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ABSTRACT: Nanoparticles with concentric layered structures were generated from a lamellae-forming
poly(styrene-b-isoprene) diblock copolymer using controlled precipitation from a tetrahydrofuran/water
mixture. Chloroform, a good solvent for both blocks, was used to swell and anneal the nanoparticles
suspended in aqueous media. The three-dimensional morphologies of particles were reconstructed by
transmission electron microtomography throughout the process of solvent annealing. A transition from
concentric lamellae to PI cylinders in a PS matrix occurred upon annealing, presumably due to a slight
selectivity of chloroform for PS. These cylindrical microdomains were further divided into PS-core—PI-shell
spherical structures in a PS matrix upon extended annealing, a structure that is unique among reported

microphase separated morphologies of diblock copolymers.

Introduction

Block copolymers (BCPs) undergo bulk microphase separa-
tion into spherical, cylindrical, gyroid, and lamellar micro-
domains, depending on the volume fraction of the components
and degree of incompatibility between blocks.! Confinement can
be used to break the symmetry so as to generate novel morpho-
logies that cannot be obtained in the bulk. One-dimensional (1D)
confinement, i.e., thin films confined between two planar surfaces,>®
is the most explored system to date where the boundary conditions
are dictated by the film thickness and interfacial interactions.
2D confined systems have also been theoretically’ '" and
experimentally’> ' investigated. Helical morphologies were
observed under cylindrical confinement'*'> and predicted
theoretically.* " 3D confinement was initially investigated by
an aerosol approach,'” where small droplets were formed by
spraying a solution and the solvent evaporated to yield spheres
in which the BCP microphase separated. Numerous computa-
tional studies have appeared'® ! that have been augmented by
the development of several approaches to realize 3D confine-
ment, including emulsion methods,**~ % reprecipitation®*?” and
colloidal crystal templating.”®?’ In a confined geometry with
imposed curvature, BCP with bulk lamellar structures tends to
conform to the geometry, forming onion-like morphologies,*
concentric cylindrical morphologies, unidirectionally stacked
layers,>>% and lamellae oriented parallel to or normal to the
walls confining the BCP.?® Confinement also produces multi-
length scaled morphologies defined macroscopically by the
geometry of the confinement volume and nanoscopically by
the dimensions of the individual microdomains.
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A fundamental understanding of the relationship between the
confinement conditions and the resulting structures will enable
the use of these unconventional morphologies as templates or
scaffolds for the fabrication of nanostructured materials. Efforts
have been made to tune BCP morghologies by use of external
fields such dS surface patterning, template guldance,s’6 and
electric fields,**' among others. Solvent annealing®*~* is one of
the most common approaches to obtain well-ordered structures
in thin films. Solvent gradients produced during evaporation*
can effectively be used to control the orientation of the micro-
domains, while solvent quality can be used to control lateral
ordering and the nature of the morphology produced. Solvent
quality also affects the degree of incompatibility between blocks,
as expressed by the effective Flory—Huggins interaction para-
meter y.r, and hence the phase behav1or 33,35 In 2D and 3D
confinement, the degree of confinement'*'>?"* and interfacial
1nte1rac‘[10ns23 232 have been used to influence morphologies
produced but little efforts have been made to control the
morphology of BCP nanoparticles by solvent annealing. Using
an organic solvent to anneal BCP nanoparticles is challenging
due to the potential for coalescence of the nan ‘})articles that
accompanies solvation. Arsenault, Rider, et al.”* used a com-
bination of toluene vapor and thermal annealing of BCPs in
colloidal crystal templates to achieve to promote the self-assem-
bly of BCP, but removal of the solvent, along with the significant
volume contraction, within a hard boundary will lead to none-
quilibrium structures.

Here we introduce a new method for solvent-annealing of
BCPs under soft 3D spherical nanoconfinement, i.e., where the
volume defining confinement will be dictated by the extent of
solvent swelling, and present results on the morphological evolu-
tion of a nearly symmetric poly(styrene-b-isoprene) (PS-5-PI)
diblock copolymer upon annealing with a good solvent. Trans-
mission electron microtomography (TEMT)***7 was used to
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Scheme 1. Nanoparticle Preparation (a) and Solvent Annealing Setup (b)
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elucidate the 3-D nanostructures resulting from the spherical con-
finement. With increasing time of annealing, an ordering transition
was found from onion-like structures, containing alternating PS
and PI layers, to curved PI cylinders in a PS matrix, and ultimately
to a novel morphology of Pl-shell/PS-core spheres dispersed in a PS
matrix. A mechanism of the ordering transition under 3D confine-
ment is proposed and the origin of the final morphology of core/
shell spheres is discussed. The results presented in this study demon-
strate a useful new methodology for tuning structure in 3D nano-
confined BCPs and underscore the importance of solvent quality in
generating unique morphologies in such systems.

Experimental Section

A nearly symmetric block copolymer polystyrene-block-poly-
isoprene (PS-h-PI) (Polymer Source, Inc., Canada) was used, with
a PS number-average molecular weight of 25800 g/mol and PI
of 20100 g/mol, and a polydispersity index of 1.08. The BCP
nanoparticles were formed as aqueous suspensions by controlled
precipitation from a good/poor solvent mixture of tetrahydro-
furan (THF)/water.? In a typical experiment, 4 mL of deionized
water was added dropwise into 1 mL of PS-h-PI/THF solution
with a concentration of 0.1 mg/mL under stirring. THF was then
allowed to slowly evaporate for more than 1 week at room
temperature. To carry out solvent annealing, 500 uL of the
BCP nanoparticle aqueous suspension (with a particle content
of about 0.05 mg/mL) in a small vial was placed inside a large vial
containing 1 mL of chloroform. The outer vial was sealed for a
certain time recorded as the annealing time. Afterward, the inner
vial was taken out to ambient atmosphere to release the absorbed
chloroform. The sample preparation and annealing procedures
are shown in Scheme 1.

To probe the internal structures, nanoparticles were collected
onto copper grids supported with carbon film, dried, and stained
by vapor of 4 wt % OsO,4 aqueous solution for 1 h. The double
bonds in PI were cross-linked by OsOy, leading to a darker
appearance in transmission electron microscopy (TEM) images.
To obtain cross-sectional structures, prestained nanoparticles
were embedded into an epoxy resin, and cured at 60 °C for
24 h. Ultrathin sections were obtained by using a Leica Ultracut
microtome equipped with a diamond knife. Bright field TEM
measurements were conducted with a JEOL 200CX TEM oper-
ated at an accelerating voltage of 200 kV.

Prior to TEMT observation, a thin layer of carbon was evapo-
rated onto the standard TEM sample to enhance heat transfer and
reduce sample damage during long time exposure to the electron
beam. Subsequently, gold particles (diameter ~10 nm, GCNO0S5,
BBInternational Co., Ltd., U.K.) were spread on the grids as
markers. The experiments were carried out on a JEM-2200FS
(JEOL Co., Ltd., Japan) operated at 200 kV and equipped with a
slow-scan CCD camera (Gatan USC1000, Gatan Inc., USA).
Only the transmitted and elastically scattered electrons (electron
energy loss of 0 £ 15 eV) were selected by the energy filter (Omega
filter, JEOL Co., Ltd., Japan). The tilt-angle ranges from —65° to
—+65° with 1° increment. All alignment and reconstruction proce-
dures were carried out using software previously developed.®®

thloroform vapor

chloroform release

—>

particle dispersion in water

The sizes of the nanoparticles during solvent annealing were
measured by dynamic light scattering (DLS), as a means of
tracking the degree of swelling with annealing time. The measure-
ments were performed with an ALV unit equipped with an ALV/
SP-125 precision goniometer (ALV-GmbH), Innova 70 argon
laser (A = 514.5 nm; maximum power, 3 W; Coherent Inc.)
operated at 30 mW, and a photomultiplier detector (Thorn EMI
electron tubes). Signals at 90° scattering angle were analyzed by
an ALV 5000 Multiple Tau digital correlator board and asso-
ciated software. The samples were transferred to the testing tubes
directly from the annealing setup, sealed immediately, and tested
without any treatment or dilution.

Small angle X-ray scattering (SAXS) patterns of bulk PS-5-PI
swollen with chloroform were obtained from an Osmic MaxFlux
X-ray source with a wavelength of 1.54 A (Molecular Metrology,
Inc.) and a camera consisting of a three-pinhole collimation
system. The detector was a two-dimensional, multiwire propor-
tional detector (Molecular Metrology, Inc.) and the sample-to-
detector distance was 150 cm (calibrated using silver behenate).

Results and Discussion

1. Onion-Like BCP Nanoparticles. The initial formation of
block copolymer nanoparticles was conducted by addition of
water to a solution of polymer in THF and subsequent slow
evaporation of THF (over a time-scale of more than 1 week)
to allow the polymer to approach its equilibrium morpho-
logy. This process of nanoparticle formation was previously
studied by Shimomura and Yabu,”® and found to be a
nucleation and growth process. Under similar conditions, a
morphology comprised of parallel lamellae extending to the
particle surfaces was initially found. However, if particles
were allowed to relax for longer times, this structure changed
into concentric lamellae that conformed to the curvature of
the particle surfaces.” Here, we find that the particle mor-
phology is a concentric layered structure, as shown in Figure 1,
consistent with the slow evaporation of THF. Since the PI
block is preferentially stained by OsQOy, it appears dark while
the PS is bright. The centermost domain was found to be
either PI or PS, depending on the overall size of the nano-
particle, as would be expected from previous reports.'®?!
The outer layer of the particles was always PS, suggesting
that the water/PS interaction is more favorable than that of
water/PI.

TEMT was used to investigate the internal structures of
block copolymer nanoparticles in more detail. A tilting series
(from —65° to +65° with 1° increment) that were aligned by
the fiducial marker method*® using Au colloids. The mean
alignment error, averaged over all fiducial markers used in
the alignment, was less than 1 nm (where 1 pixel ~1.0 nm)
regardless of the tilt angles. After aligning all the projections,
a 3D reconstructed morphology could be generated by the
back-projection method*! to produce a single tomogram. To
facilitate viewing of the internal structures, the 3D recon-
struction was cut into a hemisphere; as seen in Figure 2 the
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morphology consists of onion-like multilayers with some
defects. The flattened base of the particle is the result of a
slight deformation of particle when it was deposited on the
TEM grid. Only the PI component is highlighted, so the PS
outer layer is not obvious from these images. A rotating view
of the hemisphere is shown in Supporting Information,
Movie 1.

2. Morphology Evolution during Solvent Annealing. Start-
ing from the initial state of concentric lamellae, the evolution
of the internal structures of block copolymer nanoparticles
upon annealing with chloroform vapor was next studied. As
shown in Figure 3 and 4, the internal structures undergo
dramatic changes with increasing annealing times. From the

Figure 1. Transmission electron micrograph of block copolymer na-
noparticles show concentric alternating layers of PS and PI domains
(scale bar: 100 nm). PI domains appear dark due to staining with OsOy.
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2D projections, it can clearly be seen that in a fraction of
particles, the concentric lamellar microdomains have broken-
up into dots (Figure 3a,b) after 10 min annealing, correspond-
ing to cylindrical or spherical microdomains. An increase in
annealing time to 20 min leads to a larger fraction of particles
showing break up of lamellae (Figure 3c,d). From Figure 3b,c,
it is apparent that this morphological transition occurs
more readily for smaller particles, while the larger particles in
these images instead show undulation of the concentric rings.
Further increases in annealing time, to 30 min (Figure 3e.f),

Figure 4. TEM images of morphological transitions of nanoparticles
induced by solvent annealing for 12 h (a—d), 26 h (e—h) and 51 h (k)
(c and d are nanoparticle cross sectional views), and schematic of
dispersed core—shells in particle structure (j) (scale bars: 100 nm).

Figure 2. 3D TEMT images of nanoparticles with onion-like microstructures from different viewpoints.

(a)

Figure 3. TEM images showing morphological transitions of nanoparticles induced by solvent annealing for 10 min (a, b), 20 min (c, d), 30 min (e, f),
1 h (g—1) (h and i are nanoparticle cross-sectional views) (scale bars: 100 nm), and schematic of onion-like (j) and curved cylindrical structure (k).

All samples were stained with OsO.
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Figure 5. 3D TEMT images of nanoparticles with cylindrical micro-
structure from different viewpoints.

or 1 h (Figure 3g—i), lead to more prevalent break up of
lamellar microdomains, although some fraction of particles
retain their concentric structures. Remarkably, the higher
magnification images (Figure 3f,i) suggest that some of the
dots are not pure PI; but consist of PI shells with PS cores.
These PI shell/PS core structures become the dominant mor-
phology after extended annealing times, first exhibiting fairly
regular packing of core/shell domains after 12 h of annealing
(Figure 4a—d), and subsequently more irregular packing at
26 h (Figure 4e—h) and 51 h (Figure 3i). By this point, almost
exclusively core—shell microdomain structures are observed.

To understand the morphological transitions induced by
solvent annealing under 3D confinement in more detail,
we investigated particles at different transitional stages by
TEMT. Particles exhibiting line-and-dot structures in the 2D
projections were found to correspond to cylindrical coils
wrapping around each other throughout the particles, as
shown in Figure 5 and Supporting Information, Movie 2.
The lines and dots in Figure 3 correspond to nearly side-on
and end-on projections of the cylinders, respectively. The
outer layer of PS is again not seen clearly in Figure 5, since
the PI domain is stained, although it is apparent from the 2D
projections and cross-sectional views in Figure 3. The core—
shell particles shown in projection in Figure 4 were con-
firmed by TEMT to consist of PI-shell/PS-core spherical
domains in a PS matrix (Figure 6 and Supporting Informa-
tion, Movie 3). The highlighted outer skin reflects over-
staining of the particle surface by direct exposure to OsOy
solution vapor; cross-sectional TEM images (Figure 3h and
Figure 4d) show no such staining of the surface, indicating
that a PS layer is present at the particle surface.

This series of TEMT reconstructions confirmed the tran-
sitions from concentric PI lamellae to wrapped PI cylinders
and finally to PS/PI core/shell spheres in a PS matrix with
increased length of exposure to chloroform vapor. As we
discuss in more detail below, we suspect that a slight pre-
ference of chloroform to swell PS more than PI shifts the
microdomain morphology from a symmetric lamellar to an
asymmetric cylindrical structure and even to a spherical
structure. The core/shell nature of the ultimate spherical
microdomains is an unexpected but reproducible result,
which may reflect a kinetically preferred morphology formed
upon removal of solvent from disordered solvent-containing
nanoparticles.

3. Swelling of Nanoparticles by Chloroform. In our experi-
ments, solvent annealing takes place by vapor-phase ex-
change of chloroform and water allowing both the aqueous
and organic phases to approach saturation with the other
solvent. Within the aqueous suspension, chloroform mole-
cules will also diffuse into the polymer nanoparticles, swel-
ling both blocks until the chemical potential of chloroform is
equal in each of the microdomains and in the aqueous phase.

Figure 6. 3D TEMT images of nanoparticles with dispersed core—shell
microstructure from different viewpoints.

It is important to note that the chloroform concentration in
the aqueous suspension is likely inhomogeneous for short
annealing times, which may give rise to the coexistence of
particles with different microstructures, as shown in Figure 3.
Since larger particles will tend to sediment away from the air/
water interface, this could provide at least one mechanism
for the size-dependence of the rate of structural transition.

To quantify the degree of swelling of block copolymer
nanoparticles in a chloroform-saturated aqueous phase,
DLS measurements were performed for different annealing
times. The particles confining the BCP have dimensions of
several hundred nanometers and their sizes are free to vary
with the amount of swelling, thus we refer to the confinement
as being induced by “soft” walls. As shown in Figure 7, the
diameters of particles increased within the first 2 h of
annealing, ultimately reaching an equilibrium degree of
swelling corresponding to a 2.5-fold change in volume. Small
fluctuations in the measured sizes of the particles are likely
due to slight leakage of vapor from the experimental setup
and during DLS sample preparation. These swelling data
provide useful information to understand the morphological
evolution of nanoparticles. Presumably, during the initial
stages of swelling, the particles maintain a concentric multi-
lamellar morphology, which upon solvent release leads to the
observed undulation of concentric layers. As the particles
absorb more solvent and increase further in size, the PI
lamellae gradually break up into PI cylinders, likely due to
a slightly preferential swelling of PS over PI.

Specifically, the preference of the solvent for one of the
blocks can be judged from the difference in polymer and
solvent solubility parameters,** dp and dg respectivel/y.
Chloroform has a solubility parameter & of 19.0 MPa'/%;
literature values of 0 for PS range from 17.45to 19.09 MPa'/?
(experimental values at room temperature) from which we
determine an average of 18.2 & 0.6 MPa'/?; for PI, § ranges
from 16.2 to 20.46 MPa'/? (experimental values of PI-1,4-cis
and natural rubber at room temperature) yielding an average
of 16.7 4 0.8 MPa'/?. The solubility parameter of chloroform
is closer to that of PS than PI, suggesting a slight preference
for PS. This affinity should cause PS to swell more than PI
and leads to a change in volume ratio, in addition to a
decrease of the solvent-mediated effective Flory—Huggins
parameter y.r due to the partition of solvent into both
blocks. The increase of ¢pg due to preferential swelling would
clearly provide a driving force to shift to cylindrical PI
domains; in addition, since the diblock copolymer is not
perfectly symmetric (¢ps = 53% and ¢p; = 47%), decreas-
ing yerr may also tend to drive the lamellae to cylinder
transition. The curvature of the particle surface, coupled with
the preferential segregation of PS to the water interface, causes
the cylindrical domains to wind around within the particle.
With additional swelling, the cylindrical microdomains further
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Figure 7. Degree of swelling of nanoparticles during solvent annealing measured by dynamic light scattering: the measured factors by which the
average diameter (a) and volume (b) increased are plotted against annealing time.

undergo a transition to spherical domains, though surprisingly
with the PI spherical domains containing a core of PS.

Simulations'® %! on 3D confined BCPs have predicted a
rich array of microstructures that are not found in bulk. By
varying the surface preference and confinement strength,
morphologies including perpendicular lamellar, helical and
onion-like morphologies may occur in spherically confined
symmetric BCP nanoparticles. With asymmetric BCPs, dis-
torted cylindrical, bicontinuous phases and spherical or peanut-
like morphologies can form. Fraaije and co-workers'® described
a morphology diagram for BCP surfactant nanodroplets which
included onion-like, bicontinuous, cylindrical, inverted micellar,
and phase mixed morphologies with increasing disparities in the
volume fractions of the components. The onion-like morpho-
logies observed in our studies agree with the simulations on
symmetric BCPs while the morphologies observed in the swollen
particles, i.e., cylindrical and micellar, are consistent with the
simulations on the asymmetric BCPs.

Diblock copolymers may form different kinds of micelles
in a selective solvent, where the soluble block stretches and the
insoluble block aggregates to minimize the polymer—solvent
contact. Spherical micelles™* are common with a long soluble
and short insoluble block to minimize the free energy of the
system. However, the core—shell morphology is not an equili-
brium bulk morphology for diblock copolymers,*” nor are we
aware of previous reports of such structures in solvent-annealed
thin films. Typically, when a symmetric BCP thin film is annealed
with a neutral solvent the morphology remains lamellar and
the film forms terraces due to the incommensurability between
the swollen film thickness and the lamellar spacing of the swollen
BCP.* Selective solvents have been used to shift the volume
fractions of the two blocks, leading to cylindrical microdomains
oriented parallel or normal to the surface, or dewetting of the
swollen film in the case of nonfavorable solvent/substrate
interactions.**>

To provide further insight on the factors leading to the
unique core—shell morphology, SAXS experiments were
performed on bulk samples of the copolymer mixed with
similar amounts of chloroform, as in the case of 3D confine-
ment. For a bulk sample of 40 vol % PS-5-PI and 60 vol %
chloroform, corresponding roughly to the equilibrium 2.5-
fold volumetric swelling of nanoparticles, SAXS showed a
typical disordered morphology with a correlation hole scat-
tering having a maximum at ~0.3 nm ™. If the BCP is in the
disordered state after attaining the equilibrium degree of
swelling, this suggests that the core—shell morphology is
likely formed during the removal of the solvent from the
particle and is kinetically trapped. When chloroform is
removed from the swollen particle, ordering propagates
from the particle surface to the center, due to the slight

43—46

selectivity of chloroform for the PS block. A layer of PS is
formed on the surface of the particle in order to reduce the
interfacial energy and, due to the connectivity of the blocks, a
layer of PI forms immediately underneath this. Since the
concentration of solvent is lowest on the surface, this order-
ing can occur on the surface while the interior of the particle
is still disordered where solvent is mediating segmental inter-
actions. As solvent evaporation continues, the microphase
separation continues driving the formation the of core—shell
morphology.This microphase separation has occurred, of
course, under the constraints of an ever-decreasing volume
which introduces commensurability issues the length scale
and curvature of the confining volume and the equilibrium
strucute of the block copolymer. In addition, the microphase
separation will be arrested when the 7, of the PS microdomains
isat room temperature. All of these factors can and will give rise
to morphologies that are very far-removed from their equilib-
rium morphology.

Conclusions

Nanoparticles with concentric onion-like morphology were
prepared from a lamellae-forming PS-5-PI diblock copolymer via
controlled precipitation from a good/poor solvent mixture.
Chloroform was introduced to an aqueous suspension of the
particles through the vapor phase, leading to morphological
transitions as characterized by 3-D reconstructions obtained by
TEMT. Presumably due to a slight selectivity of chloroform for
PS, the concentric lamellae first broke up to yield PI cylinders
wrapped around within the nanoparticles, and subsequently into
spherical domains. These morphologies are in keeping with
recent simulation results, with the exception of the unpredicted
core—shell nature of the spherical domains, which we suggest
form upon removal of solvent from disordered BCP nanoparti-
cles swelled to equilibrium with solvent. The results shown here
demonstrate a useful new methodology for tuning structure in 3D
confined BCPs and underscore the importance of solvent quality
in generating unique morphologies in such systems. The resulted
well-defined morphologies can be produced that have potential
applications in drug delivery, photonics, aerosols, templates for
catalysts, and food industry. Additionally, future efforts to tune
the equilibrium degree of swelling through solvent activity, as well
as to use more highly selective solvents, are anticipated to provide
powerful routes to control the morphology of 3D confined block
copolymers.
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