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ABSTRACT: Tetrahydrofuran (THF) and acetonitrile (AN) are good and poor solvents for poly(2-
cinnamoylethyl methacrylate) (PCEMA) and polystyrene (PS). Their mixtures with AN volume fractions
between 80% and 93% are precipitants for PS but slightly solubilize the PCEMA block of a polystyrene-
block-poly(2-cinnamoylethyl methacrylate), PS-b-PCEMA, sample with 380 styrene and 210 CEMA units.
Immediately after the addition of AN to a THF solution of the diblock, spherical particles with PCEMA
shell and PS core are formed due to phase separation. The core-shell particles then grow in size,
presumably mainly due to particle coalescence, and transform into the more complex egglike, onionlike,
and berrylike particles in THF/AN with 80%-90% AN before precipitation in several weeks. In THF/AN
with 93% AN, no structural mutation is seen in 1 week after the formation of the spherical particles
despite eventual polymer precipitation. This resistance of the spherical core-shell particles to morphologi-
cal transitions may be due to the locking in of the PS core in a glassy state.

I. Introduction

A polymer solution undergoes phase separation if the
solvation power of the medium degrades sufficiently. Of
the two phases, one is rich in polymer and the other in
solvent. Polymer phase separation occurs via either the
spinodal decomposition or the nucleation and growth
mechanism.1,2 Phase separation via spinodal decomposi-
tion is typically fast where both phases approach their
equilibrium concentrations “simultaneously” and occurs
due to the sudden and drastic worsening of the solvation
medium. Phase separation takes place by nucleation
and growth if the solvent is only slightly worse than Θ
condition or the system is in the metastable region. Such
phase separations are slow and characterized by particle
nucleation, growth, and coarsening stages. During such
phase separation, one phase always has equilibrium
concentration, and the other phase may be supersatu-
rated or “undercooled” initially. Polymer precipitation
occurs after the phase-segregated polymer particles or
microdomains coarsen into macroscopic particles and
settle. Traditionally, solution phase separation studies
have been concerned with homopolymers. When nucle-
ation and growth are invoked, the growth of the
particles can be followed using optical microscopy.3-6

The sudden immersion of a concentrated polymer film
into a nonsolvent and the subsequent polymer phase
separation by spinodal decomposition have served as the
basis for the production of many membranes.7

My group has been interested in morphologies8-10 of
diblock copolymer micelles formed in block-selective
solvents or solvents that solubilize one but not the other
block of a diblock copolymer. This normally involves
dissolving a diblock copolymer in a mutual solvent for
both blocks and then adding a block-selective solvent
to induce micelle formation. When studying the micelle
morphologies of polystyrene-block-poly(2-cinnamoyleth-
yl methacrylate) or PS-b-PCEMA, we accidentally added
a precipitant, acetonitrile (AN), for both PS and PCE-
MA, instead of a block-selective solvent into a THF

solution of this diblock. We observed the eventual
precipitation of the polymer in several weeks. The more
interesting aspects have been in the observations made
before the polymer precipitated. Immediately after the
addition of AN to the AN volume fractions between 80%
and 93%, dense spherical PS-b-PCEMA particles with
PS core and PCEMA shell, resembling spherical micelles
structurally, were formed. The particles then grew and
coarsened in THF/AN with AN between 80% and 90%
probably via the fusion of different particles into the
more complex egglike, onionlike, and berrylike particles.
In THF/AN with 93% AN, no structural mutation is seen
in 1 week after the formation of the spherical particles.

Reported in this paper is the structural clarification
of the intermediate particles formed before their pre-
cipitation. This study is important because it represents
the first report of diblock particle morphological evolu-
tion before precipitation. It is important also because
the variously shaped intermediates should be very
useful as precursors to novel polymeric nanostruc-
tures.11

II. Experimental Section
Sample Preparation. A polymer with 380 styrene and 210

CEMA units was used in this study. The precursor to PS-b-
PCEMA was synthesized by anionic polymerization as de-
scribed previously.12,13 The sample was characterized by GPC,
NMR, and light scattering, and the characterization results
of the polymer are shown in Table 1.

For precipitation studies, THF and AN were dried overnight
over molecular sieves. PS-b-PCEMA was dissolved in THF. AN
was then added to the AN volume fractions of 80%-93%. In
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all experiments, the final polymer concentration was at ∼1.0
mg/mL. Particle cross-linking was achieved by irradiating well-
stirred samples, 100 mL, with light that had passed a 260 nm
cutoff filter from a 500 W mercury lamp.14 At various times,
2.0 mL was taken from the irradiated solution. Of the 2.0 mL,
0.200 mL was used for CEMA content analysis spectrophoto-
metrically at 274 nm. The rest was blown dry with nitrogen
and then dissolved in 0.30 mL of THF for GPC analysis. GPC
was performed with a Waters HT-4 column using THF as
eluant.

Transmission Electron Microscopy. Solution samples
were sprayed using a home-built device (Figure 1). Several
drops of a solution were added into a tube containing a
capillary open end and a male ground joint close to the other
end.15 The tube was inserted into a socket with a female
ground joint at one end. The length of the inserted tube was
so adjusted that its capillary end just reached the narrow end
of the socket. As the solution dripped out of the capillary, air,
which was introduced from the sidearm of the socket and
gushed out of the exit, broke the fine droplet from the inner
tube and brought the particles into contact with a carbon-
coated copper grid. Sprayed particles were stained with OsO4

vapor overnight. For routine TEM experiments, a Hitachi-7000
transmission electron microscope (TEM) was operated at 100
kV. For observing a specimen at different TEM sample stage
tilting angles, a Zeiss EM902 instrument was used.

Because of the large size, berrylike particles were sectioned
for their internal structure examination by TEM. To ensure
the integrity of the particles during TEM specimen prepara-
tion, a solution, in THF/AN with 80% AN 53 h after AN
addition, was irradiated with UV light to achieve a PCEMA
double-bond conversion of ∼30%.23 The berrylike aggregates
were then centrifuged out, dried, and embedded in an epoxy
resin. The epoxy resin was cured at 60 °C for 1 day before the
embedded sample was sectioned to 50 nm thick slices and
stained with OsO4 vapor overnight.

Light Scattering Measurements. Aggregates were pre-
pared in the light scattering cells using filtered solvents for
dynamic light scattering analysis. The solutions were not
filtered or centrifuged before a measurement to avoid the
removal of large particles. The measurements were conducted
at a scattering angle of 90° using a Brookhaven model 9025
instrument equipped with an argon ion laser operated at 488
nm. The data were analyzed following the method of cumu-
lants to obtain the hydrodynamic radius, Rh.16 The viscosities
of THF/AN with 80%, 90%, and 93% AN determined using a
Cannon Ubbelohde type viscometer are 0.356, 0.351, and 0.350
cP, respectively.

The change in the relative scattered intensity of a sample
as a function of time was monitored using a fluorometer. In

this case, the excitation and emission wavelength were both
set at 630 nm, and the excitation and emission slits were
narrow to avoid signal saturation. The mixtures were prepared
in a triangular cell so that the scattered intensity could be
measured using the front-face mode.

III. Results and Discussion

Overall Pattern of Diblock Phase Segregation
and Particle Growth. The water content in THF and
AN had much influence on the phase segregation
behavior of the diblock copolymer. When prepared using
THF and AN directly taken out of bottles in the
laboratory, the diblock copolymer was found to settle
from THF/AN with 80%-93% AN within hours. Phe-
nomena reported here are for mixtures prepared using
THF and AN dried over molecular sieves overnight.

Immediately after the addition of AN dried over
molecular sieves to a THF solution of the diblock, a
mixture with a bluish tint appeared. Electron micro-
scopic studies revealed the formation of spherical par-
ticles with PS core and PCEMA shell (Figures 2a and
3a). In THF/AN with 80% and 90% AN, the particle
grew which was accompanied by morphological changes
as illustrated in Figures 2a-d and 3a-d. While parts
a-d of Figure 2 are TEM images obtained for the
particles produced in THF/AN with 90% AN 5 min, 5,
23, and 53 h after AN addition, parts a-d of Figure 3
are particles prepared in THF/AN with 80% AN 20 min,
1, 23, and 53 h after AN addition. In THF/AN with 90%
AN, the spherical particles evolved to egglike (Figure
2b) and then to onionlike and berrylike particles (Figure
2d). In THF/AN with 80% AN, egglike particles were
never the dominant intermediate. The core-shell spheri-
cal particles seem to evolve directly into onionlike
(Figure 3c) and then berrylike (Figure 3d) particles. In
THF/AN with 93% AN the majority of the spherical
particles did not mutate in 120 h as shown by electron
microscopy.

The quick formation of spherical particles after AN
addition and the subsequent particle morphological
evolution were also confirmed by dynamic light scat-
tering results. The diblock had a hydrodynamic radius,
Rh, of 6.5 nm in THF, and the next Rh value we could
measure soon enough after AN addition was ∼25 nm.
In THF/AN with 80% AN, the Rh values of the particles
as illustrated in Figure 4 increased rapidly with time,
suggesting the fast formation of large onionlike or
berrylike particles, and leveled off ∼40 h after AN
addition. A gradual but moderate increase in Rh with
time was seen for the particles prepared in THF/AN
with 90% of AN, suggesting the slow formation of the
relatively small egglike, onionlike, and berrylike par-
ticles. In THF/AN with 93% AN, the hydrodynamic
radius, Rh, of the micelles increased slightly at times
shorter than 0.5 h and then leveled off between 1 and
170 h.

Such quick formation of spherical particles after AN
addition is also indirectly supported by data of Figure
5, where the intensity of scattered 630 nm light is shown
to increase as a step function after AN addition. The
scattered intensity from the THF/AN mixture with 80%
AN increased over the whole observation period, but
that from the mixture with 93% AN remained es-
sentially constant after an initial jump. These are again
in agreement with the dynamic light or TEM results
that the morphology of the particles in THF/AN with
93% AN did not change over time but that in the
mixture with 80% AN evolved with time.

Figure 1. Apparatus for spraying solutions.

Table 1. Characteristics of the PS-b-PCEMA Sample Used

n/m
by NMR

Mh w/Mh n
by GPC

10-4Mh w
by LS 10-2n 10-2m

1.8 1.08 9.4 3.8 2.1
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The quick formation of spherical particles suggests
the swift phase separation of the diblock via either
spinodal decomposition or nucleation. The particles
eventually settled because they coalesced. In the sub-
sequent sections, we will clarify the structural details
of the particles formed before polymer precipitation.

Formation of Spherical Core-Shell Particles in
the Initial Stage. Immediately after AN addition,
spherical diblock particles with a diameter of ∼20 nm
formed as illustrated in Figures 2a and 3a. The particles
are circular with dark periphery and gray interior. Since
PCEMA contains double bonds and is more readily
stained by OsO4, the aggregates must be spherical
particles with PS core and PCEMA shell.

Our first assertion was that the spherical particles
formed due to micelle formation. Although AN was a
poor solvent for both PCEMA and PS, the THF/AN
mixtures might dissolve the PCEMA block and make
THF/AN block selective. To examine this possibility, we
tested solubilities of a PS sample with a molar mass of
30 000 g/mol and two PCEMA samples with the molar
masses of 9 × 105 and 9 × 103 g/mol in different THF/
AN mixtures. Neither the PS nor the PCEMA sample
with a higher molar mass dissolved in THF/AN with
more than or equal to 80% AN. However, the lower
molar mass PCEMA sample dissolved in THF/AN with
less than or equal to 93% of AN. Thus, the PCEMA block

of our diblock with a molar mass of 5.5 × 104 g/mol
might dissolve slightly in THF/AN mixtures used in this
study.

The micelle formation interpretation was later ruled
out, because micelles are thermodynamically stable
species and should not precipitate out at long times. The
more favored interpretation became particle formation
due to polymer phase segregation.4,17

The latter hypothesis was supported by several facts.
First, the spherical particles of Figures 2a and 3a have
a TEM radius, RE, of ∼25 nm. This size is typical for
nuclei of a new phase.18 Second, the particles grew in
size with time. This growth led to the eventual forma-
tion of egglike, onionlike, and berrylike particles. This
growth was also reflected in the gradual size increase
of spherical particles, as illustrated in Figures 2a,b and
4. The RE value of the spherical particles sprayed from
THF/AN with 90% AN 5 min after AN addition as
revealed in Figure 2a is ∼22 nm. This value jumped to
∼33 nm 5 h after AN addition as shown in Figure 2b, a
phenomenon which we never observed previously for
micelles prepared in solvent/block-selective solvent mix-
tures. In THF/AN with 93% AN, the spherical morphol-
ogy did not mutate in 120 h. The dynamic light
scattering result of Figure 4 clearly indicated that the
hydrodynamic radius jumped from 24.0 to 26.0 nm.
Third, the spherical particles here are far denser than

Figure 2. TEM images of PS-b-PCEMA micelles prepared in THF/AN with 90% AN 5 min (a, top left), 5 h (b, bottom left), 23
h (c, top right), and 53 h (d, bottom right) after AN addition. Indicated by arrows in (b) and (d) are some micelles in the process
of being formed via the fusion of smaller micelles.
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the micellar particles we studied previously. This is
reflected in the comparable Rh and RE values of the
diblock particles, where Rh denotes the hydrodynamic
radii determined by dynamic light scattering. The
hydrodynamic radii, Rh, of the spherical micelles at
short times prepared in THF/AN with 90% and 93% AN
are ∼29 and ∼25 nm (Figure 4). These values agree well
with the radii, RE, of ∼28 nm (the average radii of the
spherical micelles 5 min and 5 h after their preparation)

and ∼23 nm determined from TEM. On the other hand,
the Rh values of PS-b-PCEMA micelles in a block-
selective solvent are significantly larger than RE.19

Egglike Particles. As mentioned in the previous
subsection, the RE value of the spherical core-shell
particles produced in THF/AN with 90% AN increased
from ∼22 to ∼33 nm between 5 min and 5 h after AN
addition. This growth in particle size with time is

Figure 3. TEM images of PS-b-PCEMA micelles prepared in THF/AN with 80% AN 20 min (a, top left), 1 h (b, bottom left), 23
h (c, top right), and 53 h (d, bottom right) after AN addition.

Figure 4. Variation in hydrodynamic radius, Rh, of the
micelles as the function of time after AN addition. From bottom
to top, the AN volume fraction decreases from 93% to 90% and
80%.

Figure 5. Variation in the relative scattered intensity as a
function of time after AN addition for mixtures with the AN
contents of 80% (b) and 93% (2). The AN addition time is
indicated by a sudden increase in the scattered intensity. The
absolute intensities of the two samples are different, because
the polymer concentrations used are different.
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probably due to the incorporation of more chains into
existing particles by the nucleation and growth mech-
anism.1,2 For further particle growth in THF/AN with
AN contents between 80% and 90%, particles with more
complex morphologies, such as egglike particles of
Figure 2b, were formed. This is understandable, because
the chain lengths of the respective blocks limit the
maximum size the simple core-shell particles can
reach.

The egglike particles consist of a dark PCEMA core
(resembling yolk of an egg), gray PS shell (white), and
dark PCEMA outer shell (shell). Their TEM images
resemble those of diblock vesicles formed in a block-
selective solvent.8,20 They are definitely not vesicles,
because a solvent pool should not exist in the center of
such particles due to the poor quality of the THF/AN
mixtures for either PS or PCEMA. The lack of a solvent
reservoir in the center of the egglike particles can also
be appreciated from the fact that the radius of the inner
PCEMA domain is only ∼12 nm, which is comparable
to the unperturbed root-mean-square end-to-end dis-
tance of the PCEMA block with 210 CEMA units. Inside
such a small inner PCEMA domain the PCEMA block
should be able to distribute uniformly throughout.

Although the outer PCEMA shell should be quite
compact due to the poor quality of the solvent mixtures
for PCEMA, our experiment suggests that the outer
PCEMA shell is, however, not as compact as the inner
PCEMA domain, because chains of the inner PCEMA
domain could be cross-linked more readily than the
outer PCEMA chains. Compared in Figure 6 are the
chromatograms of egglike particles formed in THF/AN
with 90% AN 5 h after AN addition and irradiated to
different CEMA conversions. Particles not irradiated
were eluted out by THF as a single peak attributed to
diblock chains. At the CEMA conversion of 1.6%, two
higher molar mass peaks appeared. Further photolysis
increased the intensity of the peak with the highest
molar mass but decreased those of the peaks with lower
molar masses. The observation of three peaks at a
CEMA conversion of 1.6% is unique. We previously
followed the GPC chromatogram change of spherical PS-
b-PCEMA micelles with PCEMA cores14 and PS coro-
nas19 as a function of irradiation dosage. In both cases,
only two peaks were seen after sample photolysis with
one peak attributed to unimer chains and the other to
cross-linked or partially cross-linked micellar chains.
The two higher molar mass peaks here must be from
spherical particles with only their inner PCEMA domain
cross-linked and those with both their inner and outer
PCEMA domains cross-linked. As CEMA conversion
increased, the population of the latter type of particles
increased.

The more facile cross-linking of the inner PCEMA
chains is also confirmed by TEM analysis of a sample
with a CEMA conversion of 8%. When sprayed from
THF, many spherical particles with a PCEMA radius
of ∼13 nm were observed by TEM. This radius is the
same as that for the inner PCEMA domains of the
egglike micelles in Figure 2b. A TEM image is not
shown here for its poor contrast. The poor contrast is
presumably caused by the presence of un-cross-linked
or lightly cross-linked chains in the background.

Onionlike Particles. A further increase in the size
of the particles led to the formation of onionlike par-
ticles. An onionlike particle has a light PS core and an
outermost dark PCEMA shell with alternating dark
PCEMA and light PS intermediate layers. Some onion-
like particles are labeled with “o” in Figure 2c. A more
spectacular view of onionlike particles is found in Figure
3c for particles in THF/AN with 80% AN 23 h after AN
addition. Most of the onionlike particles in Figure 3c
have four alternating dark and light intermediate
layers. In THF/AN with 80% AN, the onionlike particles
have an average radius of ∼93 nm. The onionlike
particles in Figure 2c,d have a radius of ∼55 nm, which
is significantly larger than the radius of ∼43 nm for the
egglike particles.

The spherical core-shell particles can be viewed as
the simplest onionlike particles without intermediate
layers between the PS core and PCEMA outermost
shell. The egglike micelles are different from the on-
ionlike particles in that the egglike particles have
PCEMA instead of PS cores. The formation of egglike
particles as the intermediate between the simple shell-
core particles and onionlike particles was surprising.
They formed probably due to the coalescence of different
spherical particles and may invoke the following steps:
(a) spherical particle encountering, (b) spherical particle
local surface flattening to increase interparticle contact,
(c) PCEMA chain receding to either the center or the
surface of the fused particle, and (d) PS domains
merging and egglike particle structure smoothing.

A rough idea about the 3-D structure of the onionlike
particles was obtained by performing a TEM sample
stage tilting experiment. A sample stage tilting instead
of a shadowing experiment was performed for lack of
facilities. Shown in Figure 7a,b are TEM images ob-
tained of onionlike particles prepared in THF/AN with
80% AN 23 h after AN addition at the TEM sample
stage tilting angles of 0 and 41°. The layered structure
of the onionlike micelles did not change with the tilting
angle variation. The fact that the image changed from
circular to ellipsoidal suggests that the onions probably
flattened somewhat on the TEM grid after sample
spraying just like what was observed for the spherical
and egglike particles.

The onionlike particles here have a similar morphol-
ogy as the multilamellar vesicles or liposomes formed
from small-molecule surfactants21-23 in water or from
a polystyrene-block-polybutadiene, PS-b-PB, sample24

in a PS homopolymer matrix (which functions as
solvent). They are different because there are no solvent
phases inside an onionlike particles. The lack of solvent
pools inside the onionlike particles can be appreciated
from the following considerations. First, the solvent
mixtures are not good for either PS or PCEMA, and the
creation of solvent pools and thus more interfaces
between the polymer and solvents is not favorable.
Then, the different PS and the inner PCEMA layers

Figure 6. Evolution in the GPC chromatograms of egglike
micelles irradiated in THF/AN with 90% AN as a function of
CEMA conversion: (a) 0%, (b) 1.6%, (c) 11%, and (d) 29%.
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have high concentric symmetry. If the different layers
are significantly swollen in solution, they would shrink
nonuniformly along different directions and appear
rugged upon drying as were seen previously for the
shells of nanofibers25 and star polymers.9 Third, the
thicknesses of the PCEMA and PS shells are only ∼12
and ∼20 nm in the onions of Figure 3c. Assuming that
the average end-to-end distances, Rn, are approximately
the same as the shell thickness and using the numbers,
N, of C-C bonds of 420 and 760 for the PCEMA and
PS blocks, we calculated the statistical bond lengths,
â, of 5.8 and 7.2 Å for PS and PCEMA from

These â values are larger than the typical value of
∼3.5-5.0 Å for unperturbed chains. It is difficult to
imagine that the shells would swell much more in
solution, because excessive chain stretching would
increase the system’s energy.

The name “onionlike particles” was from “onionlike
micelles” used by Prochazka et al.26 Onionlike micelles
there are made of two diblock copolymers (A)l(B)m and

(B)n(C)k with a A-B-C three-layer structure and are
structurally similar to those prepared from (A)n(B)m(C)l
triblock copolymers.27-29 Our onionlike particles are
structurally closer to those microdroplets prepared by
Thomas et al. from a PS-b-PB sample.30 The methodol-
ogy used here is, however, different.

Berrylike Particles. Further growth of the particles
in THF/AN with 80%-90% AN led to berrylike particle
formation. Small “berries”, labeled with “b”, are seen
in Figure 2d. Much larger berries are found in THF/
AN with 80% AN (Figure 3d). The berrylike particles
in THF/AN with 80% AN were found to be stable for a
couple of weeks and then precipitated.

Of the large berries, only some small ones were
imaged and shown in Figure 3d. The small berries were
imaged to obtain contrast between different domains in
the particles. A closer look at the internal structure of
the particles was obtained by TEM studies of thin
sections of the berrylike particles. Since the PCEMA
block was photo-cross-linked before the berries were
embedded and sectioned, we do not expect significant
morphological changes in the segregated PS and PCE-
MA domains in a berry during TEM specimen prepara-
tion. Illustrated in Figure 8 is an image obtained of thin
slices of the berrylike particles prepared in THF/AN
with 80% AN 53 h after AN addition. In some particles,
light stripes are separated by dark stripes. In others,
hexagonally packed light circles are separated from one
another by dark rings. These stripes and circles should
correspond to hexagonally packed cylinders with PS core
and PCEMA shell lying parallel and perpendicular to
the image planes. Some of the cylinders are seen to fold
back on themselves at the boundary of a particle. The
particles seem stabilized by a diffuse PCEMA layer on
the periphery.

This structural model is clearly in line with the
images shown in Figure 3d. The berries shown on the
left are those with the cylinders pointing out of the
images. The cylinders in those on the right probably lie
parallel to the image plane.

The images of the berrylike particles here resemble
those observed by Zhang et al.31,32 for berrylike micelles
formed from two other diblocks. They, however, differ
in their internal structures. The berrylike micelles of
Zhang et al. consisted of composite spheres27 or hex-
agonally packed hollow loops.28

Figure 7. Comparison of TEM images of micelles prepared
in THF/AN with 80% AN 23 h after AN addition at the sample
stage tilting angles of 0 (top) and 41° (bottom). A berrylike
micelle is marked with “b”. The sample stage tilting direction
is marked by a long arrow. Two short arrows are used to
identify two onionlike micelles before and after the TEM
sample stage rotation.

Rn ) xNâ (1)

Figure 8. TEM image of a thin slice of berrylike micelles in
THF/AN with 80% AN 53 h after AN addition.

8418 Ding and Liu Macromolecules, Vol. 32, No. 25, 1999



Origin of the Aggregates. The concern with the
solution spraying technique used by us is that the
particles could have formed during specimen prepara-
tion. After nebulizing a dilute PS-b-PB solution (∼0.1%)
through a heated atmosphere to remove solvent, Tho-
mas et al.,28 for example, obtained polymer microdrop-
lets with diameters between 10 and 50 nm, despite the
fact that the polymer chains were initially well solvated
and existed as isolated or slightly interpenetrating
chains. The block-segregated PB and PS chains in the
microdroplets had the same morphology as our PS-b-
PCEMA onionlike particles.

Our particles could not have formed during specimen
preparation, because particles with well-resolved PCE-
MA and PS domains were not seen after spraying the
diblock from THF. The particles formed after spraying
a THF solution had no definitive shape. The occasional
spherical particles observed were not stable under the
TEM electron beam.

We then proceeded to show that the morphology of
the particles could not have mutated during specimen
preparation. A given sample was divided into two
portions with one portion being sprayed directly and the
other being irradiated before spraying. The cross-linking
of the PCEMA phase should “lock in” the particle
structure, and such particles should not undergo sig-
nificant structural mutation during solvent evaporation
in the TEM specimen preparation step. The fact that
the same morphology was always obtained for the same
sample regardless of cross-linking suggests that the
particle structures did not change significantly during
TEM specimen preparation. In fact, the spraying method
has been shown to retain the basic structural feature
of block copolymer micelles in solution by many
groups.20,33,34 This was established through the com-
bined use of TEM, light scattering, NMR, FTIR, and our
recent selective domain cross-linking or degradation
experiments to vesicular15,35 and spherical micelles.36

With structures very similar to those of diblock copoly-
mer micelles of various geometries, our particles were
expected to retain their basic features through the TEM
specimen preparation process as well.

Other evidence supporting the formation of egglike,
onionlike, or berrylike particles in solution includes the
following. Only spherical or overlapping core-shell
spherical particles (doublets) are seen in images taken
of those prepared in THF/AN with 80% of AN 1 min
after AN addition or of those prepared in THF/AN with
93% AN regardless of time span between AN addition
and spraying (examined up to 120 h). If particle fusion
during specimen preparation is the cause for the
observation of the more complex particles, they should
have appeared in these specimens as well. Particle
fusion during TEM specimen preparation cannot explain
the time evolution of the particle structures in THF/
AN with 80% and 90% AN.

Variation in Particle Growth Rate with Solvent
Composition. An examination of the phase diagram
of a homopolymer-solvent-nonsolvent system reveals
that increasing the nonsolvent content pushes the
system more deeply into the metastable or the spinodal
decomposition region,37 and thus the polymer phase
separation rate should increase. This may be true for
our system but was not checked because phase separa-
tion occurred “instantaneously” or too fast for us to
resolve with existing facilities even at the AN content
of 80%. The dynamic light scattering results of Figure

4 clearly show that the rate of particle growth decreases
with increasing AN content. As stated before, the
growth of the diblock particles is also accompanied by
morphological changes. The morphological change would
require much position shuffling of the two blocks. An
increase in the content of the precipitant and thus a
decrease in the good solvent, THF, content may decrease
particle swelling and lead to the locking of one of the
blocks below its glass transition temperature. This
locking in slows down morphological change and thus
particle size growth.

The decrease in PS-b-PCEMA chain mobility with
decreasing good solvent content has been previously
demonstrated for micelles prepared in THF/cyclopen-
tane (CP) mixtures, where CP solubilizes PS selec-
tively.38 For a diblock with 302 styrene and 37 CEMA
units, the chain mobility decreased by 40-fold when the
THF volume fraction decreased from 18% to 0% for
THF/CP mixtures.

IV. Conclusion
Acetonitrile and THF are precipitants and good

solvents for PCEMA and PS. THF/AN mixtures with
AN volume fractions between 80% and 93% are precipi-
tants for PS but slightly solubilize the PCEMA block of
a PS-b-PCEMA sample with 210 CEMA units. In such
solvent mixtures, spherical particles were formed from
the diblock immediately after the addition of AN to a
THF solution of the diblock due to phase separation.
The spherical particles mutated into larger and more
complex structures such as egglike, onionlike, and
berrylike particles before polymer precipitation. The
particle morphological mutation rate was found to
decrease with increasing AN content, and in THF/AN
with 93% AN, the structure of the spherical particles
did not mutate in 1 week probably due to the locking in
of the PS chains in a glassy state.
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