Submitted to Macromolecules

This document is confidential and is proprietary to the American Chemical Society and its authors. Do not

copy or disclose without written permission. If you have received this item in error, notify the sender and
delete all copies.

Complex Spherical Phases in a Zwitterion-tethered Diblock
Copolymer Melt

Journal: | Macromolecules

Manuscript ID | ma-2023-008469.R2

Manuscript Type: | Article

Date Submitted by the

Author: n/a

Complete List of Authors: | Grim, Bradley; Arizona State University, Chemical Engineering
Beyer, Frederick; U.S. Army Research Laboratory,
Green, Matthew; Arizona State University, Chemical Engineering

-

SCHOLARONE™
Manuscripts

ACS Paragon Plus Environment



Page 1 of 41

oNOYTULT D WN =

Submitted to Macromolecules

Complex Spherical Phases in a Zwitterion-tethered Diblock

Copolymer Melt

Bradley Grim!, Frederick L. Beyer?, Matthew D. Green'-*

!Chemical Engineering, School for Engineering of Matter, Transport and Energy, Arizona State
University, Tempe, AZ 85287, USA

2U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005, USA

*Corresponding author: mdgreen8(@asu.edu

For Table of Contents use only

Temperature (°C) o,
prgi AN 105 Temperature ( C)‘
960 | *e2] .03
'ﬁé * . 9_‘110
400 3 00 1 10!
melt g%r g§°°°° ] 107"

A E ®
y i n L3
7T 50 33 110 160
1000/T (') — ©
kinetic -
evolution 0.8

15 kg/mol q(hm’)

KEYWORDS: Frank-Kasper A15 phase, block polymer, zwitterion, self-assembly

ABSTRACT: The recent surge of work expanding our understanding of complex spherical
packing in block polymers (BPs) has unlocked new design space for the development of advanced
soft materials. The continuous matrix phase which percolates throughout spherical morphologies
is ideal for many applications involving transport of ions or other small molecules. Thus,
determining the accessible parameter range of such morphologies is desirable. Bulk zwitterion-
containing BPs hold great potential within the realm of electroactive materials while remaining
relatively untapped. In this work, three architecturally and compositionally asymmetric diblock
polymers were prepared with the majority block having zwitterions tethered to side chain termini

at different ratios. The A15 Frank-Kasper phase was observed in two samples (~ 15 kDa),
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separated by a substantially higher Topr after increasing zwitterion content 1.7-fold. For the
highest zwitterion content sample, phase transitioning out of the kinetically trapped, liquid-like
packing (LLP) state was found to correlate to a decline in the dielectric strength of zwitterionic
relaxation processes which suggests zwitterionic interactions to be governing the phase transition
kinetics. Upon slowly cooling from the disordered state, Frank-Kasper phases reappeared with

signs of kinetic arrest.

INTRODUCTION

Our understanding of block polymer (BP) thermodynamics has progressed substantially alongside
advancements in the underlying theoretical models.!"!> Relative to the simplified instance of linear diblock
copolymer self-assembly,'?1¢ several thermodynamic driving forces have the ability to shift, deflect, flip,
and unveil transition boundaries in unique fashions.!’-3? The list of modifying parameters is extensive, and
each addition couples a new dimension to the phase space. While there is still much to learn about BP self-
assembly, this cornucopia of factors provides a vast and broadening landscape of exciting opportunities for

soft material design.333

In block copolymer melts, the Flory-Huggins interaction parameter (y) and the total number of
repeat units (V) dictate the segregation strength between blocks which form ordered morphologies at
sufficiently large yN.'>!¢ At constant y, the geometry of the interface dividing phase separated blocks is
subject to a competition between chain stretching penalties of the respective blocks.** Two factors which
lead to disparate chain stretching energies between blocks are compositional asymmetry and
conformational asymmetry with the latter describing blocks as having unequal statistical segment lengths
(b).® Just as compositional asymmetry will favor curvature of the interface towards the volumetric minority
block, conformational asymmetry will favor curvature towards the block with greater 5. Hence,

constructively tuning these asymmetric parameters can have a profound impact on the stabilization of
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spherical phases.*#° At sufficiently high degrees of conformational asymmetry, complex interfacial
geometries are stabilized which can give rise to new spherical morphologies exhibiting topological close

packing (TCP) such as Frank-Kasper (FK) phases.?®-30-33

Prediction of A15 phase stability by Grason at al. in 2003%° followed by discovery of the ¢ phase
by Lee et al. in 20104 for BPs sparked a surge of papers on the topic over recent years.>>> Conformational
asymmetry plays a paramount role in stabilizing these complex, low symmetry spherical morphologies.>?
Differing polymer chemistries offer a small range of statistical segment lengths, but rarely with a large
enough difference to afford complex spherical phases. Linear, diblock copolymers (dBPs) with hard and
elastic blocks can form FK phases,’!**37-62 but often require rapid cooling from the disordered state to
kinetically seed FK formation over other classic morphologies. Some methods for bypassing these
processing requirements are mixing with homopolymers®*¢7 and BP blending.’!%872 Additionally,
architectural alterations such as branching or grafting can decrease b, thereby increasing conformational
asymmetry without having to drastically alter polymer chemistry. BP branching or grafting alterations
includes dendritic,?>-7® bottlebrush or comb-like,”*’® and miktoarm topologies,?**%77.79-8! which have all
demonstrated a profound stabilization of sphere-forming regions. Reports on BPs exhibiting FK phases
have also been somewhat limited to low molecular weights, <10 kDa, due to kinetic chain transfer
limitations between micelles at higher molecular weights,? although some exceptions have been revealed
including bidisperse dBP blending,’®’® BP/homopolymer blending,* multiblock, miktoarm, and star

architectures,’®*# and extensive grafting.”®

The addition of ionic species into BPs can endow the material with electrochemical properties.
Zwitterions constitute a covalently tethered pair of ions which can drastically increase the dielectric
constant of soft materials,® in turn contributing to increased electrolytic performance.®-*7 Most electrolytic
applications benefit from having a continuous ionic domain such as that found in spherical
morphologies.?¥# Thus, it is important to understand how to expand and where to target the phase space of

continuous phases in ion-containing BPs. FK and other spherical phases consume a very small portion of
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the phase space, making them a difficult target to hit, especially when convoluted by electrostatic
interactions. In addition to conformational asymmetry, electrostatic interactions are capable of radically
altering the shape and location of transition boundaries within the BP phase diagram.!922.2333:429091 Thig
factor may be influencing the continued scarcity of ion-containing BPs which display complex spherical
packing. 8899294 Tn one instance, Xie et al. observed a C15 Laves phase over a narrow compositional
window in a ternary blend of polystyrene (PS), poly(ethylene oxide) (PEO), and PS-6-PEO doped with
lithium salts ([Li*]/[EO] = 0.06).%3 In another instance, Park and coworkers observed the A15 phase with
an ion-rich matrix in a few low molecular weight, acid-tethered polystyrene-b-poly(methylbutylene) dBPs
doped with ionic liquids.?¥#%%* Samples which conformed to the A15 phase exhibited superior ion transport
efficiency over those with LAM, HEX, and even BCC morphologies. The qualitative reasoning behind
Park’s findings inferred greater electrostatic interactions at the interface to be stabilizing the A15 micelles

by promoting backbone collapse within the charged phase, thus reducing its statistical segment length (5).%

In the present work, complex spherical packing in compositionally and architecturally asymmetric,
zwitterion-tethered diblock polymer melts are reported with emphasis on the role of zwitterionic
interactions within this realm. The polymer system contains an invariant degree of polymerization with
nominal changes to molecular weight and dispersity between samples and was designed to isolate the effects
of zwitterion content on the overall phase behavior. The dynamic phase behavior of solvent cast, bulk films
were explored using small-angle X-ray scattering (SAXS), rheology, atomic force microscopy (AFM), and
dielectric relaxation spectroscopy (DRS) to understand the role zwitterions play in this complex self-

assembly.

EXPERIMENTAL SECTION

Materials. Ultra-high purity nitrogen (99.999%) was used for all syntheses and material storage.
Poly(ethylene glycol) methyl ether (mPEG, 5 kg/mol), Butanethiol (BuSH, 99%), dimethylamino
ethanethiol hydrochloride (DMAET-HCI, 95%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%),

1,3-propanesultone, and dry dimethylformamide (DMF, 99.5%) were obtained from Sigma-Aldrich and
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used as is unless otherwise specified. Ultrapure water (upH20) was obtained from a Milli-Q Advantage 10
purification system. Methanol (ACS grade) and chloroform (ACS grade) were used as is. Tetrahydrofuran
(THF, HPLC grade) was purged with nitrogen for 30 mins and ran through alumina columns using an
MBraun solvent system prior to use in anionic polymerization. Allyl glycidyl ether (AGE, > 99%) was
obtained from Sigma-Aldrich and dried by stirring over solid butyl magnesium chloride in vacuo for 30
minutes, distilled at 60 °C into a liquid nitrogen chilled monomer burette, degassed by 3 freeze-pump-thaw
cycles, and stored under nitrogen at -5 °C until use. Naphthalene was recrystallized in diethyl ether (3x)
and stored in a desiccator until use. Potassium naphthalenide solutions were prepared under nitrogen by
mixing potassium metal and 1.1 eq. naphthalene in THF overnight in a sealed graduated cylinder custom

fitted with a 4 mm PTFE stopcock.

Molecular Characterizations. Dispersity (D) of PEO-b-PAGE was calculated from the differential
refractive index (dRI) relative to PS standards at 40 °C in THF by gel permeation chromatography (GPC)
using a Waters €2695 separations module attached to an Optilab T-rEX refractive index detector. The
concentration of sample was 5 mg/mL in THF with a 1 mL/min elution rate. Thermal transitions were
determined by differential scanning calorimetry (DSC) using a TA Instruments Q1000 with refrigerated
cooling. Tzero aluminum pans were hermetically sealed with 5-10 mg of dry sample and kept under a
continuous flow of nitrogen throughout the experiment. DSC experiments involved heating to 110 °C for
10 min, cooling at 5 °C/min to -90 °C, held for 10 min, and heating at 10 °C/min to 150 °C. Number average
molecular weight (M) and composition were determined via 'H-NMR using a 500 MHz Bruker instrument
and a sample concentration of 15 mg/mL in CDCIl; with 0.3% TMS. M, for PEO macroinitiators (mPEG)
was determined using end-group analysis via terminal CH, groups, noting that use of the terminal CHj;
group resulted in a nearly 2 kDa overestimate of the molecular weight. Composition of PEO-b-PAGE was
calculated using the integral ratio between ethylene oxide and AGE monomers. Zwitterion fraction
([SB]J/[AGE]) was calculated by the integral ratio between butyl and dimethylamine moieties along the

PAGE block prior to the synthetic step producing the SB zwitterion.
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Scheme 1. Synthetic scheme of diblock polymers studied, including sample nomenclature and compositional definition for SB

content.
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Table 1. Characteristics and compositions of the parent PEO-PAGE and subsequent
functionalized diblock polymers.

Name Nfo Nj‘zGE Y% b (mol%) (jl‘fg:'/’;‘;"élc) Wtpgo* Mwed\l,,
PEO-PAGE 113 47.1 - 10.4 0.48 1.27
SB5 113 471 4.9 14.8 0.33 -
SB10 113 47.1 10.0 15.1 0.32 -
SB17 113 47.1 17.4 15.6 0.31 -

@ Degree of polymerization (N) of ethylene oxide (EO) and allyl glycidyl ether (AGE)
within the parent PEO-PAGE BP were determined using 'H NMR. ? The mol% of
sulfobetaine (SB) within the PAGE block (Y%) was calculated using '"H NMR based on
the integral ratios between butyl and dimethylamine groups resulting from thiol-ene
“click” reactions (Figure S1) and assumed to be unchanged after production of the SB
moiety in the final reaction step (Scheme 1). ¢ Total number-average molecular weights
(M, 101a1) Were calculated based on previously obtained molar compositions of individual
monomers. ¢ wipgo defines the weight fraction of PEO within each BP. ¢ Molecular weight
dispersity (M,/M,) of PEO-PAGE was determined using GPC and was assumed similar to
that of the functionalized BPs given the mild conditions chosen for thiol-ene “click”
reactions.

Synthesis of poly(ethylene oxide-b-allyl glycidyl ether) (PEO-PAGE). Anionic ring-opening

polymerizations were performed using well-established protocol for polyether extension from hydroxyl

functionalities®®-1%° and carried out using standard high vacuum techniques for anionic polymerization.!'%!

103 Reactions were conducted under ultra-high purity nitrogen using a Schlenk line fixed to a custom thick-
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walled borosilicate reactor fitted with #7 and #15 ACE-Threds for the septum and auxiliary glassware,
respectively. All glassware was flame dried under high vacuum and tested for leaks immediately prior to
use. Bulk PEO macroinitiator was added to the reactor and held under high vacuum at 100 °C overnight to
remove any moisture contained within it. After cooling the reactor to 40 °C, THF was introduced under
inert conditions and the solution was stirred until complete dissolution of the PEO. After cooling the reactor
to room temperature, potassium naphthalenide in THF (2 M) was slowly titrated into the stirring reactor via
cannula transfer until a light yellowish green color persisted for 30 min. Purified AGE was then added to
the reaction and stirred at 50 °C for 3 days. The final reaction concentration was 36 wt% reagents in THF.
Polymerization was terminated using degassed acidic methanol, the polymer was precipitated in n-hexane,
and the precipitate was dried under vacuum overnight. A labelled 'H-NMR spectrum can be found in Figure

S1.

Functionalization of PEO-PAGE. An example thiol-ene “click” reaction proceeds as: 3 g PEO-b-PAGE
(1 eq. allyl) was dissolved in 100 mL methanol with 0.1 eq. DMPA and 8 eq. thiol reagents at the desired
ratios (BuSH:DMAET-HCI) in a 200 mL round bottom flask equipped with a magnetic stir bar. The reaction
flask was sealed with a rubber septum, purged with nitrogen for 30 min, and then stirred while being
irradiated with 365 nm UV light (8 W) for 1.5 h. The solution was vacuum dried using a rotary evaporator
to remove most of the solvent and BuSH. Neutralization of the HCI and polymer purification were
performed simultaneously in the following liquid-liquid extraction. The functional polymer and remaining
salts were removed from the flask using minimal amounts of chloroform and upH,O. Both mixtures were
added to a 500 mL separatory funnel containing 100 mL chloroform and 300 mL upH,O with 2 eq. KOH
relative to DMAET-HCI. After gentle agitation, the organic phase was removed, and the aqueous phase
was extracted 2-3x with 50 mL chloroform. The organic phase was washed 4x with 200 mL upH,O with 1
eq. KOH relative to backbone amines, and then again very gently 4x with 200 mL upH,O. Finally, the
organic phase was concentrated, precipitated into 300 mL cold diethyl ether, isolated via centrifugation

(5000 rpm for 5 min), and dried overnight at 60 °C under dynamic vacuum. Finally, the ring-opening
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reaction of 1,3-propanesultone to produce the sulfobetaine (SB) zwitterion'™ was performed by
magnetically stirring the dry, dimethylamine (DMA)-functional BP and 1,3-propanesultone (1.1 eq. to
DMA) together in dry DMF at 20 wt% reagents. The reaction flask was then sealed with a rubber septum
and stirred at 60 °C for 24 h. The product was precipitated in diethyl ether and dried under vacuum

overnight. Labelled "H-NMR spectra are provided in Figure S1.

Film preparation. Zwitterion-functional BPs were dissolved in DMF at 20 wt% and filtered through 3 um
glass fiber syringe filters before casting into polished PTFE trays with rounded edges to make film removal
easier. The solvent was evaporated at 50 °C for > 2 days and the films were subsequently annealed and
dried at 60-70 °C under dynamic vacuum for 4 days resulting in films =~ 1 mm thick. None of the samples
became semi-crystalline until all solvent was completely removed. Films were then removed from the
vacuum oven and stored at room temperature under nitrogen, vacuum, or active desiccant until further

testing.

Rheology. Rheological measurements were conducted using a Discovery HR-20 and/or Discovery HR-30
rheometer fixed with a 25 mm parallel plate geometry. Rotational mapping was calibrated using 3-8
precision cycles. Thick films (= 1 mm) were quickly transferred into the environmental test chamber (ETC)
and purged with nitrogen to minimize water absorption from ambient air before heating above T, pro Where
the gap was then set to = 1 mm using axial force to determine connection between the upper geometry and
the sample. The sample edges were then trimmed, followed by a visual observation to confirm the absence
of air bubbles. All isochronal temperature ramps were performed at 1 rad/s. Strain amplitude sweeps were
performed to verify linear viscoelasticity at both the lowest and highest temperatures studied for each
sample wherein the lowest strain within the linear regime was utilized. Isothermal frequency sweeps were

conducted from 0.2-100 rad/s with a 10 min soak time at each temperature prior to measurement.

Small-Angle X-ray Scattering (SAXS). SAXS data were collected using a Xenocs “Xeuss 3.0 HR” camera
with 8.04 keV photons generated by a Rigaku MicroMax-007HF rotating anode X-ray generator. The

photons were collimated using a focusing optic and two scatterless slit apertures, producing a well-aligned
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incident beam with wavelength (A) of 0.15418 nm. Data were collected using a Dectris Pilatus3R 300k
solid-state detector at a sample-to-detector distance of 1.8 m. Two-dimensional data were azimuthally
averaged to generate one-dimensional data, /(g), for analysis, where ¢ is the magnitude of the scattering
vector, g = 4m-sin(0)/A, and 20 is the scattering angle. The instrument configuration was calibrated using
silver behenate. Intensity was placed on an absolute scale where feasible by normalizing the measured data
by transmitted flux. This process was verified using a glassy carbon standard calibrated at the Argonne
National Laboratory Advanced Photon Source. Data processing and analysis were performed using

Wavemetrics Igor Pro v8 and procedures available for download from Argonne National Laboratory.!'%>-106

The SAXS measurements with in situ heating and cooling, samples were placed in “sandwich cells”
in which the sample is held between thin mica windows separated by a Viton™ o-ring, accommodating a
sample approximately 1 mm thick. The sandwich cells were mounted on the heating block of a Linkam
HFSX350-CAP heating stage. The samples were heated to target temperatures at a rate of 1 °C/min and
held for 10 min prior to each measurement. Four successive measurements were taken at 5 min each and
averaged, resulting in a total beam exposure time of 20 mins at each temperature. For cooling
measurements, after the highest temperature in the heating profile was reached and data collected, the
samples were cooled immediately at 1 °C/min to 90 °C. The samples were then held at 90 °C while

successive 5 min data frames were collected.

Atomic Force Microscopy (AFM). AFM samples were derived from bulk films by cryo-microtoming a
smooth surface on inner sections of cut pieces. The instrument used for surface smoothing was a Leica EM
UC-7 Cryo-Ultramicrotome at a temperature of -40 °C. AFM imaging of those smoothed surfaces was
performed on a Bruker MultiMode 8-HR using an ACSTA-10 probe from AppNano. Images were captured
with 512 x 512 resolution at a scan rate of 1 Hz. Integral and proportional gains were set to 1.4 and 5.0,
respectively. The amplitude setpoint ranged from 400 mV for SB5 to 500 mV for SB17 while the drive

amplitude was maintained close to 50 mV for all samples.
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Dielectric Relaxation Spectroscopy (DRS). Measurements were performed using a Solartron 1260
Impedance/Gain-Phase Analyzer with a Solartron 1296A Dielectric Interface to extend impedance
measurements capabilities of the instrument. The sample cell was a DHR rheometer accessory made by TA
Instruments which utilized the rheometer’s ETC to provide temperature control and a continuous dry
nitrogen atmosphere for the electrode cell. The 25 mm diameter electrodes provided were made from
stainless steel and polished to a flat, mirror finish. Sample cells were first prepared by drying the electrodes
at 120 °C for 1 h within the ETC, followed by an immediate transfer of thin bulk films from a dry
environment onto the electrode surface. The sample was then enclosed in the ETC, purged, and further
dried under constant nitrogen flow at 120 °C for 1 h to remove any remaining moisture. The upper geometry
was then slowly pressed onto the material to a gap of 100 um. Equilibrium was determined based on three
consecutive runs having perfectly overlapping tan(d) = &"/¢' traces. Any data which fell beyond the
instrument limitations were masked from analysis. Such data was evidenced by an increase in real
permittivity (&") with increasing frequency (generally >1 MHz) as ¢’ should monotonically increase with

decreasing frequency.

RESULTS AND DISCUSSION

Synthesis

The polymers under investigation were constructed from a poly(ethylene oxide)-b-poly(allyl glycidyl ether)
(PEO-b-PAGE) platform synthesized by anionic chain extension from a PEO macroinitiator. Allylic
constituents along the PAGE block can be easily modified using thiol-ene “click” chemistry,'?” enabling
one to tune architectural and compositional properties in parallel by choice of thiol (-SH) reagents. As
illustrated in Scheme 1, allylic side chains were extended and charge fraction was tuned simultaneously by
varying the ratio of thiol reagents (BuSH:DMAET-HCI) within the “click” reactions, which were performed

at dilute BP concentrations (< 5 wt%) in methanol with an 8x excess of thiol reagents relative to allyls to
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minimize cross-linking. A prior study by Barteau et al. performed similar photoinitiated thiol-ene reactions
on PAGE homopolymers at concentrations of 30 wt% PAGE and 5-6x excess of thiol reagents relative to
allyls and found no observable cross-linking in subsequent GPC traces.”® With reaction conditions in the

current study being significantly milder and more dilute, we assume cross-linking to be negligible.

Thorough purification of thiol reagents and any excess salts is deemed necessary, especially within
a study seeking to isolate electrostatic phenomena. Prior failures to neutralize all the HCI after thiol-ene
reactions involving DMAET-HCI resulted in final zwitterionic materials with reduced thermal stability and
inconsistent phase behavior. Complete neutralization of HCI is evidenced by an incredibly sharp DMA
peak in 'TH NMR (peak q in Figure S1), at least in non-polar solvents like CDCl;. DMAET-HCI samples
were originally purified by dialysis before neutralizing the HCI with a hydroxide exchange resin, but this
often resulted in low yields due to dialysis bags rupturing or leaking because of excessive osmotic pressures.
The purification technique was then refined to a liquid-liquid extraction process which neutralized the HCI
and removed ionic impurities concurrently, in addition to drastically improving yields. After thorough
purification, neutralization of HCI, and drying, '"H NMR analysis was used to calculate the reported
zwitterion compositions based on butyl:DMA ratios. In terms of reactivity between thiol reagents, the
calculated ratios were nearly identical to feed ratios into the thiol-ene reaction. The final sulfobetaine (SB)
zwitterionic moiety was then obtained by the aprotic ring-opening reaction between 1,3-propanesultone and
the nucleophilic dimethylamine group.'™ An additional discussion on synthetic troubleshooting can be

found in the supporting information.

Using these methods, three resulting charge-neutral BPs were derived from the same PEO-6-PAGE
backbone and are thus all expected to have similar dispersities (P = M,/M, = 1.27) and comprise the same
number average degree of polymerization (Ngo = 113, N,ge = 47.1). Molecular weights and compositions
were calculated using '"H NMR spectroscopy while dispersity of the parent PEO-PAGE diblock copolymer
was calculated using the differential refractive index detector from SEC which was universally calibrated

with polystyrene standards. Samples are denoted as SB5, SB10, and SB17, containing charge fractions
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Phase Behavior vs Zwitterion Content

(a)

Intensity (a.u.)

Figure 1. SAXS profiles taken at discrete temperatures (10 min
anneal, 20 min exposure) upon heating from the semi-crystalline
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state for (a) SB10, (b) SB17, and (¢) SB17 at 140 °C with the

most apparent A15 peaks demarcated by Miller indices resulting

from a lattice parameter, ¢ = 32.2 nm.

The phase behavior of zwitterionic BPs was examined using SAXS at discrete temperature intervals
starting from 25 °C and ending just above the order-disorder transition temperature (Topt) (Figure 1). At

25 °C, PEO is semi-crystalline and both SB10 and SB17 exhibit two broad peaks (bottom traces in Figures
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la,b) with scattering vector magnitudes having ratios of 2:1, indicating the presence of weakly ordered
lamellar morphologies. It is important to note that complete solvent evaporation and annealing were
performed prior to any samples becoming semi-crystalline. Images of these room temperature morphologies
were captured using AFM (Figure S4-S6). SBS qualitatively displays the lamellar formations expected from
“break-out crystallization” in BPs, where crystallization of one block is not confined by any thermally
arrested state from a covalently neighboring phase.!%19 SB10 contains—in addition to lamellar and particle
phases—highly tortuous features akin to a heterogeneous disordered melt which reveals some level of
confinement was at work during the structural arrest process of crystallizing PEO. Given SB10 has never
entered the disordered regime up to this point in processing, this tortuous morphology also closely
resembles that of a bicontinuous microemulsion. However, no equilibrium morphology of this nature has
been reported for a BP without homopolymer doping,!'%!!! although quenching from the disordered state
has been utilized to obtain analogous morphologies.!'>"'* An enlarged 5x5 um AFM phase image is
provided in Figure S5, illustrating the richness of phases present in this semi-crystalline sample. The rate
of cooling to room temperature for SB10 was varied in a semi-qualitative fashion upon complete solvent
evaporation during the film preparation process. The AFM images shown in Figure S4 were taken after
cooling the samples very slowly from 70 °C to room temperature by simply switching off the heat on the
vacuum oven while remaining under vacuum. When SB10 was removed from the oven (70 °C) to cool
under ambient conditions (23 °C), no lamellar or particle phases were observed (Figure S6) throughout the

course of the AFM experiment, only tortuous, aperiodic features.

Upon heating above T, pro to 60 °C, ill-defined scattering profiles emerge in all samples with a
broad, low symmetry peak consistent with the liquid-like packing (LLP) arrangement often observed in FK
forming BPs after rapid cooling from a heterogeneous disordered state.’*37-0 LLP is a non-equilibrium
state which defines a disordered arrangement of micelles that can remain kinetically trapped for long
periods of time below what is referred to as the ergodicity temperature, where chain exchange between

micelles starts to diminish.3'%%% The appearance of the LLP state in this work likely arises kinetically as
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the system transitions out of the frustrated morphology previously induced by PEO crystallization (recall
AFM images in Figure S4). Crystallization and quenching from the disordered state can be viewed as
somewhat synonymous with respect to forcing the system into a state of frustrated packing, a precursor to
LLP. The zwitterionic block has a T, far below the crystallization temperature of PEO. Additionally, no
observable thermal transitions related to ionic clusters were observed in the differential scanning
calorimetry experiments (Figure S3). With no other thermally arrested phases, the crystallization of PEO
will tend to flatten the interfacial curvature as crystallizing chains stack perpendicular to the phase
interface.!!® This preferential alignment of chains also helps explain the notably larger domain spacings in
our semi-crystalline samples (23-31 nm at 25 °C) compared to those in the melt (14.9-15.2 nm at 60 °C),
something which has been observed in other instances of “break-out crystallization” in block

copolymers.10%:116,117

LLP can nucleate the formation of complex spherical phases such as a dodecagonal quasicrystal
(DDQC) or FK phase over classic morphologies (e.g. BCC) given there is enough thermal energy to
promote chain transfer.’>° Incidentally, we see what closely resembles a DDQC pattern develop in SB10
at 90 °C (Figure la) and SB17 at 110 °C (Figure 1b); although, the signal-to-noise and peak resolution are
insufficient for peak fitting, comparison of the SB17 pattern at 120 °C to calculated DDQC indices (Figure
S12) demonstrates good alignment. These DDQC designations are also consistent with experimental and
theoretical findings for quenched BPs,>%39:61.62.65.70.71.75 and for more analogous BPs which were heated from

a semi-crystalline state.!!8

Always preceded by LLP, the DDQC phase has been shown to be metastable, often evolving into
the o phase, although a DDQC to Al5 transition has been observed in a few instances.”®’>7® Possible
reasoning behind why the A15 phase is favored over the ¢ phase is provided in the last chapter of this
section. Succeeding the DDQC phase, SB10 and SB17 both exhibit the A15 phase prior to disordering by
approximately 20 and 30 °C, respectively (Figure 1a,b). The resulting transition pathway upon heating for

both samples is thus, LAM—LLP—DDQC—A15—DIS. As a brief overview of this phase behavior; the
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frustrated LAM morphology induced by PEO crystallization is thought to assist in the formation of
disordered micelles (LLP) upon melting, thereby placing the system into a kinetically driven transition

pathway (LLP—DDQC—) until the equilibrium A15 phase is reached.

Observation of FK phases in ion-containing systems has so far been incredibly rare and quite
sensitive to variations in charge content.®*3 This is partly due to the often narrow compositional window
of such phases, but also due to the significant influence electrostatics have on the self-assembly of
multicomponent systems.3>!1? In this work, persistence of the A15 phase after increasing zwitterion fraction
1.7x from SB10 to SB17, indicates that increasing zwitterion content from 10 to 17 mol% did not
significantly skew the location of ordered phases along the compositional axis. However, theoretical
insights from Kumar and Fredrickson suggests conformation (i.e. Ry & b) of the zwitterion-tethered block
may have decreased with increasing zwitterion content!'?® which should result in a broadening of the A15
phase along the compositional axis.’* The increased transition temperature into the A15 phase along with
the increased Topr between SB10 and SB17, together demonstrate vertical (i.e., ¥N) shifting of phase
boundaries with respect to zwitterion content while also indicating there is an upper yN boundary to the
AL15 phase. Vertical N shifting from electrostatics can be explained using theoretical underpinnings while
the upper ¥N boundary (low temperature) for the A15 phase is expected to be related to chain transfer

kinetics.3!-39:69

Understanding why zwitterions produce vertical yN shifts in the phase boundary is crucial to
understanding how they can be utilized to manipulate the phase behavior of ion-containing BPs. Since FK
phase have so far proven to be highly sensitive to variations in charge content, we present evidence that
zwitterions do not necessarily follow the same trend as other ionic species. Theoretical models have
revealed that phase asymmetry in ion-containing block polymers relies heavily on entropic effects. For
charge-pendant BPs, Sing et al. denoted counterion entropy to be the dominating factor which destabilized
ordering at higher charged block compositions while electrostatic cohesion (enthalpic) stabilizes ordering

at low charged block compositions.!%!2! For salt-doped BPs with a large ion-solvation preference into one
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of the phases, Hou at al. observed ordering to be less stable at greater compositions of the ion solvating
block due to the competition between solvation free energy and ion translational entropy.?? Zwitterions
present a unique class of ions with minimal ‘counter’-ion translational entropy, owing to the covalent bond
connecting the cation and anion. Tethering zwitterions to the polymer backbone further reduces ion-pair
translational entropy and would thus be expected to produce more vertical reductions in (yN)opr (i.e.
increased Topr) as zwitterion content increases. This type of behavior has been demonstrated
experimentally by Ding et al. in high y, low N zwitterion-tethered BPs.!?> However, our resulting phase
behavior deviates substantially from that observed by Ding et al., likely due to differences in architecture.
Their system contains zwitterions which are closely bound to the polymer backbone. The polyzwitterionic
block in this study tethers zwitterions to the backbone via long, flexible linkages which should decrease its
statistical segment length in addition to increasing the translational degrees of freedom of the zwitterionic
moiety relative to one which is tethered closer to the backbone. The long interconnecting linkage promotes
conformational asymmetry while the increased translational degrees of freedom limits segregation strength
via entropic penalties. Thus, it is expected that the complex spherical packing observed in this study is owed
more to architectural asymmetry while electrostatic interactions between zwitterions predominantly govern

segregation strength (i.e., x < 1/Topr).

The molecular weight of polymers in this study are greater than most FK-forming BPs reported.
Unless conformational asymmetry is considerably increased for linear dBPs with narrow dispersity, the
formation of FK phases is limited to an invariant degree of polymerization of N <100 (= 10 kDa) and is
directly related to entanglement melt dynamics.®? Micelles within FK phases must conform to several low-
symmetry shapes for the purpose of filling space uniformly, and consequently impart a significant amount
of packing frustration to the polymer chains.’03257:68.71123 A relatively broader molecular weight distribution
can help stabilize these complex geometries by providing additional degrees of freedom required to form
various particle sizes and shapes. Hence, a modest increase in dispersity in our samples relative to most

other studies (D = 1.27 vs < 1.1) is likely aiding in the stabilization of FK phases at higher molecular
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weights compared to others of similar architecture.>*7>83124 One additional aspect to consider is the shape
and symmetry of the dispersity profile (Figure S2). A slight protrusion at approximately twice the molecular

weight of the primary peak indicates low levels of triblock copolymer which could tip the balance towards

oNOYTULT D WN =

10 one FK phase over another within this realm of the phase space. Barbon et al. observed an unexpected
12 broadening of the A15 phase vs. composition for their triblocks (interstitial block having lower b) relative
14 to their diblocks, and noted fluctuation effects as a likely culprit.®® Their data implies a favoritism towards

16 the A15 phase in our samples due to the presence of triblock copolymer.

19 Dielectric Properties and Phase Transitions
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Dielectric relaxation spectroscopy measurements were performed by cycling the applied potential

(0.1 V) between 10-2-10° Hz at discrete temperatures in the direction of cooling from 110 °C to 30 °C. Phase

105F SB5 | | SB10 Eﬂ%ﬁﬁﬂ SB17

L, —aanefit] | So 3 oo 3
5 103k R — &y fit I 3
:LJ 3 E 3 3
10" | {1 F -
F ~Mor ) 3
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Figure 2. Real permittivity (¢”) and derivative loss (¢’ 4) data at 50 °C for all denoted samples.
Solid colored lines represent full fits (blue, €’’4,;) and partial fits (purple, €”) to the respective forms
of the Havriliak-Negami (HN) function while dotted gray lines represent the respective peak terms
within the HN function. For clarity, power law (Ao™) terms are not shown. Fitting and calculation
details are provided in the supporting information along with fits at all temperatures.

equilibrium at each temperature was inferred by observation of overlapping tan(d) = &"/¢’ traces between
three successive frequency scans separated by 10 min intervals. The relaxation processes associated with

ions and polymer chains are well described by their respective dielectric loss peaks.!?> In order to properly
resolve the observable segmental (o) relaxation processes, the derivative formalism (&g = — (g)as' /0lnw)

was utilized which removes much of the Ohmic/conductivity contributions from the dielectric loss
spectra.'?® The resulting £" 4, curves were fit to the proper form of the Havriliak-Negami (HN) function'?>-
127 in addition to a simple power law function to account for contributions from electrode polarization. Exact

fitting equations, procedural discussion, and all fitting results can be found in the supporting information.

Figure 2 shows example fits at 50 °C to the respective HN functions for €' and &" 4, along with HN-
peak functions obtained from the depy/dlnw fit. Two relaxation processes were uncovered in all three
samples, one preceding electrode polarization and the other partially convoluted by it. These two peaks are
immediately apparent in €"4. for SB10 > 100 °C (Figure S10b). The appearance of two relaxation processes
is not uncommon for zwitterionic materials.?»'?® To confirm the validity of the implemented fitting
procedures, all HN-peak parameters (Ag, Ty, @, b) obtained from fitting to &"4. were set as constants in the

partial fitting to &' across all temperatures (Figure S10). Thus, the only adjustable parameters for the
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attainment of the &'yy fits were the infinite dielectric constant (g,,) and those from the power law term for
electrode polarization. It should be noted that the “g,” fitting parameter contains all relaxation processes
above the maximum frequency probed, including backbone relaxation from PEO and/or PAGE. Excellent
overlap of the partially fitted &'y curve with the raw €' data in Figure 2 demonstrates that the HN parameters

obtained are in reasonable agreement with reality.

The two relaxation processes observed substantially contribute to g which implies they are both
dominated by zwitterionic dipoles rather than backbone dipoles. It is evident from Figure 3b that there is a
trade-off between the two relaxation processes with respect to temperature which only becomes evident at
higher zwitterion contents (SB17), given this same trade-off is not apparent in SB5 (Figure 4a) and SB10
(Figure 4b). Such a significant temperature-dependent interchange between the two processes introduces

the possibility that the o, relaxation represents zwitterionic aggregation in some way, while the faster a;

—_
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Figure 3. SB17 (a) SAXS profiles observed upon heating
up to 120 °C and (b) dielectric strength (Ag) for the o,
(green) and a, (blue) relaxation processes, alongside the
overall static dielectric constant (&) calculated from DRS
measurements taken after cooling from 120 °C. The onset
of chain exchange between n}icelles in SB17, evidenced by
the LLP — BPOCHARTTon UoseRHIGHIIKS, correlates
to the temperature range at which Ag,, deteriorates and
becomes dominated by Ag,; (dotted box).
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process may then be related to zwitterions able to relax with less restraint from surrounding interactions or

bonds.

Figure 3 compares the dielectric response to the phase behavior within the relevant temperature
range for SB17. The dielectric strength of the a, process (Ag,,) for SB17 follows a unique quadratic trend
with respect to inverse temperature which declines rapidly ~ 80 °C with increasing temperature (Figure 3b).
A very similar trend was recently observed by Scott et al. in a random copolymer with 10 mol% zwitterionic
functionality along the backbone, where & rapidly declined above 80 °C, aligning directly with the tan(3)
= G"/G' peak observed from dynamic mechanical analysis.!?® Such a correlation suggests zwitterionic
interactions substantially weaken in proportion to the decline in their dielectric strength. In relation to this
work, zwitterionic interactions are expected to play a predominant role in phase transition kinetics,
especially at higher charge contents (i.e., SB17). Hence, the deterioration of physical zwitterionic cross-
links should allow phase transitions to commence. Transitioning out of the LLP state requires chain
exchange between micelles to equilibrate into the complex particle shapes and sizes which exist within FK
phases. Thus, this phase transition is kinetically limited and begins at some temperature which has been
referred to as the ergodicity temperature. For SB17, this occurs < 110 °C, the temperature at which the
DDQC phase becomes noticeable in Figure 3a. Between 80-90 °C, there is a crossover between Ag,; and
Ag,, which coincides with a rapid decline in Ag,, with increasing temperature. These transitions in dielectric
response appear to correlate to the onset of chain exchange required to transition out of the kinetically

trapped LLP state (Figure 3).
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Figure 4. Temperature-dependent dielectric strength of the a; (Ag,;) and a, (Agy,) relaxation processes, along with the
total static dielectric constant (&) are shown for (a) SBS and (b) SB10, and compared to (c) the respective isochronal (1
rad/s), temperature-dependent storage modulus (G’) at low shear (1%). Discrete DRS equilibrium measurements were

taken upon cooling from an original temperature of 120 °C and denoted in (c) for proper comparison.

The decrease in zwitterion content from SB17 to SB10 coincides with a drastic transformation in
dielectric behavior from highly coupled relaxation processes to more ideal trends in ;. However, there still
exist indicators which express zwitterionic involvement in microphase transitioning. For SBS, the a, peak
is only observed < 70 °C with its dielectric strength (Ag,,) increasing with decreasing temperature (Figure
4a). For SB10, there is a crossover between Ag,; and Ag,, at 90 °C (Figure 4b). Both phenomena align
directly with the rheologically measured disorder-to-order transitions observed upon cooling for the
respective samples (Figure 4c) which further establishes a relationship between the two phenomena. Details

of this relationship are currently being explored and will form the basis of future work.

Phase Reversibility
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Figure 5. Process-dependent data regarding the
reversibility of FK phases upon cooling from the
disordered melt for SB10 and SB17. (a) SAXS
profiles and processing conditions for SB10
showing a partial reemergence of the A15 phase
after isothermally annealing at 90 °C for 4 h. (b)
SAXS profiles and processing conditions for SB17
are qualitatively compared to a weight averaged
profile calculated from its 130 °C (DDQC) and 140
°C (A15) SAXS profiles taken upon heating
(Figure 1b). (c) Rheological isochronal temperature
ramps for SB10 and SB17 showing the respective
disorder-to-order transition behavior in G'.
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To determine the equilibrium nature of the A15 phase in these systems, SAXS samples were slowly
cooled from the disordered state at 1 °C/min to 90 °C for SB10 and SB17 and isothermally annealed there
for an extended period as depicted in Figure 5. Partial reemergence of the A15 phase was observed in both
samples which suggests the A15 phase is an equilibrium morphology for this system. In Figure 5c, the
threshold of the G’ plateau for SB10 at 90 °C indicates it has just entered the ordered regime at the start of
90 °C SAXS measurements in Figure 5a. Its SAXS profiles appear consistent with a DDQC phase which
partially transitions into an A 15 phase after 4 h. The rheological cooling ramp for SB17 (Figure 5¢) indicates
that 90 °C is well within the ordered regime for this sample while its SAXS profile at equivalent processing
conditions demonstrates an ill-defined A15 phase. Qualitative comparison to a weighted average of the
DDQC (130 °C) and A15 (140 °C) SAXS profiles for SB17 taken upon heating (Figure 1b) suggests this

reemergent phase to be a coexistence of A15 and DDQC phases.

The multi-stage disorder-to-order transition observed rheologically (Figure 5c) may reflect the
occurrence of a similar microphase transition pathway as that observed upon heating from the semi-
crystalline state (i.e. LLP—DDQC—A15) which would align with findings by Mueller et al.''® However,
Mueller at al. obtained the ¢ phase upon cooling by rapidly quenching from the disordered state whereas
we slowly cooled from the disordered state at 1 °C/min to obtain a partial reemergence of the A15 phase.
In contrast, the A15 phase could have nucleated directly from the disordered state, comparable to
observations by Bates et al..* In this scenario, the supposed DDQC phase would encompass a separate
nucleation event; a reasonable outcome given the DDQC phase more closely resembles the 6 phase than it
does the A15 phase. Since SB17 does not conform to a well-defined structure over the course of 12 h
provides another indication that zwitterions impose kinetically arresting interactions. Considering analyses
from Figure 3 which illustrates kinetic effects to be less prominent > 110 °C alongside declines in &, one
might expect the ill-defined A15 phase for SB17 at 90 °C (Figure 5b) to either become more well-defined
or continue transitioning into another ordered morphology by increasing temperature from 90 °C to > 110

°C.
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CONCLUSIONS

The relatively simple synthetic platform developed in this work permits the tunability of block chemistry,
conformation, charge content, and polarity without significantly affecting backbone characteristics. Given
the vast library of thiol-functional reagents, this platform can be easily extended to study targeted effects
using an extensive array of chemical and architectural modifications. This platform was used to gain
thermodynamic understanding of zwitterionic interactions and their influence on block polymer phase
behavior and dielectric properties. Heating from the semi-crystalline state resulted in a
LAM—LLP—-DDQC—A15—DIS transition pathway for samples with 10 and 17 mol% zwitterion content
with valuable temperature-dependent correlations drawn between g, and chain mobility. This 1.7-fold
increase in zwitterion content did not destabilize the A15 phase which highlights the potential use of
zwitterions in applications involving FK phases. Ill-defined A15 phases reemerged upon slowly cooling
from the disordered state, suggesting it to be an equilibrium morphology for this system. The findings
generated herein are fundamental to the design and regulation of phase behavior in block polymers while

also stimulating the value of zwitterionic BPs in electroactive soft material applications.
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Synthetic troubleshooting and molecular, thermal, morphological, and electrochemical characterization
data including '"H NMR, gel permeation chromatography, differential scanning calorimetry, atomic force
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for calculating DDQC peak positions is provided.
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