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ABSTRACT:

We have investigated the complexation-induced phase behavior of the mixtures of poly(styrene-b-4-vinylpyridine) (PS-b-P4VP)
and octyl gallate (OG) due to hydrogen bonding in different solvents. The Fourier transform infrared spectroscopic result indicates
that the hydrogen-bonding was formed between the P4VP blocks and OG in both THF and DMF, implying the P4VP blocks can
bind to OG. For PS-b-P4VP/OGmixture in chloroform, the morphological transitions were induced from the unimer configuration
to swollen aggregate and complex-micelles by adding OG. Interestingly, the complex-micelles can lead the formation of the
honeycomb structure from chloroform solution. The PS-b-P4VP/OGmixture in THF, behaving an amphiphilic diblock copolymer
in solution state, exhibited a series of morphological transitions from sphere, pearl-necklace-liked rod, worm-liked rod, vesicle, to
core�shell-corona aggregates by increasing the OG content. In contrast, the PS-b-P4VP/OG mixture in DMF maintained the
unimer configuration upon adding OG. Therefore, the complexation-induced morphology of the mixtures of PS-b-P4VP and OG
can be mediated by adopting different common solvents to affect the self-assembly behavior.

’ INTRODUCTION

Block copolymers are the focus of the intense research due to
their ability to self-assemble into nanostructures with well-
defined morphology and size. Many types of block copolymers
have been synthesized and their characteristic nano- and micro-
phase separation structures have been investigated in solid state
and in solution state.1�11 Micelles are formed that consist of a
core containing the insoluble blocks surrounded by a corona of
the solvated blocks which exhibit fascinating structures, such as
spherical, cylindrical, lamellar, and vesicular micelles, etc.12,13 In
particular, polymeric micelles have received significant attention
in drug delivery, templates for the preparation of inorganic
nanoparticles including metals, metal oxides or semiconductors,
and traps for environmental pollutants or metabolites due to
their small size and high stability.14�19

It is well-known that the equilibrium aggregate morphologies
in solution can be determined by the free-energy balance among

three main effects: stretching of the core-forming blocks, inter-
coronal interactions, and the interfacial energy between the
solvent and the micelle core.20 Many factors affect the above
three terms, and by tuning one of these three factors, the forces
balancing the micelles can be upset, leading to a transformation
from one morphology into another. Examples of such factors
have been investigated previously including the initial copolymer
concentration in solution, common solvent used, the amount of
selective solvent, block length of the copolymer, and the type and
amount of the adding ions (such as salt, acid, or base), etc.21�23

Recent advancement has demonstrated that the interpolymer
complexation can also lead to micellization through electrostatic
interaction24 or hydrogen bonding.25 An interpolymer complexation
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can change significantly in terms of the polymers' solublibity and
conformation, which facilitates the intercomplex aggregates.
Meanwhile, nanostructures can also be obtained involving co-
polymer and low-molecular-mass compound (LMC, surfactant
or organic molecules with a polar head and a nonpolar tail) that
have recently been investigated extensively and offer many
possibilities to change the microstructure.25 The micellization
behavior of a block copolymer/LMC complex can be controlled
by the amount of adding LMC, and a variation in the environ-
ment which affect the interaction between block copolymer and
LMC.26 Hydrogen bonds play an important role in the construc-
tion of supramolecular polymers by self-assembly due to their
moderate bonding energy offering the flexibility for association
and dissociation processes.27 It is well-known that the strength
and extent of hydrogen bonding in copolymers or polymer
blends depends on their respective affinities between the hydro-
gen bond donors and acceptors.11,28�31 In addition, the solvent
medium plays other important role to affect or control the type of
complex formation. In our previous studies,30,31 different mor-
phologies used formed from the mixtures of PVPh-b-PS and
PMMA-b-P4VP due to the different chain behaviors of PVPh/
P4VP block mixtures in different common solvents. The hydro-
gen bonding interaction between PS-b-PVPh and PMMA-b-
P4VP in DMF solution is relatively weaker than that in THF
solution. As a result, the interpoymer hydrogen-bonded com-
plexation core of PVPh and P4VP chains more stretching, and
thus vesicular complexes were formed surrounded by PMMA
and PS chains in THF solution. In contrast to the THF solution,
DMF solution had relatively lower degree of stretching of the
core chains (PVPh/P4VP) and stronger repulsion of the coronal
chains (PS and PMMA), consequently, spherical micelles were
formed with PVPh/P4VP as the core and PS/PMMA as the
corona.

In the present work, we will report that the diverse micelliza-
tion behaviors can be controlled via introducing octyl gallate
(OG) into PS-b-P4VP solution in different common solvents
(chloroform, DMF, and THF). The solubility of the different
common solvents for PS-b-P4VP and OG will affect the strength
of hydrogen bonding between the P4VP block and OG and the
self-assembly behaviors in solution state. As a result, the various
micellization behavior can be obtained through using different
common solvents.

’EXPERIMENTAL SECTION

Materials and Synthesis of Block Copolymer. The styrene
monomers (Aldrich, 99%) and 4-vinylpyridine (Aldrich, 99%) were
distilled from the finely ground CaH2 before use. Tetrahydrofuran
(THF) as the polymerization solvent for anionic polymerization was
purified by distillation under argon from the red solution obtained by
diphenylhexyllithium (produced by the reaction of 1,1-diphenylethylene
and n-BuLi). sec-Butyllithium (Acros, 1.3 M in cyclohexane) was used as
the initiator for anionic polymerization. Octyl gallate (OG, 99%) was
purchased from Fluka, was recrystallized from an ethanol/chloroform
(9:1 volume ratio) azeotropic mixture prior to use. Poly(styrene-block-4-
vinylpyridine) diblock copolymer was synthesized through sequential
anionic polymerization as described in the Supporting Information.32

Preparation of the PS-b-P4VP Aggregates by Adding OG.
PS61-b-P4VP91 and OG with different molar ratio R of 4VP/OG (the
ratio of OG/4VP is named R) ranging from 1/100 to 1 and were
dissolved together in chloroform (THF or DMF), and the solutions
were stirred for more than 2 days at room temperature. These P4VP

blocks are expected to interact with the OG through complementally
hydrogen bonding interaction. Scheme 1 presents the hydrogen bond-
ing interaction between P4VP block and OG. All initial copolymer
concentrations were maintained at 1 mg/2 mL.
CharacterizationMethodology. 1H and 13CNMR spectra were

obtained using an INOVA 500 instrument. The molecular weights and
PS/P4VP ratios of the various copolymers were evaluated from 1H
NMR spectra and compared with the corresponding values obtained
from GPC analysis. Infrared spectra were recorded at 25 �C at a resolution
of 1 cm�1 on a Nicolet AVATAR 320 FTIR spectrometer using polymer
films cast onto KBr pellets from solutions. All FTIR spectra were obtained
within the range 4000�400 cm�1; 32 scans were collected at a resolution
of 1 cm�1 purged with nitrogen to maintain the film’s dryness. The
hydrodynamic diameters of the assemblies were measured by DLS using
a Brookheaven 90 plus model equipment (Brookheaven Instruments
Corporation, USA) with a He�Ne laser with a power of 35 mWat
632.8 nm. All DLS measurements were carried out with a wavelength of
632.8 nm at 25 �C with 90� angle of detection. All samples were measured
five times. In transmission electronmicroscopy (TEM) studies, a drop of
the micelle solution was sprayed onto a Cu TEM grid covered with a
Formvar support film that had been precoated with a thin film of carbon.
After 1 min, the excess of the solution was blotted away using a strip of
filter paper. All samples were left to dry at room temperature for 1 day
prior to observation. After drying, the samples were stained with RuO4

and viewed under a Hitachi H-7500 TEM instrument operated with an
accelerating voltage of 100 kV. The contact angle of the polymer sample
was measured at 25 �C using a Kr€uss GH-100 goniometry interfaced
with image-capture software by injecting a 5 μL liquid drop.

’RESULTS AND DISCUSSION

Synthesis of Poly(styrene-block-4-vinyl pyridine) Diblock
Copolymers.The PS-b-P4VP diblock copolymer withmolecular
weight of 15900 g 3mol�1 and narrow molecular weight distribu-
tion (PDI = 1.12) was prepared through anionic living polym-
erization. 1H and 13C NMR spectra were recorded for PS-b-
P4VP sample to confirm its chemical composition and structure.
Figure 1a displays typical 1H NMR spectrum of the diblock
copolymer with assignments of its characteristic peaks. The
signals due to the aromatic protons and the pyridine ring were
observed at 6.1�6.9 ppm and 8.2�8.5 ppm, respectively. Figure 1b
displays the 13C NMR spectra of the PS-b-P4VP copolymer where
the signals corresponding to the aromatic carbons and the
pyridine ring were observed at 120�130 ppm and 150 ppm,
respectively. Thus, we confirmed that the PS-b-P4VP diblock

Scheme 1. Schematic Representation of the Interaction that
Exists Between P4VP Blocks and Octyl Gallate
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copolymer was successfully synthesized through the anionic
living polymerization.
FTIR Analyses. Figure 2a,b presents the stretching band of the

pyridine groups (1580�1640 cm�1) of the pure PS-b-P4VP and
the mixtures of PS-b-P4VP andOGwith various molar ratios cast
from THF and chloroform solutions at room temperature. The
pyridine band at 1597 cm�1 shifted to higher wavenumbers upon
adding the OG, indicating that the hydrogen bonding between
the pyridine groups of the P4VP blocks and theOH groups of the

OGwas formed.33 Furthermore, Figure 2c,d shows the IR spectra
of the pyridine ring absorption region (980�1020 cm�1) of the
pure PS-b-P4VP and the mixtures of PS-b-P4VP and OG with
various molar ratios cast from THF and chloroform solutions at
room temperature. Pure PS-b-P4VP has a characteristic band at
993 cm�1, corresponding to the uncomplexed pyridine ring
absorption. The new board band at 1005�1010 cm�1 is assigned
to hydrogen-bonded pyridine units, and its intensity increases
upon the increase OG content in comparison to the PS-b-P4VP
copolymer.33 As a result, we can confirm that the complex of the
OG and P4VP segment are indeed formed due to the stronger
hydrogen-bonding interaction between the hydroxyl groups of
the OG and pyridine groups of P4VP.
Characterization of the PS-b-P4VP/OG Aggregates in

Chloroform.The copolymermixtures were analyzed by dynamic
light scattering (DLS). The experimental correlation function
was analyzed by the method of the Cumulant and by the CONTIN
algorithm, as reported elsewhere.2 The Stokes�Einstein approx-
imation was used to convert the diffusion coefficient into the
hydrodynamic diameter (Dh). Figures 3 and 4 present the hydro-
dynamic diameters and light scattering intensities of the pure PS-b-
P4VP and mixtures of the PS-b-P4VP and the OG with various
molar ratios (R) at a given constant concentration in chloroform.
The copolymer without containing OG (Figure 3a) was dis-
solved in chloroform molecularly as unimer, with Dh of around
8�12 nm and very low scattering intensity. The addition of the
OG resulted in Dh increase at R < 1/10 due to binding between
polymer and OG which has also been observed for various other
blend systems.34 Figure 3b,c shows that the hydrodynamic
diameter distributions for mixtures of PS-b-P4VP and OG at
R < 1/10 in chloroform are bimodal at 8�12 nm and
120�265 nm. As the R is less than 1/10, the content of the
OG is lower in system, the free unbound polymer chains and
those bound with OG in solution coexisted. The interaction
between PS-b-P4VP andOG leads to the formation of aggregates
composed of the P4VP/OG-complex core and PS-corona in the
system because the solubility of the bound polymer chains
becomes relatively lower. As a result, the bimodal distributions
corresponding to free unbound polymer chains (8�12 nm) and
aggregates of the OG bound polymers are formed. However, the
scattering intensity was low even though the aggregates were
formed in the system at R < 1/10, implying that the structures of
these aggregates were loose and unstable. As the OG content
was low, the loose and giant aggregates (i.e., big micelles) were
formed because the amount of the P4VP blocks binding to OG
was low and cannot provide the sufficient driving force to
assemble the dense and stable micelle structure. With further
increasing the OG content, the Dh decreased remarkably to
40 nm. While the scattering intensity was sharply increased, and
the aggregates showed a remarkably narrow size distribution.
This result indicates that these aggregates became denser with a
well-defined structure, as a result of the formation of micelliza-
tion. The insolubility of the bound pyridine units due to enough
bound pyridine groups drives the aggregation of the P4VP/OG
complex to form the micellization with further increase in OG
content. 1H spectra data provided further evidence to demon-
strate the formation of complexation between the P4VP blocks
andOG. Figure 5 presents the 1HNMR spectra of the pure PS-b-
P4VP and mixtures of the PS-b-P4VP and OG with the different
R in CDCl3. The intensity of the signals due to Hd of P4VP at
8.2�8.5 ppm was depressed at R = 1/20, finally, it totally
disappeared at R = 1. Additionally, at R = 1, the intensity ratio

Figure 2. FTIR spectra of the pyridine band of the pure PS-b-P4VP and
mixtures of OG and PS-b-P4VP in the range 1550�1650 cm�1 in
(a) chloroform and (b) THF and in the range 990�1020 cm�1 in
(c) chloroform and (d) THFwith the differentmolar ratios, respectively.

Figure 1. (a) 1H and (b) 13C NMR spectra of PS-b-P4VP.
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of He to Hc comes close to 3/2, corresponding to the number
ratio of the He to Hc in the benzene rings. These

1H spectra data

indicate that the formation of aggregates between the bound
P4VP blocks caused depression or even disappearance of P4VP
signals because the mobility was restricted.
The morphologies of these noncovalent complex aggregates

were investigated by transmission electron microscopy (TEM).
Figure 6 presents the TEM images for mixtures of the PS-b-P4VP
and OG with different molar ratios R from chloroform solutions.
At R = 1/50, the aggregates possess diameter about 300 nm and
weak contrast, indicating that the structure of these aggregates
were loose and polydisperse. As the R was increased to 1/10, the
aggregates showed dual size distribution, one has a diameter
about 200 nm, and another possesses a diameter about 50 nm.
The former aggregates correspond to the loose structure, whereas
the latter arose from the dense micelles due to enough bound
pyridine units. When the R was increased to 1/3 and 1, these
structures showed uniform size and well-defined shape spheres.
These TEM images are consistent with the DLS results, implying
that the complexation-induced micellization by hydrogen-
bonding indeed occurred.
Figure 7 shows various SEM images of cast films for mixtures

of PS-b-P4VP and OG with different molar R in chloroform
solution after solvent evaporation. Nomorphology was observed
from the PS-b-P4VP without containing OG from chloroform
solution as shown in Figure 7a. Most interestingly, the honey-
comb-structured porous films were obtained by adding the OG.
At R = 1/100, the broken and imperfect porous film was obtained.
With increasing the OG content to R = 1/50, only irregular pores
were formed. Further increasing the molar ratio R from 1/50 to
1/10, 1/3, and 1, the degree of the regularity of the porous film
increased remarkably, and the pore size decreased. Additionally,
Fast Fourier transfer (FFT) pattern (Figure 7, inset images) also
indicated a hexagonal arrangement of the pores was formed on
the surface, while the regularity of the porous film increased upon
increasing theOG content. By casting onto solid substrates, these
aggregates spontaneously converted into honeycomb structure.
The spherical shape of the porous structure reflected the shape of
template water droplets and the observed honeycomb architec-
ture was formed by the “breath figures”method.35�40 According

Figure 3. The hydrodynamic diameter distribution of the mixtures of OG and PS-b-P4VP with the different molar ratios in chloroform.

Figure 4. The intensity of the scattering of the mixtures of OG and
PS-b-P4VP with the different molar ratios in chloroform.

Figure 5. 1HNMR spectra of the (a) pure PS-b-P4VP and the mixtures
of OG and PS-b-P4VP (b) at R = 1/20 and (c) R = 1 in CDCl3.
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to the “breath figures” mechanism, the water droplets act as the
template to form the honeycomb structure, and the stabilization
of the water droplets is the crucial point for preparing a regular
honeycomb structure. The interfacial activity of the various
aggregates of different mixtures provided different degrees of
the stabilization of the water droplets and resulted in the different
structures. It is well-known that the ability of adsorbed aggregates
to stabilize the water-solution interface is relative to the aggre-
gates wettability. The wettability of the aggregates at the
solvent�water interface can be quantified by the corresponding
interfacial contact angle θws, which can be calculated according to
the modified Young’s equation:41

θws ¼ cos�1 ðγwcos θw � γscos θsÞ
γw=s

" #
ð1Þ

where γw and γs are the surface tensions of water and solution,
respectively, γw/s is the interfacial tension between water and
solution, and the static contact angles of water and chloroform
(θw and θs) can be measured on the flat film of nanoparticles,
respectively. If the particles are either too hydrophilic or too
hydrophobic, then they tend to remain dispersed in either the
aqueous (θws < 90�) or the oil phase (θws > 90�) and cannot
sufficiently stabilize the water droplets. The wettability of the
aggregates is believed to play an important role for forming a
honeycomb structure.

The wettability of the aggregate with the different molar ratio
R at the water-solvent interface could be quantified by the corre-
sponding contact angles, and the θws can be calculated according to
eq 1 by measuring the contact angles on the flat films.42�49 We
measured the θw and estimated θs 2252 0 for chloroform entirely
wets all film surfaces of these aggregates. The θw and the
corresponding calculated contact angles θws at the interface
between water and chloroform are summarized in Table 1. The
θw gradually decreased from 105 to 70� upon increasing R from
1/100 to 1. The θws values cannot be obtained at R = 1/100 and
1/50, implying that most molecularly dispersed PS-b-P4VP/OG
complexes and the loose aggregates tended to disperse in the

Figure 6. TEM images of the morphologies of the mixtures of OG and PS-b-P4VP (a) at R = 1/50, (b) at R = 1/10, (c) at R = 1/3, and (d) at R = 1.

Figure 7. SEM images of the morphologies of the (a) pure PS-b-P4VP and the mixtures of OG and PS-b-P4VP (b) at R = 1/100, (c) at R = 1/50, (d) at
R = 1/10, (e) at R = 1/3, and (f) at R = 1.

Table 1. Summary of the Structural Parameters and
Corresponding θw and θws of Aggregates Formed by
PS-b-P4VP/OG Mixtures in Chloroform

molar ratio, R morphology θw (deg) ( 1� θws (deg) ( 1�

1/100 loose aggregate 105 N/Aa

1/50 loose aggregate 102 N/Aa

1/10 loose aggregate +

spherical micelle

89 143

1/3 spherical micelle 73 100

1 spherical micelle 70 94
a It cannot be calculated according to eq 1

http://pubs.acs.org/action/showImage?doi=10.1021/la201506y&iName=master.img-007.jpg&w=503&h=120
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chloroform phased due to the high hydrophobicity and cannot
stay at the water/chloroform interface for stabilizing the water
droplets. As expected, the irregular porous films with a relatively
broad distribution of the pore size were induced because of
the fusion of the water droplets. With further increasing R to
1/10, 1/3, and 1, the θws progressively decreased to close 90�,
reflecting that the hydrophobicity of the aggregates decreased
as the loose aggregates became the dense micelles, and these
micelles effectively stabilized the water droplets and preserved
the structure of the porous film during drying. Then, an order
honeycomb was obtained as shown in Figure 7f. As a result,
the dense and monodisperse micelles have a suitable wett-
ability to stabilize the water droplets to prevent the condensa-
tion of water droplets; however, the loose structure contained a
lot of solvent and became too hydrophobic to stabilize the water
droplets. In summary, the mixtures with the different R can
self-assemble the different aggregates which possess the dif-
ferent wettability and provide the porous films with the variou
regularity.
Characterization of the PS-b-P4VP/OG Aggregates in THF

and DMF. Now, we turn our attention to the behaviors of the

mixtures of the PS-b-P4VP and OG with the different R in THF
solutions. Figure 8 presents the 1H NMR spectra of the pure
PS-b-P4VP and mixtures of the PS-b-P4VP and OG with the
different R in THF-d. The unusual phenomenon was obtained that
the intensity of signals due toHd of P4VP at 8.2�8.5 ppm increased
with increasing theOGcontent, and the intensities of the signals due
toHc andHe were depressed. These results indicated that the P4VP
blocks had the reverse behavior and becamemoremobile by adding
OG. Thus, the core-domains composed of P4VP and bound P4VP
blocks were swollen and increased the mobility.
Figure 9 presents the hydrodynamic diameters of the pure

PS-b-P4VP andmixtures of the PS-b-P4VP and theOGwith various
molar ratios (R) at a given constant concentration in THF. The
aggregates with an average diameter of the range 35�40 nmwere
observed at R < 1/50. As increasing the OG content, the
aggregate size increased to 74 nm at R = 1/20, 120 nm at R =
1/10, 240 nm at R = 1/5, and 230 nm at R = 1, implying that the
bound PS-b-P4VP with OG would change their structures of the
assembled objects. However, it is difficult to predict that this
increase in the hydrodynamic diameter of the objects is caused by
the swell of aggregates or the change of aggregates to other
morphologies. In order to clarify the cause of the changes in the
hydrodynamic diameter, we will explore the TEM images of this
system. Figure 10 shows the TEM images for various morphol-
ogies formed from the mixtures of the PS-b-P4VP and OG with
different R in THF. Nanospherical micelles of the PS-b-P4VP
without OG were formed as shown in Figure 9a, implying that
the THF has the different selectivity for the PS and P4VP block
(i.e., the THF has a better solubility for the PS blocks) resulting
in the formation of the micelles. At R = 1/50, the morphology of
the mixture maintained the spherical micelle. At R = 1/20, the
aggregates transformed into coexisting pearl-necklace-liked rod
micelles and spherical micelles as shown in Figure 10c. On further
increasing the OG content, the morphology of the aggregates
changed to the worm-liked micelles at R = 1/10, then to the
vesicular aggregates at R = 1/5. Most interestingly, at R = 1, the
morphology of the aggregates transferred to an unusual structure
which was similar to the core�shell�corona structure as shown

Figure 8. 1HNMR spectra of the (a) pure PS-b-P4VP and the mixtures
of OG and PS-b-P4VP (b) at R = 1/20 and (c) R = 1 in THF-d.

Figure 9. The hydrodynamic diameter distribution of the mixtures of OG and PS-b-P4VP with the different molar ratios in THF.

http://pubs.acs.org/action/showImage?doi=10.1021/la201506y&iName=master.img-009.jpg&w=162&h=143
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in Figure 10f. It is well-known that several factors influence the
morphologies of block copolymer aggregates in a solution;21,32,50

the free energies of aggregation are affected by the intercoronal
chain interaction, the core�coronal interfacial energy, and the degree
of core-chain stretching. Here, the OG moieties were capable of
forming strong hydrogen-bonding interaction with P4VP blocks.
On the asis of the NMR analysis, the OG could increase the size
of the core and promote the architectural changes. In addition, it
is believed that the long tail of OG could reduce the intercoronal
chain interaction by providing the more space between the
corona chains due to their hydrophobic character. The degree
of P4VP stretching increases in response to the increase in the
core diameter. This increased chain stretching is subject to an
entropic penalty, and in the present system the aggregates
undergo morphological change in order to relieve this entropy
strain. At R = 1, the core�shell-corona like aggregate was
observed. When the added OG was higher, the excess of the
OG would accumulate the inner domain (i.e., P4VP/OG com-
plex phase) of the vesicle and expand domain size. Meanwhile,
the gray thin layer of the inner domain was obtained as shown in
Figure 10f, because the electronic density of OG is lower. Thus,
we speculated that the vesicle transferred to the core�shell-corona
like aggregate, and the core, shell, and corona were composed of
PS, P4VP/OG complex, and PS, respectively. Consequently, the
addition of OG can induce a series of morphological transition
from sphere, pearl-necklace-liked rod, worm-liked rod, vesicle, to
core�shell�corona aggregates, indicating that the morphologies
can be controlled by changing the OG content. Meanwhile, the
mixtures of the PS-b-P4VP and OG with the different R in DMF
solutions were studied. Figure 11 displays the hydrodynamic
diameter and light scattering intensities of the mixtures of
the PS-b-P4VP and OG with the different R in DMF. The Dh

maintained the similar value upon adding the OG and even at R =
1, and the intensity was weak, indicating that the addition
of the OG cannot lead any self-assembled aggregates in DMF.
Taft et al. demonstrated that the solvatochromic comparison

method was used to unravel, quantify, correlate, and rationalize
multiple solvent effects on many types of physicochemical
properties and presented reactivity parameters, and comprehen-
sive collection of π*,R, and β values.51,52 The π* scale is an index
of solvent dipolarity/polarizability, which was measured the
ability of the solvent to stabilize a change or a dipole by virtue
of its dielectric effect. The R scale of solvent HBD (hydrogen-
bond donor) acidities describes the ability of the solvent to
donate a proton in a solvent-to-solute hydrogen bond. The β scale
of HBA (hydrogen-bond acceptor) basicities provides a measure
of the solvent’s ability to accept a proton (donate an electron
pair) in a solute-to-solvent hydrogen bond. Due to Taft’s
reports,51,52 the values of β of chloroform, THF, and DMF are
0.00, 0.55, and 0.69, respectively, and the values ofπ* of chloroform,
THF, and DMF are 0.58, 0.58, and 0.88. The values of β and π*
indicate that chloroform and THF is less polar than DMF, and
DMF has higher hydrogen-bond-acceptor ability than chloroform
and THF. Thus, we speculated that the hydrogen-bonding
between the P4VP blocks and OG were not efficiently formed
due to the polarity of DMF, resulting that the mixtures of the PS-b-
P4VP and OG cannot form aggregates. In addition, the hydrogen
bonding interaction between OG and P4VP block also could be
found by FTIR analyses (for brevity not shown here).
In summary, Figure 12 displays our proposed mechanism for

themorphologies of themixtures of the PS-b-P4VP andOG from
the different solvent. For chloroform system, the self-assembled
nano-objects were formed by adding OG, and the honeycomb
structures were obtained through these aggregates acting as the
stabilizer for the water droplets. For THF system, a series of
morphological transition was induced to reduce the free energy
of the system. For the DMF system, the unimer-to-micelle
transition cannot be lead through addingOGdue to the relatively
weak hydrogen-bonding interaction in DMF. As a result, the
complexation-induced morphologies of the mixtures of PS-b-
P4VP and OG can be mediated by adopting different solvents to
affect the self-assembly behavior.

Figure 10. TEM images of the morphologies of the (a) pure PS-b-P4VP and the mixtures of OG and PS-b-P4VP (b) at R = 1/50, (c) at R = 1/20, (d) at
R = 1/10, (e) at R = 1/5, and (f) at R = 1.
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’CONCLUSIONS

Hydrogen bonding between P4VP blocks of PS-b-P4VP
diblock copolymer andOG in different solvents results in various
complexation-induced micellization. Both FTIR and NMR ana-
lyses provided evidence for the formation of the P4VP binding to
OG due to hydrogen bonding between the P4VP blocks andOG.
Integrated results of TEM images and DLS data clearly show that
the self-assembly behaviors of the mixtures of the PS-b-P4VP and
OG can be modulated via adopting the different solvents. For
PS-b-P4VP/OG mixture in chloroform, the morphological tran-
sitions were induced from the unimer configuration to swollen
aggregate and complex-micelles by adding OG. Interestingly, the
complex-micelles can lead the formation of the honeycomb
structure from chloroform solution. The PS-b-P4VP/OG mixture
in THF, behaving an amphiphilic diblock copolymer in solu-
tion state, exhibited a series of morphological transitions from
sphere, pearl-necklace-liked rod, worm-liked rod, vesicle, to core�
shell-corona aggregates by increasing theOG content. In contrast, the
PS-b-P4VP/OG mixture in DMF maintained the unimer configura-
tion upon adding OG due to relatively weak hydrogen-bonding.
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