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Abstract

The kinetics and mechanism of the transformation of vesicular aggregates, prepared from the asymmetric, amphiphilic block copolymer
polystyrene-b-poly(acrylic acid) in dioxane—water mixtures, into rod-like structures are investigated using turbidity measurements and
transmission electron microscopy. Since the architecture of these aggregates is known to depend upon the solvent composition, small jumps
in the dioxane content are used to induce the transformation. The transition proceeds with a conservation of the aggregation number. This
process involves two steps, beginning with the quick collapse of the vesicles into a ‘bowtie’ structure. This is followed by a slow
rearrangement as each bowtie forms a ‘dumbbell’ aggregate and finally a smooth rod. The relaxation times associated with this morpho-
logical change are found to depend upon the initial solvent composition, the magnitude of the dioxane jump, and the initial polymer

concentration. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Asymmetric, amphiphilic, block copolymers form a
variety of self-assembled structures in solution; the proper-
ties of these aggregates, both under equilibrium conditions
and after quenching, have been extensively investigated [1—
8]. Block copolymer aggregates are most commonly
spherical in shape. Micelles with a core radius that is
much smaller than the cross-sectional area of the corona
are referred to as star-like. de Gennes predicted that it
should be possible to form micelles with a larger core radius
relative to the length of the corona [9]. Halperin et al. were
the first to use the phrase ‘crew-cut’ to describe these aggre-
gates [10]. For block copolymer in solution, in general, the
ability to form aggregates prompted several attempts to
characterize the self-assembly process in such systems. It
has been shown that block copolymer micelles, as in the
case of small molecule surfactants, are formed through a
stepwise association [11-15]. The mechanism of block
copolymer self-assembly involves two steps and is similar
to that proposed by Aniansson and Wall to describe micelle
formation from surfactant molecules [16]. The first step
involves the fast exchange of the copolymer chains between
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the micelles and the bulk solution. The rate-determining
process includes a series of stepwise events during which
copolymer molecules associate with or dissociate from the
micelles.

Zhang and Eisenberg showed that crew-cut aggregates of
a range of morphologies are obtained in solution from one
block copolymer family [17]. This is also observed for a
single block copolymer [18]. The materials that were used
include asymmetric polystyrene-b-poly(acrylic acid) (PS-b-
PAA) and polystyrene-b-poly(ethylene oxide) copolymers
[17-22]. Several other block copolymers have been found
to self-assemble into aggregates of multiple morphologies
[23-33]. Block copolymer aggregates with different
architectures have been prepared from a single polymer in
solution by altering such factors as the solvent composition
[34-36], the relative block lengths [37—39], the temperature
[40-42], and the presence of additives [43—49]. These
tunable parameters have an influence on the size and
shape of the aggregates because they affect the balance
between three of the major forces acting on the system.
These include the stretching of the core-forming blocks,
the inter-corona interactions, and the interfacial energy
between the solvent and the micellar core. This force
balance has a strong influence on the thermodynamics
governing the equilibrium morphology of these aggregates
[20,50-52].
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A continual increase in the perturbation imposed upon the
system leads to a progressive change in both the size
and shape of the block copolymer aggregates. Shen and
Eisenberg have prepared a morphological phase diagram
for the ternary system PS;o-b-PAAsy/dioxane/water [18].
They have shown that a gradual increase in the water
content of the solvent mixture transports the aggregates
from a region of purely spherical micelles to a solvent
composition region where spheres coexist in equilibrium
with rods, to a region where only rods exist, followed by a
region of rod and vesicle coexistence, and then finally to a
region where all of the aggregates are converted to vesicles.
They have also proven that the morphological transitions are
reversible by decreasing and subsequently increasing the
dioxane content [18].

The conversion of vesicles to rods is the topic of the
present study. In order to understand why this phenomenon
occurs, it is important to consider the factors that are
involved in the stabilization of vesicular structures.
Although the equilibrium nature of polymer vesicles is a
controversial subject, Shen and Eisenberg proposed that
PS;10-b-PA A5, vesicles are under equilibrium control within
a water content range of 28.0-40.0 wt% [18]. Since the
stability of the vesicles is dependent upon the degree of
stabilization of the curvature on either side of the bilayer,
they predicted that the differential pressure that maintains
the curvature is balanced, as the water content is increased,
by the segregation of the polydisperse corona chains within
the bilayer, with the long chains on the outside and the
shorter chains on the inside. Recently, this hypothesis of
Shen and Eisenberg was confirmed [53]. It was shown
that the copolymer molecules with shorter hydrophilic
block lengths do indeed segregate to the inside of the
vesicle, while chains with longer hydrophilic blocks are
located in the outer layer of the vesicle. This distribution
of chain lengths increases the corona repulsion on the
outside of the vesicles relative to that on the inside; there-
fore, chain segregation results in thermodynamic stabiliza-
tion of the curvature.

Disturbing the equilibrium stabilization mechanism of
vesicular aggregates leads to structural transformations.
Although this phenomenon has been observed for vesicles
formed from block copolymers [18,20,54-56], as well as
other colloidal systems [57-65], the mechanistic details
involved in the structural transition have only been thor-
oughly investigated for lipid and double-chain surfactant
vesicles [57-65]. In both these cases, the vesicles are
most commonly transformed into spherical micelles. The
vesicle-to-micelle transformation induced by the addition
of micelle-forming surfactants (e.g. octylglucoside, sodium
cholate, CjEg, Triton X-100, hexadecyltrimethyl-
ammonium chloride, and sodium alkyl sulfates) to vesicles
composed of phospholipids such as egg yolk lecithin and
dipalmitoylphosphatidylcholine progress through a series of
lipid—surfactant mixed assemblies formed at different molar
ratios of surfactant to lipid [57—-62]. However, the pathway

(intermediate aggregate structures) for the transition can be
very different in each case. For example, with large uniform
vesicles of egg lecithin, the successive addition of ocyl-
glucoside causes the breakdown of the vesicles to elongated
tubules and small vesicles, then to open vesicles and long
cylindrical aggregates, and finally to spherical micelles [58].
The use of sodium cholate to induce the vesicle-to-micelle
transition in egg lecithin aggregates causes the transition to
proceed through the formation of open vesicles, which are
transformed to bilayer sheets. The sheets are then converted
to cylindrical aggregates, and the further addition of surfac-
tant leads to the formation of spherical micelles [61]. It must
be noted that cylindrical aggregates have never been
observed as intermediate structures during the vesicle-to-
micelle transition induced by the addition of single-chain
surfactants to solutions of vesicles formed from double-
chain surfactants [63—65]. Instead, small vesicles, broken
vesicles, large multi-layer lamellae vesicles, bilayer sheets,
and small discs have been observed in these cases.

Despite the existence of numerous reports regarding the
mechanism of vesicle breakdown in different colloidal
systems, few studies address the kinetics associated with
these structural transitions. Farquhar et al. investigated the
kinetics and mechanism of the breakdown of sodium
6-phenyltridecane sulfate vesicles, in aqueous sodium
chloride solutions, by rapid mixing of the surfactant system
with a salt solution that is injected using a stop-flow device
equipped with ultraviolet-visible detection [63]. The transi-
tion occurs within a time range of 0.1-10 s and involves a
three-step mechanism. The vesicles are first transformed
into unstable bilayer structures in the slow step. The bilayers
are quickly converted into smaller disc aggregates, which
rapidly dissociate to individual surfactant molecules. Brink-
mann et al. used the same procedure to study the vesicle-to-
micelle transition in sodium 6-phenyltridecane sulfate
aggregates, in aqueous sodium chloride solutions, induced
by the addition of sodium dodecyl sulfate (SDS) [65]. The
structural transformation involves first-order kinetics and
proceeds through a phase in which the SDS molecules inter-
act with the vesicles. The rate constant is strongly dependent
upon the concentration of SDS, decreasing from
kexp = 0.090s™" at 0.65mM SDS to ke, = 0.023s" at
0.55 mM SDS.

There have been a few studies of the kinetics of morpho-
logical transitions in block copolymer aggregates, but only
one of these studies involved vesicular structures [66—68].
Chen et al. investigated the kinetics and mechanism of the
rod-to-vesicle transition occurring in aggregates formed
from PS;;p-b-PAAs, in dioxane—water mixtures [67]. The
transition was induced with a jump in the water content of
the solvent mixture. The kinetics was followed by measur-
ing the solution turbidity as a function of time, and the
intermediate aggregates were monitored with transmission
electron microscopy (TEM). Near the morphological phase
boundary, the rods become shorter and plumper, and
vesicles start to appear in the solution. An increase in the
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water content increases the population of vesicles at the
expense of the rod population. The transition mechanism
is believed to involve two steps. During the fast step, the
short rods are flattened forming irregular or circular bowl-
shaped lamellae. The slow process is the closure of the
bowl-shaped lamellae to produce vesicles. The two relaxa-
tion times have been found to depend on both the initial
water content and the polymer concentration, increasing
with an increase in either parameter. However, the size of
the water jump is found to have little influence on the transi-
tion kinetics [67].

Here, we extend the study of Chen et al. with an investi-
gation of the kinetics and mechanism of the vesicle-to-rod
transition in aggregates prepared from PS;;o-b-PAAsj, in
dioxane—water mixtures. The morphological transformation
is brought about by a sudden jump in the dioxane content of
the solvent mixture near the boundary between the vesicle
and vesicle-rod regions of the phase diagram. Turbidity
measurements are used to follow the transition kinetics as
a function of time. The intermediate aggregates are isolated
by dropping the solution temperature to near that of liquid
nitrogen, followed by warming under vacuum to freeze-dry
the aggregates, which are subsequently observed using
TEM. The kinetics is investigated as a function of the initial
water content, the magnitude of the dioxane jump, and the
initial polymer concentration. The results are compared
with those obtained for the rod-to-vesicle transition [67].

2. Experimental

The block copolymer employed in this study is a poly-
styrene-b-poly(acrylic acid) [PS-b-PAA] sample that
contains 310 PS and 52 PAA repeat units and has a poly-
dispersity of 1.05 [52]. The polymer was prepared by
sequential anionic polymerization; the details of this
procedure were outlined in previous publications [69,70].
The copolymer sample was fractionated, using a standard
procedure, to remove any homopolymer [17]. This fractio-
nation process first involved the conversion of the acrylic
acid blocks to sodium acrylate with the addition of sodium
hydroxide to a solution of the copolymer in THF. This led to
the self-assembly of the copolymer molecules into reverse
micelles with a poly(sodium acrylate) core. The addition of
water to the solution resulted in phase separation. The upper
solution contained the homopolymer, and the above process
was repeated several times until homopolymer was not
detected, by gel permeation chromatograpy, in the reverse
micelle phase. The sodium acrylate blocks were converted
back to the acylic acid form upon treatment with hydro-
chloric acid and then precipitated from solution and dried
under vacuum.

Aggregates with a particular morphology were prepared
by first dissolving the copolymer in dioxane, which is a
solvent favorable for both blocks. The copolymer molecules
were driven to self-assemble with the slow addition of water

(0.2 wt%/min) to the system. The appearance of a blue tint
in the solution indicated the formation of micelles. The
water addition was continued until the desired solvent
composition was reached.

For the study of solution turbidity as a function of
polymer concentration, water was added to a solution of
the polymer dissolved in dioxane until the solvent was
composed of 40.0 wt% water. This solution was placed in
a dialysis bag (Spectra/Por) with a molecular cut-off of
8000 g/mol and dialyzed against distilled water for four
days in order to remove the dioxane. The morphology of
the aggregates was kinetically frozen as a result of the
dialysis process. The stock solution, after dialysis, had a
concentration of 3.44 wt% polymer. Several other samples
with varying polymer concentration were prepared by dilut-
ing the stock solution with water. The solution turbidity was
measured at 650 nm using a Varian Cary 50 spectrometer.
The experiments were done at room temperature.

The morphological transition was induced by the quick
addition of dioxane to the system. A change in the size and
shape of the aggregates resulted in a change in the turbidity
of the solution. The kinetics of the transition was monitored
by following the optical density of the transmitted light
(180°) as a function of time at 650 nm and at room tempera-
ture.

TEM was performed using a Phillips EM400 microscope
operating at an acceleration voltage of 80 kV. The EM
copper grids used to mount the sample were first coated
with a thin film of poly(vinyl formal) and one of carbon.
The grids were placed on a metal block, which was kept in
thermal equilibrium with liquid nitrogen. A drop of the
polymer solution was deposited onto the cold grids at
various time points throughout the morphological transition.
The samples were then dried under vacuum for 24 h. Some
of the sample grids were shadowed with a palladium/
platinum alloy at an angle of ca. 36° so that details about
the height of the aggregates could be obtained. The dimen-
sions of the aggregates were determined from the TEM
negatives using a calibration map prepared from measure-
ments taken of PS latex standards [20].

3. Results and discussion
3.1. Transition region and aggregate dimensions

Chen et al. have indicated in their study of the rod-to-
vesicle transition that the major part of this transformation
occurs above a water content of ca. 26.0 wt% and that only
vesicles are observed above a water content of 27.6 wt%
[18]. They consider the water content range of 25.9—
27.6 wt% to be the transition zone at a polymer concentra-
tion of 1.0 wt%. At the beginning of the transition region,
very few (ca. < 5%) of the aggregates are present as vesi-
cles. The location of these boundaries shifts to solvent
compositions with smaller water content as the polymer
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Fig. 1. Dependence of the solution turbidity on the polymer concentration
for vesicular aggregates in water. The line illustrates the linear fit at lower
concentrations.

concentration is increased. Shen and Eisenberg have shown
that approaching the transition region from the vesicle side
by adding dioxane to the system results in a decrease in both
the mean diameter and the wall thickness of the vesicles
[53]. For example, at a solvent composition of 28.0 wt%
H,O, the vesicles have a mean diameter of 87.6 &= 2.3 nm
when the polymer concentration is 1.26 wt%; this value
changes to 84.3 = 1.9 nm when the polymer concentration
is reduced to 0.72 wt%. When the solvent composition is
40 wt% in water, the mean vesicle diameter is 96.7 + 2.7
and 90.2 = 2.1 nm at polymer concentrations of 1.80 and
0.60 wt%, respectively. It must also be noted that an
approach to the transition region from the rod zone leads
to a decrease in the length and an increase in the diameter of
the rods. At the boundary between the rod and the transition
region, the average length of a rod is ca. 400 nm and a
diameter of ca. 20 nm [67].

It has previously been shown that these dimensional
changes are reflected in the solution turbidity, with the
turbidity increasing as the aggregates, of a given morphol-
ogy, grow in size [20]. However, the concentration of the
aggregates also affects the solution turbidity. Fig. 1 shows a
plot of concentration dependence of the solution turbidity
for vesicular aggregates. The vesicles were prepared in a

mixture of 30.0 wt% H,0-70.0 wt% dioxane, but the solu-
tion was dialyzed against water to remove the dioxane. This
kinetically freezes the aggregates so that they remain as
vesicles when the solution is diluted. The plot indicates
that there is a linear dependence of turbidity on polymer
concentration below ca. 1.0 wt% polymer.

3.2. Interpretation of dimensional and structural changes

The structure of PS3,-b-PAAs, aggregates is affected by
the interfacial energy between the aggregate core and the
solvent, the repulsive interactions among the corona chains,
and the core-chain stretching. It is the balance between these
forces that dictates the morphology of the aggregates under
a given set of conditions. Perturbing the system with a
sudden change in the solvent composition, therefore, alters
this equilibrium between the forces, leading to morphologi-
cal change [20,43-51].

The stability of vesicles prepared from block copolymers,
like those composed of lipids or other small amphiphiles, is
dependent on the curvature energy [71]. The degree of
curvature is determined by the force balance governing
the aggregates [53]. Hence, the stability of the vesicles is
influenced by the solvent composition of the system.
Increasing the dioxane content of the solvent decreases
the stretching of the PS blocks in the core of the bilayer
and also decreases the repulsive interactions among the
corona chains, which leads to a reduction in the interfacial
energy between the core and the solvent. These favorable
energy changes contribute to a reduction in the mean
diameter of the aggregates. However, there is only a slight
decrease in the thickness of the bilayer. In order to compen-
sate for this imbalance in the dimensional changes, the
degree of vesicle curvature increases. The resulting rise in
the curvature energy makes the vesicles unstable; they
change their morphology in order to relieve this strain.

3.3. Mechanism of morphological change

The images obtained from the TEM studies suggest that
the vesicle-to-rod transition proceeds through a complex,
multi-step mechanism. Fig. 2 contains a series of micro-
graphs corresponding to the structural changes that occur
during the jump from 29.0 to 26.4 wt% H,0O in a solution
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Fig. 2. Micrographs of the aggregate morphologies at various time points during the transition from 29.0 to 26.4 wt% H,O in a 1.0 wt% PS;,4-b-PAAs5,

solution: (A) 0s; (B) 5s; (C) 11s; (D) 17 s; (E) 25 s).
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Fig. 3. (A) Effect of the initial solvent composition on the kinetics of the
vesicle-to-rod transition in PS3;o-b-PAAs, aggregates in dioxane—water
mixtures. The initial polymer concentration is 1.0 wt%. (B) Effect of the
magnitude of the dioxane jump on the kinetics of the vesicle-to-rod transi-
tion in PS;3,0-b-PAAs, aggregates in dioxane—water mixtures. The initial
polymer concentration is 1.0 wt%. (C) Effect of the initial polymer concen-
tration on the kinetics of the vesicle-to-rod transition from 28.0 to 27.0 wt%
H,0 in PS;3,0-b-PAAs, aggregates.

with an initial polymer concentration of 1.0 wt%. The
beginning stages of the structural transformation involve a
reduction in the mean vesicle diameter of the polydisperse
sample and the reorganization of the vesicular structures
yielding bowtie-shaped (two spheres in contact) aggregates.
Some of the samples (not shown) are shadowed with a Pt/Pd
alloy in order to get an indication of the thickness of
these aggregates. It is concluded from this study that
the bowties are not bilayer structures. The volume of a
bowtie (V}) is approximately equal to that of a vesicle (V,)
(Vy =5.1+0.7%10° nm®, V, =54+ 0.5x10° nm?),
although the size distribution of both populations is quite
broad. It is not likely that the bowtie aggregates directly
result from the collapse of the vesicle. One might speculate
that the bowties are actually two small adjoining vesicles;
however, no core has ever been observed in these aggre-
gates, and if one did exist, it is estimated, from volume
calculations (assuming the wall thickness remains the
same), to be approximately 20 nm, which would certainly
be observable with TEM. Considering that the aggregates
are seen only in two dimensions and that the sample hand-
ling procedure prevents us from obtaining micrographs of
the first few seconds of the transition, it is likely that there is
another intermediate aggregate morphology that appears
prior to the bowtie structure. As the transition progresses,
the bowties begin to elongate into aggregates resembling
dumbbells. The long axis of these aggregates lengthens at
the expense of the size of the bulbs on either end. The final
rods are ca. 300 nm in length and have a diameter of 25 nm.
The vesicles, rods, and intermediate structures are all of
similar volume; thus, it is concluded that one vesicle is
converted to one rod, as is the case for the rod-to-vesicle
transition.

3.4. Transition kinetics

The kinetics of structural transitions in colloidal aggre-
gate systems has most often been studied using relaxation
methods utilizing temperature, concentration, and pressure
jump techniques [63—67,72]. In this particular study, a jump
in the dioxane content of the dioxane—water solvent system
is employed to induce the vesicle-to-rod transition in
aggregates of PS;3;0-b-PAAs,. The transformation is
followed by monitoring the solution turbidity as a function
of time because the turbidity has been shown to be sensitive
to changes in the size and shape of the aggregates [20].

All of the turbidity curves associated with this transition
have been found to fit best to a single exponential equation.

Y=C+Ae " 1)

where Y is the turbidity, C and A are adjustable parameters, ¢
is the time, and 7 is the relaxation time. It is interesting to
note that the value of C is equal to the turbidity of the
solution at infinite time. The fact that there is a single relaxa-
tion time is inconsistent with the details outlined for the
transition mechanism. The transformation of vesicle into
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Table 1

Kinetic results for vesicle-to-rod transition of PS;;y-b-PAA;, aggregates in dioxane/water mixtures

Initial polymer concentration Initial H,O content AH,O C A T (8) R?
Initial water content 1.01 28.2 - 1.0 1.66 0.465 7.22 0.999
1.00 28.0 - 1.0 1.63 0.409 6.13 0.999
1.02 27.6 - 1.0 1.46 0.329 4.72 0.997
1.01 27.4 - 1.0 1.44 0.309 3.97 0.997
Jump magnitude 1.03 29.0 —-2.6 1.44 0.765 7.86 1.00
1.01 27.7 -13 1.44 0.584 5.65 0.995
1.01 274 - 1.0 1.44 0.309 397 0.997
Polymer concentration 0.30 28.0 - 1.0 1.21 0.093 5.88 0.990
1.00 28.0 - 1.0 1.63 0.409 6.13 0.999
2.02 28.0 - 1.0 2.08 0.332 12.8 0.996

rods appears to involve multiple steps beginning with the
reduction in the mean diameter of the vesicles, followed by
the reorganization of the vesicles to form a non-bilayer
bowtie aggregate. These bowties elongate to form rods.
As mentioned earlier, the bowtie structure is not a logical
step in the evolution in the morphology of the aggregates
from the vesicular state because it is unlikely that a spherical
bilayer aggregate can collapse to form a non-bilayer aggre-
gate with a bowtie structure. This hypothesis, coupled with
the fact that a single relaxation time is obtained for the
kinetics of what is obviously a multi-step process, leads to
the conclusion that possibly experimental limitations
prevent us from detecting the relaxation process of the
fastest step(s) in the transition, and that the relaxation
time that is obtained corresponds to the expansion of the
bow ties in the direction of the long-axis. This conclusion is
justified considering the short time scale over which the
transition occurs. Because of this uncertainty in the kinetic
data, it is more appropriate to discuss the transition in terms
of relaxation time instead of simplifying the results in order
to obtain a rate constant.

3.5. Factors effecting the transition kinetics

3.5.1. The initial solvent composition

Fig. 3A contains turbidity—time profiles for the vesicle-
to-rod transition induced at different solvent compositions;
they suggest that this parameter of the system has a slight
influence on the transition kinetics. This effect was studied
by applying a 0.5 wt% jump in the dioxane content to a
series of solutions with different solvent compositions, and
with a 1.0 wt% polymer concentration. The starting position
was varied from 28.2 to 27.4 wt% H,0. The relaxation times
increase with an increase in the initial water content (Table
1). This phenomenon must be considered in terms of where
the initial conditions place the system within the morpholo-
gical phase diagram. At 28.2 wt% H,0, the system is
located within the vesicle region and is further away from
the transition boundary than the starting position of any
other experiment. The kinetics is slower for this transition
because all the aggregates are equilibrium vesicles, thus the

aggregates must undergo a larger degree of structural rear-
rangement as they progress toward rods, than those systems
(i.e. 27.6 and 27.4 wt% H,0) that start out already within the
transition region. The mean vesicle diameter increases with
increasing water content in the solvent, but the wall thick-
ness is relatively constant [18]. This indicates that the
hollow regions of the vesicles are able to hold more solvent.
Hence, the kinetics progressively slow down with increas-
ing initial water content because more solvent must be
expelled from the vesicle core in order for it to reorganize
to become a non-bilayer aggregate.

The relaxation times for the rod-to-vesicle transition also
increase with increasing water content [67]. This is attrib-
uted to the fact that the slow step in the transition, the
closure of the lamellae or bowls to form vesicles, contri-
butes more to the turbidity change than the fast initial
formation of the lamellae from rods at higher water
contents. It is noteworthy that the rod-to-vesicle transition
occurs much more slowly than the opposite, vesicle-to-rod
transition in spite of the fact that it is induced at higher water
contents. A high ratio of water to dioxane in the solvent
can kinetically trap the morphology of the aggregates by
affecting the mobility of the copolymer chains. This factor
does not influence the kinetics of the transitions because
the difference in the starting solvent composition between
the forward and reverse transitions is small relative to the
composition range covered by the morphological phase
diagram.

3.5.2. The size of the dioxane content jump

Altering the solvent composition effects, the force
balance governing the aggregate morphology, and is used
to drive the morphological transition. In order to gain a
better understanding of the vesicle-to-rod transition, it is
important to determine how the degree of perturbation
imposed on the system influences the transition kinetics.
This is accomplished by applying different dioxane content
jumps, ranging from 1.0 to 2.6 wt%, to solutions with a
polymer concentration of 1.0 wt% (Fig. 3B). The initial
solvent composition is varied, depending on the size of
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the jump, so that the final solvent composition is 26.4 wt%
H,0-73.6 wt% dioxane in all cases.

The relaxation time becomes slightly longer with an
increase in the magnitude of the dioxane jump as outlined
in Table 1. This result is attributed to the initial conditions of
the system, and the location of each system within the phase
diagram. Since the drive is toward the formation of rods, it
will take longer to reach this desired state the further the
system resides to the right of the transition region because
the aggregates must proceed through more structural rear-
rangement steps and more solvent must be expelled from the
core of the vesicles before they begin to resemble rods. At
water contents above 28.0 wt%, the vesicles are considered
to be equilibrium structures. Thus, the bigger the magnitude
of the perturbation imposed on these aggregates, the farther
they are driven away from their initial equilibrium state, and
the longer it takes for the aggregates to reach a new state of
equilibrium.

The kinetics of the rod-to-vesicle transition, like that of
the vesicle-to-rod transition, has a slight dependence on the
magnitude of the solvent jump. Chen et al. argue that the
reason for this result is that the Gibbs activation energy is
not strongly influenced by the size of the solvent jump [67].
However, there is a very large difference in the relaxation
times for these opposing transitions, with the vesicle-to-rod
transition occurring more quickly than the reverse transition
when the same degree of perturbation is applied to both
systems.

3.5.3. The initial polymer concentration

By keeping the solvent composition and the size of the
dioxane jump constant, it is possible to explore the effect
that the initial polymer concentration has on the kinetics of
the transition. Fig. 3C contains turbidity curves for three
systems with polymer concentrations ranging from 0.3 to
2.0 wt%. A 1.0 wt% jump in the dioxane content is used to
induce the transition.

The relaxation time for the transition becomes longer as
the polymer concentration is increased. The effect is more
pronounced at higher polymer concentration; there is a
twofold increase in the value of 7 in going from 1.0 to
2.0 wt% PS-b-PAA. The phase diagram studies indicate
that the transition boundaries are shifted to lower water
content with increasing polymer concentrations. The bound-
ary between the vesicle and transition regions is situated at a
solvent composition of ca. 24.0 wt% H,0O when the polymer
concentration is 2.0 wt%. This is increased to 27.6 wt% and
ca. 28.5wt% for polymer concentrations of 1.0 and
0.3 wt%, respectively. Hence, the starting conditions place
the system within the vesicle region when the polymer
concentration is 1.0 and 2.0 wt%, but within the transition
region when the polymer concentration is 0.3 wt%. The
mean diameter of the vesicles also increases with a rise in
the polymer concentration, but the bilayer thickness remains
constant. Thus, not only are the aggregates initially all
vesicles at 2.0 wt% polymer, but they also contain a larger

amount of solvent in their core. The transition kinetics are
slower at higher polymer concentrations because the
systems is deeper within the vesicle regions, causing the
aggregates to have to undergo more reorganization, and
expel more solvent from the core in order for them to
become non-bilayer structures. There is only a slight differ-
ence in the relaxation times in going from 0.3 to 1.0 wt%
polymer. The initial parameters place these systems
approximately the same distance away, but on opposite
sides of the transition boundary, so their starting conditions
are more closely related than those at 2.0 wt% polymer. The
same trend is observed for the effect of the initial polymer
concentration on the rod-to-vesicle transition. Chen et al.
attribute this to an increase in the activation energy with
increasing polymer concentrations [67].

3.6. Comparison of the results with those of other PS-b-PAA
aggregate transitions

To date, the kinetics and mechanism of four morphologi-
cal transitions that occur in aggregates prepared from PS;-
b-PAAs5, in dioxane—water mixtures have been investigated
[67,68]. These include the sphere-to-rod, the rod-to-sphere,
the rod-to-vesicle, and the vesicle-to-rod transitions.
Although the exact mechanistic details are different for
each transition, the morphological transformations can be
compared in terms of the kinetics and the more fundamental
aspects of the transition process. The accumulation of this
information can lead to better insight into how to control the
morphology of the block copolymer aggregates. A complete
understanding of the morphological behavior of block
copolymer aggregates is useful not only for its own sake,
but also if these aggregates are to be employed in potential
applications in such areas as pharmaceuticals, agriculture,
and personal care products.

The sphere-to-rod transition proceeds through a two-step
mechanism [68]. As the transition boundary is approached,
the spherical micelles become energetically unstable
because of core-chain stretching. This results in the
adhesive collisions between the spheres leading to ‘pearl
necklace’ formation in order to reduce the energy of the
system. During the rate-determining step, the individual
chains within a necklace reorganize to produce a smooth
rod with a smaller diameter than that of the original
spherical aggregates. The reverse transition, rod-to-sphere,
also has a two-step mechanism [68]. In this case, a bulb
quickly grows on one or both ends of a rod. The bulbs are
extruded from the rod to release free spheres during the rate-
limiting step.

An increase in the water content of the solvent within the
rod region leads to the shortening of the length of the rods
accompanied by an increase in the diameter [67]. A sudden
jump in the water content near this transition boundary
initiates the transformation of rods into vesicles begin-
ning with the flattening of the rods to form circular or
irregular shaped lamellae. The lamellae then slowly become
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Table 2
General trend in the relaxation times

Transition General trend in the relaxation time(s)

T Water content 1 Jump magnitude

1 Polymer concentration

Sphere-to-rod Increase Decrease
Rod-to-sphere Increase Increase
Rod-to-vesicle Increase Slight decrease

Vesicle-to-rod Slight increase Slight increase

Decrease
Decrease
Increase
Increase

bowl-shaped, and eventually close to form vesicles. As
discussed earlier, the vesicle-to-rod transition has a more
complex mechanism for which not all of the details are
clear. However, the transformation appears to progress
from small vesicles to non-bilayer aggregates with a bowtie
shape. Growth occurs at the ends of these aggregates to form
dumb-bell structures. The expansion of the long-axis
continues at the expense of the bulbs on either end until a
smooth rod is formed.

The above description of the transition mechanisms
reveals two trends in the results. The forward and reverse
transition between rods and vesicles both occur without a
change in the aggregation number; one rod is converted to
one vesicle and vice versa. On the other hand, the sphere-to-
rod and rod-to-sphere transitions both proceed without
conservation of aggregate mass in that many spheres form
one rod. It is also noteworthy that the mechanism of three of
the four transitions involves only two transformation steps.
Despite this fact, the transition kinetics is as easily
compared.

Examining the kinetic results for the forward and reverse
transition between two aggregate morphologies indicates
that the relaxation times for the sphere-to-rod and rod-to-
sphere transitions are of the same order of magnitude, but in
the case of rods and vesicles, the relaxation time for the
vesicle-to-rod transition is two orders of magnitude shorter
than the 7 values for the rod-to-vesicle transition. Although
the turbidity—time profiles for most of the kinetic experi-
ments are fitted to the same double exponential equation, all
of those for the vesicle-to-rod and one experiment from both
the sphere-to-rod and rod-to-sphere transition studies yield a
single exponential equation.

Table 2 contains a summary of the effect of varying the
initial solvent composition, the magnitude of the solvent
jump, and the initial polymer concentration on the general
trend in the relaxation times for each transition. In all cases,
the relaxation times become longer with an increase in the
water content of the solvent mixture. This phenomenon is
related to the location that each set of parameters places the
system within the morphological phase diagram and how
this position impacts the progress of the transition. The size
of the solvent jump has the opposite effect on the relaxation
times of the forward and reverse transitions for both types of
morphological transformations, but the trend is the same in
both cases. Increasing the size of the water content jump

leads to slightly faster kinetics for both the sphere-to-rod
and rod-to-vesicle transitions, while increasing the
magnitude of the dioxane content jump leads to longer
relaxation times for the reverse processes. This result must
be considered in terms of the experimental design. For those
transitions induced by a jump in the water content, the initial
solvent composition was held constant, but for those transi-
tions induced with dioxane, the final solvent composition
was constant. The copolymer concentration has a strong
influence on the kinetics of morphological change.
However, the explanation of the observed trends is more
complex. The relaxation times decrease with an increase
in the polymer concentration during the sphere-to-rod and
rod-to-sphere transitions. However, the relaxation times
become longer with higher polymer concentration for the
other two transitions. These results are related to both the
change in the activation energy for the morphological
change and the transition boundaries with varying polymer
concentration.

This series of studies of the kinetics and mechanisms of
morphological transitions in block copolymer aggregates in
solution represents the most extensive investigation of its
kind for copolymer systems. However, the complex and
diverse nature of the morphological changes in block
copolymer aggregates warrants further study in order to
completely understand such phenomena.

4. Conclusions

The kinetics and mechanism of the vesicle-to-rod transi-
tion has been examined in aggregates systems prepared
from the ternary system PSj;,p-b-PAAs,/dioxane/water. The
transition was induced by a jump in the dioxane content of
the solvent mixture and was followed by monitoring the
solution turbidity as a function of time. A single relaxation
time was obtained from the turbidity—time curves. The
mechanism was investigated by rapidly quenching to low
temperature and subsequently freeze-drying solution
samples at various time points during the transitions. This
traps the intermediate aggregate morphologies, which are
observed using TEM. Approaching the transition boundary
from the vesicle region results in a decrease in the mean
diameter of the vesicles with little change in the bilayer
thickness. This increases the degree of curvature of both
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the inner and outer vesicle bilayers leading to an increase in
the curvature energy. The instability of these vesicles causes
them to undergo structural rearrangement. The first inter-
mediate structure observed is of a bowtie shape. The
bowties grow to develop into dumbbells. The long-axis
expands at the expense of the bulbs on either end of the
dumbbells resulting in the formation of rods. The reduction
in the stretching of the core-chains in going from vesicles to
rods is expressed in the smaller diameter of the rods relative
to that of the bilayer. It is concluded based upon the fact a
single relaxation time was obtained for the kinetics of the
multi-step transition and that bowties, which do not likely
form directly from vesicles, are the first intermediate
structures observed, that one or more steps in the transition
are not detected as a result of experimental limitations. In
any event, the kinetics of the transition is influenced by the
initial solvent composition, the magnitude of the dioxane
content jump, and the initial polymer concentration. The
relaxation time becomes slightly longer with an increase
in both the water content of the solvent mixture and the
degree of solvent perturbation. The kinetics has a greater
dependence on the polymer concentration than the other two
parameters investigated.
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