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We report a new approach toward preparing self-assembled hydrogen-bonded complexes
having vesicle and patched spherical structures from two species of block copolymers in
nonselective solvents. Two diblock copolymers, poly(styrene-b-vinyl phenol) (PS-b-PVPh)
and poly(methyl methacrylate-b-4-vinylpyridine) (PMMA-b-P4VP), were synthesized
through anionic polymerization. The assembly of vesicles from the intermolecular complex
formed after mixing PS-b-PVPH with PMMA-b-P4VP in THF was driven by strong hydrogen
bonding between the complementary binding sites on the PVPH and P4VP blocks. In con-
trast, well-defined patched spherical micelles formed after blending PS-b-PVPh with
Self-assembly PMMA-b-P4VP in DMF: the weaker hydrogen bonds formed between the PVPh and P4VP
Hydrogen bonding blocks in DMF, relative to those in THF, resulted in the formation of spherical micelles hav-
Micelle ing compartmentalized coronas consisting of PS and PMMA blocks.
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1. Introduction

Diblock copolymers continue to be the focus of an im-
mense amount of research because of their abilities to
self-assemble into well-defined nanostructures and sizes.
As a result, many types of diblock copolymers have been
synthesized and their characteristic nano- and micro-
phase separation structures studies in bulk and solution
states [1-13]. Polymeric micelles that contain an insoluble
block core and are surrounded by a corona of a solvated
block can exhibit fascinating nanostructures, including
spherical, cylindrical, lamellar, and vesicular micelles
[14,15]. In particular, because of their small sizes and high
stabilities, polymeric micelles have received significant
attentions for use in drug delivery, as templates for the
preparation of inorganic nanoparticles (including metals,
metal oxides, and semiconductors), and as traps for envi-
ronmental pollutants or metabolites [16-22].
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More-complex macromolecules, such as ABC triblock
copolymers, have been attracted much interest in recent
years. Although their self-assembly in solution remains
somewhat unexplored, several triblock copolymer mor-
phologies have been characterized in both aqueous and or-
ganic media. Because the synthesis of ABC triblock
copolymers is relatively complex, mixing A-B with B-C
or C-D diblock copolymers is a somewhat simpler ap-
proach toward exploring these systems’ morphological
behavior. The simplest case involves mixing an A-b-B di-
block copolymer with a C homopolymer or a C-b-D diblock
copolymer in solution state. If specific interactions exist
between the C block and one of the blocks in the A-b-B, in-
ter-polymer complex micelles can be formed from the
complementary polymers [23-27]. The assembly of such
non-covalently bonded micelles can be mediated by in-
ter-polymer hydrogen bonding [28-37], electrostatic inter-
actions [38-41], and metal-ligand coordinative bond
[42,43]. In general, the shapes of these supramolecular
structures can be classified into three types: (i) core-shell
spherical micelles having an insoluble complex core and a
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soluble block as the corona [33,37], (ii) onion-type (core-
shell-corona (CSC) micelles) having an insoluble core A, a
shell composed of a B-C inter-polymer complex, and a cor-
ona formed by a soluble block D [31,32], and (iii) vesicles
from A-b-B and C-b-D copolymers having two insoluble
segments (A and D) and mutually interacting B and C
blocks [28-30,44]. If the two blocks composing the core
are sufficiently large and mutually immiscible, they will
most likely segregate into different phases, forming two
separate compartments in the core of the micelle. Never-
theless, depending upon the molecular structure of the
segments, diverse morphologies can be expected for a mul-
ti-compartmentalized core [45,46]. Micelles displaying a
compartmentalized corona have been observed also for
systems possessing two immiscible coronal blocks [28-
30].

Herein, we report a facile method for the preparation of
stable micellar complexes in nonselective solvents medi-
ated by the hydrogen-bonding interactions between
poly(styrene-b-vinyl phenol) (PS-b-PVPh, denoted *“A-b-
B”) and poly(4-vinylpyridine-b-methyl methacrylate)
(P4VP-b-PMMA, denoted as “C-b-D”). Because the P4VP
and PVPh blocks contain strong proton acceptor groups
and strong proton donor groups, respectively, strong
hydrogen bonding occurs between these donors and
acceptors in THF and DMF solutions, as has been demon-
strated by FTIR spectroscopy. In addition, it is well known
that the solvent medium plays an important role in affect-
ing or controlling the types of complex formed [47,48]. For
instance, the PVPh/P4VP mixtures yield the complex pre-
cipitates in THF, whereas no precipitation occurs from
DMF. Because solvent molecules can also participate in
hydrogen-bonding interactions, they compete with P4VP
for binding with the hydroxyl groups in PVPh. The affinity
of the hydrogen bond acceptor can be estimated by com-
paring the difference between the IR absorption frequen-
cies (Av) of hydrogen-bonded and free hydroxyl units of
phenol (a model compound for PVPh) [44]. Using this ap-
proach, THF is found to be a relatively weaker hydrogen
bond acceptor (Av=235cm~!) than is DMF (Av=
340 cm™!). Indeed, DMF is such a strong hydrogen bond

PS-b-PVPh

PMMA-b-P4VP

disrupting solvent that it does not allow the formation of
the inter-polymer complex [47,48]. In previous studies,
we concentrated on determining the effect of hydrogen
bonding on polymer miscibility and inter-polymer com-
plexation [49-54]. Base on our long-term interest in poly-
mer miscibility and complexation through hydrogen
bonding, we are extending our studies to investigate new
approaches toward hydrogen bond-related polymer micel-
lization. Most importantly, the polymer chain behavior of
PVPh/P4VP systems in solvents that are less polar solvent
than DMF, such as THF, dioxane, acetone, and methanol
tends to result in complex aggregates, whereas they form
separated chains in DMF [55]. The PVPH blocks interact
with P4VP chains in these inter-polymer hydrogen-bonded
complex micelles. Paris of block copolymers have been ob-
served to self-assemble into the form of vesicles in THF
solution [mediated by strong hydrogen bonds between
PVPh and P4VP] and patched spherical micelles in DMF
solution [PVPh/P4VP] cores surrounding by mixed PS and
PMMA chains in the corona]. Scheme 1 provides a sche-
matic illustration the formation of inter-polymer hydro-
gen-bonded complexes induced by hydrogen-bonding
interactions between P4VP and PVPh blocks in two types
of nonselective solvents.

2. Experimental
2.1. Diblock copolymers syntheses

Diblock copolymers of poly(styrene-b-4-tert-butoxyy-
styrene) (PS-b-PtBOS) were synthesized through sequen-
tial anionic polymerization of styrene followed by 4-tert-
butoxystyrene using sec-butyl lithium as the initiator
[56,57]. After the polymerizations were complete and then
quenched with degassed methanol. The product was pre-
cipitated in methanol and dried in a vacuum oven. This
precursor block copolymer was hydrolyzed to PS-b-PVPh
by heating them in 1,4-dioxane for 24 h under reflux at
85 °C in the presence of concentrated HCl as the catalyst.
The final product was neutralized and purified through
the Soxhlet extraction with water for 72 h before being
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Scheme 1. Models of micelle formation mediated by hydrogen-bonding interactions between SVPh/MVP diblock copolymers mixtures.
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dried under vacuum at 80 °C. A detailed description and
characterization of the procedure has been reported previ-
ously [58,59]. The block copolymers are designed as PSgo-
b-PVPH;o (SVPh90-10) and PSy-b-PVPhg, (SVPh20-80),
where the numbers in parentheses are the molecular mo-
lar fractions (mol%). Diblock copolymers of poly(methyl
methacrylate-b-4-vinylpyridine) (PMMA-b-P4VP) were
synthesized using the same polymerization procedure. To-
tal molecular weights of these two kinds of block copoly-
mers and their mole fractions are summarized in Table 1.

2.2. Preparation of PS-b-PVPh/PMMA-b-P4VP micelle
solutions

For the solution assembly of PS-b-PVPh and PMMA-b-
P4VP, these two diblock copolymers were dissolved indi-
vidually in common solvents (THF and DMF), filtered
through a membrane having a nominal pore size of
0.2 um to remove dust, and then mixed at ambient tem-
perature. Mixtures of desired solutions with PS-b-PVPh/
PMMA-b-P4VP (Msy/Myvp) molar ratios ranging from
0.25 (1:4) to 2 (1:0.5) were stirred for more than 24 h at
room temperature. The PVPh block is expected to interact
with the P4VP units through hydrogen-bonding interac-
tion. These diblock copolymers were mixed in THF and
DMEF solutions, both of which are good solvents for PS
and PMMA blocks, leading to formation of micelles pos-
sessing a PVPh/P4VP core surrounded by a mixed corona
of PS and PMMA blocks.

2.3. Characterizations

Infrared spectra were recorded at 25 °C at a resolution
of 1cm™! on a Nicolet AVATAR 320 FTIR spectrometer
using polymer films that had been cast onto KBr pellets
from THF or DMF solution and then vacuum-dried. All FTIR
spectra were obtained within the spectral range 4000-
400cm™! from 32 scans collected at a resolution of
1 cm™; the samples were purged with nitrogen to main-
tain each film’s dryness. The hydrodynamic diameters of
the assemblies were measured by dynamic light scattering
(DLS) using a Brookheaven 90 plus instrument (Brookheav-
en Instruments Corporation, USA) equipped with a He-Ne
laser operated at a power of 35 mW at 632.8 nm. All DLS
measurements were performed using with a wavelength
of 632.8 nm at 25 °C and an angle of 90°. For transmission
electron microscopy (TEM) studies, a drop of the resulting
micelle solution was sprayed onto a copper TEM grid cov-
ered with a Formvar supporting film that had been pre-

coated with a thin film of carbon. All samples were left
to dry at room temperature for 1 day before observation.
After 1 min, the excess solvent was blotted away using a
strip of filter paper. All samples were stained with ruthe-
nium tetraoxide (RuO,) or iodine (I,) and then viewed un-
der a Hitachi, H-7500 transmission electron microscope
(TEM) operated at an accelerating voltage of 100 kV. In
TEM images, RuQ, staining generally results in P4VP, PVPh,
PS, and PMMA blocks appearing with dark, intermediate,
light, and very light contrasts, respectively; the P4VP do-
main is stained selectively with I,.

3. Results and discussion

We used IR spectroscopy, TEM, and dynamic light scat-
tering to analyze the non-covalently connected polymeric
micelles formed from mixtures of PS-b-PVPh and PMMA-
b-P4VP diblock copolymers. In THF or DMF solvent, both
are good solvents for PS and PMMA blocks, the micelles
that formed possessed PVPh/P4VP cores surrounding by
mixed coronas of PS and PMMA blocks. Although the
hydrogen-bonding interactions between the PVPh and
PMMA blocks is substantially weaker than those between
PVPh and P4VP, these interactions cannot be disregarded,
especially at higher PVPh contents.

3.1. Infrared analyses

FTIR spectroscopy has been applied to the analysis of
numerous diblock copolymers and blends that interact
intermolecularly through hydrogen bonding [49]. The
strength of complexation through hydrogen bonding is
strongly influenced by the solvent used. Fig. 1 displays
room-temperature IR spectra of the hydroxyl group stretch-
ings of the PS-b-PVPh/PMMA-b-P4VP mixtures cast from
THF and DMF solutions. The spectrum of pure PVPh shows
two unresolved bands in the hydroxyl-stretching region,
corresponding to the free hydroxyl units at 3525 cm™! and
a broad band centered at 3400 cm™! for the absorption of
self-associated hydrogen-bonded hydroxyl groups. The
peak frequency of the broad band shifts to lower wavenum-
ber in the spectrum of the 1:1 PS-b-PVPh/PMMA-b-P4VP di-
block copolymer blends, and becomes broader than pure PS-
b-PVPh copolymer, reflecting that a new distribution of
hydrogen bonds had resulted from competition between
the hydroxyl-hydroxyl [within the pure PVPh], hydroxyl-
pyridine [between PVPh and P4VP], and hydroxyl-carbonyl
[between PVPh and PMMA] interactions. In the THF system,
we observe a lower intensity of the signal for the free hydro-

Table 1
Molecular characteristic of PS-b-PVPh and PMMA-b-P4VP copolymers.
Diblock copolymers M, My, /Mp? Mole fraction
1st segment® 2nd segment® Vs Yy Ym Yp
PSoo-b-PVPh;o (SH90-10) 37,500 4300 1.10 90 10
PS,0-b-PVPhg, (SH20-80) 3600 16,000 1.13 18 82
PMMAg,-b-P4VP,o (MVP80-20) 15,000 4300 1.18 78 22
PMMA35-b-P4VPg5 (MVP35-65) 7450 14,000 1.21 35 65

2 Obtained from GPC analysis.
b Calculated from 'H NMR spectrum.
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Fig. 1. FTIR spectra, recorded at room temperature, of the hydroxyl region of the diblock copolymer mixture (1/1 molar ratio) cast from THF and DMF

solutions.

xyl groups and a lower wavenumber (3280 cm™') for the
broad band than those in the DMF system (3360 cm™!), sug-
gesting that stronger hydrogen-bonding interactions occur
in THF than in DMF [49].

Fig. 2 presents several regions of the IR spectra recorded
at room temperature of various PSyq-b-PVPhgo/PMMA3s5-b-
P4VPgs (SH20-80/MVP35-65) mixtures namely the (A)
hydroxyl stretching (2700-3800cm™!), (B) carbonyl
stretching (1670-1760cm~!), and (C) pyridine ring
absorption (970-1030 cm™) regions, which are all influ-
enced by hydrogen-bonding interactions. Clearly, the
hydroxyl stretching intensities of the SH20-80/MVP35-65
mixtures shifted to lower wavenumber upon increasing

the PMMA35-b-P4VPgs content, as indicated in Fig. 2(A).
In addition, the hydroxyl stretching band broadened be-
cause it was composed of contributions from several differ-
ent environments surrounding the hydroxyl groups, i.e.,
many different types of hydroxyl groups are present in
the SVPh20-80/MVP35-65 mixtures. The signals for hydro-
xyl groups that formed inter-association hydrogen-bonds
with pyridine rings appeared at relatively lower wavenum-
ber than hydroxyl-carbonyl group (depending on the
PMMA3s-b-P4VPgs diblock copolymer content). At a lower
PS-b-PVPh content, most hydroxyl groups are hydrogen
bonded with pyridine groups revealing that the interaction
between PVPh and P4VP becomes dominant and at a lower

A)

pure PVPh
1/0.5

m
@
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Absorbance (a.u.)

©
(1) pure P4VP
(2)1/05 N
(3)1/1
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Fig. 2. FTIR spectra of SVPh20-80/MVP35-65 in THF at room temperature; (A) hydroxyl stretching band (2700-3800 cm™'), (B) carbonyl stretching band

(1670-1760 cm™!'), and (C) pyridine ring absorption (970-1030 cm™1).
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PS-b-PVPh content, and the interaction between PVPh and
PMMA are observed at relative high wavenumber.

Fig. 2(B) shows the carbonyl stretching region (1670-
1760 cm™ ') of the IR spectra of PMMA at various SVPh20-
80/MVP35-65 molar ratios in THF. For the non-covalently
complex micelles, Fig. 2(B) indicates that the location of this
band was highly dependent on the SVPh20-80/MVP35-65
molar ratio. The peaks at 1730 and 1706 cm™~' are those of
the free and hydrogen-bonded carbonyl groups, respec-
tively. As the molar ratio PMMA-b-P4VP increased, we frac-
tion of hydrogen-bonded carbonyl groups are decreased,
indicating that the hydrogen-bonding interaction between
PVPhand P4VPis stronger than interaction PVPh and PMMA.

In addition to the hydroxyl and carbonyl stretching re-
gions, the characteristic signals of the pyridine rings are also
sensitive to the extent of hydrogen bonding. Herein, we used
the band at 993 cm™! as a probe to characterize the hydro-
gen-bonding interactions between the hydroxyl groups of
PVPh and the pyridine groups of P4VP; unfortunately, the
band at 1590 cm™! for P4VP was difficult to analyze because
of its overlap with the band at 1600 cm ! for PVPh. Fig. 2(C)
presents scale-expanded infrared spectra in the range 970-
1030 cm™! measured at room temperature for various
SVPh20-80/MVP35-65 copolymer mixtures. Pure PAVP has
a characteristic band at 993 cm~! corresponding to the
absorption of an uncomplexed pyridine ring. We assign
the new band at 1006 cm™! to hydrogen-bonded pyridine
units; its intensity increases upon the addition of PVPh
blocks to P4VP blocks. All these carbonyl and pyridine ring
frequencies in Fig. 2(B) and (C) split into two bands that
can be fitted well to the Gaussian function and results from
curve fitting are summarized in Table 2, the hydrogen bond-
ing fraction of the carbonyl and pyridine ring increases with
the increase of the PVPh content in these diblock copolymers
blends. All IR spectra show the existence of hydrogen-bond-
inginteraction between the pyridine group and the hydroxyl
group at all molar ratios, however, the more hydrogen-
bonding interaction fraction between PVPh and PMMA is
only existed at relatively higher PVPh content. In summary,
the hydrogen-bonding interaction in PS-b-PVPh/PMMA-b-
P4VP diblock blend system is following this order: PVPh—
P4VP [60] > PVPh—PVPh [49] > PVPh—PMMA [49], which

is consistent with the Painter-Coleman association model
(PCAM) as shown in Table 3.

It is clear that the PVPh hydroxyl is able to form hydro-
gen bonds with both P4VP and PMMA. According to the
Painter-Coleman association model (PCAM) [49], we des-
ignate B, A, and C as PVPh, PCL, and P4VP, respectively,
and K, Kg, Ka, and K¢ as their corresponding association
equilibrium constants. These four equilibrium constants
can be expressed as follows in terms of volume fractions

Ka®, Kcd
A% KePa

P = P I, 1+T e (1)
Dp = Ppy [1 + KA¢B1F1] (2)
(DC = dsc] [1 +ch3ml"1] (3)
where
KK 1
= (1 ‘E) K (1 —1<Bq>m> @)
Kz) K> 1

M=(1-2)+2(—— 5

2 ( Ks) " Ks ((1 —1(B<1>m)2> )
Table 3

Summary of the self- and inter-association equilibrium constants, and their
thermodynamic parameter of PS-b-PVPh/PMMA-b-P4VP at 25 °C.

Polymer Vv My, S Equilibrium constant

K> Ky Ka
PVPh? 100.0 120.0 10.6 21.0 66.8
P4VP° 84.9 105.1 10.8 1400°
PMMA? 84.9 100.2 9.1 374
PS? 93.9 104.0 9.5

V, molar volume (ml/mol); M,,, molecular weight (g/mol); 4, solubility
parameter (cal/ml)'/?; DP, degree of polymerization; K, dimer self-asso-
ciation equilibrium constant; K, multimer self-association equilibrium
constant; Ka, inter-association equilibrium constant.

2 Ref. [49].

b Ref. [61].

Table 2

Curve fitting of hydrogen bonding results of PS-b-PVPh/PMMA-b-P4VP at 25 °C.

PS-b-PVPh/PMMA-b-P4VP Free carbonyl H-bond carbonyl freen
v, cm ! Wiz, cm™! Ar (%) v, cm ! Wiz, cm™! Ay

Pure PMMA 1730 25 100.0

1/2 1732 26 88.7 1706 20 11.3 7.0

1/1 1732 26 87.6 1706 20 124 8.6

2/1 1732 26 76.4 1706 20 23.6 17.0
Free pyridine ring H-bonded pyridine ring Jrpsaciast
v, cm ! Wiz, cm™! Ar (%) v, cm ! Wiz, cm™! A

Pure P4VP 993 11 100.0 - - - -

1/2 993 10 42.0 1005 11 58.0 58.0

1/1 993 10 35.5 1005 11 64.5 64.5

2/1 993 10 13.7 1006 11 86.3 86.3

* f,“=°, fraction of hydrogen bonding carbonyl = z//:5..

b fpvridine  fraction of hydrogen bonding pyridine = ﬁ.
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®g, @pa, and ¢ are the volume fractions of repeat units in
the blend, ®g;, @51, and P¢; are the volume fractions of
isolated units in the blend, and 14 =Va/Vp and rc=Vc/V3
are the ratios of segmental molar volumes.

The self-association constants of PVPh (K, =21.0 and
Kg=66.8) and the inter-association constant between
PVPh and P4VP (Kc=598) have been determined [49].
The inter-association constant K value is determined di-
rectly from a least squares fitting procedure based on the
fraction of hydrogen-bonded carbonyl experimentally ob-
tained in the binary PVPh/PMMA blend (K = 37.5) [49]. Ta-
ble 3 lists all the parameters required by the PCAM to
estimate thermodynamic properties for these blends. If
we know these equilibrium constants (K, K, K¢, and Ka)
and segment molar volumes, the fraction of hydrogen-
bonded carbonyl group and pyridine can be calculated
from Egs. (1)-(5) using fus = 1 — %< Therefore, the pre-
dicted fraction of hydrogen bonding of carbonyl groups
shown in Fig. 3 can be calculated numerically.

Fig. 3 plots the experimental data and the prediction
curves by using the PCAM model of PMMA-b-P4VP/PS-b-
PVPh vs. PS-b-PVPh weight fraction of these four blend
systems from the FTIR of hydrogen-bonded carbonyl and
pyridine region. It is worth to note that there is a large
negative deviation of PMMA hydrogen-bonded carbonyl
group, but gives a slight deviation of P4VP hydrogen-
bonded pyridine group from PCAM prediction curve.
Clearly, increase the composition of PVPh in block copoly-
mers, the larger deviation from experiment and prediction
data was found in hydrogen-bonded carbonyl group, but
gives only a relatively smaller deviation in hydrogen-
bonded pyridine group. The main reason from deviation
is the inter-association equilibrium constant of PVPh/
P4VP is significantly greater than PVPh/PMMA, thus the
PMMA would exclude from PVPh/P4VP phase. The micro-
phase separation of PMMA block would decrease the inter-

molecular hydrogen-bonding interaction between PVPh
and PMMA; as a result, the experimental data of hydro-
gen-bonded carbonyl group is lower than predicted data.

3.2. Structures and properties of PS-b-PVPh/PMMA-b-P4VP
micelles in THF solution

We used TEM to characterize the various morphologies
of these non-covalently bond micelles. Here, we discuss
the structure of the PS-b-PVPh/PMMA-b-P4VP system,
which comprised two asymmetric block copolymers, with
similar molecular weights and lengths of the PVPh and
P4VP blocks, where the attractive interactions between
the PVPh and P4VP blocks allowed complementary poly-
mer pairs to assemble into micelles. Firstly, we describe
TEM images of SVPh90-10/MVP80-20 hydrogen-bonded
complexes formed in THF solution at various ratios. TEM
images of the 1:2 and 1:1 SVPh90-10/MVP80-20 systems,
stained with I,, are presented in Fig 4(A) and (C), respec-
tively. These images display structures in the shape of
highly polydisperse hollow spheres, but further informa-
tion was difficult to achieve because of poor contrast.
Therefore, we performed additional staining with RuOy;
Fig. 4(B), (D), and (E) display the comparative results. The
contrast in the images of these RuO4-stained complexed
micelles was better than in the images obtained with I,
staining; indeed, it became clear that these complex mi-
celles all possessed vesicular structures.

Because PVPH contains the strong proton donor groups
and P4VP behaves as a proton acceptor through the nitro-
gen atoms on its pyridine rings, the P4VP blocks probably
formed intermolecular hydrogen bonds with the PVPh
blocks. The inter-polymer hydrogen-bonded complexation
between PS-b-PVPh and PMMA-b-P4VP would lead to the
formation the cores of PVPh/P4VP chain aggregates with
strong hydrogen-bonding interactions, low chain mobility,

100

= PMMA
P4VP
PCAM Prediction

Fraction of Hydrogen Bonded Group

0.0 0.1 0.2 0.3

0.4 0.5 0.6 0.7

PVPh-b-PS Weight Fraction

Fig. 3. Experimental data of hydrogen-bonded carbonyl pyridine group with PCAM prediction.

>
©)
@)
—
@)
Z
o
@)
0
=
(@)
Z
<C
Z
g
—_1
=)
O
0
—
@)
=
o
&
@)
<
=




>
O
Q
—
@)
Z.
o=
)
<2
=
@)
Z.
<
Z
<
—
=
)
83
—
o
=
o
2
)
<
=

1930 S.-W. Kuo et al./European Polymer Journal 45 (2009) 1924-1935

Fig. 4. TEM images of SVPh9-1/MVP8-2 hydrogen-bonded complexes in THF solution. (A) SVPh9-1/MVP8-2 = 1/1 and was stained with I, (B) SVPh9-1/
MVP8-2 = 1/1 and was stained with RuO,4 (C) SVPh9-1/MVP8-2 = 1/2 and was stained with I, (D) SVPh9-1/MVP8-2 = 1/2 and was stained with RuO,4 and (E)

RuO, stained sample of SVPh9-1/MVP8-2 = 1/0.5.

and swollen structures. As a result, the packing parameter
will increase and the formation vesicles will be favored.
Therefore, the vesicular complexes that formed in THF
solution were surrounded by PMMA and PS chains. These
micellar complexes are predicted to be very stable presum-
ably because the PMMA and PS chains are soluble in THF;
and enhance their stabilities in THF solution, therefore,
these micelles do not precipitant in THF, which is contrast
with the PVPh/P4VP homopolymer blend complexes
[47,48].

Due to the strong hydrogen bonding between PVPh and
P4VP blocks, the bound block possess extended conforma-
tion, which allows the bound copolymers chains to pack in
parallel to form micelles with lamellae structures. At last it
turns to vesicles in solution for minimizing surface energy.
Therefore, the vesicular complexes are formed and sur-
rounded by PMMA and PS chains in THF solution. These
micellar complexes can be predicted to be very stable since
these soluble PMMA and PS chains enhance the vesicular
complex stabilities in THF solution. We believe that the in-
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ner and outer layer polymer chains of vesicle are formed by
PMMA and PS majority, respectively, because dark spots
(PS staining with RuQ,4) are outside aggregates as shown
in Fig. 4B. Besides, PS and PMMA segments are mutually
incompatible and immiscible and the PMMA also have
the intermolecular hydrogen bonding with the PVPh based
on FTIR analysis in Fig. 2(B). Therefore, the resulted vesic-
ular complex is composed of an outer layer of PS block
majority, a PVPh/P4VP complex aggregated wall, and an in-
ner layer of PMMA block majority. The formation of the
micellar complexes through hydrogen-bonding interaction
between PVPh and P4VP in THF is schematically shown in
Scheme 1 closed that shown in previous study [61].

Fig. 5 displays two differently sized vesicular micelles
obtained at a PS-b-PVPh/PMMA-b-P4VP ratio of 1:4
(Msnoo-10/Mmvpso-20)- Because RuO4 was used to stain the
sample, the visible part of the micelles must consist of
PS, PVPh and P4VP blocks. Fig. 5(A) shows that some dark
spots are present inside the larger vesicular micelles, but
not fully in the hole; nevertheless, the dark spots of these
larger vesicles are different from those observed in Fig. 4.
We speculate that small aggregates and bilayers were

formed during the early stages of micellization at a higher
P4VP block content; these small aggregates were then
underwent a wrapping process to form curved bilayers.
As a result, the larger vesicular micelles contained
some small aggregates, which appear as dark spots inside
the vesicular micelles in Fig. 5(A). The enlarged image
of the smaller-sized vesicles in Fig. 5(B) indicates that
they possessed structures similar to those of regular
vesicles.

Fig. 6 shows TEM images of mixtures of two block
copolymers of longer complexation lengths (SVPh20-80/
MVP35-65) at various molar ratios; the samples were
stained with RuO,4 vapor. These micellar morphologies of
SVPh20-80/MVP35-65 at 1/2, 1/1, and 1/0.5 molar ratios
all exhibited vesicular structures [Fig. 6(A)-(C), respec-
tively]. Thus, the inter-polymer hydrogen-bonded com-
plexation between PS-b-PVPh and PMMA-b-P4VP in THF
solution resulted in vesicular structures, regardless of the
copolymer compositions, or and the molar ratio. The com-
plexation between PVPh and P4VP blocks in THF favored to
formation of vesicles in order to decrease the interfacial

energy.

Fig. 5. (A) TEM images of RuOy-stained samples obtained from a THF solution of SVPh90-10/ MVP80-20 (1/4). (B) Enlarged view of the small vesicular

micelles in the sample in (A).

Fig. 6. TEM images of RuO4-stained micelles formed in THF through inter-polymer hydrogen bond-mediated complexation of SVPh20-80/MVP35-65 at

molar ratios of (A) 1/2, (B) 1/1, and (C) 1/0.5.

>
O
Q
—
o
Z.
=
O
m
=
@)
Z.
<
Z.
<
—
-
O
S3|
—
o
=
)
2
O
<
=




>
O
Q
—
o
Z.
o=
O
<2
=
@)
Z.
<
Z
<
—
=
O
83
—
o
=
o
2
O
<
=

1932 S.-W. Kuo et al./European Polymer Journal 45 (2009) 1924-1935

3.3. Structures and properties of PS-b-PVPH/PMMA-b-P4VP
micelles in DMF solution

As we mentioned above, the hydrogen bonding be-
tween PS-b-PVPh and PMMA-b-P4VP in DMF is relatively
weaker than that in THF solution as demonstrated by FTIR
in Fig. 1. As a result, we expected to exhibit different mor-
phologies compared with THF solution because of the
higher mobility and swelling of the cores comprising the
PVPh and P4VP blocks in DMF solution.

Initially, we used dynamic light scattering (DLS) to
characterize the structures formed from the diblock
copolymer mixtures in DMF. We analyzed the experimen-
tal correlation function using the cumulant method and
the CONTIN algorithm, as described previously [50]. The
Stokes-Einstein approximation was used to convert the
diffusion coefficient into the form of the hydrodynamic
diameter (Dy,). Fig. 7 reveals that dependence of the hydro-
gen-bonding interaction on the PSgq-b-PVPh;o/PMMAgq-b-
P4VPyo (Msugo-10/Mmvpso-20) Tatio was complicated at a
given polymer concentration. At an Msygg-10/Mmvpso-20 MO-
lar ratio of 1/1, the largest peak associated with polymer
aggregates appeared at a broad signal ca. 170 nm, provid-
ing direct evidence for hydrogen-bond mediated aggregate
formation in PSgo-b-PVPh;o/PMMAgo-b-P4VPyo. At an
MSHQO—IO/MMVPSO—ZO ratio of 1/2, the CONTIN size-distribu-
tion graph of this solution displayed a distribution equally
as broad as that observed at 1/1 molar ratio. For the Msygo-
10/Mmvpso = 1/0.5 mixtures, we observed micelles having a
value of Dy, of 100 nm. In addition, when the ratio of Mggo-
10/Mmvpso-20 = 1/1, 1/2, and 1/0.5, the DLS data contained
small peaks located within the ranges from 6 to 12 nm,
indicating that individual polymer chains were present.
When the ratio was 1/0.5, the intensity of the small peak
was highest, implying that more free polymer chains are
existed as a result of an excess of donor group from the
PSgo-b-PVPh( diblock polymer in the mixture. When the

ratio was 1/4, only a monomodal distribution of micelles
appeared, i.e., the small peak did not exist, suggesting that
nearly all of the copolymer chains participated in the mi-
celle blend. In addition, when the ratio was ca. 1:4, the va-
lue of D;, was minimized, implying that hydrogen bonding
between PVPh and P4VP blocks was optimal at a lower
PVPh content.

Fig. 8 illustrates several TEM images of the structures
formed from SVPh90-10/MVP20-80 mixtures with various
molar ratios in DMF. At a molar ratio of 1/4, we observed
star-like micelles [Fig. 8(A)]; the presence of a dark core
surrounded by a halo shell was confirmed by the optical
density profile of the materials stained by I, at large mag-
nification in Fig. 8(A). These cores, which formed through
the hydrogen-bonding interactions between PVPh and
P4VP blocks, were surrounded by coronas of soluble PMMA
and PS chains. Because this copolymer mixture in DMF
possesses relatively weaker hydrogen bonds in the core
and higher solubility of its corona chains, the PVPh/P4VP
blocks in the core have higher mobility and higher repul-
sion exists among the coronal chains (PS and PMMA
blocks). Together, these phenomena induce the formation
of spherical micelles, but with a mixed corona resulting
from the presence of two different types of coronal blocks.
In general, four types of mixed coronal spheres can exist
[62]: (a) Janus (two-faced) spheres [63], (b) patched
spheres [64-66], (c) uniformed spheres [67,68], (d) mi-
celles having mixed coronas (no chain segregation) [30].
In our mixed diblock copolymer system, the coronal chains
of PS and PMMA blocks were immiscible, and, therefore,
they must likely formed spheres with chain-segregated
coronas. Although, we could not detect such chain-segre-
gated coronas when staining with I, because of poor selec-
tivity between the PS and PMMA chains, we could contrast
the micelles through RuO4 staining to highlight the phase
selectivity of their PS, PVPh, and P4VP blocks [Fig. 8(B)].
Small black spheres, resulting from different molecular
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Fig. 7. Hydrodynamic diameters distributions of the SVPh90-10/MVP80-20 blend micelles formed at various molar ratios in DMF.
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i

Fig. 8. TEM images of micelles formed in DMF from PS,o-b-PVPhgo/PMMA35-b-P4VPgs blends at molar ratios of (A) 1/4 (stained with 1), (B) 1/4 (RuOy),
(C) 1/2 (Ip), (D) 1/2 (RuOy), (E) 1/1 (1), and (F) 1/0.5 (RuO4; the sample in the inset was stained with I,).

weights of the PMMA and PS chains and their immiscibil-
ity, are clearly observed on the surfaces of the spherical mi-
celles, indicating that the spheres must be of patched form;
the image in the Scheme 1 present a schematic illustration
of the micelles’ structures. The diameter of these micelles,
as measured from the TEM images, were within the range
50-55 nm, which are smaller values than those measured
from DLS data; this situation arose because the samples
for TEM observation were prepared through evaporation
of the micelle particles and thus, chain collapse and micelle
shrinkage was unavoidable. Although PS and PMMA chains

are highly immiscible, we did not observe a Janus sphere in
this case because DMF is a good solvent for both PS and
PMMA chains. Two immiscible binary polymer blends
can become miscible through the addition of a large
amount of a good solvent, even though the PS and PMMA
chains remain intrinsically immiscible. As a result, the
patched sphere structure is a compromise phenomenon
between these two phenomena.

By increasing the SVPh90-10/MVP80-20 content to mo-
lar ratios of 1/1 and 1/2, more rod-like micelles were
formed [Fig. 8(C) and (E)]. The different morphologies that
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formed upon varying the PSgo-b-PVPh;o contents can be
attributed to the increased number of donor groups of the
PVPh blocks in the mixture. The original spherical micelles
were surrounding by long PMMA chains, which can also
act as proton acceptors, including hydrogen bonds between
the PVPh and PMMA units, as indicated in Fig. 2(B). As a re-
sult, the rod-like micelles formed through intermolecular
association between the PMMA corona and the PVPh core,
with extended PMMA chains tending to penetrate into other
spherical cores. We suspect that such phenomena explain
why the spherical and rod-like micelles coexisted at higher
PS-b-PVPh content in DMF system. When the samples were
stained with RuQOy, the diameters of the spherical and rod-
like micelles appeared to be slightly larger than those ob-
served after I, staining [Fig. 8(D)] because the PS and PVPh
blocks could be visualized also in the core-shell structures
of the micellar aggregates. Because both spherical and a
large number of rod-like micelles coexisted, the DLS mea-
surements detect a broader distribution of micelles with a
larger hydrodynamic diameter. At a copolymer mixture ra-
tio = 1/0.5, fewer rod-like micelles were present (Fig. 8(F))
because of an excess of proton donors PSgo-b-PVPh;q (or a
lower content of proton acceptors PMMAgg-b-P4VP,, con-
tent), fewer PMMA chains penetrating into other spherical
cores, and some PMMA chains tending to shrink around
the core by itself. Therefore, the majority of the bumpy
spherical micelles observed at a molar ratio of 1/0.5 have a
higher mean diameter than those at the 1/4 ratio. Fig. 8(F)
shows a TEM image with high contrast for each spherical mi-
celle, indicating that the longer PS blocks collapsed onto
these surfaces so that the two phases (core and corona)
could be distinguished clearly.

When the mixtures of the two block copolymers con-
tained longer proton donor and acceptor lengths (SVPh20-
80/MVP35-65) at various molar ratios, all of the micellar
structures were spherical at 1/2, and 1/1 molar ratios
[Fig. 9(A) and (B), respectively]. No rod-like micelles existed
in the SVPh20-80/MVP35-65 systems at any composition
because this system possesses much shorter coronal PMMA
chains than did the SVPh90-10/MVP80-20 system. Shorter
coronal PMMA chains have relatively fewer intermolecular
interactions with the PVPh core and are unable to penetrate

into other spherical cores. The spheres also appeared to be of
patched form, but with larger cores than those obtained in
the shorter inter-polymer hydrogen-bonding system.
Fig. 8(C) presents the corresponding DLS results at molar ra-
tiosof1/2,1/1,and 1/0.5. Additional small peaks appeared in
the ranges from 6 to 12 nm all molar ratios, indicating that
the individual free polymer chains existed and that the
broad mean-diameter distribution was due to the spheres
having short coronal chains.

The main reason for the various morphologies of these
diblock mixtures in THF and DMF solutions is the differing
chain behavior of the PVPh and P4VP blocks. In THF, hydro-
gen bonds are maximized and the chain interaction could
be highly stretched, thus favoring vesicles. In DMF, the
complex are tightly bound and certainly characterized by
a coil conformation that could explain the spherical mor-
phology. The different chain length in these diblock
copolymers mixture does not influence the self-assembly
structure behavior in THF and DMF solutions, which is dif-
ferent with the bulk phase behavior of diblock copolymers
mixture [9-11].

4. Conclusions

We have examined the coaggregation of PS-b-PVPh and
PMMA-b-P4VP copolymers, with blocks of hydrogen bond-
ing units of various lengths, in THF and DMF. Comicelliza-
tion occurred through strong hydrogen bonding between
the PVPh and P4VP blocks, leading to structures exhibiting
different morphologies in THF and DMF solutions because
DMF interfered with the hydrogen-bonding interactions
between PVPh and P4VP to a greater extent than did THF.
The inter-polymer hydrogen bonded-mediated complexa-
tion between PS-b-PVPh and PMMA-b-P4VP in THF re-
sulted in lower-mobility of PVPh/P4VP complex cores and
vesicular complexes surrounded by PMMA and PS chains.
In contrast, the systems in DMF possessed highly swollen
PVPh/P4VP blend cores and a patched distribution of PS
and PMMA as coronas. Scheme 1 illustrates the formation
of these vesicular and patched spherical micellar com-
plexes and the possible mechanism of micellization medi-
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Fig. 9. TEM images of micelles formed in DMF from PS,¢-b-PVPhgy [PMMA35-b-P4VPgs blends at molar ratios of (A) 1/2 (stained with I,), and (B) 1/1 (I; the
sample in the inset was stained with RuO,. (C) CONTIN size-distribution of the micelles as measured using DLS.
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ated by hydrogen-bonding interactions between comple-
mentary polymers.
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