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’ INTRODUCTION

Block copolymers have been utilized to fabricate nanomater-
ials via a “bottom-up” process in which a finite number of
elementary building-blocks (macromolecular chains) self-assem-
ble hierarchically.1,2 Covalent linkage between two or more
incompatible polymer chains limits their phase separation to
length scales that are predefined by the chain dimensions.3 Thus,
each block resides in its own phase while remaining covalently
attached to the other; the coexistence of short-range attractive
and long-range repulsive forces in such a configuration leads to
the formation of ordered domains.4

In the rapidly expanding field of macromolecular self-assem-
bly, it is now possible to design next-generation copolymer-based
nanostructured thin films that simultaneously feature long-range
order, stimulus-responsiveness and spontaneously form
versatile supramolecular structures.5,6 In this context, the
poly[2-(methacryloyloxy)ethyl phosphorylcholine]-block-poly-
[2-(diisopropylamino)ethyl methacrylate] (PMPC-b-PDPA)
copolymer is a very attractive functional building block. PMPC
is a highly hydrophilic, biomimetic polymer that finds widespread
biomedical and cosmetic applications due to its excellent bio-
compatibility and nonfouling properties.7-9 Meanwhile, PDPA
is a pH-responsive polymer due to its pendent tertiary amine
groups, which can act as hydrogen-bonding sites in the formation
of supramolecular structures.10 As a weak polybase, it can form
(poly)electrolyte complexes with antagonist weak acids.11 These

characteristics suggest that PDPA—and structurally related
poly[2-(dialkylamino)ethyl methacrylates] in general—can be
used to prepare stable vesicles and micelles for the encapsulation
of hydrophobic or hydrophilic molecules,12-16 with high loading
capacities being achieved via specific acid/base interactions.17

Hybrid organic-inorganic nanostructured materials in which
metallic nanoparticles are distributed selectively within the
PDPA microdomains have also been prepared.18

From the perspective of thin film formation, PMPC-b-PDPA
copolymers are of broad potential interest in the field of
functional (bio)nanomaterials engineering. We anticipated that
this system would exhibit a more complex phase diagram
compared to classical systems because of the additional function-
ality of each block (i.e., the zwitterionic nature of PMPC, and the
pH-sensitivity, hydrogen-bonding capability, and acid-base
interactions that are characteristic of PDPA), which can exert a
subtle influence over the balance of driving forces during the
segregation process.19

In this study, well-defined nanostructured thin films are
prepared for the first time from a PMPC-b-PDPA diblock
copolymer simply by solvent casting. These copolymer films
undergo order-order morphology transitions upon solvent and
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ABSTRACT: The morphology of an AB diblock copolymer
comprising a highly biocompatible poly[2-(methacryloyloxy)-
ethyl phosphorylcholine] block and a pH-sensitive poly-
[2-(diisopropylamino)ethyl methacrylate] block (PMPC30-b-
PDPA60) was analyzed using SAXS and (S)TEM. PMPC30-b-
PDPA60 films cast from ethanol solution at room temperature
exhibit a thermodynamically quasi-stable cylindrical morphology,
which undergoes an order-order transition upon thermal anneal-
ing at 170 �C: the resulting lamellar structure coexists with aminor
proportion of cylinders organized into a hexagonal compact phase. In contrast, copolymer films cast from methanol do not undergo the
samemorphological transition. Instead, short-range liquid-like structures are obtained regardless of the annealing processes. Finally, direct
self-assembly to form a lamellar morphology at room temperature can be achieved by solvent-casting from aqueous solution at pH 4.
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thermal annealing, as corroborated by scanning and transmission
electron microscopy ((S)TEM) and small-angle X-ray scattering
(SAXS) techniques.

’EXPERIMENTAL METHODS

Materials and Sample Preparation. The PMPC30-b-PDPA60

(here and throughout the text subscripts refer to the mean degrees of
polymerization of each block) diblock copolymer (Mn = 21 000 g/mol,
Mw/Mn = 1.27; DPA volume fraction = 0.57) was synthesized via
sequential monomer addition using ATRP as previously described by
Ma et al.20

Preparation of Self-Assembled Diblock Copolymer Thin
Films. The PMPC30-b-PDPA60 diblock copolymer films were cast from
10% (w/v) ethanol, methanol, or dilute acidic solution (pH 4), which
were initially stirred for 24 h followed by slow solvent evaporation at
ambient temperature. After complete removal of the solvent, the
samples were annealed under vacuum for 24 h at temperatures ranging
from 25 to 170 �C.
Scanning and Transmission Electron Microscopy ((S)TEM).

For TEM imaging, part of the annealed film were embedded in epoxy
resin, which was then cured for 72 h at 60 �C. Thin sections of 70 nm
nominal thickness were obtained using a UC6 Leica ultramicrotome and a
Diatome diamond knife at room temperature. Sections were collected on
carbon-coated copper grid. Electron microscopy observations were con-
ducted with a CM200 Philips transmission electron microscope at an
accelerating voltage of 80 kV and with a Zeiss ultra 55 FEG-scanning
electron microscope operating at an accelerating voltage of 10 kV using a
STEM detector.
Small-Angle X-ray Scattering (SAXS). SAXS measurements

were performed at the beamline BM02, European Synchrotron Radia-
tion Facility (ESRF, Grenoble, France)21 and also at the D11A-SAXS
beamline of the Brazilian Synchrotron Light Laboratory (LNLS, Cam-
pinas, SP, Brazil). At the BM02 beamline, copolymer films were placed
in cylindrical capillaries of 1.5 mm internal diameter, the measurements
were carried out at an incident energy of 16 keV and scattered intensities
were recorded at distance of 1.60 m using a two-dimensional CCD
detector with an active area of 44 cm2 (Ropper Scientific). At the D11A
beamline, measurements were carried out at 8.6 keV and scattered
intensities were recorded using a two-dimensional CCD Mar detector
with an active area of 16 cm2 (Rayonix) at distance of 1.60m. Depending
on the beamline used the azimuthal integration was done using the
FIT2D software developed by Hammersley22 or with the Bm2img
software developed on BM02, see reference23 for more details. The
2D pictures were corrected for dark current, distortions of the detector
and normalized to the transmission and beam’s intensity.

’RESULTS AND DISCUSSION

The PMPC30-b-PDPA60 block copolymer system (21 kg/mol,
Mw/Mn = 1.27) used in this study is presented on the Scheme 1.
The relative volume fractions, f, of the two individual blocks were
estimated to be 0.43 and 0.57 for PMPC (d = 1.30 g 3 cm

-3)24

and PDPA (d = 1.33 g 3 cm
-3),25 respectively.

High and low magnification TEM images for PMPC30-b-
PDPA60 thin films, annealed at 170 �C for 1 day, are presented
in Figure 1. The thermal annealing process removes the residual
ethanol solvent and minimizes possible surface-induced none-
quilibrium effects, thus increasing the probability of reaching
morphologies in thermodynamic equilibrium. It is noteworthy
that the TEM images were acquired without using any staining
agents. Consequently, the PMPC-b-PDPA intrinsic electron
density contrast due to the phosphorus atoms in the PMPC
chains yields to PMPC domains darker than PDPA ones. The

micrograph in Figure 1a exhibits an exceptional region (more
than 4.5 � 4.0 μm2) where a defect-free alternation of PMPC-
rich and PDPA-rich nanodomains is observed. The high degree
of organization and long-range order which are normally con-
sidered essential for most thin film applications1 are clearly
evident in this sample. Figure 1b shows a TEM image which is
a high magnification of the strip pattern observed in Figure 1a.
The long-range average in-plane periodicity is confirmed by Fast
Fourier Transformation (FFT) analysis associated with the
image (see inset) on which two main Bragg peaks and higher-
order reflections are clearly evident. From this FFT, a domain
spacing d of 33.9 nm was extracted. This interdomain spacing
roughly corresponds to a highly stretch configuration of chains.

The block copolymer films produced during this study were
also investigated using the scanning transmission electron micro-
scopy (STEM) technique. As opposed to TEMmicrographs, the
STEM image presented in Figure 2 reveals the coexistence of two
distinct phases for the same annealing conditions (1 day at
170 �C). The presence of a minor phase exhibiting a hexagonal
symmetry in the film (see inset) induces undulations of the
PMPC/PDPA interfaces in the dominant phasemade of parallely
oriented cylinders or vertically oriented lamella.

Synchrotron SAXS experiments were performed in order to
further examine the ordered phases originating from the self-
assembly of thePMPC30-b-PDPA60 at a large scale (100� 100μm2)
compared tomicroscopy technique. SAXS profiles recorded at room
temperature for the PMPC30-b-PDPA60 copolymer films cast from
an ethanol solution and annealed at different temperatures are shown
in Figure 3. For the sample annealed 1 day at 170 �C, the SAXS
profile reveals a mixture of two different morphologies in the thin
film which is in accordance with the Figure 2. The more reflective
one, having a first order peak located at q* = 0.19 nm-1 and higher-
order peaks observed at relative positions of 2q* and 3q*, corresponds
to a lamellarmorphologywith a d= (2π)/(q*) = 33.0 nm.The other

Scheme 1. Schematic Representation of Poly-
[2-(methacryloyloxy)ethyl phosphorylcholine]-block-poly-
[2-(diisopropylamino)ethyl methacrylate] (PMPC-b-PDPA)
block copolymer
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one presents only a single broad peak at q** = 0.13 nm-1. These
results suggest that the strip pattern, with a d-spacing of 33.9 nm,
observed on TEM and STEM images are alternations of lamella.
Moreover, we expect that the single peak at q** = 0.13 nm-1 is
correlated with the phase having a hexagonal symmetry noticed in
Figure 2.

The copolymer nanostructure examined before annealing
displays a different SAXS profile. In this case, the less reflective
phase is the lamellar morphology which is confirmed by the
presence of amain peak, q*, at 0.19 nm-1 and a higher-order peak
at q/q* = 3 while the more reflective phase presents a first-order
peak at q** = 0.13 nm-1 and also two secondary maxima at
relative positions (3)1/2q** and (7)1/2q**. The series of scattering
peaks following the sequence q/q* = 1:(3)1/2:(7)1/2 is ascribed to
cylindrical domains arranged in a hexagonal compact phase with an
interdomain spacing, d, about 55.8 nm (d = (2π)/(q*)�(4/3)1/2).
Since the volume fraction of PDPA is 0.57, a lamellar morphology
should be stable at room temperature. Therefore, the phase
transition observed under temperature occurs from a thermodyna-
mically quasi-stable cylindrical morphology, which was formed via

casting the block copolymer solutions with a solvent having more
affinity with PDPA, to a stable lamellar morphology.

At this stage, we have examined the structure of copolymer
films obtained from other cast solvents such asmethanol or dilute
acidic solution (pH 4.0). We wished to verify the stability of
the two coexisting morphologies obtained from ethanol, which
are expected to be sensitive to the choice of solvent since only
one phase should be thermodynamically stable. The physical
behavior of the solvent can also influence the conformation of the
block copolymer in the ordered state. Besides, micellar structures
may exist when selective solvents (i.e., a solvent that is thermo-
dynamically good for one block but a poor solvent for the other
block) are used.1,3,26,27 Interestingly, the same morphological
transition did not occur upon annealing when the copolymer
films were cast from methanol (Figure 4). Each SAXS pattern
exhibits two broad reflections at relative spacing q* and (3)1/2q*

Figure 2. STEM images of a thin section of a copolymer PMPC30-b-
PDPA60 film cast from ethanol and subsequently annealed at 170 �C for
24 h in which a lamellar and a hexagonal compact phases coexist. Inset
on the right shows a higher magnification image depicting a hexagonal
arrangement of the minor phase.

Figure 3. Variation of Iq2 vs q for PMPC30-b-PDPA60 films cast from
10% w/v ethanol both room temperature and after annealing at 170 �C
for 24 h, as indicated. These SAXS patterns clearly evidence the
coexistence of lamellar and cylindrical morphologies.

Figure 1. (a and b) TEM images of thin sections of PMPC30-b-PDPA60

copolymer films cast from ethanol and subsequently annealed at 170 �C
for 1 day to produce strip patterns. The inset shows the corresponding
fast Fourier transform of higher magnification image with two orders of
Bragg peaks arising from long-range order. Dark regions correspond to
the more electron-dense PMPC domains.
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which indicate that domains are packed in a short-range liquid-
like structure. The broad peak at (3)1/2q* could be a super-
position of the other order reflections. Before annealing, the first
intensity maximum at q* = 0.17 nm-1 corresponds to a periodi-
city of 36.9 nm. Upon annealing, this peak shifts to lower q values
and the maximum is observed at q* = 0.14 nm-1, reflecting a
periodicity of 44.5 nm, which is fully supported by the TEM
images shown in Figure 5. The low resolution of the discrete
scattering associated with the structures in Figure 4 (in which
higher order peaks cannot be identified) is attributed to a lack of
self-organization within this film. In fact, the image depicted in
Figure 5 reveals rather poor positional correlation between
nanodomains, whose the average size conforms to the dimen-
sions of PDPA-core micelles formed by direct dissolution of the
PMPC30-b-PDPA60 copolymer in methanol prior to film
formation.

On the basis of the results reported above, it is clear that the
copolymer film formation strongly depends on the polymer-
solvent interactions. Hence we elected to investigate the nano-
structure of PMPC30-b-PDPA60 films cast from dilute acidic
solution. PMPC-b-PDPA copolymer chains can be molecularly
dissolved in dilute acidic solution due to the protonation of the
pH-sensitive PDPA block, which has a pKa of 5.7-6.6 depending
on the solution conditions.13 Therefore, copolymer films cast
from mildly acidic solution (pH 4.0) at room temperature
comprise a molecularly dissolved diblock copolymer consisting
of a zwitterionic PMPC block and a cationic PDPA block. Under
these conditions, the copolymer chains self-organize directly to
produce a lamellar morphology, without requiring any thermal
annealing. As revealed by the SAXS data in Figure 6, the lamellar
phase prior to annealing is characterized by two orders of
reflections at q/q* = 1: 2. Upon annealing, the lamellar structure
becomes significantly more organized: four sharp scattering
peaks with relative wave-vector ratios q/q* = 1: 2: 3: 4 become
evident, as does the shoulder noted q** and attributed to the
cylindrical morphology previously observed by SAXS and TEM
in the diblock copolymer films cast from ethanol. Before anneal-
ing, the first intensitymaximum at q* = 0.22 nm-1 corresponds to
a periodicity of 28.5 nm relative to the lamellar structure.
Nevertheless, the first order peak is reduced to q* = 0.19 nm-1

upon annealing at 170 �C which corresponds to an interdomain
spacing of 33.1 nm. As discussed above, these results are in good
agreement with the estimated length for almost fully stretched
PMPC30-b-PDPA60 copolymer chains.

As compared with former lamella films made from block
copolymers, zwitterionic phosphorylcholine diblock copolymer
systems offer a new option for the fabrication of lamellar
structures in which one layer is biomimetic and nonfouling. In
contrast to more conventional biocompatible hydrophilic poly-
mers such as poly(ethylene oxide), the zwitterionic PMPC
segment is insoluble in most organic solvents (except short chain
alcohols). Consequently, PMPC-containing films can be ma-
nipulated under conditions that selectively affect the other block.

Figure 4. Variation of Iq vs q for PMPC30-b-PDPA60 films cast from 10%
w/v methanol both room temperature and after annealing at 170 �C
for 24 h, as indicated. These SAXS patterns reveal for both temperatures
that domains are poorly organized.

Figure 5. TEM images of thin sections of a PMPC30-b-PDPA60

copolymer film cast frommethanol and subsequently annealed at 170 �C
for 1 day to produce a short-range liquid-like structure.

Figure 6. Variation of Iq vs q for PMPC30-b-PDPA60 films cast fromdilute
acidic solution both room temperature and after annealing at 170 �C
for 24 h, as indicated. The SAXS pattern obtained at room temperature
indicates that domains are organized lamellar structure. Upon annealing,
the lamellar phase becomes significantly more organized and supplemen-
tary peak noted q** appears plus to peaks relative to a lamellar phase.
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While this can surely be achieved with conventional systems too,
the present case significantly expands range of possibilities in the
macromolecular engineering field. In the case of biorelated
applications in which the structural stability of lamellae in
aqueous media is of interest, PMPC-b-PDPA films were found
to very slowly disassembly in water to originate micelles. There-
fore, additional stabilization strategies such as cross-linking
chemistry applied to the PMPC block should be developed to
facilitate the existence of these films in aqueous media on the
long-term. Such investigations are under consideration and will
be addressed in the near future.

’CONCLUSIONS

The nanostructure of self-assembled copolymer films fabri-
cated from a zwitterionic phosphorylcholine-containing pH-
responsive PMPC30-b-PDPA60 diblock copolymer can be con-
veniently tuned by various film preparation protocols. Interesting
copolymer morphologies induced by either solvent or thermal
annealing were identified by SAXS and TEM studies.
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