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ABSTRACT: We have investigated the self-assembly behavior of an amphiphilic diblock copolymer, polystyrene-
block-poly(ethylene oxide) (P8-PEO), inN,N-dimethylformamide (DMF)/water and DMF/acetonitrile. In both
cases water and acetonitrile are selective solvents for the PEO block. The degrees of polymerization of the PS
and PEO blocks were 962 and 227 {R$-PEQ,,;), respectively. Micelle morphologies of the block copolymer

in both systems could be controlled by varying copolymer and selective solvent concentrations. With increasing
the water concentration in the DMF/water or the acetonitrile concentration in the DMF/acetonitrile system, the
micelle morphology observed in transmission electron microscopy changed from spheres to wormlike cylinders
and then to vesicles. The morphological diagrams were constructed from the study of the micelle morphology
changes in different copolymer concentrations and the critical micellization concentrations for both systems at
different copolymer concentrations as determined by static light scattering experiments. In between the concentration
regions of two neighboring pure micelle morphologies, mixed morphologies such as spheres with short cylinders
or wormlike cylinders with vesicles could be found. Although the trend in morphological changes was identical

in these two systems, there were remarkable differences in the morphological diagranggs s PES0,,7 with

respect to the percentage of selective solvent added. This is due to the large difference between the polymer-
selective solvent interaction parameters. On the basis of the observations of morphological reversibility and
annealing experiments, these two morphological diagrams were proven to be in thermodynamic equilibrium. The
driving force for these morphological changes was understood to approach micelle free energy minimization.
Approximate micelle free energy calculations confirmed that the free energy decreases as the morphology changes
from spheres to wormlike cylinders and then to vesicles with an increase in the selective solvent concentrations.
Possible change mechanisms are also discussed.

Introduction nonsolvent ratio, the copolymer concentration, the pH value,

Amphiphilic block copolymers can self-assemble to form 2additives suoczrl as salts, ions, and homopolymer, and the
micelles in aqueous media or when mixed with organic temperaturé®2! The micelle morphology is also sometimes

solventst—8 Micelles of block copolymers, which have a long tuned by intrqduging specific interactions like hydrogen bonding
corona and small core, are termed as “starlike”, while the ones OF €xcess chirality in the monomer units.

with a large core and short corona are termed as “crew®ut”.  The micelle morphologies, which have been obtained by
A plethora of morphologies have been recently reported, varying one or more of the above parameters, include but are
pioneered by Eisenberg and other research groups, some ofiot limited to spheres, cylinders, wormlike, heliéahilayers,
which are analogous to those formed by small molecule vesicles, and othef8.The formation of different morphologies
amphiphiles, such as surfactahts'® Symmetric micelles, in is explained by considering the micelle free energy, which
which the core- and corona-forming blocks are similar in size, consists of three componerftsthe free energy of the core,

can also form multiple micelle morphologi&sThese self- which relates to the stretching of the core-forming block; the

assembled colloidal systems are important due to their specificfree energy of the interface, which relates to the surface tension
applicationsl” such as in colloidal drug delived}!® as between the core-forming block and the solvent; and the free
emulsifying agents, and in separation systéms. energy of the corona, to which the electrostatic and steric

Parameters to control the morphology and size of the self- interactions of the corona-forming blocks contribute.

assembled micelles can be divided into two categories: Mo-  the yreparation methods for these micelle morphologies have
lecular and solution parameters. First, the molecular parameters; ariety of routes depending on individual systems. Starlike
|r|;cluc_le th? Cher?q['fla' knat#re of relﬁ)eatllng llm'ts of Lhe blgckhs, micelles can usually be prepared by direct dissolution of a block
the size of each block, the overall molecular weight, and the ., \ymer in a selective solvent for one of the blocks. In this
architecture. It has been shown in the past decade that thesgway the polymer-solvent interaction parametes-s, does not
paramotlaters are key r:.”rr']'nr? th% micelle mgrpho(;o@?élé.The , vary. Another method involves heating of a selective solvent
second category, which has been investigated only recently,, gissolve both hydrophilic and hydrophobic blocks and then
includes the type of solvents and solvent quality, the solvent/ cooling the system to form micelles. For crew-cut micelle
. o formation in diblock copolymers, when the block forming the
JEZ gg'r‘l’grégi’];fpﬁt‘;toeréhmc University core is glassy at the preparation temperature, direct dissolution
*To whom correspondence should be addressed. E-mail: scheng@ c@nNNnot be used. The copolymer has to be first dissolved in a
uakron.edu. common solvent. One example is polystyrdieckpoly(acrylic
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acid) (PS10b-PAAs)) dissolved in dioxane. Then, a selective allow rapid mixing of DMF and water. Each drop added wak1
solvent, water, is added slowly to induce micellizatfénA wt % water of the total solution weight, and at least a 30 min gap
systematic study of the micelle morphology changes of this was kept between adding consecutive drops. After the predeter-
copolymer with increasing water concentration in a dioxane/ mined DMF/water ratio was reached, solutions were sealed and

water mixture has also been carried 8uiThe yp_s in this left to equilibrate for a period of time between 6da® h and up to

method changes continuously as the selective solvent is added_several days with mild stirring. This process was repeated to obtain

Micelle morphologies in other systems have also been re Ortedmicellar solutions with different DMF and water ratios. After
) norp gl 2123 y P equilibrating the solutions, they were left standing without stirring
using this method2%

. S for at least 30 min before taking the samples for micelle
We are interested in micellization of polystyrebleckpoly- morphological observations. In the DMF/acetonitrile syster,
(ethylene oxide) (P®-PEO) diblock copolymers. This was first  wt % acetonitrile of the total solution weight was added every 10
investigated almost four decades ago in a selective solvent formin. The samples were then sealed and equilibrated at least
the PS block® In 1982, spherical micelles in water, which is a  overnight before preparing the samples for morphological observa-
selective solvent for the PEO block, were studied via static light tions.
scattering experiments.Recently, the micellization of PB- Equipments and Experiments.Micelle morphological observa-
PEO in the presence of various additives was also repé##d. tions were performed on a TEM (Philips TECNAI) with an
Eisenberg and co-workers obtained multiple micelle morphol- accelerating voltage of 120 kV. To observe micelle morphologies
ogies of PS5-PEO by either adding millimolar amounts of salts under TEM yet retain the original morphological sizes and
or acid2 or by varying the molecular weight of the PEO blék. geometries as in the solution, a small amount of solution was
In both cases, the block copolymers were sufficiently crew cut. duénched” in excess water (00 times) to quickly vitrify the PS
In most cases, different mixed micelle morphologies were 2/0CKS info its glassy state, and then a drop from the quenched
o . solution was placed on a carbon-coated grid. After a few minutes,
observed. A pure single morphology was rarely found. Using a

imil hod lex bil includi bul the excess solution was blotted away with filter paper. The grids
similar method, complex bilayer aggregates including tubules, \ere dgried at room temperature and atmospheric pressure for several

which were dependent on the relative block length, polymer nours before examination in the TEM. Since the PS blocks were
concentration, and annealing time, were also $é&hMore in their glassy state, the “quenched” morphologies were kept in
recently, by changing the common solvent they observed a TEM.20 Alternatively, the quenched samples were also placed in
“vesicle with hollow rods”, which was identified to be a trapped dialysis tubes and dialyzed against distilled water for 4 days to
intermediate morpholog$%3*The effect of polymer architecture ~ remove DMF. Distilled water was changed twice a day. The
and common solvent on micelle morphologies of PEGS- dialyzed aqueous solutions were then used to prepare the sample
b-PEO triblock copolymers was also reporf&d. for TEM observations. Using both methods to prepare the samples,

The purpose of our research is to investigate the effect of identical resm_JIts Were.c.Jbtam_ed. o ) )
copolymer concentration and the solvent quality on crew-cut 10 determine the critical micellization concentration (cmc), static
micelle morphologies and their changes ing&®-PEOs; light scattering experiments were conducted using a Brookhaven

which has, so far, not been carried out systematically. We have "Strument coupled with a BI-200SM goniometer, BI-9000AT
. . . correlator, and an EMI-9863 photomultiplier tube for photon
used the approach of dissolving the copolymer NiN-

; X . . counting. A Meller Griot 35 mW He Ne laser was used as light
dimethylformamide (DMF) and then adding water or acetoni- source (632.8 nm). A cylindrical glass scattering cell with a diameter

trile, which are selective solvents for the PEO block. Therefore, of 15 mm was placed at the center of a thermostated hafho(

two solvent systems (DMF/water and DMF/acetonitrile) for this  °c) with decahydronaphthalene used for refractive index matching.
diblock copolymer have been investigated. The micelle mor- The measurements were carried out at S€attering angle at 25
phologies are directly visualized under transmission electron °C. The glass scattering cells were extensively cleaned by ultra-
microscopy (TEM). The critical micellization concentrations sonication in THF and ethanol to eliminate any dust and impurity.

have been determined by light scattering experiments. The stock solutions were filtered into the scattering cells through
filters of 0.45 um pore size. Water or acetonitrile was added
Experimental Section dropwise through filters of 0.02m pore size.

Sample Synthesis and Preparationghe diblock copolymer Results and Discussion
PSe-b-PEG:;7was synthesized using living anionic polymerization
based on a standard route which is published elsewfénebrief, Morphological Diagrams. Figure 1 shows a set of TEM
the PS precursor was characterized by size exclusion chromatogimages of the micelle morphologies for 0.1 wt % initial 25
raphy (SEC) using polystyrene standards and had a number-averagee,_I:)EQ27 concentration in the DMF/water system. At a low
molecular weight of 100K g/mol (the degree of polymerization of e concentration of 2.75 wt %, the micelles are spherical

~962) and a polydispersity of 1.03. The number-average molecular ,_. . .
weight of PEO blocks was determined by proton nuclear magnetic (Figure 1a). They change to mixed spheres and short cylinders

resonance to be 10K g/mol (the degree of polymerization2#7). (the length<400 nm) at a water concentration of 3.14 wt %
A polydispersity of 1.04 in the overall copolymer was determined (Figure 1b). Ata water concentration of 3.54 wt % as shown in
by SEC using the universal calibration. The volume fraction of PS Figure 1c, the mixed spheres and cylinders can still be observed.
blocks /P9 was 0.914. The Rigzb-PEQ:,7 was first dissolved in However, the length of the cylindrical micelles becomes
anhydrous DMF by stirring at room temperature for a few days to increasingly long (several micrometers) with a decreased
obtgun stock solutions of different copolymer concentrations{8.1  population of spheres. Sometimes, the pearl necklace morphol-
wt /")'t and thety Wef Lh%” Seagsn‘:""th T?_fllton tg‘zﬁ a”thtoﬁfl al gy is also observed to coexist. At a water concentration of
room temperature. Anfyarous DI was titered trough a fiter 4 47\t o5 a morphological change occurs to form exclusively
of 0.02um pore size before making the stock solutions. . . - . .
. : o long wormlike micelles (Figure 1d). On further increasing the

The method for preparing solutions was similar in both systems. water concentration to 4.24 wt %. mixed wormlike micelles
The difference was only in how fast the selective solvent was added ) S o
and how long the samples were equilibrated. In the DMF/water @nd vesicles appear (Figure 1e). Finally, the morphology changes
system, each-10 mL of stock solution was taken in a vial, and 0 exclusively vesicles at a water concentration of 4.52 wt %

deionized water was added dropwise to reach a predetermined DMF/(Figure 1f). If water is added further, the morphology does not
water ratio. The contents of the vial were stirred continuously to change and we observed vesicles even when water is add&%kl})
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Figure 1. Morphological transitions with adding water in the DMF/water system for initial copolymer concentration of 0.1 wt %: (a) a pure sphere
morphology at 2.75 wt % water; (b) a mixed spheres and rods at 3.14 wt % water; (c) a mixed spheres and long rods at 3.54 wt % water; (d) a pure
wormlike morphology at 4.17 wt % water; (e) a mixed wormlike and vesicles at 4.24 wt % water; and (f) a pure vesicle morphology at 4.52 wt %
water.

Figure 2. Morphological transitions with adding acetonitrile in the DMF/acetonitrile system for initial copolymer concentration of 0.5 wt %: (a)

a pure sphere morphology at 8 wt % acetonitrile; (b) a mixed spheres and rods at 16 wt % acetonitrile; (c) a mixed spheres and long rods at 30 wt
% acetonitrile; (d) a pure wormlike morphology at 37 wt % acetonitrile; (e) a mixed wormlike and vesicles at 45 wt % acetonitrile; and (f) a pure
vesicle morphology at 70 wt % acetonitrile.

to 50 wt %. We believe that polystyrene blocks are frozen at 1x10° 5
much lower water contents<(LO wt %) due to its hydrophobic g oo ‘”‘:A’
nature, and thus the morphology does not change further. From 8x10% = 05wt
TEM observations, the distribution of wall thickness of the 6x10*] -
vesicles seems to become narrow at higher water contents; = o
therefore, by varying the water concentration in a region between 8 4x10' o
2.75 and 4.52 wt %, the micelle morphologies 0bRB-PEQ:,7 2101 o
undergo controlled changes which are very sensitive to the small amm i "]
increment in water concentration. ojm =l o oo ‘

In the system of Psg>b-PEG:,; in DMF/acetonitrile for an 0 1 2 3 4
initial copolymer concentration of 0.5 wt %, Figure 2 shows a Water Content (wt.%)
set of TEM images of the micelle morphologies. Thed8- Figure 3. Static light scattering measurements with adding water in

PEQy,7 block copolymer first forms spheres at a low acetonitrile  the DMF/water system. The arrows point out the cmc at different initial
concentration of 8 wt % (Figure 2a). The micelle morphology CoPOlymer concentrations.

changes to mixed spheres and cylinders in the acetonitrile restricted, as acetonitrile is bad solvent for PS, and thus, the
concentrations between 16 and 30 wt % (Figure 2b,c), to morphology may not change.

wormlike cylinders at 37 wt % (Figure 2d), then to mixed To construct micelle morphological diagrams of these two
cylinders and vesicles at 45 wt % (Figure 2e), and finally to systems, we need systematic investigations of these changes
vesicles at 70 wt % (Figure 2f). Therefore, the micelle with respect to different initial copolymer and selective solvent
morphology changes take place in a much broader region of concentrations. Light scattering experiments were utilized to
the acetonitrile concentration between 8 and 70 wt %. On adding determine the cmc for the diagrams. In the system otPs
acetonitrile further, the morphology does not change and remainsPEQy,7 in DMF/water, Figure 3 shows that the cmc for 0.1 wt
as vesicles. At these higher acetonitrile contertg(q wt %), % initial copolymer concentration is at 2.5 wt % of water, and
we expect the mobility of PS blocks would be severely for 0.5 wt % initial copolymer concentration, the cmc is at %BV
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4000 N 5500 construct these diagrams. The morphological boundaries in these
. 815?:'\,30//: o Tgo two figures are drawn using lines between the data points of
35004 R i different micelle morphologies. In the case of the DMF/water
30001 ‘_D . 15000 system, the successive points are taken with small in(_:rements
- oom of the water concentration, since the morphology is very
5 25001 ] B 14500 sensitive to the amount of water added into this system. For
= UL Loy the DMF/acetonitrile system, the increment of successive data
20007 an B o points is relatively large in terms of the acetonitrile concentra-
- l 14000 tion. Smaller increments are used only near the morphological
15007 g 5 oo DDDD@ change regions in order to obtain more accurate observations
10004 LIE for determining the morphological boundaries.
5 T 10 15 20 2 0 Note that in the DMF/water system the selective solvent
Acetonitrile content (wt.%) concentration changes within several percentages to induce the

. I ' . . ... micelle morphological changes from spheres to wormlike
Figure 4. Static light scattering measurements with adding acetonitrile . . S o
in the DMF/acetonitrile system. The arrows point out the cmc at cylinders and then to vesicles, while in the DMF/acetonitrile

different initial copolymer concentrations. system, the selective solvent changes within several ten percent-
ages to complete the micelle morphological changes. Yet both

§‘i - systems possess the ident.ical pathway of morphcl)logical.changes

510_ %% with increasing the selective solvent concentrations (Figures 5

_§ I S sss S D TN N and 6). The morphological changes in both systems also shift

£ S N N to lower selective solvent concentrations as the initiaJs P&

8 o1h o oo owx PEQy,; concentration increases.

§ T ey, 38 39 40 441 42418 The question is, what is the reason for this vast difference in

5 13 e selective solvent concentrations between these two systems

£ ® spheres o e where the morphological changes occur? As the selective solvent

< N :S:,’:;‘z; cylinders is added, the solvent becomes progressively poorer for the

3 * cylinders + vesicles micelle core formed by the PS blocks. Quantitatively, the

<0.14 © Vvesicles poorness of the selective solvent with respect to the PS block

1 2 3 4 5 6 is determined by the PSsolvent interaction parameter, if we
Water Content (wt.%) neglect the entropic contribution. These parameters can be
Figure 5. Morphological change diagram for RSb-PEQ»7 in the estimated using the van LaaHildebrand equation &f
DMF/water system.
o Zp-s= [VJ(RD(0p — 09 (1)

E k., whereVs is the molar volume of the solvent add andds are

E o, oo solubility parameters of the polymer and selective solvent,

B 14 " e TN respectively. Since the solubility parameter of PS is 9.04 (cal/

E . * 0o cm?)?5, while that of water is 23.4 (cal/cH?5> and acetonitrile

g ., Rk oo is 11.9 (cal/cr)®537 the yp_s values for both systems can be

o L calculated ag(ps-water = 6.27 andyps-acetonirie = 0.73. The

%;0,1- * o0 xPs-water Value is close to 9 times higher than thgs-acetonitrile

s kL value, indicating that water is a much poorer solvent for PS as

5 ) o compared to acetonitrile. Adding a small amount of water can

g . spll:nedres +Dsp!1elres+cygnde.rs. = cylinders result in a substantial increase in the interfacial free energy to

0.013 ToyIders TV - . initiate the micellization. This is equivalent to adding a large

0 10 20 30 40 50 60 70
Acetonitrile Content (wt.%)

Figure 6. Morphological change diagram for Rgb-PEQ,,7 in the
DMF/acetonitrile system.

amount of acetonitrile. The increase in the interfacial free energy
leads to an increase in the micelle size and thus an increase of
the stretching of the PS blocks in the core. This ultimately gives
rise to the morphological changes. The breadths of morphologi-
wt % of water (the arrows in Figure 3). On the other hand, in cal changes and the regions of stabilized morphologies can thus
the system of Psg-b-PEG:,7 in DMF/acetonitrile, the light be tuned by choosing appropriate selective solvents.
scattering experiments in Figure 4 show that for 0.1 wt % initial ~ An attempt was made to make a reduced plot for both
copolymer concentration the cmc is at 13 wt % of acetonitrile, morphological diagrams without success. The reason may be
and for 0.5 wt % initial copolymer concentration, the cmc is at due to the solvent interaction difference between DMF/water
2 wt % of acetonitrile (the arrows in Figure 4). On adding and DMF/acetonitrile which has not been taken into consider-
acetonitrile further to this solution, we observe that the scattered ation.
intensity shows further jumps at certain acetonitrile concentra-  Thermodynamic and Kinetic Aspects of the Morphological
tions. The position of these jumps closely coincides with the Changes.The criteria for achieving stable morphologies are
acetonitrile concentrations where we observe morphological that the obtained morphologies must be stable over a long period
changes in TEM. Thus, these jumps in the scattered intensityof time, and the morphological changes due to varying the
could be related to the morphological changes. selective solvent concentration must be reversiblEhe ques-
Figures 5 and 6 show two morphological diagrams for the tion is whether the morphological changes in Figures 5 and 6
DMF/water and DMF/acetonitrile systems, respectively, in a are the thermodynamic phase diagrams. In other words, does
region of initial P3s-b-PEQy»,7 concentrations from 0.1 to 8  the rate of adding selective solvent affect the morphological
wt %. In this study, TEM is the primary technique utilized to changes? It is known that the evolution toward equilibri&rBV
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Figure 7. Reversible morphological changes by adding DMF into the DMF/acetonitrile system with 0.6 wt % initial copolymer concentration and
68 wt % acetonitrile: (a) the original micelle morphology is pure vesicle; (b) mixed wormlike and vesicles at 50 wt % of acetonitrile; (c) a pure
wormlike morphology at 37 wt % acetonitrile; (d) mixed spheres and rods at 25 wt % acetonitrile; and (e) a pure sphere morphology at 7 wt %
acetonitrile.

micelle morphologies depends on mobility of the core-forming
blocks, which are associated with the solubility of the am-
phiphilic diblock copolymer in the solvert.In general, our
experience is that the rate of adding selective solvents must be
slow enough and the amount of selective solvent added each
time must be small enough in order to obtain the stable micelle
morphologies.

The micelle morphologies observed in Figures 5 and 6 are

L _..; 2 L

Figure 8. Morphologies formed by a fast rate of acetonitrile addition
stable over months as long as the systems are kept closed. Tqo'a 1 wt %initial copolymer solution in DMF. Acetonitrile was added
further prove that the micelle morphologies obtained are truly to 35 wt % (a) after 1 day and (b) after 1 month.

in thermodynamic equilibrium, we designed two sets of experi-
ments. First, we chose to add DMF into a DMF/acetonitrile
system with an initial P§&-b-PEGx,7 concentration of 0.6 wt
% and an acetonitrile concentration of 68 wt %. Figure 7 shows
a set of TEM images of the micelle morphological changes after
slowly adding different amounts of DMF. Figure 7a is the initial
vesicle morphology of the system. Adding DMF to this system
leads to the formation of mixed wormlike cylinders and vesicles
at 50 wt % acetonitrile (Figure 7b), wormlike cylinders at 37
wt % acetonitrile (Figure 7c), mixed spheres and cylinders at rig re 9. Morphologies formed by a fast rate of acetonitrile addition
25 wt % acetonitrile (Figure 7d), and spheres at 13 wt % toa 2 wt %initial copolymer solution in DMF. Acetonitrile was added
acetonitrile (Figure 7e). In this experiment, the rate of adding to 68 wt % (a) after 1 day and (b) after 2 months.
DMF is critical. When the DMF concentration is initially low
(the acetonitrile concentration is high), the mobility of PS block ogy gradually changes to wormlike cylinders, as shown in Figure
is severely restricted, and thus, DMF has to be added slowly (1 8b. Therefore, the wormlike cylinders should be the thermo-
wt % increment of the total solution weight per 10 min). When dynamically stable morphology.
the DMF concentration becomes gradually high, DMF can be  In another experiment for a system with 2 wt % of the initial
added at a faster rate (1 wt % increment of the total solution PSe,-b-PEG:,7 concentration in pure DMF, the selective solvent
weight per 1 min). Figure 7 thus reveals that the micelle of acetonitrile was added at a fast rate (1 wt % increment of
morphological changes are reversible. the total solution weight per 1 min) to an acetonitrile concentra-
Second, we examine the thermodynamic stability of the tion of 68 wt %. “Quenched” morphology of mixed spheres
morphologies by adding the selective solvent quickly to generate and vesicles is observed as shown in Figure 9a. Note that, on
kinetically “quenched” morphologies. We then carried out the basis of Figure 6, this system should display a morphology
“annealing” experiments to monitor whether these kinetically of pure vesicles. We annealed the system for 2 months at room
generated morphologies return to the thermodynamically stabletemperature; the mixed morphologies can be observed to be in
morphology. We started with a system that had 1 wt % initial the process of returning to vesicles, as shown in Figure 9b. The
PSe-b-PEQy»7 concentration in pure DMF; the selective solvent annealing time of 2 months is apparently not long enough to
acetonitrile was added at a fast rate (1 wt % increment of the completely reach the stable vesicles. We can thus conclude that
total solution weight per 1 min) to reach an acetonitrile although a fast rate of adding selective solvent may form
concentration of 35 wt %. The “quenched” morphology formed kinetically “quenched” micelle morphologies (in most cases,
is mixed spheres and cylinders as shown in Figure 8a. Notethey are mixed morphologies), the thermodynamically stable
that, on the basis of Figure 6, this system should display a stablemorphology can always be recovered as long as the PS blocks
morphology of wormlike cylinders. The system was then are not in their glassy state and the system is annealed for a
annealed at room temperature for 1 month; the mixed morphol- sufficient time. The appropriate equilibrium time requiredéBV
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Table 1. Micelle Size and Calculated Parameters for a 0.5 wt % Initial Copolymer Concentration at Three Selective Solvent Concentrations

solvent concn diam or wall reduced tethering
(wt) % thickness (nm) S (stretching) s (area per chain, nfp density
morphology water AN water AN water AN water AN water AN
spheres 2.63 7.5 4854.0 425+29 1.14+0.08 1.01+0.06 19.8+1.2 226+1.2 3.4+02 3.0+£0.2
cylinder 4.18 37.9 35522 38+t34 0.84+ 0.04  0.9+:0.06 18.1+1.1 16.9+15 37402 4.1+03
lamella 4.34 68.0 26533 346+19 0.62+0.06 0.81+0.04 12.1+0.8 93+05 55+06 7.2+04

a2 AN stands for acetonitrile.

recover the thermodynamically stable morphologies is dependentwhen selective solvent concentrations are low. The observed

on the chain dynamics, which is in turn dependent on the dimensions and the calculated parameters based on-e4s 1

molecular weight of the chains and the solvent compos#ion. for both DMF/water and DMF/acetonitrile systems for 0.5 wt

At high acetonitrile content the chain dynamics would be slow % initial copolymer concentrations are listed in Table 1 at three

as compared to low acetonitrile content, as acetonitrile is a badrepresentative selective solvent concentrations (where the pure

solvent for polystyrene, and the friction forces would also micelle morphologies appear). As the morphology changes from

increase as the micelle core would be less swollérhus, the spheres to wormlike cylinders, to vesicles, both Heand s

annealing time required to recover the thermodynamically stable values decrease.

morphologies is dependent on the concentration of acetonitrile  Since the corona can be considered as tethered chains on a

in our system. convex or quasi-planar substrate, the strength of corona repulsion
Estimation of Micelle Free Energies.To further understand  can also be evaluated by the reduced tethering deidsityhich

the reasons for the appearance of micelle morphological changess defined a¥—43

from spheres to wormlike cylinders, to vesicles in different

selective solvent and initial B&-b-PEQy,7 concentrations, free o= nRgzls (5)

energies in each of these micelle morphologies must be

estimated. In these micelles, the PS blocks form the core andwheres s the interfacial area per chain aRgis the radius of

the PEO blocks form the corof&@We have utilized the size  gyration of the tethered PEO chains in the specific solution.

and geometry data which are obtained from the TEM images The Ry value in this study is calculated using a scaling law

as the first approximation. (The precise calculation needs thereported in water at room temperature by Devanand and Sélser.

size and geometry of micelles in solution.) The first parameter This scaling law also predicted a corrdgf value of PEO for

which needs to be calculated is the degree of stretching of PSa particular molecular weight in DM#. We thus used this

blocks in the core%) based on the equatiéh scaling law to approximate thBy values for PEO in good
_ solvents. Thes values listed in Table 1 increase from 3 to 7.2
S=RR, ) as the morphology changes. This implies that the coronas in

this study start approaching the boundary between the nonin-

like cvlind inth f vesiclais half of th I teraction and crossover regimes in spheres and pass the onset
wormiike Cylinders. In the case of vesiclesis hall of the wa of the chain overcrowding to enter the crossover regime to

thickness. The quantiti, is the unperturbed end-to-end distance generate some repulsion in vesicles. They are far away from
of a PS chain which can be calculated from the following 4 - highly stretched brush regirfie43

equatiod*

whereR is the radius of the PS core in the spheres or in the

The total free energy of one chain in a micelle is
_ 0.5
R, =0.06M ®) F=F + Feorona (6)

whereM is the number-average molecular weight of the PS | ot ;5 consider each of these components individually. The term

block. We approximate the observed micelle radius to be the ¢ ' i the elastic free energy of the core and can be estimated
radius of the PS cores, since in our case the PS block by the degree of stretching in the cord®

composition is much higher as compared to PEO composition
(fyPSis 0.914). Furthermore, the PEO coronas are collapsed Foo /KT = kch2 (72)
during the preparation of the samples for the TEM observations. cor

The second parameter is the interfacial area per clsgitt (
can be calculated on the basis of the following equattons

+F

core interface

The coefficientk; has been calculated for the case of dense
cores: Ksphere= 37280, Keyiinder = 77%/16, and for the case of

_ lamellaekiameiia= 7%/8.4” As shown in Table 1& < 1 in some
Ssphere= 3VsNed ( Reord (4a) cases. This may be due to two reasons. First, during the
_ preparation of TEM samples using excess water the micelles
Seyincer = 2VsNod (f Reord (4b) could deswell and reduce the degree of stretching of the PS
and blocks and/or, second, there might be a possibility that the chains
could actually be compressed, especially when the solvent
Sametia= VYeNpd (f Riameid (4c) quality becomes increasingly poor for the cores. In a recent study
by SAXS and cryo-TEM for P®-PI block copolymer in
wheref is the volume fraction of PS blocks in the cokg; is solution, the value o0& was found to be less than one in the
the volume of PS monomer, aidbs is the degree of polym-  case of vesicle® Since eq 7a would predict a decrease in free
erization of the PS block. Note that we uBgmela (half the energy even if the compression increases, we need to modify

wall thickness) to approximate the calculation in the case of this equation so that it predicts an increase in the free energy
vesicles. If we assume sufficiently dense PS blocks in the core,when compression increases. If we define the degree of
f approaches unity. The valuefovould be closer to unity when  compression as & and assume that the coefficidqis identical

the selective solvent concentrations are high as compared toin compression as in stretching, we can modify eq 7a as CDV
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FoordKT = ki(]_/s()2 (7b) vesicles. TheFdkT increases from spheres to wormlike
cor cylinders and then to vesicles as the chains are compressed.

Therefore, eq 7a is applicable when the core is stretched, andVhen ycore-sowvent inCreases, th&inerracdkT decreases as the
eq 7b is applicable when core is compressed in our calculations.Micelle size becomes increasingly large. FagondKT increases
The termFineriaceis related to the interfacial energy between @s the reduced tethering density increases, leading to increased

the core (PS) blocks at the interface and the solvent. Theféfore chain repulsions. However, both of t&ore and theFcorona
values are much smaller compared to Hgerface Which is

Finterface= V'S (8a) dominant.
In the above calculations, we have not considered the rim
wheres s the interfacial are per chain, which we have already energy of the lamella as compared to closed vesicles. This rim
determined, ang is the surface tension, which is related to energy isEin = 27Ry, whereR is the radius of the circular

Ycore-solvent DY the following expressicit®-50 lamella andy is the surface tension. For our system in the
concentration region of forming vesicles~ 2kT based on eq
7 = (KT8 (X core—sovent®)”> (8b) 8b; therefore, for a circular lamella with a radius of 200 nm,

Eiim ~ 800Q7kT. This huge free energy increase can be avoided
wherea is the PS monomer length. This expression originally if the lamella closes to form vesicles. However, in bending the
derived for two homopolymet&has been regularly utilized in  lamella to form a vesicle, a bending eneryng needs to be

micellization theorie$:50 The term ycore-sowent for different considered. In spherical vesicles the bending energy is inde-
solvent concentrations can be estimated using the solubility pendent of the size of the vesicle and is equdtigq= 8rk.,
parameterd and respective volume fractions. wherek; is the bending modulu¥:58 A typical value for block

The termF¢oronalS based on the expression recently proposed copolymer bilayers i&; ~ 40kT so thatEpeng~ 3207KT, a total
by Zhulina et al. in their theory of diblock copolymer micelfs.  energy required to bend a lamella to form a spherical vesicle.
When the corona is treated as chains tethered on a quasi-plana@uantitatively, for a circular lamella having a radius of 200
substrate, the upper-limit value of tf@.rona vValues for these nm, the number of chains [the aggregation numb&gd] can
micelle morphologies can be provided, since all of these be calculated b3
morphologies possess convex surface for the corona chains to
be tethered onto, and thus, the chain stretching must be reduced Nagg= fnRZt/NPSVPS (20)
in the real cases. This free energy expression is expressed by
whereR is the radius of the lamella (200 nmi),s the wall
FeorondKT= C,; C-Nofsa ) 1 (9a) thickness {30 nm in our vesiclesypsis the volume of the PS
repeating unit, andNps is the degree of polymerization of the
whereNpgo is the degree of polymerization of the PEO block, PS block. If we assume a sufficiently dense PS core faisd
ais the PEO monomer length, ands the scaling exponent, close to unity, theNagg is calculated to be 23 000. Therefore,
which is equal to 3/5 for a good solvent. T@g andCr values  for each chairEpeng~ 3207kT/23000= 0.04T. Similarly, the
are numerical prefactors, and in the case of a good solvent, theyrim energyE:m per chain can also be calculated to bekd.1

are The difference between these two values would decide the
equilibrium appearance of vesicles.
C, = C,(I/a)"3*? (9b) In block copolymer vesicles, however, another possibility is
) that significant corona chain segregation may occur: the long
C=C; (9¢) chains tend to be on the outside and the short ones on the inside.

Since steric repulsion between long chains is stronger than
whereCy andCr are model parameters which were calculated between the short ones, a natural curvature may form to stabilize

to be 0.68 and 1.38, respectivéfyl is the Kuhn lengtha is the vesicle. Thus, the maintenance of closure may not require
the PEO monomer length, and is the excluded volume  a bending modulus to be part of the thermodynarpficg
parameter of PEO in the specific solvent. The valuek arid On the basis of the free energy calculations, in principle, we

a are 1.1 nm and 0.35 nm, respectively? The excluded can estimate the change in free energy for different micelle
volume parameteo is related to the second virial coefficient morphologies with increasing the selective solvent concentration.
A5t Figure 10 shows the change in total free enerBkTl) vs
acetonitrile concentration for spheres, wormlike cylinders, and
v = 2A,M7(a°N,) (9d) vesicles in the DMF/acetonitrile system, which is only a first
approximation. There are two broad concentration regions
where My is the molecular weight of the PEO monomer and exhibiting the mixed micelle morphologies. Our calculations
Na is Avogadro’s number. The values 8% in the literature only partially enter these two concentration regions, since in
for our specific molecular weight and/or scaling laws have these two regions the micelle size and geometry cannot be
enabled us to determine the valuesfgffor PEO in DMF, in precisely defined. This is particularly in the case of short
water, and in acetonitril&:53-56 To calculate the values at cylinder micelles. It is speculated that if the free energies are
different concentrations of the systems, we have further usedgoing to cross over, they must be at around 21 wt % between
the individual A, values and the volume fractions of the spheres and wormlike cylinders and at around 50 wt % between
respective solvents. Using eqs-92d, the free energy of the  cylinders and vesicles.
corona can therefore be calculated. According to the free energy changes with acetonitrile
The calculated individual free energy components and the concentrations in Figure 10, we should observe morphological
total free energy for a 0.5 wt % initial copolymer concentration changes as first-order-like transitions from one type of micelle
at representative solvent concentrations (given in Table 1) areto another. Namely, only one morphology in its own concentra-
listed in Table 2. The total free energy decreases as thetion region, which possesses the lowest free energy, can be
morphology changes from spheres to wormlike cylinders to observed. Any other morphology with respect to this on%gv
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Table 2. Calculated Free Energy Components and Total Micelle Free Energies at Three Selective Solvent Concentrations

I:COI'Jk-I— Fmterface{kT FCOTOanT Ftotal/kT
morphology water AN water AN water AN water AN

spheres 0.5 0.05 0.440.02 52.6+ 3.8 58.8+ 3.5 2.8+ 0.15 2.440.12 56+ 4 61.6+ 3.82

cylinder 0.9+ 0.1 0.7+ 0.1 48.6+ 2.8 43.3+ 3.5 3.0+ 0.1 3.3+ 0.25 52.5+ 3 47.34+3.79

lamella 3.1+ 0.2 1.85t 0.15 32.6+3 247+ 1.2 41+03 5.6+ 0.3 40+ 4 324+ 1.5

a AN stands for acetonitrile.
75 I T I selective solvent concentration regions, mixed micelle mor-
703 N\ | : splhe(;es | phologies exist. This observation invites further investigations
s N : : RV Ady : of the micelle morphology formation and changes at different
60 3 |+\ i‘k—é' Lo | temperatures.
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