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A new approach for the preparation of block copolymer micelles in non-selective solvent is introduced.
Phenol-pyridine hydrogen-bonding interactions are used for the first time to prepare core-shell micelles
in non-selective solvents using block copolymers and bifunctional low-molecular-weight hydrogen-
bonding crosslinkers. Poly(styrene-b-4-vinylphenol)/Bis-pyridyl ethane and poly(styrene-b-4-vinyl-
pyridine)/Bisphenol A were investigated as micelle formation due to phenol-pyridine hydrogen bond
crosslinking. The influence of several factors such as temperature, concentration, solvent and pH in
micellization-demicellization process was analyzed by Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), dynamic light scattering (DLS) and atomic force microscopy
(AFM). This method opens new possibilities to the generation of block copolymer micelles in non-

Hydrogen bond selective solvents.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Micellization of block copolymers has attracted considerable
attention due to their application in many research areas such as
cosmetics, drug delivery, electronics, pollution control or separa-
tion technologies [1-6]. In most cases micellization of block
copolymers takes place in selective solvents resulting in different
morphologies such as spherical micelles, vesicles or wormlike
aggregates, among others [7,8]. Recently, micelle formation of non-
amphiphilic block copolymers in non-selective solvents in which
both blocks are soluble has been reported [9]. In this case, block
copolymers can form micelles due to non-covalent crosslinking
[10,11] or chemical crosslinking [12,13] of one of the blocks. While
amphiphilic block copolymers have a limitation in the molecular
design, non-amphiphilic block copolymers have no dependence on
solvent solubility [14]. Micellization of non-amphiphilic block
copolymers has advantages over that of amphiphilic copolymers
because it allows to choose appropriate additives to promote
micellization, and hence to tailor the corresponding self-assem-
bling driving force [15-20].
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Recently, the concept of hydrogen-bonding complexation-
induced micellization has been exploited to construct micelles from
block copolymers in non-selective solvents. In a pioneering work,
Yoshida and Kunugi [9] reported micellization of poly(styrene)-
block-poly(4-vinylphenol) copolymers in dioxane, that is a good
solvent for both blocks, by non-covalent hydrogen-bonding
crosslinking in the presence of 1,4-butanediamine. Formation of
thermoresponsive micellar complexes from poly(styrene-b-2-
vinylpyridine) and poly(methacrylic acid) in dioxane [21] was
further reported. The construction of polymeric micelles and
hollow spheres in solution via specific intermolecular interactions
has been recently reviewed by Chen and Jiang [22,23].

On the other hand, the strong hydrogen-bonding interaction
between phenol- and pyridine-bearing polymers has been inves-
tigated by several groups. In low polar solvents, formation of an
insoluble 1:1 complex upon mixing poly(vinylphenol) PVPh and
poly(4-vinylpyridine) (PVPy) solutions was observed [24-26]. The
two-dimensional cooperativity in the binding of PVPh to PVPy was
studied using liquid and solid-state NMR and quantum mechanical
calculations [27]. Complexation between poly(styrene-co-4-vinyl-
phenol) and poly(styrene-co-4-vinylpyridine) in solution as well
as the inter- and intrapolymer complexation in neat poly(4-
vinylphenol-b-4-vinylpyridine) have been described [28].
Recently, hydrogen-bonding-directed layer-by-layer assembly of
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PVPh and PVPy into multilayer ultrathin films has been demon-
strated [29].

In this work, phenol-pyridine hydrogen-bonding interactions
are used for the first time to prepare core-shell micelles in non-
selective solvents using block copolymers and bifunctional low-
molecular-weight hydrogen-bonding crosslinkers. The micellar
size and minimum crosslinker concentration to obtain micelles are
determined by dynamic light scattering (DLS) measurements in
different non-selective solvents. Also, strategies to stabilize the
micelles to give core-shell nanoparticles are also described. To
confirm the existence of core-crosslinked nanoparticles results
from different techniques are combined such as Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetry
(DSC) and atomic force microscopy (AFM).

2. Experimental
2.1. Materials

Two block copolymers, Poly(styrene-b-4-vinylpyridine) (PS-b-
PVPy) (Mw/Mp = 1.09, Mpps = 11,800 g/mol, Mypypy = 15,000 g/mol)
and Poly(styrene-b-4-vinylphenol) (PS-b-PVPh) (My/M, = 1.07,
Mpps = 7500 g/mol, Mppypn = 5000 g/mol), were purchased from
Polymer Source Inc. Bisphenol A (BPA), 1,2-Bis(4-pyridil)ethane
(BPE) and all other reagents were purchased from Sigma-Aldrich
and used without further purification.

2.2. Preparation of PS-b-PVPh/BPE and PS-b-PVPy/BPA micelles
in 2-butanone

PS-b-PVPh (50 mg) (or PS-b-PVPy, 15 mg) was dissolved in
2-butanone (10 mL) for 24 h to form a molecularly dispersed
solution. The resulting solution was passed through a 0.45 pm PTFE
filter, injected into a cell and subjected to light scattering
measurements at 20 °C. After the measurement, BPE (0.031 g) or
BPA (0.018 g) was added to the PS-b-PVPh (or PS-b-PVPy) solution
with stirring, allowing it to stabilize for 10 min at 20 °C before light
scattering measurements. This procedure was repeated until
disappearance of the unimer peak corresponding to the individual
PS-b-PVPh (or PS-b-PVPy) chains was observed. The same proce-
dure was employed for obtaining suspensions of PS-b-PVPh/BPE
and PS-b-PVPy/BPA micelles in other solvents (THF, DMF).

2.3. Preparation of stabilized PS-b-PVPh/BPE and PS-b-PVPy/BPA
nanoparticles

A suspension containing PS-b-PVPh/BPE (or PS-b-PVPh/BPA)
micelles in 2-butanone was added dropwise to mildly stirred
toluene that is a selective solvent for PS. After that, 2-butanone (b.p.
80 °C) was removed by distillation to obtain a suspension of core-
stabilized nanoparticles in toluene. In order to remove the excess of
BPE (or BPA), an extraction procedure with mild acid solution (or
mild basic solution) was performed.

2.4. Measurement techniques

Particle size measurements were performed on a Dynamic Light
Scattering (DLS) Beckman Coulter N5 Submicron Particle Size
Analyzer at a scattering angle of 90°. All the samples used in the
dynamic light scattering measurements were clarified by passing
them through a 0.45 um PTFE filter.

FTIR spectra were recorded at 25 °C on a Nicolet Avatar 360
spectrophotometer. All samples were cast directly onto KBr pellets.
The spectra were taken with a 4 cm~! resolution in a wavenumber
range from 4000-400 cm™ .
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Scheme 1. Chemical structures of the materials used and micelle formation via
hydrogen-bonding.

Thermal analysis was performed on a DSC instrument from
Perkin Elmer (Pyris Diamond DSC) over a temperature range from
0°Cto 220 °C under Nitrogen. The glass transition temperature (Tg)
was obtained as the inflection point of the heat flow step recorded
at a scan rate of 20 °C/min. Solvent was removed in a rotary film
evaporator and after that all samples were dried at 60 °C under
vacuum for 48 h.

Atomic force microscopy (AFM) images of the samples were
obtained in a tapping mode at room temperature using a scanning
probe microscope (Molecular Imaging’s PicoScan) equipped with
a Nanosensors tips/cantilever having a resonance frequency of
approximately 330 KHz and a spring constant of about 42 N/m with
a tip nominal radius lower than 7 nm.

3. Results and discussion

3.1. Block copolymer micelles in non-selective solvents based
on phenol-pyridine hydrogen-bonding interactions

Two block copolymers (PS-b-PVPy and PS-b-PVPh) were
selected for micelle construction by mixing them with two
complementary bifunctional low-molecular-weight hydrogen-
bonding crosslinkers, BPA and BPE, respectively (see Scheme 1).
Based on the hydrogen-bonding complexation-induced micelliza-
tion concept, core-shell micelles should be formed by solving PS-b-
PVPy and BPA (or PS-b-PVPh and BPE) in non-selective solvents at
appropriate molar ratios. The driving force for micellization should
be the well known phenol-pyridine hydrogen-bonding interaction
(enthalpy of hydrogen bond formation about —7 Kcal/mol in apolar
solvents) [30]. A certain competition for hydrogen-bonding
formation from the solvent was expected since good solvents for
PS-b-PVPy/BPA and PS-b-PVPh/BPE mixtures are in fact relatively
polar ones (see Table 1). In this sense, it is well known that an
insoluble 1:1 PVPh/PVPy complex cannot be obtained in DMF [31]
due to the strong hydrogen-bonding competition from solvent
molecules precluding complex formation. In the present study, the
influence of solvent quality, temperature and pH on PS-b-PVPy/BPA
and PS-b-PVPh/BPE micelle formation is addressed.
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Table 1
Solubility of PS-b-PVPy, BPE, PS-b-PVPy and BPA in several solvents at room
temperature.

Solvent PS-b-PVPh

CHCl5
THF
Butanone
Acetone
DMF
Toluene

BPE PS-b-PVPy BPA

I+ 0+t
I+ + + + 1
I+ 1+ + +
I+ + + + 1

Table 2
Effect of the solvent on the micellization process for PS-b-PVPh/BPE and PS-b-PVPy/
BPA systems.

Solvent PS-b-PVPh [5 x 10~ M]/BPE PS-b-PVPy [1.5 x 103 M]/BPA
BPE/PVPh?* Micelle size BPA/PVPy* Micelle size

Butanone 8 30 nm 3 32 nm

THF 18 18 nm 15° 18 nm®

DMF = = = =

¢ Given as the molar ratio of bifunctional hydrogen-bonding crosslinker to block
copolymer.
b pS-h-PVPy [5 x 10~ M]/BPA.

First, the effect of the solvent quality in the unimers-to-micelles
transition for the PS-b-PVPy/BPA and PS-b-PVPh/BPE systems is
summarized in Table 2. It is well known that hydrogen-bonding
formation is dependent on solvent quality since complexation
between complementary phenol and pyridine functional groups in
these systems is a result of the competition between pyridine-BPA
(or phenol-BPE) interactions and pyridine-solvent (or phenol-
solvent) interactions, respectively. PS-b-PVPy/BPA and PS-b-PVPh/
BPE micellation takes place in 2-butanone and THF, the former
requiring a lower crosslinker concentration than the later, but does
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not take place in DMF which is a strong proton-accepting solvent.
These results are in good agreement with the hydrogen-bonding
ability of these solvents: DMF > THF > 2-butanone.

The evolution of the micellization process for the PS-b-PVPh/
BPE/butanone system at 20 °C as determined by DLS measurements
upon increasing the [BPE]/[PVPh] molar ratio is shown in Fig. 1A. In
absence of hydrogen-bonding crosslinking BPE molecules, the PS-b-
PVPh chains [5 x 103 g/mL] are in the form of unimers with
a hydrodynamic diameter of 4.4 4 0.5 nm. A transition from unimers
to micelles is clearly observed upon progressive BPE addition,
leading to well-defined aggregates (see Scheme 2). As illustrated in
Fig.1B, micelle formation takes place at [BPE]/[PVPh] ~ 8 M ratio and
the resulting micelles show a hydrodynamic diameter of
~30 + 5 nm. Fig. 1C shows the unimers-to-micelles transition for
the PS-b-PVPy/BPA/butanone system. In this case, the individual PS-
b-PVPy chains [1.5 x 10~ g/mL] present a hydrodynamic diamenter
of 4.4 + 0.5 nm. In Fig. 1D micelle formation is observed at [BPA]/
[PVPy]~3 M ratio leading to micelles with a hydrodynamic diam-
eter of ~32 + 5 nm. The differences observed in the [crosslinker ]/
[crosslinkable units] molar ratio needed to obtain well-defined
aggregates in the PS-b-PVPy/BPA and PS-b-PVPh/BPE systems
mainly arise from both differences in concentration and block
copolymer chain lengths (i.e. copolymers with long crosslinkable
blocks need less crosslinker molecules for micellization).

Next, the effect of temperature on the phenol-pyridine
hydrogen-bonding micellization process was investigated for both
systems. The thermostability of the micelles was determined by
DLS analysis as illustrated in Fig. 2A and B. When temperature was
increased a decrease in the hydrodynamic diameter was observed
since the strength of the hydrogen-bonding interactions weakens
with temperature. The decrease of the hydrodynamic diameter on
heating can be attributed to the release of crosslinker molecules
from the micellar core to the solution and the concomitant increase
in the proportion of unimers at higher temperatures.
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Fig. 1. DLS measurements of evolution of the micellization process for the PS-b-PVPh/BPE/Butanone system (A) at 20 °C upon increasing [BPE/PVPh] molar ratio. (B) Shows the
variation in the hydrodynamic diameter versus [BPE/PVPh]| molar ratio. DLS measurements of evolution of the micellization process for the PS-b-PVPy/BPA/Butanone system (C) at
20 °C upon increasing [BPA/PVPy] molar ratio. (D) Shows the variation in the hydrodynamic diameter versus [BPA/PVPy] molar ratio.
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Scheme 2. Micelles formation in non-selective solvent and core-crosslinked nanoparticles.

Finally, Fig. 3A and B shows DLS measurements of the PS-b-
PVPh/BPE and PS-b-PVPy/BPA systems after addition of acetic acid
or 4-(Dimethylamino)pyridine (DMAP), respectively. Demi-
cellization was observed when acetic acid and DMAP were added to
both micelle suspensions due to the competition between acetic
acid or DMAP and bifunctional crosslinker molecules.

Interestingly, it was found that dilution brokes both the PS-b-
PVPh/BPE and PS-b-PVPy/BPA micelles to give back the corre-
sponding unimers, demonstrating the equilibrium existing
between unimers and micelles as a function of solvent concentra-
tion and the reversible nature of non-crosslinked micelles.

3.2. From reversible micelles to stabilized core-shell nanoparticles
based on phenol-pyridine hydrogen-bonding interactions

Stabilized core-shell nanoparticles were obtained by phase
inversion followed by simple extraction of the excess of crosslinker
molecules in solution. Toluene was employed as non-solvent for

PVPy, BPA, PVPh and BPE but selective solvent for PS (see Table 1).
Hence, when PS-b-PVPy/BPA/2-butanone or PS-b-PVPh/BPE/2-
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Fig. 2. A). DLS measurements of number distribution of PS-b-PVPh + BPE micelles in

butanone at different temperatures. (B). DLS measurements of number distribution of
PS-b-PVPy + BPA micelles in butanone at different temperatures.

butanone micelle suspensions were added dropwise to toluene no
precipitation was observed due to the presence of the soluble PS
blocks in the external shell of the micelles. When 2-butanone and
the crosslinker excess were removed by distillation and extraction,
respectively, a suspension of stabilized core-shell nanoparticles
resulted.

First, the obtention of stabilized core-shell nanoparticles was
investigated by FTIR measurements. In this sense, Fig. 4A and B
show the FTIR spectra of the PS-b-PVPh/BPE nanoparticles. Fig. 4A
shows the hydroxyl region of pure PS-b-PVPh block copolymer,
pure BPE and core-shell PS-b-PVPh/BPE nanoparticles. Pure PS-b-
PVPh copolymer shows two bands in this region arising from the
PVPh block: a peak corresponding to free hydroxyl groups located
at 3525 cm~ ! and a broad band centred at 3350 cm ™! corre-
sponding to a distribution of hydrogen bonded hydroxyl groups
[32]. The BPE bifunctional crosslinker shows no absorption band in
this region. For the core-shell PS-b-PVPh/BPE nanoparticles, the
intensity of free hydroxyl groups disappears, suggesting that
hydroxyl groups are now hydrogen bonded to pyridine -N= groups

A 60+
DMAP addition
50{ .
i‘ Acetic acid addition 7
39- 404 :;/ Micelles
— !
Byl i
d4 o4
g 30 i
=1 ) ‘1I
2204 !
"
i 2
104 ! 3
:
£ 5
0+—F ‘

0 10 20 30 40 50 60 70
Hydrodynamic size (nm)

Acetic acid addition

DMAP addition

Micelles
/

7
/

o
I
.
~

0 10 20 30 40 50 60 70 80
Hydrodynamic size (nm)

Fig. 3. A). DLS measurements before and after addition of acetic acid and DMAP PS-b-
PVPh + BPE micelles solution. (B). DLS measurements before and after addition of
acetic acid and DMAP PS-b-PVPy + BPA micelles solution.
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from BPE. In Fig. 4B the FTIR spectrum from 960 to 1040 cm™!
corresponding to the pyridine ring stretching modes is shown. Pure
BPE shows a characteristic band at 993 cm~! corresponding to BPE
ring absorption [33,34]. On the contrary, the PS-b-PVPh block
copolymer shows no absorption peak at 993 cm™!, but exhibits an
absorption band at 1013 c¢m~!. The core-shell PS-b-PVPh/BPE
nanoparticles show a new band at 1005 cm™! which is assigned to
hydrogen bonded pyridine rings with phenol groups [29]. In the
same way, Fig. 5A and B illustrate the FTIR spectra of core-shell PS-
b-PVPy/BPA nanoparticles. Fig. 5A shows the FTIR region were the
hydroxyl group bands are observed. Neat BPA shows a single band
centred at 3350 cm™! corresponding to hydrogen bonded hydroxyl-
hydroxyl groups. The PS-b-PVPy block copolymer shows no
absorption peak in this region. The core-shell PS-b-PVPy/BPA
nanoparticles show a very broad band spanning from 3100 to
3600 cm~! that includes the absorption from hydroxyl groups of
BPA hydrogen bonded to pyridine units of the PS-b-PVPy
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copolymer (ca. 3125 cm~1) [29]. In Fig. 5B the infrared spectra in the
range 970-1040 cm ™! corresponding to the pyridine ring stretching
modes is shown. The pure PS-b-PVPy copolymer shows a charac-
teristic band at 993 cm™! arising from pyridine ring absorption
[33,34]. Neat BPA shows no absorption at 993 cm™! but exhibits an
absorption peak at 1013 cm~L The core-shell PS-b-PVPy/BPA
nanoparticles show a new band at 1008 cm~! which can be
assigned to hydrogen bonded pyridine-phenol groups.

Next, differential thermal analysis (DSC) measurements were
performed to confirm the obtention of stabilized core-shell nano-
particles (Figs. 6 and 7). As can be observed in Fig. 6, the pure PS-b-
PVPh block copolymer shows two glass transition temperatures
arising from the PS block (80 °C) and the PVPh block (150 °C). The
core-shell PS-b-PVPh/BPE nanoparticles also show two glass
transition temperatures: one at 80 °C that can be clearly assigned to

" PS-b-PVPy + BPA

Heat Flow Endo Up

40 80
Temperature (°C)

120

Fig. 6. Comparative DSC heat flow curves of poly 4-vinylphenol homopolymer (straight line), poly 4-vinylphenol + BPE mixture (dashed line), PS-b-PVPh block copolymer (Dot-
dashed line) and PS-b-PVPh + BPE core-crosslinked nanoparticles (Doted line) (left). Zoom DSC heat flow curve of PS-b-PVPh + BPE core-crosslinked nanoparticles (right).
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Fig. 7. Comparative DSC heat flow curves of poly 4-vinylpyridine homopolymer (straight line), poly 4-vinylpyridine + BPA mixture (dashed line), PS-b-PVPy block copolymer (Dot-
dashed line) and PS-b-PVPy + BPA core-crosslinked nanoparticles (Doted line) (left). Zoom DSC heat flow curve of PS-b-PVPy + BPA core-crosslinked nanoparticles (right).

Core crosslinked nanoparticles

Scheme 3. Free volume increase in the core of the nanoparticle.

the PS shell and other at 50 °C that we tentatively assigned to the
PVPh-BPE hydrogen bonded core. To confirm this assignment,
a new experiment was performed which consists on recording the
DSC thermogram of a PVPh homopolymer/BPE blend and compare
it to that of neat PVPh. As illustrated in Fig. 6, PVPh homopolymer
shows a single glass transition temperature at 155 °C whereas the
PVPh homopolymer/BPE blend shows a single glass transition
temperature at 15 °C (a large T, depression of 100 °C). A similar
behaviour was observed for stabilized core-shell PS-b-PVPy/BPA
nanoparticles. The thermograms of the pure PS-b-PVPy copolymer
and the core-shell PS-b-PVPy/BPA nanoparticles are illustrated in
Fig. 7. As is expected, the PS-b-PVPy copolymer shows two glass
transition temperatures: one at 95 °C, which corresponds to the PS

A

40

204

Number %

0 20 40 60 80
Hydrodynamic size (nm)

blocks, and other at 140 °C, which corresponds to the PVPy ones.
The stabilized core-shell PS-b-PVPy/BPA nanoparticles present two
Tes at 80 °C and 65 °C, respectively. Hence, a significant glass
transition temperature decrease (about 80 °C) is also observed
when compared to the Ty of the neat PVPy blocks due to the
presence of the bifunctional crosslinker molecules in the nano-
particle core. A similar glass transition depression was found for
model PVPy + BPA blends. In general, these results are in agree-
ment with those observed upon blending PVPy and pentadecyl-
phenol [35] pointing to a neat free volume increase and thus to
a significant mobility enhancement at lower temperatures (see
Scheme 3).

Finally, the size of the stabilized core-shell PS-b-PVPy/BPA and
PS-b-PVPh/BPE nanoparticles was determined by two comple-
mentary techniques, such as DLS and AFM. It is worth noticing that
a variety of factors should be taken account when DLS and AFM
measurements are compared [36-39] such as broadening features
arising from the finite radius of the AFM tip, the effect of carrying
out the measurements without solvent or the inability of the AFM
technique to probe voids that might exist between the micelles
themselves leading to sample deformation. In this sense, Fig. 8A
and Fig. 8B show DLS results corresponding to the PS-b-PVPh/BPE
and PS-b-PVPy/BPA nanoparticles in toluene. The resulting nano-
particle sizes were 39 + 5 nm and 40 + 3 nm, respectively. These
results are according to intrinsic structure of nanoparticles, as it
was expected PS-b-PVPy/BPA nanoparticles has bigger diameter
than PS-b-PVPh/BPE due to polymerization degree of PS-b-PVPy is
larger than PS-b-PVPh. The corresponding height and phase AFM
images are illustrated in Figs. 9 and 10 where the nanoparticle
morphology is observed. By analyzing the height profile, the aver-
aged diameter of the PS-b-PVPh/BPE and PS-b-PVPy/BPA

60
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w
o
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Fig. 8. (A) DLS measurements of number distribution of PS-b-PVPh + BPE nanoparticles in Toluene. (B) DLS measurements of number distribution of PS-b-PVPy + BPA nanoparticles

in Toluene.
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Fig. 10. Height (left) and phase (right) AFM images and height and phase profiles of self-assembled PS-b-PVPy + BPA nanoparticles (bottom).

nanoparticles is very similar in both cases (ca. 39 nm) in good
agreement with the DLS results.

4. Conclusions

A new way to prepared polymeric micelles in non-selective
solvent has been proposed. We have studied the spontaneous
formation of poly(styrene-b-4-vinylphenol) and poly(styrene-b-4-
vinylpyridine) micelles in non-selective solvent by addition of
a low-molecular-weight hydrogen-bonging crosslinker as bis-pyr-
idyl ethane and Bisphenol A, respectively. This method represents
a fundamentally different mechanism for micelles formation due to
micelles were prepared by addition of hydrogen-bonging cross-
linker as difference of classic method where micelles are formed
using a selective solvent to a block of block copolymer.

DLS was used to study the associative behaviour of systems in
butanone that is non-selective solvent, as function of crosslinker
and block copolymer molar ratio, temperature, pH and concentra-
tion. In order to obtain micelles [BPE]/[PVPh]~8 and [BPA]/
[PVPy]~3 M ratio between crosslinker and block copolymer is
necessary. As consequence of increment of temperature, sizes of

micelles decrease because there is a relaxation of crosslinker
molecules from the micellar core to the solution and the concom-
itant increase in the proportion of unimers at higher temperatures.
When acetic acid or DMAP were added to suspensions demi-
cellization was observed due to the competition between acetic
acid or DMAP and bifunctional crosslinker molecules. Moreover,
dilution of systems provokes demicellization.

FTIR allow to corroborate phenol-pyridine hydrogen bond in
stabilized core-shell nanoparticles. Moreover, core-shell nano-
particles were analyzed by DSC. A decrease of T, of core of nano-
particles due to free volume increment could be observed. Finally,
size and morphology of nanoparticles was analyzed by two
complementary techniques that shown a good correlation, as DLS
and AFM.
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