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Optimization of Membrane Emulsification for Generation of BCP Spheres

Herein we describe the optimization process to produce monodisperse BCP spheres
using PS-b-P4VP as an example. First, the selection of an appropriate organic solvent for the
disperse phase is important, since the favorable interactions between P4VP units and silanol
groups on the membrane surface can affect the wettability during emulsification.?
Monodisperse particles were obtained by using toluene as a PS-selective solvent for PS-b-
P4VP,? where the formation of P4VP-core micelles in the disperse phase effectively screened
the P4VP-silanol interactions (Figures S1(a-c)). On the other hand, the use of chloroform, a
less selective solvent for PS-b-P4VP, as a disperse phase led to polydisperse particles. This is
attributed to the increased wettability of the membrane by favorable interaction of the
membrane surface and P4VP chains, which might induce coalescence of the organic phase

while passing through the membrane pore (Figures S1(d-f)).

Second, the operation pressure (P) for membrane emulsification should be optimized
for achieving monodispersity of the generated droplets, which has been demonstrated in our
previous work.* For the case of a dpore = 1.1 um membrane, the critical pressure (Pc) was
measured to be 15 kPa. A series of BCP particles were prepared at different P/P. values from
1.33 to 1.67, and 2.67 (Figure S2). It was shown that increase of the P/P¢ resulted in the
increase of particle diameter and coefficient of variation (CV, defined as a standard deviation
divided by average particle diameter) values. More than 200 particles from the SEM images
were characterized to obtain CV value. The best monodispersity of the particles (i.e., CV <
15 %) was attainable at P/P; = 1.33, and such pressure conditions were used throughout this

work.
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Figure S1. (a) TEM image of spherical micelles of PSiok-b-P4VPiok on the film, which was
cast from the polymers in toluene (3 mg/ml). (b) SEM image of PSio-b-P4VPiok particles
emulsified by SPG membrane (dpore = 1.1 pum) using toluene. (c) Schematic illustration showing
the successful formation of monodisperse droplets using PS-selective solvents by efficiently
screening the interaction between the P4VP and silanol membrane surface. (d) TEM image of
PSi0k-b-P4VPi ok on the film, which was cast from the polymers in chloroform (3 mg/ml). (e)
SEM image of PSiok-b-P4VPiok particles emulsified by SPG membrane (dpore = 1.1 pm) using
chloroform. (f) Schematic illustration showing the coalescence of droplets at the membrane
surface using neutral solvents, due to interaction between the P4VP and silanol membrane

surface.
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Figure S2. (a-c) SEM images of PSiok-b-P4V P10k particles emulsified using a dpore = 1.1 um
SPG membrane at (a) P/Pc= 1.33 (P = 20 kPa), (b) P/P. = 1.67 (P = 25 kPa), and (c) P/P¢ =
2.67 (P = 40 kPa). The PVA concentration in the continuous phase was fixed to 10 mg/mL. (d)
Plot of particle diameters as a function of P/P, where the error bars indicate standard deviation.



Optimization of Dual Surfactants for Neutral Surrounding Conditions for Reshaping
BCP Spheres to Ellipsoids

To generate a neutral wetting condition of both blocks to the surrounding aqueous
phase, the choice of dual surfactant mixtures and their mixing ratios were optimized. For
symmetric PSiek-b-PDMS17k, @ mixture of SDS and PVA was used as a dual surfactant system
where SDS is selective to the PS block while PVA is selective to the PDMS block. Therefore,
the weight ratio of SDS:PVA was varied from 1:2 to 1:1 and 2:1, and the resulting particle
morphology was observed. At the SDS:PVA = 1:2, a mixture of onion particles (with PDMS
outermost layer) and prolate ellipsoids was observed in the batch, while SDS:PVA = 2:1
samples contained a mixture of onion particles (with PS outermost layer) and prolate ellipsoids.
By contrast, SDS:PVA = 1:1 was a neutral condition where full transformation to prolate
ellipsoids in the batch was achieved (Figure S3). For lamellae-forming PSask-b-PBask, SDS
and PV A favorably interact with the PB and PS blocks, respectively. We also observed that the
weight ratio of SDS:PVA = 1:1 is optimal one to transform all of the particles to ellipsoids
(Figure S4). For PSiok-b-P4VP10k, a combination of CTAB and HO-CTAB surfactants was
used, where each surfactant favorably interacts with either the PS or P4VP block,
respectively.>® To find the optimal weight ratio of CTAB:HO-CTAB, the weight ratios were
varied from 1:1to 1:2 and 1:4. At the ratio of 1:2, all the particles were transformed to ellipsoids
while 1:1 and 1:4 ratios showed incomplete transition to prolate ellipsoids (Figure S5).
Additionally, the optimal weight ratio of the dual surfactants for generating neutral surrounding
condition for cylinder-forming BCPs (PSawk-b-PDMSi7k, PSask-b-PB11k, and PSisk-b-P4VP)
was determined similarly. For PSswi-b-PDMS17« and PSask-b-PBi11k, the weight ratio of
SDS:PVA = 2:1 was a neutral surrounding, at which all the particles transformed to oblates
ellipsoids. For PSisk-b-P4VP7, the CTAB:HO-CTAB = 1:1 was required to produce oblate

ellipsoids.
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Figure S3. TEM images of PSiek-b-PDMSi17« BCP particles after chloroform annealing with
varying SDS:PVA weight ratios of (a) 1:2, (b) 1:1, and (c) 2:1. Overall surfactant concentration

was fixed to 3 mg/mL.
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Figure S4. TEM images of PSaa-b-PB2sk BCP particles after chloroform annealing with
varying SDS:PVA weight ratios of (a) 1:2, (b) 1:1, and (c) 2:1. Overall surfactant concentration

was fixed to 3 mg/mL. PB domain appear dark due to OsO4 staining.
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Figure S5. TEM images of PSiok-b-P4VP10k BCP particles after chloroform annealing with
varying CTAB:HO-CTAB weight ratios of (a) 1:1, (b) 1:2, and (c) 1:4. Overall surfactant

concentration was fixed to 3 mg/mL. P4VP domain appear dark due to I, staining.



Table S1. Summary of particle size information.

Before (spheres)

After (prolate and oblate ellipsoid)

BCP ((:f:;,e) Diameter (um) Major Axis (um) Minor Axis (um) Aspect Ratio
(CV (%)) (CV (%)) (CV (%)) (AR)
51 2.48+0.28 (11.2) 4.45+0.52 (11.7) 1.8940.22 (11.6) 2.35
‘i f 2.1 1.0940.12 (11.0) 2.25+0.35 (15.5) 0.93+0.12 (12.9) 241
§ E 1.1 | 0.61+0.08 (13.1) 1.1940.17 (14.2) 0.58+0.07 (12.0) 2.07
é 0.5 | 0.3340.04 (12.1) 0.65+0.12 (18.4) 0.34+0.06 (17.6) 1.89
Dg, 5.1 | 3.004+0.31(10.3) 4.68+0.42 (9.0) 2.57+0.24 (9.3) 1.82
g o E 2.1 | 1.10+0.12 (10.9) 1.97+0.19 (9.6) 1.12+0.11 (9.8) 1.74
“jz f % 1.1 | 0.59+0.06 (10.2) 1.3640.15 (11.0) 0.8840.09 (10.2) 1.55
?E, 0.5 | 0.30+0.03 (10.0) | 0.49+0.06 (11.1)  0.34+0.04 (11.7) 1.44
b % 51 2.5610.24 (9.4) 3.05+0.36 (11.8) 2.3240.22 (9.4) 131
$ 2.1 1.03+0.09 (8.7) 1.94+0.20 (10.3) 1.39+0.14 (10.1) 1.28
E 1.1 0.62+0.06 (9.7) 1.00+0.11 (11.0) 0.78+0.08 (10.2) 1.28
& 0.5 | 0.29£0.03 (10.3) 0.55+0.05 (9.1) 0.46+0.04 (8.7) 1.18
51 | 2.35+0.23(9.8) 4.98+0.47 (9.4) 1.0440.09 (7.9) 4.38
24 | 21 |093+011(118) | 1.754+0.27 (15.4) 0.43+0.05 (11.6) 3.50
f E 1.1 | 0.54+0.06 (11.1) | 0.98+0.15 (15.3) 0.33+0.04 (12.1) 3.01
£ 0.5 | 0.31+0.03 (9.7) 0.52+0.09 (17.3)  0.25+0.04 (16.0) 2.06
é 51 | 2.44+0.21(8.6) 4.08+0.43 (10.5) 1.0240.13 (12.7) 4.01
é = (,5) 2.1 | 1.05+0.12 (11.4) 2.03+0.17 (8.4) 0.67+0.05 (7.5) 3.03
ﬁ—’ & 5 1.1 0.71+0.07 (9.9) 1.04+0.10 (9.6) 0.41+0.04 (9.8) 2.53

o

2 0.5 | 0.2740.04 (14.8) | 0.43+0.07 (16.3)  0.26+0.04 (15.4) 1.66
3 < 51 | 2.56+0.24 (9.4) 2.74+0.31 (11.3) 1.5140.19 (12.7) 1.81
g 2.1 1.0740.09 (8.4) 1.10+0.14 (12.8) 0.82+0.11 (14.2) 1.35
% 1.1 0.62+0.06 (9.7) 0.71+0.08 (11.2) 0.59+0.07 (11.8) 1.23
& 0.5 | 0.2940.03(10.3) | 0.31+0.05(16.1)  0.28+0.03 (10.7) 1.11




Figure S6. SEM and TEM images of (&) PSiek-b-PDMS17« and (c) PSzik-b-PDMSi7« spheres
produced from membranes with dpore = 5.1 um. The particles were transformed to (b) prolate

ellipsoids and (d) oblate ellipsoids by PRSE. Scale bars in the insets (white) are 100 nm.
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Figure S7. Side-view SEM images of PSzik-b-PDMSy7« oblate ellipsoids produced from
membranes with dpore = () 0.5, (b) 1.1, (¢) 2.1 and (d) 5.1 um after PRSE.
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Figure S8. SEM and TEM images of (a-d) PSaa-b-PBask spheres produced from membranes
with dpore = (2) 0.5, (b) 1.1 (c), 2.1 and (d) 5.1 um. (e-h) The particles were transformed to
prolate ellipsoids by PRSE. Scale bars in the insets (white) are 100 nm.



Figure S9. SEM and TEM images of (a-d) PSssk-b-PBu1ik spheres produced from membranes
with dpore = (8) 0.5, (b) 1.1, (c) 2.1 and (d) 5.1 um. (e-h) The particles were transformed to
oblate ellipsoids by PRSE. Scale bars in the insets (white) are 100 nm.



Figure S10. SEM and TEM images of (a-d) PSiok-b-P4VPiok spheres produced from
membranes with dpore = (a) 0.5, (b) 1.1 (c), 2.1 and (d) 5.1 um. (e-h) The particles were
transformed to prolate ellipsoids by PRSE. Scale bars in the insets (white) are 100 nm.
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Figure S11. SEM and TEM images of (a-d) PSisk-b-P4VP7« spheres produced from
membranes with dpore = (a) 0.5, (b) 1.1, (c) 2.1 and (d) 5.1 um. (e-h) The particles were

transformed to oblate ellipsoids by PRSE. Scale bars in the insets (white) are 100 nm.




Calculation Details for the AR of Prolate Ellipsoids

The total free energy of a prolate particle (F), with L and S as major and minor
axis, consisting of n-layered A-b-B BCP lamellae from the center can be expressed as

the following equation:

F Cn—-Dr [y w3352 m2L§C%V,
= ~S% + +
k,T 3b2 6 192N2b5(2n — 1)? ' 1024N2b5
A= Pt frl [, L i=sye) Y
2(1+ pr)~ S\1—52/12

where kp is the Boltzmann constant, T is temperature, y is the incompatibility parameter of the
BCP, b is monomer length, N is the degree of polymerization, f is volume fraction of BCP,
is the interfacial tension between A-block and its surroundings, js is the interfacial tension
between B-block and its surroundings, and Y is the ratio of volume to surface area of the
particle. « and £ are fitting parameters for the surface energy term between BCPs and their
surroundings. The first term in the right hand side of equation S1 denotes the interfacial energy
between the two blocks and the second term describes the chain stretching energy of the BCPs,
assuming that the prolate particle consists of axially stacked lamellae. The third term describes
the bending energies of curved lamellae at the edges (poles) of prolate ellipsoids,” where Lo
is bulk periodicity, C is curvature of the curved layers, and V. is total volume of the curved
layers. The last term is the surface energy between the BCPs and their surrounding medium. y
values were set to 0.04, 0.21, and 0.53 for PSas-b-PB2sk, PSiek-b-PDMSi7k, and PSiok-b-
P4VP1qk, respectively.'®13 For each BCP, the surface tension values between the polymer and
its surroundings (ya) were set to ys = 9.76 and s = 8.57 mN/m for PSzak-b-PBask, s = 9.36
and ypoms = 8.44 mN/m for PSiek-b-PDMS17k, and jps = ypave = 10.54 mN/m for PSiok-b-

P4VP1ok based on the contact angle measruements of each polymer film upon addition of water



containing surfactants. b was set to 0.6 for all BCPs. The free energy of the particle elongations
becomes functions of n, L, S, e and S. Therefore, for each particle volume, the optimized set
of L and S was numerically calculated by minimizing F. C and V¢ were numerically calculated
from the given geometry of the prolate particle. The fitting parameters were optimized to «
=0.97 and S =0.90 for PSaak-b-PB2sk, » =1.05 and 2 =0.80 for PS16k-b-PDMS17k, and « =1.10

and £ =1.40 for PSiok-b-P4VP1ok, respectively.
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Figure S12. Plots of AR as a function of L of monodisperse oblate particles of (a) PSssk-b-
PB11k, (b) PS31k-b-PDMSa7k, and (c) PSisk-b-P4VP7 after PRSE. Particles were produced from
membranes with dpore = 0.5, 1.1, 2.1, and 5.1 pm.
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