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Abstract

We studied the effect of salt addition on a diblock copolymer system with a negative
Flory-Huggins interaction parameter, y, indicative of attractive interactions between the two
blocks. The system studied is poly(ethylene oxide)-block-poly(methyl methacrylate) (PEO-
PMMA) with added lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. We studied two
asymmetric block copolymers, PEO-PMMA(10-33) and PEO-PMMA(10-64), where the
numbers refer to the molar masses of the blocks in kg mol”'. The small angle X-ray scattering
(SAXS) profiles for PEO-PMMA(10-33) were featureless at all salt concentrations. In contrast,
PEO-PMMA (10-64) exhibited SAXS peaks when the salt concentration was between 0.22 < m
(mol Li/kg polymer) < 0.44. The appearance of SAXS peaks only in PEO-PMMA(10-64) is
consistent with the predictions of ionic self-consistent field theory developed by de la Cruz and
coworkers, which predicts that in systems with negative y, ordered phases are only found when

the volume fraction of the ionic block is about 10%.



Introduction:

There is continuing interest in the thermodynamic driving forces that underlie the
transition from disorder to order in block copolymers.'~” At sufficiently high temperatures,
entropy dominates and block copolymers are disordered. In the simplest of systems, lowering
temperature results in the formation of periodic ordered structures that depend mainly on the
composition of the copolymers. The disorder-to-order phase transition is governed by three
parameters: the Flory Huggins interaction parameter, y, overall chain length, N, and volume
fraction of one of the blocks, ¢. The phase diagram of block copolymer melts is usually shown
on a yN versus ¢ plot."**'° An example of such a plot is shown in Figure 1a where we plot the
results of self-consistent field theory (SCFT) obtained by Cochran and Frederickson.? This well-
established phase diagram is symmetric about ¢ = 0.50; implying for a given chemistry, the
chain length at which ordering is seen is lowest for symmetric block copolymers with ¢ = 0.50.
In other words, in systems with a small enough y parameter such that the disordered phase can be

accessed, the driving force for order formation at constant N, is largest at ¢ = 0.50.
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Figure 1: Phase diagrams for PEO-PMMA block copolymer. Segregation strength y/V, is plotted as a function of

volume fraction of ethylene oxide ¢o and number of PMMA units, N,. In (a) the Fredrickson and Cochran order to

disorder transition is plotted as the gray trace, as a function of ¢go. The black trace is the ionic SCFT phase diagram

by de la Cruz and coworkers. In (b) the change in segregation strength, AyN is shown between the classical phase



diagram and the segregation strength of a PEO-PMMA block copolymer series with a 10 kg mol™ block. Yellow
bars mark the location of the two synthesized asymmetric block copolymers. In (c) the change in segregation
strength, AyN is shown between the ionic SCFT phase diagram and the segregation strength of the PEO-PMMA

block copolymer series.

The effect of added salt on block copolymer thermodynamics has attracted considerable
attention in recent years.'"'>?!"21320 The extent to which the classical block copolymer phase
diagram applies to salt-containing block copolymers remains an interesting open question. It has
long been recognized that many observations on the phase behavior of block copolymers
wherein the salt interacts strongly with one of the blocks can be rationalized by defining an
effective y parameter, y.g, that reflects interactions between the two blocks in the presence of salt.
The concept of Born solvation introduced by Wang and co-workers provided a rational basis for
the use of y.;.>* Significant progress was made by determining y.; empirically and mapping the
observed phase behavior on the classical block copolymer phase diagram for uncharged
blocks.*® In an important paper, de la Cruz and coworkers'® introduced an approach that they
called ionic self-consistent field theory to predict the phase behavior of charged block
copolymers. This theory was originally developed for the case when one of the block copolymers
contained charged monomers, but more recent work by Qin and coworkers shows that similar
phase behavior is obtained when salt was added to a neutral diblock copolymer.*® We show one
of the phase diagrams taken from ref 18 in Figure 1a (Figure 4c of ref 18)."® The striking
difference in the phase behavior between pure block copolymers and those with added salt is the
appearance of a narrow chimney in the vicinity of ¢ = 0.10, where ¢ is the volume fraction of

the block with a high affinity for the salt ions such as poly(ethylene oxide). It should be noted



that the ionic SCFT phase diagram is plotted assuming that the ions are solvated exclusively in
the PEO block; the model in ref 18 assumes that one of the charged species is covalently bonded
to one block of the diblock copolymer.'® In such systems if y is small enough such that the
disordered phase can be accessed, the driving force for order formation at constant N, is largest at
¢ =0.10.

The main purpose of this work is to test the predictions of ionic SCFT. The system that
we have studied is poly(ethylene oxide)-b-poly(methyl methacrylate) (PEO-PMMA) with added
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. Numerous studies have been
conducted on PEO/PMMA homopolymer blends, since it is one of the few polymer blend
systems that is completely miscible.”’*' The value of y between PEO and PMMA is -7.8E-04
based on a reference volume of 0.1 nm?, and it is independent of temperature.*** A negative y
parameter is generally taken as a signature of attractive interactions between the blocks. We
synthesized two block copolymers, starting with a 10 kg mol!' PEO macroinitiator and then
polymerizing methyl methacrylate via atom transfer radical polymerization.* We thus change ¢
in our system by keeping N,, the number of repeat units in the PEO block, fixed at 154 and
changing N,, the number of repeat units in the PMMA block. The trajectory traversed by a series
of block copolymers with N, = 154 on the yN versus ¢ phase diagram is shown by a dashed
curve in Figure 1a; a value of y = -7.8E-04 was used to create the trajectory. This trajectory is
located entirely within the disordered region of the classical block copolymer phase diagram. In
other words, all block copolymers along this trajectory are predicted to be disordered regardless
of temperature because y is independent of temperature. The two polymers of interest have PEO
volume fractions of ¢ =0.15 and ¢ =0.25, and they are represented by dots on this trajectory.

The vertical distance between this trajectory and the order-disorder transition boundary is a



measure of the driving force for order formation. This driving force quantified by AyN is plotted
as a function N, in Figure 1b. The driving force for order formation for the ionic SCFT phase
diagram in Figure 1a is plotted using the same axes in Figure 1c. The bars in Figures 1b and 1c
represent the driving force for order formation in the two polymers of interest. We note in
passing that mapping experimental results onto the ionic phase diagram requires considerable
effort® that goes beyond the scope of the present paper. While we have used a particular phase
diagram taken from ref 18 to construct Figure 1, the same qualitative behavior would be seen if
any of the other phase diagrams were used either from ref 18 or ref 20. If we hypothesize that the
classical block copolymer phase diagram was applicable to PEO-PMMA/LiTFSI mixtures, then
it would be easier to induce order in the copolymer with ¢ = 0.25. In contrast, if we hypothesize
that the ionic SCFT block copolymer phase diagram was applicable then it would be easier to
induce order in a polymer with ¢ =0.15. Our main objective is to determine which hypothesis is
correct.

Two series of block copolymer electrolytes were prepared adding salt to the two PEO-
PMMA block copolymers described above. We demonstrate that the magnitude of the
concentration fluctuations are larger in the more asymmetric PEO-PMMA polymer electrolyte.
This finding, established by using small angle X-ray scattering (SAXS), lends considerable
support to ionic SCFT. It is, perhaps, worth noting the difference between PEO-PMMA and the
well-studied block copolymer, poly(ethylene oxide)-b-polystyrene (PEO-PS) electrolytes. The
phase behavior of PEO-PS in the absence of salt is relatively simple: block copolymers with
small chain lengths are disordered while those with large chain lengths are ordered.' For a
symmetric diblock copolymer, the molar mass of PEO-PS that enables access to order-disorder

transitions at reasonable temperatures is about 14 kg mol™'.* It was relatively straightforward to
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synthesize polymers in this range of molar masses and study the effect of added salt.>>*%3%7 A
similar starting point for the study of PEO-PMMA electrolytes did not exist when we began this
study. Specifically, there was no rational approach for deciding on the composition and chain
length of PEO-PMMA block copolymers to begin investigating the effect of added salt on the

thermodynamics of this system.

Materials and Methods:

Macroinitiator Synthesis:

PEO (Sigma-Aldrich, molar mass = 10 kg mol™, 20 g, 2 mmol, 1 equiv., P = 1.1) was
dissolved in a 250 mL round bottom flask in dichloromethane (200 mL), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC.HCL, Carbosynth, 770 mg, 4
mmol, 2 equiv.), 4-(dimethylamino)pyridine (DMAP, Sigma-Aldrich, 26 mg, 0.2 mmol, 10 mol
%) and a-bromophenylacetic acid (BPAA, Combi-Blocks, 1.3 g, 6 mmol, 3 equiv.) were added
to the solution at room temperature. After 48 hours, the solution was washed three times in a
separatory funnel with a saturated solution of sodium bicarbonate and water at room temperature.
The solution was dried over magnesium sulfate, concentrated in a rotary evaporator until viscous

and then reprecipitated in room temperature diethyl ether.

PEO-PMMA synthesis:

PEO-PMMA block copolymer was synthesized via atom transfer radical polymerization
(ATRP) using a macroinitiator comprising of a 10 kg mol' PEO chain with a o
bromophenylacetate terminus. The PEO-oa-bromophenylacetate macroinitiator (1 equiv.) was

dissolved in degassed anisole at room temperature in a sealed 10 mL round bottom flask. A



copper wire (treated in a solution of HCI in methanol), CuBr, (0.02 equiv. dissolved in DMSO),
N,N,N'.N",N"-pentamethyldiethylenetriamine (PMDETA, 0.18 equiv.) and methyl methacrylate
monomer (purified by passing through a column of basic alumina and degassed by nitrogen
sparging) were added to the reaction mixture. Two different PEO-PMMA block copolymers

were synthesized by allowing the reaction to proceed for 18 and 24 hours at room temperature.
The reaction was stopped by dilution with tetrahydrofuran (THF) and subsequent passage
through a basic alumina filter to remove the copper ions. The polymers were twice reprecipitated
in water. Molar mass was determined with '"H NMR spectroscopy and the dispersity (D) was
determined with GPC. The structure of PEO-PMMA is shown in Scheme 1. The neat copolymers

are colorless. Exact quantities of reagents are found in the SI.

Scheme 1: Chemical Structure of PEO,x«-PMMA

In this study, polymers are referred to as PEO-PMMA(x-y) where x and y are the molar
masses of the respective blocks in kg mol™. The number of monomers per block was calculated
by

M;
ey

B pivref

N,
where V. is set to 0.1 nm’. The total number of monomers for the block copolymer is given as

N=N pgo+ N pya )

The list of polymers used in this study is shown in Table 1.



Table 1: Polymer Properties

PEO-PMMA MPEO (kg mol MPMMA (kg ¢EO 90°C N 90°C D
D) mol™)
10-33 10 33 0.25 624 1.13
10-64 10 64 0.15 1065 1.21
The volume fraction of the neat copolymers is calculated by
Vo
D .=
ko MPMMA MEO (3)

Vot 37—V
EO" M ypia M ppo MM

where vgo and vya are the molar volumes of ethylene oxide monomers and methyl methacrylate
monomers, respectively, and Mywa and Mgo are the molar masses of the respective monomers.

Molar volumes are calculated by

: “4)

where i = PEO, PMMA. We use subscripts of EO and MMA for properties of the monomer and
subscripts of PEO and PMMA for properties of the polymeric blocks. The following expressions

were used to calculate the density of PEO and PMMA as a function of temperature®®

pP50:1.139—7.31*10_4*T (5)
P rua=1.188—1.34% 10" %T—9. 110 "% T* (6)
Peua=1.223—5.29%10**T—0.507% 10 °+T> (7

where equation 6 applies for 30 < 7 (°C) < 100 and equation 7 applies for 120 < T (°C) < 270.
'H NMR

The composition of the PEO-PMMA block copolymers was determined using 'H NMR

(CDCl;, Brucker AV400). The composition was calculated by integrating the ethylene proton
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peak at 3.64 ppm against the proton peak for the methyl group on the MMA repeat units at 1.02,
0.85 and 3.60 ppm.*” The 'H NMR profiles are shown in the supporting information.
Gel Permeation Chromatography

The PEO-PMMA block copolymers were characterized on an Agilent 1260 Infinity
Series gel permeation chromatography (GPC) system with Waters Styragel HR3 and HR4
columns with a N-methyl-2-pyrrolidone (NMP) mobile phase with 0.05 M LiBr at 70°C. The RI
detector was utilized to calculate the polydispersity (D = M,,/M,) based upon poly(ethylene
oxide) calibration standards. The PEO precursor molar mass was determined to be 9.1 kg/mol (D
= 1.2). NMR was utilized to calculate the molar mass and composition of the PEO-PMMA
block copolymers; we used the molar mass of the PEO precursor provided by the manufacturer
(10 kg/mol) in these calculations. GPC traces of the PEO precursor and the block copolymers
are shown in the supporting information.
Electrolyte Preparation

Electrolytes were made by mixing LiTFSI with each polymer in the presence of solvent.
All electrolytes were prepared in an MBraun argon glovebox to prevent LiTFSI from
complexing with water. Water and O, levels in the glovebox were kept below 1 and 0.1 ppm
respectively during electrolyte preparation. Neat PEO-PMMA was dried under vacuum at 90 °C
for 72 hours in a glovebox antechamber before electrolyte preparation. Dry polymer and LiTFSI
were placed in a scintillation vial and anhydrous THF was added to the mixture. The electrolyte
was mixed at 60 °C for 2 hours to ensure that both the polymer and salt were completely
dissolved. After 2 hours, the caps from the vials were removed, and the solvent was evaporated

off at 60 °C for 12 hours. The electrolytes were then transferred to a glovebox antechamber and
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placed under vacuum at 90 °C for 72 hours to evaporate off any remaining THF. The dry
electrolytes were clear and extremely hard and glassy at room temperature. The salt
concentration in the electrolytes was quantified by molality (), or the ratio of moles of lithium
to kilograms of solvent, or polymer in this study.
Small Angle X-Ray Scattering (SAXS) Measurements

SAXS samples were made by melt pressing polymer into 1/16 in thick Viton spacers
(McMaster Carr) with an inner diameter of 1/8 in at 140 °C in an MBraun argon glovebox.
These spacers were placed in custom airtight aluminum sample holders with Kapton windows
and annealed at 140 °C under vacuum for 48 hours and then allowed to cool to room temperature
for 24 hours. These samples were placed in a custom 8-hole temperature controlled motorized
stage and annealed at each target temperature for 30 minutes before taking SAXS measurements.
SAXS measurements were taken at beamline 7.3.3 at the Advanced Light Source at Lawrence
Berkeley National Lab and Stanford Synchrotron Radiation Light Source beamline 1-5 at the
SLAC National Accelerator Laboratory.* Silver behenate was used to calculate the beam center
and the sample-to-detector distance. The scattering intensity was corrected for air gaps, empty
cell scattering and beam transmission. A glassy carbon standard provided by NIST was used to
convert the beam intensity into absolute intensity. The Nika program in Igor Pro was used to

azimuthally integrate 2D scattering patterns into one dimensional scattering patterns.*!

Results and Discussion:

The measured SAXS profiles of PEO-PMMA(10-33) and PEO-PMMA(10-64)

electrolytes at a fixed temperature of 90 °C are shown in Figure 2. Both systems exhibit
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featureless SAXS profiles in the neat state. For PEO-PMMA(10-33), the addition of salt has no
qualitative impact on the SAXS profiles; they are featureless across the salt concentration range 0
< m < 1.0 mol Li/kg polymer. In contrast PEO-PMMA(10-64) exhibits a well-defined
scattering peak at ¢ = ¢* = 0.16 nm™ in the salt concentration window 0.22 < m < 0.44 mol Li/
kg polymer. The peak increases in intensity as m is increased from 0.22 to 0.44. Further increase
in salt concentration from m = 0.44 mol Li/kg polymer to m = 0.92 mol Li/kg polymer results in
a featureless SAXS profile. The scattering peaks in Figure 2b are due to the emergence of
concentration fluctuations that are announcements of a disorder-to-order transition."* This
announcement is only detected in PEO-PMMA (10-64).

If the thermodynamics of PEO-PMMA/LiTFSI mixtures could be explained on the basis
of conventional block copolymer SCFT, then PEO-PMMA(10-33) would be closer to the
disorder-to-order transition (Figure 1b). Instead we see that PEO-PMMA(10-64) is closer to the
disorder-to-order transition due to the presence of the SAXS peaks, consistent with the

predictions of ionic SCFT (Figure Ic).
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Figure 2: SAXS profiles of PEO-PMMA performed at ALS beamline 7.3.3. Scattering intensity is plotted as a

function of the scattering vector, g. In (a) profiles are shown of PEO-PMMA (10-33) for a range of salt
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concentrations at 90 °C, offset vertically for clarity. In (b) profiles are shown for PEO-PMMA (10-64) for a range of
salt concentrations at 90 °C. Salt concentration is given as m = mol Li/ kg polymer. Red curves signify a disordered

phase evidenced by a broad primary scattering peak at ¢g* = 0.16 nm™".

The scattering profiles in Figure 2 were converted to absolute intensity as detailed in the
methods section. The total intensity of scattering profiles with a disordered peak are given as
Lot q)=1 ais| @)+ L pia |G )5 (8)
where Iy,.4(q) 1s the background and /4(g) is the intensity of the disordered peak. ly.a(q) 18
assumed to be an exponentially decaying function of g, with two adjustable parameters.” Figure
3 plots the background subtracted scattering profiles of the PEO-PMMA(10-64) m = 0.22, 0.28
and 0.44 mol Li/kg polymer electrolytes at 90°C, the only 3 electrolytes that exhibit scattering

peaks.
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Figure 3: Background subtracted absolute intensity SAXS profiles of PEO-PMMA(10-64) m = 0.22, 0.28 and 0.44

mol Li/kg polymer plotted as a function of the scattering vector, g. These profiles were taken at 90°C.
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There are no explicit theoretical predictions for the scattering profiles of disordered
mixtures of salt and block copolymers that we could use to analyze our data. Lacking a better
alternative, we use the random phase approximation (RPA) to interpret the measured scattering
profiles; this is similar to the approach used in the study of other disordered block copolymer/salt
mixtures.”**4* The RPA theory predicts the absolute scattering intensity of a monodisperse AB
diblock copolymer
—1
% =2 X

Lyslq)=C ©)

where C is the x-ray scattering contrast that is governed by electron density differences.' The
parameter y.z is the effective Flory Huggins interaction parameter that describes interactions
between PEO/LiTFSI and PMMA/LITFSI units. W(g), and S(g) are the determinant and the sum

of the structure factor matrix || S;||. The expressions for W(g) and S(g) are given by

W (q|=SuaSss—(Ss) (10)
S|q|=Sua+Sps+2S s (11)

where
Sqi=fiNv;P,|q|li=A,B| (12)

1
SAB:SBA:(NAfANBfB)zFA(Q)FB(q) (13)
and
\ exp(—x;|—l1+x;
Pilq)= . (14)
l—exp[—x;)

= (15)
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with x; = ¢’R,*. Each block is modeled as a Gaussian chain and

N~[aa~]2
2 _ i i
Rgvi_76

(i=PMMA, PEO) (16)
where g; is the respective statistical segment length of the block. In this study, we set apgo= 0.72
and apyva = 0.54.%* In equation 16, a represents the chain stretching parameter accounting for the
difference between the experimental values of R, and those based on the statistical segment
lengths reported in ref 38. N, in eqs 12, 13 and 16 is the number of repeat units in block i based
on a v, of 0.1 nm®. Equations 9-16 are used to calculate the scattering profiles for disordered
block copolymer electrolytes.

As described in equation 9, the intensity of the disordered peak is both a function of y.r

and contrast. Contrast in neat systems quantifies the difference in electron density in the two

blocks of the block copolymer, and is given by

2

(17)

neat

C _(@_bMMA

Veo Vmma
where bgo and by are the respective X-ray scattering lengths of the two components based on
pure component densities.

As seen in Figure 3, peak intensity increases as salt concentration increases. Increasing
peak intensity can correspond to either an increase in y or an increase in contrast. In block
copolymer electrolytes, the contrast depends crucially on salt distribution between the two
blocks. If we assume that the salt preferentially segregates in the PEO fluctuations, contrast is

given by
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2
N pirrsi
bgo+ n b st b
EO MMA
CPEO—salt:vref n - VA (18)
LiTFSI
VEo ( Mo V LiTFsi

where ngo is the number of ethylene oxide monomers per chain.” At the other extreme, one
might assume that salt is uniformly distributed in both kinds of fluctuations and in this case, the

contrast is given by

=0

uniformsalt —

(19)

Veo  Vmma

@_bMMA)2

polymer (

where @,iyme: is the overall volume fraction of polymer in the polymer-salt mixture.* The final
option is an adjustable contrast model, first developed by Chintapalli et al., wherein C depends
on the partitioning of LiTFSI between the PEO-rich and the PMMA-rich concentration
fluctuations.* This partitioning is quantified by a salt affinity fit parameter, y which can vary

between 0 and 1. The expression for contrast is

2
| PLiTFs | Meirrs
bEO"‘P(V}( ,,LlTFI)bLiTFSI byya+(1—p|7| nLTFI)bLiTFSI

EO MM,

Cly)=v,, - - (20)

N ritrst N ritrst
Veotply) Mo VLiTFsi VMMA+(1_p[V]) Mo VLiTFsI

where nyva 18 the number of MMA monomers per chain, calculated as 1 = Mpgymer/ Mmonomer and
bro, buma and by irrsp are the respective X-ray scattering lengths of the three components based on
pure component densities.* In equation 20, p is given by:

Ngo¥V

p[y):nEOy+nMMA(1_y) @

The parameter Y reflects how favorable the LiTFSI-EO interaction is, relative to the LiTFSI-

MMA interaction: it is the probability that an LiTFSI molecule will associate with an EO

17



monomer when given the choice between EO or MMA. In the case where "go =Ryuma, PV |=V.
Thus, p|y|represents the fraction of LiTFSI in the PEO-rich fluctuations.

An important parameter is the volume fraction of the PMMA-rich fluctuation in the

presence of salt. This is given by

@ ( = NymaV uma™t [ I-ply )) N pitFs1 V LiTFsI (22)
msta V) Ny V uma Y pirrst Vieirrsi Y NEo Vo
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Figure 4: The circles represent data of PEO-PMMA (10-64)/LiTFSI with m = 0.44 mol Li/ kg polymer at 90°C. The

curves represent best fits using three different models with y.; as the main adjustable parameter.

Figure 4 plots the best fits of equation 9 through the data of PEO-PMMA (10-64)/LiTFSI
with m = 0.44 mol L1/ kg polymer at 90°C with y.; and a as adjustable variables. We begin by
comparing the predictions using the contrast calculated with the uniform salt assumption
(equation 19). This fit overestimates the peak intensity and underestimates the intensity in the
wings. Next, we compare predictions using the contrast calculated with the PEO-salt assumption
(equation 18). This fit underestimates the peak intensity and overestimates the intensity in the
wings. The lack of agreement between these two fitting procedures indicates that the salt ions are

neither completely segregated in the PEO-rich fluctuations, nor uniformly dispersed between the
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PEO-rich and PMMA -rich fluctuations. We are thus forced to use the adjustable contrast model
(equations 20-22) with y.g, @, and y as adjustable fit parameters. We find quantitative agreement
between the experimental data and this model. The chain stretching parameter, a, ranges between
1.68 and 1.74, as reported in the SI (between 1.68 and 1.74). These values are larger than those
for PEO-PS/LiTFSI mixtures which range between 0.8 and 1.4.%

Figure 5a shows background subtracted scattering profiles of PEO-PMMA(10-64) for the
m = 0.22 mol Li/ kg polymer electrolyte from 70°C to 150°C. When the temperature is increased
from 70°C to 90°C the peak intensity decreases from 6 to 3.5 cm™: the peak at 90°C is slightly
narrower than the peak at 70°C. The peak intensity is insensitive to temperature between 90°C
and 130°C but a slight narrowing is evident with increasing temperature. Further increase of
temperature from 130°C to 150°C results in a decrease in peak intensity to 3 cm™ and a slight
decrease in peak width. In pure copolymer melts, a decrease in peak intensity is a signature of a
decrease in y (C is fixed).''*” However, this decrease is generally a smooth function of
temperature. Changes in the scattering profiles in Figure 5a, which are not smooth, may occur
due to changes in C or y.;. We fitted the data to the adjustable contrast model to distinguish
between these two effects. In Figure 5b we compare experimental data with fits. It is evident that
the complex trends seen in Figure 5a are captured by our model, provided y.s, @, and y are used as
adjustable parameters. This fitting procedure was applied to scattering curves at m = 0.22, 0.28
and 0.44 mol Li/kg polymer for all temperatures. The dependence of y.r on 1000/7 for different
salt concentrations is shown in Figure 6a. The data obtained at the given salt concentration is
consistent with the expression often used to describe the temperature dependence of the Flory

Huggins interaction parameter:
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A
Xeﬁr:T+B. (23)

The solid lines in Figure 6a are the fits for each salt concentration based upon equation 23 and
are used to extract the A and B parameters. The parameters A and B thus obtained are shown in
Table 2. y.rdecreases with increasing temperature implying that A is positive. The values of A
obtained at different salt concentrations are within experimental error; the lines in Figure 6a are

nearly parallel. The parameter B decreases with salt concentration as shown in Table 2.
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Figure 5: In (a) background subtracted scattering profiles of the PEO-PMMA(10-64) m = 0.22 mol Li/kg polymer
electrolyte are plotted as a function of the scattering vector, g from 70 to 150°C. In (b) the RPA fits for each
scattering profile of the PEO-PMMA(10-64) m = 0.22 mol Li/kg polymer electrolyte are plotted against the
background subtracted data as a function of the scattering vector, g from 70 to 150°C. The absolute I(g) for T =
150°C is presented. Data from 130, 110, 90 and 70°C are shifted vertically by 1, 2, 3.5, and 4 cm™ respectively for
clarity.

It is noteworthy that y.; is a smooth function of temperature at m = 0.22 mol Li/ kg
polymer (Figure 6a), despite the fact that the peak intensity is not a smooth function of

temperature (Figure 5a). This conclusion was only reached after the partitioning of LiTFSI was

accounted for. At this salt concentration, p lies within a narrow window of 0.90 and 1.0. In other
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words, most of the LiTFSI is associated with the PEO-rich fluctuations. However, accounting for
the small concentration of LiTFSI in the PMMA-rich fluctuations is crucial for quantitative
analysis of the SAXS data. The partitioning of salt in the PMMA-rich fluctuations increases with
increasing salt concentration as seen in Figure 6b. The smallest values of p are obtained at m =
0.44 mol Li/ kg polymer: they lie between 0.86 and 0.80. The dependence of p on temperature

varies qualitatively with salt concentration. The dependence of a@ on m and T is given in the SI

(Fig S3).
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Figure 6: In (a) y.q is plotted against inverse temperature to calculate y.q as a function of temperature at each salt
concentration with a disordered peak. Fit parameters can be seen in Table 2. In (b) fraction of lithium salt in PEO
fluctuation (p) as derived from RPA fits is plotted as a function of salt concentration. Each trace represents a
temperature from SAXS measurements.

Table 2: y.q fit parameters

m (mol Li/kg | A x 10° B R?

polymer)
0.22 3.2+0.68 | 0.025 +0.0018 0.89
0.28 3.6 £0.46 | 0.023 +0.0012 0.95
0.44 3.0+£0.46 | 0.024 £0.0012 0.93
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Figure 7 shows y.g plotted as a function of salt concentration at 90 °C. For the three salt
concentrations at which y.; values were measured explicitly, y.; decreases more-or-less linearly
with increasing m. However, the SAXS data obtained at other salt concentrations indicates a
more complex relationship between y.; and m. In any SAXS experiment on disordered block
copolymers, y.r can only be determined if scattering from the disordered phase rises above the
background. Since the scattering intensity increases monotonically with increasing y.r, there is an
upper limit on the value of y.; that can be measured. We systematically changed y.g, calculated
14i(g) using equations 9 to 16 and found that when y.¢ = ximi = 0.029 the magnitude of /(g *) is a
factor of 1.06 above iy.4(g*). In other words, if y.x were less than or equal to yj then the
scattering signature of disordered fluctuations would be undetectable. We know that this is the
case for PEO-PMMA/LiTFSI mixtures with m < 0.22 mol Li/kg polymer and m > 0.44 mol Li/
kg polymer; see scattering profiles in these salt concentration ranges in Figure 2. For
completeness, we also show y;,; at the salt concentrations where no SAXS peaks were detectable
in Figure 7. The lines in Figure 7 connect adjacent data points. The data in Figure 7 reveal that
Xerr 1S @ non-monotonic function of m. Below m = 0.22 mol Li/ kg polymer, y.; increases with
added salt. Above m = 0.44 mol Li/ kg polymer y.; decreases with added salt. It is known that y
between PMMA and PEO in the absence of salt is -7.8E-04.>*** Our observation of increasing y.q
with added salt in the low salt concentration regime is consistent with this result, as shown in the
inset of Figure 7. The non-monotonic relationship between y.r and salt concentration may be
explained by a competition between ion solvation, screening, and entropic effects.'”*4*% At low
salt concentrations, ion solvation effects dominate, which drives ordering, while at high salt
concentration, entropic effects dominate, which drives disordering. Above m = 0.44 mol Li/ kg

polymer, y.r decreases with added salt. We posit that the lack of scattering peaks in samples with
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m > 0.44 mol Li/ kg polymer in PEO-PMMA(10-64) seen in Figure 2b is attributed to the fact
that y.q is below yiimi (0.029). We will return to this point shortly.

Our definition of y. is affected by our choice of two parameters: (1) The assumption
that a disordered SAXS peak is detectable when I4;(¢*) is 6% higher than f4.4(g*), and (2) the
exact value of m chosen for the calculation. If we assume that disordered SAXS peak is
detectable when /(g *) i1s 10% higher than liy.4(g*), xim« Wwould be 0.0315. If we change the
value of m to 0.44 mol Li/kg polymer to calculate yji, then yj,; is 0.020. Our main conclusions

based on the data in Figure 7 are unaffected by the particular values we have chosen for these

parameters.
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Figure 7: In y.q is plotted as a function of salt concentration at 90 °C. The error bars represent the minimum y value
required for a disordered peak. The inset plots the three calculated y.r with the negative y parameter from Russell
and coworkers for a neat PEO-PMMA system.* The dotted line represents yj;;, or the minimum y parameter

required to observe a disordered peak.
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1136374952 it i customary to plot y.; as a

In the field of block copolymer electrolytes,
function of salt concentration as we have done in Figure 7. For example, in the case of PEO-PS
block copolymer systems, it is customary to plot y.r as a function of r, the molar ratio of lithium
ions and ethylene oxide monomers (r = [Li]/[EO])."*"*! The implicit assumption in such plots is
that the salt resides exclusively in the PEO-rich fluctuations. For the case PEO-PMMA/LiTFSI it
is important to show y.; as a function of salt concentration in both PEO-rich and PMMA -rich

fluctuations. Using p, we can calculate the amount of lithium in the PEO-rich and PMMA-rich

fluctuations as given by

r= f gg]] (24)
and
z=% 25)

In Figure 8 we plot y.r at 90°C as a function of r and z. The thermodynamic properties of PEO-
PMMA/LiTFSI mixtures as a function of added salt is described by a trajectory of y.r as a
function of r and z. y.r 1S a monotonically decreasing function of r but a non-monotonic function
of z. At the highest salt concentration studied, the value of r in the PEO-rich fluctuations is 0.15.
As this concentration is approached, the value of z increases substantially, suggesting a large
driving force for LiTFSI to reside in PMMA-rich fluctuations. It is known that in mixtures of
homopolymer PEO and LiTFSI lithium ions are coordinated with 6 ether oxygens, corresponding
with r = 1/6 = 0.16.” The data in Figure 8 suggests that salt partitioning in to the PMMA-rich

fluctuations become significant when this concentration is reached in the PEO-rich fluctuations.
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Unfortunately, the systems investigated thus far have only revealed a small portion of y.r as a
function of r and z, limiting the conclusions that can be drawn on the mechanisms underlying
LiTFSI partition. Despite this limitation, the data shown in Figures 6, 7, and 8 provide a starting
point for quantifying the effect of added salt on PEO-PMMA block copolymers.

The most non-intuitive result of our study is contained in Figure 2b, where we see that
the addition of salt leads to an emergence of a scattering peak that increases in intensity up to m
= (0.44 mol Li/ kg polymer: further increase in salt concentration to m = 0.64 mol Li/kg polymer
results in the disappearance of this peak. To understand this result, we need to quantify the
dependence of scattering contrast on m. In Figure 9a, we show the scattering length densities of
PMMA/LiTFSI and PEO/LiTFESI mixtures as a function of added salt, z and r. The two circles on
each curve represent the values of r and z that are covered in this study. The SAXS intensity is
affected by the vertical distance between the corresponding points, as shown in Figure 9a: C is
given by the square of this distance. For completeness, in Figure 9b, we plot C as a function of m
which is affected by the dependence of p on m, which is also shown in the figure. Here we see
that C increases monotonically as a function of m despite the fact that salt partitioning, p,
decreases with m. We expect the contrast between PMMA -rich and PEO-rich fluctuations to
increase with increasing m. We can thus assert that the lack of a scattering peak at m = 0.64 mol
Li/ kg polymer is not due to a lack of contrast but a decrease in y.s The increase in peak intensity
with salt concentration seen in Figure 3 is entirely due to an increase in contrast. In fact, y.¢

decreases with salt concentration.
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Conclusions

In this paper, we described the synthesis and characterization of PEO-PMMA block
copolymer electrolytes. The polymers were synthesized using a macroinitiator comprising of a
10 kg mol! PEO chain with a a-bromophenylacetate terminus. The targeted PMMA block was
then obtained via ATRP. The thermodynamic interactions between PEO and PMMA were
previously characterized by Ito et al. based on SANS experiments on blends containing
deuterated PMMA..** The Flory Huggins interaction parameter between PEO and PMMA is
negative, implying single-phase systems would be obtained regardless of composition, chain
length and temperature. Thermodynamic interactions in polymer blends and block copolymers
can readily be determined by studying scattering from homogeneous systems that are close to
phase boundaries. In these systems the measured scattering profiles contain signatures of
concentration fluctuations, that may be considered as announcements of phase transitions. The
challenge was to design PEO-PMMA block copolymers that would exhibit these signatures in
the presence of added salt. We addressed this challenge by studying two series of mixtures of
PEO-PMMA block copolymers and LiTFSI using SAXS.

The SAXS profiles of PEO-PMMA(10-33) were featureless in the neat state and at all salt
concentrations. This series of mixtures provided no information on the effect of salt on the
thermodynamic interactions between PEO and PMMA. The SAXS profiles of a more
asymmetric block copolymer, PEO-PMMA (10-64), exhibited signatures of concentration
fluctuations at intermediate salt concentrations. Featureless SAXS profiles were obtained in this
series at both low and high salt concentrations. Conventional thermodynamic models of
uncharged block copolymer systems lead to the conclusion that signatures of order formation

27



should be suppressed in more asymmetric block copolymers. However, ionic SCFT first
developed by de la Cruz and coworkers,'® indicates that added salt would enhance the signatures
of order formation in more asymmetric block copolymers. Our results provide substantial
support for the validity of ionic SCFT.

Direct mapping of experimental data on ionic SCFT predictions is non-trivial and has
only been done in the case of the well-studied PEO-PS electrolytes.* This mapping was possible
due to the availability of numerous experimental studies on concentration fluctuations in
disordered mixtures of PEO-PS/LiTFSI and determination of phase boundaries in weakly
ordered systems. The limited data we currently have on PEO-PMMA/LiTFSI mixtures precludes
such mapping. Our analysis is thus based on using the SAXS profiles to estimate y.; using
Leibler’s random phase approximation. Our fitting procedure is an extension of previous work on
PEO-PS electrolytes,” accounting for partitioning of salt between the PEO and PMMA phases.
In PEO-PMMA/LiTFSI mixtures we show that y.r is a complex non-monotonic function of
added salt. Such complexities may arise due to the interplay between ion solvation, screening
and entropy.'”**** The dependence of thermodynamic interactions on added salt is thus
presented on a three-dimensional plot that accounts for the partitioning of the salt between the
PEO-rich and the PMMA -rich concentration fluctuations (Figure 8).

Our work lends considerable support to ionic SCFT and related models that account for
polymer-ion interactions for thermodynamic predictions of phase behavior.'*?° It also provides a
foundation for designing microphase separated block copolymer electrolytes in systems wherein
the blocks exhibit attractive interactions with each other in the absence of salt, a foundation that

did not exist when we began this study.
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Nomenclature

a;, statistical segment length of species 1 (nm)
b;, X-ray scattering length of species i (nm mer™)
C, electron density contrast (cm™)

D, dispersity

I(g) scattering intensity (cm™)

I4i(q) disordered scattering intensity (cm™)
Tyea(q) background scattering intensity (cm™)
I(q) total scattering intensity (cm™)

M,, molar mass of species i (g mol™)

M,, weight-averaged molar mass (kg mol™)
M, number-averaged molar mass (kg mol™)

Mg, molar mass of species poly(ethylene oxide) (g mol™)

Mpyma, molar mass of species poly(methyl methacrylate) (g mol™)

m, molality (mol Li/ kg polymer)

n;, chemical repeat units for species i

N, degree of polymerization

N,, degree of polymerization for species i

p, fraction of lithium in ethylene oxide fluctuation
g, scattering vector (nm™)

g*, scattering vector at the primary scattering peak (nm™)
r, salt concentration in PEO ([Li] [EO]™")

R,, radius of gyration (nm)

T, temperature (°C)

z, salt concentration in PMMA ([Li] [MMA]™")
Greeks

y, affinity parameter between salt and polymer fluctuation
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v, molar volume of species i (cm?® mol™)

Ve, Reference volume of species i (cm® mol™)
pi, density of species i (g cm™)

@., volume fraction of species i

X, Flory-Huggins interaction parameter

Xem, Flory-Huggins interaction parameter of PEO-PMMA/LiTFSI
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