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ABSTRACT: Studied by dynamic light scattering (DLS) and transmission electron microscopy (TEM) is the
coaggregation of poly(tert-butyl acrylate)-block-poly(2-cinnamoyloxyethyl methacrylate), PtBA-PCEMA, and
polystyrene-block-poly(2-cinnamoyloxyethyl methacrylate), PS-PCEMA, in mixtures of chloroform and hexane,
where hexane is a precipitant for PCEMA and PS but a good solvent for PtBA. To ensure coaggregation, the
PCEMA blocks in the different diblocks were tagged by the H-bonding DNA base pair thymine and adenine.
Coaggregation of the associating diblocks resulted in interesting block copolymer aggregation behavior and
morphologies.

I. Introduction

Aggregation of diblock copolymers in block-selective solvents
yields nanoparticles with shapes ranging from spheres1,2 to
cylinders,3-5 tubes,6-10 vesicles,4,5,11-14 donuts,5,15,16and many
others.17 The shape diversity of such aggregates may help their
applications in nanofabrication,18-20 lithography,21-23 cell cul-
turing,24,25drug delivery,26,27etc. Many more morphologies are
expected of aggregates of B-C-D triblock copolymers. Despite
this, there have been not many reports on morphologies of
micelles of B-C-D triblock copolymers. One possible reason
for this is the difficulty associated with the preparation of well-
defined triblock copolymers. Jiang and co-workers28-30 reported
recently on the preparation of “pseudo-graft” copolymers from
a homopolymer pair with one bearing a terminal H-bond donor
(acceptor) and the other containing H-bond acceptors (donors)
along the chain. Such pseudo-graft copolymers formed nano-
aggregates in block-selective solvents just like conventional graft
copolymers or even diblocks. Jiang’s strategy can be extended
to the preparation of “pseudo” B-C-D triblocks from two
associating diblock copolymers B-C and D-C with H-bonding
C blocks. We report in this paper the coaggregation of two such
associating diblocks in block-selective solvents either for the
B and D blocks or for the B block only. In solvents that
solubilize only the B block, we report also a novel space-filling
molecular-model-like morphology for the coaggregates formed.

The specific diblock copolymers used in this study are poly-
(tert-butyl acrylate)-block-poly{(2-cinnamoyloxyethyl meth-
acrylate)-ran-[2-(1′-thyminylacetoxyethyl methacrylate)]}, PtBA-
P(CEMA-T), and polystyrene-block-poly{(2-cinnamoyloxyethyl
methacrylate)-ran-[2-(1′-adeninylacetoxyethyl methacrylate)]},
PS-P(CEMA-A). The H-bonding thymine and adenine groups
were introduced into the polymers mainly to facilitate the
association of the two diblocks in non-H-bonding solvents
including chloroform (CF) and hexane (HX). PCEMA was used,
on one hand, for its selective staining by OsO4 and thus its
spatial identification in nanoaggregates by transmission electron
microscopy (TEM) and, on the other hand, for its photo-cross-

linkability. Photo-cross-linking allowed the structural locking
of the aggregates formed. Structurally stable aggregates could
then be treated chemically for PtBA hydrolysis to poly(acrylic
acid) or PAA. PAA, unlike PtBA, could be selectively stained,
e.g., by uranyl acetate [UO2(Ac)2], and thus allowed the back
tracking of the spatial location of PtBA in a nanoaggregate. To
prepare the nanoaggregates, we started by equilibrating the
associating diblocks in CF overnight. Coaggregates were
produced by adding HX, a selective solvent for PtBA. Depend-
ing on the hexane content, the solvent mixtures could be
selectively good for both PtBA and PS or for PtBA only.

II. Experimental Section

Reagents.Chloroform (99.9%), hexane (99.9%), methylene
chloride (95.5%),N,N-dimethylformamide (DMF, 99.9%), and
tetrahydrofuran were purchased from Fisher Scientific and were
used as received. Trifluoroacetic acid (99%) and triethylsilane (99%)
were purchased from Aldrich.

Transmission Electron Microscopy. Aggregates prepared in
CF/HX were aspirated using a home-built device31 onto carbon-
coated copper grids and stained by OsO4 vapor for 2 h before TEM
observation. Aggregate samples after PCEMA cross-linking and
PtBA hydrolysis were aspirated from DMF. After DMF evaporation,* Corresponding author. E-mail: gliu@chem.queensu.ca.
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drops of a uranyl acetate solution at 0.05 g/mL were added on the
films to stain the PAA groups for 10 min. The excess staining agent
was removed by rinsing the grids with methanol droplets several
times. All TEM observations were made on a Hitachi 7000
instrument operated at 75 kV.

Dynamic Light Scattering. For DLS analyses of the individual
PtBA-P(CEMA-T) and PS-P(CEMA-A) samples, PtBA-P(CEMA-
T) and PS-P(CEMA-A) were first solubilized in 1.0 mL of CF at
20.0 and 9.6 mg/mL, respectively. The CF solutions were then
carefully dispensed into a quartz light scattering cell with a diameter
of 22 mm through a 0.1µm PTFE filter (Whatman Co.). Further
filtered into the cell was HX in aliquots to gradually increase the
HX content. After the addition of each aliquot of HX and its
quantification by mass change, DLS measurement was performed
in 10 min.

Two protocols were used to prepare mixed PtBA-P(CEMA-T)
and PS-P(CEMA-A) samples in CF/HX. Regardless of the
protocols, PtBA-P(CEMA-T) and PS-P(CEMA-A) at a weight
ratio of 1.00/1.00 were first equilibrated in CF at a total polymer
concentration of∼5.5 mg/mL for at least 12 h. The diblock mixture
solution was then divided among several vials. The amount of CF
solution in the vials varied depending on the final HX volume
fraction fHX required. ForfHX ) 40% andfHX ) 90%, the volumes
of the CF solution used were 0.70 and 0.30 mL, respectively. The
amount of the CF solution used was decreased asfHX increased
because we needed only about 2.5 mL of the final solution for DLS
and TEM analyses. In protocol 1, a known amount of HX was
injected within fractions of a second into a vial under vigorous
stirring. In protocol 2, HX was added via a pump at 0.07 mL/min.
Thus, the HX addition rate was orders of magnitude faster in
protocol 1 than in protocol 2.

After the completion of HX addition, a solution was immediately
filtered into a light scattering cell. For samples withfHX < 60%,
0.2µm filters were used to clarify the samples. Filters with porosity
at 0.45µm were used to clarify the other samples. To construct
plots depictingdh and K2/K1

2 variation as a function offHX, the
DLS data were obtained 10 min after HX addition. In the
neighborhood offHX ) 75%, we have also obtaineddh variation as
a function of time after HX addition.

DLS analyses were performed using a Brookhaven model 9025
instrument equipped with a 632.8 nm He-Ne laser. DLS data were
analyzed by the cumulant method32 to yield sample hydrodynamic
diametersdh and polydispersityK2/K1

2.
Density and Viscosity of the Solvent Mixtures.To determine

the densityF2 of a CF/HX mixture, 1.00 mL of the mixture was
pipetted into a vial. Its mass was then measured using an analytical
balance. TheF2 value was taken as the average from three
measurements.

The viscosity η2 of a solvent mixture was obtained from
comparing the flow time of the mixture and thatt1 of CF through
a Ubbelohde capillary viscometer at room temperature (22°C) using

where the viscosityη1 of CF was taken to be 0.5576 cP as
interpolated from the viscosity data of CF at 20 and 25°C reported
in a handbook.33

PCEMA Cross-Linking and PtBA Hydrolysis. Aggregates of
mixed diblocks were prepared atfHX ) 66% andfHX ) 90% using
protocol 1. For PCEMA cross-linking, the aggregate solutions were
irradiated by a focused UV beam that had passed through a 270
nm cutoff filter from a 500 W Hg lamp at 20°C for 2 h. This led

to a CEMA double-bond conversion of∼35% as estimated from
CEMA absorbance decrease at 274 nm.34 To hydrolyze PtBA,35 a
sample after PCEMA cross-linking was dried by rotaevaporation
and then redispersed in methylene chloride. Trifluoroacetic acid at
a volume ratio of 1:3 relative to methylene chloride and triethyl-
silane at a molar ratio of 3:1 relative to the tBA groups were added.
After 2 h, the aggregates were precipitated into diethyl ether and
washed by diethyl ether three times to remove the residual acid.
The aggregates were redispersed in DMF for TEM study.

III. Results and Discussion

Polymer Characterization. The procedures for the synthesis
and characterization of the PtBA-P(CEMA-T) and PS-
P(CEMA-A) families of polymers have been recently reported36

and were thus not repeated in the Experimental Section. For
characterization, the size exclusion chromatography (SEC)
weight-average molar massesMw and polydispersity indices
Mw/Mn were measured in THF based on PS standards. The
specific refractive index increments dnr/dc and light scattering
(LS) or weight-average molar massesMw were determined in
DMF for PS-P(CEMA-A) and in butanone for PtBA-P(CEMA-
T), respectively. The ration/m of repeat unit numbers for the
two blocks of a diblock and the T and A molar content, T%
and A%, in the PCEMA blocks were determined from1H
nuclear magnetic resonance (NMR) analysis. Table 1 sum-
marizes the characteristics of the samples used in this study.
We have included the weight-average number of repeat units
nw calculated using the LSMw and NMRn/mvalues rather than
the number-average number of repeat unitsnn for PS and PtBA
in the table because the SECMw/Mn values were inaccurate.
Results of Table 1 show that the length of PCEMA blocks of
the two diblocks is approximately the same around 90.

H-Bond Formation between the T and A Groups in
Chloroform. H-bond formation between A and T or between
derivatives of this DNA base pair in chloroform has been firmly
established.37 The binding between the A and T groups of
PtBA-P(CEMA-T) and P(hCEMA-A) in CF and their dis-
sociation in DMF have been recently used to produce solvent-
dispersible porous nanospheres that recognized P(hCEMA-A)
for resorption,38-40 where P(hCEMA-A) denotes poly(2-hydro-
cinnamoyloxyethy methacrylate) tagged by A units. The binding
between P(CEMA-A) and P(CEMA-T) here leads to PS-
P(CEMA-A) and PtBA-P(CEMA-T) chain association. This
should be accompanied by a decrease in the system’s entropy.
Also, this association would take place only if the repulsion
between the immiscible PtBA and PS chains was overcome.36

For these, it is anticipated that the T and A concentration had
to be sufficiently high, e.g., T%≈ A% ≈ 10%, to enable chain
association. Our DLS analyses yielded thedh values of 7.3, 10.1,
and 11.9 nm for the PtBA-P(CEMA-T), PS-P(CEMA-A), and
a mixture of the two diblocks at wt/wt) 1.00/1.00 in CF,
respectively. The fact that thedh value of the diblock mixture
in CF was the largest suggests the association of the PtBA-
P(CEMA-T) and PS-P(CEMA-A) chains in CF. Other evidence
suggesting this association will become self-evident later as we
discuss the various coaggregation phenomena of the diblocks
in CF/HX.

Table 1. Characteristics of the Diblocks Used

sample SECMw/Mn dnr/dc (mL/g) LSMw (g/mol) NMR n/m nw T% or A%

PS-P(CEMA-A) 1.19 0.160a 8.4× 104 a 6.6 590 13%
PtBA-P(CEMA-T) 1.11 0.114b 6.4× 104 b 3.2 305 10%

a Measured in DMF.b Measured in butanone.

η2 ) η1(F2t2
F1t1) (1)
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Viscosities of CF/HX Mixtures at 22°C. Determination of
dh for the block copolymer samples in different CF/HX mixtures
at room temperature from DLS required knowledge of viscosity
η2 of the solvent mixtures. We determined experimentallyη2

of nine mixtures and found that the data were best fitted by a
quadratic equation:

The use of eq 2 allowedη2 calculation at any otherfCF values,
wherefCF denotes the CF volume fraction.

DLS Study of Individual PtBA -P(CEMA-T) and PS-P-
(CEMA-A) Samples.HX is a precipitant for both PCEMA and
PS. To know which of the PCEMA and PS blocks collapsed
from the solvent phase first, we examined the aggregation
behavior by DLS of the individual PtBA-P(CEMA-T) and PS-
P(CEMA-A) samples in CF/HX with differentfHX.

Figure 1 compares the variation trends in thedh values of
the two diblocks in different CF/HX mixtures. PtBA-P(CEMA-
T) began to form aggregates atfHX ≈ 45%. Thedh value of the
aggregates peaked at∼240 nm atfHX ) 57% before it began to
decrease. The size of the aggregates stabilized at∼60 nm at
fHX > 70%, suggesting formation of spherical micelles.

The samedh value variation trend was noticed of the PS-
P(CEMA-A) sample beforefHX ≈ 72%. PS-P(CEMA-A)
aggregates started to form atfHX ≈ 50%. Thedh value peaked
at ∼65 nm atfHX ≈ 56%. It then decreased and stabilized at
∼45 nm, suggesting formation of also spherical micelles. At
fHX ) 73.3%, we noticed visually that the sample was getting
more cloudy with time and eventually precipitated from the
solution in 0.5 h.

The fact that the PtBA-P(CEMA-T) and PS-P(CEMA-A)
samples had a similardh value variation pattern beforefHX ≈
72% suggests that the P(CEMA-T) and P(CEMA-A) blocks
collapsed from the solvent phase before the PS block. The
PtBA-P(CEMA-T) sample formed stable aggregates atfHX >
70% because the PtBA block was soluble regardless of the CF/
HX composition. The PS-P(CEMA-A) aggregates crashed out
of the solvent phase atfHX ) 73.3% because the PS block
became insoluble around thisfHX.

The observation that thedh value rose, peaked, and then
decreased for the PtBA-P(CEMA-T) aggregates before stabi-
lization was intriguing. We initially associated these processes
with the formation of swollen spherical micelles and then the
deswelling of the micelles. On reflection, this interpretation was
unreasonable. First, it was difficult to justify adh value of 240
nm for spherical micelles from such a diblock withnw ) 305
andmw ) 95 because the fully stretched diblock chains were
shorter than 240 nm. Second, if the entire sample did participate
in micelle formation atfHX ) 56%, this solution should scatter
more light than a solution atfHX ) 75% for the larger particles
in the former solution. Also shown in Figure 1 are the scattered
light intensityIs of the samples as a function offHX. More light
was scattered from the solution atfHX ) 75% than atfHX )
56%.

Such block aggregation behavior has been observed before.
According to the literature, the initialdh value increase could
be attributed to “anomalous micellization”.1,41 It was only at
the second stage of a sharpIs increase atfHX ≈ 62% that the
normal micelles were formed. Anomalous micellization occurred
because of the chemical heterogeneity of the block copolymer
samples. In this case, the anomalous micelles started to form at
a low fHX value of∼45% for the presence of a small fraction
of PtBA-P(CEMA-T) chains that possessedn/m values that
were significantly less than the average value of 3.2 as
determined from NMR. This portion of the block copolymer
formed micelle with morphologies that could be cylinders or
others exhibiting largedh values. AsfHX increased and the main
portion of the diblock started to form micelles, the anomalous
micelles disintegrated and their constituent chains comicellized
with the other chains.

One may also plausibly argue that a trace amount of
P(CEMA-T) homopolymer was the culprit for anomalous
micellization. We tend to discount this argument, as the
precursor to PtBA-P(CEMA-T) was prepared by anionic
polymerization. For a “living” anionic polymerization, it is hard
to imagine how homopolymer of the second block can be
produced.

A comparison between the trends ofdh andIs variation with
fHX for the PS-P(CEMA-A) sample suggests that anomalous
micellization occurred for this diblock as well betweenfHX ≈
48% andfHX ≈ 62%. Since the maximumdh value atfHX )
56% is only 65 nm for this sample, we speculate that the
anomalous micelles might be spherical in shape in this case.

DLS Study of Associated PtBA-P(CEMA-T) and PS-
P(CEMA-A) Chains. Two protocols were used to add HX to
CF solutions of the associated PtBA-P(CEMA-T) and PS-
P(CEMA-A) chains. In protocol 1, HX addition was completed
within fractions of a second. In protocol 2, HX was added at a
controlled speed of 0.07 mL/min by a pump. Figure 2 compares
the dh and K1

2/K2 values of samples prepared from the two
sample preparation protocols at variousfHX values. The reported
data were determined 10 min after HX addition.

Regardless of the HX addition protocols, thedh andK1
2/K2

variation trends could be divided into four regions. In region 1
betweenfHX ≈ 45% andfHX ≈ 62%, small aggregates with high
K1

2/K2 values were obtained. In region 2 betweenfHX ≈ 62%
andfHX ≈ 72%,K1

2/K2 decreased anddh increased. Data from
the two sample preparation protocols agreed with one another
in regions 1 and 2. Region 3 was centered atfHX ≈ 75% where
PS just started to collapse from the solvent phase. This region
was characterized by largedh andK1

2/K2 values as well as by
rapid increase in thedh values with time after HX addition.
Figure 3 depicts how thedh values changed with time for

Figure 1. Plot of dh (9) and Is (b) variation as a function offHX for
the PtBA-P(CEMA-T), top panel, and PS-P(CEMA-A), bottom panel,
samples in CF/HX.

η2 ) 0.3147+ 0.1991fCF + 0.0429fCF
2 cP (2)
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samples prepared using protocol 1 atfHX ) 72%, fHX ) 76%,
fHX ) 78%, andfHX ) 80%. While the aggregates atfHX )
72% andfHX ) 80% were reasonably stable, the stability of the
aggregates at 78% decreased, and the aggregates atfHX ) 76%
were the least stable. Our visual inspection indicated that the
aggregates atfHX ) 76% precipitated out from the solvent phase
∼1 h after HX addition. In region 4 withfHX > 80%, both the
dh andK1

2/K2 values once again decreased, and thedh values
were larger than those in region 2. Comparing the two sample
preparation protocols, we find that both thedh andK1

2/K2 values
were substantially larger for samples prepared from protocol 2
than those from protocol 1 in regions 3 and 4.

Region 1. The individual diblocks underwent anomalous
micellization in this region withfHX between 45% and 62%.
This is in sharp contrast to the data of Figure 2 where a lacking
of large particles was observed. Suspecting that the different
DLS sample preparation methods used affected the results, we
repeated the DLS experiment for the associated diblocks
following the method used to obtain the data of Figure 1, which
involved the addition of HX in aliquots, and then DLS
measurement after each HX aliquot was injected in rapidly. This
again failed to produce large particles betweenfHX ≈ 45% and
fHX ≈ 60%. On the basis of these observations, we conclude
that H-bonding between the diblocks resulted in the shielding

of the PCEMA blocks by both PtBA and PCEMA, and the better
PCEMA shielding inhibited anomalous micellization.

Region 2.Normal micellization occurred in this region with
fHX approximately between 62% and 72% for the individual
diblocks due to the collapsing of P(CEMA-T) and P(CEMA-
A) from the solvent phase. Associated P(CEMA-T) and
P(CEMA-A) seem to form also well-defined aggregates in this
region as judged the lowK1

2/K2 values observed (Figure 2). At
fHX ≈ 65%, thedh values of the aggregates prepared from
protocols 1 and 2 are similar at∼42 nm.

The left panel of Figure 4 shows a TEM image of aggregates
prepared by protocol 1 atfHX ) 66%. Since the sample was
stained by OsO4, only the double-bond-bearing PCEMA block
is visible here. The spherical shape of the PCEMA domain is
evident here. Averaging over 127 particles, we obtaineddTEM

) 17.3( 1.3 nm. Similar images were obtained for aggregates
prepared from protocol 2.

The fact that the aggregates prepared from protocols 1 and 2
are essentially identical on the basis of our DLS and TEM results
suggests that the aggregates formed in this region were
preparation path independent and might be the thermodynami-
cally controlled products or micelles. That the TEM diameter
of the micelles is substantially smaller thandh ≈ 42 nm
determined from DLS is reasonable because TEM gave only
the core size and DLS yielded the overall size of the aggregates.
Furthermore, DLS measured the size of the particles in a solvent-
swollen state and TEM determined the size of the dry particles.

The distribution of the intrinsically incompatible PS and PtBA
chains in the corona of comicelles of PS-P(CEMA-A) and
PtBA-P(CEMA-T) is an intriguingly interesting problem and
has been recently addressed by Hu and Liu36 for such micelles
prepared in different solvent mixtures. Gohy et al.42 have
addressed such an issue in other polymer systems. On one hand,
inherent incompatibility between the different corona polymers
will drive their phase separation. On the other, the natural
tendency for a system to acquire the maximum entropy strives
for the uniform distribution of the corona chain. A compromise
between these two and possibly other factors may lead to
different surface chain distributions, which include the “patched”,
“Janus”, and “random” distributions as discussed by Hoppen-
brouwers et al.43 To see how the PtBA and PS chains were
distributed on the surfaces of the PCEMA core of aggregates
produced atfHX ) 66% by TEM, we needed a selective staining
agent for either the PS or PtBA chains. Our inability to find
such an agent forced us to take a detour, which involved the
cross-linking of PCEMA first to lock in the micellar structure,
then the selective hydrolysis of PtBA to PAA, and last the
staining of PAA by UO2(AC)2. For the cross-linking of the
PCEMA cores, we anticipated that the positions of the surface
chains would not have reshuffled significantly for the fact that
the tethering point of a PtBA chain should not change much

Figure 2. Variation in thedh and K1
2/K2 values of the associating

diblocks in CF/HX as a function offHX when HX was added by the
fast (b) and slow (9) addition protocols.

Figure 3. Variation in thedh values of aggregates of the associating
diblocks in CF/HX prepared by protocol 1 atfHX ) 72% (2), fHX )
76% (9), fHX ) 78% (b), and fHX ) 80% ([) as a function of time.

Figure 4. TEM images of aggregates of the associating diblocks
prepared atfHX ) 66%. The sample shown in the left panel was stained
by OsO4. The sample shown in the right panel was stained by UO2-
(Ac)2.
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with PtBA hydrolysis, and thus we could deduce at least
approximately the original PtBA positions from the PAA
positions. The right panel of Figure 4 shows a TEM image of
a sample obtained after PCEMA cross-linking, PtBA hydrolysis,
and PAA staining by UO2(AC)2. The PAA chains, which are
supposed to look darker, definitely did not distribute uniformly
on the surface of the PCEMA cores, as a uniform PAA layer
on the PCEMA core surface would have produced dark TEM
ring patterns.36 Aside from this conclusion, we will not speculate
further for the low quality of this image and others that we
obtained.

Region 3. In region 3 centered aroundfHX ) 75%, the PS
chains just became insoluble in the solvent phase. This made
the primary aggregates with mixed PtBA and PS corona chains
unstable. The primary spherical aggregates underwent further
aggregation to yield larger structures as suggested by our DLS
data of Figure 3. This conclusion was confirmed by our TEM
study of samples atfHX ) 75%. Immediately after HX addition
following protocol 1, we obtained TEM images similar to the
one shown in the left panel of Figure 4 and confirmed thus the
formation of spherical aggregates in the system. Figure 5 shows
two TEM images of samples taken 17 and 60 min after HX
addition. Some of the original aggregates had evidently under-
gone further assembly to form “superstructures” during the time
intervals. As time progressed, the superstructures got bigger at
the cost of the primary aggregates.

Seen in the thinner superstructure marked by an arrow in the
right image of Figure 5 is a mixture of dark circles and dark
worms. The circles are darker than the PCEMA cores of the
individual primary aggregates seen scattered around the super-
structures. This and the observation of many dark worms in
the superstructures suggest that the dark circles might be
projections of standing cylinders. Thus, the thinner superstruc-
tures consisted in the center region of cylindrical aggregates of
the associated diblock chains. Since the TEM images of Figure
5 are in the electronic digital form, we have been able to make
a closer examination of the darker or thicker superstructures in
these images at higher magnifications and using different
contrast. This revealed the presence of in-plane cylinders in
some of the darker regions of these superstructures as well. Thus,
the thicker superstructures may also consist of cylindrical
aggregates packed with a higher degree of hexagonal order.
Without confirmation by other techniques, it has been, however,
difficult to conclude this without ambiguity. Regardless, what
we can conclude definitely is that the superstructures did not
derive directly from the physical laying together of the primary
spherical aggregates. Instead, the primary aggregates had
mutated and fused to yield the superstructures.

The formation of superstructures from the fusion of diblock
aggregates or micelles in block-selective solvents has long been
known. Eisenberg and co-workers44 have, for example, observed

the fusion into microparticles containing hexagonally packed
loops from PS-PAA vesicles in DMF (common solvent) and
water (block-selective solvent for PAA) containing 6 vol % of
water by adding NaCl. We observed the gradual fusion of core-
shell PS-PCEMA spherical particles in tetrahydrofuran (com-
mon solvent) and acetonitrile (precipitant for PS and a marginal
or approximatelyΘ solvent for PCEMA) with relatively low
acetonitrile contents into composite particles containing hex-
agonally packed cylinders.31 Some common features of these
systems are that the original aggregates were only metastable
and that the chains in the original aggregates possessed mobility.
The spherical particles were only metastable in the present
system because the solvent mixture had just turned poor for
PS. PS chains and possibly PCEMA chains still possessed
mobility because the HX content was still low. The driving force
for the morphology transition in the case of Eisenberg and co-
workers was the addition of NaCl. The chains were still mobile
in the system because water content was low at 6%. The cause
for metastability in the PS-PCEMA system was that acetonitrile
was only a marginal solvent for PCEMA. The mobility of chains
in the system was ensured by using a sufficiently low, e.g. 80%,
acetonitrile content.

Region 4. In region 4 withfHX > 80%, the aggregates are
bigger, as judged from data of Figures 2 and 3, than those in
region 2 and are stable once again. Figure 6 shows TEM images
of aggregates formed atfHX ) 90% prepared by the fast HX
addition protocol. Imagea suggests that the aggregates are
monodisperse in size in agreement with the DLSK2/K1

2 result
of Figure 2. The higher magnification imagec offers a closer
view of the particles. Most of the particles bear close resem-
blance to “molecules” that are built from commercial space-
filling molecular models. The OsO4-stained PCEMA domains
in these “molecules” or “clusters” seem to adopt the shape of
a hemispherical cap. On the basis of the insolubility of PS and
the solubility of PtBA in this solvent composition region, PS
should be concentrated in the interstitial space between the
PCEMA-rich domains and PtBA should be grafted on the
surfaces of the PCEMA domains. To confirm the location of
the PtBA chains, we hydrolyzed the PtBA chains selectively to

Figure 5. TEM images of aggregates of the associating diblocks
prepared via protocol 1 atfHX ) 75% att ) 17 min (left) andt ) 60
min (right).

Figure 6. TEM images of aggregates of the associating diblocks
prepared by the fast HX addition protocol. Imagesa andc were obtained
by staining the specimens with OsO4, and imageb was obtained by
specimen staining using UO2(Ac)2.
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facilitate their staining by UO2(Ac)2. To ensure the structural
integrity or partial integrity of the clusters during PtBA
hydrolysis or in the aspirating solvent DMF, we first irradiated
the samples to cross-link the PCEMA domains. Figure 6b shows
a TEM image of such a sample after PCEMA cross-linking,
selective PtBA hydrolysis, and PAA staining. We note, first,
the clusters of Figure 6b bear close structural resemblance to
those in Figure 6a,c. This suggests that the clusters did not
disintegrate in CH2Cl2 containing trifloroacetic acid, which was
used to hydrolyze PtBA, or DMF, which was used to aspirate
the hydrolyzed clusters. Since both CH2Cl2 and DMF are good
solvents for PS, the retention of the integrity of the clusters in
such solvents suggests that the phase separation between PS
and PCEMA was not clean. Second, the PAA chains are located
dominantly indeed on the surfaces of the PCEMA-rich hemi-
spherical domains, as expected.

The clusters prepared in region 4 can take various shapes
and consist of dimers, trimers, tetramers, etc. The trimers can
be approximately triangular in shape (as marked by 3 in one
case in Figure 6c) or be a bent rod (marked by 3′). Similarly,
a tetramer can assume the shape of a tetrahedral (4) or a bent
rod (4′). Further, two different PCEMA domains in a trimer
can be fused as is found for the cluster labeled by 3′′.

The formation mechanism, e.g., via a two-step mechanism
involving first the formation of the primary aggregates and then
the fusion of the small aggregates or via some kind of concerted
mechanism, and the origin, kinetic vs thermodynamic, of
“molecular-model-like” nanoclusters can be intriguing and
interesting. These are, however, questions not readily answered.
What we want to emphasize here is that the structures seen here
are new on the basis of self-assembly of block copolymers in
block-selective solvents. Indeed, there have been quite some
reports on the morphologies of triblock copolymers. Most of
the observed aggregates had the core-shell-corona spherical45-51

or cylindrical7,52-55 morphologies. Occasionally, aggregates with
surface-segregated chains have been reported from linear
triblocks but no patterns like what is seen here.43 The closet
relative that we could find for the structures reported here are
the multicompartment micelles of B-C-D miktoarm triblocks
reported by the groups of Lodge and Hillmyer.56 Aside from
self-assembly, microclusters of similar shapes have been
prepared by the group of Pine57 via the fusion of premade
polymer spheres by an emulsion process. We have recently
reported the preparation of bumpy and chain-segregated nano-
spheres via a one-pot emulsion process from the use of two
diblock surfactants.58

We have also studied the samples prepared by the slow HX
addition protocol. The particles prepared by the fast HX addition
protocol are on the average smaller and more monodisperse
(Figure 2). This is reasonable because the samples prepared by
the slow HX addition protocol would have spent more time in
region 3, where the aggregates were instable and underwent
further self-assembly and growth in size.

IV. Conclusions

The coaggregation of PS-P(CEMA-A) and PtBA-P(CEMA-
T) in CF/HX mixtures with differentfHX contents has been
examined. In contrast to the individual diblocks, the diblock
mixtures did not undergo significant anomalous micellization
in CF/HX in composition region 1 withfHX between 45% and
62%. This was caused most likely by the better shielding of
the PCEMA blocks by both the PtBA and PCEMA chains in
the associated state of the diblocks and thus the reduced
tendency for the different PCEMA chains to aggregate at such

low fHX values. In region 2 withfHX between∼62% and∼72%,
spherical micelles were formed with PCEMA making up the
core and with PtBA and PS making up the corona. The
distribution of the PtBA chains in the corona was nonuniform
and probably patched. In region 3 in the neighborhood offHX

≈ 75% when the PS block just became insoluble, the spherical
primary aggregates were instable. They underwent further self-
assembly to yield superstructures sometimes with crystal-like
internally ordered cylindrical PCEMA domains. The coaggre-
gates became stable once again in region 4 withfHX > ∼80%.
In this region, the coaggregates formed bore much structural
resemblance to molecular models. In such an aggregate, the
hemispherically shaped PCEMA-rich domains were glued
together by a central PS-rich domain. Grafted onto the surfaces
of the PCEMA domains were the soluble PtBA chains to render
the aggregates dispersibility in solvents.
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