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ABSTRACT: We report the bulk self-assembly of diblock copolymer poly(tert-butyl acrylate)-block-
poly(glycidyl methacrylate) (PtBA-b-PGMA) with the PGMA that bears many epoxy groups as a cross-
linkable segment and the PtBA as a hydrolyzable segment. The PtBA-b-PGMA block copolymers of a
different compositionwere synthesized by two-step atom transfer radical polymerization (ATRP). After bulk
self-assembly, the morphologies of microphase separation of the block copolymers were studied with small-
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). The results showed that with
decrease of volume ratio of the PGMA segments the PtBA-b-PGMA self-assembled into lamellae, cylinders,
and spheres with the dispersed PGMA domains. The epoxy groups in the PGMA domains were cross-linked
by exposing the microphase-separated films into an atmosphere of either ethylenediamine (EDA) or
propargylamine (PA). Then the bulk materials were dispersed into the good solvent of PtBA to generate
the polymeric nanoobjects of plates, fibers, and spheres, of which the cross-linked PGMAswere the cores and
the PtBAs were the coronas. After hydrolysis of the PtBA segments into the poly(acrylic acid)s (PAAs), the
cross-linked nanoobjects could be dispersed in basic water and showed reversible pH responsibility. The
pendant alkyne groups in the PA cross-linked nanoobjects were applied to anchor anthracenes by click
reaction with 9-(azidomethyl)anthracene (9-AMA).

Introduction

Block copolymers can self-assemble spontaneously into var-
ious ordered nanostructures in bulk. Depending on the para-
meters of the constituents, such as volume fractions and
interaction of different blocks, ordered lamellar, cylindrical,
and sphericalmorphologies are commonly found.1 These ordered
structures have a great potential application innanomaterials and
nanotechnologies related to patterning, loading, optics, catalysis,
etc.2,3 Therefore, the microphase separation of block copolymers
and functional nanomaterials thereof have attracted much inter-
est in recent years.4-11 Furthermore, by cross-linking the dis-
continuous domains of the preformed self-assemblies of the block
copolymers and dispersing them in a good solvent of the un-
cross-linked domains, a range of nanoobjects with controlled
shape and size are easily obtained. To prepare bulk self-assem-
blies with the cross-linkable domains, a series of block copoly-
mers with cross-linkable blocks, such as the copolymers with
poly(2-cinnamoyloxyethylmethacrylate) (PCEMA),polybutadiene
(PB), poly(3-(triethoxysilyl)propyl methacrylate) (PTEPM), and
polyisoprene segments, have been investigated intensively.12-23

Liu et al. have used the triblock copolymers of PCEMA to prepare
isolated nanotubes, where Fe2O3 or Pd nanoparticles were impreg-
nated inside the nanocavities.12-14M€uller et al. have applied thePB
block copolymers to prepare the core cross-linked Janus micelles,
disks, cylinders, and other nanoobjects.15-18 This group has
reported a series of microphase-separated block copolymers of
PTEPM whose microdomains can be cross-linked by gelating
reactionof triethoxysilyl groups, and thenorganic/inorganic hybrid
nanoobjects of different shape were prepared.19-23 Moreover, the
dispersed nanoobjects with poly(2-vinylpyridine) hairs had been

applied to load a large amount of Au nanoparticles.21,22 These
block copolymer self-assemblies can be cross-linked with appro-
priate methods, and the shaped polymeric nanoobjects may be
generated easily. In order to explore their application, it is necessary
to introduce functional groups either into the cross-linked cores or
the corona of these copolymeric nanoobjects.

Glycidylmethacrylate is a functionalmonomerwith both vinyl
group and epoxy group in its molecular structure and can be
polymerized by both radical polymerization and ring-opening
polymerization.24,25 The radical polymerized poly(glycidyl
methacrylate) (PGMA) bears pendant epoxy groups that are
readily to be cross-linked with a variety of amines. At the same
time, the amines to react with epoxy can bear various functional
groups; therefore, they not only can act as cross-linking agents
but also may endow the cross-linked domains with variety of
functionalities. Although cross-linking of PGMA copolymers in
solution have been studied,26,27 the bulk self-assembly of PGMA
block copolymers has not been reported yet.

As our continuous effort to fabricate the shaped polymeric
nanoobjects using functional block copolymers,19-23 herein we
report the reactive self-assemblies prepared fromPtBA-b-PGMA
with PGMA as a cross-linkable segment in bulk. The PtBA as
another segment of block copolymers was selected because it can
be hydrolyzed into the PAA segments to show pH responsibility
and other functions. Although the PAA block copolymers have
been studied intensively,12-14,28-30 water-dispersible block copo-
lymer nanoobjects stabilized with the tethered PAA hairs in
different morphologies were seldom reported.16 The PtBA-b-
PGMA was synthesized with a two-step ATRP procedure. As
shown in Scheme 1, the block copolymers of different composi-
tion self-assembled into lamellae, cylinders, and spheres in bulk.
After cross-linking of PGMA domains under an atmosphere of
amines, thematerials with ordered nanostructures were dispersed*Corresponding author. E-mail: ymchen@iccas.ac.cn.
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in solvents to form well-defined nanoobjects of different mor-
phologies. Furthermore, the PtBA segments were hydrolyzed
into the PAAs, and the dispersed nanoobjects were extracted into
water to give water-dispersible nanoobjects with pH responsi-
bility. The water-dispersed nanoobjects have potential applica-
tions owing to that the PAAs can be applied to load nano-
particles12-14 or induce macroscopically ordered polymer/
CaCO3 hybrids.31 Another interesting thing is that, besides
inducing cross-links in the PGMA domains, additive primary
amines bearing functional groups can endow the nanoobjects
withmore functionalities.Hereinwhenpropargylamine (PA)was
used to cross-link the PGMA domains, the alkyne groups were
introduced into the nanoobjects at the same time, and they
were applied to conduct click chemistry of cycloaddition with
the azide groups.32,33 Also, the azide groups could be introduced
into the partial cross-linked nanoobjects by reaction between the
remained epoxy groups and NaN3.

Experimental Section

Materials. Glycidyl methacrylate (GMA, Aldrich) and tert-
butyl acrylate (tBA, Alfa Aesar) were purified by vacuum
distillation prior to use. 9-(Azidomethyl)anthracene (9-AMA)
was synthesized and purified according to literature.34 Ethyl 2-bro-
moisobutyrate (EBiB) (Aldrich), N,N,N0,N0 0,N0 0-pentamethyl-
diethylenetriamine (PMDETA) (Aldrich), PA (Bainaite), EDA,
CF3COOH (TFA), and other chemicals were used as received.

Homopolymerization of tBA. A typical procedure to prepare
the bromine end-functionalized PtBA is as follows. EBiB (39
mg, 0.2 mmol), PMDETA (42 μL, 0.2 mmol), tBA (5.12 g, 40
mmol), and acetone (1.5mL)were added into a 20mL flask. The
mixture was degassed by three freeze-evacuate-thaw cycles,
and then the CuBr (28.8mg, 0.2 mmol) was added into the flask.
The flask was sealed under vacuum after evacuated and back-
filled with nitrogen twice. The polymerization was carried out in
an oil bath at 60 �C for 6 h. The resulted crude product was
passed through a column filled with neutral alumina and
purified by precipitating into a large amount of methanol and
water mixture (1:1 volume ratio) three times. The molar mass,
Mn = 11 000, was evaluated by monomer conversion, and the
polydispersity index, PDI = 1.08, was determined by size
exclusive chromatography (SEC) with standard PS calibration.

Diblock Copolymerization. The bromine end-functionalized
PtBAwasappliedas themacroinitiator to synthesizePtBA-b-PGMA

with halogen exchange since the GMA polymerization can be well
mediated with CuCl/PMDETA as catalyst.24,35 PtBA-Br (330mg,
0.03 mmol), PMDETA (6.3 μL, 0.03 mmol), GMA (0.43 g,
3 mmol), and acetone (1 mL) were added into a 10 mL flask.
The CuCl (3 mg, 0.03 mmol) was added into the flask after
degassed by three freeze-evacuate-thaw cycles. Then the flask
was sealed, evacuated, and backfilled with nitrogen twice, and the
polymerization was carried out under nitrogen in an oil bath at
50 �C. The product was purified by precipitating into a large
amount ofmethanol andwatermixture (2:1 volume ratio), and the
block ratio of the copolymers was determined by the 1H NMR
spectra with CDCl3 as solvent.

Bulk Self-Assembly of PtBA-b-PGMA Block Copolymers.

The solution of PtBA-b-PGMA diblock copolymer (50 mg/mL)
in CH2Cl2 (DCM) was spread onto a clean Teflon plate, and the
solvent was allowed to evaporate slowly in aDCMatmosphere in a
vacuum desiccator. The resulting bulk films (ca. 0.5 mm in
thickness) were thendried for 12hunder vacuumat 40 �C.Thermal
annealing was conducted at 80 �C for 24 h under argon to give the
materials with microphase separation due to the Tg of PGMA is
74 �C36 and the Tg of PtBA is around 40 �C.37

Cross-Linking of PGMA Domains and Preparation of Na-
noobjects. An atmosphere of the amines was generated by
dropping EDAor PA in a closed container. The PtBA-b-PGMA
bulk materials were exposed to the atmospheres of amines at
room temperature for a period of time, and the unreacted
amines were removed under vacuum. After cross-linking, the
samples were immersed into DCM with 1 mg/mL and stirred
vigorously. The TEM investigations were performed after the
samples were dispersed into homogeneous dispersions. The
hydrolysis of the PtBA segments of nanoobjects was carried
out in DCM dispersions for 24 h with an excess of TFA as
catalyst; then the nanoobjects were extracted with 1 M of KOH
aqueous solution. TheTEM investigationswere performed after
the dispersions were dialyzed against water until pH = 7.

Click Reactions on PA Cross-Linked Nanofibers. 10 mg of the
PA cross-linked PtBA86-b-PGMA40 fibers was dispersed in
5 mL of DMF, and then 7.0 mg (0.03 mmol) of 9-AMA and
6.4 μL (0.03mmol) of PMDETAwere added into the dispersion.
4.3 mg of CuBr (0.03 mmol) was added in solid state after the
dispersion was degassed by three freeze-pump-thaw cycles.
After reacted for 24 h under nitrogen at 60 �C, the nanoobjects
were precipitated and dried under vacuum. To remove the un-
reacted 9-AMA completely, the nanoobjects were hydrolyzed by
CF3COOH and extracted into 1 M KOH aqueous solution after

Scheme 1. Preparation of Functional Nanoobjects with Different Morphologies by the Procedure of Microphase-Separated PtBA-b-PGMA Block
Copolymers, Cross-Linking PGMA Domains, and Dispersing in Solvent of PtBAa

aThe PtBA domains in cylindrical and spherical phases were not shown.
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washed three times with DCM. The UV characterization was
performed after the water dispersion was dialyzed until pH= 7.

Postmodification of EDA Cross-Linked Nanoplates. The re-
mained epoxy groups of the EDA cross-linked nanoplates were
further modified in DMF dispersion as follows. 40 mg of the
EDA cross-linked PtBA100-b-PGMA95 nanoplates (its charac-
teristic and characterization are given in the Supporting
Information) was dispersed in 5 mL of DMF, and then 100 mg
of NaN3 and 125 mg of NH4Cl were dissolved in the mixture and
stirred overnight. After being purified and dried in vacuum, the
nanoplateswere dispersed inDCMand then castedonaKBrplate
for Fourier-transform infrared (FT-IR) characterization.

Characterizations. SECwas performed on aWaters 515HPLC
pumpequippedwith a set ofWaters Styragel columns andaWaters
2414 refractive indexdetector.THFwasusedas eluent at a flowrate
of 1.0mL/minwith PS calibration. 1HNMRspectrawere recorded
on a Bruker AV400 spectrometer with CDCl3 as solvent at room
temperature. FT-IR spectra were recorded on Thermo Nicolet
Avatar-330 spectrometer, and the sampleswerepreparedby solvent
casting on a KBr plate. UV spectra were recorded on a TU-1901
spectrometer in water dispersions. Transmission electron micro-
scopy (TEM) images were obtained on aHitachiH-800 instrument
operated at an accelerating voltage of 100 kV, and the images were
recorded by a digital camera. Bulk samples were embedded in
epoxy resin and cured at room temperature overnight. Thin slices
(50-100 nm) were obtained using an ultramicrotome with a
diamond knife at room temperature. The microtomed slices were
stained by RuO4 vapor for 2 h before observation. Dispersed
samples were dropped onto carbon-coated grids for TEMobserva-
tion. SAXS experiments were performed on an incorporate SAXS
system; the wavelength of the incident X-ray beam from Cu KR
radiation is λ= 0.154 nm.

Results and Discussion

Synthesis and Characterization of PtBA-b-PGMADiblock
Copolymers. PtBA-b-PGMA diblock copolymers were
synthesized by a two-step ATRP procedure (Scheme 2), in
which the first PtBAblockwas polymerized with EBiB as the
initiator and CuBr/PMDETA as the catalyst at 60 �C, and
the degree of polymerization (DP) was evaluated by mono-
mer conversion. Since the halogen exchange between the
bromide end of the PtBA and the catalyst was necessary to
give a high efficiency of the chain extension from the PtBA to
the PGMA, CuCl/PMDETA was applied in the second step
of ATRP of GMA and the SEC traces showed that the PtBA
initiated the PGMA successfully. Three diblock copolymers
with different block composition were synthesized, and their
characteristics are listed in Table 1. Their SEC traces were
collected in Figure S1 (in Supporting Information). As
an example, the 1H NMR spectrum of PtBA86-b-PGMA40

block copolymer with 34.1% weight fraction of PGMA is
shown in Figure S2 (in Supporting Information). The block
ratio was calculated by comparing the peak areas of the
protons derived from two blocks, for example, the peak b (H
in the epoxy ring) in PGMA block and the peak d (H
adjacent to carbonyl group) in PtBA block.

Bulk Self-Assembly of PtBA-b-PGMADiblockCopolymers.
The microphase-separated structures of three diblock co-
polymers with different compositions, PtBA86-b-PGMA82,
PtBA86-b-PGMA40, and PtBA127-b-PGMA53, were studied
by SAXS, and the results are shown in Figure 1. For the
diblock copolymer PtBA86-b-PGMA82, whose molecular
weight fraction of PGMA block was 52.1%, a highly ordered
lamellar morphology was obtained. As shown in Figure 1A,
the SAXS curve gave several peaks with a pattern of 1:2:3:5,
consistent with a lamellar morphology. From the primary
peak position value at low q, the average d-spacing was
calculated to be 31.7 nm. Figure 1B showed the SAXS curve
of the self-assembly prepared from PtBA86-b-PGMA40 with
PGMAweight fraction of 34.1%, and an ordered hexagonally
packed cylindrical morphology was obtained. The SAXS curve
illustrated a series of peaks with peak position of 1:

√
3:
√
4:
√
7,

consistent with a hexagonally packed cylindrical morphology.
From the primary peak position value at low q, the average
d-spacing was calculated to be 26.6 nm. As for the diblock
copolymer of PtBA127-b-PGMA53 with 31.6% PGMA, the
microphase separation produced a liquidlike packing of the
spheres with a d-spacing of 31.4 nm, as shown in Figure 1C.

The PtBA-b-PGMA bulk materials contained the epoxy-
rich domains as a dispersed phase, which can be cross-linked
easily with a variety of amines, either diamine or mono-
amine. The films with an ordered nanostructure were ex-
posed to the atmosphere of EDA and PA. Since the amines
can react with ester bonds as well, the cross-linking reaction
time using EDA was limited in 2 h while the reaction time of
PA was 4 h. The morphologies of the cross-linked materials
were investigated with TEM, and the TEM images of micro-
tomed slices with PA cross-linking are shown in Figure 2.
The samples were stained with RuO4 vapor; therefore, the
dark areas in the TEM images were corresponded to the

Scheme 2. Synthesis of PtBA and Its Block Copolymer of PGMA by
Two-Step ATRP

Table 1. Characteristics of PtBA-b-PGMA Block Copolymers and
Microphase Separation

sample Mn � 10-4

wt %

PGMAa PDIb morphology

d-spacingc

(nm)

PtBA86-b-PGMA82 2.26 52.1 1.20 lamella 31.7

PtBA86-b-PGMA40 1.67 34.1 1.15 cylinder 26.6

PtBA127-b-PGMA53 2.38 31.6 1.11 sphere 31.4
aCalculated according to 1H NMR. bDetermined by GPC with PS

standard. cDetermined by SAXS.

Figure 1. SAXScurvesofbulk self-assemblies prepared from (A) PtBA86-
b-PGMA82, (B) PtBA86-b-PGMA40, and (C) PtBA127-b-PGMA53.
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cross-linked PGMA domains. Figure 2A was the TEM
photograph of the PA cross-linked PtBA86-b-PGMA82, in
which an ordered array of alternating PtBA and PGMA
lamellae was observed. The average d-spacing measured
from the TEM photograph was 30-31 nm, which was
similar to the value obtained from the SAXS curve before
cross-linking. Demonstrated in Figure 2B was the corre-
sponding TEM photograph of the cross-linked structure of
PtBA86-b-PGMA40, in which the arrays of PGMA cylinders
perpendicular to the sight were displayed. As revealed in
Figure 2C, the TEM image of PtBA127-b-PGMA53 micro-
tomed slice displayed a liquidlike packing of cross-linked
PGMA spheres as dark particles dispersed in the PtBA
matrix. The above observation of the cross-linked micro-
phase-separated block copolymers of PtBA-b-PGMA
matched the results of SAXS from the un-cross-linked pre-
cursors, demonstrating that the cross-linking process would
not destroy the structures of self-assembly of the block
copolymers.

Dispersion of Cross-Linked Nanoobjects in Solvent. It is
known that the PtBAs can be dissolved in variety of organic
solvents, and DCM was selected in this section. To prepare

dispersed nanoobjects, the cross-linked self-assemblies were
immersed inDCMwith vigorous stirring. After stirred for 24
h, the bulk materials disappeared and homogeneous disper-
sions were obtained. As for appearance of the dispersions,
the sample of PtBA86-b-PGMA82 looked translucent, indi-
cating the large size of dispersion. As for the sample of
PtBA86-b-PGMA40, the dispersion became transparent,
and a blue tint implied the dispersion with small and uniform
size.When the sample of PtBA127-b-PGMA53 was dispersed,
the dispersion became completely clear. The TEM results
shown in partsA, B, andCofFigure 3 gave themorphologies
of the dispersed nanoobjects with EDA cross-linking pre-
pared from PtBA86-b-PGMA82, PtBA86-b-PGMA40, and
PtBA127-b-PGMA53, respectively, and the nanoplates, na-
nofibers, and nanospheres were well-displayed. As the DCM
was a good solvent for both PtBA and PGMA blocks, the
dispersed nanoobjects indicated that the PGMA domains
were cross-linked successfully. As for the PA cross-linked
nanoobjects, there were no obvious differences in appear-
ance with the EDA cross-linked ones. This meant that the
PA, a monoamine, can also cross-link the PGMA domains.
The PA cross-linked nanoobjects prepared from three block
copolymers are shown in parts D, E, and F of Figure 3,
respectively. As a whole, dispersing the cross-linked lamellar
materials of PtBA86-b-PGMA82, isolated nanoplates with
uniform thickness were obtained by using different amine
cross-linkers (Figure 3A,D). Similarly, well-defined nanofi-
bers with a diameter of ca. 27 nmwere obtained by dispersing
the PtBA86-b-PGMA40 (Figure 3B,E), which were inherited
from their bulk structures, and the diameters of the fibers
were consistent with the d-spacing calculated from SAXS.
The length of the nanofibers reached several micrometers,
and the fibers looked semiflexible. Also, nanospheres
(Figure 3C,F) were obtained by dispersing PtBA127-b-
PGMA53 with a diameter of ca. 35 nm, comparable with
the d-spacing calculated from SAXS data before cross-link-
ing. These dispersible plates, fibers, and spheres were core-
shell structures with the PtBA hairs grafted from the cross-
linked PGMAcores. Thus, well-defined nanoobjects bearing
PtBAhairs have been obtained by dispersing the cross-linked
self-assemblies in the solvents of the PtBA segments (the
methanol dispersed nanoobjects are shown in Figure S3 of
the Supporting Information). It is of noteworthy that the PA
cross-linked nanoobjects had pendant alkyne groups on the
cores, which can be applied to anchor functional groups onto
the nanoobjects with click reaction32,33 as shown in the latter
section.

Figure 2. TEM images of microtomed slices of PA cross-linked
bulk materials of (A) PtBA86-b-PGMA82, (B) PtBA86-b-PGMA40,
and (C) PtBA127-b-PGMA53. The slices were stained by RuO4.

Figure 3. TEM images of the dispersed nanoobjects in DCM with EDA and PA cross-linking. Images A, B, and C were the EDA cross-linked
PtBA86-b-PGMA82, PtBA86-b-PGMA40, and PtBA127-b-PGMA53, respectively; images D, E, and F were PA cross-linked ones.
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The cross-linking process was traced with FT-IR, and the
spectra of PtBA127-b-PGMA53 self-assembly at different
stages are shown in Figure 4. The absorbance at 907 cm-1

in Figure 4A showed the existence of epoxy groups in the
PtBA-b-PGMA self-assembly. The IR spectrum of the EDA
cross-linked sample is shown in Figure 4B. Although the
morphology was fixed within 2 h of cross-linking reaction, a
large amount of epoxy group still existed in the self-assembly
(residual absorbance at 907 cm-1). However, the cross-
linking reaction was almost completed after the sample was
exposed to the PA atmosphere for 4 h (disappearance of 907
cm-1 in IR spectrum shown in Figure 4C). It was important
that the ester bonds were well-preserved during the cross-
linking process (absorbance of CdO at 1730 cm-1). The
higher cross-linking extent of PA than that of DEA was
mainly due to the different boiling point of cross-linkers (the
boiling points of PA and EDA are 84 and 116 �C, re-
spectively) and longer cross-linking time. The remaining
epoxys in the DEA cross-linked nanoobjects are very inter-
esting since they could still be applied to introduce different
functionalities into these nanoobjects.

To check the remained epoxy, the EDA cross-linked nano-
plates fromPtBA100-b-PGMA95were treatedbyNaN3 inDMF
since azide ions react with epoxy quantitatively,33 as shown in
Scheme S1 (in Supporting Information). After purified and
dried under vacuum, the FT-IR analysis was performed. Com-
pared with the IR spectrum of the EDA cross-linked nano-
plates, the characteristic absorbance of epoxy groups at 907
cm-1disappearedcompletely, and thecharacteristic absorbance
of azide groups appeared at 2100 cm-1,33 as shown inFigure S4
(in the Supporting Information). This result indicated that the
azide groups had introduced into the cross-linked PGMAcores
by postmodification of the epoxy groups, implying further
modification possibility byCu(I)-mediated 1,3-dipolar cycload-
dition reactions occurred between alkyne and azide.32,33

Hydrolysis of PtBAs and pH Responsibility of PAA Hairs.
Since the PtBA hairs were densely tethered from the surfaces
of the nanoobjects andwere readily to be hydrolyzed into the
PAA hairs, the hydrolysis of the nanoobjects cross-linked by
PAwas explored. Cleavage of the tert-butyl (tBu) groupswas
achieved by treatment of the nanoobjects of three shapes in
DCM catalyzed by TFA due to the TFA can remove tBu
groups while other ester bonds were well-preserved.38,39

After 24 h of hydrolysis, the hydrolyzed nanoobjects were
extracted with an aqueous solution of KOH, and the water
dispersions were dialyzed against water until the pH = 7.
The hydrolyzed nanospheres with the PAA hairs were also
characterized with FT-IR. As shown in Figure 4C of the
spectrum from the sample before treatment with TFA,
-CH3 bending at 1394 and 1368 cm-1 represented the tBu
groups of PtBA, and theCdO (ester) stretching at 1730 cm-1

ascribed to that of PtBA and PGMA. After hydrolyzed for
24 h, the characteristic peaks from tBu groups at 1394 and
1368 cm-1 disappeared completely, as shown in Figure 4D.
The sharp absorbance of carbonyl groups at 1730 cm-1

corresponding to the ester bonds was broadened, and the
peak shifted to 1640 cm-1 due to the formation of carboxylic
ions. This result demonstrated that the tBu groups were
removed completely by TFA in 24 h. As shown in Figure 5,
the water-dispersed nanoobjects hydrolyzed from the PA
cross-linked nanoobjects of PtBA86-b-PGMA82, PtBA86-b-
PGMA40, and PtBA127-b-PGMA53 remained as nanoplates
(Figure 5A), nanofibers (Figure 5B), and nanospheres
(Figure 5C), which indicated that the hydrolysis did not
destroy the structures of the nanoobjects. However, it was
observed that the diameter of nanofibers decreased from 27
to about 23 nm, while the diameter of nanospheres decreased
from 35 to 32 nm. The shrinkage of the diameters was due to
the hydrolysis of PtBA hairs into PAAs.

To examine the pH responsibility of the PAA hairs coated
nanoobjects, the pHvalueof thewater dispersionswas changed
first from pH= 7 to pH= 3 and then to pH= 10. As shown
by theoptical photographsof thewater-dispersednanoplates in
Figure 6A, the as-obtained nanoplates in water dispersion
looked translucent. When pH of the dispersion was changed
to pH = 3, the nanoplates precipitated to the bottom of the
bottle and the upper water became clear (Figure 6B). After the
pH was increased to 10, the nanoplates were dispersed again,
and thedispersion showednodifferencewith that of pH=7, as
shown in Figure 6C. Similar results were obtained for the
nanofibers and nanospheres (Figures S5 and S6 in the Support-
ing Information).Moreover theTEM images of the nanoplates
after the pH cycle looked no difference with that before the pH
cycle (Figure S7 in the Supporting Information). Therefore,
the isolated cross-linked nanoobjects densely tethered with
PAAs with not only controlled shapes but also pH-responsive
characteristics have been obtained by hydrolysis of the

Figure 4. FT-IR spectra of PtBA127-b-PGMA53 self-assembly at dif-
ferent stage: (A) before cross-linking; (B) after 2 h EDA cross-linking;
(C) after 4 h PA cross-linking; (D) PA cross-linked nanospheres after
hydrolysis. Peaks are identified as follows: (a) epoxy stretching
(907 cm-1) in PGMA; (b) -CH3 bending (1394, 1368 cm-1) in tBu
group; (c) CdO stretching (1730 cm-1) in ester group.

Figure 5. TEM images of water-dispersed nanoobjects hydrolyzed
from PA cross-linked (A) PtBA86-b-PGMA82, (B) PtBA86-b-PGMA40,
and (C) PtBA127-b-PGMA53.



Article Macromolecules, Vol. 43, No. 19, 2010 8099

self-assembled PtBA-b-PGMA diblock copolymers cross-
linked by amines.

Click Reaction on PACross-LinkedNanofibers.The nano-
objects fixed by PA are very interesting since the alkyne
groups have been introduced into the cross-linked cores of
these particles simultaneously. Here we have studied post-
modification of the PA cross-linked nanofibers by Cu(I)-
mediated 1,3-dipolar cycloaddition reaction between the
pendant alkyne groups and 9-AMA as a model reaction as
shown in Scheme 3. The reactionwas carried out between the

cross-linked nanofibers of PtBA86-b-PGMA40 in DMF dis-
persion and 9-AMA catalyzed by CuBr/PMDETA. By
further removal of tBA groups, the nanofibers were ex-
tracted into water after washed with DCM thoroughly to
remove the unreacted 9-AMA. The UV experiments were
performed after the dispersion was dialyzed against water.
As shown in Figure 7A, the UV absorption spectrum of the
nanofibers without click reaction showed no characteristic
absorbance with some scattering in low wavelength region.
However, the spectrum of the nanofibers after click reaction
(Figure 7B) displayed a characteristic absorbance of anthra-
cene units between λ = 330-400 nm.40 This result demon-
strated that 9-AMA had been anchored to the nanoobjects
by the click reaction, indicating flexible postmodifiable
strategy for the present block copolymer nanoobjects of
PGMA.

Conclusions

A new class of cross-linkable diblock copolymer PtBA-b-
PGMA was synthesized by ATRP, and the microphase separa-
tion of a series of the block copolymers was studied. Since the
PGMA segments have been concentrated into the isolated
microdomains of different structure, the PGMA domains were
facilely cross-linked by exposing the phase-separatedmaterials in
an environment of amines. Therefore, this report provided a
novel useful platform for fabricating polymeric nanoobjects of
functional block copolymers using epoxy chemistry. Its charac-
teristics included (1) the cross-linking chemistry of block copo-
lymer microdomains using epoxy is mild and easy to conduct, (2)
functional amines may not only induce the cross-linking but
also introduce the functionalities simultaneously, and (3) by
mediating the cross-linking ratio, the reaction ratio of epoxy
can be changed and the remained epoxy can be used for further
introducing other species.
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