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H I G H L I G H T S

• Pyrene-functionalized polytyrosine has been synthesized via a ring-opening polymerization of 1,6-diaminopyrene as an initiator.

• Pyrene-2NH2 is an ACQ material, whereas it transformed into an AIE material after incorporation into the backbone of the polytyrosine.

• Pyrene-PTyr blending with poly(4-vinylpyridine) (P4VP) to form supramolecular pyrene-PTyr/P4VP systems.

• Utilization of pyrene-PTyr polypeptide as an effective dispersant for multi-walled carbon nanotubes.
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A B S T R A C T

A new pyrene-functionalized polytyrosine (pyrene-PTyr) by using L-tyrosine-N-carboxyanhydride as monomer
synthesized through simple ring-opening polymerization with 1,6-diaminopyrene (pyrene-2NH2) as the initiator.
UV–Vis absorption spectra revealed that the absorption maxima of pyrene-2NH2 and pyrene-PTyr were corre-
lated to the solvent polarity. The photophysical properties of pyrene-2NH2 and pyrene-PTyr were investigated
using photoluminescence (PL) spectroscopy, which revealed that pyrene-2NH2 displayed aggregation-caused
quenching behavior, which transformed to aggregation-induced emission after incorporation into the rigid rod
chains of polytyrosine. In addition, pyrene-PTyr could be blended with poly(4-vinylpyridine) (P4VP) to form
supramolecular pyrene-PTyr/P4VP systems stabilized through hydrogen bonding. Thermal analyses revealed,
through the appearance of the single Tg behavior, that all of the pyrene-PTyr/P4VP blends were completely
miscible. FTIR spectral analyses revealed strong hydrogen bonding between in pyrene-PTyr/P4VP blends.
Moreover, X-ray diffraction analyses indicated that the secondary structure for pyrene-PTyr converted from the
β-sheet to the random coil conformation after intermolecularly hydrogen bonding with P4VP. Furthermore,
photographs, PL spectra, and transmission electron microscopy images indicated that the pyrene-PTyr poly-
peptide was an effective dispersant for multi-walled carbon nanotubes (MWCNTs), stabilized through strong π-
stacking between the pyrene units of pyrene-PTyr and the surfaces of the MWCNTs.

1. Introduction

Polypeptides have received much attention in the last decade be-
cause of their close structural relationship with proteins and their many
applications in various fields, including gene and drug delivery as well
as tissue engineering [1–3]. Polypeptides can form three kinds of
hierarchical secondary structures in solution and in aggregation states:
α-helices, which can exist as rigid rod–like polymers stabilized by using
intramolecular (or intra-chain) hydrogen bonding, β-sheets stabilized

through intermolecular hydrogen bonding; and random coils [4,5]. The
degree of polymerization exerts a high degree of control over the sec-
ondary structure of a polypeptide; for example, the secondary struc-
tures of polypeptides will be α-helices when the degree of poly-
merization is greater than 18 [6]. Several new synthetic polypeptides
have been syntheses by using N-carboxyanhydrides and amino-func-
tionalized monomers by ring-opening polymerization (ROP) [7,8].
Furthermore, many examples have appeared of the incorporation of
poly(ethylene oxide) [9,10], poly(ethyl oxazoline) [11], poly(ε-
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caprolactone) [12], and polyhedral oligomeric silsesquioxane (POSS)
[13,14] into the main or side chains of polypeptides, producing poly
(peptide-b-nonpeptide) copolymers that have attractive applications for
drug delivery and molecular recognition. On the other hand, the for-
mation of miscible polymer blends stabilized through noncovalent in-
teractions (e.g., hydrogen bonding [15,16], dipole–dipole [17,18], or
π–π interaction [19]) has become a convenient and influential method
for elaborating functional polypeptides. Among these noncovalent in-
teractions, hydrogen bonding is a particularly powerful tool, due to its
versatility and strength, when preparing multicomponent assemblies
[20,21]. Hydrogen-bonded assemblies could possess fascinating prop-
erties, but only a few reports describe the applications of multi-
component supramolecular assemblies. For example, we have pre-
viously described the blending of poly(γ-ethyl-L-glutamate) (PELG),
poly(γ-methyl-L-glutamate) (PMLG), and poly(γ-benzyl-L-glutamate)
(PBLG) and with random-coil nonpeptide polymers, including phenolic
resin and polyvinylphenol (PVPh), in which intermolecular hydrogen
bonding occurs between the carbonyl units of polypeptides and the
hydroxyl units of phenolic or PVPh [22,23]. Furthermore, we have
demonstrated that intermolecular hydrogen bonding exists between
polytyrosine (PTyr) and poly(4-vinylpyridine) (P4VP) in MeOH and
DMF solutions [24]. The secondary structures formed in these blending
systems are strongly affected by the strengths of the hydrogen bonding
interactions in the various common solvents.

Luminescent (fluorescent or phosphorescent) material, which emits
light from its excited electronic state after the visible or UV light ab-
sorption, have received great attention for their applications (e.g., as
luminescent sensors) in many disciplines, including materials science,
chemistry, and biology [25–27]. For example, pyrene, one of the most
widely used fluorescent compounds, has been applied as a luminescent
probe in many applications [28–30]. In most research studies, the
fluorescence of organic compounds is generally studied in dilute solu-
tion, such that no intermolecular interactions occur between the or-
ganic fluorescent molecules [31–33]. Nevertheless, many organic
fluorophores that possess delocalized π-conjugated systems (e.g.,
pyrene, carbazolyl, and dansyl systems) emit strongly from their dilute
solutions, but very weakly from their concentrated solutions or when
aggregated (e.g., in the solid state) [34]. Such behavior arises mainly
from strong π-stacking, which leads to excimer formation; this phe-
nomenon is known as aggregation-caused quenching (ACQ). Moreover,
the ACQ phenomenon might not be desirable in some optoelectronic
usages [e.g., organic light-emitting diodes (OLEDs)] in which the
fluorescent materials in the solid state might experience severe ACQ
effects [35]. To solve this problem, many fluorescent organic materials
have been synthesized to emit efficiently in solid state as well as in
solution state. The opposite phenomenon of ACQ has been reported
recently: Tang et al. discovered that 1-methyl-1,2,3,4-pentaphenylsilole
exhibits weak fluorescence in dilute solution; however, stronger fluor-
escence in concentrated solution or in aggregation state [36–38]; this
phenomenon was called “aggregation-induced emission” (AIE) beha-
vior. The AIE mechanism has been explained as follows: in a dilute
solution, the five phenyl rings undergo the dynamic intramolecular
rotations (IRs) where strongly quench the excited state and lead to the
absence of emission of the luminophore. In addition, the silole mole-
cules could not bundle through the face-to-face π–π intermolecular
interaction. The combination of IRs and π–π interactions in solution
have a strong effect of turning off the luminescence of the excited state.
Consequently, AIE materials have become highly interesting fluorescent
materials with many applications (e.g. as luminescence probes, OLEDs,
and bio-imaging agents). Furthermore, Hong et al. reported the AIE
behavior of tetraphenyl thiophene, discovering that its incorporation
into a synthetic polypeptide (PBLG) decreased the AIE effect strongly as
a result of the steric effects of the α-helices of the polypeptide [39].
Nevertheless, very few papers describe the ACQ and AIE effects of lu-
minescent molecules after their incorporation into polypeptides.

Because of their unique one-dimensional structures and strongly π-

conjugated systems, carbon nanotubes (CNTs) possess many attractive
thermal, mechanical, and optoelectronic properties [40]. The high
strength of the π–π intermolecular interactions of CNTs with photo-
luminescent aromatic materials (e.g., pyrene derivatives) can result in
strong quenching of the latter's emission [41,42]. Consequently,
pyrene/CNT systems have been applied widely as biosensors for the
determination of proteins, DNA, and RNA [43,44]. Nevertheless, the
polarized surfaces of CNTs, arising from intertubular van-der Waals
force, facilitate the highly hydrophobic formation and the insoluble
aggregate [45], thereby prohibiting their assembly with other useful
structures. Several diverse approaches have been developed to improve
the dispersion of CNTs, including modification of their surfaces through
the covalent and noncovalent attachment of solubilizing groups. In an
example of covalent modification, the graft-form approach has been
used to functionalize CNT surfaces with amino groups, which readily to
react with N-carboxyanhydrides to produce covalent polypeptide/CNT
composites [46,47]. Although this approach can improve the dispersion
of the CNTs, it changes their intrinsic properties and, thereby, makes
them less suitable for many applications [48]. In contrast, the non-
covalent approach can improve the dispersion of CNTs while preserving
their intrinsic properties. Many agents (e.g., conjugated polymers,
biomaterials, surfactants) have been used to improve the dispersibility
of CNTs [49]. Among the tested biomaterials, polypeptides display high
efficiency when used as dispersive agents. The α-helical conformation
of polypeptides limits the surface energy of CNTs, thereby improving
their dispersion [50,51]. The development of new noncovalent CNT/
polypeptide composites would appear to enhance their biophysical and
biomedical applications.

In our previous studies, the diamino-methoxytriphenylamine (TPA-
NH2) or bisaminophenyl phenylpyridine (pyridine-NH2) were used as
initiators for the synthesis of triphenylamine-functionalized poly-
tyrosine (PTyr-TPA) and pyridine-functionalized polytyrosine (pyr-
idine-PTyr) [52,53]. TPA-NH2 and pyridine-NH2 exhibited ACQ phe-
nomena which converted to AIE materials after incorporation the
polytyrosine and produced AIE-polytyrosines. On the other hand, Hong
et al. also reported the synthesis of a pyrene-functionalized and a non-
AIE poly(γ-propargyl-l-glutamate) polypeptide by the ring opening
polymerization of pyren-1-ylmethanamine (Py-NH2) which its amino
group not directly attached to the pyrenyl ring [54]. Based on our
knowledge, the preparation of PTyr combines the AIE behavior and the
pyrene moiety which capable to disperse of CNTs, have never pre-
viously reported. In addition, the utilization of 1,6-diaminopyrene
(pyrene-2NH2) which its amino groups directly attached to the pyrenyl
ring as initiator have also never previously reported. In this study, we
employed pyrene-2NH2 as a diamine-functionalized initiator for the
synthesis of the polypeptide pyrene-PTyr through living ring-opening
polymerization of Tyr-NCA at room temperature (Scheme 1). We re-
corded ultraviolet–visible (UV–Vis) absorption and photoluminescence
(PL) spectra to examine the photo-physical characteristics of pyrene-
2NH2 and pyrene-PTyr. This new polypeptide, pyrene-PTyr, possesses
phenolic hydroxyl groups that can hydrogen bonded with the pyridyl
groups of poly(4-vinylpyridine) (P4VP). The hydrogen bonding, mis-
cibility, and secondary structural conformations of various pyrene-Tyr/
P4VP blends were also investigated. In addition, we have studied the
dispersibility of multiwalled carbon nanotubes (MWCNTs) with pyrene-
PTyr.

2. Experimental section

2.1. Materials

Pyrene was used as received from Acros. 10 wt% Pd/C, hydrazine
hydrate (98%), and triphosgene were purchased from Alfa Aesar. L-
Tyrosine compound was obtained from the MP Biomedicals. Glacial
acetic acid was acquired from Fluka. P4VP (160,000 g/mol) was pur-
chased from Aldrich. Ethanol, dimethylformamide (DMF), THF,
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acetonitrile, methanol, dichloromethane (DCM), dimethylsulfoxide
(DMSO), and acetone were obtained from Merck; they were all distilled
over calcium hydride prior to use. MWCNTs was obtained from the
Centron Biochemistry Technology. L-Tyrosine N-carboxyanhydride
(Tyr-NCA) monomer was prepared previously [24].

2.2. Characterization

FTIR spectrum of the synthesized samples was recorded using the
Bruker Tensor 27 FTIR spectrometer; 64 scans were gathered at a
spectral resolution of 1 cm−1. Nuclear magnetic resonance (NMR)
spectrum of the prepared samples was recorded using the Agilent
VMRS-600 NMR spectrometer. The samples were dissolved in deuter-
ated solvents (DMSO‑d6, CDCl3); tetramethylsilane (TMS) was used as
the external standard. The molecular weight of the polypeptide pyrene-
PTyr was measured through the gel permeation chromatography (GPC)
with three ultrastragel columns (500, 580, and 10 Å) and a 410 dif-
ferential 45 refractometer connected in series and the DMF solvent was
used as the diluent. The molecular weight of the polypeptide pyrene-
PTyr was also measured through mass-analyzed laser desorption/ioni-
zation (MALDI-TOF) mass spectrometry, using a Bruker Daltonics
Autoflex III spectrometer. DSC analysis was performed by the Q-20
apparatus (TA) under a N2 atmosphere. The synthesized samples (3 mg)
in a fixed and sealed aluminum pan were heated from 40 to 200 °C
(heating rate: 20 °C/min). Thermogravimetric analysis (TGA) was
measured using a TA Q-50 thermogravimetric instrument. The syn-
thesized samples were heated from 40 to 800 °C (heating rate: 20 °C/
min) and under the N2 atmosphere. X-ray patterns of blend samples
were performed by using the BL17A1wiggler beam line. A single crystal
of triangular bent Si (111) was employed to produce the monochro-
matic beam featuring the wavelength of 1.33 Å. Samples for UV–Vis and
PL spectroscopy were dissolved in suitable organic solvents and placed
in a small quartz cell (0.2× 1.0× 4.5 cm3). The UV–Vis absorption
spectrum was determined using optics DT 1000 and CE 376 spectro-
photometers. The PL spectra emission spectrum was recorded using a
LabGuide X350 spectrometer. TEM images of the prepared samples
were measured by the JEOL-2100 transmission electron microscope.

2.3. 1,6-Dinitropyrene (Pyrene-2NO2)

A solution of pyrene (5.00 g, 24.8mmol) in glacial acetic acid
(50mL) was stirred at 90 °C. A mixture of nitric acid (70%, 3.8 mL) and
glacial acetic acid (10mL) was added quickly, and then the mixtures
were stirred for 1 h at the 90 °C. The yellow suspension was cooled; the
precipitate was collected by filtration and washed with CH3OH. The
product was a mixture including the 1,6-dinitropyrene, 1,3-dini-
tropyrene, and 1,8-dinitropyrene; this mixture was used in the next step
without purification.

2.4. 1,6-Diaminopyrene (Pyrene-2NH2)

The dinitropyrene mixture (6.0 g) and 10% Pd/C (0.40 g) were
suspended in ethanol (160mL). The suspension was heated at 90 °C for
10min under the N2 atmosphere and then hydrazine monohydrate
(8.0 mL) was added slowly. The resulting suspension was stirred at
90 °C for 48 h. The mixture was filtered hot and then the filtrate was
cooled to room temperature, giving a mixture of 1,6-diaminopyrene,
1,3-diaminopyrene and 1,8-diaminopyrene. Silica gel column chroma-
tography (eluent: 10% ethyl acetate/DCM) was used to separate the
diaminopyrenes (1,6-diaminopyrene: Rf = 0.8; 1,3-diaminopyrene:
Rf = 0.4; 1,8-diaminopyrene: Rf = 0.35). 1,6-Diaminopyrene (0.75 g,
20%). FTIR (KBr): 3424–3350 (2NH2 stretching), 1622, 1598, 1499,
1433, 1324, 1282, 1137, 828, 709, 529 cm−1. 1H NMR (500MHz,
DMSO‑d6, Scheme S1): 7.77 (d, 4H, J = 10Hz; Hb, Hd), 7.67 (d, 2H, J
= 10Hz; Hc), 7.25 (d, 2H, J = 10Hz; Ha), 5.91 (broad, 4H; 2NH2). 13C
NMR (125MHz, DMSO‑d6): 142.28 (C1), 126.28 (C4), 124.97 (C6),
123.84 (C3), 122.56 (C2), 116.78 (C5), 116.12 (C8), 112.90 (C7).

2.5. Pyrene-PTyr

A solution of Tyr-NCA monomer (3.00 g, 14.5 mmol, 44 eq.) in dry
DMF (20mL) was cooled to 0 °C for 20min and then a solution of
pyrene-2NH2 (76.4mg, 0.330mmol, 1 eq.) in DMF (5mL) was added
dropwise. The mixtures were stirred at 0 °C for 72 h and then the
polypeptide was precipitated through the addition of diethyl ether
(Et2O). The precipitate were purified through dissolution into methanol
and reprecipitation from Et2O to yield a pale yellow powder (2.4 g),
which was dried under vacuum at 40 °C overnight. Pyrene-PTyr:
Tg= 154.2 °C; FTIR (KBr, cm−1): 3282 (NH), 3020, 2922, 1651, 1626,
1515, 1440, 1236, 1109, 828, 538; 1H NMR (500MHz, DMSO‑d6): 2.88
(d, 2H, CH2), 4.42 (t, 1H, CH), 6.71–6.57 (d, 2H, ArH), 6.99–6.82 (d,
2H, ArH), 7.93 (s, 1H, NH), 9.14 (s, 1H, OH). Mn= 5665 gmol−1;
PDI= 1.05 (GPC, Fig. S1).

2.6. Pyrene-PTyr/P4VP blends

The preparation of pyrene-PTyr/P4VP blends was dissolving various
weight percentages in DMF solution. The blend solution was stirred at
room temperature for 72 h and then the DMF was evaporated under
reduced pressure at 70 °C for 72 h and then at 120 °C for 96 h to ensure
its complete removal.

2.7. MWCNT dispersion in the presence of Pyrene-PTyr

A dispersion of MWCNTs (4mg) in DMF (10mL) was sonicated for
2 h. A solution of pyrene-PTyr (100mg) in DMF (2mL) was added
dropwise and then the mixtures were sonicated for 2 h. After stirring at
25 °C for 48 h, the MWCNT dispersion was centrifuged (6000 rpm,

Scheme 1. Schematic representation of the synthesis of (a) pyrene-2NO2, (b) pyrene-2NH2 and (c) pyrene-PTyr.
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90min) and then the supernatant was filtered through a PALL disc
membrane filter (FP-450 PVDF filter). The obtained MWCNT/pyrene-
PTyr composites were redispersed in desired solvents through sonica-
tion for 5min.

3. Results and discussion

3.1. Synthesis of 1,6-diaminopyrene (Pyrene-2NH2)

Scheme 1 presents the preparation of the diamine initiator
monomer containing the pyrene unit, 1,6-diaminopyrene (pyrene-
2NH2). A mixture of dinitropyrenes (1,6-dinitropyrene, 1,3-dini-
tropyrene, and 1,8-dinitropyrene) was first synthesized through the
nitration of pyrene in acetic acid in the presence of nitric acid. The
mixture of dinitropyrenes was subjected to catalytic reduction mediated
by hydrazine monohydrate in absolute ethanol and Pd/C. The desired
monomer, 1,6-diaminopyrene, was isolated from the mixture of dia-
minopyrenes through silica gel column chromatography; it had a re-
tention factor (Rf) of 0.8 when using 10% ethyl acetate in DCM as the
eluent. The chemical structure of pyrene-2NH2 was confirmed through
FTIR and NMR spectroscopic analyses. The FTIR spectrum of pyrene-
2NH2 features three signals at 3424, 3384, and 3350 cm−1, re-
presenting the two asymmetric and symmetric amino (2NH2) groups
[Fig. 1(a)]. The 1H NMR spectrum of pyrene-2NH2 features a broad
signal at 5.91 ppm for the NH2 groups, as well as aromatic protons in
the range from 7.77 to 7.25 ppm [Fig. 2(a)]. The 13C NMR spectrum of
pyene-2NH2 [Fig. S1(a)] features eight signals for the carbon nuclei of
the pyrene unit, 142.28, 126.28, 124.97, 123.84, 122.56, 116.78,
116.12, and 112.90 ppm. Together, these data confirm the successful
synthesis of 1,6-diaminopyrene (pyrene-2NH2).

3.2. Synthesis of the Polypeptide Pyrene-PTyr

The polypeptide pyrene-PTyr was readily synthesized through ROP
of Tyr-NCA monomer, initiated by the diamino-functionalized pyrene-
2NH2, at room temperature in DMF. Using our previously reported
method [24], we synthesized the Tyr-NCA monomer through a facile
cyclization reaction of L-tyrosine with triphosgene in acetonitrile. In
FTIR analysis of Tyr-NCA monomer [Fig. 1(b)], we observe two ab-
sorption peaks at 1852 and 1768 cm−1 for the two typical anhydride
(C=O) stretching vibrations, as well as OH and NH stretching vibra-
tions at 3314 and 3180 cm−1, respectively. After ROP of Tyr-NCA in the
presence of pyrene-2NH2, FTIR spectrum [Fig. 1(c)] no longer featured
the two anhydride signals of the Tyr-NCA monomer, but new strong
absorption peaks appeared at 1651, 1626, and 1515 cm−1, due to the

amide units of pyrene-PTyr polypeptide backbone. Fig. 2(b) displays
the 1H NMR analysis of Tyr-NCA monomer; it exhibits a characteristic
singlet at 9.34 ppm for the NH unit, a singlet at 9.02 ppm for phenolic
OH unit, two signals at 6.95 and 6.68 ppm due to the aromatic CH
groups from benzyl ring, a triplet at 4.69 ppm for the CH2 group, and a
doublet at 2.89 ppm for alkyl CH group. The formation of pyrene-PTyr
was confirmed from its 1H NMR spectrum [Fig. 2(c)], which featured a
similar characteristic signal at 9.14 ppm for the NH groups, as well as a
singlet at 7.93 ppm due to the phenolic OH unit. The signals of the CH
groups which directly attached to the amide groups (NHCO) appeared
at 4.53 and 4.42 ppm for the α-helical and β-sheet secondary structures.
Furthermore, CH2 groups of α-helical and β-sheet structures appeared
at 2.88 and 2.72 ppm, respectively and other signals for aromatic pro-
tons (pyrenyl and phenyl) showed at chemical shifts from 6.99 to
6.57 ppm and at 8.21 ppm. Fig. S1(b) displays 13C NMR analysis of Tyr-
NCA monomer; the characteristic peaks of two anhydride C=O carbon
were appeared at 171.52 and 152.47 ppm, the peak of the phenolic
C‒OH carbon was appeared at 156.38 ppm, and the signals of aromatic
carbon atoms of the phenyl ring appeared at 130.79, 124.84, and
115.29. In addition, the characteristic signals of amino acid α-carbon
(CCONH) and the benzylic PhCH2 carbon atom were present at 67.30
and 35.11 ppm, respectively. Fig. S1(c) presents 13C NMR analysis of
the polypeptide pyrene-PTyr; the peaks of the amide (NHCO) carbon
were appeared at 174.04 and 166.95 ppm, representing their α-helical
and β-sheet conformations, respectively. Furthermore, amino acid α-
carbon atoms of the α-helical and β-sheet conformations were appeared
at 57.57 and 56.07 ppm, respectively. The molecular weights of the
synthesized pyrene-PTyr were determined using MALDI-TOF mass
spectrometry: a number-average molecular weight (Mn) of
2514.27 gmol−1, a weight-average molecular weight (Mw) of
2597.69 gmol−1, and a polydispersity index (PDI) of 1.03 (Fig. 3).
Moreover, the mass differences between pairs of adjacent peaks were
m/z 164, equal to a Tyr repeat unit. All results from FTIR, NMR, and
MALDI-TOF mass spectral data were confirmed the preparation of the
polypeptide pyrene-PTyr. Table 1 summarizes the degrees of poly-
merization of the polypeptide determined using GPC (Fig. S2) and
MALDI-TOF mass spectrometry.

3.3. Solubility, absorption, and photoluminescence

Pyrene-2NH2 and pyrene-PTyr readily dissolved in highly polar
solvent such as DMF, DMSO, and methanol. In addition, pyrene-2NH2

exhibited good solubility in less-polar solvent such as DCM, THF, and
acetone, whereas pyrene-PTyr was poorly soluble in these solvents. The
excellent solubility of the polypeptide pyrene-PTyr in highly polar
solvents suggested that it was a potential candidate for use in many
optoelectronic applications. To understand the photo-physical behavior
of pyrene-2NH2 and the polypeptide pyrene-PTyr, we measured their
UV–Vis absorption and fluorescence emission spectra in various polar
solvents at room temperature. Fig. 4A presents the absorption spectra of
pyrene-2NH2 at a concentration of 10−4 M in various polar solvents;
each absorption spectrum features two characteristic absorption bands:
an absorption maximum band in the region 370–386 nm (representing
the π–π* transition of the pyrenyl ring) and another in the region
419–435 nm (corresponding to the dimerization of a pair of pyrene
units). Pyrene-2NH2 exhibited the first of these absorption maxima at
370 nm in methanol, 374 nm in DCM, 378 nm in THF, 383 nm in DMF,
and 386 nm in acetone. Thus, the absorption of pyrene-2NH2 is strongly
affected by the nature of the solvent. The strong red-shift of the ab-
sorption maximum of pyrene-2NH2 in acetone arose because of host/
guest intermolecular interaction between pyrene-2NH2 and the en-
vironmental acetone, while blue-shift of the maximum in methanol
arose from strong hydrogen bonding between the NH2 units of pyrene-
2NH2 and methanol, leading to an increase in the stability of pyrene-
2NH2 in the ground state. Fig. 4B presents the absorption spectra of
pyrene-PTyr at a 10−4 M concentration in DMF, DMSO, and methanol.

Fig. 1. Solid FTIR analyses of (a) pyrene-2NH2, (b) Tyr-NCA, (c) pyrene-PTyr,
recorded at room temperature.
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The spectra featured absorption maxima at 385 and 368 nm, due to the
π–π* transitions of the pyrenyl unit and of the phenyl unit in the tyr-
osine group, respectively. The absorption maximum was blue-shifted in
methanol because of the strong hydrogen bonds between phenolic OH
units in polypeptide and the solvent. These spectral data confirm that
the absorption behavior of pyrene-2NH2 and the polypeptide pyrene-
PTyr were dependent on the solvent polarity.

Thomas et al. reported [52] that the fluorescence emission max-
imum of a pyrene-containing compound is strongly dependent on the
polarity of the solvent; this phenomenon is known as the environment
solvatochromism effect. We studied the solvatochromism effects of
pyrene-2NH2 and the polypeptide pyrene-PTyr by measuring their

fluorescence emissions in solvents of various polarities. Fig. 5A presents
the fluorescence emission spectra of pyrene-2NH2 measured at a con-
centration of 10−4 M in solvents of various polarities. The emission
maxima of pyrene-2NH2 in DMF, methanol, acetone, THF, and DCM
appeared at 470, 460, 458, 455, and 445 nm, respectively. Thus, the
emission maximum increased upon increasing the solvent polarity. This
solvatochromism and red-shifted emission in the polar solvents could
be attributed to the strong hydrogen bonding interaction between
amino (NH2) groups of pyrene-2NH2 and the carbonyl (C=O) or hy-
droxyl (OH) groups of polar DMF, acetone, and methanol solvent mo-
lecules, which increased the stability of the polar excited state of
pyrene-2NH2 resulting in a large change of the excited state dipole of
the pyrene-2NH2 and then accelerates the intramolecular charge-
transfer process, this phenomenon is called as solvent relaxation
[55,56]. In addition, this red shift can be imputed to the conversion of
pyrene excimer from static excimer to dynamic excimer in the polar
solvent. It has been reported that pyrene derivatives can be existed in
dynamic or static excimers correlated to the generation way of a pyrene
dimer. The dynamic static excimer was raised from the pyrene dimer
generated in excited state, while the static excimer was raised from that
dimer generated in ground state [57,58]. Thus, the strong hydrogen
bond interaction between pyrene-2NH2 and polar solvents isolated the
pyrene-2NH2 molecules to each other and thus induced the formation of
the dimer in the excited state. We also investigated the fluorescence
emissions of the polypeptide pyrene-PTyr at a 10−4 M concentration in
DMF, DMSO, and methanol (Fig. 5B). In contrast to pyrene-2NH2,
pyrene-PTyr did not exhibit an environment solvatochromism effect.
Pyrene-PTyr exhibited its fluorescence emission maxima at 457 nm in
DMF, 458 nm in DMSO, and 453 nm in methanol. The fluorescence
images in Fig. S3 reveal that pyrene-2NH2 and pyrene-PTyr exhibited
strong blue emissions in solution, suggesting that they are both pro-
mising blue-emitting materials.

To further investigation of fluorescence behaviors of these blue-
emitting materials, the quantum yields (Фf) of pyrene-2NH2 and
pyrene-PTyr at a 10−4 M concentration in different solvents were per-
formed using a concentration of 10−4 M of quinine sulfate in 1 N H2SO4

as a standard. As summarized in Table S1, the quantum yields of
pyrene-2NH2 were 47, 28, 32, 43, and 41 in DMF, methanol, acetone,
THF, and DCM, respectively. On the other hand, the quantum yields of
pyrene-PTyr in DMF, DMSO, and methanol were 24, 20, and 12, re-
spectively. In addition, the quantum yield of pyrene-PTyr in the solid

Fig. 2. 1H NMR spectra of (a) pyrene-2NH2, (b) Tyr-NCA, (c) pyrene-PTyr.

Fig. 3. MALDI-TOF mass analysis of pyrene-PTyr, n* refers to the total number
of incorporated tyrosine units in the two polytyrosine chains.

Table 1
Molecular weight and polydispersity index of the polypeptide pyrene-PTyr.

PDIb Mn
b PDIa Mn

a Polypeptide

1.05 5665 1.03 2514 pyrene-PTyr

a Determined from MADLI −TOF mass.
b Determined from GPC analysis.
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state was measured to be 40.

3.4. Aggregation-induced emission

We examined the AIE effects of pyrene-2NH2 and the polypeptide
pyrene-PTyr by varying their concentrations and using various solvent/
nonsolvent pairs. To evaluate the effect of concentration on the fluor-
escence emission of pyrene-2NH2 and the polypeptide pyrene-PTyr, we
measured their fluorescence at various concentrations in DMF and
methanol. Fig. 6A and B reveal that the emission intensities decreased
upon increasing the concentration of pyrene-2NH2 in DMF and me-
thanol, respectively. This “concentration-quenched emission” of
pyrene-2NH2 is mainly arose from the strong face-to-face π–π

interactions of pairs of pyrene units, leading to the formation of dimers
that functioned as excimers, which were readily quenched. On the other
hand, Fig. 6C and D reveal that the fluorescence emission of the poly-
peptide pyrene-PTyr was very weak in dilute solution (10−5 M) in DMF
and methanol, but increasing the concentration of pyrene-PTyr from
10−4 to 10−2 M was accompanied by increasing fluorescence emissions
in both solvents. This “concentration-enhanced emission” was pre-
sumably caused by the AIE effect. In light of these results, the fluores-
cence behavior of pyrene-2NH2 may transform from ACQ to AIE after
its conjunction into the PTyr main chain. The ACQ effect of pyrene-
2NH2 and the AIE effect of pyrene-PTyr were confirmed by measuring
their fluorescence emissions in solvent/nonsolvent pairs. We studied
the fluorescence behavior of pyrene-2NH2 in the solvent/nonsolvent

Fig. 4. Ultraviolet–visible absorption spectra of (A) pyrene-2NH2 and (B) pyrene-PTyr.

Fig. 5. PL spectra of (A) pyrene-2NH2 and (B) pyrene-PTyr under the excitation wavelength (343 nm).
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pair of DMF/water (Fig. 7A and C). Pyrene-2NH2 exhibited a strong
emission as a dilute solution (10−4 M) in DMF, but increasing the
concentration of water resulted in a decrease in its fluorescence emis-
sion. We studied the fluorescence behavior of the polypeptide pyrene-
PTyr in methanol/toluene pairs (Fig. 7B and D). Here, we avoided DMF
as a solvent for the polypeptide pyrene-PTyr to obviate any hydrogen
bonding interaction between polypeptide and DMF. Interestingly, the
fluorescence intensities of pyrene-PTyr increased upon increasing the
toluene concentrations over the range from 20 to 80 vol%, due to ag-
gregation, consistent with AIE behavior. Additionally, to further con-
firm the AIE behavior of pyrene-PTyr, we investigated the fluorescence
of pyrene-PTyr polypeptide in the solid state. As shown in Fig. S4,
pyrene-PTyr exhibited a massive fluorescence emission peak at 458 nm
which strongly confirmed the AIE behavior of pyrene-PTyr polypeptide.
Thus, these experiments confirmed that the polypeptide pyrene-PTyr
exhibits AIE behavior, whereas pyrene-2NH2 displays ACQ behavior.

Generally, the AIE phenomenon could mechanistically be associated
with various pathways as J-aggregate formation (JAF) [59], restriction
of intramolecular rotation (RIR) [60], excited-state intramolecular
proton transfer (ESIPT) [61], the restriction of charge transfer (CT), and
twisted intramolecular charge transfer (TICT) [62]. Pyrene containing
polymers with AIE behavior have been previously reported and their
AIE mechanism ascribe to the RIR, in which the formation of aggregates
forced the physical restraints on the intramolecular rotations [63]. As
previously reported, the formed aggregates enhanced the radiative ex-
citons and prevent the non-radiative channels, thereby the fluorescence

emission strongly increased in the aggregated (solid) state [64].
Therefore, the mechanism of the transition from aggregation-caused
quenching (ACQ) behavior of pyrene-2NH2 to aggregation-induced
emission (AIE) after incorporation into the rigid rod chains of poly-
tyrosine can be accounted for the RIR mechanism. Pyrene-2NH2 pos-
sessing a flexible C-C bond between the pyridyl and amino groups,
which can dynamic intramolecular rotate (IR), leading to strongly
quench of its excited states and then absence of its luminescence. After
the incorporation of Pyrene-2NH2 into the pyrene-PTyr, the polypep-
tide side chain and C-C bond of our pyrene-PTyr can freely rotate in the
dilute solution, while in the concentrated solution or aggregate (solid)
state that rotation would be restrained completely and then enhanced
the fluorescence emission (Scheme 1). Therefore, the AIE behavior of
our polypeptide pyrene-PTyr can be accounted for the RIR mechanism.

3.5. Thermal behavior of pyrene-PTyr/P4VP blends

Miscible blends of biomaterial polymers and non-biomaterial poly-
mers have a wide range of biomedical applications [65,66]. We used
DSC to study the blending ability of the polypeptide pyrene-PTyr with
P4VP. Fig. 8A displays DSC thermal analyses of pyrene-PTyr/P4VP
blends. The pure pyrene-PTyr polypeptide exhibited a glass transition
temperature (Tg) of 157 °C, similar to that of linear PTyr [24], due to
the planar structure of the pyrene-2NH2 initiator. All of the pyrene-
PTyr/P4VP blends in this study displayed the single Tg, indicating
complete miscibility for these blend systems. Fig. 8A also reveals that

Fig. 6. PL spectra of (A) pyrene-2NH2 in DMF, (B) pyrene-2NH2 in methanol, (C) pyrene-PTyr in DMF, and (D) pyrene-PTyr in methanol at different concentrations
(excitation wavelength: 343 nm).
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Fig. 7. The solution PL emission spectra of (A) pyrene-2NH2 in DMF-H2O and (B) pyrene-PTyr in methanol-toluene, and the PL emission intensities of (C) pyrene-
2NH2 in DMF-H2O and (D) pyrene-PTyr in methanol-toluene versus nonsolvent fraction.

Fig. 8. (A) DSC thermograms of pyrene-PTyr/P4VP blends and (B) the Tg plot of pyrene-PTyr with the content increasing of P4VP.
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the Tg values of pyrene-PTyr/P4VP miscible blends were increased
upon increasing the content of P4VP, consistent with strong hydrogen
bonding in pyrene-PTyr/P4VP blends. Fig. 8B presents a
Tg–composition plot of these miscible pyrene-PTyr/P4VP blends; it re-
veals that the Tg values were positively greater than those predicted
from the means of linear rule. Moreover, the Tg–composition relation-
ships of the pyrene-PTyr/P4VP miscible blends followed the Kwei
equation [67]:

=

+

+

+T
W T kW T

W kW
qW Wg

g g1 1 2 2

1 2
1 2

where k or q is fitting constant; W1 or W2 is the weight fraction of
pyrene-PTyr and P4VP, respectively; and Tg1 or Tg2 is the glass transi-
tion temperature of pyrene-PTyr and P4VP, respectively. We obtained
values of k and q of 1 and 100 from the non-linear fitting approach. The
positive value of q confirmed that a strong interaction existed between
pyrene-PTyr and P4VP, much more potent than the self-association of

the phenolic OH units in the polypeptide pyrene-PTyr.

3.6. Hydrogen bonding and secondary structures of pyrene-PTyr/P4VP
blends

FTIR spectroscopy is a simple, facile, and rapid technique for
studying noncovalent interactions in the secondary structures of poly-
peptides and specific polymers [68,69]. Here, we used FTIR spectro-
scopy to investigate the hydrogen bonding interactions and also used to
investigate the secondary structures of pyrene-PTyr/P4VP blends in
solid state. Fig. 9A and B displays room-temperature FITR analyses of
pyrene-PTyr/P4VP miscible blends with various weight ratios, in the
regions 1750–1550 cm−1 (amide absorption) and 1030–970 cm−1

(pyridine absorption), respectively. The spectrum of pure pyrene-PTyr
featured a clear band at 1016 cm−1, while pure P4VP provided an
absorption band at 993 cm−1. We monitored the hydrogen bonding
between pyrene-PTyr and P4VP by observing the shift in the wave-
number of the absorbance band of pyridyl ring (initially at 993 cm−1).
The P4VP signal at 993 cm−1 shifted to higher wavenumber

Fig. 9. (A) FTIR spectra of the pyrene-PTyr/P4VP blends: (A) 1750–1550 cm−1

and (B) 1030–970 cm−1 measured at room temperature.

Fig. 10. Curve fitting results of FTIR spectra for Pyrene-PTyr/P4VP blends: (A) amide I unit region, (B) pyridine unit region, and (C) the fraction of hydrogen bonding
of pyridine unit within P4VP.

Fig. 11. WAXD patterns of pyrene-PTyr blends with P4VP.
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(1003 cm−1) after blending with pyrene-PTyr, suggesting strong hy-
drogen bonding in pyrene-PTyr/P4VP blends. We also used these two
peaks to digitally construe the hydrogen bonding interactions through
digital subtraction of the peak at 1016 cm−1 for pure pyrene-PTyr,
based on weight fractions of the polypeptide pyrene-PTyr in the blend
systems. Fig. 10(B) presents the outcomes of curve fitting results; the
hydrogen-bonded pyridyl fraction was increased upon increasing the

compositions of pyrene-PTyr in blends (Fig. 10(C)).
To identify the change in secondary structure, we monitored the

eight major peaks of the pure pyrene-PTyr: 1598 and 1613 cm−1 for the
Tyr ring vibration; 1655 cm−1 for the α-helical; 1631 cm−1 for β-sheet;
1669 cm−1 for β-turn; and 1643, 1682, and 1696 cm−1 for the random
coil conformations. When we blended our polypeptide with 40 wt% of
P4VP, where the contents of the α-helical and β-sheet secondary
structures was decreased, while the contents of the random coil con-
formation was increased from 26.8 to 38.3% (Fig. 10A). We also in-
vestigated the secondary structures of the pyrene-PTyr/P4VP blends by
measuring their X-rays patterns. The pure pyrene-PTyr having a degree
of polymerization of 14 was present as a β-sheet secondary structure,
based on the Bragg diffraction pattern (Fig. 11). We also observed a q
value of 0.57, attributed to the intertublar distance (d=1.09 nm)
among the pyrene-PTyr backbones within antiparallel β-sheet struc-
tures. Moreover, the diffraction peak at a q value of 1.58 corresponded
to the intermolecular distance (d=0.394 nm) between adjacent poly-
peptide pyrene-PTyr chains within the one lamellar structure; the peak
at a q value of 1.66 corresponded to repeated residue of pyrene-PTyr
chain (d=0.375 nm). Upon further increasing the P4VP content in
pyrene-PTyr blends, the WAXD pattern of pyrene-PTyr transformed into
a broad amorphous halo and the signals due to β-sheet conformation
disappeared.

Fig. 12. Photographs of (A) pyrene-PTyr, (B) MWCNT, (C) pyrene-PTyr/MWCNT dispersions in DMF. (D) PL emission spectra of pyrene-PTyr and pyrene-PTyr/
MWCNT in DMF (excitation wavelength: 343 nm). TEM photo-images of (E) Pristine MWCNT after sonication in DMF and the pyrene-PTyr/MWCNT dispersion on (F)
large and (G) small scales.

Fig. 13. TGA analyses of pyrene-PTyr, MWCNT and pyrene-PTyr/MWCNT.
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3.7. Fabrication of MWCNT composites and CNT dispersions

CNTs can be difficult to disperse due to the strong π-stacking of their
tubes, leading to high degrees of aggregation. One of the most useful
methods for improving the dispersion of CNTs is the use of polymers or
polypeptides containing specific moieties capable of strong π-stacking
(e.g., pyrene), such that they interact noncovalently with the CNTs.
Accordingly, we investigated the applicability of our polypeptide
pyrene-PTyr for the dispersion of CNTs. Fig. 12(A)–(C) display photo-
graphs of DMF solutions of the pure pyrene-PTyr, the pristine MWCNTs,
and the pyrene-PTyr/MWCNT complex, after sonication for 1 h and the
standing for 24 h. The pure pyrene-PTyr formed a transparent solution,
whereas the pristine MWCNTs precipitated completely. In contrast, the
solution of the pyrene-PTyr/MWCNT complex did not feature any
precipitate, suggesting the presence of strong interactions between the
pyrene moieties of the polypeptide and the MWCNTs through π-
stacking. This behavior was confirmed in Fig. 12(D), which displays the
fluorescence spectra of the polypeptide pyrene-PTyr and the pyrene-
PTyr/MWCNT complex in DMF after excitation at 343 nm. The spec-
trum of the pure pyrene-PTyr exhibited a strong fluorescence signal at
385 nm, due to the presence of its pyrene moieties, while that of the
pyrene-PTyr/MWCNT complex featured a very weak fluorescence
emission, confirming the presence of interactions between pyrene
groups with MWCNTs. We attribute the quenched fluorescence of the
pyrene-PTyr/MWCNT complex to energy transfer from the light-
emitted pyrene moieties to the MWCNTs [70]. Moreover, TEM con-
firmed the presence of interactions between the polypeptide and the
MWCNTs [Fig. 12(E)–(G)]. The TEM image of the pristine MWCNTs in
DMF revealed a high degree of aggregation, due to self π–π interactions,
whereas that of the pyrene-PTyr/MWCNT dispersion revealed a uni-
form dispersion of MWCNTs, presumably stabilized through inter-
molecular noncovalent interactions. Thus, we our new polypeptide
pyrene-PTyr was indeed efficient at dispersing MWCNTs and should,
therefore, be of further use as a dispersing agent for various applica-
tions. We examined the thermal stabilities of the polypeptide pyrene-
PTyr and the pyrene-PTyr/MWCNT complex through TGA, from 80 to
800 °C under the N2. Fig. 13 reveals that the pure polypeptide pyrene-
PTyr provided a char yield of 21%, while the pyrene-PTyr/MWCNT
complex exhibited a char yield of 58% (approximately the same as that
of the pristine MWCNTs). The content of pyrene-PTyr in the pyrene-
PTyr/MWCNT complex was calculated, based on the char yields of the
MWCNTs and pyrene-PTyr, to be 28%.

4. Conclusion

We have used 1,6-diaminopyrene (pyrene-2NH2) as an initiator for
the facile synthesis of the polypeptide pyrene-PTyr through the ROP of
Tyr-NCA. PL spectra revealed that pyrene-2NH2 is the ACQ material,
while it was transformed into the strong AIE material after incorpora-
tion into the rod rigid backbone of the polypeptide pyrene-PTyr.
Blending pyrene-PTyr with various weight ratios of P4VP resulted in
completely miscible blends displaying single glass transition tempera-
tures, based on DSC analyses. In FTIR spectra, shifting of the pyridine
signal of P4VP after blending with pyrene-PTyr confirmed the strong
hydrogen bonding in pyrene-PTyr/P4VP blends. Furthermore, FTIR
spectral and WAXD data revealed that the polypeptide pyrene-PTyr
converted from β-sheet conformation to the random coil when blending
with P4VP homopolymer. Moreover, we prepared pyrene-PTyr/
MWCNT complexes stabilized through π–π interaction between the
pyrene groups of pyrene-PTyr and surfaces of MWCNTs. PL spectro-
scopy revealed that the fluorescence quenching of the pyrene-PTyr/
MWCNT complexes was due to energy transfer from the pyrene moi-
eties to the MWCNTs. TEM imaging confirmed that pyrene-PTyr is an
efficient dispersant for MWCNTs. This new polypeptide pyrene-PTyr,
displaying AIE behavior and capable of strong π-stacking, should be of
interest when applied to biomedical applications.
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