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Abstract: Temperature-induced reversible morphological changes of polystyrene-block-poly(ethylene oxide)
micelles with degrees of polymerization of 962 for the PS and 227 for the PEO blocks (PSgs2-b-PEO2,7) in
N, N-dimethylformamide (DMF)/water, in which water is a selective solvent for the PEO block, were observed.
For a system with 0.2 wt % copolymer concentration and 4.5 wt % water concentration in DMF/water, the
micelle morphology observed in transmission electron microscopy changed from vesicles at room
temperature to worm-like cylinders and then to spheres with increasing temperature. Mixed morphologies
were also formed in the intermediate temperature regions. Cooling the system back to room temperature
regenerated the vesicle morphology, indicating that the morphological changes were reversible. No
hysteresis was observed in the morphological changes during heating and cooling. Dynamic light scattering
revealed that the hydrodynamic radius of the micelles decreased with increasing temperature. Combined
static and dynamic light scattering results supported the change in morphology with temperature. The critical
micellization temperatures and critical morphological transition temperatures were determined by turbidity
measurements and were found to be dependent on the copolymer and water concentrations in the DMF/
water system. The morphological changes were only possible if the water concentration in the DMF/water
system was low, or else the mobility of the PS blocks would be severely restricted. The driving force for
these morphological changes was understood to be mainly a reduction in the free energy of the corona
and a minor reduction in the free energy of the interface. Morphological observations at different time periods
of isothermal experiments indicated that in the pathway from one equilibrium morphology to another, large
compound micelles formed as an intermediate or metastable stage.

Introduction Temperature has been used as a tool to control the block
o copolymer self-assembly for several yet#<° The nature of
Amphiphilic block copolymers can self-assemble to form a he nolymer-solvent interactions is important in these studies.
variety of micelle morphologies in both aqueous media and |t the system displays an upper critical solution temperature
organic solvent$.® These colloidal systems have potential (ycsT) behavior, micellization takes place below a critical
applications in pharmaceuticals and separation syster#sThe temperature; while if the polymer displays a lower critical
micelle morphology is tuned by molecular parameters, such asgo|ytion temperature (LCST) behavior, micellization takes place
molecular weight and block copolymer composition, and apove a critical temperature. In either case, this temperature is
solution parameters like copolymer concentration, solvent ynown as the critical micellization temperature (CMT). This

composition, temperature, and others. temperature-dependent micellization and demicellization is
specifically useful for temperature-driven drug delivéty.
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block copolymers have been investigated in this resfreét.
The poly(ethylene oxideflock-poly(propylene oxideplock
poly(ethylene oxide) (PE®-PPOb-PEO) triblock copolymer

we report the reversible morphological changes oS
PEOy»7 induced solely by changing the temperature for fixed
copolymer concentration and solvent composition in a DMF/

has also been exhaustively investigated due to its interestingwater system. The changes are reversible and require only a

LCST behavior in watet>—20 At higher concentrations, it also

few hours of equilibrating for the forward and backward

exhibits ordered phases such as cubic, hexagonal, and lamellachanges. To the best of our knowledge, this is the first direct

phaseg® Relatively less literature is available on using tem-
perature to control micelle morphologies of block copolymers
in dilute solution!®>3! Pispas and Hadjichristidis investigated
the effect of temperature on polybutadidnleck-poly(ethylene
oxide) (PBDb-PEQ) micelle solutions in water by static and
dynamic laser light scattering (LLS3.They observed a slight

observation of accessing, solely by changing the temperature,
all of the classical micelle phase morphologies in dilute solution
(i.e., spheres, cylinders, and vesicles) for a block copolymer
with fixed block and solvent composition and at a fixed
copolymer concentration. The morphological changes are also
monitored for different copolymer and water concentrations in

increase in the intensity of scattered light and a decrease in thethe DMF/water system. An intermediate, or metastable, micelle

hydrodynamic radius with increasing temperature, but they could
not conclude any changes in the micelle morphology. A
temperature concentration phase diagram was mapped for
polystyreneblockpolydimethlysiloxane (P®-PDMS), in which

PS formed the core and PDMS formed the corona, by lyama
and Nosé? Using static and dynamic LLS experiments, they

morphology is also found in the pathway from one thermody-
namically stable morphology to another during isothermal
experiments. These observations are useful to achieve an insight
into the mechanism of these morphological changes.

Results and Discussion

estimated distinct phases of spheres and cylinders with changes Temperature-Induced Micelle Morphological Changes

in the temperature and polymer concentration. The effect of
temperature on micelle morphology has so far mostly been
studied by indirect techniques such as small angle neutron
scattering, static LLS, and dynamic LLS. Very recently,

Observed in TEM. Figure 1 shows the morphological changes
induced by increasing temperature for a system with 0.2 wt %
PSs-b-PEOG:,7 copolymer concentration and 4.5 wt % water
concentration in DMF/water. At room temperature, the micelle

temperature-induced morphological changes were studied bymorphology is vesicles as shown in Figure 1a. This is in

atomic force microscopy (AFM) for polystyrer#eckpoly-
isoprene (P%-PI) in a selective solvent for the Pl blocks.
The copolymer composition was specifically chosen to be on

agreement with the morphological diagram for this system as
we have recently reportéd At 45 °C, the morphology changes
to a mixture of worm-like cylinders and vesicles (Figure 1b).

the phase boundary of a calculated morphological phaseWhen the temperature is increased td8Qworm-like cylinders

diagram. For two different block copolymer compositions, they are formed exclusively

observed a rod to sphere change and a vesicle to cylinder chang
The changes were shown to be reversible, although they require
over 15 h for the forward change to take place and almost a
month to change the morphology back completely.
Polystyreneslockpoly(ethylene oxide) (P8-PEO) has been
investigated for its micellization behavior for several dec&¢és.
Block copolymers with PEO in the corona are especially
attractive due to its biocompatibilifi¢.In our recent work, we
had shown that the morphology of &8b-PEQ,,; (the degrees
of polymerization of the PS and PEO blocks were 962 and 227,
respectively) can be precisely controlled by varying the solvent
composition and copolymer concentratiSin the present work,
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as shown in Figure 1c. At 8D, a
ixture of spheres and rod-like cylinders is obtained (Figure
d), and finally at 70C, the morphology changes to aggregated

spheres (Figure 1le). The spheres are aggregated because at

higher temperatures, the solvent quality of water for PEO is
not as good as at room temperature and the PEO chains might
be less effective in providing colloidal stabilization to the
micelles; therefore, the spheres could be present as an intercon-
nected phase in the solution. On the other hand, the intercon-
nection of the cylinders (Figure 1c) is dependent on the
copolymer concentration as presented in our recent @&olrk.

that paper, it was shown that at low copolymer concentrations,

the cylinders are not connected; while, at high copolymer

concentration, they were found to be interconnected, which was
supported by TEM and viscosity measurements. Here, it is

demonstrated that by changing only the temperature, we can
access spherical, worm-like cylindrical and vesicular morphol-

ogies without changing compositions of the system. Note that
all of these observations of the morphological changes were
taken after the samples were equilibrated for 4 h, and thus, they
were assumed to be at the equilibrium condition (see the
following paragraphs for experimental evidence).

When each of these samples is cooled back to room
temperature, the vesicular morphology is regenerated. Detailed
morphological studies show that the morphological changes
during cooling for the system with 0.2 wt % copolymer

(38) Dunn, S. E.; Brindley, A.; Davis, S. S.; Davies, M. C.; lllum,Rharm.
Res.1994 11, 1016-1022.

(39) Bhargava, P; Zheng, J. X.; Li, P.; Quirk, R. P.; Harris, F. W.; Cheng,
S. Z. D.Macromolecule2006 39, 4880-4888.
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Part B:Polym. Phys2006 44, 3605-3611.
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Figure 1. Morphological changes on heating of a system with 0.2 wt % copolymer and 4.5 wt % water concentration in DMF/water: (a) pure vesicles
formed at room temperature; (b) a mixture of vesicles and worm-like cylinders @ 4() pure worm-like cylinders at 5UC; (d) a mixture of spheres and
rod-like cylinders at 60C; and (e) pure spheres at 70.

1.6 rod-like, and thus, the end-capping energy would be important
141 B m as compared to the overall free energy of the micelle. To
1.24 EUR ey decrease the overall free energy by eliminating the ends, the
10 o =B 0 rings form if the bending energy is less significant as compared
£ 0.8 to the end-capping energy. We have also captured some
£ 06 x Heatin intermediate morphologies for the vesicle to cylinder change.
F 0.4 9 u Figure 3b,c shows lamellae with protruding rods, suggestin
o Cooling gure sb, p g » Sugg g
0.2 o that rods are formed from the lamellae that originate from the
0.0 0 vesicles. Lamellae with protruding rods have also been observed
20 30 40 5 60 70 previously for PSs-PEO3 We also observed vesicles with
Temperature (°C) protruding rods (Figure 3d), which provides some evidence that

Figure 2. Change in turbidity with temperature for a micelle system with  the rods may also be occasionally formed directly from the
0.4 wt % copolymer concentration and 4.35 wt % water concentration in vesicles, although this morphology is only seen rarely
DMF/water during heating and cooling. S - . :

9 9 9 Micelle Object Size Changes Deduced from LLSFor
dynamic LLS experiments, the cumulant analysis of the

concentration and 4.5 wt % water concentration in DMF/water . s i X )
measured intensityintensity time-correlation function of the

are completely reversible. Namely, the TEM morphological ' = - ) .
observations are from Figure le back to Figure la during dlStrIttltgd object can Igad Fo an accu.rate.average line width
cooling. Furthermore, no hysteresis has been observed during<r>' i For a purely d|ﬁu§|ye relaxatior], is related to the
cooling as compared with those observations during heating. ransiational diffusion coefficien by
This indicates that the time required to conduct the morphologi- 5
cal changes during heating and cooling are close to identical. D =(Iq )q~o (1a)

We also follow the change in turbidity when a system with ) .
0.4 wt % copolymer concentration and 4.35 wt % water OF the hydrodynamic radiug,, by
concentration in DMF/water is heated from room temperature
and cooled from high temperatures as shown in Figure 2. It is R, = kg T/(6727D) (1b)
evident that the turbidity changes during heating and cooling

are identical, again, indicating the absence of hysteresis in the'WNere d is the scattering wave vectoks is the Boltzmann
morphological changes. constant,n is the solution viscosity, and is the absolute

Micelle rings are sometimes formed and observed when the temperiture. The hyd_rodynamic dif_;lmelbﬁ, c;\n be deduged
vesicles change toward the cylinders. Figure 3a shows the ringsby Dh = 2R, In static LLS experiments, the excess time-

coexisting with the vesicles. These were obtained after heating"’“’er"jlglecl scattering light intensitye, = IS(SOIUI'On_) N IS',
the system with 0.2 wt % copolymer concentration and 4.5 wt (solvent), can be used to deduce the excess Rayleigh Rajio,

% water concentration in DMF/water from room temperature from
to 40 °C. Initially, the cylinders formed would be short and
Rex= IeszlllNC 2
(41) Chud B.Laser LighéScatt_ering: gBg::lsic Principles and Practi@nd ed.;
2) S e St ok ipes and Delopmert Oxfors WNEre R and e are the Rayleigh ratio and incident laser
University Press: New York, 1996. intensity, respectively. In the dilute solution regime, the classical
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Figure 3. Intermediate morphologies formed on heating a system with 0.2 wt % copolymer and 4.5 wt % water concentration in DMF/water: (a) a mixture
of vesicles and rings at 4TC; (b) lamellae with protruding rods at 4&; (c) circular lamellae with protruding rods; and (d) vesicles with protruding rod.

Zimm equation holds 100 N .
A | &&
KC : —0—-20°C 4 2
—=—"—-1+2AC 3a i
R, = MP(@ ' 2 o2 P e !
. 60 —o—80°C
whereK, C, M, P(q), andA; are the optical constant, the polymer ~
concentration, the particle molar mass, the particle scattering g, 0 ) ne
factor (also know as the form factor), and the second virial “"asss‘i’:;‘:gh':is,;‘s""'so
coefficient, respectively. For mono-disperse small particles 2. . A TT
(aRy < 1) 5 7
22 04 <><><Z> <>‘<><><><><><><><><>K£A<><> { achoa@ Erl‘n:
P(@=1-qgR73 (3b) . . .
10 100 1000
whereRy is the radius of gyration of the scattering objects. D, (hm)
h

The micelle object size changes for a 0.2 wt % copolymer
concentration and 4.5 wt % water content DMF/water mixture
were also monitored by static and dynamic LLS experiments
at different temperatures. Figure 4 shows the change in
hydrodynamic radius with temperature obtained by dynamic predict that this decrease in the hydrodynamic radius of the
LLS and analyzed by CONTIN (a program using the constrained objects is caused by the shrinking of the vesicles or the change
regulation method). At 20C, the micelle objects are very large of vesicles to other morphologies. Combined with the TEM
with an average diameter of 660 nm. Compared to the TEM observations, it is evident that the size change is associated with
images, this size value corresponds to the average diameter othe morphological change from vesicles to worm-like cylinders.
the vesicles. When the temperature increases tGGiOthe The static LLS experimental results also provide support of
average object size decreases to 470 nm. Af@®0the size the morphology changes. In the system we studied, the object
decreases to 90 nm. With only these results, it is difficult to size is very large, and we were unable to measure a range of

Figure 4. Temperature dependence of the hydrodynamic diameter distribu-
tion, f(Ry), for the micelles in the DMF/water mixture.

1116 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007
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200 When the temperature is increased abové @uich as at

80 °C in Figure 4), some of the block copolymer can be
dissolved in the mixed solvent, as seen as the small bump around
10 nm in Figure 4. This leads to the decrease of the scattering
intensity in this figure. The larger hydrodynamic diameter
1004 particles at 80°C may be caused by the pearl-necklace-like
spheres observed in the TEM images (Figure 1e).

Driving Force for the Morphological Changes. The mor-

50+ phological changes are based on the free energy of the micelle,

which consists of the free energy of the core, free energy of

a— " u the corona, and free energy of the interf&¢zelo better

. . . . . i . understand these changes, we should obtain insight into the PS

20 30 40 50 60 70 80 and PEQ interactions with the solvents and how they are affected
Temperature (°c ) by changing the temperature. The polymsolvent interactions

Figure 5. Temperature dependence of the ratio of scattering intensities _Can be estimated by the POIymer_ONe_nt interaction parameters

(I micete,000/lunimer 90c) Measured at 90C, where Imieresoc is for the if we neglect the entropic contribution. These parameters can

copolymer in the DMF/water mixture arignimer.ooc i in the pure DMF be estimated using the van Laddildebrand equatiot
solution, lunimer,90c.

1501

o Iunimer, 90°

micelle, 90

/

2
scattering angles whegR; < 1 (at all angles we measured Zxp-s = Vd(RT(0p — 09 (6)
are in theqR; > 1 range). Since the molar mass and the
scattering factor of the particles in this micellar system are very WhereVsis the molar volume of solvent anib andds are the
large, the termAC in eq 3a can be neglected. This results in Solubility parameters of polymer and solvent, respectively. For

the following simplification: the sake of simplicity, we neglect the temperature dependence
of dp, Os (they are slightly temperature dependéntandVs in
KC 1 our calculations. By definition, eq 6 predicts a decrease in the
R = VP@ ) s val h i ituting th
R.. MP(q) xp—s value as the temperature increases. By substituting the

values in, it is seen that the relative decreasg#wateris much

If the scattering angle is fixed at 9Qthus, q is constanty ~ More significant than thges-pme andypeo-owmr. It is known
and the concentration of the polymer along with other physical that PEO has an LCST behavior in water with an LCST
constants does not change significantly after water is added (i.e. femperature around 10€ and thatpeo-waterincreases as the
only the particle size and particle molar mass changes signifi- témperature increasés.Therefore, for a 4.5 wt % water
Cantly)’ we can Compare the mice”e Solution to the pure polymer Concentl’atlon |n the DMF/WateI‘ SyStem W|th an a.ssumptlon that
unimer solution in DMF. Substituting eq 4 into eq 2, we can the system obeys the ideal solution behavior (the solubility

obtain parameters in the mixture obey a linear addition scheme), the
change inyps-solvent 2Nd ¥peo-solvent With temperature can be
Iex,mice”e Rex‘mice"e M icelieP (D micelie calculated. Our calculations reveal that at room temperature,
Iex,unimer_ Rex,unimer_ MunimeP(Dunimer ®) the value of¢ps-saiventiS much higher thampeo-soivens indicating

that the solvent mixture (DMF/water) is poor for PS blocks and
good for PEO blocks. As the temperature increages,solvent
decreases, and the mixed solvent becomes less poor for PS
blocks. On the other handypeo-sovent dOo€s not change
significantly with temperature sinCgeeo-water inCreases and

L n . . xpeo-pvr decreases with increasing temperature. Thus, the
to the scattering intensity of copolymer in pure DMgniner - .
. overall solvent mixtur remains almost constant.
orc) at different temperatures. SPEO-solvent

In Figure 5, as the temperature rises from 20 to 40 then to We can also further. examine the solvent quality for P,EO by
60 °C, the relative intensity ratio increases. This implies that analyzing the change in the excluded volume paramefevith
either the molar mass of the micelle increases, that the scattering€MpPerature. The excluded volume parameter is related to the
vector increases, or both. This is contrary to the dynamic LLS Second virial coefficientA, by the following expressioff.
results that indicate that the object size decreased during heating.

The only possible explanation is that the object morphology v = 2AMya’N,, (7)
changes when the temperature increases. If the object morphol-
ogy does not change, the object molar mass cannot increasavhere My is the molecular weight of the PEO monomer and

with decreasing the object size. Coupled with the TEM N,, is Avogadro’s number. The second virial coefficient is
observations, we are able to conclude that there is a morpho-

logical change of vesicles to cylinders with increasing temper- (43) zhang, L.; Eisenberg, Aolym. Ad.. Technol.1998 9, 677—99.
i i 44) Barton, A. F. M.Handbook of PolymerLiquid Interaction Parameters
ature. The cylinders have a ,larg,er molar mags ,than, the vesicles and Solubility ParametersCRC Press: Boca Raton, FL, 1990; p 12.
but a smaller hydrodynamic diameter. This is similar to a (45) Venohr, H.; Fraaije, V.; Strunk, H.; Borchard, \Eur. Polym. J.1998
smaller-sized rod being heavier than a bigger-sized balloon. In ,, ., 34 723-732.
ST . . "7 (46) Rubinstein, M.; Colby, R. HPolymer PhysicsOxford University Press:
our case, it is indeed a very interesting phenomenon. Oxford, 2003.

Therefore, from the change of the scattering intensity & 90
we can observe the trend of the change in particle molar mass
and the form factor. In Figure 5, we plot the ratio of scattering
intensity of the copolymer in the DMF/water mixtut@teiie ooc)

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1117
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2.0 Table 1. Morphologies Formed at Different Temperatures for

1.81 Different Copolymer Concentrations and 4.5 wt % Water

16 Concentration
‘:‘;* 1.4 temp (°C)
i':, 1.2] polymer concentration
210 wt % 25 40 50 60 70 80
T 08 0.2 V. V+C C c+s s
£ 067 0.4 VoV V+C C C+S C+S
2 0.41 2 vV oV V+C V+C C c+s

0.2
0.0q

aV: vesicles; C: cylinders; and S: spheres

20 30 40 50 60 70 80 90 100 110
o
Temperature (°C) Initial Copolymer Concentration Effects on the Morpho-

Figure 6. Change in turbidity with temperature for micelle systems with logical Changes.We have also followed the morphological

4.5 wt % water concentration and different copolymer concentrations in . . S

DMF/water systems. changes with temperature for different initial copolymer con-
centrations while keeping the water concentration fixed at 4.5
wt %. Figure 6 shows the turbidity measurements for 0.2, 1,

related toyp-s by*’ and 2 wt % copolymer micelle systems with changes in
temperature. We can define two characteristic temperatures from

A, =V, (112 - prs)/Moz — (Vo1 — Vo) (MM,  (8) these three sets of data. The first temperature is the critical

transition temperature (CTT), which is the minimum temperature

where Vo; is the molar volume of the solvengp_s is the above which the morphological changes can occur. The second

interaction parameteo; is the molar volume of the PEO is the critical micellization temperature (CMT), which is the
monomer, andl, is the number average molecular weight of temperature above which no micelles exist. From these three
’ n

the PEO polymer. We have already estimateeb_sowen: and sets of data, both C_:TT and CMT are dependent on the
using egs 7 and 8, we can calculate the excluded volume COPOlymer concentration. As the copolymer concentration is

parameter at different temperatures, assuming that all other'gcreasfd' bgthg:;'T and é:g” shift to higher temperatures. The
values are independent of temperature. After calculating and TT values for 0.2, 1, and 2 wt

% are 40, 45, and®6Qwhile
plotting the data, we find that the changevinvith temperature the Cl\/llT values_ are above 70, 85, andd5 respectively (the
is insignificant; therefore, the interaction between PEO and vertical arrows in Figure 6).

mixed solvent is kept almost unchanged with changing tem- The result_s of the micelle mqrphologl_cal changes in the
perature systems having a DMF/water mixture with 4.5 wt % water

. . concentration and different copolymer concentrations are sum-
The micelle free energy of the system at different tempera- ROy

tures can be calculated based on the size and geometrymarized in Table 1. It is evident that the individual morphologi-
. . . . . cal changes are shifted to higher temperatures as the copolymer
information obtained from the TEM observations and equations 9 9 P boly

we have described in our recent publicati8rit is surprisin concentration is increased. For example, for 0.2, 0.4, and
. publicatt P 9 2 wt % copolymer concentrations, the rod-like cylindrical
that even though there is a reduction yas-sovent and a . .
. L ; morphology is formed at 50, 60, and 70, respectively. Above
corresponding reduction in the surface tensignthe calculated o : .
. . 80 °C, for the 0.2 wt % copolymer concentration, no micelles
free energy of the interfacd-erracd remains almost constant

for micelles formed at different temperatures. This is because exist; while, for 0.4 and 2 wt %, the micelle morphology is
. . nttemp : . still a mixed morphology of spheres and rod-like cylinders. The
the interfacial area per chairs, increases from vesicles to

cylinders and then to spheres. Therefore, as the temperature is(?ffect of concentration can be understood on the basis of
Nd P ) ’ : pera aggregation number and the polymaolvent interaction pa-
increased,y decreases, but the area each chain occugjes, : .
. . rameter,yp-s. The aggregation numbe\,yg is related to the
increases. Thu$inerface= yS possesses little change. It can be . .
. concentration from the surfactant theory in small molecdles

concluded that the free energy of the interface should not be
the major driving force for thg micelle morp_hologlcal changes. Nagg = 2(C/CMC)”2 (9)

We have found that there is a decrease in the free energy of

the coronakcorong, Which is dependent mainly on the excluded \yhere C is the surfactant concentration (here, we use the
volume parameter and the tethering densityg)(¥/ Previous  ¢opolymer concentration) ar@MCis the critical micellization
calculations conducted here, using egs 7 and 8, revealed thagoncentration. This equation is valid for simple micelle mor-
th_e excluded volume parameter doz_as not ch_ange S'gn'f'camlyphologies of spheres, rods, and vesicles, althauglis less
with temperature but that the tethering densitystlecreases  ggnsitive toC in the case of spheré&in our case, the CMC is
from vesicles to cylinders to spheres. Therefore, it is speculatedactua”y a function of the water concentration. which is an
that the change dfcoronaacts as the major driving force forthe jqyerse relationshig? Therefore, as the copolymer concentration
morphological changes with temperature as compared to thejncreasesN,qg increases. At higher aggregation numbers, the
case of changing the selective solvent concentrations where theyicelle size becomes large, resulting in higher core chain
change irFinterfaceis the major driving force for the morphologi-  siretching, and thus, a greater reduction in the free energy of

9 . . . . .
cal change$ the interface is required to stabilize the micelle morphology.
(47) Adames, W.; Breuer, W.; Michalczyk, A.; Borchnard, Bur. Polym. J. (48) Israelachvili, J. NIntermolecular and Surface Force8nd ed.; Academic
1989 25, 947-950. Press: London, 1992; pp 24258.
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This can now be achieved by increasing the temperature. (vesicles or spheres) and the initial temperature (room temper-
Moreover, it is known that the polymesolvent interaction ature or 80°C) of the system from which the morphology at

parameteyp_s is related to the polymer concentratigrby the 50 °C was accessed, the identical worm-like cylinder morphol-
following equation®* ogy was formed. The morphology at a particular temperature
is independent of the initial phases and thermal histories of the
Aps= Yo+ 11 + 10+ .. (10) systems. Therefore, the micelle morphologies obtained are

o o thermodynamically stable.

whereyo, x1, y2... are empirical coefficients. At low copolymer We still have a question in our mind: what are the pathways
concentrations, the higher order terms are negligible, but at high ;¢ hase two morphological changes when the micelle system
concentrations, they become important and ipcrgase the effectivgg brought from room temperature or from a higher temperature
xp-s- Thus, when the copolymer concentration increagess to 50°C? We first tried to determine the minimum time required
increases. At this condition, the micelle systems need to be 5; 5 oc to achieve the thermodynamically stable micelles.
heated t_o higher temperatures to cause a sufficient decrease i'?Nithin this minimum time, we had the opportunity to catch the
xp-s, which will lead to the morphologlcal changes. . intermediate, or metastable, morphologies during the morpho-

Effect of Water Concentration on the Morphological logical change to the worm-like cylinders. Namely, we wanted

Changes.We have investigated the morphological changes " ohserve the morphological changes with time after the system
using TEM for a 0.1 wt % copolymer concentration with ¢ quickly brought to 50C.

) - o
different water concentrations, 6, 8, and 10 wt % in DMF/water Again, a system with 0.4 wt % copolymer concentration and

mixtures, We foqnd that the morphology .changes from vesicles 4.35 wt % water concentration in DMF/water at room temper-
to wgrm-llkg cylinders and then to a mixture ‘?f spheres and ature was quickly heated to 3C. The morphological changes
rod-like cylinders, when the Wate.r concentrations are 6 and were observed in TEM after time periods of 30 min, 50 min,
8 wt 9. _However, the vgsmular micelle morpho_logy does not 1 h, and 2 h, and the respective morphologies are shown in
change in the system with the water concentration of 10 wt % Figure 7a-d. At 30 min (Figure 7a), we surprisingly observed

even up to_ SE]C)"C. We can L;SE deg 6 to predict the change N large compound micelles, which were not found in any of our
XPs-solvent WIth temperature for different water concentrations previous equilibrium micelle morphologies. At a time of 50 min,

I|nf DMF{wate_:_hmlxtures (dsee F|gure.51.f'|n tref SuEpr(])rtmg the morphology became mostly worm-like cylinders mixed with
nformation). Theyps-sovenidecreases significantly for all these some large compound micelles (Figure 7b). After 1 h, the

three water concentrations on increasing the temperature'morphology observed was exclusively worm-like cylinders
Therefore, the reduction in the free energy of the interface must (Figure 7c), and this morphology did not change with a longer
be similar in all three systems. The reason for the fact that no period of time such®2 h asshown in Figure 7d. Therefore, a

1 I 0,
morphtolbog|ctri1llk():hflr:jgtestﬁreﬂs]een 'Zthe case of 1(? th.A’ VV‘”‘terperiod d 1 h is the minimum time required to obtain the
cannot be attributed to the thermodynamic considerations. thermodynamically stable morphology.

In another aspect, we can consider that the mobility of PS . ' .
block Idb | wicted due to its st hvdrophobi In the next experiment, the system was first rapidly heated
Ocks could be severely restricted due 1o 1ts strong yarophobiC ., g5 o 5 gbtain mixed micelles of spheres and rod-like

gfgjgebi\)/s;st?v(\jﬁs:ﬁ tizee;ehrggsgt%re; ggzesg%émog&tg) is a cylinders and equilibrated for 2 h. It was then quenched to 50
necessary condition for the obser\)/atiogn of the morphological “C. We began to monitor the morphology formed after 30 min,
y P 9 1 h, and 2 h. (The TEM images are shown in Figures-83a

changes. At higher water concentrations, mobility of PS chains the Supporting Information). At a period of 30 min, we also

;/;ok:kljogiéestncted, and thus, the morphological changes CannOtobserved large compound micelles that were similar to those

Pathwavs of Morphological Changes in Temperature- we observed in Figure 6a where the system was heated from
ways ot pholog . 9 P . room temperature. After 1 h, the rod-like cylindrical morphology
Jumping Experiments. To investigate whether the morphologi-

. . . S . was formed and retained the same morphology after 2 h.

cal change pathways are identical from different initial micelle . ) " .
. . . Therefore, the time required to equilibrate the micelle morphol-
phases, we monitored the morphological changes at an isother-

mal temperature after both rapid heating from room temperature ogy for the system cooled from a higher temperature is identical
mperat 'rap 9 P to that required for the system heated from room temperature.
or rapid cooling from a high temperature. A system with 0.4

. We can concl hat there is no hysteresis in the morphological
wt % PSe2-b-PEQy,7 copolymer concentration and 4.35 wt % € can co cude'_[ attnere is no )_/ste esis In the morphologica
- . ...~ changes in these isothermal experiments, regardless of whether

water concentration in DMF/water was used. The initial

. . - the system is brought to 5 from rapid heating or cooling.
morphology was vesicles at room temperature. First, this system . . .
. Large compound micelles have been previously observed in
was rapidly heated from room temperature to 8D and

. . several block copolymers including R$b-PEQgo polystyrene-
equilibrated there for 2 h. The morphology observed was mainly i} s . . o
worm-like cylinders (TEM image in Figure S2a of the Sup- block-poly(acrylic acid), P&gb-PAA4, in which the hydrophilic

porting Information). The second experiment was that the sameg:ﬁgl)( SSVEKPSRT:T ig%izggsgre;@af %ﬁsglggt\)/vl:)t/:\pa){rt;ese
system was first heated to 8G and equilibrated for 2 h, where e 26 geta.

. . - large compound micelles are reverse micelles in an almost

spherical micelles formed. This system was then quenched to : - . . .

N - continuous PS phase in the bulk and hydrophilic chains on their
50 °C and equilibrated for another 2 h. The morphology . . . A

. . . : > surface, which provide colloidal stabilizatién.

observed was also mainly worm-like cylinders (TEM image in We ob that the | d micell ; q
Figure S2b in the Supporting Information). Different from the q ve othserye h a Ie arge.comfour;t mlhce t(.es are 0”‘7?
first experiment, the cylinders were formed from the spherical unng the isotheérmal expenments after heating a vesicle
micelles, and the SySte_m was ql_"enChed fro_m_ a hlgh temperaturqw) Liu, L.; Yong, G.; Cong, Y.; Li, B.; Han, YMarcomol. Rapid Commun.
of 80 °C. Therefore, irrespective of the initial morphology 2006 27, 260-265.
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Figure 7. After heating a system with 0.4 wt % copolymer concentration and 4.35 wt % water concentration in DMF/water in which the original morphology
was vesicles to 50C, the morphological changes with time are (a) large compound micelles after 30 min; (b) mixed large compound micelles and rod-like
cylindrical micelles after 50 min; (c) rod-like cylindrical micelles after 1 h; and (d) rod-like cylindrical micelles after 2 h.

morphology system from room temperature to’&0or cooling water systems solely by changing the temperature. On increasing
a system with the mixed sphere and worm-like cylinder the temperature from room temperature, the morphology
morphology from 65 to 50C. These large compound micelles changed from vesicles to worm-like cylinders and then to
are not thermodynamically stable and gradually change to rod- spheres with mixed morphologies in between. During cooling
like cylindrical micelles. of the system from high temperatures, the micelle morphologies
We wanted to determine whether the large compound micellesetymed from spheres to worm-like cylinders and finally reached
can also appear when the system is heated to even highegegicles at room temperature. No hysteresis was found in the
temperatures. We rapldly_ heated ave3|cl_e SVS‘em_ @md morphological changes achieved by heating and cooling the
monitored the morphological change of micelles with time. The system. The change in morphology with temperature was

morphology ch_anged_fror_n original _veS|cIes to cy_||nders and supported by static and dynamic LLS experimental results. The
spheres (TEM image in Figure S4a in the Supporting Informa- ™" - . e
critical transition temperatures, critical micellization tempera-

tion) after 15 min. After 30 min, as shown, these long cylinders o .
became rod-like short cylinders and spheres (TEM image in tures, and individual morphological change temperatures were
Figure S4b in the Supporting Information). No large compound found to increase on increasing the copolymer concentration.
micelles at 70C were observed. Therefore, the large compound The water concentration in the DMF/water system was also
micelle morphology for P§&x-b-PEQxy7 is, at best, a thermo-  crucial in these changes as it affected the mobility of the PS
dynamically metastable morpholo8£! This also indicated that ~ chains. No morphological changes can be observed when the
the pathways of the morphological changes may be temperaturesystem contained a water concentration that was higher than or
dependent. Further research will be conducted for understandingequal to 10 wt %. The main driving force for these changes
the pathways of these morphological changes at different was analyzed to be the reduction of the free energy of the
temperatures and times. corona. When the system was isothermally kept atG@fter
the system was rapidly heated from room temperature or cooled
from high temperatures, large compound micelles were observed
In summary, we have observed via TEM experiments as an intermediate or metastable morphology during the initial
reversible morphological changes of £0-PEQ:7 in DMF/ stage of the morphological change. Furthermore, the appearance
(50) Keller, A Cheng, . Z. DPolymer1998 39, 44614487, of thg_se intermediate or metastable micelles was isothermal
(51) Cheng, S. Z. D.; Keller, AAnn. Re. Mater. Sci.1998 28, 533-562. condition dependent.

Conclusion

1120 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007



Polystyrene-block-Poly(ethylene Oxide) Micelles ARTICLES

Acknowledgment. This work was supported by NSF (DMR-  when the sample was cooled from 65 to°&) and TEM images
0516602). for isothermal experiments when the sample was heated from
Supporting Information Available: Experimental section, 9™ temperature to 70C. This material is available free of

change in PSsolvent interaction parameteypis-soiven) With charge via the Internet at http:/pubs.acs.org.

temperature for different water content, TEM images for
hysteresis experiments, TEM images for isothermal experimentsJA0653019

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1121





