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ABSTRACT: A size distribution of a binary mixture of polystyreb&sck-poly(4-vinylpyridine) (PS-P4VP)

diblock copolymer micelles was investigated mainly by transmission electron microscopy. A single-layered film
of PS-P4VP micelles fabricated by spin-coating enabled a precise measurement of the micellar size. Depending
on the mixing protocols, a mixture of pristine small and large micelles or a mixture of pure small micelles and
hybridized micelles were formed due to the difference in the kinetics of micelle formation between the copolymers
having short and long insoluble P4VP blocks. In addition, the kinetically frozen micelles excluded further evolution
of the micelles produced. We also demonstrated feasible creation of an ordered array of copolymer micelles with
the mixing protocol which produced nonhybridizing micelles.

Introduction block size and its ratio between two dissimilar copolyniérg?
In selective solvents that dissolve only one of the blocks, By hybridization, formation of interesting morphologies such

diblock copolymers self-associate into micelles with corona of 8 hamburger-like and octopus-like micelles was recently
the soluble block and cores of the insoluble bldckhe size  'eportedi?*%in which the importance of the kinetic aspects on
and structure of micelles are affected by the chemical affinity the formation of micelles was explained. _
of each block to the solvent, the chemical miscibility between  In this article, we investigated size distributions of diblock
the blocks, the molecular weight of each block, and the ratio COPolymer micelles in mixtures by different mixing protocols.
between the blocks:3 Depending on the polarity of solvent, A smgle-layered film of dlbl_ock copolymer mlc_elles in dry state
either normal micelles with the more polar block as soluble Was examined by transmission electron microscopy (TEM),
corona or inverse micelles with the less polar block as soluble Which provided not only precise measurements of micellar sizes
corona can be formed3 without overlapping of micelles but also practically applicable
With respect to potential applications of diblock copolymer configuration for in situ synthesis of an array_of ngno_par_ticles
micelles, they can solubilize otherwise insoluble substances in N the substrate** By the TEM analysis, the size distributions
the cores so that they can be suitable for colloidal stabilization, ©f diblock copolymer micelles in the mixtures showed either a
drug delivery, nanoreactors of particle synthesis, and o 8n. simple mixture _of pristine smal_l_and Iarge_njncelles_ or a mixture
For example, we recently demonstrated that arrays of functional of pure small m|celles_ a_nd additional hybridized mlcc_elles, which
nanoparticles were effectively fabricated by utilizing single- depended on the mixing procedure. The formation of pure
layered films of diblock copolymer micellésit micelles and hybridized micelle was explained by the difference
In addition to practical applications of micelles consisting of N the kinetics of micelle formation between the copolymers
a single kind of diblock copolymers, dependences of the h_aV|r_19 short and I_ong insoluble core blocks. I|_1 addltlc_)n, the
aggregation number of copolymer molecules per micelle and kinetically frozen micelles excluded further evqu'Flon of micelles
the size of micelles on the chemical structure and molecular Produced. We also demonstrated feasible creation of an ordered
weight of each block have been relatively well characterizéd. ~ array of copolymer micelles with the mixing protocol which
For a mixture of two dissimilar diblock copolymers in a selective Produced nonhybridizing micelles.
solvent, however, fundamental studies on their micellization
have been started in recent years. For example, in a binary
mixture of diblock copolymers having different molecular Two dissimilar polystyrene-poly(4-vinylpyridine) diblock co-
weights and size ratios between the blocks but the samepolymers were purchased from Polymer Source Inc. The number-

chemical structures, there have been reports on formation of@verage molecular weights of PS and P4VP in the diblock

only hybridized micelles of two dissimilar copolymer molecules C‘/jnaglﬁ/ Tg d:Cr;.Otgld bl);:SéslBC)iTsPAg/rz'(tS) ."r“’gée Szaiog %/sm%l'r?g%?r?go
or formation of pure micelles of identical copolymer molecules gibloék cogolyxerydeno?edyb;/ ES(2|(¥)-IP4V)I(389) héd fhe number-
as well as hybridized micelles, depending on differences of the average molecular weight of 20 000 and 19 000 g/mol for each

block with a polydispersity index of 1.09.
* Corresponding author. Telephoné:82-2-883-2154. Fax:-82-2-889- To make solutions of copolymer micelles, PB4VP diblock
1568. E-mail: bhsohn@snu.ac kr. . _ copolymers were added to toluene (typically 0.5 wt %), a strongly
Department of Chemistry, NANO Systems Institute, Seoul National selective solvent for the PS block. and stirred foh at room
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* Department of Materials Science and Engineering, Polymer Research temperature and for additiohh at 80 (_:' and then (_:00|ed down
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independently prepared solutions of each micelle were mixed at s, 0% 000 000
room temperature and then stirred foh atroom temperature and "‘%‘lf."ﬁ
for additiond 8 h at 80°C. For a mixture from a powdery state, ¥ ™ s..'.o .%.".1

L . . X o % L] (L) re My
two dissimilar diblock copolymers in a powdery form were first '\_ - _‘.“.0 o9
mixed and added together into toluene and then stirre@ fo at ALY o...‘
room temperature and for additidrah at 80°C. For a mixture “.‘ .:'. ]
from a blended state, a film of two copolymers were slowly cast ‘%‘ ‘.. ..:':.:O.
from a dimethly formamide (DMF) solution, which is a good solvent EhE o_.'.!.oo..:tz‘
for both PS and P4VP blocks. The solvent-cast film was annealed gz ‘! * ‘-,u!: :'.
in a vacuum oven for 4 days at 2FC. The blended film was ; v@f’ AR si g .0‘53...‘.0:-
added into toluene and stirredrfd h atroom temperature and for 2 ;ﬁ'ﬂzfﬁ:"@‘;’-ﬁ e2%¢. 100 nm

additiona 8 h at 80°C. Mixture solutions by different mixing igure 1. TEM images of single-layered films of PS4VP mi-

protocols were coole.d down to room temperature after stirring at cejles: (a) small micelles of PS(33P4VP(8); (b) large micelles of
80°C. The weight ratio between two diblock copolymers was kept PS(20)-P4VP(19). P4VP cores were stained with |

at 1:1 for all mixture solutions, irrespective of the mixing method.

From toluene solutions of micelles, thin films were spin-coated on we can expect that the core radius of PS{ZP}VP(19) micelles
freshly cleaved mica substrates. A single-layered film ofP8VP is greater than that of PS(33P4VP(8) micelles because of a

micelles was obtained typically at 3000 rgni! .
For plane-view images in transmission electron microscopy longer core-forming P4VP block of PS(20P4VP(19).

(TEM), a single-layered film of copolymer micelles was floated 1 EM images in Figure 1 clearly show that the core of PS-
off from the mica substrate onto deionized water and collected on (20)~P4VP(19) micelles was larger than that of PS(33#VP-

a carbon-coated TEM grid. For a cross-sectional TEM image of a (8) micelles. P4VP blocks were selectively stained withrid
blended film of two copolymers, the film was embedded in epoxy appeared as dark cores. It should be noted that micellar films
resin, and thin sections (ca. 80 nm thick) were obtained using a shown in Figure 1 were in dry state without solvent. But the
RMC MTX uItramicrotomQ with a diamond knife. All TEM samples  aggregation number and the core size could not be different
were exposed to;vapor in a sealed glass vessel h atroom _  from those in solution state because the micellar film was in a

temperature to selectively stain the domains of P4VP blocks. TEM \inetically frozen state by fast solvent evaporation during spin-
was performed on a Hitachi 7600 operating at 100 kV. An image . ino and also the solubility of the P4VP block in toluene
analysis software was used to obtain an average size and distribution -
of stained cores from TEM images. was ntelg'ble' . .

Small-angle X-ray scattering (SAXS) measurements were per-  For the radius of micelle, the corona size should be added to

formed by the synchrotron X-ray radiation source at the 4c1 the core radius. The corona dimensioBp) for starlike

beamline of Pohang Accelerator Laboratory, Pohang, K&&he molecules in good solvents scalesDas~ Z°2Ng%.23 The ratio
X-ray wavelength used was 1.608 A. of D, between PS(33)P4VP(8) and PS(26)P4VP(19) is close

) ) to the unity. Thus, the radius of P®4VP micelles in this study
Results and Discussion can be directly proportional to the core radius. We are going to

In toluene, a selective solvent for the PS blockP2VP call PS(33)-P4VP(8) micelles as small micelles and PS¢20)
diblock copolymers spontaneously associate into spherical P4VP(19) as large micelles. It should be noted that the corona
inverse micelles consisting of a soluble PS corona and ansize observed as the spacing between micelles in the TEM
insoluble P4VP coré3 For the simplicity, micelles instead of ~ images of Figure 1 was much smaller than that in solution state
inverse micelles will be used to describe -F4VP inverse because of absence of solvent molecules and overlapping of
micelles in toluene. The size of spherical micelles is related to corona blocks.
the aggregation number); the number of copolymer molecules A single-layered film of PSP4VP micelles fabricated by
per micelle, which depends on the degree of polymerization of the spin-coating method enabled precise measurements of the
each block. In general, the aggregation number for amphiphilic core size because there was no overlapping of micelles. Accurate

molecules can be expressed-ty evaluation of micellar sizes is necessary to judge the formation
of hybridized micelles in binary mixtures. Hybridized micelles
7= ZO(NA“NB*/’) (1) of copolymers having two different molecular weights usually

show an intermediate micellar size compared to small and large

where Na and Ng are the degree of polymerization of the Micelles of single-type copolymer molecufés.” 1922 Dis-
insoluble core and the soluble corona block, respectively. For tributions of the core size of P34VP micelles from much

all kinds of micellar systems, the exponentsindj are close  larger areas than the images of Figure 1 are shown in Figure 2.
to 2.0 and 0.8, respectively. Particularly for the BIVP/tolune ~ The size distributions were not changed even after prolonged
system, the experimental valuescof= 1.93 and3 = 0.79 were  (longer than 1 week) storage. The average core diameters of
reportec®3 The parameteiZ, is related to thermodynamic ~ Small and large micelles were 9.2 and 33.9 nm, respectively.
guantities such as an interaction parameter and a local packing First, we prepared a binary mixture of PB4VP micelles
parameter, and was reported as 1.66 for the P&/P/toluene  from a micellar state by mixing independently prepared solutions
systen® The space filling condition for the core yields the ©f small and large micelles. This mixing protocol was also called

simple relation between the aggregation numi@rand the ~ as “postmixing™2'® The size distribution of micelles was
radius of the insoluble coreRy). examined from their single-layered films to investigate whether

hybridized micelles between two dissimilar diblock copolymers
were formed or not. From the TEM image shown in Figure 3a,
micelles having two different core sizes were clearly distin-
guishable. The size distribution of cores of the mixture of small
wherewva is the molar volume of core monomers. From egs 1 and large micelles from much larger area than the image of
and 2, the aggregation number and the radius of cores increasd-igure 3a is shown in Figure 4a. The size distribution clearly
as the degree of polymerization of core blocks increases. Thus,exhibited two maxima with the average core diameters of 9.1

4
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1000f A typical TEM image of a single-layered film of this mixture
is shown in Figure 3b, almost identical to that of the mixture
800 from a micellar state shown in Figure 3a. Two different sizes
® [sool of micelles were clearly discernible again and not changed after
£ extended stirring at room temperature. The size distribution of
S 400} cores of the mixture shown in Figure 4b revealed two maxima

with the average core diameters of 8.6 and 33.4 nm, which are
almost the same as those in the mixture from a micellar state
in Figure 4a. The size distribution was again basically a

combined size distribution of pure PS(334VP(8) micelles

200+

20 30 40

0 10
Diameter (nm) and pure PS(26)P4VP(19) micelles in Figure 2. This result
also implies unfavorable hybridization of PB4VP copolymers
1000 b having two dissimilar molecular weights into the same micelle
sooll &) from a powdery state.
Although both mixtures from a micellar state and from a
2 600r powdery state showed a bimodal size distribution, the kinetics
. of the micelle formation in toluene should be considered to
Q400 explain the bimodal distribution in the mixture from a powdery
2001 state. When two copolymers are mixed in a powdery state, two
copolymers cannot be mixed at the molecular level and simply
0 I - exist separately. Thus, the micelle formation from the mixed

powder of two copolymers can be mainly affected by the
kinetics of the micelle formation of each diblock copolymer.

Since PS(33)yP4VP(8) copolymers have a relatively short
P4VP block, they can form micelles in toluene at room
temperature. The formation of micelles of PSE@BYUVP(8) at

and 34.0 nm, which were not changed after prolonged stirring foom temperature was verified by the SAXS measurement
at room temperature. If hybridized micelles were formed by (Figure 5a), in which the characteristic peak of micelles (marked
incorporation of two dissimilar diblock copolymers into a single by the arrow) was observed at room temperature. In contrast,
micelle, population of micelles having an intermediate size PS(20)-P4VP(19) having a longer P4VP block remained as a
between small and large micelles would be increased in the sizePowdery form in toluene at room-temperature even after pro-
distribution. However, the size distribution of cores of the longed stirring, and no discernible peak in the SAXS profile
mixture in Figure 4a was almost the same as a combined sizewas observed at room temperature (Figure 5b). When PS(20)
distribution of pure PS(33)P4VP(8) micelles and pure PS- P4VP(19) copolymers in toluene were stirred at the elevated
(20)—-P4VP(19) micelles shown in Figure 2, implying that temperature, the solution became clear, indicating the formation
hybridization of small and large micelles was not favored. ~ ©of micelles. After the micellar solution of PS(20P4VP(19)
When two dissimilar diblock copolymer micelles having had cooled down to room temperature, the clear solution was
different molecular weights but the same chemical structures Maintained. The characteristic peak of PS(2R#VP(19) mi-
are mixed, hybridized micelles can be formed by mechanisms celles were observed after heating the solution and also after
of the fusion-fission and/or the unimer (a single molecule not ¢0oling down to room temperature (Figure 5b). Thus, in the
associated in micelles) transfér4 For fusion and fission of ~ case that two copolymers of PS(33)4VP(8) and PS(26)
micelles, i.e., small micelles integrate into a large one and a P4VP(19) were simply mixed from a powdery state, micelles
large micelle disintegrates into small ones, redistribution of Of PS(33)-P4VP(8) were formed at room temperature, whereas

Diameter (nm)

Figure 2. Size distributions of the cores of P®4VP micelles shown
in Figure 1: (a) small micelles; (b) large micelles. The actual counts
were obtained from larger areas than the images of Figure 1.

copolymer chains among micelles is necessary. Fori8/P

the micellization of PS(26yP4VP(19) did not proceed at room

micelles in toluene, however, insoluble glassy P4VP cores would temperature.

not allow redistribution of PSP4VP molecules among micelles.
Thus, hybridization of small and large PB4VP micelles would
not occur by the fusionfission process. On the other hand,

Figure 6a shows a TEM image of the copolymer mixture from
a powdery state only after stirring at room temperature without
heating. Small micelles of PS(33P4VP(8) with dark P4VP

the unimer transfer mechanism that a molecule extricates fromcores were clearly discernible, whereas no large micelles of PS-
one micelle and reenters to other micelles can also result in (20)—-P4VP(19) were observed. Instead, there were undefined

hybridized micelles. However, in toluene solutions of ARIVP

aggregates that did not form micelles. When the mixture were

micelles having a reasonable length of P4VP blocks, an heated, micelles of PS(20P4VP(19) were also formed. Thus,
extremely small number of unimers or even no unimers could micelles of PS(33)P4VP(8) were first formed at room tem-

exist due to the negligible solubility of P4VP block in toluehe.
Therefore, hybridized PSP4VP micelles could not be formed
by the unimer transfer. Thus, the hybridization did not occur in
the mixture of two PSP4VP copolymers prepared from a
micellar state.

The second mixing protocol was to prepare a mixture of
diblock copolymer micelles from a powdery state. TwoPS
P4VP copolymers in a powdery form were simply mixed and

perature, and then PS(20p4VP(19) were micellized at the
elevated temperature, resulting in the bimodal distribution of
micelles shown in Figure 3b. The different temperature depen-
dence of the micelle formation between PSEB%VP(8) and
PS(20)-P4VP(19) resulted in the bimodal size distribution of
micelles without hybridization when they were simply mixed
from a powdery state. Once the micelles of two different sizes
were formed, they remained stable without further hybridization

added together into toluene, and allowed to form micelles by because of the lack of the fusion/fission of micelles and the
stirring at room temperature and at the elevated temperature.unimer transfer as explained in the case for the mixture from a
Then the mixed solution was cooling down to room temperature. micellar state.
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Figure 3. TEM images of single ixtures: (a) from a micellar state; (b) from a powdery state; (c) from a blended state.
P4VP cores were stained with |
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Figure 5. Temperature dependence of SAXS profiles for diblock
400 copolymers in 0.5 wt % toluene solutions: (a) PS3BXVP(8); (b)
PS(20y-P4VP(19).
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Figure 4. Bimodal size distributions of the cores of micelle mixtures
shown in Figure 3: (a) from a micellar state; (b) from a powdery state; P4VP(8) and PS(28)P4VP(19) copolymers. From the peak
(c) from a blended state. The actual counts were obtained from largerpositions in SAXS and the image in TEM, the morphology can
areas than the images of Figure 3. b . e .
e neither cylindrical nor lamellar but can be considered as a

The third mixing protocol was preparing a mixture of diblock distorted bicontinuous phase, which was often observed in a
copolymer micelles from a blended state. This mixing protocol blend of diblock copolymer&
was also called as “premixindg®'®> Two copolymers were The blended film, in which two copolymers were molecularly
homogeneously dissolved in a good solvent for both PS and mixed, was added to toluene and allowed to form micelles in
P4VP blocks. Then, a bulk film was cast from the solution. the same condition as before, i.e., stirring at room temperature
Since the molecular weight ratio of two copolymers is smaller and at the elevated temperature, and then cooling down to room
than 5125 two copolymers can be miscible, i.e., mixed at the temperature. In the TEM image of a single-layered film of this
molecular level, and can form a single morphology without mixture (Figure 3c), apparently small and large micelles were
macrophase separation in a blended film, which was confirmed discernible again, but large micelles showed a broader size
by SAXS and TEM results. In the SAXS profile of a blended distribution than those in the previous cases, which can be
film of PS(33)-P4VP(8) and PS(26)P4VP(19) (Figure 7a), clearly visualized in the size distribution of cores of micelles
the multiple-order reflections indicated an ordered single shown in Figure 4c. The size distribution of cores of small
morphology. The TEM image of Figure 7b also revealed a single micelles in this mixture (the average core diamete®.3 nm)
morphology without a macrophase separated region of PS(33) was not much different from that of pure PS(3®4VP(8)
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Figure 7. Blend of PS(33)}P4VP(8) and PS(26)P4VP(19): (a)
SAXS profile; (b) TEM image. In the TEM image, P4VP blocks were
stained with 4.

micelles. However, the size distribution of cores of large
micelles was shifted to the lower values and became broader.
In other words, the population of micelles having a size
intermediate between small and large micelles was increased.
The average core diameter in this intermediate population was

(c) Mixture from a blended state

27.2 nm. The intermediate micelles between small and large \,%Vv?’nwfv\v/\ "fx

micelles implies incorporation of two copolymers of PS(@33) OR7 SRA —
P4VP(8) and PS(26)P4VP(19) into the same micelle, i.e., the AR/ ALK+ Ao
hybridization. Thus, in the micellar mixture induced from a PN SAAY AV
blended state, there were pure small micelles of PS{B3)/P- \/f\/\%\""x

(8) and hybridized micelles of PS(33P4VP(8) and PS(26)
P4VP(19). Figure 8. Schematics of the evolution of micelle mixtures: (a) from
To explain the formation of pure micelles and hybridized a micellar state; (b) from a powdery state; (c) from a blended state.
micelles in the mixture of copolymers from a blended state,.i.e. copolymers first form small and large micelles in each solution.
from a molecularly mixed state, the kinetics of the micelle Then, mixing of two micelles yields a bimodal distribution of
formation should be considered again. As the case of the micellesmall and large micelles because of no mechanism for the
formation from a powdery state, micelles of PSE@BYUVP(8) hybridization due to the extremely poor solubility of the P4VP
can be formed at room temperature but micelles of PS{20) block to toluene and the glassy nature of the P4VP core at room
P4VP(19) can be formed only at the elevated temperature. Thustemperature. Figure 8b shows the schematic evolution by the
by stirring the blended sample in toluene at room temperature, mixing protocol from a powdery state. Two copolymers mixed
PS(33)-P4VP(8) formed micelles but micelles of PS(20) in a powdery state exist separately without mixing at the
P4VP(19) were not formed yet. In the TEM image of the molecular level so that they can form micelles independently.
copolymer mixture from a blended state obtained only after Thus, small micelles of PS(33P4VP(8) having short P4VP
stirring at room temperature without heating (Figure 6b), small blocks are first formed at room temperature, and then large
micelles without large micelles were observed as in the case of micelles of PS(20)P4VP(19) having long P4VP blocks are
the mixture from a powdery state. However, the number of small formed at the elevated temperature, resulting in the bimodal
micelles was smaller than that from a powdery state (Figure distribution of micelles. In the micellization from a blended state
6a), implying that disintegration of PS(33P4VP(8) copoly- (Figure 8c), two copolymers initially form a single morphology
mers from the molecularly mixed state with PS(284VP- mixed at the molecular level. At room temperature, small
(19) copolymers could be limited due to the entanglement micelles of PS(33YP4VP(8) are first formed as the case of
between two copolymers. In the TEM image (Figure 6b), there mixing from a powdery state. But some of PS(384VP(8)
were large numbers of wormlike dark aggregates of stained still remain mixed with PS(20)P4VP(19) due to the difficulty
P4VP domains, which could be formed by mixtures of two in disintegration from the molecularly mixed state. At the
copolymers. When the mixture were heated at the elevatedelevated temperature, both copolymers initially mixed at the

temperature where PS(20p4VP(19) can form micelles, both

PS(20)-P4VP(19) and PS(33)P4VP(8) copolymers were

incorporated into the same micelle because they initially existed
together in the molecularly mixed state. The incorporation of
both copolymers into the same micelle resulted in the hybridized
micelles with the intermediate micellar size. Once pure small
micelles and hybridized micelles were formed, they remained

molecular level are incorporated into the same micelle and form
the hybridized micelles. Thus, there are pure small micelles and
hybridized micelles of two copolymers.

The result in the mixture from a blended state was apparently
different from the observation of only hybridized micelles or
two pristine micelles without hybridization when micelles were
prepared by the premixing protocol, i.e., mixing from a blended

stable because of the lack of the exchange mechanism ofstate!215 In the report of only hybridized micelles formed,
copolymers between micelles as explained in the previous caseshowever, two copolymers were able to form micelles at the same

The schematics in Figure 8 summarize the evolution of
micelle mixtures by three different mixing protocols. In the
illustration, PS(33)P4VP(8) and PS(26)P4VP(19) are colored
as gray-blue and grayred copolymers, respectively. In the
case of the mixture from a micellar state (Figure 8a), two

temperaturé® which can be a similar situation to the formation
of hybridized micelles at the elevated temperature in the last
stage of the micelle formation from a blended state if small
micelles already formed were not considered (Figure 8c). In
the report that two pure micelles were formed without hybrid-
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Figure 9. TEM image of an ordered array of small and large micelles

from a single-layered film of the micelle mixture. P4VP cores were
stained with }.

ization, two copolymers were not mixed molecularly at the

beginning although they were mixed by a good solvémthich

was analogous to the mixture from a powdery state (Figure 8b).
Thus, the results in this study were in agreement with the

Macromolecules, Vol. 40, No. 23, 2007

distribution of micelle mixtures from two dissimilar diblock
copolymers. Depending on the mixing procedure, a mixture of
pristine small and large micelles or a mixture of pure small
micelles and hybridized micelles were formed because of the
difference in the kinetics of micelle formation between the
copolymers having short and long insoluble P4VP blocks. In
addition, the kinetically frozen micelles excluded further evolu-
tion of the micelles produced. The different micelle formation
by changing the mixing protocol implied that it was difficult to
reach overall equilibrium in the micellar system investigated,
mainly because of the lack of the copolymer exchange between
micelles. With the nonhybridizing mixing protocol, feasible
creation of an ordered array of small and large copolymer
micelles in the single-layered film was introduced. The ordered
array can be used for a nanostructured template to locate two
different types of nanopatrticles in a specific arrangement.
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