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A series of novel amphiphilic fluorescent CBABC-type pentablock copolymers (Py–PMMA–PEG4600–
PMMA–Py) were prepared from BAB-type amphiphilic triblock copolymer (PMMA–PEG4600–PMMA) as
macroinitiator with various contents of 1-(methacryloyloxyethylamino-carboxylmethyl) pyrene (PyMOI)
by atom transfer radical polymerization (ATRP) in toluene using CuBr/2,2-bipyridine as catalyst system.
Triblock copolymer (PMMA–PEG4600–PMMA) was prepared by ATRP and obtained from Br–PEG4600–
Br as macroinitiator with methyl methacrylate in tetrahydrofuran using the same catalyst. The molecular
weights of pentablock copolymers which were reinitiated by PMMA–PEG4600–PMMA macroinitiator
were calculated from 1H NMR spectra up to 42,400 gmol�1. The polydispersity of pentablock copolymers
obtained from GPC analysis was narrow between 1.10 and 1.38. The crystallinity of triblock copolymer
(PMMA–PEG4600–PMMA) was decreased slightly with incorporating PMMA segment. Introducing the
bulky pyrene substituent into pentablock copolymer, the melting temperature was not observed and all
pentablock copolymers showed amorphous patterns in wide-angle X-ray scattering (WAXS) due to
decrease in the degree of crystallinity of polymer chain because of disturbing regular packing. The
temperatures at 10% weight loss (Td10), examined by TG analysis, showed values ranging from 265 to
323 �C in nitrogen and 264 to 313 �C in air. Fluorescence spectra of Py–PMMA–PEG4600–PMMA–Py
exhibited stronger excimer emission at ca. 480 nm due to the aggregations of pyrene group formed via
interaction of the hydrophobic chains. The more content of PyMOI segment in pentablock copolymers
can obtain the higher emission intensity ca. 480 nm. When there were higher PyMOI contents (84.9 wt%
PyMOI) in pentablock copolymers, they formed larger aggregates (210 nm) in SEM micrographs. On the
other hand, while increasing the concentration of the polymer solution in THF, the morphology was
changed from spherical (0.1 mg/mL) to chainlike (1.0 mg/mL) aggregates.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers are important materials, which can be
synthesized with tailor-made properties using different available
synthetic methodology [1]. Well-defined block copolymers are
generally synthesized using ionic living polymerization technique
[2]. Recently, controlled/living radical polymerizations (CRP) are
widely used to synthesize a range of new polymeric materials.
Controlled/living radical polymerization (CRP) has emerged in the
last decade with an explosion of academic and industrial research,
050; fax: þ886 2 23781441/
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leading to one of the most active fields of research in polymer
chemistry [3–17]. This technique offers many advantages over
conventional living ionic polymerization [2].

There have been only few publications on linear CBABC-type
pentablock copolymers using different polymerization techniques
[18–21]. This type of multicompartment aggregates that are able to
mimic basic properties of natural systems such as serum albumins
is significant in nanotechnology [20,22–24]. Its applications in
medicine, pharmacy, biotechnology, and so forth seem to be
possible, but the preparation and control of stable multicompart-
ment micellar systems are still at the very beginning. To our
knowledge, there are some reports for block copolymers by two-
step polymerization [25–29]. However, there are only few reports
for CBABC-type pentablock copolymers by two-step atom transfer
radical polymerization [30,31].
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Scheme 1. Synthesis route of 1-(methacryloyloxyethylaminocarboxyl methyl)pyrene
(PyMOI).
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Methyl methacrylate (MMA) is a well-known living monomer
for copper-based ATRP systems [3]. Some literatures [21,32–35]
stated that multiblock copolymers were synthesized by using
PMMA as bridge block which connected initiator and the other
monomers in ATRP. For example, Eastwood et al. [34] reported that
multiblock copolymers of methyl methacrylate and styrene were
synthesized by ATRP regardless of monomer sequence. That means
the polymer chain end of triblock copolymer is still carrying out in
controlled/‘‘living’’ free radical polymerization. On the other hand,
fluorescent labeling technique is a quite useful way to study asso-
ciation properties of polymeric materials [36–41]. Pyrene is often
attached to polymers as a fluorescent probe serving as an active
association site of amphiphilic copolymers in solution [36,37]. In
addition, the monomer containing pyrene group can apply to
membrane and biochemistry field [38].

In this paper, the synthesis of novel amphiphilic fluorescent
CBABC-type pentablock copolymers based on PEG (block A) [42] as
hydrophilic segment, amorphous PMMA (block B) and PyMOI
(block C) [43] as hydrophobic segments by two-step ATRP will be
concentrated. The aim of the research is to investigate the
compatibility among three different components, the crystallization
behavior of PEG in this pentablock system and its self-assembled
aggregation. The synthesis and characterization of these novel
amphiphilic fluorescent pentablock copolymers such as molecular
weight, thermal and optical properties as well as the size and
morphologies of aggregates are also investigated and discussed.

2. Experimental

2.1. Materials

Methyl methacrylate (MMA) was washed multiple times with 5%
sodium hydroxide solution and 20% sodium chloride to remove the
stabilizer. After drying over magnesium sulfate, the methyl meth-
acrylate was purified by vacuum distillation. Poly(ethylene glycol)
4600 (PEG 4600, Mn ¼ 4600) was purchased from Aldrich and was
dried by azeotropic distillation with toluene prior to use. Triethyl-
amine (TEA) was dried over magnesium sulfate, filtered, distilled,
and stored over 4 Å molecular sieves. Copper (I) halides were
obtained from Aldrich and purified according to the method repor-
ted in preceding studies [44]. The chemical reagents, 2-bromoiso-
butyryl bromide, 1-pyrenemethanol, 2-methacryloyl oxyethyl
isocyanate (MOI), dibutyltin dilaurate (DBTDL) and 2,20-bipyridine
(bipy) were purchased from Aldrich and used as received without
purification. Solvents were dried by standard process.

2.2. Synthesis of 1-(methacryloyloxyethylaminocarboxyl-
methyl)pyrene (PyMOI) (Scheme 1)

The PyMOI was synthesized as outlined in Scheme 1. A 150 mL
round-bottom flask was charged with a mixture of 1-pyr-
enemethanol (4.3 mmol), DBTDL (10 drops) and anhydrous tetra-
hydrofuran (30 mL) and maintained in an ice bath under dry
nitrogen atmosphere. The active reagent, 2-methacryloyl oxyethyl
isocyanate (MOI) (6.5 mmol) was dissolved in anhydrous tetrahy-
drofuran (20 mL), and then added to the above reaction mixture
from a dropping funnel over a period of 1 h under dry nitrogen at
0 �C; subsequently the temperature was allowed to rise to room
temperature. The reaction was continued under stirring for 24 h.
After completion of reaction, the solution was concentrated, then
purified by column chromatography (silica, eluent: CH2Cl2) to yield
pure PyMOI as a light yellow powder. Yield: 94.5%, m.p. 98 �C (by
DSC at a scan rate of 10 �C min�1). The FT-IR spectrum of PyMOI
(KBr pellet) exhibited absorptions at 3299 (N–H stretching), 1712
(ester C]O), 1689 (urethane C]O), 1638 (C]C) and 1549 cm�1
(N–H bending). 1H NMR (500 MHz, CDCl3): d(ppm) 8.13–7.84 (9H,
H1), 6.00 and 5.43 (2H, H6), 5.69 (2H, H2), 5.23 (1H, H3), 4.17 (2H,
H5), 3.45 (2H, H4), 1.83(3H, H7); 13C NMR (125 MHz, CDCl3):
d(ppm)¼ 167.09 (C9), 156.37 (C8), 135.75 (C10), 131.42–122.68 (C1),
125.81 (C6), 65.11 (C2), 63.47 (C5), 40.09 (C4), 18.07 (C7).

Anal. Calcd for C24H21O4N: C, 74.40%; H, 5.46%; N, 3.62%; Found:
C, 74.13%; H, 5.61%; N, 3.55%
2.3. Synthesis of PEG macroinitiator (Br–PEG4600–Br) (Scheme 2)

The macroinitiator PEG4600 (Br–PEG4600–Br) was synthesized
as outlined in Scheme 2. A mixture of PEG4600 (10 g, 2.17 mmol) in
dry methylene chloride (50 mL) and triethylamine (TEA) (1.21 mL,
8.69 mmol) was charged into a round-bottom flask (150 mL) and
maintained in an ice bath. The active reagent, 2-bromoisobutyryl
bromide (1.61 mL, 13.04 mmol) was dissolved in methylene chlo-
ride (30 mL), and then added to the above reaction mixture from
a dropping funnel over a period of 1 h under dry nitrogen; subse-
quently the temperature was allowed to rise to room temperature.
The reaction was continued under stirring for 24 h. After comple-
tion of reaction, the solution was filtered, then was poured into
water to wash multiple times and extracted with methylene chlo-
ride. The organic extract was washed successively with 1 M HCl,
1 M NaOH and 1% Na2CO3 solution and extracted using methylene
chloride. The collected organic layer was dried over MgSO4
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overnight, and the solvent was removed under reduced pressure.
The concentrated solution was precipitated from ether, dissolved in
CH2Cl2 and reprecipitated from ether multiple times, after which
the macroinitiator was collected and dried under vacuum for one
day at room temperature. After drying, the pure macroinitiator
Br–PEG4600–Br was obtained. Yield: 57%. m.p. 53.2 �C (by DSC at
a scan rate of 10 �C min�1). The FT-IR spectrum of Br–PEG4600–Br
exhibited absorptions at 1740 cm�1 (C]O) and 1112 cm�1 (C–O–C).
1H NMR (500 MHz, CDCl3) of Br–PEG4600–Br: d(ppm) 4.25 (4H,
H2), 3.71–3.43 (440H, H1), 1.87 (12H, H3); 13C NMR (125 MHz,
CDCl3): d(ppm)¼ 171.36 (C4), 70.31 (C1), 64.90 (C2), 55.52 (C5),
30.54 (C3).
2.4. Synthesis of triblock copolymer with PMMA segment derived
from macroinitiator (Br–PEG4600–Br) via ATRP
(PMMA–PEG4600–PMMA)

The synthetic route of PMMA–PEG4600–PMMA is outlined in
Scheme 2. To an ampoule, CuBr (0.0268 g, 1.87�10�4 mol),
2,20-bipyridine (0.0584 g, 3.74�10�4 mol), Br–PEG4600–Br
[Mn ¼ 5200 g=mol (obtained from 1H NMR)] (0.9711 g,
1.87�10�4 mol) and MMA (0.1872 g, 18.7�10�4 mol) were added
in 5 mL anhydrous THF. The heterogeneous mixture was frozen and
placed under vacuum and then degassed via a freeze-pump-thaw
cycle thrice. After degassing three times, the ampoule was stirred at
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60 �C for 20 h. After completion of the reaction and the reaction
mixture cool down to room temperature, THF was added to the
ampoule and then was passed through a silica column (SiO2) to
remove the copper complex. The resulting colorless polymer,
PMMA–PEG4600–PMMA, was precipitated from ether, dissolved in
CH2Cl2 and reprecipitated from ether multiple times, after which
the polymer was collected and dried under vacuum for one day
at room temperature. m.p. 48.7 �C (by DSC at a scan rate of
10 �C min�1). The FT-IR spectrum of PMMA–PEG4600–PMMA
exhibited absorptions at 1727 cm�1 (C]O) and 1103 cm�1 (C–O–C).
1H NMR (CDCl3): d (ppm) 4.33 (4H, H6hHhhh), 3.82–3.46 (476H, H1

and H5), 2.01–1.81(24H, H3), 1.94(12H, H2), 1.17–0.84 (36H, H4).

2.5. Synthesis of pentablock copolymer with pyrene segment
derived from macroinitiator (PMMA–PEG4600–PMMA) via ATRP
(Py–PMMA–PEG4600–PMMA–Py)

The synthetic route of Py–PMMA–PEG4600–PMMA–Py is out-
lined in Scheme 2. In a typical run, to an ampoule, CuBr (1.12 mg,
7.81�10�3 mmol), 2,20-bipyridine (2.44 mg, 15.6�10�3 mmol),
PMMA–PEG4600–PMMA [Mn ¼ 6400 (obtained from 1H NMR)]
(0.05 g, 7.81�10�3 mmol) and PyMOI (0.1513 g, 3.9�10�4 mol)
were added in 2 mL anhydrous toluene. The heterogeneous
mixture was frozen and placed under vacuum and then degassed
via a freeze-pump-thaw cycle thrice. After degassing three times,
the ampoule was stirred at 85 �C for 20 h. After completion of the
reaction and the reaction mixture cool down to room temperature,
THF was added to the ampoule and then was passed through a silica
column (SiO2) to remove the copper complex. The resulting color-
less polymer, Py–PMMA–PEG4600–PMMA–Py, was precipitated
from methanol, dissolved in CH2Cl2 and reprecipitated from
methanol multiple times, after which the polymer was collected
and dried under vacuum for 1 day at room temperature. The FT-IR
spectrum of Py–PMMA–PEG4600–PMMA–Py exhibited absorp-
tions at 3402 cm�1 (N–H), 1721 cm�1 (C]O) and 1134 cm�1 (C–O–
C). 1H NMR (CDCl3): d (ppm) 7.70–7.47(423H, H11), 5.58–5.39(141H,
H9 and H10), 3.95–3.13(664H, H1, H5 and H8), 1.88–1.59(130H, H2, H3

and H6), 1.02–0.84(177H, H4 and H7).

2.6. Measurements

FT-IR spectra were recorded in the range 4000–400 cm�1 on
a Bio-Rad FTS-3500 spectrometer. Elemental analyses were per-
formed on Perkin–Elmer 2400 C, H, and N analyzer. The 1H and 13C
NMR spectra were recorded on a Bruker DRX-500 instrument
operating at 500 MHz for proton and 125 MHz for carbon. The
melting temperature (Tm), glass transition temperature (Tg) and the
melting enthalpy (dHm) were measured on a Du Pont 9000 differ-
ential scanning calorimeter at a heating rate of 10 �C min�1 from
�50 to 150 �C under a steady flow of nitrogen (30 cm3 min�1). The
data were recorded on second run heating. The recorded temper-
atures were calibrated using Indium as standard. Wide angle X-ray
scattering (WAXS) patterns were recorded at room temperature
with powder on an X-ray scattering (Osmic, USA; PSAXS-USH-
WAXS-002) using 30 W low power X-ray source/optic combination
that provides Cu K alpha radiation (45 kV, 0.67 mA). Thermogra-
vimetric (TG) data were obtained on a Du Pont Q 500 TGA at
a heating rate of 10 �C min�1 from 30 to 600 �C under nitrogen
flowing conditions (60 cm3 min�1). Weight-average ðMwÞ and
number-average ðMnÞ molecular weight were determined by gel
permeation chromatography (GPC). Five Waters (Ultrastyragel)
columns 300� 7.7 mm (guard, 500, 103, 104, 105 Å in a series) were
used for GPC analysis with tetrahydrofuran (THF) (1 mL min�1) as
an eluent. The eluents were monitored with a refractive index
detector (RI 2000). Polystyrene was used as a standard. The
fluorescence spectra were recorded by a Shimadzu RF-5031 spec-
trophotometer. The polymer solutions were mixed at pre-
determined ratios. All the fluorescence measurements were
performed in THF at constant concentration (1.85�10�4 mg/mL)
and room temperature by excitation at 330 nm wavelength.
Morphology observations were performed with a Hitachi S-2400
scanning electron microscope at an accelerating voltage of 20 kV.
The specimens for SEM observations were prepared by depositing
a drop of the aggregate solutions having polymer concentration of
0.1 mg/mL or 1 mg/mL in THF onto a glass slide and then they were
gold sputtered (Hitachi E101 Ion sputter) under vacuum.

3. Results and discussion

3.1. Synthesis and characterization of PyMOI

PyMOI was synthesized by the reaction of 1-pyrenemethanol
with MOI in THF, as shown in Scheme 1.

After purification by column chromatography (silica gel, eluent:
CH2Cl2) to yield pure PyMOI (Yield¼ 95%), the structure of the
PyMOI was confirmed by elemental analysis, FT-IR and NMR
spectroscopies. The FT-IR spectrum of PyMOI showed absorption
bands at 3299 (N–H stretching), 1712 (ester C]O), 1689 (urethane
C]O), 1638 (C]C) and 1549 (N–H bending), confirmed the pres-
ence of vinyl and urethane groups in the structure. The results of 1H
NMR and 13C NMR spectrum of PyMOI are described in experi-
mental section. The resonance signals at downfield regions
(d(ppm): 8.13–7.84) in the 1H NMR spectrum are ascribed to the
protons of pyrene group. The vinylic proton in 1H NMR spectrum
peaks appeared at 6.00 and 5.43 ppm. The area of integration for
the protons is in accordance with the assignment. In 13C NMR
spectrum, the signals of vinylic carbons at 125.81 and 135.75 ppm,
the signals of carbonyl group of urethane and ester group at
156.37 ppm and 167.09 ppm, respectively, and the signal of methyl
carbon of methacryloyl group at 18.07 ppm were observed. The
product, PyMOI was not observed the hydroxyl group of 1-pyr-
enemethanol in FT-IR and NMR spectra. These results clearly
confirm that the monomer PyMOI prepared herein is consistent
with the proposed structure. The results of the elemental analyses
are also in good agreement with the calculated ones.

3.2. Synthesis and characterization of macroinitiator
Br–PEG4600–Br and copolymers

In Scheme 2, the synthesis route of Br–PEG4600–Br, PMMA–
PEG4600–PMMA and Py–PMMA–PEG4600–PMMA–Py is outlined.

The macroinitiator was synthesized by coupling poly(ethylene
glycol) to 2-bromoisobutyryl bromide. Esterification of PEG4600
with 2-bromoisobutyryl bromide was carried out at 0 �C under dry
nitrogen atmosphere according to the literature [45,46]. The
structure of the macroinitiator was confirmed by FT-IR and NMR
spectroscopes. The FT-IR spectrum of Br–PEG4600–Br showed
absorption bands at 1740 (ester C]O stretching) and 1112 cm�1

(C–O–C stretching vibration), confirmed the presence of poly-
(ethylene glycol) and ester groups in the structure. The crystalline
phase of PEG revealed the characteristic absorptions at 949 and
843 cm�1 [47]. The intensities of two peaks are associated with PEG
segment and its crystallinity. The 1H NMR spectrum and assign-
ment of the signals for the macroinitiator Br–PEG4600–Br are
depicted in Fig. 1(a).

In 1H NMR spectrum, the hydroxyl group (–OH) disappears, and
the new signals at 4.25 (peak 2) and 1.87 (peak 3) ppm appear for
the Br–PEG4600–Br macroinitiator in CDCl3 after esterification. To
enable the hydroxyl groups to be completely substituted, the feed
molar ratio of 2-bromoisobutyryl bromide to PEG was five times.



Fig. 1. The 1H NMR spectrum (500 MHz) of (a) Br–PEG4600–Br, (b) PMMA–PEG4600–
PMMA, (c) Py–PMMA–PEG4600–PMMA–Py-1 in CDCl3 at room temperature.

Fig. 2. The GPC traces of pentablock copolymers and their precursors.
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From the 1H NMR spectra of PEG4600 and Br–PEG4600–Br, the
integral ratio of peaks 2 and 3 is 1:3. These evidences suggest that
the hydroxyl group is completely substituted and the macro-
initiator is a difunctional initiator. By the integral ratio of peaks 3
and 1 of 1H NMR in Fig. 1(a), absolute molecular weight of
Br–PEG4600–Br was calculated to be 5.20�103 g/mol with 111
repeat units of PEG segment (n¼ 111 determined by 1H NMR) in the
PEG macroinitiator were obtained.

The preparation of well-defined amphiphilic triblock copoly-
mers (PMMA–PEG4600–PMMA) via PEG-base initiator could be
allowed by ATRP. The CuBr/bipy catalyst system was used in the
Table 1
Yield, GPC and 1H NMR data of the CBABC-type pentablock copolymers and their precur

Sample code Yielda % Mn � 10�3b PDIc

HO–PEG4600–OH – 4.9 –
Br–PEG4600–Br 57.00 5.2 1.03
PMMA–PEG4600–PMMA 37.68 6.4 1.09
Py–PMMA–PEG4600–PMMA–Py-1 46.42 42.4 1.38
Py–PMMA–PEG4600–PMMA–Py-2 43.68 33.9 1.21
Py–PMMA–PEG4600–PMMA–Py-3 39.78 24.7 1.14
Py–PMMA–PEG4600–PMMA–Py-4 32.79 15.7 1.10

a Yield was determined gravimetrically.
b Determined by 1H NMR analysis.
c Determined by gel permeation chromatography (GPC).
d Weight fraction of PEG, PMMA and PyMOI in the block copolymer determined by 1H
polymerization of MMA by using Br–PEG4600–Br as an initiator.
The reaction was carried out in THF at 60 �C and the molar ratio of
MMA/Br–PEG4600–Br/CuBr/bipy was 10:1:1:2. The structure of
the triblock copolymer was confirmed by FT-IR and NMR spec-
troscopies. The FT-IR spectrum of triblock copolymer, PMMA–
PEG4600–PMMA, showed absorption bands at 1727 (ester C]O
stretching for PMMA) and 1103 cm�1 (C–O–C stretching vibration),
confirmed the presence of poly(ethylene glycol) and ester groups of
PMMA segment in the structure. The crystalline phase of PEG also
revealed the characteristic absorptions at 941 and 841 cm�1. The 1H
NMR spectrum of triblock copolymer is presented in Fig. 1(b). The
1H NMR spectrum of block copolymers which was obtained from
macroinitiator (Br–PEG4600–Br) and MMA via ATRP exhibited
signals at 3.60 ppm [–CH2C(CH3)COOCH3, peak 5 in Fig. 1(b)], 0.84–
1.2 ppm due to proton of –CH2C(CH3)COOCH3. This observation
confirmed the blocking of macroinitiator with MMA. From the
weight fraction of PMMA in triblock copolymer (fMMA) (Calculation
detail was described in the Supplementary materials, Eq. S1) and
Mn estimated by 1H NMR of Br–PEG4600–Br, the absolute molec-
ular weight of the corresponding PMMA–PEG4600–PMMA was
calculated to be 6.40�103 g/mol with 12 repeat units of MMA
segment (2p¼ 12, Scheme 2) in the triblock copolymer as shown in
Table 1.

The pentablock copolymers, Py–PMMA–PEG4600–PMMA–Py,
were subsequently prepared from PyMOI, PMMA–PEG4600–
PMMA (6.40�103 g/mol from 1H NMR) as initiator and CuBr/bipy
as catalyst via ATRP. The reaction was carried out in toluene at 85 �C
sors.

wt% PEOd wt% PMMAd wt% PyMOId Repeating unit
(n or 2p or 2q)

– – – n¼ 112
– – – n¼ 111
81 19 – 2p¼ 12
12.2 2.9 84.9 2q¼ 93
15.3 3.6 81.1 2q¼ 71
21.0 4.9 74.1 2q¼ 47
33.0 7.7 59.3 2q¼ 24

NMR spectroscopy, respectively.



Table 2
Thermal properties of the CBABC-type pentablock copolymers and their precursors.

Sample code Tg
a (�C) Tm

a (�C) DHm
a (J g�1) Xc

b (%) Xc
c (%) Td10

d (�C) Td1
d (�C) Td2

d (�C) Td3
d (�C)

In nitrogen In air

HO–PEG4600–OH –e 58.0 160.5 79.1 91.7 382 234 403 – –
Br–PEG4600–Br – 53.2 118.2 58.2 62.8 328 235 388 – –
PMMA–PEG4600–PMMA – 48.7 106.8 52.6 56.7 323 313 382 – –
Py–PMMA–PEG4600–PMMA–Py-1 18.2 – – – A 266 266 286 347 396
Py–PMMA–PEG4600–PMMA–Py-2 19.8 – – – A 265 264 286 347 397
Py–PMMA–PEG4600–PMMA–Py-3 21.8 – – – A 277 275 287 353 405
Py–PMMA–PEG4600–PMMA–Py-4 24.7 – – – A 274 275 292 351 395

a Tg, Tm and DHm were determined by DSC at a heating rate of 10 �C min�1.
b The crystallinity of the sample, Xc, is determined by the equation: Xc ¼ ðDHm=DH0

mÞ � 100, where DHm is the melting enthalpy of the sample from the second DSC heating
scans and DH0

m is the melting enthalpy of 100% crystalline PEG ðDH0
m ¼ 203 J g�1Þ. [Reference: Wuderlich, B., Macromolecular Physics, vol. 3, Academic Press, New York, N.Y.,

1980.].
c The crystallinity of the sample, Xc, is determined from wide-angle X-ray scattering (WAXS). ‘‘A’’ means amorphous.
d Td10 is the onset decomposition temperature, evaluated as 10% weight loss and was determined by TG at a heating rate of 10 �C min�1; Td1, Td2 and Td3 are the

temperatures at the inflection point of the first, second and third decomposition steps in nitrogen.
e Not detected.

Fig. 3. DSC thermograms of (a) pentablock copolymers (b) Py–PMMA–PEG4600–
PMMA–Py-3 and their precursors at 10 �C/min under steady flow of nitrogen.
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and the molar ratio of PyMOI/PMMA–PEG4600–PMMA/CuBr/bipy
was 50:1:1:2. Because PMMA–PEG4600–PMMA was easily soluble
in methanol, the resulting colorless polymer, Py–PMMA–
PEG4600–PMMA–Py, was precipitated from methanol, then dis-
solved in CH2Cl2 and reprecipitated from methanol multiple times
in order to remove impurity such as PMMA–PEG4600–PMMA. The
structure of the pentablock copolymers was confirmed by FT-IR and
NMR spectra. The FT-IR spectrum of Py–PMMA–PEG4600–PMMA–
Py exhibited absorptions at 3402 (N–H), 1721 (C]O) and 1134 cm�1

(C–O–C), confirmed the presence of PyMOI segment in the struc-
ture. The 1H NMR spectrum of pentablock copolymer is presented
in Fig. 1(c). The new signals at 7.2–8.2 and 5.2–5.9 ppm appear for
the pentablock copolymer in CDCl3 after ATRP of PyMOI. The new
resonance signal at 7.2–8.2 ppm was ascribed to the protons of
pyrene group and signal between 5.2 and 5.9 ppm was resulted
from secondary amine and methylene in the 1H NMR spectrum
[Fig. 1(c)]. This observation confirmed the blocking of PMMA–
PEG4600–PMMA with PyMOI. From the weight fraction of PyMOI
in pentablock copolymers (fPyMOI) (Calculation detail was described
in the Supplementary materials, Eq. S2) and Mn estimated by 1H
NMR of PMMA–PEG4600–PMMA, the absolute molecular weight
of the corresponding Py–PMMA–PEG4600–PMMA–Py was calcu-
lated to be 2.47�104 g/mol with 47 repeat units of PyMOI segment
(2q¼ 47, Scheme 2) in the pentablock copolymer.

Table 1 presents the molecular weight, compositions (PEG,
PMMA and PyMOI contents in weight) and the number of repeating
unit of all pentablock copolymers and their precursors synthesized
in this manuscript. The PyMOI block length of pentablock copoly-
mer ranges from a few thousand to more than 3�104 g/mol,
corresponding to 59.3–84.9 wt% in the copolymers. The Mn values
obtained by GPC of pentablock copolymer were not reliable and
lower than the values obtained by 1H NMR. For example, the Mn of
Py–PMMA–PEG4600–PMMA–Py-3 given by GPC is 11,600 g/mol,
while the theoretical molecular weight is 25,600 g/mol. Xu et al.
[17] and Sha et al. [18] also obtained the similar results. The GPC
traces of pentablock copolymers and their precursors are shown in
Fig. 2 and all of them are with unimodal peaks.

It can be seen that the GPC trace of the block copolymer shifts to
the higher molecular weight as increasing PyMOI content of pen-
tablock copolymers. Therefore, monomer PyMOI is proven to be
initiated by macroinitiator PMMA–PEG4600–PMMA successfully.
The polydispersity index of the copolymers which was listed in
Table 1 is a little higher than that of the macroinitiator. However, it
is still lower than the theoretical value of 1.5. That means polymer
chain end is still carrying out in controlled/‘‘living’’ free radical
polymerization [24].
3.3. Thermal property

The thermal properties of the pentablock copolymers were
evaluated by differential scanning calorimeter (DSC) and ther-
mogravimetric analyzer (TGA) and the results are presented in



Fig. 5. TGA curve of Py–PMMA–PEG4600–PMMA–Py-1 obtained by heating from
room temperature to 600 �C at 10 �C/min under steady flow of nitrogen.
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Table 2. The DSC thermograms of the pentablock copolymers and
their precursors are shown in Fig. 3(a) and (b).

Glass transition temperatures (Tgs) of pentablock copolymers
were found to be in the range of 18.2–24.7 �C in Fig. 3(a). The result
shows the Tg of pentablock copolymers increases as PyMOI
segment decreases. It is probable that introducing of flexible bridge
linkage (ether unit and aliphatic group) of PyMOI into the polymer
backbone tends to increase the free rotation of the polymer
molecule. In Fig. 3(b), it indicated that the melting temperature
(Tm) and the melting enthalpy (DHm) of triblock copolymer were
decreased slightly with incorporating PMMA segment, which
indicated that their non-isothermal crystallization rate decreased
with existing PMMA segments. The melting temperature of the
pentablock copolymers was not observed in DSC thermograms. It is
because that incorporation of the bulky pyrene substituent into
pentablock copolymers disturbs the regular packing of triblock
copolymer. The crystalline PEG shows two distinct and sharp Bragg
reflections at 2q values of 18.8� (the 120 reflection) and 23.1�

(combination of the PEO 112 and 032 reflections) [40,48], and the
crystallinity (Xc¼ 56.7–91.7%, Table 2) of pentablock copolymers
and their precursors obtained from wide-angle X-ray scattering
(WAXS) was consistent with the results of DSC. The X-ray dif-
fractograms of pentablock copolymers and their precursors were
shown in Fig. 4.

The temperatures at 10% weight loss (Td10), examined by TG
analysis, showed values ranging from 265 to 323 �C in nitrogen and
264 to 313 �C in air. It was observed that the Td10 will decrease
while incorporating the PyMOI into the triblock copolymer. It is
probable that introducing of flexible bridge linkage (ether unit and
aliphatic group) of PyMOI into the polymer backbone tends to
decrease the Td10 values. All of the block copolymers showed
higher Td10 in nitrogen than in air. In general, thermal degradation
under nitrogen of standard radically prepared PMMA proceeds in
three steps corresponding respectively to the head-to-head linkage
(around 165 �C), the chain-end initiation from the vinylidene ends
(around 270 �C), and the step referred to as random scission within
the polymer chain (around 360 �C) [49]. Thermal degradation of
the triblock copolymer occurred around 382 �C corresponding to
combination of the PEO segments and random scission within
PMMA chain. This result is a further indication of the absence of
Fig. 4. The wide-angle X-ray diffractograms of (A) HO–PEG4600–OH; (B) Br–
PEG4600–Br; (C) PMMA–PEG4600–PMMA; (D) Py–PMMA–PEG4600–PMMA–Py-1;
(E) Py–PMMA–PEG4600–PMMA–Py-2; (F) Py–PMMA–PEG4600–PMMA–Py-3 and
(G) Py–PMMA–PEG4600–PMMA–Py-4.
abnormal linkages in triblock copolymer, such as the head-to-head
linkages and vinylidene ends, therefore confirming the high
regioselectivity and the virtual absence of termination reactions. In
Fig. 5 thermal degradation of pentablock copolymers showed
a three-step degradation, with steps corresponding respectively to
the PyMOI segments [around 286 �C (Td1)], random scission within
the PMMA chain [around 350 �C (Td2)], and the step referred to as
PEO segment [around 400 �C (Td3)] [50,51]. It is clearly obvious that
the decomposition temperature of PyMOI segment was around
286 �C (Td1) in pentablock copolymer. The TGA spectrum of PyMOI
is shown in the Supplementary materials, Fig. S1. It was clearly to
observe that 10 wt% loss degradation temperature of PyMOI was at
293 �C. This result can support the decomposition temperature of
PyMOI segment was around 286 �C (Td1) in pentablock copolymer
and was also evidenced that the monomer PyMOI was incorpo-
rated into triblock copolymer successfully.

3.4. Optical property

The fluorescence emission spectra of the PyMOI [Fig. 6(A)] and
Py–PMMA–PEG4600–PMMA–Py [Fig. 6(B)–(E)] were recorded in
Fig. 6. Fluorescence spectra of (A) PyMOI; (B) Py–PMMA–PEG4600–PMMA–Py-1; (C)
Py–PMMA–PEG4600–PMMA–Py-2; (D) Py–PMMA–PEG4600–PMMA–Py-3 and (E)
Py–PMMA–PEG4600–PMMA–Py-4 in THF; polymer concentration: 1.85�10�4 mg/mL;
lex¼ 330 nm, T¼ 25 �C.



Fig. 7. SEM micrographs of (A) Py–PMMA–PEG4600–PMMA–Py-1 (0.1 mg/mL); (B) Py–
PMMA–PEG4600–PMMA–Py-2 (0.1 mg/mL); (C) Py–PMMA–PEG4600–PMMA–Py-3
(0.1 mg/mL); (D) Py–PMMA–PEG4600–PMMA–Py-4 (0.1 mg/mL); (E) Py–PMMA–
PEG4600–PMMA–Py-1 (1.0 mg/mL).
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THF at constant monomer or polymer concentration (1.85�10�4

mg/mL) and room temperature by excitation at 330 nm wavelength.
Fluorescence spectra of PyMOI exhibited strong monomer emission
occurring in the near-UV at ca. 375 and 394 nm due to locally isolated
excited pyrenes (pyrene ‘‘monomer’’ emission) and did not show
a board excimer emission at higher wavelengths. Fluorescence
spectra of Py–PMMA–PEG4600–PMMA–Py-1 exhibited stronger
excimer emission at ca. 480 nm. It was probable due to the chromo-
phores linked to distant units along the polymer backbone are
brought into close proximity within aggregates formed via interaction
of the hydrophobic chains [35,36,42,52,53]. In Fig. 6(B)–(E) it is clearly
obvious that there were the higher emission intensity at ca. 480 nm
when increasing composition of PyMOI in pentablock copolymers
(1.85�10�4 mg/mL). It is probable that the intensity of emission will
increase when increasing the chain length of PyMOI in pentablock
copolymers.
3.5. Morphology in SEM micrograph

It is interesting to find the individual aggregates of pentablock
copolymers (Py–PMMA–PEG4600–PMMA–Py-1 to Py–PMMA–
PEG4600–PMMA–Py-4) in SEM micrographs, as shown in Fig. 7.

The average diameters of pentablock copolymers [Py–PMMA–
PEG4600–PMMA–Py-1 [Fig. 7(A)], Py–PMMA–PEG4600–PMMA–
Py-2 [Fig. 7(B)], Py–PMMA–PEG4600–PMMA–Py-3 [Fig. 7(C)] and
Py–PMMA–PEG4600–PMMA–Py-4 [Fig. 7(D)]] in SEM micro-
graphs were calculated as ca. 210, 158, 131 and 110 nm, respectively.
It is clearly obvious that there were larger aggregates when
increasing composition of PyMOI in pentablock copolymers. It may
be due to intra-aggregate interactions occurred mainly in penta-
block copolymers as described in the published paper [41]. The
same trend has been observed in TEM micrographs of PLG-b-PEG
block copolymers [54]. In addition, clear morphology changes are
observed as a function of the concentration of the polymer solution
[Fig. 7(A) and (E)]. The spherical [Fig. 7(A), 0.1 mg/mL] morphology
changed into chainlike aggregate [Fig. 7(E), 1.0 mg/mL] because of
the different concentration of pentablock copolymers in THF. It may
be due to the inter-aggregate interactions occurred mainly in
pentablock copolymers [55–60].

4. Conclusions

New amphiphilic fluorescent CBABC-type pentablock copoly-
mers containing pyrene group reinitiated by PMMA–PEG4600–
PMMA macroinitiator were successfully synthesized by ATRP in
two steps. All of the pentablock copolymers synthesized in this
work have relatively narrow molecular weight distributions,
unimodal peaks in GPC traces and good compatibility. The crys-
tallinity of PEG segment was destroyed by incorporating PMMA and
PyMOI segments. Fluorescence spectra of Py–PMMA–PEG4600–
PMMA–Py exhibited stronger excimer emission at ca. 480 nm.
Increasing the composition of PyMOI in amphiphilic pentablock
copolymers obtained larger aggregate size. Furthermore, the
morphology became chainlike aggregates as the concentration of
pentablock copolymers up to 1.0 mg/mL.
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