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ABSTRACT: It is shown that the morphologies and other characteristics of crew-cut aggregates of
polystyrene-b-poly(acrylic acid) (PS-b-PAA) diblock copolymers are related to the nature of the initial
common solvent in which the micelle-like aggregates are prepared. Polymer—solvent interactions
determine the dimensions of both the core and the corona of the aggregates. Solubility parameters and
dielectric constants of the solvents can be used to estimate the strength of the PS—solvent interaction
(which influences the solvent content in the core) and the strength of PAA—solvent interaction (which
influences the repulsion among corona chains). The closer the match between the solubility parameter
of the solvent and that of the core forming block, the higher the solvent content of the core and the
higher the degree of stretching of the core chains. The lower the polarity of the solvent, the weaker the
PAA—solvent interaction and the weaker the repulsive interactions among the corona chains; this increases
the aggregation number and degree of stretching in the core. As the degree of stretching of PS chains in
the cores increases and the repulsion among the corona decreases, the morphology of the aggregates can
change progressively from spheres to cylinders, to vesicles, or to large compound micelles. In
N,N-dimethylformamide, the core dimensions are smaller and the corona dimensions are larger than in
tetrahydrofuran (THF) or dioxane, so spherical aggregates are favored. In THF, the solvent content in
the core and the corona dimension are larger than in dioxane. Since an increase of solvent content in
the core favors a morphological change away from spheres, but a larger corona dimension favors spheres,
the final morphology is determined by a balance of these two factors. Relationships between the nature
of common solvent and critical water content as well as degree of micellization are studied in detail.
Finally, morphological changes for the same diblock copolymer in different solvents are explored further.

1. Introduction

The self-assembly of amphiphilic diblock copolymers
in selective solvents generally results in aggregates of
a core-shell structure.l=3 In parallel with small mol-
ecule systems, when the hydrophobic block is in the core
and the hydrophilic block in the corona, the aggregates,
in aqueous media, are referred to as regular micelles;*~18
by contrast, aggregates which have a hydrophilic core
and a hydrophobic corona, in nonaquous media, are
called reverse micelles.1=22 When the dimensions of
the corona are large relative to those of the cores, the
aggregates are referred to as star micelles;>=%1° When
the core is bulky and the corona is relatively short, the
aggregates are called “crew-cut”.10-18.20-22

Aggregates with a spherical morphology have been
identified in many block copolymer solutions.1-10.19
They consist of a core formed by the insoluble blocks
and a corona formed by the soluble blocks. In most
cases, only such aggregates are obtained if the soluble
block is long relative to the insoluble block. Nonspheri-
cal or bilayer aggregates in solutions of block copolymers
were observed only rarely, and mostly indirectly; this
has been reviewed in a previous paper.'?

It is only quite recently that the crew-cut aggregates
with nonspherical or bilayer morphologies have received
extensive attention.12718.20-22 These are prepared very
differently from the methods used for star micelles,
which are usually made directly by dissolving a highly
asymmetric block copolymer in a selective solvent which
is good for the long corona block. In the course of the

*To whom correspondence should be addressed. E-mail:
eisenber@omc.lan.mcgill.ca.

S0024-9297(97)01254-0 CCC: $15.00

dissolution, the insoluble short blocks form the core and
the soluble long blocks form the corona of the micelles.
However, it is difficult to prepare crew-cut aggregates
by this method because the insoluble block is too long
and the soluble block is too short for the direct formation
of such structures. Therefore, to prepare crew-cut
aggregates from highly asymmetric diblock copolymers
of, for example, polystyrene and poly(acrylic acid) (PS-
b-PAA), with relatively long PS blocks and relatively
short PAA blocks in aqueous solution,? the diblock
copolymers are first dissolved in a common solvent (e.g.
N,N-dimethylformamide (DMF)) and then a precipitant
(e.g., water) is added to the polymer solution. As the
addition of water progresses, the quality of the solvent
for the PS block decreases gradually. The micellization
of the PS block chains starts when the water content
reaches a critical point (critical water content or cwc).
More water is added and the DMF is removed from the
aggregates by dialyzing the colloidal solution against
water.

PS-b-PAA crew-cut aggregates with various morphol-
ogies, such as spheres, rods, lamellae, vesicles, and large
compound micelles consisting of aggregates of reverse
micelles with a hydrophilic surface, can be obtained by
the method mentioned above.’? When the PAA content
in the block copolymer is relatively high, the diblock
copolymer yields spherical micelle-like aggregates. In
contrast to star micelles, the crew-cut micelles have a
low density of coronal chains on the core surface and a
low degree of stretching of the PS chains in the core.
As the PAA content decreases, the morphology of the
aggregates changes from spheres to cylinders, to bilay-
ers, and eventually to large compound micelles. Other
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morphologies, such as tubes, “pincushions”, and large
compound vesicles, have also been described very re-
cently.14

Crew-cut aggregates of various morphologies have
also been obtained from polystyrene-b-poly(ethylene
oxide) (PS-b-PEO) diblock copolymers, which are com-
pletely nonionic.* Subsequently, it was shown that
aggregates of multiple morphologies can be obtained
from polybutadiene-b-poly(acrylic acid) (PBD-b-PAA)
diblocks, which have cores with glass transition tem-
peratures (Tg) in the range of —90 to —8 °C (i.e., far
below room temperature at which the aggregates are
formed and studied).’®> Aggregates of multiple morphol-
ogies can also be prepared in organic solvents, in which
the more hydrophobic or more soluble blocks form the
corona.?.22

In the early stages of aggregation, a thermodynamic
equilibrium is operative between the unimers and the
aggregates. Under such conditions, the aggregates
should strictly be called micelles. As more water is
added and more solvent is progressively extracted from
the aggregate cores, the structures of the aggregates
become kinetically frozen.1” For convenience, we use
term of aggregates to refer to the colloidal particles
formed under equilibrium condition (early stage) and
subsequently frozen (late stage) as more water is added.
Because the exploration of crew-cut aggregates started
only very recently, many aspects related to their forma-
tion mechanism are still not clear. Generally, from a
thermodynamic point of view, the structures of the crew-
cut aggregates are considered to be controlled mainly
by three contributions to the free energy of micellization,
(i.e., the stretching entropy of the core-forming blocks,
the repulsive interaction among the corona chains, and
the interfacial tension at the core—corona interface.'?
The morphogenic effect of changing the interaction
among the corona chains on the aggregates has been
evidenced both by changing the polymer compositions
and by the addition of ions.1213 The effect of added ionic
species on the aggregate morphology is similar to that
of changing block copolymer composition.1® The repul-
sion among the PAA corona chains is modified by the
addition of NaCl, HCI, or CaCl, due to changes of
electrostatic screening, protonation, and ion binding. As
a result, the force balance is changed, which induces
the formation of aggregates with multiple morphologies
from an identical block copolymer. The morphology of
the aggregates is also related to the initial polymer
concentration in the solutions.1®

For a compact PS aggregate core, some of the PS core-
forming blocks must span the distance from the core/
corona interface to the core center. As the dimension
of the aggregates changes, the extent to which the PS
chains are stretched in the aggregate core changes. An
increase of the degree of stretching of PS chains in the
aggregate core results in a decrease of the entropy of
the PS chains. Nagarajan?3 theoretically predicted that
the amount of solvent in the aggregate core can effect
the morphology of the aggregates. For a given copoly-
mer composition, the preferred structure at the solvent
content under consideration is the structure associated
with the lowest optimal free energy of solubilization. As
the degree of solubilization (solvent content) in the core
increases, the morphology of aggregates changes from
spheres, to rods, and then to vesicles. It is obvious that
when the solvent content in the aggregate core in-
creases, the dimension of the core must increase,
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resulting in an increase of the degree of stretching of
the core-forming chains.

One way of changing the core dimension which has
not yet been explored is to change the solvent and thus
to take advantage of the wide range of accessible
polymer—solvent interaction parameters. The amount
of solvent in the aggregate cores during micellization
is related to the thermodynamics of the interaction
between the solvent and the core-forming block. The
stronger the interaction, the more solvent is in the core.
Polymer—solvent interactions affect not only the core
dimension, but also repulsive interaction among the
corona chains. In a very recent preliminary com-
munication,?* we reported that solvent-induced changes
in the core dimension have, indeed, a major effect on
the morphology of crew-cut aggregates of amphiphilic
block copolymers. Aggregates of various morphologies
could be prepared from a single quaternized polystyrene-
b-poly(4-vinylpyridine) block polyelectrolyte or a poly-
styrene-b-poly(acrylic acid) diblock copolymer by only
changing the common solvent.

In the present paper, we report on the detailed study
of the effect of the common solvent on the morphology
of the diblock copolymers of polystyrene-b-poly(acrylic
acid). In particular, we report the relationship between
the degree of micellization and the nature of the
common solvent, as well as the dependence of the
aggregate structure on the compositions of the common
solvents. Finally, the morphogenic effect of the solvent
is attributed to the relative strength of polymer—solvent
interaction. The PS—solvent interaction strength is
related to the solvent content in the core and its effect
on the degree of stretching of the PS chains, while the
PAA—solvent interaction strength is related to the
repulsion among the corona chains. The morphology
of aggregates is determined by a combination of both
influences.

2. Experimental Section

2.1. Polymer Samples. Polystyrene-b-poly(tert-butyl acry-
late) (PS-b-PtBuA) diblock copolymers were synthesized by
sequential anionic polymerization of styrene and tert-butyl
acrylate in tetrahydrofuran (THF) with sec-butyllithium as
initiator. LiCl and a-methylstyrene were used to prevent side
reaction from tert-butyl acrylate polymerization.?> Polymer-
izations were carried out under a nitrogen atmosphere in a
round-bottomed flask equipped with a rubber septum. Sol-
vents, initiators, and monomers were transferred via a stain-
less capillary and syringe to the reactor. Sec-butyllithium was
first added into the glass reactor containing the LiCl and
a-methylstyrene (both were in 10-fold excess relative to the
sec-butyllithium) in THF; a dark red color appeared. After
the temperature was decreased to —20 °C, the styrene was
added, turning the color to orange; the polymerization of
styrene was completed in a few minutes, and the dark red color
returned. An aliguot of the reaction medium was withdrawn
to obtain a sample of the homopolystyrene for size exclusion
chromatography to determine the block length of polystyrene.
The polymerization solution was cooled to — 78 °C; as soon as
the tert-butyl acrylate was added into the reactor, the red color
disappeared completely; the polymerization of the tert-butyl
acrylate was carried out for 30 min; methanol was used to
terminate the anionic polymerization. The poly(tert-butyl
acrylate) block in the block copolymer was hydrolyzed to its
acid form, poly(acrylic acid), in toluene at 110 °C by refluxing
overnight in the presence of p-toluenesulfonic acid as the
catalyst. A detailed description of the procedure can be found
elsewhere.?®

The degree of polymerization of homopolystyrene (homo-PS)
and the polydispersity of the homo-PS and PS-b-PtBuA diblock
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Table 1. Molecular Characteristics of Homopolystyrene
and of Polystyrene-b-poly(acrylic acid) Diblock
Copolymers

polymer? PAA content (mol %) Mw/MpP
PS200 0 1.05
PS16s-b-PAAsg 26.0 1.09
PS4g0-b-PAAg? 15.1 1.08
PSs00-b-PAAsg 104 1.04
PSago-b-PAA4 9.5 1.06
PS200-b-PAA1g 8.3 1.05
PS420-b-PAA3 7.1 1.05
PS420-b-PAA 5.8 1.05
PSa20-b-PAA2; 4.8 1.05

a Degree of polymerization of the polystyrene was determined
by SEC; the poly(acrylic acid) chain length determined by FTIR
relative to that of the PS block. ? Polydispersity index, measured
by SEC, of polystyrene or of the whole diblock copolymer in the
form of PS-b-PtBuA.

copolymers were analyzed by size exclusion chromatography
(SEC). The degree of polymerization of the poly(tert-butyl
acrylate) block was calculated from the polymer composition,
which had been determined by Fourier transform infrared
(FTIR) spectroscopy.?® All of the homopolymers and block
copolymers had narrow and monomodal molecular weight
distributions. The molecular parameters of the polymers are
listed in Table 1. The polymers are denoted as PSy or PSy-b-
PAA,, where x and y stand for the number average degrees of
polymerization of the PS and PAA blocks, respectively. For
example, PSzo0-b-PAA;s represents a diblock copolymer con-
taining 200 styrene units and 18 acrylic acid units.

2.2. Static Light Scattering. Light-scattering measure-
ments were carried out on a DAWN-F multiangle laser
photometer (Wyatt Technology, Santa Barbara, CA) equipped
with a He—Ne Laser (632.8 nm). The polymer solutions were
prepared by dissolution of the polymers in a common solvent
(i.e., N,N-dimethylformamide (DMF), tetrahydrofuran (THF),
or 1,4-dioxane). The solvents DMF, THF, and dioxane (Ald-
rich, HPLC grade) were used as received without further
purification. All solutions were filtered through a membrane
filter with a nominal pore size of 0.45 mm. Deionized water
(Milli Q) was added with a microsyringe. All measurements
were carried out at room temperature. The scattered light
intensity was recorded 15 min after each addition of water
and mixing of the solution.

2.3. Preparation of the Aqueous Solutions. To prepare
the colloidal solutions, deionized water, as a precipitant, was
added at a rate of 0.3 wt %/10 s with vigorous stirring to the
copolymer solution in the common solvent. For example, for
PSa00-b-PAA;5 at a concentration of 0.5 wt %, micellization
occurred at a water content of approximately 5 wt % in DMF,
11 wt % in 1,4-dioxane, and 18 wt % in tetrahydrofuran (THF).
When a mixture of solvents was used, the critical water content
for micellization was a function of the solvent composition.
More water was added until the water content reached ca. 50
wt %. Finally, the organic solvents are removed by dialysis
of the colloidal solutions against pure water for 3 days.

2.4. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) was carried out on a Philips EM410
microscope operating at an acceleration voltage of 80 kV.
Aqueous aggregate solutions free of organic solvents were used
to make the TEM samples. A drop of a very dilute solution
was placed onto a copper EM grid, which had been precoated
with a thin film of Formvar and then coated with carbon. A
few minutes after the deposition, the aqueous solution was
blotted away with a strip of filter paper. After drying in air
for a few hours, the grids were shadowed with palladium/
platinum alloy at an angle of ca. 30°.

2.5. Solvent Content in the PS-Rich Phase. Homopoly-
styrene (homo-PS) was dissolved in various solvents, i.e., DMF,
dioxane and THF, at a concentration of 2 wt %; a given amount
of water was then added slowly to a point beyond the critical
water content (cwc) at which phase separation occurred. After
a waiting period of ca. 1 day, the PS-rich phase settled to the
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bottom of the container, and the two phases were easily
separated. The solvent content in the polymer-rich phase is
defined as the volume ratio of the solvent in the PS-rich phase
to the total PS-rich phase. The volume of total PS-rich phase
was measured directly, and the volume of the solvent in the
PS-rich phase was calculated by recovering the PS from the
PS-rich solution after solvent evaporation.

3. Results and Discussion

The Results and Discussion section consists of three
parts. First, we describe the quantitative relationship
between the precipitation of homopolystyrene or the
micellization of polystyrene-b-poly(acrylic acid) (PS-b-
PAA) diblock copolymers and the nature of the initial
common solvent, as determined by light-scattering
measurements. In part two, the relationship between
the nature of the common solvent and the aggregate
morphology, as determined by TEM, is presented.
Finally, the reasons for the morphogenic effect of the
solvent on the PS-b-PAA aggregates are related to the
strength of the polymer—solvent interactions.

3.1. Micellization of Polymers. The micellization
of polystyrene-b-poly(acrylic acid) (PS-b-PAA) diblock
copolymers in solution was observed by static light
scattering. DMF, THF, and dioxane are well-known
common solvents for both blocks of the PS-b-PAA
copolymers; thus, the polymer chains are unimolecularly
dispersed in the solutions. Since water is a good solvent
only for the PAA blocks, the solvent quality becomes
progressively worse for the PS as water is added to the
copolymer solution in the common solvent. At some
point of water addition, the PS block starts to associate
and microphase separation occurs. As a result, the
scattered light intensity increases suddenly and the
solution appears cloudy.

3.1.1. Critical Water Content of the Polymersin
Various Solvents. The critical water content (cwc) of
a polymer solution is defined as the water content at
which micellization starts. The cwc values are usually
obtained by observation of the onset turbidity of the
polymer solutions or by light-scattering measurements.
The cwc values of homopolystyrene and of the PS-b-PAA
diblock copolymers in DMF have been reported in a
previous paper.t” It was found that the cwc depends on
both the polymer concentration and the molecular
weight. The higher the copolymer concentration and
the molecular weight of the PS blocks, the lower the cwc.
The cwec values of homopolystyrene and the PS-b-PAA
diblocks in DMF are normally in the range of 2—9 wt
%.17 It is well-known that the solubility of the polymer
is related to the nature of the solvent. In the present
study, THF and dioxane were used as initial common
solvents, and the cwc results were compared with those
for DMF. Figure 1 presents the experimental curves
of the scattered light intensity from homopolystyrene
PS200 and PS;p0-b-PAA;g diblock copolymer in the three
solvents as a function of the water content. When the
water content is low, the scattered light intensity is
almost constant. However, when the water content
reaches some critical value, the scattered light intensity
increases rapidly. The increase in the scattered light
intensity indicates that micellization has taken place.
For each solution, a critical water content is obtained
from the intercept of the nearly horizontal and vertical
straight line segments of the scattered light intensity
curves. The critical water contents of both homopoly-
styrene and PS-b-PAA diblock copolymer are related to
the nature of the common solvent, and decrease from
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Figure 1. Scattered light intensity as a function of added
water content for PSyp (open symbols) and PSag-b-PAAg
(filled symbols) in various solvents (the initial polymer con-
centration was 0.5 wt % for all experiments).
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Figure 2. Scattered light intensity as a function of added
water content in PSyp-b-PAA;g solution in THF at different
concentration.

THF, to dioxane, and then to DMF. The critical water
content of homopolystyrene is only slightly lower than
that of the PS-b-PAA diblock copolymer in the same
solvent, because the major component of the block
copolymer is polystyrene. Figure 1 clearly indicates that
the polystyrene chains remain soluble to a much higher
water content in THF solutions (ca. 18 wt %) compared
to DMF solutions (ca. 5 wt %).

3.1.2. Effect of Polymer Concentration on the
Critical Water Content in Various Solvents. Fig-
ure 2 shows the experimental plot of the scattered light
intensity as a function of the water content from PSyg0-
b-PAA;15 copolymer in THF at various concentrations.
In parallel with the behavior in DMF,17 the onset of the
micellization shifts to higher water contents as the
initial polymer concentration decreases.

Figure 3 shows a plot of the cwc as a function of the
polymer concentration for the same copolymer in the
three solvents. A linear relationship is found between
the cwc and the logarithm of the polymer concentration;
the cwc value decreases as the polymer concentration
increases. The cwc in THF is highest, and that in DMF
is lowest. As might be expected, the slope of the plot of
cwe vs the logarithm of the polymer concentration
differs for the different solvents.

3.1.3. Micelle Fraction of PS-b-PAA in Various
Solvents. As more and more water is added to the
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concentration for a solution of PSyp-b-PAA;s diblocks in
various solvents.

polymer solution beyond the cwc, more and more
polymer chains associate to form micelles, and the
concentration of the copolymers in single-chain form
decreases. A relationship between the micelle fraction
of PS-b-PAA in DMF and the water content has been
given in a previous paper.l” The micelle fraction is
defined as the ratio of the associated polymer to the total
polymer, (Co — Ccmc)/Co (Where Cq stands for the initial
polymer concentration and C¢m for critical micellization
concentration). In that solvent, the micelle fraction was
found to increase rapidly within a very narrow range
of water contents once microphase separation started.
The relationship between the micelle fraction and the
water content is naturally expected to depend on the
nature of the common solvent, since the relationship
between the cwc and the polymer concentration is
related to the nature of the common solvent as shown
in Figure 3.

The micelle fraction can be calculated using the
following relationship:1’

(Co— Cemd)/Co =1 — exp(—2.303AH,0/A)

where AH,0 is the increment of the water content above
the cwc and A is obtained from the slope d[cwc]/d[log
Co] in Figure 3. When the AH,O value is zero or less
(i.e., for water contents below the cwec), the (Cop — Cemc)/
Co is zero and all the copolymer chains in the solution
are unassociated.

A plot of the micelle fraction against the increment
of the water content in various solvents is shown in
Figure 4, with the insert showing the plot against
absolute values of the water content. In DMF or
dioxane, the micelle fraction increases very rapidly
relative to THF. For 99.5% micellization in each
solvent, the calculated water increments beyond the cwc
are 1.66 wt % in DMF, 2.63 wt % in dioxane, and 7.48
wt % in THF. These data indicate that the effect of
water content on the micellization in THF solution is
weaker than that in DMF or in dioxane. The above
results also confirm that for all of the solvents, the
micellization is complete when the water content is far
below 50 wt %, the point at which water addition is
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Figure 4. Micelle fraction as a function of water increment
beyond the critical water content (PSz0-b-PAA1s, 0.5 wt %).
The insert shows the plot against the absolute water content.

Table 2. Aggregate Morphologies of PS-b-PAA Diblocks
in Different Common Solvents (the Initial Polymer
Concentration was 2 wt %)

PAA content

polymer (mol %) DMF dioxane THF
PSi16s-b-PAAsg 26.0 sphere  sphere sphere
PSago-b-PAAg7 15.1 sphere  rod sphere
PSs500-b-PAAss 10.4 sphere  vesicle vesicle
PS390-b-PAA1 9.5 sphere  vesicle vesicle
PS420-b-PAA3; 7.1 sphere  vesicle LCM
PS420-b-PAA 5.8 sphere  vesicle LCM
PSa20-b-PAA2; 4.8 sphere LCM LCM

stopped prior to dialysis (see Experimental Section).
Therefore, the single-chain content in the solution is
negligible for the conditions under which all of the
experiments were performed.

3.2. Morphogenic Effect of Solvent on PS-b-PAA
Aggregates. It has been reported that the morphology
of the PS-b-PAA crew-cut aggregates is controlled by
several factors (i.e., the polymer composition and con-
centration, the presence of ions, etc.121316), However,
all of these methods are limited to a relatively narrow
range of polymer compositions. For example, when the
PAA content is higher than 10 mol % (for a PS chain of
400 repeat units), morphologies other than spheres have
not been obtained in DMF, regardless of any changes
in the polymer concentration or the addition of ions. In
the present study, it has been found that when the
common solvent is changed from DMF to dioxane or
THF, the range of polymer compositions in which
nonspherical morphologies are seen is extended to a
much broader range of PAA contents. Table 2 il-
lustrates the relationship between the morphology of
PS-b-PAA aggregates and the nature of the common
solvent for several diblocks of different compositions.

3.2.1. Morphologies of PS-b-PAA Crew-Cut Ag-
gregates from Dioxane. All the PS-b-PAA diblock
copolymers studied here yield only spherical aggregates
in DMF at a concentration of 2 wt %. In contrast, the
aggregates prepared from dioxane show the entire range
of morphologies. Figure 5 shows a set of typical TEM
pictures of the aggregates made from these diblocks in
dioxane. Figure 5A shows spherical aggregates made
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from PSies-b-PAAsy (26.0 mol % PAA). The average
diameter of the spheres is ca. 32 nm. As usual, the
polydispersity of the diameters is low. Aggregates with
a cylindrical morphology are obtained when the PAA
content decreases to 15.1 mol % (PSag0-b-PAAg;). Figure
5B shows a typical example. Most of the aggregates
appear to be straight rather than bent cylinders. These
cylinders have relatively uniform diameter (ca. 57 nm)
but differ widely in length. Hemispherical caps are
clearly seen at the cylinder ends. Some spheres are still
present. As the ratio of PAA to PS block lengths drops
further, vesicles are formed (Figure 5C—E), with sizes
increasing as the PAA content decreases. PSsoo-b-PAAsg
(20.4 mol % PAA) yields small vesicles (Figure 5C). The
vesicular nature is evidenced from a higher transmis-
sion in the center of the aggregates than around their
periphery, in combination with the height measure-
ments from shadowing which suggests that the ag-
gregates are spherical. The outer diameters range from
100 to 150 nm, and the average wall thickness is ca. 37
nm. As PAA content decreases to 9.5 mol % (PSszgo-b-
PAA1), the outer diameters increase to the range of
150—500 nm, and the average wall thickness is ca. 39
nm (Figure 5D). With a further decrease of the PAA
content to 5.8 mol % (PSa20-b-PAA2g), elliptical vesicles
of very large sizes can form (Figure 5E). When the PAA
block length becomes still shorter (PS420-b-PAA;;), ag-
gregates consisting of large solid spheres of high poly-
disperisty are obtained. These aggregates are probably
large compound micelles consisting of an assembly of
reverse micelles with a hydrophilic surface, as described
previously.'?

3.2.2. Morphologies of PS-b-PAA Crew-Cut Ag-
gregates from THF. Table 2 shows that spheres,
vesicles, and LCMs can be obtained in THF over the
range of compositions studied here. Two characteristics
are worth noting. First, morphologies other than small
spherical aggregates or LCMs form only in a relatively
narrow range of PAA contents in THF (upper limit
between 10.4 and 15.1 mol % and lower limit between
7.1 and 9.5 mol % PAA) relative to that in dioxane
(upper limit between 15.1 and 26.0 mol % and lower
limit between 4.8 and 5.8 mol % PAA). Second, rodlike
aggregates are not seen in THF. Two possible explana-
tions can be suggested for the absence of rods. First,
the composition range for the formation of these ag-
gregates might be very narrow, and no samples have
been prepared within this range. Second, it is possible
that in THF, the morphology changes directly from
spheres to vesicles. Nagarajan® has predicted theoreti-
cally the existence of two types of mechanisms for the
morphological transition from small spheres to vesicles.
One mechanism involves spheres, rods, and bilayers,
while only spheres and bilayers are expected from the
other.

3.2.3. Aggregate Morphology of an Identical PS-
b-PAA Diblock in Mixtures of DMF and THF. The
solvent effect becomes a versatile tool of morphological
control when a mixture of solvents is used. Table 2
shows that the same PS-b-PAA diblock copolymer can
yield different morphologies in different solvents. Itis
therefore of interest to inquire whether a progressive
change in the nature of the common solvent (as a result
of mixing) is accompanied by gradual changes in the
aggregate morphology. The following study was per-
formed to answer this question.
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Figure 5. TEM pictures of PS-b-PAA crew-cut aggregates made in dioxane: (A) PSies-b-PAAsy; (B) PSsg0-b-PAAg7; (C) PSsao-b-
PAAsg; (D) PS3go-b-PAA41; (E) PS420-b-PAA26; (F) PS420-b-PAA21 (the initial polymer concentration was 2 wt %)

PS200-b-PAA;g yields spherical aggregates in DMF
(Figure 6A) and large compound micelles (LCMs) in
THF (Figure 6H). Figure 6B—G show that with in-
creasing THF content in the solvent mixture (the initial
polymer concentration before the addition of water is
0.5 wt % for all experiments), the morphology of the PS-
b-PAA crew-cut aggregates changes progressively from
spheres in 0 wt % THF (Figure 6A), to interconnected
rods in 5 wt % THF (Figure 6B), to a mixture of rods,
lamellae, and vesicles in 10 wt % THF (Figure 6C), to
only small vesicles in 25 wt % THF (Figure 6D), to
medium-sized vesicles in 40 wt % THF (Figure 6E), to
larger vesicles in 50 wt % THF (Figure 6F), to a mixture
of vesicles and LCMs in 67 wt % THF (Figure 6G), and
finally to LCMs in pure THF (Figure 6H).

The aggregates shown in Figure 6 are now discussed
briefly. The spherical micelles (Figure 6A) have an
average diameter of ca. 30 nm and a low polydispersity.
The aggregate solution prepared in 5 wt % THF/95 wt
% DMF (Figure 6B) shows a bluish color, and gellike
pieces are seen to be suspended in the solution. They
appear to consist of interconnected rods. Only a few
ends are free, and these contain hemispherical caps. The
average diameter of the rods is ca. 27 nm.

When the THF content is raised to 10 wt %, the
aqueous solutions become slightly cloudy. A mixture
of rods, lamellae, and vesicles is seen in the solution
(Figure 6C). The lamellar nature is evidenced by the
uniformity of the light intensity over the entire feature
in the micrograph. The thickness of the lamellae
(as judged from the length of the shadowed region),
the diameter of rods and the wall thickness of the

vesicles are the same; the average value is ca. 23 nm.

When the THF contents are in the range of 25—67
wt %, vesicles are observed and the solutions are turbid.
The outer sizes and the wall thicknesses of the vesicles
are found to increase with increasing THF content.
Figure 6D shows a typical example of the vesicles
obtained from 25 wt % THF. These vesicles have a
outer diameter of ca. 80 cm and a relatively low
polydispersity. The average wall thickness is ca. 29 nm.
When the THF concentration is further increased to 40
wt %, the sizes of vesicles increase and the polydisper-
sity broadens. Figure 6E shows a typical example. The
sizes now are in the range of 70—200 nm, but the wall
thickness is still very uniform, at ca. 30 nm. The sizes
of vesicles are further increased when the THF content
is raised to 50 wt %, as shown in Figure 6F. They now
have diameters in the range of 300—500 nm. The
average wall thickness is now ca. 36 nhm, but in some
cases, the wall thickness is double (i.e., ca. 70 nm).
These vesicles with a double wall thickness are believed
to be bilamellar vesicles, one trapped inside the other.
However, for most of the trapped vesicles, which are
seen quite frequently, the sizes of inner and outer
vesicles are very different. When the THF content is
67 wt % (Figure 6G), vesicles are still the dominant
aggregates, but LCMs can be seen occasionally. The
sizes of vesicles are in the range of 300—600 nm. The
average wall thickness of the vesicles is ca. 39 nm. With
a further increase in the THF content, the percentage
of vesicles decreases and that of the LCMs increases,
until only LCMs are seen in pure THF (Figure 6H).
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Figure 6. TEM pictures of PS;p-b-PAA;5 crew-cut aggregates in various mixtures of THF and DMF: (A) 0 wt % THF; (B) 5 wt
% THF; (C) 10 wt % THF; (D) 25 wt %; (E) 40 wt % THF; (F) 50 wt % THF; (G) 67 wt %THF; (H) 100 wt %THF (the initial

polymer concentration was 0.5 wt %).

Obviously, the morphology of the aggregates changes
progressively, corresponding to the composition of the
common solvent. The above result suggests a general
way to prepare aggregates with various morphologies;
when a diblock copolymer yields spherical aggregates
in one common solvent and LCMs in another, the entire
range of morphologies may be obtained by using mix-
tures of these two solvents.

3.2.4. Tubular Morphology of PS-b-PAA Ag-
gregates from a Mixture of DMF and Dioxane.
Much attention has been paid recently to the prepara-
tion and characterization of tubules from small molecule
amphiphiles because of potential applications as well
as the biomimetic nature of the tubules. These tubules
tend to be structurally fragile, and much effort has been
devoted to improve their stability. The tubules from
diblock copolymers would obviously avoid these prob-
lems because of their much greater stability. Until now,
it has been possible to prepare long tubules only from
polystyrene-b-poly(ethylene oxide) (PS-b-PEO) diblock
copolymers.’* Now it is found that tubules can also be
obtained occasionally from PSxpp-b-PAA;g diblocks in a
mixture of DMF and dioxane. Figure 7 shows a typical
example of tubules which were obtained when a mixture
of DMF and dioxane at a 1:1 weight ratio was used as
the common solvent. The tubules have a wall thickness
of ca. 20 nm and an outside diameter of ca. 100 nm and
are many micrometers in length.

3.3. Polymer—Solvent Interactions. The results
described above clearly show that the nature of the
common solvent has a major effect on the morphology
of the aggregates. It is obvious that for an amphiphilic
PS-b-PAA copolymer, the interaction between the poly-
mer chains and the solvent will influence the dimen-
sions of both the aggregate core and the corona.

E—

|
il wm

Figure 7. Tubular morphology of PSju-b-PAA;5 crew-cut
aggregates made from a mixture of DMF and dioxane (50/50,
w/w). The initial polymer concentration was 0.5 wt %.

Generally, the strength of the polymer—solvent in-
teraction is reflected by the y parameter, which is
related to the solubility parameter (6) and the dielectric
constant (¢). PS is a nonpolar polymer and the miscibil-
ity of PS and a solvent can be estimated to some extent
from the solubility parameters of the PS and the solvent.
As shown in Table 3, the solubility parameter of THF
(0 = 18.6 [MPa]Y¥?) is closest to that of homo-PS (6 =
16.6—20.2 [MPa]Y2); the solubility parameter of dioxane
(6 = 20.5 [MPa]*?) is closer to that of polystyrene than
that of DMF (6 = 24.8[MPa]Y?). Therefore, within this
simple approach, the strength of the PS—solvent inter-
action should be highest in THF, lower in dioxane, and
lowest in DMF. From Figure 1, it is clear that the cwc
value of homo-PS is highest in THF and lowest in DMF
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Table 3. Some Physical Parameters of Solvents and
Polymers

solubility parameter dielectric

materials (0)?7 (IMPa]¥2) constant (¢)?8
DMF 24.8 38.2
dioxane 20.5 2.2
THF 18.6 7.5
PS 16.6—20.2
styrene 19.0
PAA
acrylic acid 24.6
H>O 47.9 80.1

(i.e., a much higher water content is needed to precipi-
tate polystyrene in THF solution than in DMF solution).
This trend reflects the differences of solubility param-
eters between the solvents and polystyrene. It is
interesting to note that the actual 6 parameter values
calculated for the solvent mixtures at the cwc shown in
Figure 1 are fairly close (6 = 26.0, 23.5, and 23.9
[Mpa]¥2 for the mixtures of H,O with DMF, dioxane and
THEF, respectively). Itis not surprising, therefore, that
the micellization of the block copolymers is induced in
these mixtures at that point. On the other hand, since
PAA is polar, the strength of the PAA—solvent interac-
tion should be related to the polarity of the solvent. The
polarity of DMF is highest (¢ = 38.2); the polarity of
THF is lower (¢ = 7.5); that of dioxane is lowest (¢ =
2.2). Therefore, the interaction between PAA and DMF
should be the strongest and that between PAA and
dioxane is the weakest. All these factors must be
considered when we discuss the morphogenic effect of
the solvent.

3.3.1. Solvent Content in the PS. As suggested
by Nagarajan,?® we found experimentally that changing
the solvent content of the core can change the aggregate
morphology. However, changing the solvent can change
not only the core dimensions but possibly also the
repulsion between corona chains, particularly when the
corona chains are ionizable or ionic, and the dielectric
constant of the solvent changes because of changes in
the composition. As will be shown below, the solvent
content in the PS aggregate core depends on both the
nature of the common solvent and the water content.

Since the major component of the PS-b-PAA copoly-
mer is polystyrene, it is useful to explore the effect of
water on homopolystyrene (homo-PS) solutions. This
will reflect the behavior of the PS core in the aggregates.
The measurement of the solvent content in the PS-rich
phase of a phase-separated ternary system of PS,
common solvent, and water has been described in the
Experimental Section. Figure 8 presents the experi-
mental curves for the solvent content in the PS-rich
phase as a function of water content (the insert shows
the solvent content as a function of the water increment
beyond the cwc). At the onset of microphase separation,
the solvent content in the PS-rich phase is highest in
THF, followed by dioxane and DMF. In each solution,
the solvent content in the PS-rich phase decreases as
the water content increases. As the solvent content in
the PS-rich phase decreases, the viscosity of that phase
increases. Therefore, the measurement of the solvent
content by this method cannot extend to a high water
content range. Figure 8 also shows that the drop in the
solvent content in the PS-rich phase with increasing
water content is much less steep in THF than in dioxane
or DMF. This suggests that the effect of water content
in the solution on the solvent content in the PS-rich
phase is weaker in THF than in DMF or in dioxane.
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Figure 8. Solvent content in the PS-rich phase as a function
of the water content (dotted lines extrapolate to the cwc). The
insert shows the plot against the water increment beyond the
cwWC.

This trend parallels the effect of water on the degree of
micellization (see Figure 4). The underlying reason for
this behavior is the stronger interaction between the
PS block and the THF vs that in dioxane or DMF, so
that more water is needed to remove the solvent from
the PS-rich phase in THF than in the other two solvent
systems.

3.3.2. Degree of Stretching of the PS in Ag-
gregate Core. In contrast to PS homopolymer solu-
tions, where the polymer chains aggregate, phase
separate, and settle at the bottom of the solutions, the
colloidal solutions of PS-b-PAA diblock copolymers are
stable, even after the water content exceeds the cwc,
because of micellization. Therefore, experiments similar
to those described above for the homopolymer cannot
be performed, and much more sophisticated studies
would have to be undertaken. However, it is expected
that the solvent content in the PS-b-PAA aggregate
cores as a function of water content in the solvent should
parallel that in the PS homopolymer. When water is
added beyond a certain point, the structures of the
aggregates become locked because the mobility of the
polymer chains is reduced to a very low level. However,
after the isolation into water and subsequent drying,
the dimension of the aggregate core is expected to be
smaller than the corresponding value at the moment of
the structural freezing of the aggregates.

It seems reasonable to suggest that the average
degree of stretching of the PS chains increases with an
increase of the solvent content in the aggregate cores.
This stretching is entropically unfavorable. As the
degree of stretching increases, the high stretching
penalty for the PS chains in the core changes the
aggregate morphology progressively from a sphere to a
cylinder, or to a bilayer in order to decrease the overall
free energy of micellization.12

The size of the core and therefore also the degree of
the stretching of the PS chains (S.) is also related to
the repulsive interaction among the PAA corona chains.
A decrease of the repulsion between corona chains will
lead to an increase of the aggregation number; the
dimension of the core must increase correspondingly,
and therewith also the degree of stretching. Because
the repulsive interactions among the PAA corona chains
are related to the PAA—solvent interaction (i.e., the
higher the strength of the PAA—solvent interaction, the
higher the repulsion among the corona chains), the
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Table 4. Some Characteristics of PS-b-PAA Aggregates
in DMF, Dioxane, and THF (the Initial Polymer
Concentration Was 2 wt %)

PAA da

PS-b-PAA (mol %) solvent morphology (nm) S.°
Psleg-b-PAAsg 26.0 DMF sphere 23 1.3
dioxane sphere 32 1.8

THF sphere 27 15

PS400-b-PAAg7 15.1 DMF sphere 29 1.0
dioxane rod 57 1.9

THF sphere 42 14

PSsoo-b-PAAsg 10.4 DMF sphere 30 1.0
dioxane vesicle 37 1.2

THF vesicle 50 1.6

PS300-b-PAA4; 9.5 DMF sphere 32 1.2
dioxane vesicle 39 1.4

THF vesicle 45 1.7

a Average diameter of the spherical and cylindrical micelles or
wall thickness of the vesicles. P Degree of stretching of the PS
blocks; for spheres or cylinders, it is defined as a ratio of the radius
to the end-to-end distance of the PS block in the unperturbed state;
for vesicles, half of the wall thickness is used.

degree of stretching in the core is also related to the
PAA—solvent interaction. While the PS—solvent and
the PAA—solvent interactions have opposite effects on
the degree of the stretching (in the case of dioxane and
THF), the overall S; values must depend on the relative
importance of each contribution. This aspect of the
aggregate formation can be illustrated by discussing the
results presented in Table 4.

Table 4 lists some structural parameters of several
PS-b-PAA aggregates. The degree of stretching of the
PS in the core (S;) is defined as the ratio of the micelle
core radius (Reore) to the end-to-end distance of the PS
chain in the unperturbed state (Ro).12 The micelle core
radius is measured from the TEM pictures, and an
average value is taken. The end-to-end distance of the
PS chains in the unperturbed state is given by?’

R, (nm) = 0.067M*2

where M (g/mol) is the molecular weight of the polysty-
rene block and the value 0.067 applies to various
solvents.

PSi6s-b-PAAsg has a relatively high PAA content (26.0
mol % PAA) and yields only spherical aggregates of a
narrow size distribution in all the solvents used in this
work. However, the core radii of the aggregates pre-
pared in the various solvents are different. The Rcore
of the spheres in dioxane is highest, and that in DMF
is smallest, which means that the S; value is highest
in dioxane and smallest in DMF. For this polymer, the
PAA-solvent interaction dominates the free energy of
micellization. From the polarity of the solvent, it is
apparent that the repulsive interactions between the
PAA corona chains are weakest in dioxane, stronger in
THF, and strongest in DMF. The increase of the
repulsive interaction among the corona chains results
in a decrease of the aggregation number which, in turn,
decreases the dimension of the core and the degree of
the stretching of the PS chains. Therefore, according
to the strength of the PAA—solvent interaction (neglect-
ing the effect of PS—solvent interaction in the core), the
order of S; in the three solvents is expected to be

dioxane > THF > DMF

which agrees with the experimental finding.
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In PS90-b-PAAg7, the PS and PAA blocks are longer
than those in PSjigs-b-PAAsge, but the PAA content is
lower (only 15.1 vs 26.0 mol %). The aggregate mor-
phologies in THF and DMF are still spherical, while
cylinders are formed in dioxane. Thus, the PAA—
solvent interaction still appears to be dominant, with
the PAA length shorter in dioxane than in THF or DMF.
Therefore, it appears that in dioxane the radius for the
hypothetical sphere has increased to the point where
the degree of stretching in the core has crossed the
sphere/rod morphological boundary and rods are formed.
Even though S is still high, it is lower than it would be
for a sphere.

The PAA contents in PSgge-b-PAAss and PSszgg-b-
PAA,; are still lower (10.4 and 9.5 mol %) than those
in PSies-b-PAAsg and PSyg0-b-PAAg;. These polymers
still yield only spherical aggregates in DMF, but give
vesicles in both THF and dioxane. Table 4 shows that
the degree of stretching of the PS chains in the wall of
the aggregates for these samples is higher in THF than
in dioxane and smallest in DMF. Thus, in DMF the
spherical morphology is maintained. In THF and di-
oxane, however, the chain stretching in the core has
resulted in two morphological steps beyond spheres, all
the way to vesicles. But even here, the S, values are
still high. When the PAA content decreases further to
the range of 7.1-5.8 mol % (see Table 2), large com-
pound micelles (LCMs) are first seen in THF, while
vesicles are still the dominant morphology in dioxane
and spheres in DMF.

Because the strength of the PAA—DMF interaction
is stronger than those of PAA—THF and PAA—dioxane,
and the strength of the PS—DMF interaction is weaker
than those of PS—THF and PS—dioxane, the dimension
of the PAA corona is larger and the dimension of the
PS core is smaller in DMF than in THF or dioxane.
Therefore, spherical micelles are favored in DMF rela-
tive to THF or dioxane. When the aggregates made
from THF and dioxane are compared, the situation is
more complicated. From a consideration of the PAA—
solvent interactions alone, the PAA—dioxane interaction
is weaker than that between PAA and THF; thus, the
size of the PAA corona should be smaller in dioxane
than in THF. Therefore, LCMs are expected to appear
first in dioxane instead of in THF. Since LCMs are seen
first in THF, it means that another interaction (i.e., the
PS—solvent interaction) has now become more impor-
tant. From a consideration of the PS—solvent interac-
tion alone, the strength of the PS—THF interaction is
higher than that of the PS-dioxane interaction. There-
fore, the core dimension, and in turn, the degree of
stretching of PS in the cores, is larger in THF than in
dioxane. Therefore LCMs would be expected to appear
first in THF, which is, indeed, found experimentally.
Eventually, when the PAA content in the PS-b-PAA
diblock copolymer is very low (4.8 mol % of PAA), the
large compound micelle morphology is the only one to
be observed in both THF and dioxane, while spheres
are still observed in DMF. These results demonstrate
that as the PAA content decreases, the importance of
the PAA—solvent interaction for the free energy of
micellization decreases while that of the PS—solvent
interaction increases. Therefore, the solvent content in
the aggregate cores, which is related to the PS—solvent
interaction, becomes gradually the major factor affecting
the structure of the aggregates.
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Table 5. Some Characteristics of Aggregates Made from
an ldentical PSyp0-b-PAA; 5 Diblock in Various Mixtures
of DMF and THF (the Initial Polymer Concentration was

0.5 wt %)
THF content

(Wt%) morphology da(nm) ScP

0 sphere 30 1.6

5 cylinder 27 1.4

10 lamella and vesicle 23 1.2

25 vesicle 29 15

40 vesicle 30 1.6

50 vesicle 36 1.9

67 vesicle 39 2.0

ab Have the same meaning as in Table 4.

In section 3.2.3, it has been reported that the mor-
phology of the aggregates made from PS;pp-b-PAA;15 at
a concentration of 0.5 wt % changes progressively from
spheres to large compound micelles as the initial solvent
changes from DMF, to a mixture of DMF/THF in various
ratios, and then to THF. Table 5 presents the structural
parameters of these aggregates. When the THF content
increases from 0 to 10 wt %, the morphology of the
aggregates changes from the spheres to cylinders and
to a mixture of lamellae and vesicles. These morpho-
logical changes can be explained by a progressive
increase of the dimension of the PS core accompanied
by a slight decrease of the dimensions of the PAA corona
when the THF content increases. The repulsion among
the corona chains of PS;pp-b-PAA;5 crew-cut aggregates
is believed to change relatively little in a mixture of
DMF and THF of different ratios because the PAA is,
at best, only very slightly ionized in these solvents and
the PAA length is quite short. However, the core
dimension, as well as the degree of stretching of PS
chains in the core, probably increases considerably as
the THF/DMF ratio increases. Actually, it is possible
that the local THF/DMF ratio in the core domain is
higher than the overall ratio, since the strength of the
PS—THF interaction is higher than that of the PS—
DMF interaction, which might lead to an enrichment
of the THF in the core. This might be a reason the small
increase in the THF content, in the range of 0—10 wt
%, results in a change of the aggregate morphology by
two steps (sphere — rod — vesicle).

It has been reported previously!? that the degree of
stretching decreases as the morphology changes from
the spheres to cylinders and to vesicles, because the
additional degree of freedom along the axis or the plane
allows many chains in the cylinders or the bilayers to
be incorporated into the structure without significant
changes in their conformation. This is also found to be
the case in the present study. However, when the THF
content increases further to the range of 25—67 wt %,
where vesicles are the predominant morphology, the
degree of stretching of the PS chains in the wall of the
aggregates increases with increasing THF content. In
these cases, the increase of the solvent content in the
aggregates is most likely responsible for the increase
of the degree of stretching of the PS in the wall along
with increasing THF content, while the morphology
stays the same. No morphological boundaries are
crossed, so the wall thickness increases monotonically.

In summary, the degree of the stretching of the PS
chains in the aggregate cores is related to both the PS—
solvent and the PAA—solvent interactions. In terms of
the strength of the PS—solvent interaction, the S; has
the order of THF > dioxane > DMF. In terms of the
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strength of the PAA—solvent interaction, the order is
dioxane > THF > DMF. In both cases, the S; value in
DMF is always lowest; however, the order in THF and
in dioxane is reversed. The relative importance of these
two interactions is related to the PAA content in the
PS-b-PAA diblock. The higher the PAA content, the
more important the PAA—solvent interaction.

4. Conclusions

The morphogenic effect of solvent on the crew-cut
aggregates of polystyrene-b-poly(acrylic acid) (PS-b-
PAA) diblock copolymers has been explored. The mor-
phologies and structural parameters of the PS-b-PAA
aggregates are related to two major factors (i.e., the PS—
solvent interaction, which determines the solvent con-
tent and the degree of stretching of PS chains in the
cores, and the PAA—solvent interaction, which deter-
mines the repulsion among the corona chains.

The critical water content, cwc, at which micellization
of the PS blocks starts, is related to the nature of the
common solvent. The stronger the PS—solvent interac-
tion, the higher the cwc. Therefore, the cwc is highest
in THF, followed by dioxane and DMF. The relation-
ships between the cwc and the logarithm of the polymer
concentration in the various solvents is linear. For PS-
b-PAA diblock copolymers in DMF or dioxane, the
micelle fraction as a function of water content increases
very rapidly relative to that in THF.

The same PS-b-PAA diblock can yield various ag-
gregates in different solvents. When a mixture of two
solvents is used, the degree of morphological control of
the aggregates improves. The stronger the PS—solvent
interaction (i.e., the smaller difference of the solubility
parameter between the PS and the solvent), the higher
the degree of stretching of the PS in the cores. Since
the high degree of stretching is entropically unfavorable,
the morphology of the aggregates can change in order
to decrease the free energy of micellization. When a
solvent of low dielectric constant (e.g., dioxane) is used,
the repulsive interaction among the PAA corona chains
is low, which will increase the aggregation number
relative to that in a solvent of high dielectric constant
(e.g., DMF). As a result, the degree of the stretching of
the PS increases correspondingly. Obviously, the PAA—
solvent interaction is more important as the PAA
content increases; similarly, the PS—solvent interaction
is relatively more important as the PAA content de-
creases. The final morphologies reflect a balance of
these interactions.
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