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The effects of the solvent selectivity of toluene/ethanol mixtures on the micellar and ordered structures
of an asymmetric diblock copolymer of PS(19.6 K)-b-P4VP(5.1 K) in the dilute (1 wt%) and semi-dilute
(8 wt%) solutions, as well as in the gel and solid films, were studied using small angle X-ray scattering
(SAXS), generalized indirect Fourier transform (GIFT), and transmission electron microscopy (TEM)
methods. The solvent selectivity was controlled by ¢ (weight percentage of ethanol in toluene/ethanol
mixture). Individual micelles, space-filled micellar structure (without three-dimensional order), and
three-dimensionally ordered gel and solid structures were observed from the 1 and 8 wt% solutions, the
gel, and the solid film, respectively. In the 1 wt% solution, the individual micellar structures were strongly
dependent on ¢; the spherical micelles with P4VP core at ¢ =0, the unimer state at 10 < ¢ <50, the
spherical micelles with PS core at ¢ =60, the cylindrical micelles with PS core at ¢ =70 and 80, and
precipitation at ¢ =90 and 100 were observed. The 8 wt% solution was close to overlap concentration
with the unimer state in the regions of 20 < ¢ < 40. In the gel, the ordered structure was observed in the
sequence of bcc, hexagonal, gyroid, lamellar, reverse hexagonal and random as ¢ increased, and could be
explained by the change of the relative volume fraction of each block as ¢ changed, similar to the phase
sequence in the phase diagram of the diblock copolymer. The solid films showed the various kinetically
frozen ordered microstructures such as randomly packed sphere, hexagonal, gyroid, hexagonally per-
forated lamella, reversed hexagonal, and randomly packed cylinder, which were controlled by the sol-
vent quality in the gel before solidification. We believe that these results can be applied to photonic
crystals, self-assembled nano-patterning, and functional nanoparticles in which the structural control is
most important.
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properties such as y, the molecular weight, and the composition of
each block play important roles in balancing these force contribu-

1. Introduction

Block copolymers are able to self-assemble to characteristic
morphologies in bulk and to micelles in selective solvents [1,2]. The
micelles in selective solvents consist of core and surrounding pro-
tective corona, which are formed by insoluble and soluble chains,
respectively. The morphologies are mainly controlled by a force-
balance arising from stretching of the core chains, repulsive in-
teractions between the corona chains, and surface tension at the
core/corona interface [3,4]. This force-balance is a function of sev-
eral variables such as the block copolymer composition and con-
centration [4], the type and concentration of added ions [5,6], and
the solvent selectivity [3,7]. The block-block interaction parameter,
X, the molecular weight, and the composition of each block are the
major factors governing the force-balance and in turn, the mor-
phologies in the bulk as well as in the solution states. Intrinsic
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tions, and they are not readily tunable factors for a given system.
However, the solvent selectivity can be adjusted relatively easily
and causes a large effect on the morphologies of the micelles.
“Crew-cut” micelles can be formed when corona chains are
much shorter than core ones, and “hairy” micelles can be formed
when the relative lengths are reversed. A sphere-to-cylinder-to-
lamella (or vesicle) transition is sometimes observed from the
crew-cut micelles by increasing solvent selectivity, although usu-
ally spherical micelles are observed in the hairy micelles. The size of
the core is known to increase as solvent selectivity increases in
order to reduce the surface tension, so the core chains are stretched
in the radial direction compared with their dimensions in the un-
perturbed state [4]. The degree of stretching is likely proportional
to the radius of the micelle core [8,9]. This stretching of the core
chains decreases as the shape changes from sphere (the ratio of the
core radius to the chain end-to-end distance in the unperturbed
state, r = 1.4), to rod (r = 1.25), and to lamella (or vesicle) (r = 1.0).
Beyond a certain degree of stretching, the morphology changes
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from sphere to rod, and eventually to lamella (or vesicle), pre-
sumably in order to reduce the thermodynamic stretching penalty.
However, the repulsive interactions among the corona chains in-
crease as the morphology changes from sphere to rod and to la-
mella due to the increasing crowdedness between the corona
chains. For crew-cut micelles, the increase of repulsive interactions
in the corona would be smaller than the decrease of stretching
energy due to short corona chain length. Thus, more morphological
changes can be expected from the crew-cut micelles than the hairy
micelles by changing solvent selectivity.

The pioneering works for controlling the block copolymer
morphology through solvent selectivity variation have been done
by the Eisenberg group, who investigated poly(styrene-b-acrylic
acid) (PS-b-PAA) ionic diblock copolymers in mixtures of water/
dioxane or water/dimethylformamide (DMF) [10-14]. The solvent
selectivity was adjusted by adding water through dialysis. A
sphere-to-cylinder-to-vesicle transition was achieved by increasing
the fraction of water (solvent selectivity) in the mixture. Lodge et al.
also studied asymmetric poly(styrene-b-isoprene) (PS-b-PI) solu-
tions in a series of solvent mixtures of dibutyl phthalate (DBP),
diethyl phthalate (DEP), and dimethyl phthalate (DMP). They also
found that the predominant micellar shape changes from sphere to
cylinder and to vesicle as the solvent selectivity increased [15]. We
also studied the PI cross-linked micelles of the asymmetric PS-b-PlIs
in the DBP/DEP/DMP mixtures and found similar transitions. In that
study, the giant vesicular micelles (diameter of ~2.5 um) were
observed in high selectivity solvents through TEM images [16].
However, the solvents for solvent-selectivity control were usually
the mixtures of neutral and selective solvents. Recently, we repor-
ted the micellar and ordered structures of a symmetric PS(12 K)-b-
P4VP(11.8 K) in the binary solvent mixtures of toluene (PS selective
solvent) and ethanol (P4VP selective solvent) in the dilute, semi-
dilute, and concentrated solutions as well as in the solid state
[17,18]. Because toluene and ethanol are selective to opposing
blocks, mixtures of the solvents range from the one-block selective,
to neutral, to the other-block selective solvents. By mixing these
two selective solvents, the various structures for PS(12 K)-b-
P4VP(11.8 K) such as hard/soft spherical micelles in the dilute so-
lution, fcc (face centered cubic), bcc (body centered cubic), and
hexagonal packing in the concentrate solution were observed.

In this article, we will report on the micellar as well as the solid-
state structures of an asymmetric PS(19.6 K)-b-P4VP(5.1 K) in tol-
uene/ethanol mixtures in order to clarify not only the influence of
the block selective solvent but also the effects of the block co-
polymer asymmetry on the morphologies of the resulting micelles
and the final solid-state structures. In this system, blocks forming
the core and corona reverse positions in one pure solvent with
respect to the other pure solvent. Because of the asymmetry of
PS(19.6 K)-b-P4VP(5.1 K), a broad range of morphologies were
achieved by changing solvent selectivity. This was previously only
achievable by changing the composition of the block copolymer.

2. Experimental
2.1. Samples

PS-b-P4VP was purchased from Polymer Source®, Inc. (Canada)
which had been synthesized by an anionic polymerization method.
Toluene and ethanol were used as selective solvents for the PS and
P4VP blocks, respectively. Two solvents were miscible and mixed in
varying proportions in order to control the selectivity of the solvent
[19]. The weight percentage of ethanol in the mixture was denoted
as ¢. The solution samples were prepared by direct dissolution of
polymers in the solvent. The number-average molecular weight
was 19600/5100 (PS/P4VP) (PS(19.6 K)-b-P4VP(51K)) and the
polydispersity was 1.08. The copolymer was dissolved in the

solvent mixtures at several concentrations. The gel state was made
at the concentration where the solution did not flow in an inverted
vial by increasing the concentration little by little from the solution
state. The solid film was prepared by drying the gel between Kapton
films. The ultra-thin solid film was sectioned by ultramicrotome
(Leica EM UC6). The TEM samples (Hitachi H-7600, 100 kV) were
prepared by dropping the solutions onto a 200-mesh carbon coated
copper grid, absorbing the solvent on a filter paper, and evaporating
the excess solvent at room temperature. The samples on the grid
were stained with I and RuO4 vapors for 90 and 30 min,
respectively.

2.2. Small angle X-ray scattering (SAXS)

The sample holder for SAXS has a mica window for X-ray
transmission. For liquids, solution was injected into the holder and
then the hole was sealed with epoxy in order to prevent evapora-
tion. The gel samples were situated between Kapton films during
SAXS measurements. Before SAXS measurement, some gel samples
were sheared between Kapton films, by hand, to get an oriented
state. Solid films between Kapton films were placed into the sample
holder after evaporation of the solvents in open air. Experiments
were performed at beamline 4C1 (the Pohang Light Source, Korea),
where a W/B4C double-multilayer monochromator delivered
monochromatic X-rays that had a wavelength of 0.16 nm. A flat Au
mirror was used to reject the higher harmonics from the
beam. A MarCCD camera (Mar USA, Inc. CCD165) was used to collect
the scattered X-rays. The sample-to-detector distance (sdd) was
3 m, which allowed the SAXS data to be obtained in a q range
between 0.06 and 1.11 nm~! (sdd =3 m). The sdd was calibrated
using SEBS (polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene).

2.3. Data analysis

The raw spectra were corrected by conventional procedures for
the background of the solvent and sample cell and detector effi-
ciency. Two-dimensional scattering spectra were azimuthally av-
eraged. The measured intensity I(q) can be expressed as the product
of form (F(q)) and structure (S(q)) factors, although S(q) is negligible
for the dilute solution. The SAXS data were analyzed with GIFT
software, which was developed by Glatter [20-26]. Both F(q) and
S(q) were determined simultaneously within one procedure in
GIFT. While F(q) is absolutely model free, S(q) is calculated within
the Percus-Yevick approximation and is not model independent.
The hard-sphere model was employed for S(q), whereby the ef-
fective hard sphere radius (Rys) and the effective volume fraction
(n) are the parameters to be determined. The average structure
factor (Savg(q)) was employed in this study. A monomodal size
distribution (u), characterized as a Schulz distribution, was in-
cluded for the Say(q) calculations. The Fourier transformation of
1(q) yields the pair distance distribution function (p(r)) of a particle,
which is a histogram of distances inside the particle weighted with
the electron density differences. The shape of p(r) allows for the
determination of basic geometry (spherical, cylindrical, or planar),
even for inhomogeneous particles. Dyax is the maximum intra-
particle distance and dyax = T/qmax Where gmax is the peak position
in scattering pattern. Dmax was determined as the value of r at
which p(r)=0. This methodology using indirect Fourier trans-
formation has been described elsewhere [20-26].

3. Results and discussion
Fig. 1a shows the SAXS patterns of the PS(19.6 K)-b-P4VP(5.1 K)

solutions in toluene (¢ =0) as a function of g with different con-
centrations. The 1 wt% solution showed only a form factor due to
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Fig. 1. (a) The SAXS patterns of the PS(19.6 K)-b-P4VP(5.1 K) solutions in toluene (¢ = 0) as a function of q with different concentrations; (b) the structure (————) and form (----- )

factors, and the calculated (----) and observed (—) curves of the 8 wt% solution in toluene (¢ = 0); (c) the normalized p(r)s calculated from the 1 wt% solution in (a) (—), and the

form factor of the 8 wt% solution in (b) (- ).

low concentration. The 2 wt% solution showed an intensity de-
crease and became flat at low g (q < 0.2 nm~!) as compared to the
1 wt% solution. The 4 wt% solution showed a large decrease in in-
tensity at low g, which caused a scattering peak at g =0.177 nm™!
(d =35.5 nm). This peak represents the average distance between
the micelles in the solution and shifted to a higher q (q=
0.226 nm~!, d=27.8 nm) for the 8 wt% solution due to shorter
distance between micelles. The 16 wt% sample showed several
peaks at g = 0.283, 0.398, 0.491, 0.564, 0.633, and 0.746 nm~' with
bcc ratios of 1:y/2:y3:y/4:y/5:y/6:y7. The calculated cubic unit cell
dimension (apcc) is 31.5 nm. The closest distance between the mi-
celles in the bcc unit cell (Dyypee = @ x V3/2) is 27.2 nm. It is
known that steep and short-range interactions (applicable to crew-
cut micelles) favor fcc, whereas soft and long-range potentials
(applicable to hairy micelles) favor bcc. The observation of the bcc
unit cell might be due to the longer PS corona chains in toluene
[27-35]. The SAXS in the solid state will be discussed in detail later.
Fig. 1b shows, as an example, the separated form and structure
factors, and the observed and calculated SAXS patterns of the
8 wt% solution in (a). The calculated SAXS pattern is a product of

log I (au.)

form and structure factors. The observed and calculated curves
were close to each other, indicating that the form and structure
factors were accurately separated from the observed SAXS pattern.
Fig. 1c shows the normalized p(r) distributions of the 1 and 8 wt%
solutions. The p(r) of the 1 wt% solution was calculated from the
SAXS pattern (Fig. 1a, 1 wt%) while the p(r) of the 8 wt% solution
was calculated from the form factor (b). The two p(r)s were similar
to each other, indicating that the basic hairy spherical micelle
structure did not change with an increase in concentration from 1
to 8 wt%.

3.1. Dilute solutions

Fig. 2a shows the SAXS patterns of the 1wt% solutions as
functions of g and ¢. The intensity at ¢ = 10 decreased significantly
from that at ¢ =0, and the decreased intensity continued until
¢ = 50. The low intensity was probably due to the deterioration of
the solvent selectivity and thus the unimer state of the block
polymer in the solution; we could not analyze any micelle struc-
tures from the SAXS curves at ¢ = 10-50. Although the intensity
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Fig. 2. (a) The SAXS patterns of the 1 wt% solutions as functions of g and ¢; (b) the p(r)s at ¢ =0, 60, 70, and 80.
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at ¢ =50 slightly increased, it was still ~100 times lower than
that at ¢ =0. The intensity reappeared at ¢ = 60-80, but the so-
lutions at ¢ =90 and 100 became milky. The milky state occurred
because PS(19.6 K)-b-P4VP(5.1 K) was not soluble in the ethanol-
rich solvents (at ¢ =90 and 100) due to the short soluble chain
length of P4VP. Asymmetry in the block length would cause the
micelles in the toluene-rich and ethanol-rich solvents to be hairy
and crew-cut, respectively, while the unimer state could be gen-
erated in the middle-mixing ratios. The hairy micelles with P4VP
core were observed only at ¢ = 0, while the crew-cut micelles with
PS core were observed at the wider range of ¢ > 60 (including the
insoluble). This was because the short P4VP core chains in the
hairy micelles have less capacity to maintain the micelle structure
than the long PS core chains in the crew-cut micelles. Fig. 2b
shows the p(r)s at ¢ = 0, 60, 70, and 80. The shapes of p(r)s at ¢ =0
and 60 were typical of a sphere with Dpax of 28 and 42 nm, re-
spectively. The Dpax at ¢ =60 (42 nm) increased as compared to
that at ¢ =0 (28 nm) due to the reversed micelle structure with
long PS core. This result suggests that the SAXS scattered mainly
the core part, (otherwise the similar Dpaxs would be observed at
¢ =0 and 60) which is coincident with our previous report [17].
The p(r)s at ¢ =70 and 80 showed a long tail with increased in-
tensity, which is typical of a long cylinder. Thus we found that the
spherical micelles changed to the cylindrical ones by increasing ¢
from 60 to 70.

Fig. 3 shows the TEM images of the 0.0156 wt% solutions at
¢ =0, 60, 70, and 80, which were prepared by the evaporation of
the solutions on the carbon coated copper grid and stained with
RuOg4. This sample preparation method for TEM cannot control the
concentration of the solution because it becomes dense during
evaporation and the equilibrium structures cannot be observed due
to the high evaporation speed of toluene and ethanol. Information
about the kinds of micelles present in the solution, however, might
be obtained because the TEM samples were prepared with very
dilute solutions (0.0156 wt%), which might have little effect on the
already-formed micelle during drying on the grid. The solution at
¢ =0 (Fig. 3a) and ¢ = 60 (b) showed only spherical micelles which
had P4VP and PS cores, respectively. The diameters of the spherical
micelles were 11.3 and 28.8 nm, respectively, and were reduced as
compared to the SAXS data due to drying. The increase of micelle
size at ¢ = 60 (as compared to that at ¢ = 0) may be due to the long
core chains which were more extended than corona chains. The
solution at ¢ = 70 (Fig. 3c) showed a mixture of spherical and cy-
lindrical micelles, while only cylindrical micelles could be observed
from the solution at ¢ =80 (d). Solvent selectivity increases from
¢ =60 to 80. The increase of the solvent selectivity caused high
surface tension at the interface between core and corona. The
structural change from spherical to cylindrical micelles can happen
when the surface tension in spherical micelles is too high to persist
and is reduced by transforming to cylindrical micelles. The further

increase of solvent selectivity (such as ¢ =90 and 100) would create
the vesicular micelle if possible. However, the decrease in the sol-
ubility of the block copolymer caused precipitation (or milky state).
Thus, only the structural change from spherical to cylindrical mi-
celles was found in the 1 wt% solutions by changing solvent
selectivity.

3.2. Semi-dilute solutions

Fig. 4 shows the SAXS curves of the 8 wt% solutions as functions
of g and ¢. The intensity was low and flat in the regions of
20 < ¢ <40, indicating that these regions were in the unimer state.
The regions in the unimer state decreased from 10 <¢ <50 to
20 < ¢ <40 by increasing the concentration from 1 to 8 wt%. Broad
peaks were observed at gmax = 0.226 (dfrst = 27.8 nm), 0.287 (dfirst =
21.9 nm), 0.182 (dgirst = 34.5 nm), and 0.146 (dgrse =43.0 nm) nm~!
for the solutions at ¢ =0, 10, 50 and 60, respectively. These peaks
were due to appearance of the structure factor. The values of dgs; at
¢ =50 and 60 were larger than those at ¢ =0 and 10, due to the
reverse structure with longer PS core. The Dpax for spherical
micelle (at ¢ =0 and 60) was close to the dgst; the Dpax and the
dgist for the solution at ¢ = 0 were both ~28 nm, and those for the
solution at ¢ = 60 were 42 and 43 nm, respectively. This closeness
between the dfs¢ and the Dy indicates that the micelles were
almost space-filled in the 8 wt% solution.
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Fig. 3. TEM images of the 0.0156 wt% solutions at ¢ = 0 (a), 60 (b), 70 (c), and 80 (d), which were prepared by the evaporation of the solutions on the carbon coated copper grid and

stained with RuQy4; the magnification is all the same and the scale bar in (a) is for 100 nm.
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3.3. Gel states

Block copolymers in the concentrated gel solution in a selective
solvent can self-assemble into a variety of structures which are
ordered on the mesoscopic length scale (i.e., typically 10-100 nm).
In an AB diblock concentrated gel solution, ordered morphologies
result from unfavorable interactions between A and B chain units,
which often increase on lowering temperatures [29]. Fig. 5a shows
the concentration of the solution at the beginning of gel state as
a function of ¢. The solutions at ¢ = 80, 90, 100 became insoluble
and milky before gel state was reached by increasing concentration.
The gel state was confirmed when flow did not occur while the vial
was inverted. The concentration at the beginning of the gel state
was strongly dependent on ¢. The shape of the curve is skewed
with a maximum concentration at ¢ = ~30. The regions at
20 < ¢ <40 (which were unimer state in the 8 wt% solutions)
needed higher concentrations to become a gel state than other
regions. The gel was easily sheared between the Kapton films.
Fig. 5b and c shows the two-dimensional SAXS patterns of the
vertically sheared gel solutions and their azimuthally integrated
one-dimensional curves as functions of q and ¢, respectively. The
SAXS patterns showed the several peaks in the gel state. The peak
positions and their ratios before and after shearing are listed in
Table 1. The SAXS curves were similar before and after shearing in
terms of the ordered structure and the d-spacings of the observed
peaks so that the SAXS patterns after shearing were discussed. The
three-dimensionally ordered structures were generated even at ¢s
of the unimer state in the 1 and 8 wt% solutions. The bcc symmetry
was observed for the solutions at ¢ =0 and 10, indicating that the

a

Concentration (wt%)

0 20 40 60 80 100

log I (aw)

Table 1

Ratios of q/q1st (1t is the first g value), the symmetries (bcc (body centered cubic),
HEX (hexagonal), LAM (lamella)), the a dimension (in bcc, hexagonal, and lamella),
the Dy, (the closest distance between micelle in the unit cell) with respect to ¢ for
a PS(19.6 K)-b-P4VP(5.1 K) gel solution before (above in the raw) and after (below in
the raw) shearing

[ Ratios of q/qist qist (nm™')  Symmetry  a (nm) Dpp (nm)
0 1:y2:y3:v4/y/5 0.2809 bee 31.7 275
1:y/2:y3:/4:y/5:6:J7 0.269 bcc 33.1 29.1
10 1:y2:y3 0.3326 bee 26.8 23.2
1:y2:y3:4 0.3382 bee 26.3 22.8
20 1:y3:2 0.3326 HEX 21.8
1:y3:2 0.3342 HEX 21.7
30 1:115 0.3193 Gyroid 48.2°
1:1.15:y3:2 0.3116 Gyroid/HEX 49.3%/23.3
40 1:2 0.2902 LAM 21.7°
1 0.2916 LAM 21.5°
50 1:y3:2 0.2345 HEX 30.9
1:y3:2 0.2383 HEX 30.5
60 1 0.1749 RANDOM
0.2117
70 1 = RANDOM
0.1811

80-100 Precipitated

2 The a dimension of gyroid was calculated from indexing first two reflections as
211 and 220, respectively.
" The a dimension of lamella was calculated from indexing the first peak as 100.

constituent unit was sphere. The a (and Dyy) of the bcc unit cell
decreased as ¢ increased (the selectivity decreased) from O to 10
because the decrease of the selectivity caused the decrease of the
aggregation number and the shrinkage of the corona chains. The

Fig. 5. (a) The concentration of the solution at the beginning of gel state as a function of ¢; (b) two-dimensional X-ray patterns of vertically sheared gel solutions, the central part
was adjusted in contrast for better view; (c) their azimuthally integrated SAXS scattering curves as functions of g and ¢.
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bcc symmetry was coincident with the reported results for the
packing of the hairy micelles [18]. The solution at ¢ =20 (which
was unimer state at the 1 and 8 wt%) showed equatorial peaks at
q=0.334, 0.581, and 0.670 nm~! with the hexagonal ratios of
1:y/3:2. The core chain might still be P4VP because the a dimension
of the hexagonal lattice (21.7 nm) at ¢ = 20 is similar to the Dy, of
the bcc lattice (~22.8 nm) at ¢ = 10; the a dimension of the hex-
agonal lattice is the closest distance between two adjacent cylin-
ders so that these two values can be compared. The solution at
¢ = 30 shows the typical gyroid peaks at g =0.312 and 0.360 nm ™!
with the ratio of 1:y/(4/3) (=1.15). This gyroid of PS-b-P4VP was
observed for the first time due to our systematic screening of the
solvent selectivity. This gyroid structure was also confirmed from
TEM of the solid films (which will be discussed later). The solution
at ¢ =40 shows two lamellar peaks at q=0.290 and 0.583 nm™!
with the ratio of 1:2. Thus, the gyroid changed to lamella by in-
creasing ¢ from 30 to 40. The hexagonal structure reappeared at
¢ =50 with three hexagonal peaks at g=0.238, 0.414, and
0.475 nm~! and their ratios of 1:y/3:2. The a dimension of hexag-
onal lattice at ¢ =50 (30.5 nm) increased as compared to that at
¢ =20 (21.7 nm) due to the reverse long PS core. The solutions at
¢ =60 and 70 show only broad peaks similarly to the 8 wt% solu-
tions due to the absence of the long-range orders and the appear-
ance of the structure factor. The sequence of the ordered structures
proceeded as bcc, hexagonal, gyroid, and lamella as ¢ increased
until 40. This sequence is the same as that in the phase diagram of
the diblock copolymer as a function of volume fraction [36,37]. The
standard parameters controlling AB diblock copolymer phase be-
havior in the melt are yN and fa, where x is an A-B segment in-
teraction parameter, N is the overall degree of polymerization, and
fa is the volume fraction of the A block. The solvent quality for PS
and P4VP decreases and increases, respectively, as ¢ increases so
that PS chains shrink and the volume fraction of PS (fps) decreases
(and P4VP chains will show reverse behaviors) as ¢ increases. This
fps change in the gel by the change of the solvent selectivity is
similar to that in the melt by the change of the block copolymer
composition. Thus, we could find the same phase sequence of bcc,
hexagonal, gyroid, and lamella in the gel state. The phase sequence
of the symmetric diblock copolymer in the melt is symmetric
against fao = 0.5 so that we can expect another reverse sequence of
lamella, reverse gyroid, reverse hexagonal, and reverse bcc as ¢
increases. However, we could find only reverse hexagonal at ¢ =50
with skipped reverse gyroid, and could not find reverse bcc due to
the insolubility of the diblock copolymer at ¢ > 80. The reverse
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gyroid could be found from narrower screen of ¢. The broad peaks
at ¢ = 60 and 70 indicate the loss of the long-range orders between
the unit structures and shifted from q=0.21 to 0.18 nm~! by in-
creasing ¢ from 60 to 70. This decrease of the q value was due to
more extended PS core chains at ¢ =70. The crew-cut micelles at
¢ =60 and 70 were cylindrical in the 1 wt% solution (as discussed in
Fig. 2) so that the unit of disordered structure could be other than
sphere (such as cylinder). This disordered structure will be dis-
cussed in Section 3.4.

3.4. Solid films

Fig. 6a and b shows the SAXS curves of the solid films which
were prepared by drying the gel between Kapton films in the open
air and their sectioned TEM micrographs, respectively. The struc-
tures in the solid films were not thermodynamically equilibrated
but kinetically frozen from the gel by drying. The purpose of this
study was to elucidate the structural control of a diblock copolymer
by changing solvent quality in the gel although the generated
structure is not in thermodynamically equilibrium. The bcc peaks in
the gel at ¢ = 0 became a broad peak at g = 0.425 nm™, indicating
that the bcc structure lost long-range orders and became a ran-
domly packed structure during drying (the detail structural change
during drying will be discussed in Fig. 6¢). Similar to those at ¢ =0,
the bec peaks at ¢ =10 became a broad peak at q=0.385 nm~.
These randomly packed spherical micelles were also found in the
TEM micrograph at ¢ =10 (Fig. 6b-i) in which average distance
between micelles was 15.7 nm and was close to the d-spacing of the
broad peak (d=16.4 nm) in SAXS. The hexagonal structure was
observed at ¢ =20, which was evident from the SAXS pattern
(Fig. 6a, ¢ =20) as well as from the TEM micrograph (b-ii). The
a dimension was ~24.2 nm in both experiments. The SAXS at
¢ =30 shows the gyroid peaks at q=0.288, and 0.311 nm~! with
a ratio of 1:1.15. We also found the typical gyroid TEM images
(Fig. 6b-iii, vi) which are similar to the reported ones [38,39].
Fig. 6b-iii represents the [110] projection of the gyroid unit cell and
b-iv shows a mixture of different projections including a “wagon-
wheel image”. This gyroid structure of PS-b-P4VP was for the first
time observed to our knowledge and can be applied to many ap-
plications such as photonic crystals. The calculation of photonic
properties showed that the gyroid structure is a desirable and very
effective morphology for making photonic crystals [40]. The solid
films at ¢ =40 show several peaks at q=0.236, 0.280, 0.470, and
0.701 nm~ L. Among them, the peaks at q = 0.236, 0.470,0.701 nm™!

log I (a.u.)

02 04 06 08 10
q(nm™)

Fig. 6. (a) The SAXS patterns of the solid films which were prepared by drying the gel solutions; (b) TEM micrographs of the sectioned films at the different ¢s; (c) the change of the
SAXS pattern at ¢ =0 during drying from the gel (16 wt% solution) to the solid film; the bold line represents 175 s interval. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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(shown in black arrows) were 1:2:3. The position of the peak at
q=0.280 nm~' (shown in red arrows) was similar to that of the
hexagonal peak at ¢ =60 (will be discussed later), and their hex-
agonal traces of 110 and 200 at g = 0.485, and 0.558 nm ™' (shown in
red arrows) were also found. The existence of both lamellar and
hexagonal peaks indicates the hexagonally perforated lamellar
(HPL) phase with dimensions of a=25.9 and c¢=26.7 nm. The
typical HPL images were also observed in Fig. 6-v [41,42]. The dis-
tance between the layers was 21.5nm and that between the
spheres in the layer was 19.3 nm. These values were a little smaller
than SAXS data because the sectioning direction might be not
completely normal to the lamellar plane. The solid film at ¢ =50
shows the peaks at g =0.248, 0.495 nm~! with a ratio of 1:2, in-
dicating that the lamellar structure with a repeat of 25.3 nm was
generated. The lamellar structure was also observed from the TEM
micrograph at ¢ =50 (Fig. 6b-vi) showing clear regular alternating
layers consisting of PS and P4VP blocks with a repeat of 24.6 nm
which was close to the SAXS result (25.3 nm). The solid film at
¢ =60 showed the hexagonal peaks at g=0.288, 0.501, and
0.580 nm~! with the ratios of 1:y/3:2. This hexagonal structure,
however, was reverse hexagonal with PS core as compared to that
at ¢ =20. The TEM micrograph (Fig. 6b-vii) also showed the hex-
agonal structure with PS core, which was evident from the mis-
aligned part in the middle of figures; the core is whiter than the
outside corona as compared to that at ¢ =20, which showed
more black in the core (b-ii). The solid film at ¢ =70 showed only
broad peaks as compared to those at ¢ =60, indicating loss of the
long-range orders. We also found randomly packed cylinders in
Fig. 6b-viii. The average distance between cylinders of 22.8 nm was
close to the d-spacing of the broad peak in SAXS (23.8 nm). Thus the
unit random structure at ¢ =70 was cylinder as compared to
sphere at ¢ =0 and 10. Fig. 6¢c shows the change of SAXS scattering
curves at ¢ = 0 during drying from the gel (16 wt% solution) to solid
state. The bold line represents 175 s interval. The initial bcc re-
flections (which are the same as the reflections of the gel state in
Fig. 5) became weak and diffuse, and thus, decreased in the number
of the observed reflections during the initial drying. The first main
peak at g=025nm~! became weak, continuously shifted to
a wider angle after t =300 s, and combined with a new broad peak
at g= ~0.42nm~"' to become a diffuse reflection. However, the
combined peak at g = ~0.42 nm~! became intense and sharp with
additional peaks at g =0.59 and 0.73 nm, and the initial peak at
q=0.25nm~! disappeared completely after t=500s. The new
peaks might be from the dried micelles. The sample could be dried
first at the surface but remains wet inside the sample until com-
plete drying occurred. The continuous shift of the peaks at g =0.25
to ~0.4 nm™! indicated that the micelles progressively shrank to
the dried state. The absence of high ordered reflections and the
broadness of the peak during the initial drying indicate the loss of
the packing order. The shrinkage in the corona chains did not
happen simultaneously for the whole part of the sample during the
initial drying. The order of packing was regenerated after t =700 s,
which is evident from the appearance of the high order reflections
at ¢=0.59 and 0.73 nm ™. The size of the micelle became uniform
again after complete shrinkage in the corona. The peaks were ob-
served at q=0.418, 0.594, and 0.726 nm~! and their ratios are
1:4/2:y/3, indicating bcc symmetry. The calculated cubic unit cell
dimension (apccdried) iS 21.2 nm. The closest distance between the
micelles for the dried bcc unit cell (Dpp bec,dried) i 18.4 nm. The ratio
between apcc and apec,dried (Dnn,bec @nd Dnn bec,dried) is 1.49. This large
decrease of the a dimension is mainly due to the condensed corona
chain; the corona chains contained a lot of solvents as compared to
the core chains which are similar to a solid state in a highly se-
lective solvent. However, the long-range interactions among the
micelles were much reduced and the packing order of the micelle
was lost again after some time, as indicative of re-disappearance of

the high ordered peak and only one broad peak remaining at
q=0.422 nm~ ! in the solid state. This random structure was due to
the completely collapsed corona chains, which cause only the
short-range orders (without long-range order). From this in situ
dynamic drying SAXS experiments, we could monitor the drying
process and find another shrinking bcc unit cell and random
structure.

We could control the ordered structures in the solid film of an
asymmetric PS(19.6 K)-b-P4VP(5.1 K) by simply changing solvent
quality in the gel state through mixing two selective solvents. These
findings suggest that control of solvent selectivity in the gel paves
a way to study more diverse ordered structures. Another import
aspect we found was how to control kinetically frozen structures
during drying. We dried the gel in open air in this study but we also
found significant difference of the ordered structures when the
samples were dried in a vacuum oven for fast drying. We are now
focusing on this aspect by adapting more controllable experimental
conditions during drying and will report when the results are
ready.

4. Conclusions

The effects of the solvent selectivity on the micellar and the
three-dimensionally ordered structures of an asymmetric
PS(19.6 K)-b-P4VP(5.1 K) diblock copolymer were narrowly
screened by using toluene/ethanol mixture. We found significant
structural difference in the micellar, gel, and solid states depending
on ¢. In the 1 wt% solution, the hairy spherical micelle with P4VP
core at ¢ = 0, the unimer state at 10 < ¢ < 50, the spherical micelles
with PS core at ¢ =60, the cylindrical micelles with PS core at
¢ =70 and 80, and precipitation at ¢ = 90-100 were observed. The
8 wt% solution was close to overlap concentration with the unimer
state in the regions of 20<¢ <40. In the gel, the three-di-
mensionally ordered structures were observed. The sequence of the
ordered structure was bcc, hexagonal, gyroid, lamellar, reversed
hexagonal, and random as ¢ increased. This sequence could be
explained by the change of volume fraction as ¢ (solvent quality)
changed, similar to the phase diagram of the symmetric diblock
copolymer. The solid films were made from the gel by drying them
in open air. The kinetically frozen structures in the solid films such
as randomly packed sphere, hexagonal, gyroid, hexagonally per-
forated lamella, reversed hexagonal, and randomly packed cylinder
were discovered with an asymmetric block copolymer. These
findings might suggest that the control of solvent selectivity in the
gel paves a way to study more diverse ordered structures from
narrowly screening the solvent selectivity. We believe that more
systematic structural changes can be possible with more narrow
solvent mixture ratios and different solvent mixture systems and
these results can be applied to photonic crystals, self-assembled
nano-patterning, and functional nanoparticles in which the struc-
tural control is most important.
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