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ABSTRACT

Block copolymers are a versatile class of soft materials, as they combine different chemical and physical properties within
the same macromolecule. Triblock terpolymers are of particular interest because of the numerous morphologies they can
form. With the aim of generating a comprehensive ternary microphase diagram, we emulsified 22 different polystyrene-block-
polybutadiene-block-poly(methyl methacrylate) triblock terpolymers and analyzed the morphology of the resulting micropar-
ticles after solvent evaporation. We employed controlled confinement conditions using a Shirasu Porous Glass membrane
setup and analyzed the microparticles via transmission electron microscopy and tomography, as well as scanning electron
microscopy. We identified a wealth of microparticle morphologies, of which several were previously not reported. Experiments
were accompanied by coarse-grained molecular simulations, where we correlated the effect of evaporation rate on morphol-
ogy and particle shape.

1 | Introduction morphology of these MPs imparts them with additional func-
tional properties useful for applications, for example as photonic

Block copolymers (BCPs) have become a versatile class of func- pigments [14-16], hybrid particles [17, 18] or mesoporous nano-

tional soft matter useful for a broad range of applications, includ-
ing templating of nanostructures [1], filtration membranes [2],
the formation of Janus nanoparticles [3], catalysis [4], and nano-
medicine [5]. Although traditionally, BCPs were studied for their
morphologies in thin films, in bulk [6, 7] or as self-assemblies in
solution [8, 9], more recently, their microphase separation within
the confinement of emulsion droplets has become of interest.
After solvent evaporation, the BCPs form microparticles (MPs)
of defined shape and controlled inner order [10-13]. The inner

structures [19, 20]. Among the parameters known to influence
the morphology of BCP MPs, the chemistry and composition of
the blocks are most important, as these predominantly control
microphase separation and domain geometry, and thus give rise
to different types of morphologies within the MPs (e.g., lamella,
cylinder, sphere) [21, 22]. By varying the rate of solvent evapora-
tion [23-25] or the use of block-selective surfactants [26-28], it
is possible to change the orientation of the blocks within the MP
and thereby control its aspect ratio.
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Although the (directed) assembly of diblock copolymers in con-
finement is nowadays fairly well understood, there are much
fewer experimental [29-39] and theoretical studies [40-43] on the
confinement assembly of ABC triblock terpolymers. This knowl-
edge gap is (partly) due to the considerable expansion of possible
morphologies offered by the larger number of blocks, as already
demonstrated by Stadler on the ternary microphase diagram of
polystyrene-block-polybutadiene-block-poly(methyl —methacry-
late) (SBM) in bulk [44-46]. The parameter space expands even
further for enclosed systems, since one also needs to consider, for
example, the shape and wetting properties of the confinement.
Our first attempt to transfer the plethora of terpolymer mor-
phologies into confinement, and thus into MPs, only succeeded
in part, as the chosen polystyrene-block-polybutadiene-block-
poly(tert-butyl methyl methacrylate) (SBT) exhibited peculiar
interfacial energies [47] yielding morphologies such as lamella-
lamella, axially stacked core-shell rings, and concentric sphere-
in-lamella [48].

Here, we combine the chemistry of SBMs with controlled
confinement to generate a more comprehensive microphase
diagram of ABC triblock terpolymers in spherical MPs. To en-
sure reproducibility and largely exclude the effect of particle
size on morphology, we use the Shirasu Porous Glass (SPG)
setup [49] as a means to produce near-monodisperse MPs with
diameters of ~600 nm. We systematically vary the block com-
position of the 22 SBMs and investigate the internal morphol-
ogies with scanning and transmission electron microscopy
(SEM and TEM), TEM cross-sections, and electron tomogra-
phy (ET). We complement our experiments with dissipative
particle dynamics (DPD) simulations using a coarse-grained
SBM model. These results deliver guidelines for the targeted
production of several morphologies addressable via controlled
confinement.

2 | Experimental Section
2.1 | Materials

Analytical grade solvents and chemicals were used as received
unless otherwise noted. Ruthenium chloride (RuCl,, Ru con-
tent 45%-55%), iron oxide nanoparticles (d~20nm, 5gL™! in
toluene), and sodium dodecyl sulfate (SDS, >99%) were re-
ceived from Sigma Aldrich. Osmium tetroxide was obtained
from Science Services (0sO,, 4wt.% in H,0). Ultrapure water
was provided from a Milli-Q Integral Water Purification System.
Regenerated cellulose tubes with a molecular weight cut-off of
12-14kDa and an average flat width of 33 mm (Sigma Aldrich)
were used for dialysis. The polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) triblock terpolymers (PS-b-
PB-b-PMMA or SBM) were synthesized by sequential anionic
polymerization as described elsewhere [50]. The SBMs are la-
beled such that subscripts represent the volume percentages of
the respective blocks (which are directly related to their volume
fractions @), whereas the superscript gives the number average
molecular weight (M,) in kgmol™!, for example S, B,,M,
(entry 1, Table 1). The values were determined through a com-
bination of size exclusion chromatography (SEC) and nuclear
magnetic resonance (NMR).

2.2 | MP Fabrication With SPG Membranes

Each SBM triblock terpolymer was dissolved in chloroform
(CHCL,) at a concentration of 10gL™". In a typical experiment,
1mL of polymer solution was emulsified into 20mL of aqueous
surfactant solution containing SDS at a concentration of 5gL~!.
For emulsification, we used pressurized Argon to push the poly-
mer solution into the continuous phase through an SPG mem-
brane with a pore diameter of 600 nm. The emulsion was stirred
at 250rpm and kept stirring for an additional 5days until CHCI,
had completely evaporated, which resulted in the formation of
solid SBM MPs. Excess surfactant was removed by dialysis of
the suspension (c=0.5gL") against ultrapure water.

2.3 | TEM Sample Preparation and Measurements

The MPs were typically cross-linked with OsO, in solution, which
selectively stained the PB microdomain at the same time. For that,
1.2mL of MP suspension was placed in an open vial, which was
then transferred into a closed glass chamber containing another
open vial with an OsO, solution (4wt.% in H,0). The chamber
was closed, and the liquids were kept under stirring. After 3h, the
chamber was opened, and the MPs were purified via centrifuga-
tion and redispersion in ultrapure water to remove excessive OsO,,.
For TEM preparation, a drop of the suspension (c=0.5gL™") was
placed on a carbon-coated copper grid (400 mesh, Science Services)
and excess liquid was blotted after 60s using a filter paper. For
cross-sectioning, the MPs were freeze-dried and then embedded
in 3D Rapid Resin CLEAR 3DR3582C, which was cured under
UV light (1=365nm). Sectioning was done on a Reichert/Leica
Ultracut E microtome (Leica Microsystems, Wetzlar, Germany),
with a velocity of 1 mms~ at an inclination angle of 6° to generate
slices of <100nm thickness. Cross-sections were then transferred
onto copper grids. In addition to staining with OsO,, where neces-
sary, some samples were stained with RuO,,. For Ru staining, TEM
grids containing the sample were placed in a closed glass cham-
ber together with a small amount of RuC13, which was mixed with
0.5-1mL of 11%-14% NaOCl solution. The chamber was opened
after 15min of staining. For ET measurements, samples were pre-
pared similarly to the TEM samples, with the exception that be-
forehand, a drop of iron oxide nanoparticles in toluene (d~20nm,
¢=0.05gL") was placed on the grid as fiducial markers. Toluene
was allowed to evaporate, and the grid was then prepared as
described above. Tilt series were recorded in an angular range
of +£60°, where images were taken in 3° steps using Tomography
(Thermo Fisher Scientific, Version 5.14.0) to record the tilt series.
IMOD (Version 4.11.24) was used to pre-align the tilt series [51]
and to calculate the reconstruction. Video S1 can be found in the
Supporting Information and was compiled with ImageJ (Version
1.53 k) after alignment. UCSF Chimera (Version 1.17.3) was used
to visualize the 3D reconstructions [52].

2.4 | Instruments

TEM measurements were performed on a Talos L120C micro-
scope (Thermo Fisher Scientific) with an acceleration voltage
of 120kV and an LaBF, filament. Images were taken with a
Ceta-F camera and Velox Software (Version 3.8.80). The ImageJ
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TABLE1 | Overview on used SBM triblock terpolymers.

Polymer? M_P (kgmol ™) be Inner morphology MP shape
S;0BuMyg 68 1.02 1 Onion-like
S,,B, M, 113 1.05 ) Onion-like

S;,B oM, 125 1.05 Il Onion-like
S;,BuM,, 137 1.09 1 Onion-like/tulip-bulb
S,sB4oM;, 144 1.05 Il Onion-like/tulip-bulb
S55B oM, 216 1.21 1l Tulip-bulb
S;3B,sM,, 231 1.23 1 Prolate ellipsoid
S;0B My 244 1.24 1l Prolate ellipsoid
S;,B3 M, 85 1.13 Ipl Onion-like
S,0B23M5, 91 1.06 Ipl Onion-like
SB,sMs, 143 1.09 Ipl Prolate ellipsoid
S4By My, 158 1.08 Ipl Onion-like
S¢,B3oM,, 159 1.09 Ipl Onion-like
SoBiM,s 119 111 Ir Onion-like
SB1gM,q 125 1.09 Ir Onion-like

SsB My, 127 1.09 Ir Tulip-bulb
S4sB13M,, 79 1.07 Is Onion-like
S,sB1iMy, 80 1.07 Is Onion-like

S 46BsM,5 172 1.08 Is Tulip-bulb/prolate ellipsoid
S,¢B LMy, 85 1.05 5,8 Spherical
S,4B1,My, 89 1.06 c,C Spherical
S,,B, M, 100 1.10 c,C Spherical

Abbreviations: ¢ c=cylinder-on-cylinder; [/=lamella-lamella; [pl = lamella-perforated lamella; Ir =lamella-ring; Is=1amella-sphere; s s =sphere-on-sphere.

aSubscripts indicate the respective volume fraction of the blocks.

"Molecular weight (M,; number average) determined via SEC and 'H-NMR. PS was used as the standard and THF as the eluent.
‘Dispersity from SEC with PS standards in THF as eluent and a flow rate of 1 mLmin~

open-source software package (Version 1.53k) was used for
processing the data [53]. Microdomain sizes were measured
and averaged over at least 50 different locations. SEM was done
on a cryo-field emission microscope (Zeiss Cross Beam 340)
equipped with an energy-selective detector for 16-bit image
series acquisition with up to 40,000 % 50,000 pixel resolution,
and the in-lens chamber was used for SEM imaging. Samples
for SEM measurements were prepared by putting one drop of
an approximately 0.5 gL~! sample dispersion on a silicon wafer
and dried for at least 4h. The samples were then sputtered
with 4nm Au using a Quorum PP3010T-Cryo chamber with
integrated Q150T-Es high-end sputter coater. Dynamic light
scattering (DLS) measurements were performed on an LS spec-
trometer using a 100mW Nd:YAG laser with a wavelength of
A=660nm. The sample temperature was kept at 293.1+0.1K
via a thermostat-cooled decalin bath, and the temperature
was measured by the goniometer built-in sensor. Cylindrical
quartz cuvettes (d =10 mm) were flushed with compressed air.
Samples were prepared at a concentration of ¢=0.06gL~! and
purified three times from dust by passing the sample solution

through a PTFE filter with a pore size of 5um directly into the
dust-free cuvettes. To minimize laser after-pulsing artifacts,
correlation functions were obtained using the Pseudo-Cross
Correlation technique. Correlation functions were obtained
at 6=90° with an acquisition time of 60s. All measurements
were performed in triplicates. The recorded correlation func-
tions were analyzed by applying the Cumulant and CONTIN
methods using the LSI software package (v. 8.2.0.1). Size exclu-
sion chromatography was used to obtain the number average
molecular weight (M) and dispersity (D). For that, polymers
were dissolved in tetrahydrofuran (THF) at a concentration
of 1.5gL~L. The solution was filtered through a PTFE syringe
filter (pore diameter of 0.2um) prior to being measured on a
1260 Infinity Instrument (PSS/Agilent, Mainz). The device
was equipped with an isocratic pump, SDV PSS columns with
porosities ranging from 102 to 10°A, a differential refractom-
eter, and a UV-Vis multiwavelength detector. For calibration,
PS standards were used (PSS/Agilent, Mainz) with narrow
size distributions and molecular weights ranging from 1000 to
1,000,000 g mol~1.
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FIGURE1 | Ternarymicrophase diagram of SBM in spherical confinement. Regions with different morphologies are indicated by different colors.

3 | Results and Discussion
3.1 | Ternary Microphase Diagram

All MPs were prepared following the same emulsification
process (Figure S1). At first, SBM was dissolved in chloro-
form (CHCI,) at a concentration of cg,,, =10gL™, which
is a good solvent for all blocks and immiscible with water
[30, 37, 53]. Pressurized Argon was used to push the polymer
solution through an SPG membrane with a pore diameter of
dpore: 600nm into an aqueous SDS solution (5gL~!) while
stirring. Solid MPs were received after CHCI, evaporation and
analyzed for their size distribution, shape, and inner structure.
Following this procedure, we prepared MPs from a total of 22
SBMs with different block compositions and overall molecu-
lar weight. Size distributions of all MP samples were analyzed
with DLS, which typically resulted in an average hydrody-
namic diameter of the MPs of d, ~580-660nm (Figure S2).
This diameter fits very well to the expected dimensions con-
sidering the 600 nm pore diameter and the used polymer con-
centration [39, 43]. The SPG membrane is a reliable method to
produce MPs with rather narrow size dispersity, as confirmed
by the low D <0.1 in DLS as well as homogeneous sizes in SEM
overview images (Figure S3).

Overall, we identified MPs with six different morphologies that
we mapped into a ternary microphase diagram as summarized
in Figure 1. Among the morphologies, we found lamella-lamella
(I1), lamella-perforated lamella (Ipl), lamella-ring (Ir), lamella-
sphere (Is), as well as sphere-on-sphere (s;s) and cylinder-on-
cylinder (c,¢) in different matrices. These morphologies will be
discussed in more detail in the individual sections below.

Evaporation is an inherently non-equilibrium process, where
the outcome may depend on the specific processing pathway
(Figure 2). To characterize the drying process, we introduce the
dimensionless Péclet number (Pe), which describes the ratio
between advective and diffusive motion of the confined sol-
utes. We define the Péclet number as PeEROZ/(DOtevap), where
R, is the initial droplet radius, D, is the bulk diffusion coeffi-
cient of the terpolymers at the initial polymer concentration,
and Lovap 1S the characteristic evaporation time. The typical pa-
rameters in our experiments are R,~2um, D0z90,um2/s, and
t..n~72h, which leads to Pe~10"7«1. Thus, the terpolymers
should have sufficient time to relax into their preferred micro-
phase before the solvent is fully evaporated from the droplet.
We complement our experiments with coarse-grained molecu-
lar simulations of the respective SBM block compositions (see
Supporting Information for model details). Each chain consists
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FIGURE 2 | Simulation snapshots showing truncated views of the (a, ¢) initial emulsion droplet and (b, d) final microparticle for S,.B,,M,, from
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the two evaporation protocols. For clarity, chloroform and water particles have been removed from (a, b), and only every other surfactant molecule

is drawn in panels (a-d).

of 39-123 beads, depending on the target SBM terpolymer, so
that each bead represents 18-32 monomers, depending on its
type. However, even for such a coarse polymer model, it is com-
putationally impossible to achieve the experimental droplet
sizes and evaporation times due to the large number of required
particles and integration steps. Therefore, we scaled down the
simulated droplets to R,~81nm and reduced the character-
istic evaporation time to Lovap X 110 s, leading to Pe~0.6 in
our simulations. Thus, the simulations should also take place
in the diffusion-dominated regime. To study the importance
of the model details, we used two evaporation protocols to
simulate the confinement assembly of the SBM terpolymers
(Figure S10). In our first model, we model the CHCI, and water
molecules as separate species and drive evaporation by periodi-
cally converting select CHCI, beads inside an evaporation zone
to water beads. In the second model, we group the CHCI, and
water molecules into the same bead and mimic solvent evapo-
ration by gradually changing the interaction parameters over
time. Although both techniques are conceptually different,
they both ultimately led to the same MP morphology when the
droplets were dried slowly (Figure 2), which supports our hy-
pothesis that microphase separation in our setup occurs under
quasi-equilibrium conditions.

To test the effect of evaporation rate on the self-assembly be-
havior, we performed additional simulations for S 45813 M5
where the interaction parameters were changed abruptly, that
is Lovap = 0. In contrast, such a sudden change in effective solvent

quality had a large impact on the final MP shape and internal
microphase morphology, as the MPs did not have sufficient time

to change from their initially spherical shape into an ellipsoid
before the terpolymers microphase-separated (Figure 2d). These
results suggest that the exact implementation of the evaporation
procedure does not play an essential role in reaching the final
MP shape and microphase morphology, if the systems are in the
diffusion-dominated drying regime Pe < 1. However, this equiva-
lency between the different protocols might not hold anymore in
the evaporation-dominated regime Pe> 1, where self-assembly
occurs far from equilibrium. Since we are primarily interested
in the self-assembly behavior in the diffusion-dominated re-
gime, we performed the majority of simulations using the sim-
plified evaporation procedure to expedite the simulations.

3.2 | The Lamella-Lamella Morphology

We start our discussion with SBMs that exhibit similar vol-
umes for all three blocks, ®¢=0.28-0.35, &, =0.16-0.32,
and @;=0.37-0.49. Within this range, the eight composi-
tions S30B42M2868’ S33B37M30113’ S32B40M28125’ SSZB41M27137’
SZSB4OM32144’ S3SB49M22216’ S33B45M22231’ S30B421v[28244 all re-
sulted in the [l-morphology (Figure 3, Figure S5), and can thus
be mapped into the middle of the microphase diagram (cyan re-
gion in Figure 1). The ll-morphology is observed more frequently
in confinement assembly of BCPs because the range of suitable
volume fractions tends to be large, for example @, =0.3-0.7 for
AB diblock copolymers. Although these eight SBMs form the -
morphology, there are noticeable effects on the structure that
originate from the overall SBM molecular weight M . For in-
stance, we find an increase in lamella thickness with increasing

4428

Journal of Polymer Science, 2025

85U8017 SUOWILWIOD A1) 3|cedldde ays Aq peuenob are ssjoie YO ‘sn Jo Sa|ni Joy Ariqi]8UIIUO /8|1 UO (SUOTPUOD-pUe-SLLRI/LI0O A8 |1 AReIq 1B |UO//SANY) SUOTIPUOD pue Swie | 8L 88S *[9202/T0/ST] Uo Ariqiauliuo A(IMm ‘yineiieg 1eeisieAlun Aq 06005202 10d/200T OT/I0p/L0o" A3 1M AR jpuljuo//sdny Wwouy papeoumod ‘Tz ‘G202 ‘69129z



<
S
o)
=
180
(%}
=
S

e
=

(8]

A
=}
=
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MPs of S30B42M28244 with prolate ellipsoidal shape. (a, d, g) SEM, (b, e, h) TEM, and (c, f, i) simulation snapshots. Scale bars are 500nm in SEM and

200nm in TEM images.

M, for all three lamellae (Figure 3), that is PS from 18 to 32nm,
PB from 17 to 32nm, and PMMA from 16 to 20nm (Figure S4).
This trend is not surprising as blocks with larger M, likewise re-
quire more volume and therefore lamellae increase in thickness.
Similar observations have been reported before also for AB di-
block copolymers [27]. That PMMA shows the smallest increase
in lamella thickness can be attributed to a measurement arti-
fact, where e-beam degradation caused shrinkage of the PMMA
lamella during TEM measurements.

Interestingly, we find a change of lamella orientation with
increasing M, from concentric (M, =68-125kgmol™) to a
mixture of concentric/tulip-bulb (M =137-216kgmol™),
and finally, axially stacked (M, >231kgmol™). Figure 3
compares three selected SBMs with similar composition
(@y/Py,=1.08-1.19, &, ~0.40) but different M, of 113, 137, and
244kgmol~!. At the lowest M_, the lamellae of S,,B,.M, '3
are arranged in a concentric manner leading to spherical MPs
with a smooth surface (Figure 3a,b). In TEM, PMMA is barely
visible as the outermost bright shell surrounding the darker
Os-stained PB lamella. PMMA typically forms the outermost
shell in such experiments because it is the most polar block
and preferentially locates at the surfactant/water interface
[37]. In the DPD simulations with the same block composi-
tion, we also find spherical MPs with concentric lamellae for
low M, but perforated PB forms the outermost lamella (black
in Figure 3c). This discrepancy might be explained by our as-
sumption that PB preferably interacts with the hydrophobic
tail of SDS (see Supporting Information); during drying, the

interface is not a single molecular layer but rather a region of
certain thickness that may display concentration profiles of
CHCI,, water, and SDS involving also preferential interactions
with the polymer blocks. Water and SDS together are more
polar than SDS alone, which could lead to the observed prefer-
ence toward the more polar ester groups of PMMA instead of
the modeled preference toward PB.

By increasing M, to 137kgmol™ (Figure 3d-f), S,,B, M,,'*’
forms MPs with a tulip-bulb shape consisting of two hemi-
spheres, where the bottom part corresponds to hemispheric con-
centric lamellae and the top part to axially stacked lamellae. In
SEM, this kind of structural organization can be identified by
both smooth and riffled surface features of the MPs (Figure 3d).
This is further corroborated by TEM, where the hemispheric
lamellae are clearly visible (Figure 3e). As M is roughly doubled
in the DPD simulations while keeping the same block compo-
sition, the lamellae thickness increases as discussed above, but
also MPs are not perfectly concentric anymore and show the
onset of the tulip-bulb shape.

Upon further increase of M, to 244kgmol™!, the transi-
tion continues and S, B,,M,?** solely results in MPs with a
pupa-like shape where all blocks form flat, axially stacked
lamellae (Figure 3g,h). Lamella thickness increases in simu-
lations as well, yet the MPs do not fully transform to a pupa-
like shape, but instead we find a complete transition to the
tulip-bulb shape. The differences between the experiments

and simulations likely originate from finite-size effects, since
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the simulated MPs are roughly two times smaller in diameter
compared to their experimental counterparts and thus con-
tain fewer domains.

Overall, we attribute the transition from concentric lamellae
to axially stacked lamellae to the preferential planar chain
packing at the lamella interface and an increasing contribu-
tion of anisotropy to the MP shape. With increasing M and
volume requirement of each block, bending of the lamella be-
comes progressively restricted due to entropically unfavorable
chain compression (toward the MP center) and chain splay (to-
ward the MP periphery). Therefore, it is reasonable that longer
chains prefer planar chain packing in axially stacked lamellae
instead of curved concentric lamellae. The extreme example of
preferential planar packing would be 1D bottlebrush BCPs, as
demonstrated in confinement assembly before [54]. Since the
enthalpic interaction of the surfactant with each of the blocks
appears to be of comparable magnitude (SDS does only show
a minor preference for PMMA), the gain in energy through
favorable interactions is not sufficient to force chains into bent
lamellae [37].

3.3 | The Lamella-Perforated Lamella Morphology

: 85 91 143
Next, we discuss S,,B,.M,.,*>, S, B, .M."', S, B,.M,,'*,

S,sB,sM,, %8, and S, B, M, 1> (@, =0.23-0.33, dark blue re-
gion in Figure 1). For these SBMs, we find perforated lamel-
lae of PB sandwiched between lamellae of PS and PMMA, as
for instance exemplified on S, B,,M,.°! in Figure 4 (see also

41023
Figure S5).

In SEM, the MPs show a smooth surface (Figure 4a) due to a
concentric lamella arrangement of the blocks as confirmed also
in TEM (Figure 4b). This morphology is expected because of
a low M, of 91kgmol™ and the almost equal-sized end blocks
(Ppg/Pppya=1-11). Again, PMMA forms the outermost shell,
which is followed by PB and then PS. Owing to the perfora-
tion, it appears as if the PB simultaneously displays cylindrical
and lamellar features, visible as dots and continuous stripes,
respectively. These features can be seen more clearly in the
corresponding cross-section TEM images (Figure 4c) and are
corroborated by our simulations that likewise show a discontin-
uous PB domain appearing as perforated lamellae (Figure 4d).
Unlike seen for the filled lamellae in Figure 3c,f,i, here the PB

blocks appear as irregularly disrupted lines. We observed this
morphology already before when we blended S,,B,.M,,'** with
low M, PB in different ratios [53]. There, we observed that with
increasing @, the gaps between the perforated PB domains
could be progressively filled to yield continuous PB-lamellae.
This transition occurred between @, =0.36-0.40, which is in
the same range as the herein discussed example. Within our
SBM library (Table 1, Figure S6), we find perforated lamellae up
to @,,=0.33 (S,,B,,M,.**) and complete PB-lamellae starting at
@y, =0.37 (S,,B,,M,,!'%). Comparing these values with the ones
found via blending, it seems very likely that the critical tran-
sition threshold of @, for forming perforated instead of filled

lamellae (and vice versa) is ¢PB,llezp1“0'36_0’37 [44].

3.4 | The Lamella-Ring and Lamella-Sphere
Morphology

Next, we discuss S; B, ;M,,'*” and S, ,B;M,'7? (Figure 5), which
have roughly symmetric volumes of the end blocks and rela-
tively small PB blocks of @,;=0.15 and ¢, =0.09, respectively

(lavender and purple region in Figure 1).

Starting with S, B,;M,;'*’, MPs exhibit a tulip-bulb shape
(Figure 5a) with clearly visible lamellae of PS and PMMA. At
@, =0.15, PB forms cylinders between the lamellae that are less
obvious in TEM but can be identified by their 1D anisotropy,
leading to stripes or striations in TEM and cross-sections when
viewed along the cylinder axis (Figure 5b,c). We observed this
lamella-cylinder morphology before [32] and could show with
ET that the cylinders are arranged in the form of concentric rings
caused by the imposed curved confinement. We thus termed this
structure lamella-ring (Ir) morphology. Previously, we found
this morphology for SBM only in MPs with a pupa-like shape
(e.g., S,,B,,M,.*), while polystyrene-b-poly(4-vinylpyridine)-
b-poly(tert-butyl methacrylate) (SVT) with a composition of
S,,V,,T,, exclusively formed MPs with a tulip-bulb shape [55].
The MPs observed in the DPD simulations for a coarse-grained
analogue of S, B, .M, '%” display a very similar morphology as in
the experiments (Figure 5d), that is we obtain a tulip-bulb MP,
where PB cylinders (black) are sandwiched between PS/PMMA
lamellae (green and orange, respectively).

Moving on to S,.B;M,!7?, we find pupa-like MPs (Figure 5e)

probably as a result of the high M of 172kgmol~!, whereas

FIGURE4 | MPswith [pl morphology. (a) SEM, (b) TEM, (c) TEM cross-section, and (d) simulation snapshot of S, B, ,M,.?!. Scale bars are 500nm

in SEM and 200nm in TEM.
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FIGURE 5 | MPs with Ir and Is morphology. (a-d) MPs of S;;B, .M, !> with tulip-bulb shape and Ir-morphology, that is PS/PMMA lamellae and
PB rings. (e-h) MPs of S, .B;M,!7? with pupa-like shape and Is-morphology, that is axially stacked PS/PMMA lamellae and PB spheres. (a, ¢) SEM
images of the MPs, (b, f) TEM images, (c, g) TEM cross-sections of MPs and (d, h) simulation snapshots of the respective morphology. PB appears
darkest in TEM due to staining with OsO, (PS gray, PMMA brightest). Scale bars are 500 nm for SEM images and 200 nm for TEM images.

PS and PMMA blocks form axially stacked lamellae with PB
spheres at their interface. Although the PB spheres are difficult
to distinguish from PB cylinders in TEM projections (or cross-
sections), they are isotropic and therefore do not display the
typical striations as described above (Figure 5f,g). In the sim-
ulations, we also find lamellar domains for PS and PMMA, but
PB still formed cylinders despite its relatively small volume frac-
tion. We suspect that this behavior is linked to the y parameters
used for the simulations. Although the given set (Table S1) yields
precise results when applied to compositions with I, Ipl-, or Ir-
morphologies, it seems that y, and y;,, need to be increased for
the correct prediction of PB spheres. To test this hypothesis, we
performed simulations with significantly larger values of y; and
Xgy» Which indeed resulted in separated PB spheres (Figure S7).
Similar to the discussion above, our SBM library (Table 1,
Figure S8) allows for an estimation of critical @, values for the
transitions perforated lamellae < rings of 0.16 < @ <0.23
and cylinders < spheres @ ~0.15.

PB,Ipl<lr
PB,lrels

3.5 | Spheres-On-Spheres
and Cylinders-On-Cylinders in PS Matrix

Next, we focus on SBMs in the PS-rich area of the microphase
diagram (green regions in Figure 1), that is S,;B,M, % and
S.,B,M % with &,>0.74 and PB/PMMA together forming
the minority microdomain (Figure 6). For S..B,,M, %, we find
spherical MPs with a smooth surface (Figure 6a). Within these
MPs, we find PB spheres (@,,=0.12) that are located on the sur-
face of close-packed PMMA spheres (®p,,,,, =0.10), embedded
in a PS matrix (Figure 6b). We can exclude the formation of any
anisotropic domains (such as cylinders), as we find the same pat-
tern in TEM irrespective of viewing angle. Since PB and PMMA

both form isotropic spheres, MPs are also exclusively spherical
(we did not find any tulip-bulb or pupa-like MPs). The experi-
mentally observed spherical microdomains embedded in a PS
matrix are also in good agreement with the corresponding sim-
ulation snapshots shown in Figure 6c. There, only the PB mi-
crodomains are depicted (different colors for each microdomain
for better distinction), which form (perforated) shells around
PMMA spheres.

When the composition is changed to S.,B,M,,%, the increase
in @p, ;4 t0 0.14 induces a morphological change from PMMA
spheres to cylinders. The first indication for this transition
can be taken from the SEM images, where the MPs are still
spherical but now show a riffled surface (Figure 6d). In TEM,
a hexagonal pattern can be recognized that we ascribe to
hexagonally packed PMMA cylinders (Figure 6e), which are
also supported by our DPD simulations (Figure 6f) and cross-
section images (Figure S9). In the cross-sections, the hexag-
onal pattern becomes even more visible for those locations
where the viewing direction is perpendicular to the cylinder
cross-sections. Despite the unchanged volume of ¢,,=0.12,
the PB spheres seem to overlap on several occasions to form
cylinders or a perforated shell surrounding the PMMA core.
The simulation results depicted in Figure 6f corroborate this
observation. In TEM imaging, we probably face a measure-
ment artifact because shrinkage of the PMMA cylinders due
to e-beam damage may considerably reduce the cylinder di-
ameter, which in turn brings the PB spheres closer together
up to a point where they appear to overlap into the observed
morphology. An alternative explanation could be that the
merging from PMMA spheres to cylinders comes at the cost of
reduced cylinder diameter, which indeed brought PB spheres
into closer contact.
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FIGURE 6 | MPs with s s or ¢ c-morphology in PS matrix. (a-c) MPs of S78B12M1085 with spherical shape and s s-morphology, that is PB spheres

on PMMA spheres in a PS matrix, and (d-f) MPs of S_,B, ,

M,,*° with spherical shape and ¢ c-morphology, that is PB cylinders on hexagonally packed

PMMA cylinders in a PS matrix. (a, d) SEM images of the MPs, (b, e) TEM images and (c, f) simulations of the respective morphology. Only PB is

shown in the simulation snapshots, with each color representing an individual PB microdomain for better distinction. For TEM, PB was stained with

0s0, rendering it darkest. Scale bars are 500 nm for SEM images and 200nm for TEM images.

3.6 | Cylinders-On-Cylinders in PMMA Matrix

Lastly, we discuss the morphology of S,,B,.M,,'%° with the
highest volume fraction of PMMA, @\, =0.44 (orange area
in Figure 1). Judging from the SEM images (Figure 7a), MPs
of S,,B,;M,,'% have an overall spherical shape while the MP
surface displayed a surprisingly rich pattern that we assign to
a cylinder-on-cylinder morphology. There, PS cylinders in dark
gray are decorated with black PB cylinders and embedded in a
bright PMMA matrix. Interestingly, this morphology is oriented
both perpendicular and parallel to the MP surface instead of
bending along the curved surface as often observed before for
other cylinder morphologies in confinement. The MPs thus not
only have a complex surface pattern, but also a complicated
inner structure. Unfortunately, TEM imaging alone did not
help to better understand the arrangement of the microdomains
(Figure 7b), as the interpretation of the morphology was compli-
cated by the many overlapping features and highly dependent
on the particle orientation. The tilt series in Video S1 corrobo-
rates this observation. We thus prepared TEM cross-sections to
reduce the number of overlapping features and utilized the tilt
series to calculate a 3D reconstruction. From the cross-section,
we could clearly assign PS and PB to cylinders because the longi-
tudinal cylinder axes are visible as stripes and the cylinder bases
as circular shapes (Figure 7c). The cylinder diameters measured
dcyl,PS:40 nm and dcyl‘PB: 19nm, respectively. From the com-
bined results of cross-sectioning and reconstructions, the larger
PS cylinders arrange in a cubic or monoclinic lattice. This lat-
tice is less common than the typical hexagonal packing [52] and

likely a result from the additional PB cylinders that themselves
decorate the PS cylinder in a tetragonal manner. This PB ar-
rangement can in turn be explained by the compromise of (i)
minimization of interfacial area with PS cylinder, and (ii) the
required volume of the PB microdomain (which does not allow
six PB cylinders in hexagonal packing). The fact that the domain
partially bends along and orients perpendicular to the curved
interface might be related to the process of structure forma-
tion: During drying, the more hydrophobic PS block forms the
cylinder microdomain prior to PMMA, which then is confined
within the already highly concentrated spherical droplet. Due
to its high bending rigidity, the PS cylinders may not close into
rings entirely upon further droplet shrinking (unlike seen for
the much softer PB). We tried to corroborate these hypotheses
through DPD simulations, but there we observed completely dif-
ferent tulip-bulb-shaped MPs with PB on the outside and mixed
PS and PMMA lamellae inside. This discrepancy between the
experiments and simulations is quite surprising, given the gen-
erally good agreement for the other samples. One possible expla-
nation for the mismatch could be the lack of glassiness in our
DPD model, which allows the PS domains to fully relax.

4 | Conclusions

In the present study, we observed seven morphologies for 22
different SBM triblock terpolymers, which self-assembled
in 3D confinement to yield solid MPs. Structural analysis
was done using SEM, TEM, cross-sectioning, ET, and 3D
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FIGURE7 | The cc-morphology in PMMA matrix. (a) TEM image; PB is stained (OsO,) and appears darkest. (b) SEM with PS (gray), PB (black),
and PMMA (bright) distinguishable by contrast. (c) TEM of a cross section and 3D-reconstructions (in red and green). The cross section was addition-
ally stained with RuO, and PS appears darker than PMMA. For the reconstruction the PB block is depicted in green and the PS and PMMA blocks

in dark red. Scale bars are 200nm.

reconstructions, and complemented by coarse-grained mo-
lecular simulations. Apart from more frequently observed
lamellae-lamellae (Il), lamellae-ring (Ir), lamellae-perforated
lamellae (Ipl) and lamellae-sphere (Is) morphologies, we also
reported less common sphere-on-sphere (s_s) and cylinder-on-
cylinder (c,c) structures embedded in different matrices. For
the lamella-inheriting structures, we proposed critical @-
values at which the morphologies are likely to transition be-
tween ll < Ipl, Ipl < Ir, and Ir < Is. Derived from the /I-MPs, we
also found the trend that with increasing M, the particles are
more likely to form pupa-like ellipsoids with stacked lamellae
(high M) instead of tulip-bulbs (medium M,) or concentric
spheres (low M_); we explain the transition from curved to flat
lamellae by the entropically unfavorable chain compression
and chain splay occurring for the former, which become more
pronounced with increasing chain length and toward the MP
center. For shorter chains, this negative effect is compensated
by preferential interfacial interactions that arise for a concen-
tric arrangement. Concerning the s s- and ¢ c-MPs, especially
the ¢ c-morphology in a PMMA matrix is noteworthy due to
the rather uncommon monoclinic- or cubically packed PS cyl-
inders that stand perpendicular to the particle surface, which

are reported for the first time in confinement. Our experiments
and simulations are in good agreement for the large majority
of samples, thus providing a helpful means for analyzing and
cross-validating the emerging structures. Overall, the pre-
sented ternary microphase diagram delivers comprehensive
information for the prediction of the inner structures of SBM
triblock terpolymer-based MPs. We plan to broaden the scope
of targetable structures further by employing homopolymer
blending to increase the number of compositions and possibly
accessible structures.
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