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ABSTRACT: Ion-containing block copolymers are of interest
for applications such as electrolytes in rechargeable lithium
batteries. The addition of salt to these materials is necessary to
make them conductive; however, even small amounts of salt can
have significant effects on the phase behavior of these materials
and consequently on their ion-transport and mechanical
properties. As a result, the effect of salt addition on block
copolymer thermodynamics has been the subject of significant
interest over the past decade. This feature article describes a
comprehensive study of the thermodynamics of block
copolymer/salt mixtures over a wide range of molecular weights,
compositions, salt concentrations, and temperatures. The Flory—
Huggins interaction parameter was determined by fitting small-
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angle X-ray scattering data of disordered systems to predictions based on the random phase approximation. Experiments on neat
block copolymers revealed that the Flory—Huggins parameter is a strong function of chain length. Experiments on block
copolymer/salt mixtures revealed a highly nonlinear dependence of the Flory—Huggins parameter on salt concentration. These
findings are a significant departure from previous results and indicate the need for improved theories for describing

thermodynamic interactions in neat and salt-containing block copolymers.

B INTRODUCTION

Block copolymers are a class of materials in which a chain of
identical molecules is covalently bonded to a chain of a different
molecule. The most basic version of a block copolymer is a
linear diblock copolymer, shown in Figure 1, in which two
chemically distinct chains, or blocks, are linked end-to-end.
Using this strategy, one can create materials with many blocks
bonded together into as many different molecular architectures
as current synthetic strategies will allow. This work focuses
exclusively on nearly monodisperse diblock copolymers. The
classic battle between entropy and enthalpy, coupled with the
geometric constraints on phase separation, causes these
materials to self-assemble into nanostructured morphologies
with length scales on the order of 5—100 nm. These ordered
morphologies include stacked lamellae (LAM), bicontinuous
gyroids (GYR), and hexagonally packed cylinders (HEX)
among others. At sufficiently high temperature, entropy
dominates, resulting in the formation of a disordered phase
(DIS) in which the two blocks are homogeneously mixed; the
nature of concentration fluctuations in the disordered phase has
been studied in considerable detail." This self-assembly, or lack
thereof, is controlled by the volume fraction of one component
f and the degree of segregation yN, where N is the overall
degree of polymerization and y is the Flory—Huggins
interaction parameter, which is a measure of thermodynamic
compatibility between the blocks. By tuning these parameters
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appropriately, it is possible to obtain nanostructured materials
that combine the material properties of the constituent blocks.
This has led researchers to use block copolymers as solid
membranes for selective transport of various species, typically
with one transporting block and one structural block. Of
particular interest in recent years are block copolymers with
added ions that selectively dissolve in one block for applications
such as solid-state electrolytes in rechargeable lithium batteries.
Such materials can offer high conductivity, stable electro-
chemical characteristics, and excellent mechanical properties.
One commonly studied system is polystyrene-b-poly(ethylene
oxide) (SEO).>* Polyethylene oxide (PEQ) has been studied
for several decades as a polymer electrolyte due to its ability to
dissolve alkali salts,*"® and polystyrene (PS) is a mechanically
rigid polymer.

The thermodynamic properties of block copolymers with
and without added salt have been the subject of several
investigations.” "> Most of the work in this field is built on the
assumption that the interaction parameter of the neat
copolymer y, is independent of N despite comprehensive
studies by Mori et al.” and Lin et al.® that demonstrate that
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Figure 1. (a) Schematic of an SEO diblock copolymer. (b) TEM
micrograph of lamellar SEO(74—98) with LiPFy at r = 0.17 [Li*]/
[EO] spun-cast from N-methylpyrrolidone. The substrate was holey
silicon nitride, and the image is of a portion of free-standing film over
one of those holes.

between PS and polyisoprene (PI) in symmetric block
copolymers decreases with increasing N.

The addition of salt to such copolymers, which is necessary
to imbue them with jonic conductivity, can have a substantial
effect on their material properties. Even small amounts of salt
can change the phase behavior of the copolymer. Current work
suggests that this is due to an increase in the effective
interaction parameter y.4 between the structural block and the
salt-containing block.'® Both the ion transport and the
mechanical properties of these materials are affected by the
morphology and degree of segregation. It is therefore of great
practical interest to understand this effect. All of the previous
theoretical and experimental work, including work from our
laboratory, suggests that y.q increases linearly with increasing
salt concentration. The exception to this is the work of Huang
et al.” who showed that the relationship between y. and salt
concentration is distinctly nonlinear, with a steep slope at low
salt concentrations and plateau-like behavior at high salt
concentration. The theoretical work of Nakamura and Wang
indicates that nonlinear y.g versus salt concentration data are a
signature of incomplete dissociation.'* In the limit of complete

dissociation, their theory predicts a strong linear increase in the
dependence of y. on salt concentration.

The purpose of this study is to present a comprehensive
study of block copolymer thermodynamics over a wide range of
block copolymer molecular weights, compositions, salt
concentrations, and temperatures. The value of y.g for a series
of SEO copolymers with lithium bis(trifluoromethanesulfone)-
imide (LiTFSI) salt was measured directly by fitting random
phase approximation (RPA) theory to small-angle X-ray
scattering (SAXS) profiles of disordered SEOQ/LiTFSI mixtures.
Our data overwhelmingly reaffirms that jy, is a strong function
of N; ignoring this effect has a profound impact on the
interpretation of thermodynamic data from salty samples. In
particular, complex nonlinear dependencies of y. on salt
concentration are presented, and we even show data wherein
the addition of salt leads to a decrease in yq

B EXPERIMENTAL SECTION

Materials. The SEO copolymers in this study were
synthesized, purified, and characterized using methods
described in refs 17 and 18. Additionally, the copolymers
were passed through a column of neutral alumina and 0.2 ym
cellulose filters until the residual reaction byproducts were no
longer detectable using "H NMR spectroscopy. The polymers
used in this study are called SEO(xx—yy), where xx and yy are
the number-averaged molecular weights of the PS, Mps, and
poly(ethylene oxide) (PEO), Mpgo, blocks in kg mol™’,
respectively. The volume fraction of the copolymers is given by

Peo =

Vgo T

VEO
MPSMEO
MSMPEO S

(1)

where vgo and vg are the molar volumes of ethylene oxide
monomer units and styrene monomer units, respectively, and
Mg and My, are the molar masses of styrene (104.15 g mol™")
and ethylene oxide (44.05S g mol™"), respectively. Molar
volumes were calculated by

v=M/p (2)

In this work, pppo = 1.139 — 7.31 X 107* X T and ppg =
1.0865 — 6.19 X 107* X T + 1.36 X 1077 X T for the densities

of the PEO block and the PS block, respectively.'” The overall
degree of polymerization was calculated by

N = Npgo + Npg (3)
where
M.
N(T) = —————
p,' ( T)Navgvref (4)

and v, was fixed at 0.1 nm’. A list of the polymer

characteristics, including the polydispersity index of the block

Table 1. Characteristics of the Copolymers in This Study

polymer Mpg Mpgo M Npg Npgo N PDI bro morphology Topt
kg mol ™! at 140 °C °C
SEO(1.9-0.8) 1.9 0.8 2.7 30 12 42 1.0 0.29 DIS
SEO(1.4—1.6) 1.4 1.6 3.0 22 24 46 1.03 0.52 DIS
SEO(1.7-1.4) 1.7 14 3.1 27 21 48 1.0 0.44 DIS
SEO(2.9-3.3) 2.9 33 6.2 46 50 96 1.05 0.52 DIS
SEO(4.9-5.5) 49 S.5 10.4 78 83 161 1.04 0.52 DIS
SEOQ(6.4-7.3) 6.4 7.3 13.7 101 111 212 1.04 0.52 LAM — DIS 107.5
5 dx.doi.org/10.1021/jp408079z | J. Phys. Chem. B 2014, 118, 4-17
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copolymer PD], can be found in Table 1. The neat copolymers Table 2. Characteristics of the Electrolytes in This Study
are completely transparent and colorless.
Electrolyte Preparation. The salt-containing copolymers

were prepared using methods described in ref 20. Because of polymer [Li*] /r[EO] Broje morphology Té)é)T
the hygroscopic nature of the salt, argon gloveboxes (MBraun) SEO(19-0.) 0.03 031 DIS
with oxygen and water below parts per million levels were used 0.05 032 DIS
for all sample preparation. The salt concentration in our 0.085 034 DIS
copolymer was quantified by r the molar ratio of lithium ions to 0.10 035 LAM — DIS 107.5
ethylene oxide (EO) moieties. The number of EO units in the 0.125 037 LAM
copolymer is calculated from the molecular weight of the PEO 015 038 LAM
block without correcting for end groups. We assume that the 020 041 LAM
salt resides exclusively in the PEO domain®' and determine the 025 043 LAM
volume fraction of the new PEO/salt microphase by
by a1) = Veo + LSt SEO(1.4—1.6) g.gs 0.55 DIS
salt v 4 o 4 MPSMEOV .05 0.56 DIS
EO LITESL © MMppo S (5) 0.085 0.59 DIS
0.10 0.60 DIS
where vyrpg is the molar volume of LiTFSI, calculated using a 0.125 061 HEX — DIS 625
density of PiTest = 2.023 g cm ™ and a molar mass of Mg = 0.15 0.63 HEX — DIS 107.5
287.09 g mol ™. A full list of samples used in this study can be 020 0.65 HEX
found in Table 2. 025 0.67 HEX
Small Angle X-ray Scattering. SAXS samples were
prepared by pressing/melting the polymer into aluminum SEO(1.7-14) 0.01 045 DIS
spacers and annealing them at 90 °C for at least 24 h. The 0.03 047 DIS
samples were sealed with Kapton windows in custom-designed 0.04 047 DIS
airtight holders. Samples were mounted in a custom-built 8- 0.065 049 LAM — DIS 82.5
sample heating stage and annealed at each temperature for 20 0,075 0.50 LAM — DIS 1075
min before taking measurements. Actual sample thicknesses 0.085 0.51 LAM — DIS 1175
were measured after experiments were completed and ranged 0.10 0.52 LAM
from about 2 to 4 mm. 0.125 053 LAM
SAXS measurements were performed at beamline 7.3.3 at the 0.15 055 LAM
Advanced Light Source (ALS) at Lawrence Berkeley National 0.17 0.56 LAM
Laboratory. Silver behenate was used to determine the beam 020 0.57 GYR
center and sample-to-detector distance. The scattered intensity 025 0.60 GYR
was corrected for beam transmission, empty cell scattering, as
well as for unavoidable air gaps in the system. Glassy carbon SEO(2.9-3.3) 0.005 053 DIS
was used to determine the scaling calibration to obtain the 001 053 DIS
absolute intensity scattering. Two-dimensional scattering 0015 0.54 LAM — DIS 62.5
patterns were integrated azimuthally using the Nika program 0.02 0.54 LAM — DIS 1075
for IG02§ Pro to produce one-dimensional (1D) scattering 0.025 054 LAM — DIS 1325
profiles. 0.03 0.55 LAM
0.04 0.56 LAM
B RESULTS AND DISCUSSION 0.05 0.56 LAM
Pure Copolymers. Figure 2 shows the scattering intensity 0.085 0.59 LAM
as a function of wave vector q of four nearly symmetric SEO 0.10 0.60 LAM
copolymers in the neat state at 110 °C. All four polymers are in 0.125 0.61 LAM/GYR
the disordered state, indicated by the single broad scattering 0.15 0.63 GYR
peak. The arrows indicate the location of the primary scattering 0.20 0.65 HEX
peak g*. The domain spacing d of the copolymers can be
determined by the equation SEO(4.9-5.5) 0.0025 0.52 LAM - DIS 102.5
0.005 0.52 LAM — DIS 137.5
d=2n/q* ©) 001 053 LAM
The location of g* shifts to higher values as the molecular 0.03 0.54 LAM
weight of the copolymers decreases, representing a correspond- 0.0 0.56 LAM
ing decrease in the characteristic length scale of the copolymer. 0.085 0.58 LAM
The intensity of the scattering also decreases as the molecular 0.10 0.59 LAM
weight decreases. The intensity of SEO(1.7—1.4) in Figure 2d 0.125 0.61 LAM
is so low that at first glance it is difficult to locate the primary 015 0.62 LAM
scattering peak; the inset shows the primary scattering peak on 0.20 0.65 LAM
a magnified scale. The peak at approximately 0.3 nm™ is the 025 0.67 HEX
result of imperfect background subtraction of the Kapton
SEO(6.4-7.3) 0.085 0.59 LAM

windows that were used to contain the sample. Similarly, the
baseline intensity observed at high values of q is an artifact of

6 dx.doi.org/10.1021/jp408079z | J. Phys. Chem. B 2014, 118, 4-17
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Figure 2. (a—d) SAXS profiles of a series of neat, symmetric SEO
copolymers at 110 °C.

imperfect background subtraction of the empty cell. These
effects are most pronounced in Figure 2d because of the
extremely low scattering observed from this sample.

The scattering theory of monodissperse disordered block
copolymers was developed by Leibler.>® The scattering function
I(q) proposed by this theory for a perfectly monodisperse AB
diblock copolymer with degree of polymerization N can be
written as

Iy(q) = Vref(i_A - b_B] [ﬂ - 2)(]

A vg ) | W(q) (7)

where b, and by are the X-ray scattering lengths of blocks A and
B, respectively; v, and vy are the monomer volumes of A and B,
respectively; and v, is a reference volume. W(q) and S(q) are
the determinant and sum of the elements, respectively, of the
structure factor matrix ||S;||. In this work, the reference volume
is 0.1 nm®. The expressions W(q) and S(q) are given by

W(q) = Sua(@)Sa(0) — Sas’(@) (8)

S(q) = Saalq) + Sps(q) + 2Sy5(q) = Ng(1) (9)
with

Suala) = Ng(f) (10)

Sps(q) = Ng(1 — f) (11)

Sup(a) = (N/2)[g(1) — g(f) — g1 = f)] (12)

g(f) = (2/2)[fx + exp(—fx) — 1] (13)
and

x = qug2 (14)

R’ = Na’/6 (1)

where Sps, Spp, and Spp are the pairwise elements of the
structure factor matrix, g(f) is the form factor for a Gaussian
chain, and R, is the radius of gyration of the copolymer. The
polydispersity of a copolymer has been shown to affect its
scattering. In the case of neat copolymers, the volume fraction
term f in eqs 10—16 is equal to ¢y as defined by eq 1. Since
our copolymers are not perfectly monodisperse, the expression
I(q) was modified to reflect their nonideality by assuming a
Schultz—Zimm distribution for total molecular weight.” In this
case, eq 13 is replaced by

g(f) = /a){fe = 1 + [k/(k + )]} (16)
where
k=1/(PDI — 1) (17)

and N in eqs 9—12 and 14 is the number-averaged degree of
polymerization. More detailed discussion of limitations,
assumptions, and justifications for using the particular form of
the scattering equations shown above can be found in Mori et
al” A k value of 28.5, which corresponds to a PDI of
approximately 1.04, was used for all fitting. Our results are not
sensitive to the exact value of k used in the calculations over the
range of PDIs in Table 1. In the discussion below, all values of
N are number-averaged, and all values of y are obtained by
fitting the experimental scattering curves from disordered
samples to eq 7.

The only adjustable parameters for fitting the absolute
scattering of a neat copolymer to the scattering function Idis(q)
in eq 7 are R, and y. Figure 3 is, as an example of the fitting

2.0

- = RPA
= = Background
— Fit

I 5 Q Data

05

- ~

00 Lt |‘r1"‘1‘r'r-‘—|—r-l—
0.0 0.2 0.4 0.6 0.8 1.0}

Figure 3. Comparison of the experimental and calculated SAXS
profiles for neat SEO(6.4—7.3) at 110 °C. The fit is the sum of the
background and the RPA results.
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performed in this study, showing the absolute scattering of
SEO(6.4—7.3) at 110 °C. The open symbols show the data,
and the solid line represents a fit to the equation

I(q) = Ii(q) + Lyga(q) (18)

where I,4(q) is an exponential decay to compensate for the
imperfect background subtraction that occurs near the
beamstop. The fit shows excellent agreement with the data
over the entire range. Figure S1 of the Supporting Information
shows the sensitivity of the fit to R, and y, confirming the
accuracy of the values determined by this procedure.

Figure 4 shows the temperature dependence of y, for the
neat block copolymers. These values were obtained from the fit
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Figure 4. Temperature dependence of y, for a series of neat,
symmetric SEO block copolymers. The dashed lines are fits of the data
to eq 19.

of eq 7 to the 1D scattering profiles of disordered samples.
SEO(6.4—7.3) is ordered at T < 10S °C, preventing values of ¥,
from being obtained for those temperatures. The scattering
from SEO(1.4—1.6) and SEO(1.9—0.8) at all temperatures as
well as that from SEO(1.7-1.4) at T > 105 °C is
indistinguishable from the background, preventing values of
Xo from being determined; this is a consequence of the small
degree of polymerization of the copolymers and the relatively
low scattering contrast between blocks. The dotted lines
indicate a fit of the data to

K
=7 (19)

It is clear that y, is not independent of chain length. While
this dependence is often ignored, it has been reported in
polystyrene-b-polyisoprene (PS-b-PI) copolymers.”® Figure 5
shows y, as a function of 1/N for the neat copolymers at 60 and
140 °C. The dotted lines represent a fit to

L6
0.16 L N B R LR N B B

1—1
[N

0.14

\

a1 o 0 o 1 s 1 s 1 4 1 sl

0.12 &5 P
0.10

= 0.08 2 g

T T T T T
~

0.06 L.

0.04

i ® 00°C
0.02 B 140°C

)00 e a l s aa s la s s b s oo ls s i
0.000 0005 0010 0015 0020 0025
1/N

Figure S. Chain length, N, dependence of y, for a series of neat,
symmetric SEO block copolymers at 60 and 140 °C. The dashed lines
represent eq 20 using parameters given in the text.

2% = A(T) + 2D o0)

where A(T) = 102 X T7! and B(T) = 1.85 x 10> x T™*. This
functional form implies that, at infinite N, y, becomes a simple
function of 1/T. It also indicates that, even at N =~ 10% a 10%
difference in y, is expected compared to y, at infinite N. Several
other functional forms were tested; however, no other
expression resulted in as good a fit to the data.
lon-Containing Copolymers. Figure 6a shows the SAXS
profiles of SEO(2.9—3.3) at 60 °C in the neat state and at
selected salt concentrations. In the neat state, the polymer
exhibits a single broad low-intensity peak at ¢* = 0.658 nm™,
corresponding to a domain spacing of 9.6 nm. At r = 0.01, the
copolymer is still disordered, but the peak has become much
more pronounced, and the g* peak has shifted to lower q. The
addition of more salt in the r = 0.10 sample results in the
appearance of a sharp primary scattering peak with higher-order
reflections at q/q* = 1, 2, 3, and 4, indicating the presence of
well-ordered LAM. The r = 0.15 sample exhibits peaks at q/q*
=1, /(4/3), V/(7/3), V/(15/3), 1/(16/3), 1/(19/3), /(20/
3), \/(21/3), \}(23/3), \/(24/3), and 4/(25/3), indicating
the GYR phase, while the r = 0.20 sample shows peaks at g/q*
= \/ 4, \/ 7, \/ 12, and \/ 13, indicating HEX. Experiments
similar to those reported in Figure 6a were repeated at
temperatures between 60 and 140 °C. These results are
summarized in Figure 6b, which shows the overall phase
behavior of SEO(2.9—3.3) as a function of salt concentration.
The open circles (QO) indicate observed coexistence between
adjacent phases, the dashed lines (-) represent boundaries
between phases, and the shaded areas represent regions of
coexistence. In the neat state and at low salt concentrations, the
copolymer is disordered. As salt is added to the copolymer, y 4
and ¢go ) begin to increase, and the sample gains a weakly
ordered lamellar morphology with accessible order—disorder
transitions (ODTs). The ODT temperature Topr of the
electrolyte increases as the salt concentration r increases from
0.015 to 0.025. At salt concentrations from » = 0.03 to r = 0.10,
the copolymer retains the lamellar morphology over the entire
temperature range. At r = 0.125, we observe coexistence of the
lamellar and gyroid phases before observing the pure gyroid
phase at r = 0.15. At the highest salt concentration tested for
this copolymer, r = 0.20, HEX are observed at all temperatures.
Phase boundaries in Figure 6b were placed at the midpoint

dx.doi.org/10.1021/jp408079z | J. Phys. Chem. B 2014, 118, 4-17
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Figure 6. (a) SAXS profiles at 60 °C for SEO(2.9—3.3) at several salt
concentrations. Profiles are offset vertically for clarity. The arrows
represent the locations of primary and higher order scattering peaks.
(b) Phase diagram of SEO(2.9—3.3)/LiTFSI as a function of salt
concentration r. Dashed lines mark phase boundaries, and open circles
(O) indicate observed coexistence.

between different observed morphologies. For example, the
sample with r = 0.15 was GYR, while that with r = 0.20 was
HEX.

The effect of salt addition on y.4 between the blocks can be
measured directly via RPA fitting of SAXS profiles obtained
from disordered electrolytes; however, introducing salt to the
copolymer presents two minor complications:

(1) The first complication is that the addition of salt
predicates coexistence between phases, as is required by the
Gibbs phase rule for binary mixtures. This means that the
transition from order to disorder, or the transition between
ordered phases, is expected to occur continuously over a region
of coexistence. This is observed experimentally by the apparent
superposition of scattering profiles from the two phases. This is

illustrated in Figure 7, which shows the absolute intensity
scattering profile of SEO(2.9—3.3) with r = 0.02 at 10S °C. The

10

1 === RPA

i | = = - Ordered
8 ' |- - - Background

- — Pt

: O Data

I[(cm )

(52 0.4 0.6 0.8 1.0}

q (nm-l)

Figure 7. Comparison of the experimental and calculated SAXS
profiles for neat SEO(2.9-3.3), r = 0.02 at 105 °C. Coexistence
between the ordered and disordered state is observed. The calculated
fit is the sum of the background, the theoretical RPA calculations, and
the ordered peak.

open symbols show the experimental data, and the solid black
line shows the fit to

I(q) = Iyi(q) + Lwa(q) + Liga(q) (21)

where I 4(q) is an additional term to account for the scattering
from the ordered phase:

—(q - q,)°
Iwa(q) = K exp| ————
d (22)

where K, o, and g, are fitting parameters. The contribution
from the exponential background decreases substantially once
salt is introduced to the copolymer, as a result of the larger
scattering contrast between phases and the concomitant higher
scattering intensity.

(2) The second minor complication is that, since the PEO
phase is no longer pure, its scattering length density Bgg sy
must be adjusted accordingly. Assuming ideal mixing (no
volume change of mixing) and perfect localization of salt in the
PEO phase, the new scattering length density of the PEO/
LiTFSI phase can be calculated by

Bliidga}lsalt = YiresiBrirest + (1 — Yirest) Bro (23)
where
gl
B (24)

and Y} ;rpg is the volume fraction of LiTFSI in the PEO/LiTFSI
microphase calculated by
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VPEOMLiTFSI

Ysalt(r) =
(25)

It is well known that salt solutions do not obey the ideal
mixing rule. For this reason, we left By, as an additional fit
parameter to achieve the best fit to the data. The scattering
length density obtained from this fit is called BiY /sale- Thus, for a
fully disordered salt-containing copolymer, the number of fit
parameters was increased by one relative to the pure

copolymer.
We can calculate the density of the PEO/LiTFSI microphase

fit :
PEO/salt USING

"PriresiMeo + PgoMuitrst

fit _ pfit ideal 1deal
pEO/salt - BEO/salt(pEo/salt EO/salt) (26)
where
pideal _ 1+ (rMLiTFSI/ MEO)
EO/salt —
(1 po) + (Myres) / (PyresMeo) (27)

Figure 8a shows the values for Pl /s Of all the disordered
samples at 140 °C. The dashed black line represents the ideal
density of the PEO/salt microphase that was calculated on the
basis of eq 27. Deviations from ideal mixing are shown clearly
in Figure 8b, which presents the ratio of pfi, . to pi93 | for all
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Figure 8. (a) Fitted density of PEQ/salt microphase pft, sl (b) Ratio
of fitted to ideal density of PEO/salt microphase pit, ./ pie&i . versus
salt concentration r for all disordered electrolytes at 140 °C. The
dashed lines represent the density of ideal mixtures.
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disordered samples as a function of r. At low salt concentration,
the fitted density is greater than expected, and at high salt
concentration, the fitted density is lower than expected, with a
crossover salt concentration of about r = 0.085. It is interesting
to note that the crossover value of r = 0.085 coincides with the
salt concentration at which maximum conductivity is observed
in this system.> The values of pfit) /sale Never varied by more than
+5% of the ideal value. These seemingly insignificant deviations
in Pgos are important during the calculation of the scattering
contrast because the electron density of the two phases of
interest are similar: while a 5% increase in pgg /g, results in a
100% increase in (Bgos — Bps)?, @ 5% decrease of the former
results in a 27% decrease of the latter.

The fitting procedure described above was used to measure
the effect of r on y.4 for each of the polymers in this study. In
the case of salt-containing copolymers, the volume fraction
term fin eqs 10-16 is equal to @ggq as defined by eq S. The
salt concentration for each polymer was increased in small
increments from zero to the concentration at which an ODT
was no longer accessible in the experimental temperature
window. The salt concentration at which this occurred
depended on the values of N and ¢ of the polymer. Figure
9 shows plots of y.¢ versus inverse temperature for the series of
symmetric copolymers over the full range of salt concentration.
The volume fraction ¢hgp, ey of all samples shown here are
between 0.44 and 0.54. The full symbols indicate the sample
was fully disordered, while the open symbols denote that
coexistence was observed at this temperature, such as in Figure
7. Figure 9a shows the y.g values for SEO(4.9—5.5) at r = 0,
0.0025, and 0.005. The pure copolymer has a relatively high yN
value and needs only a small quantity of salt to induce ordering;
it exhibits an ODT at very small concentrations and becomes
permanently ordered at r = 0.01. Figure 9b shows the y¢ values
for SEO(2.9—3.3) at r = 0, 0.00S, 0.01, 0.015, 0.02, and 0.025.
There is a large increase in y between r = 0 and r = 0.005,
especially at higher temperatures. As the value of r increases,
the subsequent increases in y4 decrease in magnitude. Figure
9¢ shows the y.4 values for SEO(1.7—1.4) at r = 0, 0.01, 0.03,
0.04, 0.065, 0.075, and 0.085. Once again we observed a large
increase in y. values at low salt concentrations and smaller
increases in g as the value of r increased. At the highest salt
concentrations, y.g is nearly independent of r.

We show the values of y.q obtained from different symmetric
copolymers as a function of salt concentration at 60 and 140 °C
in Figure 10ab, respectively. There are several things worth
noting in these plots: (1) The lack of collapse of the data in
these plots indicates that . is a strong function of chain length
N as first described in Figures 4 and S in the context of y, for
salt-free samples. (2) The relationship between y.; and r is
highly nonlinear, with a sharp initial increase at low salt
concentration, followed by an apparent saturation. (3) The
magnitude of the increase in y.g with r depends strongly on the
chain length of the copolymer. This complex behavior can be
captured by an extension of eq 20 to

B, cnf, (—D(T)r)
N N P N

where C(T) = 1.01 X 107> X T and D(T) = 22.4 X T. The
dotted lines in Figure 10 are the results obtained by plotting eq
28 with N values given by eq 3. This remarkably simple
expression, with four adjustable parameters, accurately captures

Jog = A(T) + ——

(28)

dx.doi.org/10.1021/jp408079z | J. Phys. Chem. B 2014, 118, 4-17


http://pubs.acs.org/action/showImage?doi=10.1021/jp408079z&iName=master.img-008.jpg&w=239&h=359

The Journal of Physical Chemistry B

Feature Article

K (OC) 025
140 120 100 80 60 e
20 5 E S T g o o O
0065 L Z e R m Ty e e mun i S i um R g mm e g 0.20 = v v .v
- (a) SEO(4.9-5.5) kS
i g000 .® . - 0.15 K
L o L o B L e e S
Gu® ] ® >3 : Em—
0060F  4m . 0.10f, AkA
L .2 - A
= = ° e
@ [
= L W 0.05F
I . - 60 °C
0055-_ .. {}'(}(}-llllllllIllIlIlIlIIl
i F(b)
[ ® Neat W 00025 A 0005 028 L seomniiRessed il
0050 1 Lo a1 s o 1 3 o 3 1 : ”v
- (b) SEO(2.9-3.3) e 015/
- ‘5 =
o T X X u = _T __________________
0.10F !!!ii’fiizi::.ll' O.IO—LAA*‘.
: s [
" » sl m B L - —.‘I I Rttt
- o B e e e SR S S e
n | - e ® ® 0.05 .‘ e
o2 0.08 °® E 140 °C
- .... (}‘(}(}llllllllIllIlIllllIl
i °® °® 0.00 0.02 0.04 0.06 0.08 0.10§
0.06 r [Li V[EO]
- ® Neat B 0005 A 0.0] — =
- v 0015 4 002 » 0025 v .‘)]*:O{I.T-I.4] A 5I:.0{2.‘=)-3.3)
K l I : : B SEO(4.9-55) e SEO(6.4-7.3)
0‘04 L 1 1 1 L Il 1 L 1 1 1
: (©) f’h()( 1.7-1.4) Figure 10. Effective interaction parameter yg versus salt concentration
L r for a series of symmetric diblock SEO copolymers at (a) 60 and (b)
0.20 " Ty ggaeess ] : : : tl}il;)tzgt. The dashed lines represent eq 28 using parameters given in
i gpEmEEE s und .
- [ window over which y can be measured in our approach closes
*2 0.15F i rapidly with increasing molecular weight. The extent to which
[ PP e ® eq 28 applies to molecular weights that are not covered
L . explicitly in our study remains to be established. Nevertheless,
- eq 28 implies that, in the high molecular weight limit, the
0.10 N addition of salt to the copolymer is expected to have a
[| @ Neat l’ 001 A 003 w 004 negligible effect on y.
- 4 0.065 » 0.075 0.085 Two additional polymers examined in this study were
0.05 N T T asymmetric. Figure 11a shows y.4 versus inverse temperature
o 24 %6 28 3.0 for SEO(1.4—1.6) at a range of salt concentrations, where

1000/T (K

Figure 9. Effective interaction parameter y.g versus inverse temper-
ature for (a) SEO(4.9-5.5), (b) SEO(2.9-3.3), and (c) SEO(1.7—
1.4) at a series of salt concentrations. The full symbols indicate the
sample was fully disordered, while the open symbols denote that
coexistence was observed at this temperature.

the behavior seen by all the symmetric copolymers at all
temperatures and salt concentrations. Several other functional
forms were tested; however, no other expression resulted in as
good a fit to the data. It is important to note that, because our
approach for measuring y requires disordered samples, the

11

@0 s ranges from 0.55 to 0.63. The full symbols indicate the
sample was fully disordered, while the open symbols denote
that coexistence was observed at that temperature. The value of
Xef increases with increasing salt concentration, with small
variations in slope. Figure 11b shows y. versus inverse
temperature for SEO(1.9—0.8) at a range of salt concentrations,
where ¢gg /s ranges from 0.31 to 0.35. The most noteworthy
feature of this plot is that y.; decreases as the salt concentration
is increased. To our knowledge, these are the first experimental
data showing that the addition of salt can induce mixing in
diblock copolymers.

Figure 12 shows y. as a function of r for the asymmetric
SEO copolymers. The values of y.q for SEO(1.4—1.6) increase
steadily as a function of r, while they decrease for SEO(1.9—
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respectively.

0.8). The dotted lines are the results obtained by plotting eq 28
with N values given by eq 3. Not surprisingly, the data from
SEO(1.9-0.8) are qualitatively different from predictions based
on eq 28. We offer no explanation for the departure of the data
in Figure 12 from the values predicted by eq 28.

The data collected in this study are summarized in Figure 13
by plotting all the disordered samples onto a diagram that
resembles a conventional block copolymer phase diagram. The

12

abscissa in Figure 13 is the volume fraction of the ion-
containing phase (g s and the ordinate is y.z(N,r)N. The
data for each sample, represented by three open symbols to
indicate T = 60, 100, and 140 °C, are connected by a line. The
values for ¢gg /e are calculated by eq S, and the values for y g
are determined using eq 18. Worth noting is that, because of
the choice of a fixed v, as T increases from 60 to 140 °C, N
increases, while y decreases. Depending on the magnitude of
the change in y with T, the value of yN of a given sample may
change very little in Figure 13 or in some cases even increase as
T increases. The filled symbols show N at the ODT for all the
neat and salty copolymer samples. These data points appear to
reconstruct the expected parabolic shape of the diblock
copolymer phase envelope, confirming the veracity of our
approach. Numerous such plots of phase envelopes exist in the
literature.”*** In all cases, observations of phase behavior are
used to determine y. Figure 13 is unique not only because y is
determined independently from disordered state scattering
profiles but also because y is an explicit function of N.

The multitude of morphology data collected in this study are
summarized in Figure 14 by recasting the results onto a
diagram that resembles a conventional block copolymer phase
diagram, using the same axes as in Figure 13. The data for each
of the samples listed in Tables 1 and 2, represented by three
symbols to indicate T = 60, 100, and 140 °C, are connected by
a line. The values for ¢hrq /g, are calculated by eq S, and the
values for . are calculated using eq 28. Circles (@) represent
the disordered state, square symbols (Ill) represent a lamellar
morphology, a cross (X) denotes the gyroid morphology, and
the triangles (A) denote HEX. Open symbols (O) and ([]J)
signify that coexistence was observed at that temperature. Phase
boundaries, represented by dashed lines (-), are meant to guide
the eye. Samples of SEO(1.4—1.6) and SEO(1.9-0.8) have
been omitted due to their lack of conformity to eq 28. This
diagram marries the experimentally observed phase behavior
with the expected y.g(N,*)N and ¢bgo/a; values obtained from
the fitting equations.

In addition to measuring y, the fitting of the scattering data
also yields values of R; for each sample. The domain spacing for
the disordered sample can be determined by

d = DR, (29)
where D is the periodicity of the copolymer and is a function of
¢. For monodisperse samples, the dependence of D on ¢ is
given in ref 23. More detail regarding the approach we used to
determine D as well as comparisons of values of D obtained
from our procedure with those obtained from ref 23 can be
found in the Supporting Information. The domain spacing for
the ordered samples can be determined by d = 27/, Figure 15
is a comprehensive set of data showing the temperature
dependence of the domain spacing for each of the polymers
and salt concentrations with an accessible ODT measured in
this study. The full symbols indicate the disordered domain
spacing, while the open symbols denote the ordered domain
spacing. At temperatures for which two domain spacings are
reported for a single sample, coexistence was observed. In
almost all circumstances, the domain spacing increased
monotonically as a function of salt concentration and decreased
as a function of temperature.

Figure 16 shows the normalized domain spacing d/Ry, for all
the copolymers and salt concentrations in this study at 80 °C,
including those without an accessible disordered state, where
Ry is the calculated radius of gyration of the neat diblock. An
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analogous plot featuring the absolute values of d for each of the
electrolytes is shown in Figure S2 of the Supporting
Information. Clearly, the normalized domain spacing is a
nonlinear function of r, increasing steeply when r increases
from 0 to 0.05, followed by a more gradual increase when r
increases from 0.05S to 0.25. The functional form of d/R&O
versus 7 in Figure 16 is similar to that of y.g versus r in Figure
10. However, d/R,, increases from about 3.7 to 5.7 for
SEO(4.9—5.5) when r increases from 0 to 0.25 and only
increases from 3.7 to 4.6 for SEO(1.7—1.4) over the same range
of r. Thus the polymers with longer chain length show the
largest increase in normalized domain spacing with salt loading.

13

This is in contrast to the trends seen with y. in Figure 10;
polymers with the shortest chain length show the largest
increase in y. with salt loading,

Empirically we found that the dependence of domain spacing
on salt concentration obtained for most samples collapsed
when dy.*/® was plotted versus r as shown in Figure 17. The
collapse was observed for all samples with the exception of the
SEO(1.9-0.8), the polymer with the lowest value of ¢hzo. The
data in Figure 17 suggest that the product of d X y./ at a
given salt concentration is constant, which in turn suggests that
d and y,¢ are inversely related to each other. It is evident from
Figures 16 and 17 that the relationship between y. and d is not
simple and that traditional relationships between d and y
cannot be used. Figure S3 of the Supporting Information shows
explicitly that the oft-cited N*3y"/® versus d relationship does
not hold for salt-containing samples; it is thus not possible to
estimate values of y.4 from measurements of d.

Comparison with Previous Work. Significant experimen-
tal and theoretical effort has been undertaken to understand
and quantify the effect of salt addition on y.4 Wang et al?
used small-angle neutron scattering (SANS) to directly measure
Xet on a polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) copolymer that was complexed with lithium chloride,
while Naidu et al.'' used SAXS to measure y. on a
polystyrene-b-poly(2-vinyl pyridine) (PS-b-P2VP) copolymer
that was doped with lithium perchlorate. Young et al.'’ and
Huang et al.” used domain spacing as a proxy to study y.q in
both an SEO copolymer that was mixed with several lithium
salts and a poly(e-caprolactone)-b-poly(ethylene oxide) (PCL-
b-PEO) that was complexed with lithium perchlorate. The
effect of salt on y.s was determined from order—disorder
transition (ODT) measurements by Wanakule et al.'> using a
series of SEO copolymers complexed with LiTFSI and by
Gunkel et al."* using both an SEO copolymer and a PS-b-P2VP
copolymer complexed with lithium triflate. Nakamura et al."*"
and Wang et al.'® have published a series of theoretical papers
studying the problem using self-consistent field theory and the
Born energy of solvation.

The results presented in Figure 10 appear contrary to almost
every other study, both experimental and theoretical, that has
attempted to determine the relationship between y.4 and r. All
previous studies assume that y.; was a linear function of , that
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is, Yo = Xo + mr. Indeed, if one conducts measurements on one
polymer and a few salt concentrations, it is easy to see how the
relationship may appear linear. The work in refs 9, 11, and 26 is
limited to a single block copolymer and a few salt
concentrations. Our work clearly shows that the assumptions
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that were the basis of the analysis in refs 10 and 12 are not
valid. In previous work from this lab (ref 13), we ignored the N
dependence on y,. Surprisingly, the only experimental study to
show any indication of the nonlinearity of the relationship
contains no comment on the novelty of this observation."' The
theoretical work by Nakamura et al.'* suggests that such

dx.doi.org/10.1021/jp408079z | J. Phys. Chem. B 2014, 118, 4-17


http://pubs.acs.org/action/showImage?doi=10.1021/jp408079z&iName=master.img-015.jpg&w=356&h=384
http://pubs.acs.org/action/showImage?doi=10.1021/jp408079z&iName=master.img-016.jpg&w=165&h=159
http://pubs.acs.org/action/showImage?doi=10.1021/jp408079z&iName=master.img-017.jpg&w=163&h=153

The Journal of Physical Chemistry B

Feature Article

nonlinear behavior might be expected if ion clustering of the
salt species was occurring in the copolymer. The lack of ion
clustering in dilute homopolymer PEO/LiTFSI mixtures (r <
0.10) is well established,”” and the ionic conductivity of high
molecular weight SEO/LiTESI mixtures also does not show
evidence of ion clustering.”® However, ion transport in low
molecular weight SEO copolymers is considerably more
complex, and the data do not rule out the possibility of ion
pairing in these systems.*

Bl CONCLUSION

Understanding the effect of salt addition on the thermody-
namics of block copolymers remains an active area of research,
with implications for both fundamental understanding of salt/
polymer miscibility as well as for applications such as solid-state
electrolytes. However, before this is done, it is important to
quantify thermodynamic interactions in neat diblock copoly-
mers. Our results reaffirm that the Flory—Huggins interaction
parameter in neat SEO copolymers y, is a strong function of N
(Figure S). Conventional wisdom suggests that the intrinsic
Flory—Huggins parameter should be independent of N. Several
theoretical papers have attempted to explain the origin of the
difference between the y measured from scattering experiments
and the intrinsic Flory—Huggins parameter."**~** For example,
the “intrinsic” Flory—Huggins parameter between PS and PEO
in neat block copolymers might be given by A(T) = 102 X T™!
(see eq 20), that is, y, in the limit of N tending to infinity.
Ignoring the N dependence on ¢ has a profound effect on the
interpretation of thermodynamic data from salty samples.

Our experiments on salt-containing block copolymers reveal
that the relationship between y.¢ and r is highly nonlinear, with
a sharp initial increase at low salt concentration followed by an
apparent saturation (Figure 10), and that the magnitude of the
increase in y.q with r depends strongly on the chain length of
the copolymer. We present a relatively simple expression that
captures the behavior of y.¢ as a function of salt concentration
and chain length for symmetric electrolytes; however, the
behavior of asymmetric electrolytes remains poorly understood.
In the case of a copolymer with PEO as the minor component,
the addition of salt promotes mixing, in contrast to all other
reports in the literature, which indicates that the addition of salt
promotes demixing. These findings reveal a much more
complex relationship between y.; and salt concentration in
block copolymers and represent a significant departure from
previous results that asserted a simple linear relationship.
Additionally, we demonstrate that changes in domain spacing
do not correlate in the expected manner with changes in y¢ for
salty copolymer samples.

The results presented in this study are a significant step
forward in understanding the effect of salt on block copolymer
thermodynamics; yet many questions remain to be answered.
Additional experimental and theoretical work is needed to
better understand the origin of the data presented in this article.

B ASSOCIATED CONTENT

© Supporting Information

Further detail about the RPA fitting to the SAXS profiles and
about the calculation of domain spacing from the fitted radius
of gyration. Additionally, the domain spacing as a function of
salt concentration is presented for each of the polymers in this
study as well as additional analysis of domain spacing versus
interaction parameter. This information is available free of
charge via the Internet at http://pubs.acs.org.
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B LIST OF SYMBOLS

statistical segment length (nm)

scattering length of species i (nm mer™")

scattering length density of species i (nm™> mer™")
domain spacing (nm)

periodicity

volume fraction

scattering intensity (em™)

disordered copolymer scattering intensity (cm™")
background scattering intensity (cm™")

ordered copolymer scattering intensity (cm™)
number-averaged molecular weight of the poly(ethylene
oxide) block

number-averaged molecular weight of the polystyrene
oxide block

number-averaged molecular weight of species i (g
mol ™)

number-averaged degree of polymerization (sites
chain™)

Avogadro’s number

number-averaged degree of polymerization of species i
(sites chain™!)

scattering vector (nm™")

scattering vector at the primary scattering peak (nm™)
scattering vector at the ordered scattering peak (nm™")
salt concentration ([Li*] [EO]™")

radius of gyration (nm)

radius of gyration of neat copolymer (nm)
temperature (K)

order—disorder transition temperature (K)

volume fraction salt in PEO/LiTFSI microphase
(LiTFSI cm® PEO/LiTFSI cm™)

Greek

v molar volume of species i (cm® mol™)

Vst reference volume (nm?® site™)

D density of species i (g cm™)

¢ro  volume fraction of PEO microphase

@rossae volume fraction of PEO/LiTFSI microphase
X interaction parameter

e interaction parameter of salty SEO copolymer
Yo interaction parameter of neat SEO copolymer
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