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Core-corona structures of poly(ethyleneoxide)/polybutadiene (PEO/PB) block copolymer micelles are directly
resolved for the first time by examining rapidly vitrified samples by transmission electron microscopy at
liquid nitrogen temperature (Cryo-TEM). Spherical micelles form at higher PEO/PB block volume ratio;
cylindrical form at lower block volume ratio. Images of both shapes of micelles show a dense core and a
diffuse corona. The core and corona sizes agree well with theoretical prediction from the “star” model of
polymer micelles.

Introduction density profile is the central issue of all the theoretical analyses.
The SCF theories, which include lattiéeand continuum

counterparts of ordinary surfactants. Ar-B block copolymer approaqheé,predlct a parabolic densny profile of brushe; on
planar interfacesand a concave profile of those on high-

in a solvent that dissolves A but not B forms aggregates that ture interface®® Block | icell . th
are analogous to surfactant micelles. The micelles are generallycurva ure interfaces-slock copolymer micetiar systems, wi

pictured as spherical objects with two concentric regions: a core eIl unique core-corona structure and spherical or cylindrical
of blocks insoluble in the solvent, and a corona of soluble blocks S"@Pes, are good model systems of brushes on curved interfaces.
swollen by the solvent. The corona amounts to a “polymer Two Ilmltlng structures of the polymeric m!celles are “crew-
brush”23i.e., polymer chains anchored to an interface by their cut” mlcelles,_ Whlph have sh_ort corona chains on a large core,
ends. So constrained, the chains behave differently from and “long-hair” micelles, which have an extended corona and
unconstrained chains that adopt random-walk configurations. & small core. The mean density modehas been used to

Since the pioneering models of polymer brushes on flat @pPproximate the crew-cut micelles; this model rests on the
Surfaces were advancéﬁa major focus Of theorencal analys|s Slmpllflcatlon that polymer Concentration |S constant in bO'[h
has been the brushes on highly curved interfaces. Severatthe core region and the corona redidRigure 1a). The “star
approaches have been used to model these systems, includingnodel” of long-hair micelled,which is based on the scaling
molecular dynamics simulatiofisself-consistent-field (SCF)  model of star polymer¥; shows a power law decay in segment
theories’ 10 and scaling theorie¥:12 The polymer segment  density (Figure 1b); in this model, the extended corona region
is apportioned into shells made up of spherical blobs whose
* Corresponding author. size in successive shells increases geometrically.
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Diblock copolymers can be viewed as the macromolecular
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Figure 1. Models of the A-B diblock copolymer micelle in a selective
solvent which dissolves A but not B. Schematic cross-sections and plots
of monomer volume fractiofvs distance from the micelle center “r".
The core region consists of a melt of B blocks; the corona region
consists of stretched A chains swollen by the solvent. (A) The mean
density model; (B) the star model. The extended corona region is " )
apportioned into shells of blobs. The blob size in successive shells Figure 2. A Cryo-TEM micrograph of 1 wt % aqueous Ef9-Bas
expands geometrically. Within a blob, the polymer resembles a self- diblock copolymer solution. A dark core consisting of PB blocks and

avoiding walk. a corona of PEO blocks is evident. The segment density profile of one
micelle is shown in the inset. The best phase contrast was achieved

TABLE 1: Physical Properties of PEO—PB Block with nominal objective lens under-focus of Oufn. The spherical

Copolymerst micelles are ordered in a fairly regular hexagonal array, presumably in

response to the thickness gradient (from 10 to 20 nm te-300 nm)

f(PEO)= of the biconcave film. Fresnel fringe is indicated by the arrow in the
MpedMiwotat Mpeo  Mps M polydispersity micrograph. . ’ g
EO126—Bas 0.70 5670 2430 8100 1.09
EO166—Bios 0.57 7476 5633 13100 1.09 was prepared, at 25C in air saturated with water vapor, on a
EOs6—Buys 0.51 2499 2401 4900 1.15

perforated carbon film (holes ranging from 1 to L@n in

2 Here the nomenclature adopted is similar to that used with nonionic diameter) supported on a 200-mesh TEM copper grid. The
surfactants, EG-B;, wherei andj denote the number of repeat units.  specimen was then vitrified by plunging it into liquid ethane at

its freezing point. The vitrified samples were mounted on an

The corona (polymer brush) microstructure remains largely Oxford CT-3500 cryo-holder and transferred into a Philips
unclear, despite the experimental attempts by neutron scatter-CM120 TEM with an Oxford work station. Specimens were
ing!>16 and reflectometry/ 18 static and dynamic light scat-  imaged at nominal under defocus of 0.7 terd which provided
tering!®-2! X-ray scattering? ellipsometry?®> AFM,2® and maximum phase contrast. Specimen temperature was maintained
NMR .24 To infer microstructure from these techniques is indirect below —170 °C during sample observation. All images were
in the sense that one has to assume a structural model, calculateecorded with a Gatan 791 MultiScan digital camera and
the expected experimental outcome, and compare this with theprocessed with DigitalMicrograph 3.1. Digital imaging leads
actual experimental result. Moreover, the measured quantity iSto a cleaner vacuum because wet film is not introduced into
averaged over a certain sample volume, making it hard to the microscope, and so no contamination from this source
distinguish between core and corona of individual micelles. condenses on the specimen. High magnification images were
Transmission electron microscopy (TEM) is a good local recorded with as low electron doses as practicable (on the order
structural probe and the only technique that allows real-spaceof 104 electrons/nf) in order to minimize electron-beam
imaging of three-dimensional objects at high resolution; and radiation damage to the specimen.
only rapid vitrification cryogenic TEM (Cryo-TEM) enables A representative micrograph of spherical micelles formed by
model-independent direct imaging of microstructures in liquid EQ;,6—Bys is shown in Figure 2. The micelles are embedded
solution originally at ambient temperatu”sThe corona of in a free span of film of vitreous ice thin enough to be
block copolymer micelles has, however, been believed to be sufficiently “transparent” to the electron beam. A dark core and
invisible to Cryo-TEM because of its low electron density and surrounding halo are evident and are confirmed by the optical
thus low contrast® Here we report the first direct imaging of  density profile. Whereas the dark core corresponds to a PB
the core-corona structure of polymeric micelles. domain, the halo must correspond to extended PEO chains that

Poly(ethyleneoxidds-butadiene) (PE©PB) diblock copoly- scatter electrons more strongly than water ice but less so than
mers with various PB and PEO block lengths (Table 1) were densely packed PB chains. Judged by its width and optical
synthesized by anionic polymerization and characterized asdensity, the halo cannot be a Fresnel fringe (as indicated by
described elsewhef@ Agueous solutions of each polymer (1 the arrow in the micrograph). This was borne out by thru-focus
wt %) were prepared with water from a Millipore UV coupled serial imaging: as the defocus is varied from under-focus to
with a Millipore Q water purification system. Sample solutions on-focus, a Fresnel fringe fades and finally disappeérs the
were equilibrated for 1 month, after which they all appeared halo remains (not shown). The density profile of one micelle is
bluish, but no precipitation or floc could be detected by the shown in the inset; it was converted from gray scale optical
naked eye. A 16200 nm thick liquid film of sample solution  density of the image by DigitalMicrograph 3.1 on the assump-
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Figure 3. Cylindrical micelles formed in 1 wt % aqueous &@- Figure 4. Long cylindrical micelles formed when PEO/PB volume
Bios solution. The smaller PEO/PB volume ratio favors the cylindrical yatio was further reduced to E©-Bus. The alignment of the micelles
geometry. Core-corona structure is again evident at an under-focus ofy5¢ presumably in response to the thinness (around 10 nm) of the thin
0.7 um. vitreous ice film in which the micelles were suspended.

tion that the optical density is proportional to chain concentration ) . .
density. It is noteworthy that the density falls smoothly at the E’QE(I)‘E 2. Comparison of Core to Total Core —Corona Size

edge of each micelle, not abruptly as a step in the star and mean

density models. Another feature of the micrograph is that the experimental star model mean
spherical micelles are ordered in a fairly regular hexagonal array. values ReodRota density model
Presumably this ordering is in response to the thickness gradient ReordRoal  spherical  cylindrical  ReordRotal

of the biconcave film which is about H#20 nm thick in the EOu26—Bas 0.31 0.293 0.189 0.123
center (upper part of the Figure 2) and 2(BD0 nm thick at EOu66—Bu1os 0.32 0.359 0.290 0.146
the edge of the hole (lower part in Figure 2) it spans in the EOss—Bas 0.43 0.477 0.426 0.236

support film. That is, micelles are forced away from the thin
central region and segregate toward the thicker edge. They everRotal [ N> Neo*s, and by the “star model” of spherical
overlap (in the trajectory of the electron beam) in the thickest micelles: Reore 0 Npe®5, Reotar [ Npg*25 Neo®; and of
part of the perimeter, which results in the seemingly fused cylindrical micelles: Reore ] Neo™/2Npg", Reotal [ Npg® Neo!
corona regions of some of the adjacent micelles in the lower The scaling relationship of cylindrical micelles formed by an
part of Figure 2. Presumably the hexagonal array formed in A—B diblock copolymer can be derived similarly to that of
response to the repulsion between the micelles. The interactionspherical micelles by employing corresponding expressions of
potentials between polymer brushes on spherical interfaces werdree energy contributions (core, corona, and interface) in
calculated to be steeply repulsive; those of long-hair micelles cylindrical configurations. Th&Rcore and Rotal Probably share
are found to be close to hard sphet®@rdered arrays of either ~ the same prefactor, as has been assumed here. However, the
body-centered cubic (BCC) or face-centered cubic (FCC) prefactors are not known and they probably differ from
symmetry have been observed to form in polymeric micellar copolymer to copolymer.
systems at moderate solution concentratf@i$e core diameter As expected, the star model agrees better with the TEM
and the total micelle diameter including the extended corona measurements than the mean density model. That it agrees as
determined from the density profile are 351 nm and 48+ 1 well as it does, despite the star model’s assumption thakNB
nm, respectively. The narrow distribution of the micelle size NA, suggests that the scaling relationship from the star model
agrees well with the predictiorf8. may apply to a broader range of copolymer block size. The
Similar to surfactant aggregation, reducing the volume ratio predictions of the star model do fall a little short of the
of PEO (the “head group”) gives rise to smaller interfacial experimental values. Among possible reasons are finite molec-
curvature, driving the transition from the spherical to cylindrical ular weight effects and the scaling models’ assumptions that
micelles or even lamellar structure (not shown). Figure 3 shows all chain ends are located at the same height and fluctuations
a typical micrograph of the EO16@104 solution. The core in chain extension can be ignored. End segments extending
corona structure is evident. The core diameter istl&; the beyond the average brush height incur a lower energetic penalty
total diameter is 4% 1 nm. EO56-B45 also forms wormlike than the middle segments, so that the chain ends form a “tail”
micelles (Figure 4), with a core diameter of 201 nm and region in the segment density distributi#filhe tail region can
corona thickness of 1:& 1 nm. With these data, the theoretically be seen in the density profile measured directly from a TEM
predicted scaling relationship between core and corona dimen-micrograph (inset of Figure 2). Furthermore, the star model takes
sions can be tested directly. In Table 2, the experimentally into account neither the configurational entropy of the PB chains
observed core and corona sizes are compared with thosenor the localizaton of A B joints at the core interface. To our
predicted by the “mean density modéf’yiz., Reore 0 Npp?3, knowledge, no self-consistent-field (SCF) analysis has predicted
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