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ABSTRACT: Block copolymer/lithium salt mixtures are promis- | SHALLOW QUENCH (WITHIN COEXISTENCE WINDOW)
ing materials for lithium battery electrolytes. The growth of = ‘ay D (I 7
ordered lamellar grains after a block copolymer electrolyte was & = ‘:: < : 1/
. oy - Ay - i
quenched from the disordered state to the ordered state was & = - ‘H:‘ = - i)
studied by depolarized light scattering. Three quench depths || & = 1 AD {y ‘Lik X
below the order-to-disorder transition temperature were studied: = iip i 1D = Ny
6, 12, and 24 °C. Regardless of quench depth, elongated
ellipsoidal grains with aspect ratios between six and eight were SR VAN o0 NEN MOMIN
formed during the initial stage of order formation. This was
followed by a rapid reduction in aspect ratio; at long times, ORDERED SALT DISORDERED

isotropic grains with aspect ratios in the vicinity of unity were
obtained. Unusual grain growth kinetics were observed at all quench depths: (1) The average grain volume decreased with time
after the early stage of grain growth. To our knowledge, a decrease in grain size has never been observed before in any quenched
block copolymer system. (2) The volume fraction occupied by ordered grains of the shallowest quenched sample (quench depth
of 6 °C) was significantly less than unity even after waiting times approaching 400 min. This is consistent with recent theoretical
and experimental work indicating the presence of a coexistence window between ordered and disordered phases due to the
partitioning of the salt into the ordered domains. At quench depths of 12 and 24 °C, which are outside the coexistence window,
the grain volume fraction increases monotonically with time, and ordered grains occupy the entire sample at long times.

B INTRODUCTION followed by a slow growth phase where grain size increases due
Nanostructured mixtures of salts and block copolymers are to defect annihilation: In some cases, defect annihilation is so
promising solid electrolytes for rechargeable batteries with slow Fhat no change in average gramn volume can.be detectgd
lithium metal anodes'™ It has been demonstrated that experimentally. Our understanding of the evolution of grain
electrolytes with lamellar morphologies comprising alternating structur.e m .bIOCk cop o?ymselif)_isz I}‘)ase(.tl on tlmlesfgiolved
soft conducting domains and rigid insulating domains resist dep olarlzed. hghtzs scattering,™ ' microscopy, and
lithium dendrite growth, increasing the lifespan of the battery.4 other techniques.

The thermodynamics®™ and kinetics'®™® of order for- In contrast, neither the thermodynamics nor the kinetics of
mation in A-B diblock copolymers are well established. These order formation in mixtures of salts and A—B diblock
systems exhibit a sharp, first-order, order-to-disorder transition copolymers is well established. One of the blocks must be
(ODT). When disordered samples are cooled below the order- polar to selectively dissolve the salt. Early work suggested that
to-disorder transition temperature, Topy, the ordered phase the thermodynamics of these systems was similar to that of
begins to grow. Coherent order is restricted to micron-sized
regions that are often referred to as grains. During the early Received: June 4, 2014
stage, grains grow rapidly at the expense of the disordered Revised:  July 30, 2014
phase until ordered grains occupy the entire sample. This is Published: August 12, 2014
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Figure 1. Schematic of depolarized light scattering apparatus and scattering geometry. A scattered light ray deflected from the forward direction is

characterized by the angles 6 and p.

pure block copolymers provided the effective Flory—Huggins
interaction parameter between the blocks, y, was recast to
account for the increased “effective” repulsion between the salt-
containing polar block and the salt-free nonpolar block.2673*
However, the addition of salt—another component—to a neat
A-B diblock copolymer melt makes the resulting system a
binary mixture. According to the Gibbs phase rule, phase
coexistence is generally expected for all the order—disorder and
order—order transitions. Recent theoretical and experimental
work indicates the phase behavior of salt-containing block
copolymers is fundamentally different from that of neat block
copolymers.******33737 Thelen et al*’ used small-angle X-ray
scattering (SAXS) to show that a mixture of polystyrene-b-
poly(ethylene oxide) (SEO) with lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) exhibits an ODT
that extends over an 11 °C window, in which there is
coexistence of ordered and disordered phases. The observed
coexistence region is consistent with that predicted by
Nakamura et al.*® who suggested that this phenomenon is
due to the selective partitioning of salt into the ordered phase.
Because of the selective partitioning of the salt in the two
coexisting phases, the evolution of order as the system is
quenched from the disordered phase to the coexistence region
is accompanied by a redistribution of salt ions between the two
phases.

In this paper, we present the first study of the kinetics of
grain growth in a salt/block copolymer mixture, quenched from
the disordered state to the ordered state, using depolarized light
scattering (DPLS). In order to facilitate our understanding of
the relationship between thermodynamics and kinetics, we use
the same SEQ/LiTFSI mixture as that used by Thelen et al.*’
We show that for shallow quenches, the kinetics of grain
growth in these systems is very different from that seen in neat
block copolymers. In particular, at the shallowest quench depth,
the average grain size first increases with time and then
decreases, and the volume fraction of the sample occupied by
ordered grains is less than unity at long times. In contrast, the
kinetics at large quench depths is similar to that of neat block
copolymers; the volume fraction of the sample occupied by
ordered grains is in the vicinity of unity at long times.

B EXPERIMENTAL SECTION

Materials. In this study, the polystyrene-b-poly(ethylene oxide)
(SEO) diblock copolymers were synthesized, purified, characterized
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and finally doped with lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) as described in ref 37. The electrolyte mixture used in this
study was prepared by mixing SEO(1.7—1.4) and LiTFSI to obtain a
salt concentration of r = 0.075, where r is the ratio of Li* ions to
ethylene oxide monomer units. The block copolymers used in this
study are abbreviated as SEO(xx—yy), where xx and yy are the values
of Mpg and Mpgo, the number-averaged molecular weights of the
polystyrene (PS) and poly(ethylene oxide) (PEO) blocks in kg mol™,
respectively.

The light scattering samples were prepared by melt-forming the
dried electrolyte mixture (SEO/LIiTFSI) into a 1/32-in thick Viton
spacer with an inner diameter of 3/16 in on a quartz disk placed on a
hot plate set to 100 °C. A second quartz disk was then placed on top
to sandwich the electrolyte. The electrolyte samples thus obtained
were transparent with no bubbles. The samples were then placed in
custom-designed air-free aluminum sample holders with an open
window in the center allowing the transmission of a laser beam and
scattered light. The thickness of the sample material was approximately
0.8 mm. The sample was then sealed in a pouch in an argon glovebox.
The steps described above were conducted at Berkeley. The pouched
samples were shipped to Brooklyn for the light scattering studies.

DPLS and Birefringence Measurements.®® The depolarized
light scattering measurements were performed on a custom-made
apparatus following the principles described in ref 38. A schematic of
the apparatus is shown in Figure 1. The light source was a continuous-
wave helium—neon laser with a wavelength of 633 nm and an output
power of 15 mW. A half-wave plate, placed between the laser and the
first polarizer, could be rotated to control the light intensity incident
on the sample. The sample holder was placed in an aluminum heating
block insulated with a fiberglass jacket. The heating block was
electrically heated by two heating elements within the block and
cooled by ambient air. The sample temperature was controlled using
an Omega Engineering temperature controller (CN9111A). To
determine the relationship between the temperature measured by
the controller and the actual sample temperature, a separate
experiment was conducted, monitoring the edge temperature of the
sample holders and the temperature at the center of the sample in the
holders. The edge temperature was measured directly by the
controller, while the temperature at center of the sample was
measured by inserting an insulated thin wire thermocouple into the
sample material in a used sample holder.

After transmission through the sample, the scattered laser light
passed through the analyzer whose transmission axis was rotated 90
deg relative to the transmission axis of the polarizer. A Lumenera CCD
camera (INFINITY2-1R) was used to record the scattering patterns
incident on an Edmundoptics ground glass screen.

The birefringence method” was used determine the order—
disorder transition temperatures of the light scattering samples,

dx.doi.org/10.1021/ma501166p | Macromolecules 2014, 47, 5784—5792
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Topr- In this method, the total depolarized transmitted laser power
was monitored as the sample was heated. When the sample is heated
above the Typy, it becomes completely disordered, and the total
transmitted power goes to zero. For the three samples studied in this
paper, the minimum temperature required for complete extinction of
the total transmitted light power was 124 + 2 °C, which we took to be
the Typr of the system.

At the beginning of the depolarized light scattering experiments, the
laser was warmed up for 2 h to ensure a constant laser power. The
sample was then placed into the heating block and initially heated to
140 °C (16 °C above Tpy) for 30 min to disorder the sample and to
erase any thermal and processing history. At this point, the SEO/
LiTFSI mixture was in a fully disordered state, and no light was
transmitted through the cross polarizers. To locate the center of the
scattering pattern on the screen, the analyzer was slightly uncrossed
temporarily with respect to the polarizer, allowing a small portion of
incident laser beam to leak through to the screen, where it formed a
small spot, whose coordinates were recorded as the center of scattering
pattern. After the disordering period, the quenching process began
when the temperature controller was set to the target quench
temperature, and at the same time, the data acquisition system was
activated to begin recording the scattering patterns. Samples were
quenched to the final quench temperatures of 118, 112, and 100 °C,
which will be referred to in terms of the corresponding quench depths
(6, 12, and 24 °C, respectively) in the following sections of this paper.
The times taken to reach the final quench temperatures of 118, 112,
and 100 °C were 6, 12, and 35 min, respectively. These time periods
were determined in separate experiments using a thin wire
thermocouple placed in a used sample holder and connected to an
Omega HH306A automated thermometer. The thermal conditions
used to record the time dependence of the sample temperature during
quenches were identical to those used in the depolarized light
scattering experiments.

The first pattern was captured at the moment the temperature
controller was set to the final quench temperature, and this time point
was defined to be 0 min, the start of the quenching process. The first
pattern was treated as a background noise pattern that was subtracted
from subsequent patterns. The last pattern was captured 400 min after
the start of the quenching process; this constituted the end of the
quench. Scattering patterns were recorded every minute in the first
hour, and then every 10 min until the end of the quench. The
scattering patterns were stored in the form of 480 X 640 pixel TIFF
image files.

DPLS Data Reduction and Analysis. During the quenching
process, ordered, randomly oriented, lamellar regions are formed that
exhibit form birefringence, with an optic axis that is perpendicular to
the local lamellar planes. For simplicity, we consider a random
collection of birefringent grains in which the optic axis has a constant
orientation. The grains are assumed to be ellipsoids of revolution on
average, with an optic axis paralle] to the shape axis; they are
characterized by their average length and width, ! and w, and they have
an isotropic orientation distribution. We have used this model to
characterize several block copolymer melts and solutions in previous
studies. @144 1n the past, theoretical scattering patterns were
computed by numerical integration of the governing equations. In this
paper, we present analytical expressions for the scattering profiles.

The intensity of the scattered light illuminating the ground glass
screen can be described as I(x,y), where x and y are the Cartesian
coordinates of a point on the screen relative to an origin at the center
of the scattering pattern. From the coordinates (x,y) one can calculate
polar and azimuthal scattering angles y and 6 according to

u= tan_l(z)
x

x"+y

(1)

0 = tan™!

@)
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where d is the distance between the sample and the screen, which is
40.2 cm in these experiments. From 6, one can calculate magnitude of
the scattering vector q = 474" sin(6/2), where 4 is the wavelength of
the light. The scattered intensity can thus be described as a function of
q and pt. We have shown previously'" that for uncorrelated ellipsoidal
grains, the scattered intensity can be expressed as the sum of two
terms, one that is independent of i and the other that is 4-fold
symmetric in y:

I(q, ) = L)[Co(q; I, w) + Cy(g; 1, w) cos 4u] (3)

where I is the intensity in the forward direction. The physical origins
of the 4-fold spatial symmetry are discussed in ref 11, and it arises from
correlations between the axis that defines the shape of the grains and
the optic axis of the grain. The simplest grain structure consistent with
this scattering pattern is a collection of randomly oriented ellipsoidal
grains with optic axes coincident with the axis of rotation of the
ellipsoid. The Cy(q;l,w) component dictates the overall decay of the
scattered intensity as a function of q,  and w; the C,(g;,w) component
is a measure of the depth of the 4-fold modulation of the scattering
patterns. Co(g;l,w) and C,(g;l,w) are normalized such that Co(0;Lw) =
1 and C,(0;lw) = 0. The equations in ref 11 were integrated using
Mathematica to yield analytical expressions for Co(g;l,w) and C,(g;,w)
within the single ellipsoidal grain model:

exp[—(q%)z]{—%_mal/ %(9 + 20a)
(4)
xp[—(%)z]{—ZOe_zual/ 221 + 4a)

©)

15
4096a°?

+ a9 + 8a(l + 6a)] erf[ 2a)"]}

Co(qi I, W) =

1
Clg; I, w) = —> e
4 409602

+ 3(27)%[35 + 8a(=5 + 2a)] erf[(2a)"/*]}
where

“=Q%z“£r_l] 6)

In our analysis of an experimental scattering pattern, we can extract the
two cosine moments f,(q) and f,(q) using the equations:

K@= fOZ”I(q, ) du = 2a1,Co(g; 1, w) @)

2

5@ = [ 1a, mcos au du = m1,C,(q; 1, w) ®
The experimental I(qu) data were numerically integrated to yield
fo(q) and f,(q). By least-squares fitting of the experimentally extracted
functions f,(q) and f,(q) to 2aI,Co(g;l,w) and #l,C,(g;l,w)(see egs
4—6), respectively, we obtained estimates of |, w and I;. In the fitting,
the relative weights of f,(¢) and f,(q) were taken to be 0.99 and 0.01,
respectively. We cannot use scattering data collected near q = 0 to
obtain I, in our analysis because of leakage of the incident laser beam
at small scattering angles.

When a sample consists of a mixture of ordered and disordered
regions, the volume fraction occupied by grains, ¢, can be calculated
from the following equation,""

I, = KpV )
where V is the average grain volume (V = [ X w?), and K is a
proportionality constant that depends on the geometrical config-
uration of the experiment, on 5, the average refractive index of the
sample, and on An? the square of the form birefringence of the grains.
Both n and An? are functions of temperature and wavelength.

The birefringence signal is the ratio of the total depolarized
scattered power, P, to the incident laser power, P, which for the
simple ellipsoidal grain model, is given by

dx.doi.org/10.1021/ma501166p | Macromolecules 2014, 47, 5784—5792
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5/2
fla) = %[\/1——%2 (6> = 3) + (3 — 8a* + 8a4)m:|
a

' (11)

a= 41— (w/l)}? (12)

where L is the sample thickness. This signal is thus proportional to ¢
and Ar?. For a completely disordered sample, P/P, =0.

Typical results of birefringence experiments near the Typr are
shown in Figure 2 where the signal, P/P,, is plotted as a function of

lu"‘ L B m— T T T T
«f 85°C —» 110°C 112°%C 120°C 124°C .
3; -
10'E =
o :
=
a, 4 e
E: - e
2k B
-5
10 F 3
i s
4k e
2k -
10° PR IO I RPN NN |
0 10 20 30 40 50 60 T0
7 (min)

Figure 2. Plot of birefringence signal P/P, as an ordered sample was
heated from room temperature up to the Topr (124 + 1 °C). The
profile was recorded from 85 to 124 °C. The birefringence signal of
disordered samples has a magnitude of P/P, around 107¢,

time for a series of step changes in sample temperature. The sample
was first disordered and then quenched to 25 + 1 °C. It is reasonable
to assume that the sample was filled with ordered grains at 25 °C; i.e,,
¢ = 1. P/P, is insensitive to changes in temperature in the 25—110 °C
window. The step change in temperature from 85 to 110 °C shown at
times from O to 30 min, has no effect on P/P, suggesting that An,, ¢
and V are unaffected by this step (eq 10). In contrast, a step change in
temperature from 110 to 112 °C results in a decrease in P/P,, but with
an unstable increasing value. We do not expect a large change in An?
for such a small temperature change. We thus conclude that changes in
P/P, reflect changes in ¢ and V.>* We anticipate the possibility of a
coexistence window; thus, the decrease in P/P, is probably due to a
decrease in ¢p. We are not sure of the origin of the nonmonotonic time
dependence of P/P, during this step. It is possible that the average
grain size increases when the sample is annealed in the coexistence
window. The step change from 112 to 120 °C leads to a further
decrease in P/P, to a stable nonzero value. This indicates that 120 °C
is also within the coexistence window. The birefringence signal is zero
at temperatures >124 °C, indicating that the sample is disordered in
this range. These experiments indicate that order—disorder coexistence
occurs in this sample in the 112—124 °C window. We examined 3
different samples, and the range for the lower limit of the coexistence
window was 112—118 °C while the range for the upper limit of the
coexistence window was 122—126 °C. This is qualitatively consistent
with the data presented in ref 37; although the transition temperatures
vary by as much as 20 °C, the width of the coexistence regions is the
same within experimental error. We attribute this discrepancy to the
extreme sensitivity of the thermodynamics of salt/block copolymer
mixtures to small changes in salt concentration (and gerhaps the
presence of small amounts of contaminants like water).”® We define
the lower bound of the order—disorder coexistence window as Tocr,
namely, the order-to-coexistence transition temperature, while the
upper bound is the same as the Topr (order-to-disorder transition
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temperature). Below Tycr, the sample remains in the fully ordered
state (see Figure 2), and above the Topy, the sample is completely
disordered by heating; the coexistence of ordered and disordered
phases occurs at temperatures between Tycr and Topr

To determine the proportionality constant K(T) in eq 9 as a
function of temperature for each sample, a fully disordered sample was
first quenched to a temperature of interest (for example, 112 °C,
quench depth of 12 °C) to monitor the grain structure evolution, and
then the sample was further quenched to 90 °C after the first quench
was completed. The sample was maintained at 90 °C for at least 8 h,
after which we expected the sample to be entirely ordered. A plot of
Iy/V as a function of elapsed time for the quench to 90 °C resulted in a
curve that asymptotically leveled off to a constant value, which we took
to be the value of K at 90 °C (see eq 9). The same sample was then
sequentially quenched to 80, 60, 40, and 20 °C, and the sample was
held at each of these temperatures for 10 min to ensure that the
sample reached thermal equilibrium. Given that ¢) — 1 at the end of
the 90 °C quench, one can assume that the sample remains fully
ordered during the quenches to lower temperatures. Therefore, the K
values at 80, 60, 40 and 20 °C were calculated from K = [,/V at each
temperature. I is represented by a dimensionless number ranging
from 0 to 255 that is proportional to the intensity generated by the
CCD camera. Therefore, K has units of yum™ in this paper. A least-
squares fit of K vs T obtained from 20 to 90 °C revealed a weak linear
temperature dependence; see Figure 3. By extrapolation, the K value at

T
[ e Experimental Data ]
5 = ===Least Squares Straight Line | J
1.5 -
E1rof J
I L bkl L - *--0 |
0.5 -
pob—o v 0]

0 20 40 60 80 100]

T(°C)

Figure 3. Least squares fitting of proportionality constant K between
Iy and @V obtained after grain evolution experiments with a quench
depth of 12 °C. The dashed line is described by a linear equation: y =
ax + b with a = —0.00083 and b = 0.9204.

temperature 112 °C was estimated to be 0.83 ym™. The volume
fractions of ordered grains over the entire range of temperatures below
the Topr could be determined using eq 9. K(T) was determined
separately for each sample studied in this paper. For different samples,
there were slight differences between the slopes and intercepts (a and
b, respectively in Figure 3) obtained by the least-squares fit. The weak
temperature dependence of K is probably the result of the weak
temperature dependence of the form birefringence of grains."*

The grain density p (number of grains per unit volume) is given

bylZ

p=q¢/V (13)

B RESULTS AND DISCUSSION

Time Dependence of Grain Evolution. Figure 4 shows
the DPLS patterns at three different times during the quench
with a quench depth of 6 °C (shallow quench). The earliest
detectable pattern (an “X” pattern) obtained at t = 28 min is
shown in Figure 4a, providing evidence for the fast formation of
ellipsoidal grains with a large aspect ratio during the early stages

dx.doi.org/10.1021/ma501166p | Macromolecules 2014, 47, 5784—5792
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(a)

(c)

Figure 4. Parts a—c representing depolarized scattering patterns captured at 28, 60 and 400 min, respectively with a sample quenched 6 °C below
Topr (quench depth is 6 °C). The maximum scattering vector q at the sides of each image is 1.13 um™". The contrast of each pattern has been
adjusted to enhance major features that are not clear in the original low intensity patterns. Polarizer and analyzer are oriented vertically and

horizontally in these images.

of the quench. Scattering patterns at later times (Figure 4, parts
b and c) exhibit azimuthally symmetric patterns (“O” patterns),
indicating the presence of grains with aspect ratios in the
vicinity of unity. Figure 5 shows an example of a least-squares
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Figure S. Least squares fit of experimentally extracted f,(q) and £,(q)
functions from the scattering pattern in Figure 4a. Since the amplitude
of f4(q) was always much larger than f,(q), both the theoretical curve
and experimental data points of f(q) are plotted with 1/10 of their
actual amplitudes. The grain parameters obtained from this fit are I/w
=77, w=35 pum, and I, = 21.

fit of fo(q) and f,(q) functions extracted from the scattering
pattern in Figure 4a using eqs 7 and 8, from which we obtained
the grain parameters at 28 min. In this paper, all of the reported
values of I, w and I; were acquired from such least-squares fits
with errors in the range 7—11%. The function f, has been
divided by 10 in Figure S so that both f, and f, could be
conveniently plotted on the same graph. This has the effect of
overemphasizing the mismatch between the experimental f,
points and the least-squares fitted function. We could obtain a
better fit of f, with a larger value of w and smaller value of I/w,
but that would be at the expense of a poorer fit to the tail of f,.
The minimum in f, is not captured because the actual block
copolymer samples are too complex to be completely captured
by the 3-parameter single ellipsoidal grain model. What is
remarkable is how well the single ellipsoidal grain model fits the
experimental data, in spite of the fact that it greatly simplifies
the complexities of actual block copolymer grains (which could,
in principle, nucleate and grow at different times and at
different rates) using only three parameters. While 4-fold

5788

symmetric depolarized light scattering patterns from polymer
samples have been studied and interpreted since the 1960s, the
reduction of the two-dimensional intensity data to two g¢-
dependent functions, and the simultaneous fitting of these
functions to three parameters to quantify scattering size, shape
and volume fraction are unique to the approach presented in ref
11 and further developed in this paper. Table 1 summarizes the
values of grain parameters (I and w) at early and late times for
all three quench depths.

Table 1. Summary of Development of Grain Structures with
Quench Depths 6, 12 and 24 °C

quench  elapsed
depth time w 1 \%
C) (min) pattern  I/w  (um) (um) (um’) ¢
6 28 “X” 7.7 3.5 27 330 0.06
6 400 “0” 1.0 7.5 7.5 420 0.33
12 22 “X” 6.5 3.4 22 260 0.09
12 400 nearly “0” 12 54 6.5 190 0.97
24 9 “X” 6.4 3.6 23 300 0.08
24 400 nearly “O” 13 44 5.7 110 1.0

Figure 6 shows the time evolution of I/w, I, and w for all
three quench temperatures, while Figure 7 shows the time
evolution of average grain volume V and grain volume fraction
¢. The time evolutions of the shallow (quench depth of 6 °C),
intermediate (quench depth of 12 °C), and deep (quench
depth of 24 °C) quenches share some common features. In all
3 cases, [/w is between six and eight at very early times, but falls
to nearly unity at longer times (Figure 6a). The grain length, J,
decreases sharply, while grain width, w, increases slightly as the
quenches proceed, (Figure 6, parts b and c). In the case of
quench depths of 6 and 12 °C, the grain volume peaks at early
times (10—30 min) but falls off at longer times (Figure 7, parts
aand b).

In the case of the 24 °C quench, the average grain volume
decreases with increasing time in the entire experimental
window (Figure 7c). The decrease in grain volume with
increasing time during isothermal annealing has not been
observed in any previous study of block copolymers. It is
conceivable that the exchange of salt molecules between the
ordered and disordered phases is responsible for this. For
quenches into the coexistence region, according to the lever
rule, the salt concentration in the disordered phase must be less
than the average salt concentration, and the salt concentration

dx.doi.org/10.1021/ma501166p | Macromolecules 2014, 47, 5784—5792
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Figure 6. Parts a—c representing the time dependence of length
parameters, [/w, I and w, respectively, on the quench depths of 6, 12,
and 24 °C.

in the ordered phase must be greater than the average salt
concentration—the concentration in the initial disordered
phase. Thus, there should be a net diffusion of salt from the
disordered phase to the ordered phase until the equilibrium
partitioning is reached. However, the driving force for this
diffusion only exists after the ordered phase is formed. We
hypothesize that grains formed during the early stages, before
salt diffusion takes place, are elongated. The subsequent
diffusion of salt into the grains results in a more isotropic
preferred shape. The preferred shape of grains is governed by
the orientation-dependence of the interfacial tension between
ordered and disordered phases. While such a calculation for the
two systems described above is well outside the scope of the
present paper, this kind of calculation has been done for
ordered phases formed in pure block copolymers.” The
mechanism for the transformation from elongated to isotropic
grains may be by “pinching off” elongated grains. Alternatively,
there may be two types of grains: fast-growing metastable
elongated grains containing the same amount of salt as the
initial disordered phase, and slower-growing stable isotropic
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Figure 7. Parts a—c representing the time dependence of the average
grain volumes (V) and the volume fractions (¢)) of ordered phases for
quench depths of 6, 12, and 24 °C, respectively.

grains that grow at a rate slow enough to allow for salt
redistribution and that consume the metastable grains as they
grow.

In neat block copolymers, the transition from disorder to
order requires concerted rotation of adjacent molecules so that
the blocks lie on the same side of the junction. In other words,
order formation does not require diffusion of the polymer
chains. In our salt-containing system, the polymer volume
fraction of samples used in this paper is 0.89, which is estimated
by the method described in ref 28, and thus, to a good
approximation, order formation does not require the diffusion
of polymer chains. However, as the ordered grains are formed,
and the order parameter reaches its equilibrium value, there is a
driving force for salt to diffuse from the disordered phase into
the ordered grains.® It is likely that this new phenomenon is
responsible for the unexpected decrease in grain volume seen at
all quench depths (Figure 7).

At elapsed times greater than 60 min, the average grain
volume for the shallow quench (quench depth of 6 °C)

increases slowly from 200 to 400 ym® over a period of 350 min.

dx.doi.org/10.1021/ma501166p | Macromolecules 2014, 47, 5784—5792


http://pubs.acs.org/action/showImage?doi=10.1021/ma501166p&iName=master.img-006.jpg&w=161&h=420
http://pubs.acs.org/action/showImage?doi=10.1021/ma501166p&iName=master.img-007.jpg&w=184&h=422

Macromolecules

Over the same period, the grain volume fraction decreases from
0.60 to 0.33. In contrast, for intermediate and deep quenches
(quench depths of 12 and 24 °C), grain volume decreases
monotonically after an early stage of grain growth. Over the
same period, the grain volume fraction approaches unity at long
times. These observations suggest that the shallow quench lies
in the coexistence window, while the others do not.

In Figure 8, we plot grain density as a function of elapsed
time for the three quenches. The deep quench is the simplest
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Figure 8. Grain density p versus time during the quench at different
quench depths.

case; at this temperature, the grain density increases rapidly in
about 15 min and grain volume fraction approaches 0.9 at this
time. This is followed by a much slower increase in both p and
¢. This suggests that the ordering proceeds by the formation of
new grains throughout the duration of the quench. For the
intermediate quench, the phenomenology is similar except that
the increase in p and ¢ are much slower. For the shallow
quench depth, p decreases at long times (60 < t < 400 min)
suggesting that at this stage grains may be “melting”, i.e.,
undergoing a transition to disorder.

In the discussion above, we have described three separate
experiments performed on three different samples. We have
repeated these experiments on many samples and have
obtained quantitatively similar data as a function of elapsed
time.

Temperature Dependence of Grain Parameters. Figure
9a shows the grain length parameters | and w at 400 min as a
function of quench depth, and Figure 9b shows the grain
volume and grain volume fraction at 400 min as a function of
quench depth. Deeper quenches give rise to higher grain
densities and smaller grains, consistent with our earlier studies
on neat block copolymers.'"'* The main new feature is that
while the deep quench results in grain volume fractions
approaching unity, the shallow quench produces a sample that
is 33% ordered and 67% disordered after 400 min. This feature
has never been seen in our studies of neat diblock copolymers,
but is consistent with the findings of Thelen et al.*” as well as
the theoretical predictions of Nakamura et al.*® It appears that
the shallow quench falls within the coexistence window where
we obtain an equilibrium mixture of ordered and disordered
phases.

B CONCLUSIONS

We have studied structural changes occurring in block
copolymer/salt mixtures during quenches from the disordered
state to temperatures below the T,pr, where an ordered
lamellar phase is formed, using depolarized light scattering. By
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analyzing the scattering patterns, we have been able to
determine the time dependence of grain size, shape, density
and volume fraction. For a shallow quench (quench depth of 6
°C) we see evidence for the coexistence of ordered and
disordered regions, which is consistent with the findings of
Thelen et al.*” using SAXS, as well as the theoretical prediction
of Nakamura et al*® There are, however, some unexpected
consequences of adding salt to block copolymers. Highly
anisotropic prolate ellipsoidal grains with aspect ratios between
six and eight are obtained at early times. In contrast, weakly
anisotropic ellipsoids with an aspect ratio of about two are
obtained in neat lamellar block copolymers.’ At all quench
depths, the average grain volume first increases and then
decreases with increasing time. In neat block copolymers, grain
volume increases monotonically with time. Additional work is
needed to uncover the microscopic underpinnings nucleation,
growth, and eventual contraction of ordered grains in block
copolymer/salt mixtures.
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B ABBREVIATIONS

CCD  charge coupled device

DPLS depolarized light scattering

TIFF  tagged image file format

LiTFSI lithium bis(trifftuoromethanesulfonyl)imide

OCT  order—coexistence transition

ODT  order—disorder transition

PDI  polydispersity index

PEO  poly(ethylene oxide)

PS polystyrene

SAXS  small angle X-ray scattering

SEO  polystyrene-b-poly(ethylene oxide) diblock copolymer

Symbols

d distance between the sample and screen, mm

Co(g;lw) azimuthally symmetric component of theoretical
scattered intensity, dimensionless

C4(g;lw) 4-fold modulated component of theoretical scattered

intensity, dimensionless

zeroth cosine moment of experimental scattered
intensity, dimensionless
fourth cosine moment
intensity, dimensionless

fola)
fi(9)

of experimental scattered

I(q,u) experimental scattered intensity as a function of g
and p, dimensionless

I, experimental scattered intensity in forward direction,
q = 0, dimensionless

K, K(T) proportionality constant, as a function of temper-
ature, ﬂm_3

Lg thickness of SEQO/LiTESI sample, mm

l average grain length, ym

Mpgo number-average molecular weight of PEO block, kg
mol™*

Mg number-average molecular weight of PS block, kg
mol™!

n average refractive index of SEO/LiTFSI samples,
dimensionless

An difference between extraordinary and ordinary
refractive index of grains, n, and n, respectively,
dimensionless

q magnitude of scattering vector, yum™"

p total depolarized transmitted power, mW

P, incident laser power, mW

r lithium salt concentration, dimensionless

Tocr order-to-coexistence transition temperature

Topr order-to-disorder transition temperature

\% average grain volume, ym?®

w average grain width, ym

(% y) Cartesian coordinates of location on the scattering

pattern

Greek Letters

Flory—Huggins interaction parameter, dimensionless

grain volume fraction, dimensionless

wavelength of incident light, nm

polar scattering angle, rad

azimuthal scattering angle, rad

average grain density, number of grains per unit volume,
-3

pm

TR DR
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