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ABSTRACT: This study aims to quantitatively investigate the effect of water content on the self-assembly behavior of polystyrene-
block-poly(ethylene oxide) (PS-b-PEO) in tetrahydrofuran/water cosolvents by small-angle X-ray scattering. PS-b-PEO chains
preferentially form fractal aggregates at a dilute concentration in neat tetrahydrofuran (THF). By adding a small amount of water
into THF, PS-b-PEO forms gelled networks. The gelled networks have correlated inhomogeneities, which were generated through
mesophase separation. These gelled networks are not present when PS-b-PEO is dissolved in THF/methanol and THF/ethanol
cosolvents. The substitution of water with 12 M HCl reduces the viscosity of the gelled networks. Those results indicate that the
gelled networks of PS-b-PEO need hydrogen bonds formed from surrounding water molecules to be bridging agents, which connect
different PEO block chains together. Upon increasing the water content in THF/water cosolvents, dispersed micelles with a core−
shell conformation or aggregated micelles preferentially coexist with fractal aggregates.

■ INTRODUCTION

Polystyrene-block-poly(ethylene oxide) block copolymers (PS-
b-PEO BCPs) have attracted broad interest since their self-
assembled nanodomains can be used as templates to make
inorganic or carbon nanomaterials.1−12 The nanomaterials
based on BCP-templating have well-defined morphologies and
finely tailored domain sizes. The fabrication of nanostructure
materials needs a sol−gel process for solutions that contain PS-
b-PEO in binary cosolvents in the presence of additives (such
as bases, acids, and homopolymers).1−13

The phase behavior of BCPs in bulk is mainly governed by
the segregation strength and volume fractions of constituent
blocks. The segregation strength is determined by the Flory−
Huggins interactions and the degree of polymerization.14 In
comparison, the self-assembly of BCPs is more complicated in
solution than in bulk. At a given concentration above the
critical micelle concentration (CMC), BCPs tend to form
micelles with a core−shell structure. For BCP-based micelles in
solution, the solvophobic block forms a core, but the
solvophilic block forms a shell. In a solvent or cosolvent,
micellar morphologies (including shape, size, and size
distribution) and spatial ordering are determined by three
factors. The three factors include the stretching of the core-
forming chain, interfacial interactions of a solvent with the

interface between the core and shell, and interchain steric
hindrance of the shell-forming chain.15 In practice, these
factors can be finely tuned by several experimental parameters,
such as water content, solvent quality, compositions of
cosolvents, volume fractions of constituent blocks, polymer
concentration, additives, temperature, etc.16−26 Furthermore,
not only thermodynamic factors but also kinetic factors can
control block copolymer assembly in solutions.27,28 The factors
produce more morphological diversity and domain tunability
for micelles in solution than for nanodomains in bulk. The
morphologies of micelles influence the properties of solutions.
In most cases, morphological characterization relies on

transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Both TEM and SEM acquire
structural information in real space. Material characterization
with SEM and TEM needs to quickly freeze micellar structures
in a dried state and remove the solvent without morphological
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changes. Otherwise, the morphologies that form in a solution
cannot be precisely probed. Nevertheless, removing solvents
from a swollen state without delicate controls inevitably
changes micellar morphologies. Moreover, sample staining
with heavy elements is usually necessary to increase structural
contrast for TEM characterization. If samples have higher
thicknesses, there will be low penetration under electrons for
TEM. Thus, sliced films of low thickness are required. Our
system is made of PS-b-PEO micelles in tetrahydrofuran
(THF) and their mixtures with water. Because THF is a
versatile solvent, it remains difficult to freeze micellar
structures in a dried state from micellar solutions.
Small-angle scattering (SAS) of X-rays and neutrons can

further provide complementary information because SAS offers
structural information in a nondestructive way.29−36 Structural
details of micelles in a solution can be directly characterized
without solvent removal. In combination with environment
controls, real-time or in situ SAS can be performed to
understand structural kinetics and dynamics.37−39 Further-
more, micellar morphologies and intermicellar interactions can
be quantified through the model fitting of SAS data.40−43

This study quantitatively investigated PS-b-PEO micelles in
THF and its cosolvents with water by small-angle X-ray
scattering (SAXS). In this system, we traced structural
evolutions of PS-b-PEO as a function of water contents in
THF. The addition of water yielded a series of structural
changes, starting from gelation, micellization, and, finally,
micellar aggregation. No gelation occurred in THF/methanol
and THF/ethanol cosolvents. Furthermore, adding 12 M HCl
instead of water reduced the viscosity of the gel. We propose a
self-assembly mechanism based on the quantitative analysis of
SAXS data to explain the structural changes of PS-b-PEO in
THF/water cosolvents.

■ EXPERIMENTAL SECTION
Materials. Three polystyrene-block-polyethylene oxide block

copolymers (hereafter abbreviated as PSm-b-PEOn BCPs), and
homopolystyrene (hPS) were purchased from Polymer Source, Inc.

Homopoly(ethylene oxide) (hPEO) and concentrated HCl (37 wt %,
equivalent to 12M) were purchased from Sigma-Aldrich. PS-b-PEO
BCPs, hPS, and hPEO were used as received without purification.
Their molecular weights, volume fractions, and dispersity are
summarized in Table 1. The abbreviation PSm-b-PEOn represents
the BCPs studied in this work, where m and n denote the degree of
polymerization, respectively, if specified. Anhydrous THF, methanol,
and ethanol were purchased from J. T. Baker. All the chemicals were
used as received without purification.

Solution Preparation. 12.76 mg of PS317-b-PEO307 in powder
form was first dissolved in 290 μL of THF. The polymer solutions
were sonicated at 30 °C for 30 min. After dissolution, different
amounts (62, 129, 190, and 290 μL) of deionized water were added to
the solutions. The rate of water addition was 0.06 mL/min. The
solutions were slowly stirred at 100 rpm using magnetic bars during
the water addition. After water addition, the mixed solutions were
sonicated again at 30 °C for 3 h and then aged at ambient
temperature for 5 days before SAXS characterization. For the mixed
solutions, the volume ratios of THF to water were 1:0.22, 1:0.44,
1:0.65, and 1:1. To study the effects of the chemical architecture of
polymers on gelation in the THF/water (1/0.22) cosolvent, hPS,
hPEO, or PS-b-PEO with different volume fractions were dissolved in
solutions instead of PS317-b-PEO307. To study the effects of polar
protic solvents on gelled aggregates, water was substituted with
methanol, ethanol, or HCl in polymer solutions. Again, all the mixed
solutions were sonicated at 30 °C for 3 h and then aged at ambient
temperature for 5 days.

SAXS Characterization. SAXS experiments were performed at
TPS 13A of the National Synchrotron Radiation Research Center,
Hsinchu, Taiwan.44 A 10 keV X-ray beam was incident on a thin-wall
quartz capillary sample cell (2 mm diameter); the SAXS profiles were
then obtained with a unique detecting system comprising two
detectors, Eiger X 9 M and Eiger X 1 M. For background subtraction,
THF and its mixtures with water were measured. Sample-to-detector
distances were calibrated using silver behenate. High-density poly-
ethylene was used as a standard to calibrate absolute intensities for the
SAXS profiles. After data reduction, one-dimensional SAXS profiles
with absolute intensities I(q) were obtained. q is the momentum
transfer vector and is defined as θ= π

λ
q sin4 , where 2θ is the

scattering angle, and λ is the wavelength of X-rays.
SAXS profiles were fitted by the SASview software.40 For curve

fitting, three models were used: core−shell sphere model,29−31

Table 1. Details of PS-b-PEO BCPs, hPS, and hPEO

sample Mn
total (kg/mol) Mn

PS (kg/mol) Mn
PEO (kg/mol) Ntotal Mw/Mn f PS f PEO

PS317-b-PEO307 46.5 33 13.5 624 1.12 0.72 0.28
PS96-b-PEO261 21.5 10 11.5 357 1.09 0.48 0.52
PS230-b-PEO477 45 24 21 707 1.09 0.55 0.45
hPS237 24.7 24.7 237 1.03 1
hPEO455 20 - 20 455 1.2 1

Figure 1. (Top panel) Solution parameters for PS, PEO, THF, water, and THF/water cosolvents with different THF/water ratios. (Bottom panel)
Photos of 12.75 mg of PS317-b-PEO307 in 290 μL of THF before (i) and after adding 62.3 μL (ii), 129 μL (iii), 190 μL (iv), and 290 μL (v) of
water.
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Beaucage model,41,42 and Gauss−Lorentz-gel scattering model.43 The
core−shell sphere model was used to fit the form-factor scattering of
PS317-b-PEO307 micelles in solutions. Because PS317-b-PEO307 micelles
have a certain size distribution, the Schultz size distribution function
was incorporated into the core−shell sphere model. Structural
parameters in the core−shell sphere model include core radii, shell
thicknesses, micellar sizes, and size dispersity. The Beaucage model
was used to fit the form-factor scattering for hierarchical aggregates,
thus yielding Porod exponents (df) and radii of gyration (Rg) for
aggregates and random coils. df denotes a fractal dimension for
hierarchical aggregates at different levels. The Gauss−Lorentz-gel
scattering model is an empirical function. This function fits a
diffraction peak resulting from correlated inhomogeneities within a
soft gel. All the models are detailed in the Supporting Information.

■ RESULTS AND DISCUSSION

The top panel of Figure 1 shows solubility parameters for THF
and its mixtures with various water contents. The solubility
parameters of the THF/water cosolvents were calculated
according to the compositions of THF and water (δTHF = 19.4
MPa1/2 and δwater = 47.8 MPa1/2).45 The solubility parameters
of neat PS (δPS = 19.2 MPa1/2) and PEO (δPEO = 20.8
MPa1/2)46 are also shown in Figure 1. THF is a neutral solvent
because its solubility parameter is between PS and PEO. Water
has the highest solubility parameter because it is a polar
molecule with hydrogen bonds. Thus, water is a selective
solvent for PS317-b-PEO307, good for PEO but poor for PS.
Furthermore, water is highly miscible with THF through
hydrogen bonds. For THF/water cosolvents, the solvent
changed from neutral to selective by increasing water contents.
The bottom panel of Figure 1 shows pictures of PS317-b-
PEO307 in THF and its mixtures with different water contents.
The solutions and their photos are labeled as solution 1i-1v
and photo 1i-1v. PS317-b-PEO307 in neat THF appeared
transparent before water addition (see photo 1i). It also has a
low viscosity.
After adding water, the solution started to gel (photo 1ii)

and then micellized in THF/water cosolvents. The sticky gel
stayed on the bottom when the vial was turned upside down.
After adding more water to the THF/water cosolvents,

micelles are formed in solution 1iii-1v. Photos 1iii and 1iv
showed bluish color in the solution, while solution 1v is milky.
The bluish color is due to Rayleigh scattering produced from
dispersed tiny structures with a size much smaller than the
wavelength of visible light. The turbidity indicates Mie
scattering from aggregated structures with a size comparable
to the visible light wavelength. Unlike the sticky solution 1ii,
the other three solutions flowed freely with a few sticky gels
remaining on the vial wall if turned upside down. This result
suggests that solutions 1iii-1v may contain two kinds of
structures.
Figure 2 shows the SAXS profiles of solutions 1i-1v. For

solution 1i, the SAXS pattern (Figure 2i) demonstrates a
power-law intensity decay at q < 0.02 Å followed by a
Guinier−Porod (GP) scattering in the q range of 0.02−0.2 Å.
Such features are typical for conjugated polymers dispersed in
organic solvents.47,48 In our system, the power-law intensity
decay is associated with fractal aggregates. The GP feature is
scattered by substructures. Thus, the scattering features
indicate that PS317-b-PEO307 in neat THF formed hierarchical
aggregates.
Similar clustering was also discovered for aqueous poly-

(ethylene oxide) solutions.49 Note that water is a good solvent
for PEO, which should preferentially form polymer coils rather

than fractal aggregates. The origin of PEO clustering in an
aqueous solution is elusive and remains an open question.
Hammouda et al. listed several possible causes for PEO
clustering, including impurities in water, possible PEO
crystallization, a phase transition whereby a concentrated
phase coexists with free polymer coils, physical cross-linking
with hydrogen bonds, and chain ends.49 The effect of
impurities in water can be excluded for DI water; thus, the
clustering observed for the PS317-b-PEO307 in THF may be
linked to other factors. We plan to conduct in situ SAXS
experiments for PS317-b-PEO307 solutions in THF at different
temperatures to discuss this clustering issue in the future.
The SAXS profile (Figure 2ii) of solution 1ii shows a broad

peak, which is common for polymer gels.50−52 In our study, the
broad peak suggests that the gel should have inhomogeneities
with a correlation length. In contrast, the SAXS profiles (Figure
2iii−iv) of solutions 1iii and 1iv display a power-law intensity
decay at low q (<0.01 Å−1) and a series of scattering fringes in
the q range of 0.01−0.2 Å−1. The features are the form-factor
scattering of micelles with a core−shell conformation,
indicating that PS-b-PEO formed core−shell micelles in the
THF/water cosolvents with a ratio of 1/0.44 and 1/0.65.
However, when the water content was equal to the content of
THF, the SAXS profile (Figure 2v) of the micelles in the
THF/water cosolvent only displayed a power-law intensity
decay and a lower intensity in fringes. The weaker fringes
indicate that the micelles had a broad core radius and shell
thickness distribution. The feature of depressed fringes is
similar to our previous study.53

The SAXS curves were fitted by the SASview software to
quantify structural details for the solutions. The fitted curves
are displayed as solid lines. The de-convoluted components of
the fitted curves are shown in Figure S1. The structural
parameters extracted from the fitted curves are summarized in
Table S1. All the best fits display low χ2 < 1, thus indicating
good fitting quality. The best fit for Figure 2i is based on the
two-level Beaucage model. The first level in the model fitted
the GP scattering feature in the range of 0.02−0.2 Å−1. The
best fit of the q region of 0.02−0.2 Å−1 indicates that the
substructures had Rg,1 = 5.7 ± 3.5 nm and df,1 = 1.7 ± 1.4. The
second level fitted the power-law intensity decay at low q <

Figure 2. Experimental SAXS profiles (symbols) and fitted curves
(lines) for the solutions that contain 12.75 mg of PS317-b-PEO307 in
290 μL of THF before (i) and after adding 62.3 μL (ii), 129 μL (iii),
190 μL (iv) and 290 μL (v) of water. Volume ratios of THF to water
correspond to 1/0, 1/0.22, 1/0.44, 1/0.65, and 1/1 for solutions 1i-
1v, respectively. Curves were vertically shifted for clarity.
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0.02 Å−1. The best fit of the low-q region indicates that the
fractal aggregates had Rg,2 = 199 ± 7.3 nm and df,2 = 2.65 ±
0.4. The quantity of df,2 suggests that the fractal aggregates
were loose networks.
We further calculated the radius of gyration for an ideal

random coil, which is assumed to form under an unperturbed
state. The radius of gyration of an unperturbed PS317-b-PEO307
random coil was approximately 6.6 nm. The calculation is
based on the relation of the radius of gyration with the degree
of polymerization (N) and the average static segmental length
(aPS/PEO) for an unperturbed PS-b-PEO random coil. The
relation is given by54

i

k
jjjjj

y

{
zzzzz=R

Na
6g

PS/PEO
2 1/2

(1a)

with

i

k
jjjjj

y

{
zzzzz= +

−

a
f

a

f

aPS/PEO
PS
v

PS
2

PEO
v

PEO
2

1/2

(1b)

where f PS
v =0.725 and f PEO

v =0.275 are the volume fraction of
each block with the statistical segments of aPS = 0.67 nm and
aPEO = 0.6 nm,55,56 respectively. The dimension of the first-
level substructure was comparable to the radius of gyration of
an unperturbed random coil.

The best fit for Figure 2ii is based on two models: the two-
level Beaucage model and the Gauss−Lorentz-gel scattering
model. The Beaucage model fits the scattering of fractal
aggregates and substructures (red line in Figure S1b). The
Gauss−Lorentz-gel scattering model fits the Bragg peak
scattered from inhomogeneities within the gel (green line in
Figure S1b). The combinational model provides several pieces
of structural information: the fractal aggregates had Rg,2 =
299.8 ± 1.3 nm and df,2 = 2.77 ± 0.6, the primary building
blocks had Rg,1 = 22 ± 0.8 nm, and df,1 = 2.0 ± 0.1. Finally, the
inhomogeneities had a correlation length of D = 65.0 ± 8.3
nm.
The best fits for Figure 2iii−v are also based on two models.

One is the model of spherical micelles with a core−shell
conformation. The other one is the model of two-level
Beaucage. Solely using the spherical model cannot perfectly fit
all the intensity over the q range of 0.02−0.2 Å−1 (see Figure
S2). Thus, the best fits indicate that two types of structures
coexisted in the mixed solutions. The core radius (rcore) and its
size dispersity (σcore) were 23.3 ± 1.3 nm and 0 for solution
1iii, and 22.9 ± 1.9 nm and 0 for solution 1iv, respectively. The
shell thickness (tshell) and its size dispersity (σshell) were 16.2 ±
0.5 nm and 0 for solution 1iii; and 18.6 ± 0.2 nm and 0 for
solution 1iv, respectively. For the aggregated micelles in
solution 1v, the size and dispersity were 19.6 ± 0.7 nm/0.3 for
the core and 29 ± 0.08 nm/0.2 for the shell. The different σshell

Figure 3. Schematic of structural evolutions of PS317-b-PEO307 in THF and its cosolvents with water of various contents: (A) fractal aggregates, (B)
gel with correlated homogeneities, (C) coexistence of core−shell micelles and fractal aggregates, and (D) coexistences of aggregated micelles and
fractal networks.
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values indicate that the aggregated micelles had a broader size
distribution than the dispersed micelles.
For the three mixed solutions that form micelles in the

THF/water cosolvents, the scattering length densities (SLDs)
extracted from the model of core−shell spheres were compared
to the calculated SLD values (ρPS = 9.6 × 10−6 Å−2, ρPEO =
10.5 × 10−6 Å−2, ρTHF = 8.37 × 10−6 Å−2 and ρwater = 9.45 ×
10−6 Å−2) theoretically calculated at λ = 1.24 Å. Table S1
demonstrates that the PS core should be significantly swollen
by THF when the volume ratios of THF to water were 1/0.44
and 1/0.65. The reason is that the SLD of the PS core was
lower than the calculated SLD (ρPS = 9.45 × 10−6 Å−2) of the
neat PS. Furthermore, when the water content was increased,
the radius of the PS core decreased, but the SLD of the PS core
increased. In the THF/water (1/1) cosolvent, the fitted SLD
of the PS core is close to the calculated SLD of the pristine PS.
This trend confirms that at low contents of water, the PS core
should be significantly swollen by THF. Increasing the water
content would reduce the degree of THF swelling in the PS
core, increasing SLD for the PS core. Similarly, the SLD of the
THF/water cosolvent also increased with more water added.
On the other hand, increasing the water content can increase

the thickness of the PEO shell. The thicker shell is due to
increased water content within the swollen PEO shell. THF
may not significantly swell the PEO shell because the fitted
SLD of the PEO shell is comparable to the calculated SLD of
the pristine PEO. Nevertheless, it remains unclear why the
fitted SLD of the PEO shell was similar to the SLD of the
pristine PEO. This discrepancy might be because hydrogen
bonds of water with PEO chains may produce bound water,
which might exhibit a higher density than free water. As a
result, the incorporation of bound water with PEO chains
might not change the SLD of the PEO shell. Another study will
be performed to clarify this puzzle by using neutron scattering,
which has a better resolution to probe water molecules.
According to our quantitative analysis, we propose a

mechanism to describe the fractal clustering, gelation,
micellization, and aggregation for PS317-b-PEO307 in THF
and its cosolvents with different amounts of water. In the first
scenario, when there is no water, PS317-b-PEO307 chains
preferentially form substructures and fractal clusters in THF
(see Figure 3A). The fractal clusters were composed of loose
packing of substructures and thus exhibited an exponent of df,2
= 2.65 ± 0.4. In other words, the fractal aggregates were a
tertiary structure with substructures being a primary building
block. Furthermore, the substructures connected one another
to form fractal clusters through van-der Waals interactions.
The strength of such molecular-level interactions should be
weak. Thus, the solution behaved like a low-viscosity liquid.
The second scenario is the sticky gel observed for PS317-b-

PEO307 in a THF/water (1/0.22) cosolvent (see Figure 3B).
Adding water shifts the solvent selectivity from PS-affinity to
PEO-affinity. Thus, when a small amount of water was added,
PS and PEO blocks were locally separated. As a result, the PS
chains shrank and clustered together to prevent contact with
water. The PEO chains expanded to a context due to
preferential swelling by water. The outside area of each PS
cluster was dominated by swollen PEO chains. The PEO
chains are connected through hydrogen bonds with water.
Nevertheless, such networks could not prevent the solution
from mesophase separation. Although PEO chains dominated
the surface of each cluster, the number of PEO chains was not
high enough. Thus, the PS chains at the PS and PEO interface

still experience a high enthalpy penalty if they come into
contact with water. Mesophase separation occurred to form a
water-rich phase within the fractal networks to reduce the
enthalpy penalty. The fractal networks contained a certain
amount of water that formed hydrogen bonds with PEO
chains. We believe that the water-rich phase should be the
origin of inhomogeneity. Furthermore, the kinetics of the
exchange of the molecules in these domains with those in the
surrounding solvent should be very slow when the gelation is
formed in the THF/water (1/0.22) cosolvent. This may
explain why the molecules in these domains would not
exchange with those in the surrounding solvent to homogenize
the concentration in the bulk phase.
The third scenario is that PS317-b-PEO307 chains preferen-

tially formed core−shell spherical micelles when the BCP was
dissolved in THF/water [(1/0.44) and (1/0.65)] cosolvents
(Figure 3C). The micellization is due to an increase in solvent
affinity to PEO chains. Thus, for the spherical micelles with a
core−shell conformation, PS chains formed a core, and PEO
chains formed a shell. The micellization of PS317-b-PEO307 can
significantly reduce incompatible contacts between water and
PS (i.e., a decrease in enthalpy penalty for PS and water).
Another benefit resulting from micellization is to increase the
mixing of water and THF because THF is completely miscible
with water (i.e., an increase in configuration entropy). For each
shell, PEO chains formed a brush conformation. The brush
conformation imparted a steric hindrance, which well
dispersed and separated the micelles in THF/water [(1/
0.44) and (1/0.65)] cosolvents.
Upon adding a large amount of water to THF, the PS chains

were not swollen by THF, and thus their chain mobility
became sluggish (Figure 3D). As a result, the PS317-b-PEO307
chains do not have sufficient time to form spherical micelles
with a sharp interface between the core and shell under a rate
(0.06 mL/min) of water addition. Instead, micelles with a
broad size distribution are favored in THF/water (1/1)
cosolvent. Furthermore, the shell of such micelles should lack a
brush conformation that offers a sufficient steric hindrance
needed for the dispersion and separation of micelles. This
explains why the micelles were preferentially aggregated and
had a broad size distribution in cosolvents with equal contents
of THF and water.
Note that the micelle shell thickness increased drastically

when the THF/water volume ratio was increased to 1/1 (see
Table S1), suggesting that the PEO blocks might be highly
stretched, making the intermicellar interaction highly repulsive.
Nevertheless, such a brush conformation cannot explain why
we only observe micellar aggregations and why the SAXS curve
of the aggregated micelles showed no interaction peak
associated with the intermicellar repulsion. The absence of
the interaction peak indicates that the aggregated micelles
should not have any intermicellar repulsions. Our results are
similar to a previous finding reported for poly-
(dimethylsiloxane)-block-poly(ethylene oxide) micelles in
water.57

The thickness of the PEO shell is larger in the THF/water
(1/1) cosolvent. The size distribution is broad, as the smearing
of the fringes suggested. The broad size distribution indicates
patchy micelles are formed in the THF/water cosolvent, as
seen in previous studies.58 The formation of patchy micelles is
due to an increase in the incompatibility between two
constituent blocks in a diblock copolymer. The higher
incompatibility causes clustering of the shell-forming chains
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to reduce areas in contact with the core-forming chains. The
number of patchy micelles can be increased by reducing the
solvent quality of the diblock copolymer solution through
adding a nonsolvent for the core-forming block.58 Further-
more, the formation of patchy micelles also strongly depends
on the diblock copolymer composition. When the composition
is more asymmetric, patchy micelles more preferentially
form.58 Although patchy micelles can reduce unfavorable
contact areas between the core- and shell-forming chains, this
morphology could induce unfavorable contacts between the
hydrophobic block and water-rich cosolvent. As a result, an
enthalpy penalty increases accordingly. For that case, patchy
micelles preferentially aggregate together to reduce the
enthalpy penalty. This mechanism also accounts for the
micellar aggregation reported in our system.
Origin of PS317-b-PEO307 Gelled Networks in THF/water

(1/0.22) Cosolvent.
The inhomogeneity (mesophase separation) and sticky gel

(macroscopic property) are unexpected for the solution that
contains PS317-b-PEO307 in THF/water (1/0.22) cosolvent as
compared to substructures, core−shell micelles, and their
aggregates. Generally, substructures and their fractal aggregates
form at a low concentration below CMC in a solution. Micelles
preferentially form and coexist with substructures when the
solution concentration is higher than the CMC. This section
further clarifies how inhomogeneities formed within the sticky
gel.
Recent studies have demonstrated that patchy micelles (also

called semibald micelles) are favored for an asymmetric block
copolymer consisting of a long core-forming chain and a short
shell-forming chain.58−60 Such patchy micelles can induce
solution gelation.58−60 In addition to volume fractions of
constituent blocks in a BCP, solvent quality also plays an
important role in forming patchy micelles. In a highly selective
solvent, core-forming chains are incompatible with shell-
forming chains. To reduce incompatible contacts with core-
and shell-forming chains, the shell-forming chains locally
cluster to form patchy shells. However, locally clustering
increases incompatible contacts between the core and the
solvent. Thus, the enthalpic penalty increases accordingly.
Nevertheless, such enthalpic penalty can be compensated by
forming aggregates for patchy micelles. The aggregation of the
patchy micelles usually forms fractal networks, which further
freezes the liquid.58−60 In fact, patchy micelles of various

morphologies are frequently reported.61 Similar to fractal
networks of patchy micelles, fibrillar networks (also called
worm-like micelles or branched cylinders) are frequently
obtained for gels or viscous solutions.62−68

Our system is different from the previous studies62−68

because the sticky gel that contains PS317-b-PEO307 in the
THF/water (1/0.22) cosolvent does not display the prominent
features corresponding to the scattering of core−shell micelles.
Instead, a Bragg peak is displayed, together with power-law
intensity decays. Thus, the micellar formation can be excluded
for the sticky gel.
The PS317-b-PEO307 gel in THF/water (1/0.22) cosolvent

was stable below 70 °C (Figure S3). The gelation observed in
this study is different from the gelation of patchy micelles and
cylindrical micelles. Previous studies have demonstrated that
the gelation of BCP solutions relies on micellar morphologies
(i.e., patchy micelles58−60 and cylindrical micelles62−65).
Obtaining patchy micelles or cylindrical micelles needs fine
controls over several morphological factors, such as molecular
weight and volume fraction, of BCPs.58−60,62−65 Nevertheless,
the gel observed in this study was independent of volume
fractions of constituent PS and PEO blocks. Symmetric PS-b-
PEO BCPs also formed small gel pieces in the THF/water
cosolvent of 1/0.22 (Figure 4a,b). The gel could not transform
into micellar solutions with low viscosity even if extra water
was further added to produce cosolvents with equal volumes of
THF and water (Figure S4).
Neither PS nor PEO homopolymers formed gel in THF/

water (1/0.22) cosolvent (Figure 4c,d). Note that the PS
solution appeared white and showed a Tyndall effect.
However, the PEO solution is transparent and showed no
Tyndall effect. The color contrast indicates that the PS tended
to form clusters through a hydrophobic effect. In fact, the PS
could be well dissolved in neat THF before water addition.
Thus, before water addition, the PS solution appeared
transparent. Water addition caused the self-association of the
PS chains to form PS clusters. The PS clustering resulted in the
Tyndall effect. Unlike the PS, the PEO was well dissolved
through hydrogen bonds in the THF/water (1/0.22)
cosolvent. The complementary results support that the gel of
PS317-b-PEO307 is an interplay between hydrophobic inter-
actions and hydrogen bonds.
The gel products were not present for PS317-b-PEO307 in

THF/methanol and THF/ethanol cosolvents of 1/0.2 (Figure

Figure 4. Photos of various solutions: (a) PS230-b-PEO477, (b) PS96-b-PEO261, (c) hPS237, and (d) hPEO455 in THF/water (1/0.22) cosolvent.
PS317-b-PEO307 in (e) THF/methanol (1/0.22), (f) THF/ethanol (1/0.22) and (g) THF/12 M HCl (1/0.22) cosolvents. Top panel shows photos
taken under a laser pointer irradiated through the solutions. Bottom panel shows photos for the upside-down solutions.
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4e,f), suggesting that hydrogen bonds act as bridging agents.
The absence of gel (Figure 4e,f) is because each methanol or
ethanol only induces one hydrogen bond. The addition of 12
M HCl in THF instead of pure water reduced the viscosity of
the gel (Figure 4g), suggesting that the incorporation of 12 M
HCl may result in loose networks rather than compact
networks. Our previous study has demonstrated that although
incorporating HCl can enhance hydrogen bonds of protonated
water with PEO chains, the presence of counterions with an
unbalance of charge densities on the PEO chains also induces
screened Coulombic repulsions.53 Such screened Coulombic
repulsions may account for the reduced viscosity of the gelled
networks. These data offer evidence that types of polymers,
hydrogen bonds, solubility parameters, and pH must play key
factors in the gelation of PS317-b-PEO307 in the THF/water
cosolvent of 1/0.22.
The SAXS profile (Figure 2ii) of the sticky gel observed here

is analogous to the gelation of weakly charged polyelectrolytes
reported by the Shibayama group.51,52 In their studies,
inhomogeneities typically result in a Bragg peak (correlation
peak) at low q in SAXS profiles for gels with weakly charged
polyelectrolytes. The inhomogeneities have been ascribed to
the mesoscale phase separation, which forms solvent-rich and
polymer-rich phases. The solvent-rich phase comprises discrete
solvent nanodomains, and the polymer-rich phase is composed
of deformed networks. When the discrete solvent nanodomains
correlate, a Bragg peak is present in SAXS profiles. This
explanation also accounts for the gel of PS317-b-PEO307 in
THF/water (1/0.22) cosolvent observed here. Adding water of
a low content in a solution that initially contains PS317-b-
PEO307 in neat THF can induce a mesophase separation and
produce hydrogen bonds to bind with PEO chains. The
mesophase separation led to water-rich nanodomains sur-
rounded by polymer-rich networks. The formation of water-
rich nanodomains is due to a decrease in incomparable
contacts with the PS block chains (hydrophobic effect). The
substructures are interconnected through hydrogen bonds
between water and PEO for the polymer-rich networks.

■ CONCLUSIONS

We have demonstrated four stages of structural evolution for
PS317-b-PEO307 in THF and its cosolvents with water of
different contents by quantitative analysis of SAXS data. PS317-
b-PEO307 chains preferentially form hierarchically fractal
aggregates in THF. The fractal aggregates are composed of
connected substructures through weak interactions. Thus, the
solution appears transparent and has a low viscosity. The
addition of a small amount of water induces an inhomogeneity
forming through mesophase separation in solution by which a
water-rich phase dominates the inhomogeneity. Another effect
is that water molecules act like bridging agents, which strongly
connect substructures through hydrogen bonds. Thus, the
sticky gel can form in the solution that consists of PS317-b-
PEO307 in the THF/water (1/0.22) cosolvent. The strong
hydrogen bonds between water and PEO also account for the
high stability of the gel. Upon further increasing the water
content, micellization is dominant over gelation so that core−
shell micelles with a narrow size distribution are favored.
Nevertheless, further adding water reduces solvent quality for
the PS block. Thus, aggregated micelles with a broad size
distribution preferentially coexist with fractal aggregates.
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