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ABSTRACT: Here we show that it is possible to control the overall
morphology as well as hierarchical microstructure of lamellae-forming block
copolymers within nanoparticles by altering side-chain content and
processing temperature. We used cholesteryl hemisuccinate (CholHS) as
hydrogen-bonded side chains and poly(styrene)-block-poly(4-vinylpyridine)
(PS−P4VP) as backbone to produce submicrometer particles with the
aerosol method. With CholHS-to-P4VP repeat unit ratio of 0.25 and 0.50,
we obtained onion-like particles with either single CholHS layers
sandwiched between P4VP rich lamellae or smectic P4VP(CholHS) layers perpendicular to the polymer domain interfaces.
When the fraction of CholHS was increased to 0.75, the onion-like structure broke down due to increased splay deformation
energy of the liquid crystalline P4VP(CholHS) domains. The onion-like structure could be re-established, however, when the
particles were produced at a higher temperature which made the CholHS molecules partially soluble into the PS phase. Because
of the reversible nature of the hydrogen bonds, it was possible to selectively remove the CholHS side chains from the particles.

■

INTRODUCTION

particles from spherical to prolate spheroidal with block
copolymer lamellae stacked orthogonal to the long axis.22
Stacked lamellar conﬁgurations have also been prepared by the
good solvent-poor solvent method in temperatures below the
supposed glass transition temperature of the particles.25,29
Thermal annealing of these particles re-established the
equilibrium onion-like structure,25,29 as solvent vapor annealing
also did.26
Blending homopolymers into the particles increases the
thickness of the shells24 or alters the overall microphaseseparated morphology.17,20,22 Gold nanoparticles have also
been blended with the block copolymers and shown to be
selectively dispersed into the poly(styrene) domains of
poly(styrene)-block-poly(isoprene) particles.30 The onion-like
morphology can be used to create concentric polymeric
containers by hydrogen bonding 3-pentadecylphenol to the
poly(4-vinylpyridine) blocks of poly(styrene)-block-poly(4vinylpyridine) and selectively removing the 3-pentadecylphenol
molecules after formation of the particles.28 One eﬃcient
method to produce spherical block copolymer particles is in the
aerosol reactor.14,23,31 In this method, a block copolymer
solution is dispersed into droplets in a laminar gas ﬂow aerosol
reactor. The solvent evaporates quickly in the reactor which
results in solid particles with diameters ranging from about 10
nm to a few μm. With the aerosol method, it is easy to
incorporate diﬀerent elements to the particles such as drugs, for

Submicrometer-sized particles with inner structures have
promising applications for instance as templates for porous
materials1 or as microenvironments for chemical reactions.2
Block copolymers oﬀer a promising way to achieve inner
structures in the 10−100 nm length scale thanks to the
possibility to control their microphase separation.3 The
microphase-separated structures can take the form of, for
example, alternating lamellae, hexagonally packed cylinders, or
spheres in face-centered cubic lattice. The morphology depends
on the relative volumes of the polymer blocks and the strength
of their mutual interactions. The block with the lowest surface
energy typically concentrates on the surface of the material.4−6
This controls the ﬁnal microphase-separated structure of block
copolymer in particles whose radius is smaller than the
coherence length of the structures. The surface-induced
orientation results in spherically symmetric structures in
spherical particles. For instance, computational studies predict
that block copolymers with symmetric block volumes microphase separate into concentric shells of alternating domains.7−12 The morphology can be described as “onion-like”.
However, if the size of the particles is incommensurate with the
periodicity of the domains, more exotic morphologies can
arise.9,11,13 Since the early report by Thomas et al.,14 the onionlike morphology has been observed also experimentally in a
number of works.15−28 In particles prepared by the so-called
good solvent-poor solvent method, the surface layer can be
controlled by the choice of surfactants.19 By further modifying
the surface interactions, it is possible to turn the onion-like
structures to “tulip-bulb”-like or even change the shape of the
© 2012 American Chemical Society
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Figure 1. (a) Chemical structures of PS−P4VP and CholHS and their mutual hydrogen bonding. (b) TEM images of the samples in bulk and
schematic packing of the PS−P4VP and PS−P4VP(CholHS) with diﬀerent amounts of CholHS side chains.

example, if the particle is designed to be a carrier.32,33A block
copolymer system may microphase separate hierarchically if
one of the blocks (called here the host block) carries side
chains.34−37 In hierarchical microphase separation the sidechain blocks organize into liquid crystalline structures while the
copolymer blocks microphase separate in an order of
magnitude larger length scale. This leads to structure-withinstructure morphologies where the smaller liquid crystalline
structure exists within one of the microphase-separated block
copolymer domains. Hydrogen bonding or other weak binding
mechanism can be used to attach the side chains to the host
polymer block.38−45 This makes the preparation of a material
easy and gives control over the side-chain content, that is, the
attachment ratio or the ratio of the side chains to the number of
repeating units in the host block, and thus control over the ﬁnal
microstructure. In some cases, liquid crystalline ordering ensues
even though the side chains do not show liquid crystalline
behavior alone.38−42,44 Additionally, the reversibility of weak
bonds like the hydrogen bond can bring additional functionality
to the material such as switchable electrical conductivity46 or
photonic band gap.47,48
We have hydrogen-bonded cholesteryl hemisuccinate
(CholHS) and poly(styrene)-block-poly(4-vinylpyridine)
(PS−P4VP) to obtain side-chain diblock copolymers (PS−
P4VP(CholHS)) and studied their hierarchical microphase
separation as a function of side chain content.49 With a low
amount of CholHS side chains, the side chains microphase
separated into a novel triple lamellar structure where single
layers of side chains were sandwiched between host block rich
domains. Binding additional side chains to the host blocks
induced smectic stacking of the blocks which led to the
hierarchical smectic-within-lamellar microphase-separated
structure commonly found in other side-chain diblock
copolymers.38,39,44,45 In this study, we address the microphase
separation of these hierarchical structures in spherical particles
produced by the aerosol method. Interestingly, we found that in
some cases the block copolymer lamellae orient perpendicular
to the particle surface instead of the usual onion-like

morphology. Our aim here is to show that this nononion-like
morphology is caused by the combined eﬀects of the liquid
crystalline smectic stacking of the P4VP(CholHS) blocks and
surface eﬀect and that it can be controlled by processing
temperature in the aerosol reactor.

■

EXPERIMENTAL SECTION

Materials. PS−P4VP (PS: 31 900 g/mol; P4VP: 13 200 g/mol;
polydispersity: 1.08; Polymer Source, chemical structure shown in
Figure 1a) and CholHS (molecular weight: 486.73 g/mol; SigmaAldrich) were dried overnight in a vacuum oven. CholHS was
dissolved in dimethylformamide (DMF, Sigma-Aldrich) as 1 wt %
solution and mixed with PS−P4VP. Then more DMF was added to
bring the ﬁnal concentration of PS−P4VP(CholHS) to 1 wt %.
The Aerosol Method. The setup of the aerosol ﬂow reactor used
for the production of the particles has been described in detail
previously.50 Brieﬂy, a Collison type air jet atomizer was used in the
recycling mode to atomize the PS−P4VP(CholHS) solution to aerosol
droplets that were transported to a heated tubular stainless steel
reactor (inner diameter 26 mm and length 900 mm) with nitrogen
carrier gas using a ﬂow rate of 2.5 L/min. The generated aerosols were
dried and heated to 160 or 200 °C with residence time of about 8 s.
Four separate heating blocks were used to ensure uniform temperature
proﬁle. Downstream the reactor, the aerosol ﬂow was cooled and
diluted with a large volume of nitrogen gas (30 L/min).The samples
were collected on carbon-coated transmission electron microscopy
grids (Agar Scientiﬁc) using an electrostatic precipitator (InTox
Products) and on aluminum sheets using a Berner low-pressure
impactor.51 A part of the particles collected on the aluminum sheets
were dispersed in ethanol (Altia) to selectively remove CholHS.
Transmission Electron Microscopy (TEM). TEM images of the
particles were taken with Ultrascan 4000 CCD camera (Gatan) using
JEM 3200FSC ﬁeld emission microscope (Jeol) operated at 200 kV or
at 300 kV in bright ﬁeld mode while specimen temperature was
maintained at −187 °C. Additional imaging was done with Ultrascan
1000 CCD camera (Gatan) using Tecnai 12 microscope (FEI)
operated at 80 kV or 120 kV in bright-ﬁeld mode. Prior to imaging, the
samples were stained in vapor of iodine for 1−4 h. Iodine selectively
stains the P4VP blocks dark to provide contrast in the TEM images.
Further, logarithm of the intensity is used in Figures 3, 5, 6, and 7 to
enhance the otherwise dark color scale in the center of the particles.
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Table 1. Properties of the PS−P4VP(CholHS) Diblock Copolymer Samples
sample

CholHS-to-P4VP repeat unit
ratio

P4VP(CholHS) block weight
fraction

P-00
P-25

0.00
0.25

0.29
0.47

P-50
P-75

0.50
0.75

0.58
0.65

a

bulk morphology (TEM)
hexagonally packed P4VP cylinders in PS matrix
single parallel CholHS layer within P4VP
lamellae
mixed CholHS subphases within P4VP lamellae
smectic P4VP(CholHS) lamellae

(001) lattice plane distance
(nm)a
37.4
29.5
29.5 and 36.0
36.0

According to our previous study.49

The size of the microphase-separated morphologies in each of the
samples was determined by calculating the mean value of 20−75
domain distances measured from particles in several TEM images by
hand using Digital Micrograph software (Gatan). The standard errors
of the means were less than 1 nm. To assess the size distribution of the
particles, a series of TEM images were analyzed with the Analyze
Particles tool in the ImageJ software.52
Scanning Electron Microscopy (SEM). SEM was performed on a
JEOL JSM-7500FA ﬁeld-emission microscope operated at 1.5 kV.
Dispersions of the particles in ethanol were drop-cast on lacey carbon
grids and stained 1 h in the vapor of iodine before imaging to enhance
backscattered electron contrast, and the samples were not otherwise
coated. An in-column type secondary electron detector was used to
image the topography of the particles.

experience, pure PS−P4VP particles, for instance, produced
from DMF solutions with this method are left to nonequilibrium morphologies caused by the evaporation kinetics of
the solvent if reactor temperature below the glass transitions of
PS and P4VP is used. These morphologies can be identiﬁed by
considerably smaller microphase-separated structures than in
bulk. However, equilibrium morphologies with lattice parameters comparable with bulk are observed in the particles when
the reactor temperature is above the glass transition temperatures, that is, when the copolymer chains are mobile enough to
reach thermal equilibrium.
Figure 2a shows the size distribution of the P-00 particles
obtained from 1 wt % solution in DMF. Although particles with

■

RESULTS AND DISCUSSION
Figure 1a shows the chemical structures of PS−P4VP and
CholHS as well as their mutual hydrogen bonding. A previous
study on the hydrogen bonding using infrared spectroscopy
shows that most of the CholHS molecules are bonded to the
pyridine rings of P4VP repeat units with insigniﬁcant amount of
dimerization or nonbonded CholHS molecules.45 The samples
used in this study as well as their bulk morphologies, as
determined according to our previous study,49 are summarized
in Table 1. Additionally, Figure 1b shows schematically the
packing of the copolymers and TEM images of the
corresponding bulk samples. To summarize the results, the
pure PS−P4VP sample P-00 consisted of P4VP cylinders
hexagonally ordered in PS matrix as can be expected from the
weight fraction (0.29) of the P4VP block. Attaching CholHS
side chains to the P4VP blocks increases the volume fraction of
P4VP(CholHS) which results in lamellar morphologies with
diﬀerent P4VP(CholHS) chain packing depending on the
CholHS-to-P4VP repeat unit ratio. In the least CholHScontaining sample P-25, the CholHS side chains microphase
separated into a single layer sandwiched between P4VP-rich
domains. A higher amount of CholHS led to a gradual change
to smectic packing: in P-50, the single layered and smectic
packing coexisted while the packing was exclusively smectic in
P-75.
In the aerosol method, an atomizer is used to produce small
airborne droplets of a solution of starting materials. The solvent
evaporates quickly from the droplets, and the resulting particles
are conveyed into a heated reactor. The particles will then reach
thermal equilibrium at the reactor if the components of the
particles are suﬃciently mobile. The rapid cooling process back
to room temperature after the reactor may kinetically trap the
morphology of the particles into this state. This annealing
process in the reactor renders the choice of solvent and the
eﬀect of evaporation kinetics on the morphology largely
irrelevant. Thus, the ﬁnal morphology in the case of block
copolymer particles depends solely on the reactor temperature
if that temperature is above the glass transition temperatures of
the blocks and the residence time is long enough. In our

Figure 2. (a) Size distribution of P-00 particles produced at 160 °C.
(b) TEM image of P-00 particles on a carbon support ﬁlm showing
the worm-like P4VP domains.

diameters over 1 μm are present, most of the particles are less
than 500 nm in diameter the median being 150 nm. Figure 2b
shows a TEM image of ﬁve P-00 particles with diameters of
80−260 nm produced at a reactor temperature of 160 °C,
which is above the glass transition temperatures of both PS and
P4VP. Inside the particles, worm-like domains of P4VP
(stained dark by iodine) can be seen. The “periodicity” of the
P4VP worms in the P-00 particles is ∼37 nm according to the
TEM images which is reasonably close to the (001) lattice
plane distance of 37.4 nm of P-00 in bulk (check for Table 1).
Thus, we can conclude that the used reactor temperature of
160 °C is suﬃcient to reach thermal equilibrium on the
copolymer chain scale. This should be even truer for the P-25,
P-50, and P-75 particles with the CholHS side chains, since
CholHS may act as plasticizer lowering the glass transition
temperature of P4VP. On the mesoscale, however, the used
residence time at the applied temperature results in the
disordered nature of the microphase-separated domains (no
well-ordered lattice observed). Because of this, we did not see
any of the intriguing domain shapes caused by the spherical
conﬁnement of the particles predicted by earlier simulations8,11,53,54 or observed experimentally.20,22 Later thermal
annealing of the particles proved to be unsuccessful since the
particles melted and lost their shape or were lumped together
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immediately after the temperature was raised above the glass
transition temperatures of the copolymer blocks.
Addition of CholHS in P-25 leads to the lamellar block
copolymer morphology shown in Figure 1b which organizes
into concentric shells in the particles. Figure 3 shows a TEM
image of a typical P-25 particle with the onion-like morphology
consisting of three shells of PS−P4VP(CholHS) and a
P4VP(CholHS) core. The shells in turn consist of alternating
PS lamellae and P4VP(CholHS) lamellae where a single
CholHS layer is packed within the P4VP-rich domains. To the
best of our knowledge, this is the ﬁrst report of such a
hierarchically organized onion-like lamellar phase conﬁned in
submicrometer particles. Inside the spherical core of the
particle in Figure 3, the P4VP(CholHS) blocks pack into

Figure 3. TEM image of a 200 nm P-25 aerosol particle at the edge of
a carbon support ﬁlm.

smectic layers as opposed to the single layer packing in the
outer shells. The smectic packing is probably due to the
spherical shape of the core. The mean lamellar thickness of the
P-25 particles is about 31 nm according to TEM images, which
is reasonably close to the bulk value of 29.5 nm. This indicates
that the particles have reached thermal equilibrium in the
reactor. The coherence length of the onion-like shells produced
by our method is ∼4 times the lamellar period, and near the
centers of large particles (hundreds of nanometers or more in
diameter) the morphology seems to be less ordered.
Unfortunately, information from the morphology inside large
particles is diﬃcult to obtain from TEM images since the
electron beam intensity drops signiﬁcantly inside the particles
leading to loss of contrast.
PS covers the surface of pure PS−P4VP particles of P-00 due
to its lower surface energy compared to P4VP as can be seen in
Figure 2b as well as in the onion-like PS-P4VP particle in
Figure S1 of the Supporting Information. However, in the PS−
P4VP(CholHS) particles, the CholHS side chains act as
surfactants modifying the surface energy of the P4VP blocks.
This allows the P4VP(CholHS) blocks to concentrate at the
particle/air interface instead of PS. This phenomenon can be
veriﬁed by volumetric considerations and TEM. Figure 4a
shows a sector of a P-25 particle as well as the intensity curve of
the electron beam integrated in the azimuthal direction.
Because of iodine staining, the P4VP domains appear dark,
and the valleys in the intensity curve can be identiﬁed as P4VP
domains while the small peak in their middle can be attributed
to the CholHS layers. In a lamellar A−B diblock copolymer, if
the A blocks concentrated on a surface, the sequence of the
layers from inside of the material to the surface would be ...ABB-AA-BB-A (see Figure 4b). Because of this, the A layer at the
surface is only about half of that in the inner layers where the

Figure 4. (a) Integrated electron intensity from a sector of a P-25
particle shows that the outer PS shell is approximately of the same
thickness as the inner PS shells. (b) A schematic arrangement of an
A−B diblock copolymer near a surface shows that the thickness of the
A layer at the surface must be about half of that inside the material.

amount of A blocks is doubled as Figure 4b schematically
shows. This is not the case for PS at the surface as can be seen
from Figure 4a. On the contrary, the outermost PS shell is
approximately of the same thickness as the inner PS shell which
indicates that the surface layer must be of P4VP(CholHS). For
comparison, the thickness of the outermost PS shell of the pure
PS−P4VP particle shown in Figure S1 is approximately only
half of that of the inner PS shell. The concentration of
P4VP(CholHS) on the surface of the particles can be observed
also in the P-50 and P-75 particles. Similar control over the
surface chemistry of block copolymer particles by amphiphilic
additives has been demonstrated for example in particles
produced in oil−water emulsions.22
The size of the particles aﬀects the number of shells and the
core domain conﬁned in the center of the particles. Figure 5
demonstrates the development of the morphology in small P25 particles. The diameter of the particle in Figure 5a, 72 nm, is
close to 2.4 times the bulk lamellar period of 29.5 nm. The
particle has a P4VP(CholHS) core domain which vaguely
resembles the smectic packing P4VP(CholHS) chains in the
center of the larger particle shown in Figure 3. Figure 5b in turn
shows a particle whose size is ∼3.8 times the lamellar period. In
8746
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Figure 5. TEM images of a series of P-25 particles at the edge of
carbon support ﬁlms. Approximate particle diameters: (a) 72, (b) 113,
and (c) 127, 151 nm.

Figure 6. TEM image of a P-50 particle with smectic P4VP(CholHS)
packing attached to the edge of a carbon support ﬁlm.

this particle, there is one fully developed P4VP(CholHS) shell
and a PS core. Finally, Figure 5c shows two larger particles: one
with P4VP(CholHS) core (diameter 4.3 times the lamellar
period) and one with PS core (diameter 5.1 times the lamellar
period). The smectic packing of P4VP(CholHS) seen in
Figures 3 and 5a may be a general feature of the spherical
P4VP(CholHS) core domains, but this is diﬃcult to prove from
the TEM images since to observe the smectic layers, they need
to be almost perfectly aligned to the electron beam. By
measuring the size of 55 particles larger than 70 nm in diameter
and determining the block occupying the core domain, we
came to the conclusion that a new core emerges about every
bulk period increase in the particle diameter. This is in contrast
with the Monte Carlo simulations done by Yu et al. where a
new core domain emerges every 1.1 bulk periods.9
The increased amount of CholHS in P-50 compared to P-25
turns the single CholHS layer morphology to the smectic
packing as shown in Figure 6 where the smectic layers can be
seen inside the P4VP(CholHS) shells of the particle. However,
the change is only partial, as a portion of the particles still
exhibited the single CholHS layer morphology. Also, mixed
single layer and smectic packing were present in some particles.
The lamellar period of the smectic packing particles is around
35 nm, which is close to the bulk value, 36.0 nm. Also, the
measured period for the triple layer packing, 28 nm, does not
diﬀer appreciably from the bulk value of P-25. The
comparability of the periodicities in the particles and in bulk
signiﬁes that both the smectic and single CholHS layer
morphologies have equilibrated in the reactor. We tried to do
similar particle size analysis considering the core domains as we
did with P-25 particles, but it proved to be diﬃcult to identify
the core because of poor contrast in the center of the particles
and interference caused by the smectic P4VP(CholHS) above
and below the center of the particles in the TEM. The latter
eﬀect can be seen, for example, in the particle shown in Figure
6.
In addition to acting as surfactants, the CholHS side chains
can be used to completely change the onion-like ordering of the
block copolymer lamellae: strikingly in the P-75 particles
produced at 160 °C, the onion-like structure breaks down. As
Figure 7 shows, the block copolymer domains do not
microphase separate into the concentric shells seen in the
cases of P-25 and P-50 particles. Instead of curving along the
surface of the particles, the block copolymer domains become

Figure 7. TEM image of a P-75 particle at the edge of a carbon
support ﬁlm.

oriented perpendicular to the particle surface in the aerosol
reactor. The P4VP(CholHS) blocks organize into smectic
layers inside their own domains. The period of the structures in
the P-75 particles is ∼37 nm, which is close to the bulk lamellar
period of 36.0 nm. The onion-like morphology requires
extensive splay deformation of the smectic P4VP(CholHS)
layers because of the small radiuses of curvature of the particles.
This increase in the free energy probably makes the onion-like
morphology unfavorable in the P-75 particles. As the less
CholHS containing P-50 particles did not exhibit the
perpendicular orientation, it may be reasonable to say that
the splay deformations become more diﬃcult as more CholHS
side chains are bonded to the P4VP host block. In a way, the
CholHS side chains make the P4VP(CholHS) lamellae “stiﬀer”.
As stated earlier, P4VP(CholHS) concentrates preferentially at
the surface of the particles. The increased stiﬀness of the
P4VP(CholHS) domains, however, prevents bending of the
P4VP(CholHS) domain at the surface of the particle to a
complete spherical shell. Instead, the surface becomes patterned
by alternating domains of PS and P4VP(CholHS) with the
P4VP(CholHS) domains extending inside the particle
perpendicularly to the surface. The perpendicular orientation
observed in the P-75 particles diﬀers from the earlier
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22,25,29

Since the perpendicular block copolymer lamellae orientation
in the P-75 particles is essentially due to the smectic packing of
the P4VP(CholHS) side chains, the onion-like structure should
return if the particles were above the isotropization temperature. To test this hypothesis, we produced batches of the
particles at 200 °C, which is above the isotropization
temperature of P4VP(CholHS) homopolymer45 but below
the order−disorder transition temperature of PS−P4VP.55 At
this temperature the structure of the particles should depend
only on the microphase separation of the copolymer blocks in
the molten state. As expected, no diﬀerences were observed
between the microphase-separated structures produced at 160
or 200 °C in the P-00 or P-50 particles. However, we were
surprised to ﬁnd that the morphology of P-25 particles had
changed to cylindrical as shown in Figure 9. Inside the

structures
in that it is essentially driven by the liquid
crystallinity induced stiﬀening of the P4VP(CholHS) lamellae
instead of surface interactions during the formation of the
particles. Also, a recent computational study on the formation
of perpendicular lamellar morphologies due to compatibility of
both copolymer blocks with the surrounding media results in
spheroidal-shaped particles.12 The shape of the P-75 particles,
however, remains spherical, again emphasizing that their
perpendicular morphology originates from the increased splay
deformation. The morphology observed in the P-75 particles
should be the thermally stable state at 160 °C, as we did not
notice diﬀerence in the morphology in TEM after the residence
time in the aerosol reactor was almost tripled from 8 to 23 s by
combining two reactors one after another.
The spherical conﬁnement combined with the perpendicular
surface orientation of the domains and the energetically costly
splay deformation of the lamellar morphology leads to
frustrated and less ordered microphase-separated structures.
Figure 8 shows a collage of TEM images of P-75 particles. The

Figure 9. TEM image of a P-25 particle produced at 200 °C.

cylindrical P4VP(CholHS) domains, there are signs of CholHS
concentrating at the center of the domains similarly to the
lamellar structure of P-25 in bulk and in particles produced at
160 °C. The phenomenon resembles the temperature-dependent changes in morphology which have been observed before in
similar hydrogen-bonded side-chain diblock copolymer systems
and can be explained by the breakage of the hydrogen bonds
and partial mixing of the side-chain molecules with the coil
blocks.46 Probably in the case of P-25 as well, the CholHS
molecules partially swell into the PS domains, changing the
relative volume fractions of the polymer blocks and
consequently the overall morphology. When the particles are
rapidly cooled down before collecting this high-temperature
morphology is “frozen” to a kinetically trapped state. The
periodicity of the cylinders is 34 nm which is lower than the 37
nm of P-00 which has similar morphology. One would expect
the periodicity to increase if molecules are added to a material
and the morphology stays the same. The situation resembles
what we have observed earlier with hydrogen-bonded poly(butadiene)-block-poly(2-vinylpyridine) and CholHS: the
lamellar structure retains its period even though more CholHS
is added to the system.49 It seems that the same holds for
cylindrical morphology with an axial CholHS domain in the
center of the P4VP(CholHS) cylinders.

Figure 8. TEM images of P-75 particles attached to each other or at
the edges of a carbon support ﬁlm. Approximate particle diameters:
(a) 119, (b) 126, (c) 162, (d) 156, and (e) 163, 165 nm.

particles in Figures 8a,d seem to consist of two (Figure 8a) or
three (Figure 8d) ﬂat P4VP(CholHS) lamellae sandwiched
between PS lamellae. This kind of lamellar “stacks” was found
only in particles of similar size, and larger particles, such as the
one shown in Figure 7, have more “crooked” conﬁgurations.
Further, Figure 8b shows a clearly diﬀerent “star-like”
P4VP(CholHS) domain conﬁguration, meaning that the
stacking of lamellae may not be the most favorable
conﬁguration energetically. No microphase-separated structures
appear in the particle in Figure 8c. However, the smectic layers
of P4VP can be seen all over in the particle. This image may
have been a result of a particle similar to the ones in Figure 8a
or 8b being imaged along the stacking axis in the TEM. Lastly,
Figure 8e shows two more particles with matching sizes but
very diﬀerent and complex morphologies. This again underlines
the fact that a morphology which satisﬁes all the constraints
imposed by the shape of the particles and the CholHS side
chain induced surface orientation is diﬃcult to come by.
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In the P-75 particles produced at 200 °C, no perpendicular
orientation was found. Instead, we found particles such as the
one shown in Figure 10 with onion-like block copolymer

the amount CholHS side chains keeps the onion-like structure
intact while changing the P4VP(CholHS) packing to smectic
layers oriented perpendicular to the block copolymer domain
interfaces as in P-50. Further increasing the amount of CholHS
side chains leads to loss of the onion-like block copolymer
ordering, as observed in the case of P-75. The striking
breakdown of the onion-like structure is due to the increased
“rigidity” of the P4VP(CholHS) lamellae resulting from the
increased contribution of splay deformations to the free energy.
The onion-like structure results again, if the particles are
produced at 200 °C which allows the CholHS molecules to
partially mix with the PS domains “releasing” the rigidity of the
smectic lamellae. Also, the same mixing phenomenon leads to
change from lamellar to cylindrical morphology in P-25 when
produced at 200 °C as the volume fraction of the PS domains
increases as CholHS molecules diﬀuse into them. As the
morphologies are kinetically trapped when cooled down rapidly
in the aerosol reactor, the method enables control over the
microphase-separated structure by reactor temperature. The
structure of the P-50 particles stays eﬀectively the same in both
reactor temperatures used.
Because of the reversible nature of hydrogen bonds, it is
possible to remove the side chains by a solvent selective to
CholHS. We were especially interested to ﬁnd out whether the
removal of CholHS from the P-75 particles would result in
plate-like objects or porous particles. P-75 particles produced at
160 °C with the non-onion-like morphology (Figure 7) were
thus dispersed in ethanol, a selective solvent for CholHS and
P4VP and drop-cast on a TEM grid. Figure 12 shows SEM and

Figure 10. TEM image of a P-75 particle produced at 200 °C at the
edge of a carbon support ﬁlm.

structure. The onion-like structure is again eﬀectively frozen as
the cylindrical morphology in the P-25 particles because of the
quick cooling in the aerosol reactor. Also this change from the
perpendicular surface orientation to the onion-like morphology
can be attributed to the partial dissolution of CholHS into the
PS domains. However, the original hypothesis that the
perpendicular morphology breaks down due to the isotropization of the smectic P4VP(CholHS) domains may still play a
role here, although the phenomenon is diﬃcult to distinguish
from the mixing of the CholHS in PS.
Figure 11 shows schematically the hierarchical microphaseseparated structures found in the PS−P4VP(CholHS) particles.

Figure 12. (a) Secondary electron SEM image of an aggregation of P75 particles at the edge of a carbon support ﬁlm after selective removal
of CholHS by ethanol. (b) TEM image of a particle on the same ﬁlm.

TEM images of the particles after the ethanol treatment. As can
be seen from the images, the particles do not break into
separate platelets which suggest that the lamellae do not just
stack or form “tulip bulb”-like structures22 but rather organize
in more complex ways. This could open a door for porous
particles, but unfortunately, the wrinkly shape of the particles in
the SEM image in Figure 12a points to crumpling of the
particles after CholHS removal due to softness of the remaining
PS−P4VP domains. The TEM image in Figure 12b also
suggests that there are no voids inside the particles.
The P-25 and P-50 particles were treated with ethanol as
well. The initially low amount of CholHS in the P-25 particles
led to onion-like particles with thin P4VP shells with occasional
voids. In the P-50 particles, the removal of CholHS resulted in
concentric PS−P4VP shells resembling closely to previously
reported particles of PS−P4VP and 3-pentadecylphenol after
selective removal of 3-pentadecylphenol.28

Figure 11. Schematic presentation of the diﬀerent microphase
separated structures found in the PS−P4VP(CholHS) particles as a
function of CholHS content and aerosol reactor temperature.

With low amount of CholHS side chains as in P-25 and at 160
°C, the CholHS side chains microphase separate into a single
layer sandwiched between the P4VP domains. The lamellae on
the block copolymer level bend to onion-like concentric shells
due to the preferential concentration of P4VP(CholHS) blocks
on the surface and spherical shape of the particles. Increasing
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CONCLUSIONS
The hierarchical microphase-separated lamellar structures that
we identiﬁed in bulk of PS−P4VP(CholHS) previously49 can
also be found in the particles produced by the aerosol method
using a reactor temperature of 160 °C. This temperature is
above the glass transition temperatures of both PS and P4VP
providing the chains suﬃcient mobility to reach thermal
equilibrium inside the reactor rendering the eﬀects of solvent
evaporation on the ﬁnal morphology nonexistent. The block
copolymer lamellae bend to concentric shells creating onionlike particles in the case of P-25 and P-50. The onion-like
morphology is a result of the preferential concentration of
CholHS at the air/particle interface combined with the
spherical shape of the particles which force the lamellar block
copolymer domains to organize into concentric shells. The
smectic stacking of the P4VP(CholHS) blocks takes control
over the microphase separation with higher amount of CholHS
side chains in P-75. In this case, the unaﬀordable deformation
energy of the smectic layers leads to the breakdown of the
onion-like structure at the block copolymer level. Instead, the
block copolymer lamellae orient perpendicular to the surface of
the particles, increasing the surface energy but reducing the
splay deformation energy associated with the onion-like
morphology. The onion-like structure re-emerges if the P-75
particles are prepared at 200 °C. At this temperature, part of
the CholHS molecules dissolve into the PS phase, reducing the
“rigidness” of the P4VP(CholHS) lamellae and re-enabling the
onion-like structure. This morphology is preserved at room
temperature since the rapid cooling after the reactor kinetically
traps the morphology to this state. Thus, we have shown that
the smectic packing of liquid crystalline P4VP(CholHS) blocks
can guide the microphase separation on the block copolymer
level in particles created with the aerosol method. The change
in the solubility of CholHS in PS at 200 °C also leads to the
change from onion-like morphology to cylindrical morphology
in P-25 particles. Intriguingly, CholHS side chains pack into a
single domain in the center of the P4VP(CholHS) cylinder
similarly to the lamellar structure of P-25 particles produced at
160 °C. Additionally, CholHS was selectively removed from the
particles by ethanol. In the onion-like particles, concentric
shells that were partially attached to each other were formed. In
the P-75 particles where the block copolymer structure was
perpendicular to the surface of the particles, the remaining PS−
P4VP crumpled into wrinkly, nonporous particles.
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Shell Thickness in Onion-like PS-P4VP Particles
Figure S1 shows the integrated electron intensity of a section of a PS-P4VP particle PS-P4VP (PS: 20000
g/mol, P4VP: 19000 g/mol, PDI: 1.09, Polymer Source) produced using the aerosol method. To produce the
particles, the method described in the Experimental Section of the article was used with the exception of
heating the particles to 250 °C in the reactor. For TEM, the particles were stained with iodine which renders
the P4VP domains dark.

Figure S1. Azimuthally integrated electron intensity of a section of a PS-P4VP particle produced using the aerosol method shows
that PS concentrates at the surface of the particle and that the thickness of this outermost PS shell is approximately half of that
in the inner PS shell.

