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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Spherical micelles form for PS-b-PEO in 
THF/H2O cosolvents added with HCl. 

• Spherical micelles have screened 
Coulomb repulsions because of adding 
HCl. 

• Cylindrical micelles form for PS-b-PEO 
in DMF/H2O cosolvents added with HCl. 

• The cylindrical micelles have no charges 
and form an entangled network. 

• The entangled network leads to 
gelation.  
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A B S T R A C T   

The micellization, aggregation, and gelation of the polystyrene-block-poly(ethylene oxide) block copolymer in 
solutions were quantitatively analyzed by small-angle X-ray scattering. The content and concentration of added 
hydrochloric acid influence the micellization, aggregation, and gelation of a polystyrene-block-poly(ethylene 
oxide) block copolymer in tetrahydrofuran/water and dimethylformamide/water cosolvents added with hy-
drochloric acid. The polystyrene-block-poly(ethylene oxide) block copolymer forms spherical micelles with 
screened Coulomb repulsions when dispersed in tetrahydrofuran/water cosolvents added with hydrochloric acid. 
The screened Coulomb repulsion arises from the poly(ethylene oxide) shells bound with protonated water and 
surrounded by unbalanced negative charges. If excessive water is introduced from hydrochloric acid, the non- 
solvent quality of tetrahydrofuran/water cosolvent predominantly causes aggregation of spherical micelles. 
Such screened Coulomb repulsions do not form for core-shell cylinders dispersed in dimethylformamide/water 
added with hydrochloric acid. Hydrochloric acid tends to form complexes with dimethylformamide. The length 
of core-shell cylinders can increase with the increased content of hydrochloric acid. Long core-shell cylinders 
favorably form three-dimensional networks through inter-cylinder entanglement. Furthermore, the absence of 
screened Coulomb repulsions makes entangled cylinders more compact to strongly trap the liquid phase. Thus, 
gels occurred in dimethylformamide/water cosolvents with added hydrochloric acid. Nevertheless, the content of 
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added hydrochloric acid should be finely controlled. Adding a large amount of hydrochloric acid prohibits 
network formation and instead favors kinetically trapped rigid cylinders. This study has demonstrated that finely 
controlling solvent quality by additives provides a physical design strategy for fabricating cylindrical micelles 
with tunable properties in solutions. This should offer the fundamental understanding of self-assembly for po-
tential applications of block copolymer micelles.   

1. Introduction 

The self-assemblies of amphiphilic block copolymers (BCPs) in so-
lution have been widely explored because of diverse morphologies, 
tunable domain dimensions, and versatile spatial order [1–5]. When the 
concentration of added BCPs chains in solution exceeds the critical 
micellization concentration, micellization occurs to form micelles with a 
core-shell structure. The core is composed of the insoluble block for 
core-shell micelles, and the shell is composed of the soluble block. The 
core is compact due to limited solvent swelling. Because of solvent 
swelling, the shell adopts a brush conformation in most cases and im-
parts steric repulsions for dispersion of BCP micelles in solution. 

In principle, BCPs self-assemble to form nanodomains in bulk 
through controls over the volume fraction of the constituent block (f) 
and segregation strength (χN) in terms of Flory-Huggins interaction (χ) 
and degree of polymerization N. Accessible micellar morphologies 
generated through self-assembly of BCPs in solutions are mainly gov-
erned by three thermodynamic factors: the degree of stretching of core- 
forming block chains, the interfacial tension between the core and the 
solvent medium, and steric-hindrance repulsions among the shell- 
forming block chains [1]. These thermodynamic factors can be experi-
mentally controlled by several parameters, including the volume frac-
tion and chain length of BCPs, polymer concentration in a solution, 
solvent type, water content, and additives. In addition to the thermo-
dynamic factors, kinetic factors are also involved in the self-assembly of 
BCPs in solutions. The kinetic factors include chain mobility, fusion and 
fission rate, and chain exchange rate [1]. Interplays between the ther-
modynamic and kinetic factors make the self-assembly of BCPs in so-
lution more complicated than in bulk [6,7]. Thus, accessible micellar 
morphologies are more diverse in solution than in bulk. The diverse 
morphologies can express different viscosity, elasticity or viscoelasticity 
for micellar solutions. Because of the domain tunability, morphological 
diversity and morphology-dependent properties, BCP micelles have 
offered a broad range of potential technological applications, such as 
drug-delivery carriers, rheology modifiers, gel-forming materials and 
templating synthesis [8–10]. 

Polystyrene-block-poly(ethylene oxide) (PS-b-PEO) micelles have 
been used as templates to make nanostructured carbons [11–14] or hi-
erarchical structures of metal oxides or metals [15–22]. Even PS-b-PEO 
itself can be used to fabricate porous membranes [23–25]. The fabri-
cation of PS-b-PEO-based templates generally relies on micellization in 
mixed binary solvents, even with extra additives (such as bases or acids) 
[26–35]. Binary cosolvents or additives can complicate the 
self-assembly of block copolymers [36–46]. In most cases, structural 
details of micelles are explored by real-space imaging such as trans-
mission electron microscope (TEM), scanning electron microscope 
(SEM), optical microscope (OM), and atomic force microscope (AFM). 
However, such real-spacing imaging only probes morphologies in a 
dried state, which may differ from morphologies in solution. Solvents 
and additives are also involved in the micellization of BCPs and their 
hierarchical structures in solution. When the solvents or additives are 
removed upon drying, different hierarchical structures must evolve in a 
dried state unless their morphologies are quickly frozen or cross-linked. 
Nevertheless, real space imaging (e.g. cryo-TEM and liquid AFM) can be 
done in the dissolved state in some cases. 

Real-spacing imaging cannot quantify inter-micelle interactions in a 
solution. The shortcoming calls for the demand of using reciprocal-space 
scattering. Small-angle scattering (SAS) based on X-rays [47–51] or 

neutrons [52,53] is a powerful tool to probe BCP micelles in solution 
because the resolution of SAS is comparable to the dimension of mi-
celles. Quantitative analysis based on model fittings offers quantitative 
information, such as shape, size, and size distribution, for micelles at a 
dilute concentration. For concentrated micelles in a solvent, 
inter-micelle interactions can be precisely quantified by analyzing the 
structure factor of SAS [54,55]. Those benefits of using complementary 
SAS are helpful to gaining an in-depth understanding of hierarchical 
structures and their self-assembly in solutions. In addition to micellar 
systems, SAS can quantitatively characterize structural details of col-
loids, nanoparticles, and hydrogels [56–60]. 

To the best of our knowledge, correlations of inter-micelle in-
teractions with the addition of water and HCl in organic solvents have 
not been thoroughly addressed. Furthermore, the gelation of PS-b-PEO 
in DMF/water cosolvent with added HCl has not been thoroughly 
addressed. DMF, THF, and water have been frequently used to make 
binary cosolvents to fabricate PS-b-PEO templates [26–35]. Neverthe-
less, precisely controlling nanodomains with well-defined morphologies 
and finely-tailored dimensions still remains challenging for BCPs in so-
lutions. Through small-angle X-rays scattering (SAXS) and model fitting, 
this article aims to deeply understand the self-assembly of PS-b-PEO in 
neat THF, DMF, and their mixtures with water and HCl. The main 
motivation of the systematic study based on SAXS and quantitative 
analysis is to offer insightful information on the self-assembly of 
PS-b-PEO in THF/water and DMF/water cosolvents. This article is out-
lined as follows. Firstly, we quantitatively analyze structural details of 
PS-b-PEO in neat THF and DMF, THF/water, and DMF/water cosolvents 
and cosolvents with HCl addition by SAXS and model fitting. Secondly, 
we propose self-assembly mechanisms for PS-b-PEO in the solutions. 

2. Materials and methods 

2.1. Materials 

The polystyrene-block-poly(ethylene oxide) (hereafter PS173-b- 
PEO170) was purchased from Polymer Source Inc. and used as received. 
The number-average molecular weight of the PS block is 18 kg/mol, and 
the number-average molecular weight of the PEO block is 7.5 kg/mol. 
The polymerization index of the PS173-b-PEO170 is 1.05, where the 
subscripts denote the degree of polymerization for PS and PEO, 
respectively. Tetrahydrofuran (THF, >99.5%) was purchased from J. T. 
Baker, and concentrated hydrochloric acid (HCl, >37%) and N, N- 
dimethylformamide (DMF, >99.8%) were purchased from Sigma- 
Aldrich. The chemicals were used as received. 

2.2. Solution preparation 

7 mg of PS173-b-PEO170 was dissolved in neat 173 μL THF or 170 μL 
DMF to prepare two series of solutions. At this stage, the solutions of two 
series appeared transparent. Deionized (DI) water of 77 or 80 μL was 
slowly added into the transparent solutions at a rate of ~13 μL/min to 
prepare two series of mixed solutions, in which the weight fraction of 
PS173-b-PEO170 was 3 wt% in THF/water or DMF/water cosolvents, and 
the weight-fraction ratio of THF or DMF to water was 2:1. Then, the 
mixed solutions were mildly stirred by a magnetic bar for 1 h and aged 
overnight. Various microliters of 12 M HCl or 40 μL of HCl of various 
molar concentrations were slowly added into the mixed solutions each 
to study the effects of HCl. After HCl addition, the mixed solutions were 
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aged at room temperature for three days. Note that 40 μL of 0 M HCl 
means an extra 40 μL of DI water used as a blank additive of HCl. This 
control experiment is to understand the effect of the addition of extra DI 
water on the self-assembly of PS173-b-PEO170 in THF/water cosolvents. 

2.3. SAXS characterization and model fittings 

The solutions were characterized by small-angle X-ray scattering at 
two end-stations (13 A and 25 A) of the Taiwan Photon Source (TPS) at 
the National Synchrotron Radiation Research Center (NSRRC) Hsinchu. 
SAXS measurements were performed under energy of 15 keV (at λ =
0.83 Å) at TPS 25 A, while SAXS measurements were performed under 
10 keV (at λ = 1.24 Å) at TPS 13 A. The solutions were sealed in capillary 
tubes (2 mm in diameter) for SAXS measurements. A two-dimensional 
photon-counting detector was placed behind samples to collect scat-
tering signals. For background subtraction, the SAXS profiles of neat 
solvents, cosolvents, and cosolvents with HCl addition were also 
collected. Silver behenate was used to calibrate the sample-to-detector 
distance. Polyethylene was used to calibrate absolute intensity for the 
SAXS profiles collected at TPS 13 A. Thus, SAXS profiles measured at 
TPS 13 A were expressed with absolute intensity in cm− 1 as a function of 
q. q denotes the momentum transfer vector and is expressed as q= (4π×
(sin θ/2))/λ, where θ is the scattering angle, and λ is the X-ray 

wavelength. However, the absolute intensity was not calibrated for the 
SAXS profiles collected at TPS 25 A. Thus, the SAXS profiles measured at 
TPS 25 A display scattering intensities in arbitrary units (a.u). A q range 
of 0.002–0.2 Å− 1 was accessible for the SAXS profiles measured at TPS 
13 A. In comparison, a q range of 0.0055–0.55 Å− 1 was accessible for the 
SAXS profiles measured at TPS 25 A. 

All the SAXS curves were fitted by the SasView software [61]. Five 
models were chosen for curve fittings: Beaucage model [62,63], 
core-shell-sphere model [47–53], core-shell-cylinder model [47], 
Hayter-MSA model [64], and lattice-factor model [47]. The models of 
Beaucage, core-shell sphere, and core-shell cylinder are form factors. 
Quantitatively analyzing the form factors allows us to quantify several 
micellar parameters, including radius of gyration (Rg), fractal dimension 
(df), shape, size, and size distribution. The models of Hayter-MSA and 
lattice factor are structural factors. Quantitatively analyzing the struc-
tural factors allows us to quantify inter-micelle interactions, 
inter-micelle distances, and lattice order. For brevity, the five models are 
detailed in the supporting information. 

2.4. SEM characterization 

Micellar morphologies were characterized at 10 kV by a cold-field- 
emission SEM microscope (Hitachi SUB8200). Prior to SEM 

Fig. 1. (A, B) Photos, and (C) SAXS profiles (symbols, collected at TPS 25 A) along with fitted curves (lines) for two solutions that consist of PS173-b-PEO170 in (i) 
THF/water or (ii) DMF/water cosolvents. After water addition, the mass-fraction ratios of THF to water and DMF to water were 2/1, respectively. The top curve was 
vertically shifted for clarity. Note that the blue stuff in the glass vial is a magnetic stirring bar. 
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characterization, micellar morphologies were frozen by quickly placing 
a 0.002 mL drop from the solutions into a 2 mL water under stirring. The 
drop quickly transformed into precipitates in water. Then, the pre-
cipitates were drop cast on a silicon wafer and dried at 30 ◦C (3 h). Prior 
to SEM characterization, the samples were further annealed at 50 ◦C (3 
days) in a vacuum over and then deposited by a thin layer of platinum. 

3. Results and discussion 

3.1. PS173-b-PEO170 in THF/water and DMF/water cosolvents 

Before adding water, the solutions containing PS173-b-PEO170 in neat 
THF and DMF appeared transparent (Fig. S1A and S1B). The trans-
parency indicates that the PS173-b-PEO170 chains wholly dissolved and 
dispersed in neat THF and DMF. SAXS curves (Fig. S1C) of the two 
transparent solutions verify that PS173-b-PEO170 chains tended to form 
fractal aggregates in the neat organic solvents. After adding water, the 
mixed solutions appear turbid. Fig. 1 shows photos and SAXS profiles of 
in THF/water or DMF/water cosolvent. As Fig. 1A and B shows, the 
solutions became turbid after water addition. After water was added, the 
solvent quality became selectively good for the PEO but poor for the PS. 
Thus, PS173-b-PEO170 chains are micellized by adding water into the 
solutions containing PS173-b-PEO170 in THF or DMF. Some white pre-
cipitates formed in the solution that contained PS173-b-PEO170 in THF/ 
water cosolvent, while no precipitates formed in the solution that con-
tained PS173-b-PEO170 in DMF/water cosolvent. Thus, the solution with 
no precipitates showed foggy color. The white or foggy color is due to 
micellization and aggregation of PS173-b-PEO170 in the cosolvents. 

For PS173-b-PEO170 in THF/water, the micellization produced core- 
shell spheres. The core-shell spheres have inter-micelle attractions and 
lattice packing. The SAXS profile of the solution consisting of PS173-b- 
PEO170 in THF/water showed a mixed scattering feature of form factor 
(i.e., fringes) and structure factor (i.e., Bragg peaks) (Fig. 1Ci). The 
intense Bragg peak located in the Guinier region corresponds to the first- 
order diffraction of ordered core-shell spheres. 

In comparison, the PS173-b-PEO170 micelles in DMF/water cosolvents 
only formed dispersed micelles with no inter-micelle interactions and 
spatial order. Therefore, the SAXS profile of the PS173-b-PEO170 in DMF/ 
water cosolvent is only dominated by the form-factor scattering of core- 
shell micelles (Fig. 1Cii). The low-q region (<0.015 Å− 1) of Fig. 1Cii 
shows an upturn. The upturn is ascribed to a power-law decay of in-
tensity with I~q− 2. The power-law exponent signifies that the micelles 
in DMF/water cosolvents should have a network-like morphology. 
Furthermore, the network-like morphology is likely composed of worm- 
like micelles, all of which have a long length, larger than a persistence 
length. If the length of worm-like micelles were shorter than a persis-
tence length, the slope of the upturn must have been 1 rather than 2. As 
q> 0.015 Å− 1, the SAXS profile shows an exponential decay in intensity 
followed by a series of fringes. The fringes indicate that the micelles 
have a narrow size distribution. 

We further performed curve fitting to quantitatively acquire struc-
tural details of the PS173-b-PEO170 micelles in THF/water and DMF/ 
water cosolvents. Table S1 summarizes the structural parameters that 
were used for fitting Fig. 1C. The best fit of Fig. 1Ci is based on a com-
bination of three model functions: sphere function, simple cubic lattice, 
and function of two-level Beaucage. The sphere function fits the form 
factor of PS cores, which are embedded within a continuous PEO matrix. 
The continuous matrix is composed of interconnected and inter-
penetrated PEO chains. The lattice function fits the spatial packing of 
micelles. The function of two-level Beaucage fits the scattering of fractal 
aggregates. Fig. 1Ci could not be well fitted if only one of the three 
functions was used to fit (data now shown). Fig. 1Ci cannot be well-fitted 
by combining the structure and form factors if the Beaucage model is not 
considered. The additional fits suggest that the PS173-b-PEO170 could 
also form fractal aggregates in addition to spherical micelles. Namely, 
fractal aggregates and spherical micelles coexist in THF/water 

cosolvents. The best fit of Fig. 1Cii is based on the model of a core-shell 
cylinder. This result indicates that the PS173-b-PEO170 in DMF/water 
self-assembled into core-shell cylinders. 

3.2. PS173-b-PEO170 in THF/water and DMF/water cosolvents with HCl 
addition 

In principle, for the fabrication of inorganic or carbon nanostructures 
through BCP-based templates, bases or acids are added to improve the 
compatibility of BCPs with inorganic or carbon precursors [26–35]. It 
has been demonstrated that additives also influence the self-assembly of 
BCPs in solution. To the best of our knowledge, the effects of additives 
on inter-micelle interactions have not been thoroughly addressed. 

After 16 μL of 12 M HCl was added, the white precipitates of PS173-b- 
PEO170 became well-dispersed in THF/water cosolvent. The absence of 
white precipitates indicates that adding 12 M HCl promoted the 
dispersion of PS173-b-PEO170 micelles in THF/water (Fig. 2A). The cor-
responding SAXS profile shows form-factor and structure factors 
(Fig. 2Ci). The form factor corresponds to fringes in the intermediate q 
range. Interference between the form and structure factors results in a 
depression in intensity at low q, which is consequently followed by a 
broad peak centered at q= 0.014 Å− 1. 

To quantitatively analyze structural details, we further performed 
curve fitting. The best fits were based on the structural parameters 
summarized in Table S2. Fig. 2Ci was well fitted by combining the core- 
shell-sphere model and the Hayter-MSA model. The core-shell-sphere 
model fits the fringes at the intermediate q, whereas the Hayter-MSA 
model fits the broad hump at q= 0.014 Å− 1. The consistency between 
the fitted line and measured curve indicates that the PS173-b-PEO170 
tends to form core-shell micelles with a screened Coulomb repulsion in 
THF/water cosolvents with the addition of HCl. This result is consistent 
with our previous finding [65,66]. 

PS173-b-PEO170 formed a solid gel in DMF/water cosolvent after HCl 
addition (Fig. 2B). The corresponding SAXS profile (Fig. 2Cii) showed a 
profile dominated by the form-factor scattering. This SAXS profile is 
similar to Fig. 1Cii, indicating that the worm-like morphology was not 
changed by adding 12 M HCl of 16 μL. The model of a core-shell cylinder 
further fitted Fig. 2Cii. The curve consistency indicates that core-shell 
cylinders were still dominant micelles in DMF/water cosolvents with 
HCl addition. 

3.3. Effects of contents and molar concentrations of HCl 

To understand how the contents of 12 M HCl influence the self- 
assembly behavior of PS173-b-PEO170 in solutions, we prepared a series 
of mixed solutions containing 3 wt% PS173-b-PEO170 in THF/water 
cosolvent with the addition of 12 M HCl of various contents. After 
mixing, the solutions appeared turbid (see the inserted photos in 
Fig. S2). The solutions were aged for a few days for SAXS character-
ization. Fig. 3 shows SAXS profiles of a series of solutions containing 
3 wt% PS173-b-PEO170 in THF/water cosolvent with the addition of 
various contents of 12 M HCl. Several prominent features are present in 
Fig. 3. Fig. 3i shows power-law intensity decay at low q followed by a 
broad hump and several fringes at intermediate q. The presence of 
power-law intensity decay indicates an aggregate formation. In addi-
tion, the broad hump is due to the structure-factor scattering, while the 
fringes are due to the form-factor scattering. The broad hump and 
fringes indicate that the micelles have inter-micelle interactions and 
narrow size dispersity. Secondly, Fig. 3ii only displays a Guinier-Porod 
feature at low q, followed by a series of fringes at high q. No 
structure-factor scattering is present in Fig. 3ii. The features indicate that 
the core-shell micelles have a narrow size dispersity but have no inter- 
micelle interactions in THF/water cosolvent with 64 μL of 12 M HCl. 
For the solutions with higher HCl contents, the features associated with 
the depressed form-factor scattering of core-shell micelles and power- 
law decay at low q (Fig. 3iii and iv). 
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Because the concentrated (i.e., 12 M) HCl also includes water, add-
ing concentrated HCl of different microliters introduces ions and 
changes the solvent quality of the solution. The change in solvent quality 
is due to excessive water, which was released from the addition of HCl. 
The THF/water cosolvents become non-solvent due to excessive addi-
tion of HCl. In a non-solvent, the mobility of PS chains becomes slow. 
The slow mobility of PS chains is due to a limited solvent content 
trapped inside every PS core. Therefore, the PS173-b-PEO170 micelles 
tend to have a broad size distribution, start to aggregate, and then 
precipitate when the content of 12 M HCl is further increased to 128 or 
256 μL. The above interpretations are supported by diminishing the 
fringes (associated with the form factor of core-shell micelles) and by 
decreases in the total scattering intensity (or Io) of SAXS. 

To quantify micellar details, we further performed model fitting for 
the measured curves in Fig. 3. The models and structural parameters of 
the best fits are detailed in Table S3. The fitted curves (solid lines) are 
consistent with the experimental data (symbols). Fig. S2 shows decon-
voluted scattering profiles obtained from the fitting of the combined 
models. On the basis of Fig. S2 and Table S3, we propose two regimes for 
the self-assembly of PS-b-PEO in THF/water cosolvents. In the first re-
gimes, core-shell spheres and fractal aggregates coexisted in the THF/ 
water cosolvents, added by 16 and 40 μL of 12 M HCl. The core-shell 
spheres in the regime had narrow size distributions in core and shell. 

Fig. 2. (A, B) Photos, and (C) SAXS profiles (symbols, collected at TPS 25 A) along with fitted curves (lines) for two acidic solutions that consisted of PS173-b-PEO170 
in (i) THF/water or (ii) DMF/water cosolvent after HCl addition. The content of added 12 M HCl was 16 μL. Note that in (A) the white stuff in the glass vial is a 
magnetic stirring bar. 

Fig. 3. SAXS profiles (symbols, collected TPS 25 A) and fitted curves (lines) for 
a series of mixed solutions. Each of the mixed solutions was prepared by 
initially dissolving a 3 wt% PS173-b-PEO170 in THF/water cosolvent and then by 
adding various microliters of 12 M HCl: (i) 16, (ii) 64, (iii) 128, and (iv) 256 μL. 
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Furthermore, the addition of 12 M HCl caused water protonation. 
Protonated water tended to bind with PEO chains and promoted the 
dispersion of micelles in THF/water through screened Coulomb re-
pulsions. The magnitude of screened Coulomb repulsions was chiefly 
controlled by the density of ions and the concentration of micelles. 
Inversely, adding 64 μL of 12 M HCl inhibited micelles from having 
screened Coulomb repulsions. The reason is that adding more HCl may 
also reduce the concentration of micelles. 

On the other hand, more excessive water resulted in a non-solvent 
quality when 128 and 256 μL of 12 M HCl were added. In this regime, 
kinetically trapped micelles are dominated by overdispersed core-shell 
micelles. The aggregated micelles had broad size distributions in core 
and shell, unlike core-shell micelles. The broad size distributions are 
ascribed to the fact that adding the high contents of HCl resulted in a 
non-solvent environment for the PS core. The content of trapped THF 
within the PS core could not be so high that the mobility of the core- 
forming chains became sluggish. Thus, the micelles in the second 
regime could not sufficiently reorganize into an equilibrium stage 
through aging. The same reason also explains why the inter-micelle 
repulsion still existed for micelles in THF/water cosolvent with the 
addition of 256 μL of 12 M HCl. In other words, the micelles with 
screened Coulomb repulsion should be kinetically trapped. 

Note that the power-law scattering at low q slightly increases with 
increasing the contents of 12 M HCl. This low-q signal should not 
correspond to the form-factor scattering of aggregated micelles. The 
reason is that aggregation of micelles leads to precipitates so that the 
number density of dispersed micelles should decrease. Furthermore, 
molecular micelles (i.e., core-shell micelles) cannot form at high content 
of 12 M HCl. Instead, segmental micelles form together with molecular 
micelles. Our previous study has demonstrated that segmental micelles 
dispersed in solutions form fractal aggregates, which typically exhibit 
power-law scattering in SAXS [65]. In the current study, we believe that 
the coexistence of core-shell micelles and segmental micelles should be 
linked with the scattering features: the power-law scattering at low q 
and fringes at intermediate q shown in Fig. 3. Furthermore, segmental 
micelles grew at the expense of molecular micelles when the content of 
12 M HCl was increased. 

Adding various concentrated HCl content without changing water 

content in solutions does not change the solvent quality. No precipitates 
formed in the solutions that were prepared under such a condition. Thus, 
we can purely trace the effect of HCl ions on the self-assembly of PS173-b- 
PEO170 in solution by constantly adding 40 μL of HCl of various molar 
concentrations from 3 to 12 M in THF/water cosolvents. We also added 
DI water of 40 μL as a blank (i.e., 0 M) HCl for comparison. The solutions 
appeared turbid (see the inserted photos in Fig. S3). 

The symbols in Fig. 4 show measured SAXS profiles for the solutions. 
For the solution added with 40 μL of 0 M HCl, the SAXS profile shows 
Porod-law scattering at low q followed by the form factor of polydisperse 
core-shell micelles (Fig. 4Ai). The form factor of polydisperse core-shell 
micelles produced a Guinier-Porod scattering feature followed by a se-
ries of oscillations in the intermediate q range. The Porod-law feature at 
low q (<0.005 Å− 1) is scattered by high-level aggregates, which also 
result in milky color for the solution with 3 M HCl (Fig. 4Aii). A 
depression in intensity is observed by increasing HCl content at the re-
gion of q= 0.007–0.02 Å− 1(Fig. 4Aiii-Av). The depression in intensity 
increases with increasing HCl until the interference of the depression 
with the Guinier scattering produces a broad hump centered at 
0.013 Å− 1 when HCl= 12 M. The intensity of depression suggests that 
the micelles have inter-micelle repulsion in the presence of HCl. 
Increasing the molar concentration of HCl with no change in water 
content can produce charged, core-shell micelles. 

The lines of Fig. 4 show the fitted curves. The fitted curves are based 
on three models: the two-level Beaucage model, the form factor model 
based on a polydisperse core-shell sphere, and the Hayter-MSA model. 
The two-level Beaucage model was used to fit the unified Guinier-Porod 
scattering features, located at low q and high q, respectively (Fig. S3). 
The first scattering feature of Guinier-Porod at low q is discerned and 
associated with micellar (or chains) aggregation. The second scattering 
feature of Guinier-Porod is present mainly at the high q. This unified 
Guinier-Porod scattering corresponds to the scattering of the local 
structures of PS173-b-PEO170 chains. The form factor of the polydisperse 
core-shell sphere was used to fit the oscillations in the intermediate q. 
The Hayter-MSA model was used to fit the depression in intensity, and 
also, a broad hump was observed in the q range of 0.007–0.02 Å− 1 

(Fig. S3). 
Structural parameters extracted from the curve fitting of Fig. 4A are 

Fig. 4. (A) SAXS profiles (symbols, collected at TPS 13 A) 
along with fitted curves (lines) for a series of mixed solu-
tions, which initially contain a 3 wt% PS173-b-PEO170 in 
THF/water with the addition of 40 μL HCl of various molar 
concentrations: (i) 0, (ii), 3, (iii) 6, (iv) 9 and (v) 12 M. (B) 
Effective radii (re), core radii (rsc), shell thickness (tss) and 
inter-micelle distance (dim). (C) charge density, and (D) 
Radius of gyration/Porod exponent (Rg,1/df,1) of local 
structures of PS173-b-PEO170 chains and radius of gyration/ 
Porod exponent (Rg,2/df,2) of PS173-b-PEO170 aggregates. 
The curves in (A) were vertically shifted for visual clarity.   
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summarized in Fig. 4B-D. Fig. 4B-D shows several prominent features 
related to the effect of HCl of various molar concentrations on the 
dimension, inter-micelle interactions, and aggregation for micelles. 
Nevertheless, adding HCl to various molar concentrations does not 
induce morphological changes for the micelles. Those micelles still 
retain the morphology of core-shell spheres. 

The first prominent feature is that the size of the micelles increased at 
the high molar concentrations of HCl (Fig. 4B). The thickness (tss) of the 
shell becomes twice larger at 6, 9, and 12 M HCl than at 0 and 3 M HCl 
(pink squares in Fig. 4B). In comparison, the radius (rsc) of the core 
slightly increases by 2 nm (green circles in Fig. 4B). The significant in-
crease in the size of the shell is due to inter-chain repulsions of the PEO 
chains. The inter-chain repulsions exist because the PEO chains were 
bound with protonated water through hydrogen bonds or charge-polar 
interactions. 

The second prominent feature is that the inter-micelle distance (dim, 
blue triangles) and effective radius (re, brown triangles) are the highest 
at 3 M HCl but drop at 6 M HCl. Beyond 6 M HCl, both dim and re slightly 
increase with an increase in the molar concentration of HCl (Fig. 4B). 
The third prominent feature is that the density of charges increases with 
increasing the molar concentration of HCl (Fig. 4C). This result indicates 
that the screened Coulomb repulsion is linked to the addition of HCl. 

The fourth prominent feature arises from hierarchical fractals. By 
increasing the molar concentration of HCl, the Rg,2 increased from 
177 nm to 226 nm, and the df,2 increased from 2 to 3. The result in-
dicates that increasing the molar concentration of HCl caused fractal 
aggregates to grow large and compact preferentially. In contrast, the Rg,1 
was stable at 2–3 nm regardless of the molar concentration of HCl, but 
the df,1 changed from 2 to 1. The comparison between the calculated Rg,0 
of a PS173-b-PEO170 and the Rg,1 values suggests that the Rg,1 and df,1 
should correspond to the size and dimensionality of local polymer seg-
ments. The change from df,1 = 2 to df,1 = 1 suggests that the local 
polymer segments might become more rigid when 12 M HCl is added. 
We believe that the rigidity should be due to the binding of protonated 
water onto the PEO chains. 

When PS173-b-PEO170 is dissolved at a low concentration (0.04 mg/ 
μL) in neat THF, only fractal aggregates of random coils formed without 
micellization. Fig. 5 schematically illustrates irreversible self-assembly 
pathways for PS173-b-PEO170 in THF/water cosolvents added with 
different contents of HCl. The solvent quality of THF and the critical 
micellization concentration (CMC) can be reduced by adding water of a 
fixed content into the solution containing the PS173-b-PEO170 in THF. 
Thus, micelles with a core-shell structure form in THF/water (2/1) 
cosolvents. For the PS173-b-PEO170 micelles in THF/water cosolvents, 
the attraction of micellar cores dominates over the steric repulsion of 

micellar shells. Thus, the micelles aggregate and then precipitate in 
THF/water cosolvent (Fig. 5A). The micelles have a certain extent of 
lattice order, evidenced by the high-order diffraction peaks of the SAXS 
curve. It has been demonstrated that hydrophobic association hydrogels 
require a network structure [67–69]. Although the PS173-b-PEO170 
formed ordered micelles, the ordered micelles lacked an interconnected 
framework. As a result, no gel formed for PS-b-PEO in the THF/water 
cosolvent. 

The precipitation can be suppressed by adding a small content of 
12 M HCl. The suppression of any aggregates is because HCl addition 
can induce strong screened Coulomb repulsions between core-shell mi-
celles. Thus, the micelles can be well dispersed in THF/water upon 
adding 12 M HCl (Fig. 5B). Another reason is that adding 12 M HCl also 
reduces the number density of PS173-b-PEO170 micelles so that the inter- 
micelle distance increases. 

The content of concentrated HCl must be optimum. If the content of 
added HCl is too high, the PS173-b-PEO170 micelles inversely form high- 
level aggregates (Fig. 5C). The high-level aggregates are composed of 
polydisperse core-shell micelles. If the size of the high-level aggregates is 
large enough, the high-level aggregates will eventually precipitate 
because gravity force is dominant over Brown motion. THF is a neutral 
solvent because its solubility parameter (δTHF=19.4 MPa0.5 [70]) is be-
tween PS’s and PEO’s solubility parameters (δPS=18.6 MPa0.5 and 
δPEO=20.8 MPa0.5 [71]). The solubility parameter of pure HCl with no 
water was estimated as δHCl= 23.2 MPa0.5. The estimation of δHCl is 
based on the group molar attraction constants (H:80; Cl:270) [72] and 
the density of 1.18 g/mL. In contrast, water is a selective solvent 
(δwater=47.8 MPa0.5), good for PEO but poor for PS. Thus, adding water 
or low molar concentrations of HCl into THF changes solvent quality 
(see Tables S4-S6). Particularly, an increase in water content should 
mainly drive the high-level aggregation. As an excessive water content is 
introduced upon HCl addition, the solvent quality of THF/water cosol-
vent becomes more selectively good for the PEO block. As a result, at 
high water content, the THF/water cosolvent becomes a non-solvent 
environment for the PS block. The introduction of excessive water 
brings about two effects: reducing the chain mobility of PS and favoring 
the association of PS173-b-PEO170 chains. On the other hand, more 
excessive water resulted in a non-solvent quality when 128 and 256 μL 
of 12 M HCl were added. With excessive water content, the effect of 
non-solvent quality is more dominant than the effect of screened 
Coulomb repulsion. In this regime, the reduction in the mobility of PS 
chains is due to limited solvent swelling. PS chains tend to associate 
together with their nearest analogous species to prevent unfavorable 
contact of PS chains with the water-rich cosolvents. The local association 
of PS segments can form segmental micelles with a surface enriched by 

Fig. 5. Irreversible self-assembly pathways for PS173-b-PEO170 in THF/water cosolvents added with different contents of HCl: (A) micelles with lattice packing in a 
THF/water cosolvent, (B) dispersed micelles at a low content of HCl in THF/water cosolvents and (C) aggregated micelles at high content of HCl in THF/ 
water cosolvents. 
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PEO chains. Unlike molecular micelles with a core-shell structure 
formed by micellization of the whole PS173-b-PEO170 chains, such 
segmental micelles lack clear core-shell boundaries/interfaces and have 
high polydispersity, and possess irregular shape. The proposed forma-
tion of segmental micelles is supported by the diminishing of fringes and 
the presence of Guinier-Porod scattering (see Fig. 3iii and iv). Note that 
the transformation between micelles and their aggregates cannot be 
reversible by alternating adding water and a high content of 12 M HCl 
once micellar aggregates have been formed. This is because both 12 M 
HCl and water are selective solvents rather than neutral solvents. 

On the other hand, when HCl was introduced into THF/water 
cosolvent without changing the solvent quality (i.e., maintaining the 
water content), molecular micellization was dominant over segmental 
micellization, thus preferentially producing monodisperse core-shell 
micelles. For such core-shell micelles, we can precisely trace how HCl 
addition influences the inter-micelle interactions without the interfer-
ence of solvent quality. 

Without changing the water content, adding HCl into the THF/water 
cosolvents containing PS173-b-PEO170 produces monodisperse core-shell 
micelles dispersed in the solutions (Fig. 5B). Regardless of varied HCl 
molar concentrations, all the solutions show a series of fringes in the 
intermediate q range. Monodisperse core-shell micelles typically scatter 
the fringes observed in Fig. 4. Adding different molar concentrations of 
HCl into THF/water cosolvents, the PS173-b-PEO170 micelles retain a 
core-shell structure. Nevertheless, increasing the molar concentration of 
HCl can slightly increase the dimension of core-shell micelles (evidenced 
by the up-shifting of the fringes observed in Fig. 4). The increased 
dimension is due to an increase in the thickness of the PEO shell occu-
pied with rich amounts of H3O+ ions. Charged PEO chains experience 
high steric hindrance and preferentially adopt a brush conformation. 
Thus, increasing the molar concentration of HCl introduces more posi-
tive ions into the PEO chains. Furthermore, negative chlorine ions (Cl− ) 
distribute around the charged PEO chains because oppositely charged 
ions and molecules associate to form electroneutral dipoles, further of-
fering screened Coulomb repulsions to the PS-b-PEO micelles in THF/ 
water cosolvent. 

To study the effects of HCl addition on the structural evolution of 
PS173-b-PEO170 in DMF/water cosolvents, we prepared another series of 
solutions that contain PS173-b-PEO170 in DMF/water cosolvents with the 
addition of different microliters of 12 M HCl for SAXS characterization. 
Visual inspection of the prepared solutions demonstrates that adding 
12 M HCl led to gelation of PS173-b-PEO170 in DMF/water (2/1) cosol-
vents. The gelled solutions cannot freely flow when titled (Fig. S4). 
However, if the added 12 M HCl content is too high, the solution cannot 
wholly form a gel state (Fig. S4v). Because of incomplete gelation, the 
solution can freely flow when tilted. Furthermore, the titled solution 
displays a gel-like substance on the bottom of the vial. 

SAXS for the solutions characterized structural details. As Fig. 6A 

shows, three prominent features are present. First, all the SAXS profiles 
show an upturn in the q region (0.005–0.012 Å− 1). In the low-q region, a 
power-law decay with I~q− 2 is present for curves 6Ai-Aiv. One exception 
is observed for curve 6Av, which shows I~q− 2 at q< 0.0085 Å− 1 but 
I~q− 1 in the low-q region of 0.0085–0.028 Å− 1. Both I~q− 1 and I~q− 2 

demonstrate that worm-like structures may form in DMF/water cosol-
vents before and after adding the various microliters of 12 M HCl. 

Furthermore, the power-law of df= 2 indicates finite flexibility 
compared to the q− 1 behavior of straight, rigid rods. The comparison of 
df offers evidence that the worm-like structures may have sufficiently 
long lengths to form branches, interconnections, or entanglements in the 
DMF/water cosolvents with no or low contents of 12 M HCl. However, 
when 256 μL of 12 M HCl was added, the worm-like structures would 
become short and rigid. 

Secondly, the intermediate q range of 0.012–0.1 Å− 1 displays fringes 
for curves 6Ai~Aiv. In comparison, such fringes quickly damp out for 
curve 6Av. The fringes are associated with a narrow size dispersity, 
which only core-shell micelles have. Thus, the quick dumping of fringes 
observed for curve 6Av indicates that the micelles had a broad size 
distribution in DMF/water cosolvent after adding 256 μL of 12 M HCl. In 
addition to fringe damping, the high-q region (>0.1 Å) reveals a broad 
hump for curve 6Av. The broad hump is linked to the formation of local 
structures. Thus, this feature suggests that adding 256 μL of 12 M HCl 
may favor local structures, which coexist with short, rigid micelles. In 
other words, adding 12 M HCl of 256 μL favors the coexistence of two 
kinds of structures. 

To quantitatively gain structural details, we further performed curve 
fitting. For curves 6 Ai-Aiv, the model of the core-shell cylinder was used 
for fitting. Curve 6Av was fitted by a combined model of the core-shell 
cylinder and two-level Beaucage. The fits (solid lines) based on the 
models are consistent with the experimental curves (open symbols) 
(Fig. 6A and Fig. S5). Fig. 6B summarizes core radii (rcc, shell thickness 
(tcs) and cylindrical lengths (lcc) that were acquired from the fits. Both rcc 
and tcs are stable for PS173-b-PEO170 in DMF/water cosolvents after 
adding 16–128 μL of 12 M HCl. The lcc slightly increases with increasing 
the content of 12 M HCl from 16 to 128 μL. However, when the content 
of 12 M HCl was too high, the lcc significantly dropped to a short size, 
which is comparable to rcc and tcs. This short length is linked with the 
cylindrical rigidity observed for PS173-b-PEO170 in the DMF/water (2/1) 
cosolvent added with 256 μL of 12 M HCl. 

Bhargava et al.’s study has demonstrated that placing a small amount 
of micellar solution in excess water can quickly vitrify the PS blocks into 
a glassy state so that micellar morphologies in solutions can be suc-
cessfully trapped in a dry state with no structural transitions [41]. To 
observe flexible cylinders in real space through SEM characterization, 
we adopted Bhargava et al.’s approach to quench the original 
morphology of solution-6Ai. Prior to SEM characterization, the micellar 
morphology was quenched by quickly placing a small amount 

Fig. 6. (A) SAXS profiles (symbols, collected at TPS 25 A) along with fitted curves (lines) for a series of mixed solutions, which initially contain a 3 wt% PS173-b- 
PEO170 in DMF/water with addition of various microliters of 12 M HCl: (i) 0, (ii) 16, (iii) 64, (iv) 128 and (v) 256 μL. (B) rcc, tcs, and lcc of core-shell cylinders as a 
function of contents of 12 M HCl. 
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(0.002 mL) of solution-6Ai in excessive water (2 mL) under stirring 
(200 rpm). After quickly mixing, precipitates of frozen micelles formed 
in the bottom of the vial. Then a drop from the quenched solution was 
cast onto silicon substrate and dried at 30 ◦C (3 h). Prior to SEM char-
acterization, the sample was further annealed at 50 ◦C (3 days) in a 
vacuum oven. Fig. S6 shows a morphology of branched cylinders, 
consistent with the SAXS characterization. 

Another scenario is proposed for the self-assembly of PS173-b-PEO170 
in DMF and its cosolvents with water. PS173-b-PEO170 chains form 
random coils and fractal aggregates. When water is introduced into 
DMF, the PS173-b-PEO170 chains form monodisperse core-shell cylinders 
in DMF/water cosolvent (Fig. 7A). The formation of core-shell cylinders 
in DMF/water cosolvent is ascribed to a difference in solvent parameters 
between THF (δ = 19.4 MPa0.5) and DMF (δ = 24.8 MPa0.5) [70]. Both 
DMF and water (δ = 47.8 MPa0.5) have strong affinity to PEO chains 
(δ = 20.8 MPa0.5) [71], but low affinity or even a strong repulsion to PS 
chains (δ = 18.6 MPa0.5). In contrast, THF has an affinity to both PS and 
PEO. Thus, the extent of swelling of the PS cores and mobility of the PS 
chains must be lower in DMF/water cosolvent than in THF/water 
cosolvent. The lower swelling led to a decrease in the effective length per 
core-forming PS chain. Such behavior is similar to the effect of changing 
copolymer compositions [1,41,73]. Pioneering work led by the Eisen-
berg group has demonstrated that by either increasing the length of the 
shell-forming chain under a constant length of core-forming chains or 
decreasing the length of the core-forming chains under a constant length 
of shell-forming chains, the aggregates change from vesicles, rods to 
spheres [1,73]. 

On the other hand, critical water content (CWC) to initiate micelli-
zation should be lower in DMF than THF when added with water. In 
other words, the critical micellization concentration (CMC) should be 
lower in DMF than in THF when the same water content is added. 
Spherical micelles always dominate near the CMC. As the polymer 
concentration increases from the CMC in a given cosolvent, micellar 
aggregates change from spheres, rods, and vesicles. Such micellar evo-
lutions are analogs to the scenario that the water content progressively 
increases from CWC when the content of the polymer is fixed. The effects 
of copolymer concentration (C) and water content on the morphology of 
the aggregates are related to the aggregation number (Nagg) constituting 
a micelle. The relation of Nagg with C and CMC is given by [1,73]: 

Nagg = 2(
C

CMC
)

1/2 (1) 

According to Eq. 1, either increasing C or decreasing CMC leads to an 
increase in Nagg. In our study, the PS173-b-PEO170 should have a lower 
CMC in DMF/water than in THF/water under the same water content. 
Thus, we believe that the PS173-b-PEO170 at a constant polymer con-
centration should have a higher Nagg in DMF/water than in THF/water. 
The higher Nagg reduces the total interfacial energy between the core and 

water. However, the higher Nagg also increases the entropic penalty of 
core-forming PS chains in DMF/water cosolvent. To reduce the entropic 
penalty, long PS173-b-PEO170 cylinders are favored over PS173-b-PEO170 
spheres in DMF/water (2/1) cosolvent. 

Unlike the system of PS173-b-PEO170 in THF/water cosolvent, no 
inter-micelle repulsions were produced for PS173-b-PEO170 at the 
mesoscale when small amounts of HCl were added in DMF/water 
cosolvent (Fig. 7B). The possible reason is that HCl should preferentially 
interact with DMF to form DMF-HCl complexes. Such complexation of 
DMF with HCl has been discovered in a previous study [74]. As a result, 
likely, HCl cannot dissociate into ions and protonate water in the pres-
ence of DMF. Without protonated water, the PEO chains have no chance 
of being charged. This reason explains why the PS173-b-PEO170 micelles 
lack screened Coulomb interactions in DMF/water cosolvent with HCl 
addition. The second reason is that the screened Coulomb interactions of 
the PEO shell likely become weaker in a high dielectric constant. Similar 
to water (ε = 78.4), DMF (ε = 38.2) has higher dielectric constant than 
THF (ε = 7.5). As shown in equations E10 and E11 (Complementary 
Material), the interaction potential of screened Coulomb repulsions is 
inversely proportional to the dielectric constant (ε) and the Debye length 
(κD). 

It has been demonstrated that the gelation of block copolymer so-
lutions should satisfy several requirements. The first requirement is that 
PS173-b-PEO170 solutions necessarily form worm-like networks. The 
worm-like networks can be composed of branched cylinders or entan-
gled cylinders. Nevertheless, merely forming worm-like networks 
cannot explain why the gelation only occurs for PS173-b-PEO170 in DMF/ 
water cosolvent after HCl addition. The second requirement is that the 
length of core-shell cylinders should be sufficiently long. From Fig. 6B, 
the added HCl can increase the length of flexible cylinders, which may 
favor inter-cylinder entanglement. Such a scenario of longitudinal 
growth of core-shell cylinders is analogous to living polymerization of 
polymer chains. When chain length is long enough to be beyond the 
entanglement molecular weight (Me), polymer chains can entangle 
together and exhibit a different behavior from short polymer chains with 
Mw less than Me. We believe that the inter-cylinder entanglement of 
long, flexible cylinders should play a specific role in the gelation of 
PS173-b-PEO170 in DMF/water added with HCl. 

Recent studies have demonstrated that high-χ block copolymers tend 
to have strong interfacial repulsions between core and shell. Because of 
high incompatibility between core and shell, the shell may not have a 
uniform thickness in a selective solvent [75,76]. Instead, the shell adopts 
a patchy thickness to reduce unfavorable contact with the core. As a 
result, the shell displays as a patchy layer surrounding the core. These 
micelles are called patchy particles [75] or semi-bald micelles [76]. 
However, the dispersion of such patchy particles or semi-bald micelles is 
unstable in a selective solvent. The reason is that the core experiences a 

Fig. 7. Irreversible self-assembly pathways for PS173-b-PEO170 in DMF/water cosolvents added with various contents of HCl: (A) long core-shell cylinders dispersed 
in a viscous DMF/water cosolvent, (B) long core-shell cylinders at a low content of 12 M HCl in gelled DMF/water cosolvent, and (C) short core-shell cylinders at high 
content of 12 M HCl in DMF/water cosolvent. 
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high enthalpy penalty if it remains in contact with its incompatible 
solvent. To reduce the unfavorable contacts of the core with the 
incompatible solvent, the patchy micelles tend to aggregate. The ag-
gregation is random because of no specific associations, thus forming 
three-dimensional (3D) networks. The 3D networks closely surround the 
solvents and thus confine the mobility of the solvents. For 
polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP) solutions, water 
acts as a trigger to form patchy spheres and induce solution gelation 
[75]. For PS-b-P4VP, water is a good solvent for P4VP but non-solvent 
for PS. Thus, increasing water content can increase the incompatibility 
between PS and P4VP in THF. In our system, the gelation of the 
PS173-b-PEO170 solutions is induced by HCl rather than water. Only 
increasing water content in solutions cannot form gelation in the lack of 
HCl (data now shown). Therefore, the gelation of the PS173-b-PEO170 
solutions should not be ascribed to patchy micelles. 

More than two decades ago, diblock copolymer worm gels were re-
ported [4]. For that study, the gelation occurred by cross-linking 
micellar cores. In our study, we added HCl to induce solution gelation. 
This approach is effective and only relies on physical mechanisms. No 
chemical reactions are involved. 

Nevertheless, the content of added HCl should be finely controlled. 
Otherwise, short and rigid cylinders were obtained instead of long, 
flexible cylinders (Fig. 7C). The reason is that when the content of added 
HCl is too high, the content of organic solvent trapped within the PS core 
becomes very low. As a result, the chain mobility becomes too slow to 
form long, flexible, and entangled cylinders. Instead, only short and 
rigid cylinders with cup-ends predominately form. In other words, the 
short and rigid cylinders are kinetically trapped by the high content of 
added HCl. 

4. Conclusions 

Adding hydrochloric acid influences the self-assembly behavior of 
polystyrene-block-poly(ethylene oxide) micelles in tetrahydrofuran/ 
water and dimethylformamide/water cosolvents. By small-angle X-ray 
scattering and corresponding curve fitting, we have quantified structural 
details of polystyrene-block-poly(ethylene oxide) in neat and mixed 
solvents. In neat tetrahydrofuran and dimethylformamide, the poly-
styrene-block-poly(ethylene oxide) forms random coils at a low con-
centration below critical micellization concentration. As a result of 
water addition, the polystyrene-block-poly(ethylene oxide) form mono-
disperse core-shell micelles in tetrahydrofuran/water and dime-
thylformamide/water cosolvents. The role of water addition is to change 
the solvent quality so that tetrahydrofuran/water and dimethylforma-
mide/water cosolvents become more selectively good to the poly 
(ethylene oxide) block but poor to the polystyrene block. Thus, the 
polystyrene chains form cores, and the poly(ethylene oxide) chains form 
shells in the cosolvents. In the presence of hydrochloric acid, the poly-
styrene-block-poly(ethylene oxide) micelles have screened Coulomb re-
pulsions in tetrahydrofuran/water cosolvent. The screened Coulomb 
repulsions arise from charged poly(ethylene oxide) chains bound with 
protonated water. In tetrahydrofuran/water cosolvents added with hy-
drochloric acid, the polystyrene-block-poly(ethylene oxide) core-shell 
micelles also form second-level aggregates. The formation of second- 
level aggregates for polystyrene-block-poly(ethylene oxide) in tetrahy-
drofuran/water cosolvent is due to interplays between solvent quality 
and inter-micelle repulsions. 

In contrast, the polystyrene-block-poly(ethylene oxide) forms core- 
shell cylinders in dimethylformamide/water cosolvents. The cylindri-
cal shape is driven by the solvent quality of dimethylformamide/water 
cosolvents. In the presence of hydrochloric acid, the core-shell cylinders 
of polystyrene-block-poly(ethylene oxide) have no inter-micelle re-
pulsions in dimethylformamide/water cosolvent. The reason is that in 
dimethylformamide/water cosolvent, hydrochloric acid only forms 
complexes with dimethylformamide. As a result, no ions are released 
from the addition of hydrochloric acid into dimethylformamide/water 

cosolvent, and consequently, no water molecules are protonated. With 
no surface charges, added hydrochloric acid can increase the length of 
flexible cylinders, which may favor inter-cylinder entanglement. Such a 
scenario of longitudinal growth of core-shell cylinders is analogous to 
living polymerization of polymer chains. When chain length is long 
enough to be beyond the entanglement molecular weight, polymer 
chains can entangle together and exhibit a different behavior from short 
polymer chains with molecular weight less than entanglement molecu-
lar weight. We believe that the inter-cylinder entanglement of long, 
flexible cylinders should play a specific role in the gelation of poly-
styrene-block-poly(ethylene oxide) in dimethylformamide/water added 
with hydrochloric acid. Nevertheless, the content of added hydrochloric 
acid should be finely controlled. Adding a large amount of hydrochloric 
acid conversely prohibits the formation of worm-like networks and 
instead favors kinetically trapped rigid cylinders. Different from the 
gelation of chemically cross-linked cylinders [4] and patchy micelles 
[75,76], the gelation of polystyrene-block-poly(ethylene oxide) in 
dimethylformamide /water cosolvents added by hydrochloric acid is 
due to tunable branches of cylinders in the presence of 
dimethylformamide-hydrochloric acid complexes. This study offers a 
simple and physically controlled approach to obtain wormlike micelles, 
which will be required on the nanoscale for a broad range of applications 
[8,9,11–35]. Although this work mainly studies micellization, aggre-
gation, and gelation behavior of polystyrene-block-poly(ethylene oxide) 
in cosolvents added with hydrochloric acid, the physical strategy 
designed for morphological controls of block copolymers can be 
extended to amphiphilic small molecules and surfactants [8,77–80]. 
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