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Single-ion nano-features formed by a
Li-containing block copolymer synthesized via
PISA+
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Karim Aissou and Mona Semsarilar 2 *

Single-ion block copolymer nanoparticles of (poly(ethylene glycol) monomethyl ether monomethacry-
late-co-poly(3-((trifluoromethane)sulfonamidosulfonyl) propyl methacrylate))-b-polystyrene, (PEGMA-
co-PLIiTFSI)-b-PS, were prepared using an efficient RAFT-controlled aqueous emulsion polymerization
protocol. The macro-chain transfer agent (macroCTA) used, which stabilized the nanoparticles, is a
lithium-ion based conductor that can be used for the formation of single-ion polymer electrolytes
(SIPEs). This SIPE macroCTA was used as the stabilizer for the synthesis of PS under emulsion conditions
at 70 °C, achieving near complete conversion. Kinetic studies revealed good control over the synthesis of
the block copolymer (confirmed by NMR spectroscopy and GPC) and formation of spherical nano-
particles of different diameters depending on the length of the hydrophobic (PS) block (confirmed by DLS
and TEM). The final high molecular weight diblock copolymer with narrow molecular weight distribution
was used to prepare nanostructured films via combined solution-casting and solvent vapour annealing
(SVA). Nanostructured films were characterised using AFM and GISAXS.

Introduction

Advances made in the development of controlled reversible de-
activation radical polymerization (RDRP) have led to the ability
to design and synthesize a variety of well-defined polymers of
different structures.'® Among the RDRP polymerization tech-
niques, reversible addition-fragmentation chain transfer
(RAFT) polymerization is one of the most versatile and allows
preparation of varied copolymers under facile and diverse
conditions.”® The flexibility and efficiency of the RAFT
method have boosted the possibility of making diverse amphi-
philic block copolymers and the preparation of nanoparticles.
Such block copolymer nanoparticles have often been made via
post-polymerization techniques, such as solvent switch, pH
switch, dialysis or thin film rehydration, typically resulting in
the formation of mixed morphologies at very low concen-
trations (1 wt% or less).>® Polymerization-induced self-assem-
bly (PISA) is a versatile method to synthesize a wide range of
well-defined block copolymer nano-objects in the form of con-
centrated colloidal dispersions.’®™® In PISA, an insoluble
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block grows from one end of a soluble precursor block (macro
chain transfer agent) in a suitable solvent that only dissolves
the precursor. Once the insoluble block reaches a critical
degree of polymerization, micellar nucleation occurs and ulti-
mately leads to the formation of sterically stabilized diblock
copolymer nano-objects. The unreacted monomer acts as a co-
solvent and the high local monomer concentration within the
monomer-swollen nanoparticles results in a relatively fast rate
of polymerization."*'® So far, many different combinations of
shell- and core-forming blocks have been used in the PISA
process and the resulting nano-objects have been used for
many different types of applications from stem-cell growth,
drug delivery and smart coatings to separation
membranes.'®°

In recent years, solid polymer electrolytes (SPEs) have
gained a great deal of attention as they offer advantages for
improving the safety of existing lithium batteries.>”® SPEs are
excellent due to their mechanical strength and flexibility. SPEs
can be easily prepared by solvent-casting, hot moulding or
extrusion techniques.® In this context, nanostructured block
copolymer films are of interest in the design of lithium ion-
containing solid copolymer electrolytes.*® These solid block
copolymer electrolytes consist of ion-conducting nanochannels
(e.g., lamellae, cylinders) capable of dissolving lithium salts,
and a mechanically robust matrix. Current global understand-
ing is that the lithium ion can move in the space left by the
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free volume of the polymer host, and the ionic conductivity
(IC) is mediated by the local motion of the polymer chain seg-
ments above the glass transition temperature (7). Even if SPE
based on semi-crystalline poly(ethylene oxide) (PEO) does not
have a high IC at room temperature (RT), it is the most applied
polymer host. Indeed, PEO is efficient in coordinating metal
ions, due to the optimal distance and orientation of the ether
oxygen atoms in its structure.’’ However, to prevent the
appearance of dendrites at the Li metal/electrolyte interface,
the solid block copolymer electrolytes need to have a glassy
domain with excellent mechanical strength, such as poly-
styrene (PS).3%3233

Recently, a new class of SPEs labelled single-ion polymer
electrolytes (SIPEs) has been developed where a highly deloca-
lized anion is attached to the polymeric chain, endowing it
with high mobility to the lithium counter cations. This results
in the transference number of lithium being close to unity
since only the lithium ions would be responsible for the ionic
conductivity.>* 3¢

The most studied SIPEs are highly delocalized anionic
polyelectrolytes, including sulphonamide groups such as
lithium poly(lithium 1-[3-(methacryloyloxy)-propylsulfonyl]-1-
(trifluoromethylsulfonyl)imide) (PLIMTFSI) and the styrenic
analogue, poly(styrene sulfonyl-(trifluoromethylsulfonyl)imide).*”
However, SIPE homopolymers generally present low ionic con-
ductivity properties because of their relatively high T, values,
limiting lithium mobility.*®*° To solve this problem Devaux
et al. designed a block copolymer by combining the Li-contain-
ing block with a soft block of PEO.>* Long and co-workers opti-
mized the relationships between chemical composition,
morphology, mechanical properties and ionic conductivity by
synthesizing triblock copolymers, the synthesis of which could
be tedious, laborious and often costly.>® As mentioned earlier,
PISA is an ideal method to prepare block copolymer particles
with different morphologies at high solids content.’” PISA is
also a straightforward method for the preparation of high
molecular weight block copolymers due to the high monomer
concentrations in the formed nanoparticles.’****! This work
looks into making high molecular weight SIPE-containing
block copolymers via the PISA method. The first block was
made through solution RAFT copolymerization of lithium
3-[(trifluoromethane)sulfonamidosulfonyl Jpropyl methacrylate
(LIMTFSI) and polyethylene glycol methacrylate (PEGMA 4q).
This water-soluble macro-chain transfer agent was then block
extended using styrene via RAFT-controlled emulsion polymer-
ization. The choice of a shell-forming monomer and the PISA
method allowed for the synthesis of well-defined high mole-
cular weight block copolymers in a fast manner as well as
studying their self-assembly behaviour in solution in the same
pot. To the best of our knowledge, this SIPE monomer and the
solution self-assembly of amphiphilic block copolymer con-
taining this monomer have never been used in a PISA formu-
lation. Subsequently, nanostructured films were prepared
using the synthesized block copolymer, P(PEGMA-co-LiTFSI)-b-
PS, via a combination of solution casting and solvent vapour
annealing.
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Materials and methods
Materials

Polyethylene glycol monomethyl ether monomethacrylate
(PEGMA400, 97.5% purity) was purchased from Polysciences.
Lithium 3-[(trifluoromethane)sulfonamidosulfonyl]propyl
methacrylate (LiMTFSI, 97% purity) was purchased from
Specific Polymer (France). The RAFT agent 4-cyano-4-(phenyl-
carbonothioylthio) pentanoic acid (CPAD, 97% purity), 4,4
azobis(4-cyanovaleric acid) (ACVA, 99% purity), styrene, sol-
vents and deuterated solvents were purchased from Sigma-
Aldrich. All reagents were used as received. The polystyrene-b-
poly(2-vinyl pyridine)-b-polyethyleneoxide, PS-b-P2VP-b-PEO
(S:V:EO ~ 65:21:13, 69.5 kg mol™), used in this work, was
purchased from Polymer Source Inc. (Canada).

Methods

Proton nuclear magnetic resonance spectroscopy (1H NMR).
'H NMR spectra were recorded on a 400 MHz Bruker Avance-
400 spectrometer. The samples were solubilized in DMSO-d6
before analysis.

Dynamic light scattering (DLS). The hydrodynamic radii
were analysed by dynamic light scattering at 90° using an
Anton Paar Litesizer TM 500. Samples were prepared at 0.1%
w/w by diluting the sample with MilliQ water. The measure-
ments were performed at 20 °C. An equilibrium step
(1 minute) was set prior to each measurement.

Transmission electron microscopy (TEM). TEM images were
acquired using either a JEOL 1200 EXII (120 kV) or a JEOL
1400 P+ (120 kV). 10 pL of diluted PISA suspension (0.1% w/w)
was deposited onto a carbon coated grid for 30 s and then
blotted with filter paper to remove excess solution. Afterward,
the sample-loaded grid was stained with 7 pL of 1%
ammonium molybdate aqueous solution for 15 s before
removal with filter paper.

Gel permeation chromatography (GPC). Polymer molar mass
distributions were analysed using the following two GPC
systems: (1) Varian PL-50 system fitted with 2 PolarGel M 300 x
7.5 columns thermostated at 50 °C. The mobile phase was
DMAc containing 0.1% w/w LiCl at a flow rate of 0.8 mL
min~'. The calibration was performed using near-mono-
disperse poly(methyl methacrylate) (PMMA) standards ranging
from 550 to 1500000 g mol™" (EasiVial-Agilent). (2) Viscotek
TDA 305 triple detector array system fitted with 2 PolarGel M
300 x 7.5 columns thermostated at 35 °C. The mobile phase
was THF containing 0.3% w/w toluene at a flow rate of 1 mL
min~'. The calibration was performed using near-mono-
disperse polystyrene (PS) standards ranging from 1200 to
400 000 g mol ™" (Malvern).

Fabrication of nanostructured block copolymer films

Unblended and blended single-ion BCP films were drawn onto
(2 x 2 cm) silicon substrates by using a simple tape casting
technique with a 250 um gap from an 18 wt% terpolymer solu-
tion in a di-solvent mixture of 1,4-dioxane and tetrahydrofuran
(DOX/THF: 1/1 by weight). THF is a good solvent for the

This journal is © The Royal Society of Chemistry 2023
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P(PEGMA,-co-LiMTFSIL,) macroCTA while the high boiling
point DOX ensures the formation of homogeneous films. The
self-assembly of BCP chains was promoted by exposing films
for 3 h to a continuous stream of chloroform (CHCI;) vapour
produced by bubbling nitrogen gas through the liquid solvent
as described previously.*> This continuous flow system was
used to control the CHCI; vapour pressure in the chamber by
dilution with a separate N, stream so that a solvent vapour
consisted of 32 sccm CHCIl; vapour and 8 sccm N, (total, 40
sccm).

AFM and GISAXS characterization studies

Atomic force microscopy (AFM Nano-Observer, CS
Instruments) was used in tapping mode to characterize the
surface morphology of single-ion BCP films. Silicon cantilevers
(PPP-NCH, Nanosensors) with a typical tip radius of ~5 nm
were used. The resonance frequency of the cantilevers was
about 235 kHz. Prior to AFM measurements, unblended and
blended single-ion BCP films were treated with a fluorine-
based plasma in a home-made chamber to improve the AFM
topographic image contrast (plasma conditions: 45 W,
75 mTorr CF, and 90 s). GISAXS experiments were performed
on the Dutch-Belgian Beamline (DUBBLE) at the European
Synchrotron Radiation Facility (ESRF) station BM26B in
Grenoble.*” A monochromatic beam of 12 keV was set using a
Si(111) double crystal monochromator. The sample (typical
size of 150 mm?) was exposed to the X-ray beam with an angle
of incidence of 0.2°, which is above the critical angle of the
polymer, ensuring full penetration of the X-ray beam into the
material and hence analysis of the full volume of the sample.
The 2D scattering patterns were collected with a PILATUS3 S 1
M detector. The scattering vector and the sample-to-detector
distance were calibrated using silver behenate as the standard,
obtaining a sample-to-detector distance of 7500 mm in order
to achieve a g-range from 0.01 A to 0.068 A.

RAFT copolymerization of poly(ethylene glycol) monomethyl
ether monomethacrylate-co-poly(3-[(trifluoromethane)sulfona-
midosulfonyl]propyl methacrylate) P(PEGMA,-co-LiMTFSI,).
The synthesis of the P(PEGMA,-co-LiIMTFSI,) macroCTA was
defined according to the following ratio: [PEGMA] : [LIMTFSI] :
[CPAD]:[ACVA]; [25]:[29]:[1]:[0.2] (Scheme 1). A round
bottom flask equipped with a stirrer bar was charged with
PEGMA (0.81 g, 1.97 mmol), LIMTFSI (0.81 g, 2.28 mmol),
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CPAD (22.7 mg, 0.078 mmol), ACVA (4.5 mg, 0.016 mmol) and
3.1 g of distilled water. The flask was sealed with a rubber
septum and placed in an ice bath. The reaction mixture was
degassed by bubbling nitrogen for 30 min and the flask was
then immersed in a pre-heated oil bath at 70 °C for 24 h under
magnetic stirring. To monitor the polymerization, aliquots at
different time intervals were taken using a degassed syringe
under a nitrogen atmosphere. After 24 h, the monomer conver-
sions were calculated using "H NMR (>99% for both) before
freeze drying to obtain a pink powder. The "H NMR of the
purified polymer gave a final DP of x = 27 and y = 31. The
polymer was also analysed using SECpyac (My, = 36 kg mol™;
b=1.1).

Diblock synthesis of poly(ethylene glycol) monomethyl
ether monomethacrylate-co-poly(lithium ((3-(methacryloyloxy)
propyl)sulfonyl)((trifluoromethyl)sulfonyl)amide)-block-poly-
styrene P(PEGMA,,-co-LiMTFSI;, )-b-PS,. The general procedure
for the synthesis of P(PEGMA,;-stat-LiMTFSI;,)-b-PS;65 was
defined according to the following ratio: [Sty]: [PEGMA,;-co-
PLiMTFSI;,]: [ACVA]; [384]:[1]:[0.2] (Scheme 1). A round
bottom flask equipped with a stirrer bar was charged with
styrene (0.71 g, 6.75 mmol), P(PEGMA,,-co-LiMTFSIs,) (0.36 g,
0.018 mmol), ACVA (1 mg, 0.004 mmol) and 9.5 g of distilled
water (10% w/w). The flask was cooled down in an ice bath
before degassing (N, bubbling) for 30 min. The flask was then
immersed in a pre-heated oil bath at 70 °C for 24 h under mag-
netic stirring. Aliquots were taken (using the procedure
described earlier) at different time intervals to follow the
polymerization kinetics. After 24 h of polymerization, the
monomer conversions were checked using "H NMR in a
mixture of DMSO-d¢ and THF. The conversion was calculated
using the aromatic signals of the styrene and the polystyrene
(conv. ~ 97%). The residual styrene monomer was removed
under vacuum before freeze-drying the mixture to obtain a
pink powder. The final polymer, P(PEGMA,,-co-LiMTFSI;, )-b-
PS365, was also analysed using SECpyac (My, = 84 kg mol™; b =
1.31).

Calculation of M,, «,. The theoretical number-average molar
masses (M) were calculated using the following equation

(eqn (1)):*

(o] [e]
, Styrene ACVA S
(6] —— HO ki st 7 b -
NC
H,0, 70°C 20 70°C s
o [e] [¢] [e] [©]
o H

Scheme 1 Diblock copolymer synthesis of poly(ethylene glycol) monomethyl ether monomethacrylate-co-poly(lithium ((3-(methacryloyloxy)
propyl)sulfonyl)((trifluoromethyl)sulfonyl)amide)-block-polystyrene, P(PEGMA,-co-LiMTFSI,)-b-PS, via PISA at 10% (w/w) solids content in water at

70 °C.

This journal is © The Royal Society of Chemistry 2023
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where [M], and [CTA], are the initial concentrations (in mol
L") of the monomer and the chain transfer agent, p is the
monomer conversion as determined by '"H NMR, and M, and
Mcra are the molar masses (in g mol ™) of the monomer and
the chain transfer agent, respectively.

Calculation of the theoretical number fraction of living
chains (L). The number fraction of living chains is calculated
using eqn (2), neglecting all side reactions with oxygen:*

. [CTA],
- [cTal, + (1), - [1,)

(2)

where [I], — [I]; is the concentration of the initiator consumed,
which was calculated using the following equations when the
kq value for ACVA at 70 °C was set as 2.1837 x 10™°:

[IL = [I]O ik

[I]O - [IL = [I]o - moirkd

Results and discussion

RAFT copolymerization of poly(ethylene glycol) monomethyl
ether monomethacrylate-co-poly(lithium ((3-(methacryloyloxy)
propyl)sulfonyl)((trifluoromethyl)sulfonyl )Jamide), P(PEGMA, -
co-LiMTFSI;,)

The polymerization between the poly(ethylene glycol) mono-
methyl ether monomethacrylate and lithium ((3-(methacryloy-
loxy)propyl)sulfonyl)((trifluoromethyl)sulfonyl Jamide was per-
formed by RAFT polymerization in water targeting a total
molecular weight of 20 kg mol ™" with equal partition between
the two monomers (10 kg mol~" of each monomer).

After 200 minutes, '"H NMR analysis showed more than
99% conversion of both monomers (LIMTFSI and PEGMA)
(Fig. S17). Kinetic studies show a similar rate of consumption
of the two monomers, indicating the formation of statistical
copolymer PEGMA-co-PLiIMTFSI. Furthermore, the SEC ana-
lysis of the kinetic samples showed that the copolymerization
of the two monomers was well controlled, and the molecular
weight increased with conversion (Fig. S2t). The final disper-
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sity (P) of P(PEGMA,;-co-LiMTFSI;,) was 1.18. During the
course of the polymerization, the DP (degree of polymeriz-
ation) of each monomer was very close (DP = 27 for PEGMA;
DP = 31 for PLIMTFSI) with the final M, «, estimated to be
20.3 kg mol™" (Table 1). The livingness of the macroCTA was
estimated at 95% (x25% of consumed initiator in 200 min)
according to eqn (2), which should allow good chain extension
with the second monomer (styrene).

Synthesis of poly(ethylene glycol) monomethyl ether
monomethacrylate-co-poly(lithium ((3-(methacryloyloxy)
propyl)sulfonyl)((trifluoromethyl)sulfonyl)Jamide)-block-
polystyrene, P(PEGMA,,-co-LiMTFSI3, )-b-PS;5 via PISA

The macroCTA synthesized previously was used to control the
polymerization of styrene under aqueous emulsion conditions.
The polymerization was successfully conducted at 10% w/w
with a target DP of 375. The polymerization was monitored by
"H NMR and by SEC. The conversions calculated using the "H
NMR spectra show more than 85% within the first 2 hours and
near complete conversion (circa 97%) at 4 hours (Fig. S3 and
S4t), yielding a final composition of P(PEGMA,;-co-
LiMTFSI;,)-b-PS;365. As seen in other PISA formulations, the
conversion follows two different rates. The first regime marks
the polymerization of styrene (between T zero and
100 minutes, 40% styrene conversion was achieved) while the
faster second regime indicates the formation of nanoparticles
and higher local concentration of styrene.”® The SEC analysis
of the kinetic samples shows a linear increase of the molecular
weight with conversion. The polymer dispersity increases from
1.17 to 1.31, indicating good control over the polymerization
of styrene (Fig. 1). However, the SEC traces (Fig. 2) show a clear
shoulder at lower molecular weight (higher elution volume),
indicating partial chain extension. Deconvolution of this peak
revealed that the final block copolymer contains 4-5% of
unreacted macroCTA chains (Fig. S51).

In order to verify the self-assembly of the block copolymer,
the kinetic samples were analysed using DLS (Fig. 3). In the
first 20 minutes, particles of around 100 nm were detected,
which were probably styrene droplets as the polymerization
was under an emulsion regime. As the polymerization carried

Table 1 PEGMA and LiMTFSI conversion, theoretical and experimental number-average molar mass, degree of polymerization (DP) and dispersity

of PEGMA-co-PLIiMTFSI according to polymerization time

PEGMA conversion (%) LiMTFSI conversion (%) Mmhb My sec’

Time (min) and DP and DP Polymer® (kg mol™) (kg mol™) b))

20 19 14 PEGMA;-co-PLIMTFS], 3.7 10.1 1.12
5 4

30 21 24 PEGMAg¢-co-PLIMTFSI, 5.1 17.2 1.13
6 8

60 63 67 PEGMA, ;-co-PLIMTFSL, 4 13.2 27.0 117
16 21

120 9% 95 PEGMA,,-c0-PLIMTFSL, 17.1 29.7 1.19
24 29

200 >99 >99 PEGMA,-c0-PLIMTFSL;, 20.3 34.7 1.18
25 29

“DPs calculated from conversion. ? Calculated from NMR conversions. ° Obtained from SEC analysis.
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Fig. 1 Evolution of number-average molecular weight and dispersity of
the target P(PEGMA,7-co-LiMTFSIz1)-b-PSz¢s5. M (blue dashed line)
represents the theoretical number-average molecular weight calculated
according to eqgn (1).

M, = 84 kg/mol
P=1.31

M,= 36 kg/mol
b=1.1

Elution Volume (mL)

Fig. 2 SEC traces of P(PEGMA,;-co-LiMTFSlsy) (in red) and (PEGMA,,-
co-PLiIMTFSIs3)-b-PSses (in blue) obtained using DMAc as eluent and RI
detector.

001 0.01 0.1

Relative frequency number (%)

Particle diameter (um)

Fig. 3 Average particle diameter according to polymerization time of
P(PEGMA,7-co-LiMTFSI3y)-b-PS,, where at T = 20 min, z = 19; T =
40 min,z=50;T=1h,z=97,T=2h,z=328; T=2h 30 min, z = 336;
T=3h,z=359;and T=4h, z=365.

This journal is © The Royal Society of Chemistry 2023
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on and PS chains were formed, the size of the particles was
reduced by a factor of 10, reaching an average size of around
10-15 nm with polydispersities of 0.23 to 0.28 (Fig. S6T). The
final particle size at the end of polymerization (almost full con-
version) was 15 nm (PDI = 0.23). TEM studies of the kinetic
samples (Fig. 4) revealed that, as is often the case with
aqueous emulsion polymerization formulations, only kineti-
cally trapped spheres were observed. The first sample at T = 20
(DPps = 19) (Fig. 4A) shows ill-defined particles as the sample
contains a lot of unreacted monomer (94.79%). However, as
the length of PS increases, well-defined spherical nano-
particles are formed. At full conversion (DPps = 365; Fig. 4G
and H), spherical nanoparticles of 30-70 nm, with a distinct
core-shell structure, are formed.

As demonstrated in the past decade by results of various
different studies,'™'*>** the versatility of RAFT-mediated PISA
enables the facile synthesis of a wide range of block copoly-
mers with variable block lengths and morphologies in
solution.*™*” Here we also looked into how these PISA-pre-
pared block copolymers self-assemble in thick film configur-
ations. For the preparation of block copolymer films, the final
kinetic sample, P(PEGMA,-co-LiIMTFSI;,)-b-PS;45, was isolated
and dissolved in a di-solvent mixture (DOX/THF: 1/1 by weight,

Fig. 4 TEM images of P(PEGMA,;-co-LiMTFSl3,)-b-PS, synthesized at
10% w/w solids in water at 70 °C; (A)n =19, (B) n =50, (C) n = 97, (D) n
= 328, (E) n = 336, (F) n = 359 and (G and H) n = 365. TEM samples were
prepared in MilliQ water at 0.1% w/w at room temperature.

Polym. Chem., 2023, 14, 2971-2978 | 2975
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Fig.5 A 3 x 3 pm AFM topographic image of a solvent-annealed (3 h,
CHCl3) P(PEGMA,7-co-LiMTFSl33)-b-PSz6s film, treated with CF4 plasma,
showing the formation of poorly ordered (black) P(PEGMA,;-co-
LiMTFSIs;) domains drowned in (bright) PS matrix. Inset: a magnified
AFM topographic view of the P(PEGMA,7-co-LiMTFSls3)-b-PSzes film top
surface that clearly shows short-range ordered structure with a period
of ~44 nm. Scale bars: 250 nm.

18 wt%). The solution was then cast on a silicon substrate
using tape casting. An atomic force microscopy (AFM) topo-
graphic investigation of the prepared film (~9 um) revealed
short-range ordered P(PEGMA,;-co-LiIMTFSI;;) nanodomains,
with a period (p) of circa 44 nm, after exposing the BCP layer
to chloroform vapour for 3 h (Fig. 5). The nearest-neighbour
distance distribution (NNDD) associated with P(PEGMA,;-co-
LiMTFSI;;) nanodomains indicates a mean period, p, of 44 nm
(full width at half maximum (FWHM) = 19 nm) (see
Fig. 577).*8

To improve the long-range order of the single-ion conduct-
ing nanochannels, a blending strategy was employed. A PEO-
containing triblock terpolymer able to self-assemble into
highly ordered lamellae with an out-of-plane (OP) orientation
was used as the structural matrix. Three different films were
prepared from a blend of PS-b-poly(2-vinyl pyridine)-b-poly
(ethylene oxide) (PS-b-P2VP-b-PEO) with different amounts
(0-50% w/w) of the P(PEGMA,;-co-LIMTFSI;;)-b-PS;65. After the
solvent-annealing step, the neat PS-b-P2VP-h-PEO film showed
long-range ordered OP lamellae with a period of around 43 nm
as measured from the diffused halo formed on the 2D-fast
Fourier transform (2D-FFT, not shown here) (Fig. 6A).

Fig.6 3 x 3 ym AFM topographic images of solvent-annealed (3 h,
CHCl3) PS-b-P2VP-b-PEO films doped with different amounts of
P(PEGMA,7-co-LiMTFSI3y)-b-PSses: (A) O wt%, (B) 30 wt% and (C)
50 wt%. Insets: magnified views revealing the different morphologies
obtained by varying the single-ion BCP amount within the blended PS-
b-P2VP-b-PEO films treated with CF4 plasma. Scale bars: 250 nm.
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Fig. 7 (A) Synchrotron 2D-GISAXS pattern obtained at room tempera-

ture and (B) its corresponding intensity profile of a neat PS-b-P2VP-b-
PEO film exposed to CHCIls vapour for 3 h. The GISAXS pattern line-cut
along g, integrated between q; values 0.037-0.043 A=* revealed an OP
lamellar structure with a period of ~43.9 nm (g* = 0.0143 A™%).

To confirm the formation of OP lamellae within the neat
PS-b-P2VP-h-PEO films over large areas, grazing incidence
small angle X-ray scattering (GISAXS) measurements were also
performed. The 2D GISAXS pattern of the neat film and its
associated horizontal 1D line-cut profile at the Yoneda peak
position are shown in Fig. 7. The horizontal 1D line-cut profile
exhibits diffraction peaks with a positional ratio of 1:2:3 that
matches well with the formation of vertically aligned lamellae.
From the first-order peak, g*, located at 0.0143 A7', an inter-
lamellae distance, d, of 43.9 nm was estimated (d = 2m/g*),
matching the value extracted from the AFM topographic
image. Addition of 30 wt% of single-ion BCP induced the for-
mation of a morphology consisting of discrete perforations
within OP lamellae with p ~ 40 nm as extracted from the
2D-FFT (Fig. 6B). In general, the perforation formed within a
perforated lamellar (PL) phase follows either a conventional
hexagonal or tetragonal symmetry.** In the AFM topographic
image, a rather patchy surface is observed, which is due to the
formation of perforations with ill-defined morphology. The
GISAXS results presented in Fig. 8 also suggest that the perfor-
ations within the PL structure have short-range ordering since
the horizontal 1D line-cut profile (along the Yoneda peak of
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Fig. 8 (A) Synchrotron 2D-GISAXS pattern obtained at room tempera-
ture and (B) its corresponding intensity profile of a solvent-annealed
(3 h, CHCl3) PS-b-P2VP-b-PEO film blended with 30 wt% of
P(PEGMA;7-co-LiMTFSI31)-b-PSzes. The GISAXS pattern line-cut along g,
integrated between g, values 0.037-0.043 A~* revealed an OP lamellar
structure with a period of ~40.9 nm (g* = 0.0153 A™) as well as the
presence of an additional peak located at 1.15g* that would correspond
to the first-order (10) reflection of a hexagonal lattice formed by the
perforations.
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the BCP film) mainly consists of the diffraction peaks having a
positional ratio of 1:2:3:4, which corresponds to an OP
lamellar stacking (p ~ 40.9 nm, g* = 0.0153 A™"). The small
shoulder located at ~1.15¢* probably corresponds to a local
hexagonal arrangement of perforations with a period (pnex =
(2/4/3) 27/Ghex ~ 40.4 N, Gnex ~ 1.15¢%) fitting well with the
lamellar periodicity. Conversely, doping the PS-b-P2VP-b-PEO
films with 50 wt% of the same single-ion BCP resulted in the
loss of the nanostructure as attested both by the AFM topo-
graphic image presented in Fig. 6C and its associated feature-
less GISAXS profile at the Yoneda peak position (Fig. S8t).
These results indicate that long-range ordered nanochannels
could only be achieved at low single-ion BCP loading, poten-
tially affecting the overall ionic conductivity of the blended
films.

Conclusions

The synthesis of well-defined P(PEGMA-co-LIMTFSI) and
P(PEGMA-co-LiMTFSI)-b-PS copolymers were performed in two
steps. First, RAFT solution polymerization was used to syn-
thesize the water-soluble SIPE containing the first block. Then,
a surfactant-free RAFT emulsion polymerization of styrene was
performed to obtain the high molecular weight diblock copoly-
mer. The kinetic studies of both blocks confirmed good
control over the polymerization as indicated by low dispersity
indexes for both blocks. The resulting amphiphilic block copo-
lymer formed spherical nanoparticles in solution during the
polymerization. The size of the spherical nanoparticles
increased with the increasing length of the growing hydro-
phobic PS block. Only spherical particles were formed. This is
not surprising considering the charged nature of the stabiliz-
ing block. The diblock copolymer with the highest molecular
weight was then used to prepare self-assembled films. The
films were prepared via a combination of drop-casting and
SVA. Unblended block copolymer films microphase-separated
into structures with poorly ordered morphology. Upon blend-
ing 30 wt% of the synthesized block copolymer with PS-b-
P2VP-h-PEO, a film with perforated lamellar structure with an
out-of-plane orientation was formed. Such an ordered struc-
ture would be highly desired to manufacture solid state
polymer electrolytes for battery applications.
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