
with different comonomer compositions. APhePheOMe:ATPE = (a, d) 88:12, 
(b, e) 73:27, (c, f) 47:53, formed from THF/water (pH = 12) mixture (10/90 

vol%). (g, h) SEM images of P(APhePheOMe-co-ATPE) with a high 
APhePheOMe content (88%) formed from different THF/water (pH = 12) 
mixtures: (g) 50/50 vol%, (h) 100/0 vol% (concentration = 2.0 mg/mL). (i) 

Photographs of their solutions under UV irradiation (concentration = 2.0 
mg/mL, ex = 365 nm). 
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detected (Figures 5h and i), whereas longer and wider fibers 

tightly bound together were obtained when basic water (pH = 

12, Figure 5) was used. This implies that a poor solvent (basic 

water in this system) can be acted as a selective solvent, 

showing a reasonable solubility only for APhePheOH unit, 

leading to the formation of fiber-like assembled structures. The 

solution was further diluted with a THF/water (pH = 12) mixture 

(10/90 vol%, concentration = 1.0 mg/mL). A broom-like 

structure was obtained from P(APhePheOH-co-ATPE) (Figure 

S19). Spherical structures were obtained when THF/water (pH = 

7 and 5) and THF/methanol mixtures (10/90 vol%) were used 

(Figures 6 and S20). Spherical structures with flexible fiber-like 

structures were obtained from THF/water (pH 10) and 

THF/buffer (pH 7.4) mixtures, whereas agglomerated structures 

were obtained from the THF/water (pH 3) mixture (10/90 vol%, 

Figure S20). The self-assembled structures of the 

diphenylalanine derivatives were reported to be greatly 

affected by pH values.60-63 Therefore, diphenylalanine 

derivatives were employed for obtaining pH-sensitive 

hydrogels,60 fluorescent pH probes,61 and pH-responsible 

biomolecular logic systems.62 Saiami et al. reported that a 

diphenylalanine-modified dansyl derivative exhibited pH-

sensitive emission in aqueous solutions in a wide pH range (1–

13).61 Thordarson et al. also demonstrated the tuning ability of 

the self-assembly of heterocyclic modified dipeptides at high 

pH.64 Gazit et al. reported on the stability of dipeptide-based 

nanoparticles under acidic (10% trifluoroacetic acid) and basic 

(1 M NaOH) aqueous conditions and the importance of 

structural stability for the nanofabrication and industrial 

applications.25 In our system, the carboxylic acid in the 

APhePheOH unit of the pendant copolymers is fully ionized and 

present as a negatively charged unit in basic water (pH = 12) and 

THF/water (pH = 12) mixtures with high water fractions. Under 

these conditions, APhePheOH unit is located at the outermost 

surface of the ordered structures, and the electrostatic 

repulsion between the carboxylate anion and/or amide–amide 

and amide–ester hydrogen bonds may affect the self-assembly 

of amphiphilic P(APhePheOH-co-ATPE)s. 

 

Structural effects and postulated assembly mechanisms 

To address the effect of the carboxylic acid present in the 

APhePheOH unit, the assembled structures of nonionic 

P(APhePheOMe-co-ATPE)s were evaluated. The structural 

difference in the diphenylalanine monomer unit (APhePheR, R 

= OH or OCH3) had only a minor impact on the assembled 

structures, whereas they had substantial effects on the AIE and 

AICD owing to the microscopic localization of the TPE itself and 

that of the TPE/diphenylalanine units in the assembled 

structures. This may be because the hydrophobic interactions 

between APhePheR–APhePheR, APhePheR–ATPE, and ATPE–

ATPE were predominant compared to those between the 

hydrogen bonds and electrostatic interactions for the formation 

of the assembled structures.   

Similar to the anionic P(APhePheOH-co-ATPE)s, ordered 

structures were obtained on increasing the number of 

APhePheOMe moieties in the THF/water (pH = 12) mixture 

(10/90 vol%) (Figures 7a and b). Spherical structures (diameter 

= 100–300 nm) were occasionally detected along with nanorods 

and nanofibers (Figures 7d and e), suggesting that 

P(APhePheOMe-co-ATPE) was more aggregated than 

Figure 8. Self-assembly and AIE relationship between APhePheR content and 
the water fraction of THF/water (pH = 12) mixtures of (a) P(APhePheOH-co-
ATPE)s and (b) P(AhePheOMe-co-ATPE)s (conc. = 2.0 mg/mL). Morphologies 

were confirmed by SEM, where A, R, and F denote aggregate, rod, and fiber, 
respectively. AIE behavior was observed in the blue color area shown in (a) 
and (b). 

Figure 9. Schematic illustration of the postulated assembled mechanisms of 
P(APhePheOH-co-ATPE) and P(APhePheOMe-co-ATPE) in THF/water mixtures 
at different water pH values. 
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P(APhePheOH-co-ATPE). As shown in Figures 7c and f, 

P(APhePheOMe-co-ATPE) with a low APhePheOMe content 

(47%) exhibited only agglomeration. When the ratio of the poor 

solvent (basic water) was increased, the copolymer self-

assembled from nanorods into nanofibers (Figures 7a and g); in 

contrast, no assembled structure was obtained in THF (Figure 

7h). As expected, the blue emission of the nonionic copolymers 

in THF/water (pH = 12) mixtures increased on increasing the 

water fraction (Figure 7i). Flexible fibers were observed when 

the P(APhePheOMe-co-ATPE) sample was prepared from a 

dilute solution (concentration = 1.0 mg/mL, THF/water (pH = 12) 

mixture (10/90 vol%)) (Figure S21). In contrast, no fiber-like 

structures were detected in the samples prepared from 

THF/water (pH = 7) and THF/methanol mixtures (10/90 vol%, 

concentration = 2.0 mg/mL, Figure 6).  

Figure 8 summarize the self-assembly and AIE relationship 

between APhePheR content and the water fraction of 

THF/water (pH = 12) mixtures of P(APhePheOH-co-ATPE)s and 

P(AhePheOMe-co-ATPE)s. Both the anionic and nonionic 

amphiphilic copolymers with higher diphenylalanine contents 

(APhePheR >60%) can provide nanofibers that exhibit a strong 

blue emission owing to the aggregation of TPE moieties in 

THF/water (pH = 12) mixtures with higher water fractions 

(≥50%), regardless of the diphenylalanine-based monomer 

structures (R = OH and OCH3 in APhePheR). A control 

experiment using 1H NMR measurement suggested that the 

ester group in APhePheOMe unit in the nonionic copolymer was 

maintained without unfavorable side reactions (e.g., hydrolysis) 

even under the treatment in THF/water (pH = 12) mixture 

(Figure S22).  

Figure 9 illustrates the postulated assembly mechanisms of 

both the copolymers. ThT fluorescence showed that the 

poly(APhePheOH-co-ATPE)s form -sheet structures via 

intermolecular interaction between the diphenylalanine 

moieties, depending on the APhePheOH content. The 

copolymers with high APhePheOH contents (68–86%) self-

assemble into -sheet structures, which can then extend from 

nanorods to nanofibers owing to an increase in the number of 

diphenylalanine moieties of the copolymers. In this step, 

diphenylalanine-based hydrophobic interactions and amide–

hydrogen bonds were predominant, leading to the formation of 

-sheet structures. In the next step, fiber-like crystals and 

acicular and spherical structures were formed, depending on 

the environmental conditions (e.g., THF/water fraction and 

water pH). In contrast, in P(APhePheOH-co-ATPE) with a low 

APhePheOH content (<56%), the intra- and intermolecular 

hydrogen bonding between the ester unit in the ATPE unit and 

the amide groups in APhePheOH are predominant, leading to 

the suppression of the diphenylalanine-based self-assembly.  

Conclusion  

Herein we reported the synthesis and self-assembly-induced 

emission of pendant diphenylalanine–TPE copolymers. 

P(APhePheOH-co-ATPE)s with a high APhePheOH content can 

self-assemble into nanorods and nanofibers in THF/water (pH = 

12) mixtures with an increase in the water fraction (>70%). The 

tunable emission and AICD properties and assembled structures 

achieved by precise manipulation of the diphenylalanine–TPE 

composition stress upon the advantages of the controlled 

copolymerization strategy used in this study. In addition to the 

intrinsic hydrophobic interactions between diphenylalanine, 

diphenylalanine–TPE, hydrogen bondings between the amide 

and ester linkages and electrostatic interactions also play crucial 

roles in self-assembly and chiral transfer in the side chains. Both 

copolymers exhibited AICD properties owing to the TPE units by 

interacting with the diphenylalanine moieties. They may also 

exhibit circularly polarized luminescence. This study showed 

that obtaining self-assembly-induced emissions from novel 

pendant copolymers bearing phenylalanine and TPE units in the 

side chains and understanding their structural design and 

principles are valuable for developing unique dipeptide–AIE 

hybrid polymers with various potential applications. 
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