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Abstract

We investigate the impact of center segment dispersity on the phase behavior of 17 lithium
salt-doped poly(styrene-block-oligo(ethylene oxide) carbonate-block styrene) (bSOS) triblock
polymers, in which broad dispersity O blocks (Do = Mw/M, = 1.45) are situated between narrow
dispersity S segments (Ds < 1.18) with volume fractions fo = 0.33—0.69 and total M, = 11.6-43.8
kg/mol. Broad dispersity bSOS triblocks are synthesized by a tandem polycondensation and
atom transfer radical polymerization (ATRP) reaction sequence. Using temperature-dependent
small-angle X-ray scattering (SAXS), we map the morphology diagrams for bSOS samples
variously doped with lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) with » = (mol Li")/(mol
ethylene oxide) = 0.00—0.09. As compared to the phase behavior exhibited by 13 LiTFSI-doped,
narrow dispersity SOS triblocks (nSOS) with fo = 0.30-0.58 and M, = 7.1-45.2 kg/mol, we
demonstrate that O segment dispersity shifts the lamellar morphology window to higher fossait
and the lamellar microdomains dilate at each r-value. The critical segregation strength for
microphase separation is calculated to be (yN/2)opr = 10.3—11.1 for » = 0.01-0.05 as compared
to the mean-field theory prediction (yN/2)opt = 8.95. These findings are interpreted in terms of a
competition between amplified monomer concentration fluctuations due to O segment dispersity
in these high y/low N triblocks and ordered morphology stabilization due to preferential lithium

salt solvation in the O domains.



Introduction
Block polymers afford exciting opportunities to design nanostructured materials with hybrid
functionalities for established and emerging technologies, including separation membranes,'-

46 and nanolithography templates.”® The microstructured morphologies of

organic solar cells,
narrow dispersity A/B di- and multi- block polymers depend on the volume composition (fa = 1
— fg) and the segregation strength yN, where y is the effective segmental interaction parameter
that quantifies the unfavorable A/B monomer contact energy and N is the degree of
polymerization.'® ! Microphase separated A/B block polymers typically form lamellar (LAM),
hexagonally-packed cylinders (HEX), spherical micelle packings (SPH), and bicontinuous
network phases such as the double gyroid (GYR).!>!3 For model narrow dispersity materials (D

= My/M, < 1.2), the consistency between experimental results'* '3

and various mean-field theory

calculations!¢-18

powerfully enables flexible design of self-assembling A/B block polymers with
high degrees of morphology control.

Over the last two decades, various reports have assessed the impacts of continuous segmental
dispersity in both A/B di- and tri-block polymers on their phase behaviors as compared to their
narrow dispersity analogues.'” These studies were spurred by the development of polymer
synthesis methodologies for producing functional block polymers with variable degrees of molar
mass dispersity control.?’?® Contrary to the notion that block polymers with broad segmental
dispersities exhibit molecular-level “disorder” that forbids their thermodynamically-driven self-
organization,?’ these materials experimentally assemble into microphase separated morphologies
with varying degrees of long-range translational order.?*27-33 In AB diblocks comprising narrow

dispersity A segments and broad dispersity B segments, Lynd and Hillmyer documented modest

shifts in the observed phase windows and changes in the composition-dependent critical (yN)opr



for microphase separation at the order-disorder transition (ODT).!"> 2%-31. 3¢ The groups of
Leibler?” and Mahanthappa®® 3740 further studied the impacts of broad A or broad B segment
dispersity on the thermodynamics of ABA triblock polymer self-assembly, respectively.
Morphology diagrams for poly(styrene-block-1,4-butadiene-block-styrene) (SBS)** 40 and
poly(lactide-block-1,4-butadiene-block-lactide) (LBL)?”-3® triblocks with broad dispersity center
segments (D ~ 1.7-2.0) exhibit both commonalties and differences in their phase behaviors.
Widin et al. demonstrated that broad B segment dispersity in SBS triblocks lowers the critical
segregation strength required for microphase separation to (yN)opt > 4.5 when fa ~ 0.5, dilates
the LAM microdomain spacing (d) by as much as two times, and shifts the LAM phase
composition window to 0.55 < fs < 0.75.33 In other words, the broad dispersity center segment
apparently occupies a smaller than expected volume, favors interfacial curvature towards it, and
stabilizes the ordered melt.!” While the LAM composition window is similarly shifted in high
y/low N LBL triblocks, the LAM d-spacing and minimum (yN)opr for microphase separation
exhibit different trends. Schmitt and Mahanthappa showed that disperse B segments drive only
5-32% domain dilation in LBL triblocks, with a large increase in the critical segregation strength
to (yN)opt > 27.%% The d-spacing differences were ascribed to segregation strength differences,
while the increased (yN)opr was rationalized in terms of dispersity-amplified monomer
concentration fluctuations at low N. These studies together suggest enticing opportunities to
manipulate polymer morphology and thermodynamics by segmental dispersity control.!4?
Toward solvent-free, solid-state electrolytes for advanced lithium-ion batteries, Balsara and co-
workers have extensively studied the phase behaviors of poly(styrene-block-ethylene oxide) (SO)
diblock polymers doped with lithium salts.#** 1In these SO diblocks, lithium

bis(trifluoromethylsulfonyl)imide (LiTFSI) selectively partitions into the O domains and drives



an overall increase in y between the S and O/salt domains. Varying the amount of added LiTFSI
in SO diblocks tunes y over a wide range, leading to microphase separation in low N diblocks
with increasing salt (i.e., increasing yN).*>46:47 These studies establish that variable salt doping
provides a facile means for tuning segmental interaction strength in a given block polymer
samples.** Thus, salt doping of broad dispersity block polymers offers a means for investigating
apparent discrepancies in the phase behaviors of broad dispersity triblocks over a range
segmental interaction strengths.

Herein, we report the syntheses and morphological studies of LiTFSI-doped poly(styrene-
block-oligo(ethylene oxide) carbonate-block-styrene) triblock polymers with broad dispersity
center O segments (bSOS) with Do = Myw/M, = 1.45 and narrow dispersity S segments (Ds <
1.18). Using a tandem polycondensation and atom transfer radical polymerization (ATRP)
sequence, we synthesized 17 bSOS samples with 0.33 < fo < 0.69. Upon doping bSOS triblocks
with varying amounts of LiTFSI, we mapped their morphology diagrams by temperature-
dependent small-angle X-ray scattering (SAXS) as a function of Li-salt concentration. We
compare these results to those from salt-doping 13 narrow dispersity SOS (nSOS) triblock
control samples. These comparative studies reveal that the LAM phase window shifts to
asymmetric volume compositions independent of salt-doping level, whereas the extent of LAM
microdomain dilation in the bSOS samples decreases with increasing salt. Our studies further
reveal that increased LiTFSI-doping of bSOS triblocks drives bSOS triblock microphase
separation at lower N values with only a modest increase in (yN)opr. We rationalize these
findings in terms of the competing effects of O segment dispersity that amplifies monomer
concentration fluctuations and ordered state stabilization by preferential ion solvation in the O

domains.



Experimental Methods

Materials. All reagents were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI)
and used as received unless otherwise noted. N,N,N’,N’’,N’-pentamethyldiethylenetriamine
(PMDETA), EtsN, and 2-bromoisobutyryl bromide were stirred over CaH> overnight, distilled
under vacuum, and stored under nitrogen. Narrow dispersity poly(ethylene oxide) (PEO) with M,
=14, 3.3, 4.6, 10, 20, 31 kg/mol and respective dispersities P = M/ M, =1.12, 1.01, 1.02 1.03,
1.01, and 1.02 were freeze-dried from CsHs and stored in a glovebox under inert atmosphere.
Styrene was stirred over Brockman Type I basic alumina for 1 h at 25 °C and gravity filtered to
remove inhibitors immediately prior to polymerization. CuBr was purified by a literature
procedure.*® Anhydrous and anaerobic tetrahydrofuran (THF) and CH>Cl, were obtained by
sparging analytical grade solvent with dry N(g) for 30 min, followed by cycling through a
column of activated molecular sieves for 12 h in a Vacuum Atmospheres Co. (Hawthorne, CA)
solvent purification system.

"H Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H NMR spectra were acquired on a
Bruker Avance 111 HD 400 MHz spectrometer in CDCl; and referenced to the residual protiated
solvent resonance (J 7.26 ppm). Polymer '"H NMR spectra were acquired with a pulse repetition
delay of 10-15 s to ensure quantitative peak integration accuracy for composition analyses.

Size-Exclusion Chromatography (SEC). SEC analyses for polyether and SOS block
polymers relied on an Agilent 1200 Series GPC equipped with two Viscotek I-series columns
(MBMMW-3078), a Wyatt Optilab T-rEX differential refractometer, and a Wyatt DAWN
HELEOS II multi-angle laser light scattering detector operating at 50 °C in N,N-
dimethylformamide (DMF) containing 0.05 M LiBr with a flow rate of 1.0 mL/min. For each

narrow dispersity sample, the refractive index increment (dn/dc) was calculated assuming 100%



mass recovery upon sample elution. Polystyrene SEC analyses employed a Viscotek GPCMax
System equipped with two Polymer Labs Resipore columns (250 mm x 4.6 mm) and a
differential refractometer, running in THF at 40 °C with a flow rate of 0.8 mL/min. A
polystyrene calibration curve was constructed with 10 narrow molar mass dispersity standards
with M, = 580-377,400 g/mol from Polymer Laboratories (Amherst, MA).

Representative Synthesis of Broad Dispersity o,0-Di(bromoisobutyryl)-Poly(ethylene
oxide) Carbonate (hPEOC-Br:). Freeze-dried PEO (15.00 g, M, = 1.4 kg/mol and D = 1.12,
10.7 mmol) and NaH (60 wt% dispersion in mineral oil, 0.0436 g, 10.9 mmol) were combined in
a 100 mL Schlenk tube in a glovebox. Outside of the glovebox on a vacuum line, diallyl
carbonate (4.5 mL, 31.4 mmol) was added to the flask by syringe and a water-cooled distillation
head with receiving flask was attached under a N»(g) flush. The reaction tube was heated to 120
°C for 2 h under ambient pressure, after which the pressure was carefully reduced to 0.08 Torr
and the reaction temperature was increased to 180 °C. The receiving flask was then chilled using
a dry ice/2-propanol bath to condense the C3HsOH reaction byproduct and unreacted diallyl
carbonate. The condensation reaction was continued for 20 min under these conditions. The
resulting polymer was dissolved in CH>Cl> (50 mL), precipitated into Et2O (500 mL) twice, and
dried under vacuum. M,, sec = 13.5 kg/mol, D = 1.56 and M, nvr = 14.0 kg/mol.

The allyloxycarbonyl end groups of the resulting a,m-diallylpoly(ethylene oxide) carbonate
(5.00 g, 14.0 kg/mol, 0.36 mmol) were removed by treatment with Pd(PPh3)4(0.0430 g, 0.037
mmol), PPhs (0.0385 g, 0.147 mmol) and 95 wt% formic acid (260 uL, 6.5 mmol) in anaerobic
THF (150 mL) at 22 °C for 4 h.*° Following solvent removal by rotary evaporation, the resulting
a,0-dihydroxy-poly(ethylene oxide) carbonate was redissolved in CH2Cl, (50 mL), precipitated

in EO (500 mL) twice, and freeze-dried from minimal C¢Hg to remove residual water.



The resulting o,w-di(hydroxy)-poly(oligo(ethylene oxide) carbonate) (bPEOC) was dissolved
in anhydrous CH>Cl> (80 mL) and reacted with an excess of a-bromoisobutyryl bromide (270
puL, 2.2 mmol per —OH end group) and EtsN (350 pL, 2.5 mmol per —OH end group). After
solvent removal by rotary evaporation, the reaction mixture was redissolved in Cg¢Hs, filtered
through a plug of Brockman Type I basic alumina, and precipitated into cold hexanes twice (500
mL). The resulting solids were freeze-dried from C¢Hs to yield bPEOC-Bra. M, sec = 12.8
kg/mol, D = 1.48 and My, nmr = 12.5 kg/mol.

Narrow dispersity a,m-di(bromoisobutyryl)-poly(ethylene oxide) telechelics (nPEO-Brz) were
prepared from commercial, narrow dispersity PEO as previously reported.>’

Representative Synthesis of bSOS Block Polymers. In an oven-dried 100 mL Schlenk flask,
a mixture of styrene (30 mL, 262 mmol) and PMDETA (140 uL, 0.67 mmol) was subjected to
three freeze-thaw degassing cycles. During the third freezing step, CuBr (0.096 g, 0.67 mmol)
was quickly added to the frozen mixture under a flush of N»(g), after which the final evacuation
and thaw cycle were completed. This mixture was stirred at 45 °C for 1 h under N2(g) to form the
Cu-catalyst complex. 4.3 mL of this solution was added by syringe to a 25 mL Schlenk tube
charged with bPEOC-Br; (0.296 g, 0.0237 mmol) under Nx(g) at 22 °C. The Schlenk tube was
then heated to 90 °C in an oil bath. After 120 min, the reaction was stopped by cooling the
Schlenk tube under cold running water. The reaction product was precipitated into rapidly stirred
CH30H (20 mL) and stirred for 1 h. Residual solvent was removed from the resulting solids by
rotary evaporation, after which they were dissolved in CH>Cl> (5 mL), eluted through a short
plug of basic Al,Os(s) to remove Cu-catalyst residues, and precipitated into hexanes (30 mL).
The isolated bSOS was freeze-dried from C¢Hg and stored in a glovebox.

Narrow dispersity nSOS triblock polymers were similarly synthesized from nPEO-Br.



Representative SOS Block Polymer Degradation. bSOS 23.9 0.51 (50 mg) was dissolved
in THF (0.5 mL) and treated with 2.5 M KOH in 50% v/v THF/ CH30H (2 mL). After reaction at
40 °C for 12 h, the solution was precipitated into CH3OH (10 mL) to isolate the S homopolymer.
The solid polymer was freeze-dried from CsHs. Mnsec = 5.4 kg/mol, D = 1.11 (versus PS
standards), and My, nmr = 5.6 kg/mol.

Sample preparation. Block polymer samples (~30 mg) were dissolved in CH>Cl, (0.5 mL),
and measured amounts of LiTFSI in a 10% v/v solution THF/CH>Cl» were added to achieve the
desired » = [LiTFSI]J/[EO units] based on M, for each sample. Each solution was homogenized
by sonication for 5 min and solvent cast into hermetic aluminum DSC pan bottoms (TA
Instruments, Newcastle, DE) at 60 °C. Samples were then heated to 140 °C under vacuum for 12
h to effect residual solvent and moisture removal, after which the DSC pans were hermetically
sealed with the corresponding lids in a glovebox with [H2O] < 1 ppm.

Small Angle X-Ray Scattering (SAXS). Synchrotron SAXS measurements were conducted at
the 12-ID-B beamline of the Advanced Photon Source (Argonne, IL). Using an incident beam
energy of either 13.3 keV or 14.0 keV and a 3.605 m sample—to—detector distance, 2D-SAXS
patterns were recorded on a Pilatus 2M area detector (25.4 cm % 28.9 cm active area with 1475 x
1679 pixel resolution) using exposure times of ~1 s. Block polymer samples were thermally
equilibrated at each desired temperature in a multi-array sample stage for at least 10 min prior to
X-ray analysis. All SAXS patterns were calibrated using a silver behenate standard (d = 58.38 A),
and reduced one-dimensional intensity /(g) versus scattering wavevector g profiles were obtained

using data reduction tools available at the beamline.



Results & Analysis

Synthesis and Molecular Characterization of bSOS. Unimodal bSOS triblock polymers
with broad dispersity O segments were synthesized by a tandem polycondensation/atom transfer
radical polymerization sequence (Scheme la and Figure la). By analogy to a reported
polycarbonate synthesis,’' condensation polymerization of an oligo(ethylene oxide) (M, = 1.4
kg/mol) with diallyl carbonate catalyzed by NaH produced broad dispersity o,w-
diallylpoly(oligo(ethylene oxide) carbonate) samples with reaction time-dependent M, values.
The allyloxycarbonyl polymer end groups were removed by Pd(0)-catalyzed hydrogenolysis with
HCOOH to furnish «o,w-dihydroxy-poly(oligo(ethylene oxide) carbonate) (bPEOC).#
Esterification of bPEOC with a-bromoisobutyryl bromide yielded bPEOC-Br; with M, = 5.7—
14.8 kg/mol and D = 1.43-1.48. Number-average molecular weights calculated from 'H NMR
end group analyses concur with those obtained from SEC (within 15%), indicating a high degree
of telechelic chain end functionality.?’ bPEOC-Br; telechelics served as macroinitiators for
(PMDETA)CuBr—catalyzed ATRP of styrene at 90 °C to yield unimodal yet broad dispersity
bSOS (Figure 1a). Block polymer compositions and polystyrene end segment molar masses were
determined by quantitative '"H NMR analyses based on the O midblock M,’s. Alkaline
degradation of the bSOS triblocks with KOH in THF/CH30H (50:50 v/v) at 40 °C further
enabled isolation and direct SEC characterization of the S end block M, and D (see Figure la for
SEC trace overlay). By this method, we found that the S segments exhibit # < 1.18 and that the
molar masses deduced by '"H NMR and SEC agree within ~10%. Taken together, these data
suggest the absence of unreacted bPEOC or any broad dispersity SO diblock contaminants.

The molecular characteristics of the bSOS triblock polymers produced by the above method

are summarized in Table 1. Volume fractions for neat bSOS were calculated using the
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homopolymer melt densities pps = 1.032 g/cm? and prro = 1.073 g/cm? at 90 °C.5? Note that our
use of the latter homopolymer melt density for PEO neglects the presence of carbonate linkages
in the bPEOC (< 5.5 wt% per chain). The segment density-normalized degree of polymerization

(N) based on a reference volume Vier= 0.100 nm? was calculated as:**

M. M.
N = ( n,PE0+2 n, PS
PrEO Prs

)/ NAVref

where Na is Avogadro’s number. Samples are identified as bSOS x y, where x is the total M, sos
(kg/mol) for the triblock and y is the O midblock volume fraction. Narrow dispersity SOS
triblock polymers (nSOS) were synthesized via analogous Cu-mediated ATRP from narrow
dispersity nPEO-Br; (Scheme 1b). SEC characterization (Figure 1b) established the narrow

dispersities of all constituent segments in these nSOS samples, for which molecular

characteristics are also provided in Table 1.
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Scheme 1. Syntheses of (a) bSOS Triblock Polymers via Tandem Polycondensation and

ATRP and (b) nSOS Triblocks by ATRP.
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Figure 1. Representative SEC traces for (a) bSOS 23.9 0.51 and (b) nSOS 20.0 0.49 triblock
polymers (red), the bPEOC-Br; or nPEO-Br; from which they derive (blue), and the PS

homopolymer end segments derived from center block degradation (green).
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Table 1. Molecular Characteristics of bSOS and nSOS Triblock Polymers.

O midblock S endblock Block Polymer

Sample My sos¢  Munvr®  Dppo” MunwrS Dps? fEo N°¢
bSOS 43.8 0.33 43.8 14.8 1.45 14.5 1.12 0.33 696
bSOS 36.9 0.33 36.9 12.5 1.48 12.2 1.10 0.33 586
bSOS 32.9 0.37 32.9 12.5 1.48 10.2 1.12 0.37 522
bSOS 14.9 0.37 14.9 5.7 1.43 4.6 1.15 0.37 236
bSOS 38.0 0.38 38.0 14.8 1.45 11.6 1.13 0.38 603
bSOS 30.9 0.40 30.9 12.5 1.48 9.2 1.11 0.40 490
bSOS 11.7 0.48 11.7 5.7 1.43 3.0 1.18 0.48 185
bSOS 23.9 0.51 239 12.5 1.48 5.7 1.11 0.51 377
bSOS 23.2 0.52 23.2 12.4 1.48 5.4 1.13 0.52 366
bSOS 12.8 0.54 12.8 7.0 1.45 2.9 1.13 0.54 202
bSOS 12.2 0.56 12.2 7.0 1.45 2.6 1.14 0.56 192
bSOS 20.9 0.59 21.5 12.5 1.48 4.5 1.14 0.59 329
bSOS 24.8 0.59 24.8 14.8 1.45 5.0 1.15 0.59 390
bSOS 11.6 0.59 11.6 7.0 1.45 2.3 1.12 0.59 182
bSOS 19.6 0.62 19.6 12.4 1.48 3.6 1.13 0.62 308
bSOS 18.4 0.67 18.4 12.4 1.48 3.0 1.12 0.67 289
bSOS 21.2 0.69 21.2 14.8 1.45 32 1.15 0.69 332
nSOS 15.0 0.30 15.0 4.6 1.02 52 1.13 0.30 239
nSOS 12.8 0.35 12.8 4.6 1.02 4.1 1.11 0.35 203
nSOS 11.8 0.38 11.8 4.6 1.02 3.6 1.12 0.38 187
nSOS 11.2 0.40 11.2 4.6 1.02 33 1.13 0.40 177
nSOS 23.2 0.42 23.2 10.0 1.03 6.6 1.12 0.42 367
nSOS 45.2 0.43 452 20.0 1.01 12.6 1.14 0.43 715
nSOS 22.0 0.44 22.0 10.0 1.03 6.0 1.11 0.44 348
nSOS 7.1 0.46 7.1 3.3 1.03 1.9 1.11 0.46 112
nSOS 42.6 0.46 42.6 20.0 1.01 11.3 1.12 0.46 673
nSOS 20.0 0.49 20.0 10.0 1.03 5.0 1.12 0.49 316
nSOS 19.0 0.52 19.0 10.0 1.03 4.5 1.12 0.52 300
nSOS 8.4 0.54 8.4 4.6 1.02 1.9 1.16 0.54 132
nSOS 7.8 0.58 7.8 4.6 1.02 1.6 1.14 0.58 122

“Determined by quantitative end group analysis by '"H NMR spectroscopy. ? SEC in 0.05 M
LiBr in DMF at 50 °C using dn/dc = 0.043 mL/g for bBPEOC-Br; and dn/dc = 0.042 mL/g for
nPEO-Br;. ¢ Determined by quantitative '"H NMR spectroscopy based on M, 0. ¢ Obtained by
SEC in THF at 40 °C versus narrow dispersity S homopolymer standards. ¢ Calculated from neat
polymer segment densities at 90 °C using the reference volume Vier = 0.100 nm?.
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Morphologies of Neat bSOS Triblocks. We first characterized the neat bSOS sample
morphologies by SAXS between 7' = 22-150 °C. Salt-free bSOS samples with M, < 25 kg/mol
do not melt microphase separate, as only correlation-hole SAXS peaks were observed (Figure
2a).>3 When M, > 30 kg/mol in the range fo = 0.33-0.38, bSOS samples exhibit poorly ordered,
microphase separated morphologies exemplified by the 1D-SAXS intensity profile for
bSOS 38.0 0.38 at 22 °C (Figure 2a). This last sample appears to be microphase separated when
T < 120 °C, since heating it to 120 °C leads to the disappearance of the broad, higher order
reflections in a manner consistent with an order-disorder transition (see Supporting Information
Figure S1). The broad, higher order peaks observed in these samples are located at (¢/g*) = V1,
V3, V4, N7, and V9 (¢* = 0.020 A-"), consistent with poorly ordered, hexagonally-packed O
cylinders in an S matrix (CYLo). The observed peak breadths suggest poor translational order,
analogous to that exhibited by broad dispersity block polymers with high M, values.?*37-3% The
phase behaviors of the salt-free bSOS samples are compiled in the N versus fo morphology

diagram presented in Figure 2b.

15



Log (Intensity) (a.u.)

(a) bSOS r=0

bSOS_38.0_0.38
22°C

bSOS_23.2_0.52
22 °C

bSOS_11.6_0.59
22 °C

800

1 1 T T T T
0.00 0.02 004 006 008 010 012 0.14

q (A7)

(b) bSOSr=0
700 A
CYL,
600+ AL
500 ‘s
24'.’}[)— o) O
300 OOOO
200- © o @ Disordered
100 LA AR RRRLN AR RRRAN RERRERRRAN LERREREREN LAREN LERE)
0.0 0.2 0.4 0.6 0.8 1.0
f0
Figure 2. (a) 1D-SAXS profiles for neat bSOS

triblock polymers, and (b) a bSOS morphology

map for samples listed in Table 1 at 7= 90 °C,

where open circles (©) denote samples that are

melt-disordered, solid triangles (A) indicate

ordered

CYLo samples.
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Morphologies of LiTFSI-doped bSOS. The morphologies of bSOS triblocks doped with
varying amounts of LiTFSI were also characterized by temperature—dependent synchrotron
SAXS. Per the report of Teran and Balsara,** the volume fraction of the O/LiTFSI microphase

was calculated as:

M, pEo i rMn, pEO MyitEst
_ PrEO Mgo  Prites
Mn, PEO + rMn, PEO MLiTFSI ) Mn, PS
PpEO Mgo  Pritest Pps

f O/salt

where » = [Li*]/[EO], Mo and Myitest are the respective molar masses of ethylene oxide (44.05
g/mol) and LiTFSI (287.09 g/mol), and pritest = 2.023 g/cm’ is the effective LiTFSI density.
This expression assumes complete segregation of LiTFSI into the O domains, as a consequence
of polyether ligation to Li* and preferential anion solvation therein.*6-

Minimal LiTFSI-doping at » = 0.01 significantly alters the melt self-assembly behavior of
bSOS. In the range fosar = 0.33-0.41 with M; = 30 kg/mol, SAXS analyses of the salt-doped
bSOS (Figure 3a) reveal broad peaks possibly consistent with a hexagonally-packed cylinders
(CYL) morphology. Increasing the volume fraction to forar = 0.53 yields a SAXS signature
consistent with a double gyroid (GYR) morphology with peaks corresponding to the (211), (220),
(321), (400), (420), (332), and (422) reflections with a lattice parameter a = 53 nm (g@11) = 0.029
A1), This observation constitutes the first report of a GYR morphology in any broad dispersity
triblock polymer.?3-37-3° When fosa: = 0.55-0.70, high molar mass bSOS samples exhibit sharp
primary SAXS peaks (¢*) with a higher order reflection at 2¢™ (Figure 3a), which we identify as
lamellae (LAM). Only the two samples with M, = 19.6 and 21.2 kg/mol (N = 308 and 332) in
this composition range at » = 0.01 exhibit accessible order-disorder transition temperatures 7opt
=139 °C and 111 °C, respectively. Samples with M, < 19 kg/mol (N < 300) display only the

broad correlation-hole scattering of a disordered morphology. The phase sequence CYL =0 GYR
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- LAM suggests that the GYR phase comprises LiTFSI-doped O cables in a S matrix (GYRo),
in spite of its occurrence at the majority salt volume fraction fosax = 0.53. These morphology

data are summarized in Figure 3b.
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Figure 3. (a) Synchrotron SAXS intensity profiles for representative LiTFSI-doped bSOS
triblock polymers with » = 0.01, in which symbols demarcate the calculated peak positions for
CYLo (triangles), GYRo (diamonds), and LAM (circles). The peak at ¢ = 0.104 A™! is an artifact

associated with the detector mask. (b) A morphology diagram summarizing the results of SAXS
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characterization of 14 salt-doped bSOS samples with » = 0.01 at 7' = 90 °C, where the colored

regions are intended only to guide the eye and do not represent exact phase boundaries.

The somewhat surprising occurrence of GYRo at forsar = 0.53 led us to investigate the phase
behaviors of nSOS control samples with comparable molecular weights. We synthesized nSOS
per Scheme 1b, and nSOS molecular characterization data are given in Figure 1b and Table 1.
SAXS data for selected samples at » = 0.01 provided in Figure 4a show that the narrow dispersity
nSOS samples with fossa = 0.43—0.45 and M, = 20.0-23.2 kg/mol form GYRo, while nSOS with
a higher M, = 45.2 kg/mol at forar = 0.44 instead forms LAM. Finally, we observe a
composition-dependent order-order transition from GYRo »0LAM at fossar = 0.48. Comparison
of the N versus fossarr morphology diagrams for bSOS (Figure 3b) and nSOS (Figure 4b) at r =
0.01 establishes that O segment dispersity in bSOS shifts the GYR and LAM phase windows by
~10 vol% toward higher fosar. In other words, the salt-doped, broad dispersity O segment

apparently occupies a smaller than expected volume.
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Figure 4. Synchrotron SAXS profiles for representative nSOS triblock polymers at (a) » = 0.01
and at (¢) » = 0.09, wherein markers indicate the expected peak positions for GYRo (diamonds)
and LAM (circles). N versus fosair morphology diagrams for nSOS triblock polymers at 7= 90
°C (b) with » = 0.01 and (d) with » = 0.09 demonstrate increased salt-loading leads to the

stabilization of LAM phases in the studied composition window.

Upon increasing the LiTFSI-doping level to » = 0.05, bSOS triblocks microphase separate with
varying degrees of long-range translational order. At fosar = 0.41, we observe SAXS maxima at

q/q* = 1,3, 2 and V7 (¢* = 0.036 A", Figure 5a), consistent with CYLo with modest long-range
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order. For samples with M, > 30 kg/mol and fosat = 0.37-0.43 at » = 0.05, we observe poorly
ordered yet segregated morphologies with broad SAXS peaks analogous to high M, bSOS with r
= 0.01 with similar fossa: (Figure 3a). On that basis, we assign these samples as poorly ordered
CYLo. The sharper SAXS peaks observed in the low M, CYLo sample are consistent with
greater chain mobility at low yN that enables structure refinement by thermal annealing. bSOS
triblocks with asymmetric volume fractions fosar = 0.55-0.72 display SAXS intensity profiles
with maxima at g/g*= 1, 2, 3, and 4, corresponding to LAM. Note that the observed intensity and
number of higher ordered SAXS peaks is greater for bSOS 19.6 _0.66 with » = 0.05 (Figure 5a)
than bSOS 19.6 0.63 with » = 0.01 (Figure 3a), even though both samples originate from the
same parent bSOS polymer. Thus, increasing  drives bSOS self-assembly with better long-range
order and sharper interfaces in a manner consistent with increased yN. bSOS 12.2 0.60 and
bSOS 11.6 0.63, which are disordered at both » = 0 and 0.01, display accessible order-disorder
transitions at Topt = 137 °C and 177 °C, respectively. This observation is not unexpected as
increasing » should increase melt segregation and thus 7opt. Between the CYLo and LAM phase
windows at fossait = 0.52, we again observe a double gyroid morphology. bSOS 11.7 0.52 with r
= 0.05 (Figure 5a) exhibits at least eight well-resolved peaks corresponding to GYRo with a
cubic unit cell parameter a = 39 nm (¢*V6 = 0.039 A"'). The occurrence of the (510) peak
indicates significant long-range order, which contrasts the less well-organized structure noted for
the higher M, bSOS 23.2 0.53 at » = 0.01 (Figure 3a). The above morphology assignments are

summarized in Figure 5b.
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Figure 5. Azimuthally—integrated synchrotron SAXS patterns of representative bSOS triblock
polymers with (a) » = 0.05 and (c) with » = 0.09, indicating the expected peak positions for
CYLo (triangles), GYRo (diamonds), and LAM (circles) phases. N versus fosar morphology

diagrams for (b) » = 0.05 and (d) » = 0.09 at 90 °C.
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The observed composition-dependent microphase windows for bSOS do not markedly change
on further increasing the LiTFSI-doping level to » = 0.09, except that the GYRo phase becomes
inaccessible. We observe LAM in the asymmetric composition range fosar = 0.55-0.75 and
CYLo when fossait = 0.39-0.46 by SAXS (Figure 5¢), as summarized in the morphology diagram
in Figure 5d. bSOS 14.9 0.44 (r = 0.09) exhibits defined SAXS peaks at (¢/q*)> =1, 3, 4, 7, and
9 corresponding to CYLo, whereas the higher M, bSOS 38.0 0.45 exhibits only the broad
scattering of poorly-ordered CYLo (Figure 5c) consistent with the above observations. At higher
Sforsai, BSOS _11.7 0.52 exhibits at least three Bragg peaks corresponding to LAM. While we
cannot conclusively rule out the ability of bSOS to form GYRo at » = 0.09, the GYRo phase
window width apparently narrows.

For control nSOS samples at » = 0.09, the data provided in Figures 4c and 4d establish that
LAM form across the range fossait = 0.36—0.60. Again, increasing » = 0.01 — 0.09 also apparently
extinguishes the GYRo phase in these salt-doped polymers (c.f., Figure 4b). Note that the GYR
phase was previously observed to be unstable for yN > 12 in LiTFSI-doped narrow dispersity SO
diblock polymers.** Thus, it appears that salt addition to S/O block polymers may generally
restrict access to GYR phases regardless of center O segment dispersity.

Lamellar Domain Sizes in LiTFSI-Doped bSOS. Given that broad dispersity block
polymers exhibit variable amounts of LAM domain dilation,!-33 38 we sought to quantitatively
assess the extent of domain dilation in the salt-doped bSOS. Plots of lamellar d-spacings as a
function of N at 90 °C for both nSOS and bSOS samples are given in Figure 6(a—c); see
Supporting Information Tables S1-S3 for numerical values. From these plots, one readily
observes that the extent of LAM domain dilation in bSOS for » = 0.01 is larger than that for » =

0.05 or 0.09. While the bSOS d-spacings are ~40% larger than those of corresponding nSOS
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samples with comparable fosar and N (within 10%) at » = 0.01, we find a smaller extent of
domain dilation of ~15-25% at the higher salt doping » = 0.05 and 0.09. Generally, the d-
spacings of the nSOS triblocks monotonically increase with », however the d increases with » in
salt-doped in bSOS polymers are weaker as seen in Figure 6d: the addition of more LiTFSI to
bSOS polymers triggers only small changes in d. Figure S2 shows data for other bSOS and nSOS
with M, = 19.0-45.2 kg/mol that exhibit comparable behaviors. Thus, for bSOS and nSOS
samples of similar M,, the d-spacing differences are larger at low salt concentrations and tend to

decrease as r increases.

For each bSOS sample series at fixed », we fit the LAM d-spacing data to the form d ~ Mo

determine the scaling exponent £ (fit shown in Figure 6). For » = 0.05, the scaling exponents for
bSOS and nSOS are the same with fsos = 0.64 £ 0.08 and Sisos = 0.64 + 0.04, respectively.
Increasing the salt-doping level to » = 0.09 results in a modest increase in the scaling exponent to
Prsos = 0.69 = 0.07 and Bisos = 0.73 £ 0.02. Since the last data positively deviate from £ = 2/3
anticipated by strong segregation theory,>® 3’ we collected and analyzed literature data for the d-
spacings of narrow dispersity SO diblock polymers at » = 0.085°% % and found that B,s0 = 0.71 +
0.03 (see Figure S3). These results collectively imply that block architecture and dispersity

differences do not appreciably affect £ for » > 0.05.

24



357 351
1= bSOS (a) r=0.01 1= bSOS (b) r=0.05
304 o nSOS 304 a nSOS
] ] A
254 - A 257 . e
—_ ] . —~ g~ Nosszo08 -
E/ 207 -7 Ezo{ -./.; g
© 15 o - d ~ NO.62£002 ° 15 ..’//‘A d ~ NO.64+004
] »
10 107 A
5-""|""""'|""|""|""|""|" 5-""I""""'I""""'I""""'Ill
2 400 600 800
00 N 200 400 N 600 800
35+ 35-
1 = bSOS (c) r=0.09 { +-bS0OS_21.2 (d)
301 4 nSOS «* 30 = nSOS_20.0
25-5 - - ]
1 A ~ N\O069£0.07 . —~ 254
0 R £
c <V o Aa- s 1 '
s v M/d~N073i0,02 S 204 { ALRhhhbhi +-
15 E"A/ ] e — — =
] 15 —
104 , “
i .
5 +r-r-——rrrrr—reeeeee 10- T T T T T
200 400 N 600 800 0.00 0.02 0.04 0.06 0.08 0.10
r

Figure 6. Lamellar d-spacing comparison for bSOS (squares), nSOS (triangles) at r =
[LiTFSI)/[EO] = (a) 0.01, (b) 0.05, and (c) 0.09, for which the dashed line represents the power
law fit used to obtain S, and (d) d-spacings for representative bSOS (red) and nSOS (blue)

triblock polymers with increasing r.

Salt-Doping Dependence of Order and Disorder. SAXS offers a convenient means for
determining the ODT temperature (7opt), at which the Bragg scattering associated with the
ordered block polymer morphology evolves into correlation-hole scattering of a disordered melt.
The ODT for bSOS 19.6 0.63 at » = 0.01 is relatively broad, as the principal reflection (g*)
gradually diminishes in intensity over a range of temperatures (Figure 7). We assign Topr as the

temperature at which the sharp g* peak completely vanishes. The transition breadth is not wholly
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unexpected, as Gibbs’ Phase Rule anticipates a window of two-phase coexistence between the
ordered and disordered states (assuming a pseudo-two component mixture of bSOS and LiTFSI).
Similarly, broad ODT’s have been previously observed and rationalized by mean-field theories
for salt-doped systems.®0-62 Table 2 lists bSOS and nSOS samples that exhibited accessible
Topr’s at different r-values. While the bSOS 19.6 0.63 exhibits 7opr = 139 °C,
bSOS 21.2 0.70 with » = 0.01 exhibits a lower Topr = 111 °C suggesting its closer proximity to
the microphase separation transition. At the higher salt concentration » = 0.05, samples with
accessible Topt’s exhibit much lower M,’s than those with » = 0.01. bSOS 11.6 0.63 exhibits
Topr = 177 °C, whereas Topr = 137 °C of bSOS 12.2 0.60 with the same salt loading » = 0.05.
This last observation indicates a strong composition dependence of 7opr in these broad

dispersity triblocks, given that these two samples stem from the same APEOC midblock.
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< | 139 °C
>‘ o
g . 137 °C
8 135 °C
S A 133 °C
=

o L]

= 7 . 25°C

1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
q (A7)

Figure 7. Temperature-dependent synchrotron SAXS profile for bSOS 19.6 0.63 showing the
formation of LAM at 25 °C, with Topr = 139 °C at which the sharp principal (¢*) peak is absent,

and only broad correlation-hole scattering of the disorder state is observed.
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Table 2. Topt and calculated (¥/V)opt for bSOS and nSOS triblocks at r = 0.01 and 0.05.

r 0.01 0.05
Sample bSOS 19.6 0.63 bSOS 21.2 0.70 | bSOS 12.2 0.60 bSOS 11.6 0.63
Topr (°C) 139 111 137 177
(ZeeVai)opT 10.3 10.8 11.1 10.8
Sample | nSOS_19.0 0.53 nSOS_20.0 0.50 nSOS 112 0.44
Topr (°C) 141 148 189
(XeteNai)oDT 10.2 10.2 10.7

We used the fo-independent effective segmental interaction parameter y.s(7) developed by

Teran et al.* for LiTFSI-doped SO diblocks at a given r-value

(T)_IO.2+1.85><103+1.01><10'2-T[ (-22.4-Tr)]
Hett 7T T"Ng; Nai PN,

to calculate the segregation strengths yeseNai = ressN/2 Tassociated with each sample described
here, in order to recast the phase information determined for bSOS and nSOS with » = 0.01 and
0.05 (Figures 3b, 4b, and 5b) into yesNVai versus fosar morphology diagrams. This complex pes
expression was derived by fitting the absolute disordered state SAXS intensity from LiTFSI-
doped SO diblock polymers to the random phase approximation,** wherein Ny is the segment
density-normalized degree of polymerization of the neat diblock with respect to the reference
volume Vs = 0.1 nm?. In spite of disagreements in the literature regarding the best r-dependent
functional form that describes y.s(7) for LiTFSI-doped S/O block polymers, use of this
expression for salt-doped SO diblock polymers with reported Zopr values gives (esN)opt = 9.7—

10.8 for 0 <r <0.10, consistent with the mean-field theory prediction (esN)opr = 10.495. The
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use of this conceptual framework enables more direct comparisons of the morphology diagrams
of salty bSOS samples described here with those reported for other disperse, non-ionic A/B
block polymers with different chemistries based on effective segmental interaction parameters
(xefr) also derived from mean-field theories. Additionally, this formalism may help to guide the
synthesis of bSOS samples with specific attributes for future studies.

Morphology diagrams for bSOS and nSOS constructed using this particular formalism for » =
0.01 and 0.05 are presented in Figure 8, and the (yertNVai)opr values for samples showing
accessible order-disorder transitions are given in Table 2. From nSOS 20.0_0.50 with » = 0.01,
we calculate a critical (yettNai)opt = 10.2 for microphase separation. Although mean-field theory
for ABA-triblock polymers anticipates that (yNai)opr > 8.95 for microphase separation,®® the
zeii(T) of Teran et al.** likely does not account for segment connectivity (architecture) effects nor
the impact of monomer concentration fluctuations.®* We observe a similar deviation from the
expected mean-field result for nSOS 11.2 0.44 with » = 0.05, for which (yettNgi)opr = 10.7.
Inspection of the morphology maps for bSOS in Figure 8 (and Table 2) shows that for the bSOS
triblocks, (yeftNai)opr > 10.3 for » = 0.01 and (yeftNai)opr > 10.8 for » = 0.05. Thus, increased
salt-doping of the bSOS samples only slightly increases (yN)opt for microphase separation over

that for the control nSOS samples.
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Figure 8. (ytN) versus feossat morphology diagrams at » = 0.01 for (a) nSOS and (b) bSOS, and
at » = 0.05 for (¢) nSOS and (d) bSOS at a reference temperature 7r.r = 90 °C. The vertical lines
indicate the range of temperatures over which the morphologies were determined by SAXS, and
those lines capped with black open circles indicate samples that disordered on heating. The

dashed line is drawn to indicate the minimum observed ( yertNVgi)opT at a given salt-doping level 7.
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Discussion
A few reports have documented segmental dispersity-induced dilation of the lamellar d-
spacings of ABA triblocks with broad dispersity B midblocks, which stems from the broad chain

length distribution and is likely sensitive to its exact width and shape.?* 36

Generally, d-spacing
dilation has been ascribed to two synergistic effects: (1) the presence of much longer than
average B segments that fill space, and (2) interfacial desorption of ABA chains with short B
segments that effectively act as “A—A homopolymers” that swell the A domains.?* Lynd et al.
described a method for calculating the critical B segment M, below which chain desorption
occurs, by equating the enthalpy cost for dissolving a short B segment in the A domain and the
entropy gain from releasing the stretched chains from the domain interfaces.?® They showed that
the critical desorption chain length scales as (yN)?, thus predicting reduced d-spacing dilation
in strongly segregated polymers due to suppressed chain pull out.

By virtue of the ability to tune pesr at constant N in a given bSOS by varying the salt-doping
level r, our data provide an opportunity to analyze how d-spacing dilation changes with melt
segregation strength. The data shown in Figure 6 indicate that the extent of domain dilation is
greatest at » = 0.01 and that less domain dilation occurs when » = 0.05 and 0.09. These results
may be rationalized by first considering how lamellar d-spacing depends on » for nSOS. In salt-
doped nSOS, d increases with 7 since the O domain volume is augmented by the preferential
solvation of LiTFSI and the concomitant increase in y between the S and LiTFSI-doped O-
domains leads to chain stretching. While these physical principles apply to bSOS and should

drive d-spacing increases, the overall increase in yN raises the enthalpic penalty for interfacial

chain desorption and decreases the extent of “A-A homopolymer” swelling (vide supra).
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Apparently, these two effects cancel and result in the observed weak dependence of d on the
doping level, r.

The LAM window shift to asymmetric volume fractions fosair = 0.55-0.75 irrespective of
bSOS salt doping level (») is nearly identical to the dispersity-induced lamellar composition
shifts previously reported in SBS** and LBL triblocks®® with broad dispersity B segments. Given
the low degree of “S—S homopolymer” swelling in the strongly segregated LiTFSI-doped bSOS,
this LAM morphology window shift must arise from synergistic chain packings in the disperse
O/salt microdomain that foster buckling towards it in a manner similar to that noted in LBL
triblocks.*® The details of this co-surfactant-like chain packing that fosters curvature toward the
disperse domain have been explained elsewhere®*% and are not reiterated here.

In contrast to previous studies that found either large increases or decreases in the critical
(xefiNai)opt for microphase separation of ABA-type triblocks with broad dispersity B segments,*
37 the critical (gertNai)opt for salt-doped bSOS only marginally increases from the expected value
of (yertNai)opt = 8.95 for narrow dispersity materials. In the case of SBS triblocks with broad
dispersity B segments, the segregated melt is stabilized by synergistic interfacial chain packings
of the medium and long chains in the distribution that decrease center segment chain stretching.
This result concurs with self-consistent mean-field theory (SCFT) calculations by Matsen for
such systems.®> However, center B segment dispersity in high y/low N LBL triblocks amplifies
monomer concentration fluctuations that destabilize the ordered morphologies. The magnitude of
this destabilization apparently overwhelms the synergistic chain packing stabilization, leading to
a net increase in the critical (yN)opr.}” Modified SCFT calculations by Pandav and Ganesan®®

and Monte Carlo simulations by Beardsley and Matsen®” indicate that dispersity enhances
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fluctuation effects, as experimentally demonstrated for nearly monodisperse diblock oligomers
by Oschmann and co-workers.%®

The modest changes in (yN)opt for salt-doped bSOS likely arise from a combination of two
opposing factors depicted in Figure 9. While O segment dispersity is expected to enhance
monomer concentration fluctuations and drive up (yN)opr, preferential solvation of LiTFSI in
the O domains increases segment incompatibility and drives microphase separation in a manner
that counters the enhanced concentration fluctuations.*% 79 Additionally, lithium ions in the
salt-doped O domains are coordinated by 2—7 O monomer units from one or several polymer
chains, which may serve to dynamically crosslink these domains.”'-”3 Ren et al.”* have proposed
a model in which they predict that preferential anion solvation and dynamic lithium salt
crosslinks synergistically enhance microphase separation, and recent experiments by Xie and
Lodge™ suggest that similar effects drive blend phase separation in salty poly(ethylene-alt-
propylene)/PEO. Consequently, the effect of salt solvation in the O domain dominates, yielding

only small changes in the critical (yertNVai)opr upon LiTFSI salt doping of bSOS.
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Figure 9. For high y/low N salt-doped bSOS, (a) broad dispersity low N polymer chains enhance
fluctuation effects thereby disfavoring microphase separation, while (b) solvation of LiTFSI in
the O domains leads to increased segment incompatibility as well as dynamic crosslinking of the

O segments, both of which stabilize the ordered morphology.

This notion is further supported by a detailed comparison of the phase behaviors of bSOS
doped with LiTFSI at » = 0.01 and 0.05. From the data presented in Table 2, one finds that the
(fettNgi)opt ~ 10.2 at » = 0.01 with overall M, = 19.6-21.2 kg/mol. On the other hand,
(fettNgi)opt ~ 11 for samples with » = 0.05 and M, = 11.6—-12.2 kg/mol. This modest difference in
the critical segregation strength for microphase separation follows the expected trend that the
fluctuation corrections for lower molecular weight systems are stronger and lead to slightly

greater destabilization of the microphase separated morphology.

Conclusion

In this work, we described the synthesis and characterization of seventeen unimodal yet
continuously disperse bSOS polymers by a sequential condensation polymerization and ATRP,
to furnish broad dispersity O midblocks flanked by narrow dispersity S end blocks with 0.33 < fo
< 0.69 and 11.7 < M, < 43.8 kg/mol. Temperature-dependent SAXS analyses were used to
construct morphology maps of bSOS samples doped with varying amounts of LiTFSI at salt
loading levels » = 0-0.09. Generally, the bSOS lamellar phase window shifts by ~10 vol% to
higher fosair based on direct comparisons with 13 narrow dispersity nSOS analogs that were

characterized at the same LiTFSI loadings. Additionally, midblock dispersity dilates the lamellar
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microdomain d-spacing, although the extent of domain dilation depends on the specific r-value.
The critical segregation strength for microphase separation is found to be (yN/2)opt > 10.3 for r
=0.01, whereas (yN/2)opt > 10.8 for » = 0.05. Thus, segmental dispersity in salt-doped polymers
only incrementally increases the critical segregation strength from the mean-field theory
prediction (yN/2)opr = 8.95. This last result contrasts previous work on ABA-type triblock
polymers in which mid-segment dispersity results in larger changes in the location of the
microphase separation transition. We attribute the present findings in the salty bSOS to a
competition between dispersity-enhanced fluctuations in these high y/low N materials near the

ODT and preferential lithium salt solvation in the O domains that stabilizes the ordered melts.
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