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Characterization of a Block Copolymer with a Wide Distribution of
Grain Sizes
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ABSTRACT: Block copolymer/lithium salt mixtures are an emerging class of lithium battery electrolytes. Previous studies have
shown that the ionic conductivity of these materials is a sensitive function of grain size. Both depolarized light scattering (DPLS)
and small-angle X-ray scattering (SAXS) have proven to be effective techniques for elucidating the grain structure of block
copolymer (BCP) materials. DPLS is particularly useful for the characterization of samples with grain sizes larger than 1 ym,
whereas SAXS is particularly well suited for samples with grain sizes smaller than 0.1 ym. We present the results of both DPLS
and SAXS measurements of grain structure in a BCP/lithium salt mixture that was annealed after being initially prepared by
freeze-drying from solution. The combination of the two techniques demonstrates that our sample is characterized by an
extremely wide distribution of grain sizes. In particular, the sample has a large population of small sub-micrometer-sized grains
that cannot be detected optically. A bimodal grain distribution model is presented to support this interpretation of the
experimental data. The presence of both large grains and regions of undetectable small grains was confirmed by polarized optical
microscopy (POM). Two-wavelength DPLS measurements provide an additional approach for characterizing block copolymer
samples with a broad distribution of grain sizes.

B INTRODUCTION involved BCPs with experimentally accessible ODT temper-

Mixtures of block copolymers (BCPs) and lithium salts are atures, so those samples could be first disordered by heating,
important candidates for lithium battery electrolytes, owing to followed by ordermg. upon cooling the sample below the Topr-
their combination of rigidity and ionic conductivity.'~ These The ordered phase 1n1t1ally. forms by a process of rllucleatl.on
materials undergo a nanoscale phase separation forming and growth, eventually filling the entlfslgfgple with  grains
lamellae, cylinders, and other morphologies when cooled exhibiting a narrow distribution of sizes.”™ "~~~ Further §rowth
) ) . . . R DY) 15—17,23-28
below the order-to-disorder transition (ODT) temperature, of grains is possible through defect annihilation. In

Topr-'°~'> Coherent order of the lamellae or cylinders is all these studies, the resulting grain sizes were on the order of
. 14,17,18,25
limited to small regions called grains. A recent study has 1-50 pm. ) .
demonstrated that the Li" ion conductivity of BCP/Li" salt Small-angle X-ray scattering (SAXS) 1}28263‘_1528 been applied to
mixtures is inversely related to grain size 10 the measurement of grain size in BCPs.™ A plot of SAXS
Over the past 20 years, depolarized light scattering (DPLS) intensity vs t.he scatt.ering vector, g, fr(?m an .order.ed B ,CP
has proven to be extremely useful in characterizing the grain sample exhibits a series of peaks associated with diffraction
structure of lamellar and cylindrical block copolymers. 71 from the lamellar or cylinder morphology. The position of the

The angular spread of the DPLS pattern is inversely related to primary peak, g¥, is inversely related to the lamellar or cylinder

the average grain size. In particular, average grain sizes, shapes

and volume fractions, as well as growth kinetics, can be Received: June 28, 2016
determined by the analysis of the scattering patterns. Until now, Revised:  September 16, 2016
all studies of block copolymer grain structure by DPLS have Published: October 21, 2016
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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.

domain spacing, while the full width at half-maximum of the
primary peak is inversely related to the average grain size.'****!

Using both DPLS and SAXS, we have analyzed a BCP/
lithium salt mixture with an inaccessible ODT. Although the
neat polymer had an accessible ODT, the salt concentration of
the mixture was sufficiently high that the sample exhibited no
ODT in the accessible temperature window and thus could
never be disordered. When these samples were made by freeze-
drying from solution, they were completely ordered, albeit with
a very high defect density (or equivalently, small grain size).
Grain structure could be altered irreversibly by annealing the
sample at a temperature where grain growth by defect
annihilation could occur at a measurable rate. Complete
characterization of the grain structure and grain evolution in
this sample required a combination of both techniques. A
simple model for analyzing the experimental data is presented.

B EXPERIMENTAL SECTION

Materials. A polystyrene-block-poly(ethylene oxide) copolymer
(SEO) was synthesized by living anionic polymerization and
characterized by methods described in previous publications.'®**~%*
In order to compare the results of SAXS and DPLS measurements, an
electrolyte mixture identical to the one used in the SAXS study
described in ref 16 was selected for the DPLS measurements described
in this paper. The electrolyte mixture was prepared by blending the
neat block copolymer, SEO (4.9-5.5), with lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI), where the values of 4.9 and 5.5
stand for the molecular weights of individual blocks, which were 4.9 kg
mol™ for PS and 5.5 kg mol™ for PEO. The polymer had a
polydispersity of 1.04. Prior to mixing, the materials were dried under
vacuum; SEO was dried for 24 h at 90 °C, and LiTFSI was dried for 72
h at 120 °C. Salt-containing materials were handled in an argon
glovebox with moisture and O, levels below 1 ppm. The electrolyte
mixture was prepared by dissolving SEO in benzene and adding a
concentrated solution of LiTFSI in tetrahydrofuran. The volume of the
tetrahydrofuran added to the benzene solution was below S vol % to
facilitate freeze-drying. The solution was freeze-dried without exposure
to air for 1 week. The concentration of the salt (LiTFSI) is
represented by an r-value, which is the molar ratio of salt molecules to
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ethylene oxide groups. In both SAXS and DPLS measurements, the
mixture had a concentration of r 0.085, not far from the
concentration of 0.21 that gives the optimal ionic conductivity in
homopolymer PEO/LiTESI mixtures.”> The mixture does not exhibit
an ODT temperature.

The glass transition temperature of the PS phase in SEO (4.9-5.5)
with r = 0.085 is ~71 °C, 7 °C lower than the glass transition
temperature of the PS homopolymer of similar molecular weight.*®
The glass transition temperature of the PEO-rich phase is —40 °C, 24
°C lower than the glass transition temperature of the PEO
homopolymer.'®*® The electrolyte mixture has a lamellar micro-
structure both before and after annealing as determined by
SAXS.>***%7 Since this fully ordered electrolyte mixture has a degree
of microphase separation within the weak segregation regime, the
extent of mixing of PS segments in the PEO-rich microphase is
considerable; the mobilities of PS and PEO chains are mutually
influenced, and they are both strongly dependent on temperature.*®

Sample Preparation. The samples for DPLS were prepared by
pressing freeze-dried electrolyte into a spacer at room temperature.
Exposure to heat during sample preparation was avoided to prevent
irreversible grain growth before DPLS and SAXS measurements.”® The
dry electrolyte mixture filled a 0.793 mm thick polytetrafluoroethylene
spacer with an inner diameter of 4.76 mm. The sample was
sandwiched between two quartz windows in a custom-made air-free
aluminum sample holder. This sandwiched sample was vacuum-sealed
in an aluminum-reinforced polypropylene pouch in an argon glovebox.
The steps described above were conducted at Berkeley. The pouched
samples were shipped to Brooklyn for the light scattering and
polarized optical microscopy (POM) studies.

The samples for SAXS were prepared using a similar procedure,
which is described in detail in ref 16. Briefly, freeze-dried electrolyte
was pressed at room temperature into a fiberglass spacer (Garolite
G10), 0.150 mm thick, with a 3.175 mm inner diameter. High purity
aluminum foils 17 pm thick were pressed on either side of the polymer
to prevent material from flowing out of the spacer during heating. The
sample assemblies were sealed in a hard X-ray-transparent aluminum-
reinforced polypropylene pouch. SAXS measurements, described in ref
16, were performed at Beamline 7.3.3 at the Advanced Light Source
synchrotron in Berkeley, CA.*® The sample—detector distance was
approximately 1.8 m and was calibrated using a silver behenate
standard. A Pilatus 1M detector with a pixel size of 0.172 mm X 0.172
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Table 1. Thermal History Profiles during the Thermal Annealing
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mm was used to collect two-dimensional scattering patterns. A home-
built heat stage was used to control the temperature. The isotropic
two-dimensional scattering patterns were azimuthally integrated to
produce one-dimensional scattering profiles using the Nika package for
IgorPro.39

DPLS Measurement. A custom-designed apparatus for the DPLS
measurement was used;”> a schematic of the apparatus is shown in
Figure 1. The light source used was a Coherent continuous wave (cw)
diode laser with a fixed wavelength of 640 nm and an adjustable output
from 0 to 40 mW. We selected S mW as the output power to avoid
saturating the Lumenera CCD camera. As shown in Figure 1, the
incident beam was redirected by a glass prism into a half-wave plate
followed by a polarizer and an analyzer, with the heating block
sandwiched in between. The half-wave plate was rotated to maximize
the intensity of the incident beam transmitted through the polarizer.

A heating block surrounding the sample holder was used to control
the sample temperature, using two heating elements and a channel for
water circulation within the block. The heating elements were
connected to an Omega Engineering temperature controller
(CN9111A). Fast minimization of the difference between the process
temperature and the set temperature was achieved by circulating water
at the set temperature through the channel. The light transmitted
through the analyzer, whose transmission axis was rotated 90° relative
to the transmission axis of the polarizer, was reflected by a mirror and
then projected onto an Edmundoptics ground glass screen. The
Lumenera CCD camera, controlled by a custom-programmed
interface, was used to record the scattering patterns incident on the
screen. The scattering patterns were stored in the form of 8-bit, 480 X
640 pixel TIFF image files.

The DPLS sample was subjected to multistep quiescent isothermal
annealing to quantitatively reproduce the thermal history of the
isothermal annealing used in the SAXS measurements in ref 16. The
DPLS sample was first heated from 30 to 120 °C and then cooled back
to 30 °C; for each step during this heating—cooling process, the
system was maintained at a constant temperature for a specific period
of time as shown in Table 1. With the assistance of a Fisher-Scientific
water bath, the sample temperature reached the set point in
approximately 2—4 min for each step in both the heating and cooling
process. A calibration was performed to relate the actual sample
temperature to the set-point temperature on the controller and the
water bath. The heating block was preheated to 30 °C, and the
temperature was held at 30 °C for 20 min before the sample was
loaded into the heating block. The interface was activated to begin
recording the scattering patterns immediately after the sample was
loaded (the elapsed time, ¢+ = 0 min), and a scattering pattern was
captured at the end of each temperature step.

In a separate experiment, two DPLS patterns were obtained from a
freshly prepared sample at room temperature using two lasers with
different wavelengths. First, a scattering pattern was recorded using the
Coherent cw red diode laser (wavelength 640 nm), and then another
pattern was recorded from the same sample with a Laserglow cw blue
diode laser with a wavelength is 473 nm. The scattering patterns were
saved for later analysis.

Polarized Optical Microscopy. POM has proven to be a useful
tool in the characterization of grain growth and grain structure in BCP
solutions,” and we have employed it here to help in the interpretation
of our DPLS data. Unannealed samples were placed on the stage of a
Nikon Eclipse E200 microscope. The light from the halogen
illuminator was filtered using a Corning CS 4-65 green colored glass
filter. Polarizing and analyzing filters were crossed at 90°. Images were
recorded in the form of 1392 X 1040 pixel BMP files using a Lumenera
INFINITY 2-1RC CCD camera with INFINITY CAPTURE software.

DPLS Data Reduction and Analysis. Because the sample
exhibited no ODT, we assumed that the sample was always filled
with ordered lamellae. We employed the random uniaxial ellipsoidal
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grain model, using the equations and fitting procedures described in
ref 18, to obtain the average length and width parameters of the
ellipsoidal grains, w, I, the average grain volume, V = Iw? and the grain
aspect ratio, I/w. This model has been successfully used to characterize
an SEO electrolyte mixture with accessible ODT and several neat
block copolymers.'®'?****" The intensity of the scattered light
illuminating the ground glass screen can be described as a function of q
and p and consists of two terms as shown in eq 1

I(% /4) = IO[Co(qi I, W) + C4(‘]i I, w) cos 4/4] (1)

where q = 47247" sin(0/2), 0 is the polar scattering angle, y is the
azimuthal scattering angle, A is the wavelength of the incident and
scattered light, and I, is the intensity in the forward direction.

The C,y(g;l,w) component dictates the overall decay of the scattered
intensity as a function of g, [, and w; the C,(g;,w) component is a
measure of the depth of the 4-fold modulation of the scattering
pattern. Analytic expressions for these two components can be found
in ref 30. For spherical grains, i.e.,, [/w = 1, the scattered light intensity
is azimuthally symmetric and reduces to eq 2.

P B
I(q) = I, XP[ 4 ] @)

In our analysis, we obtained the estimated values of ], w, and I, through
the least-squares fitting of the two experimentally extracted cosine
moments, fy(q) and f,(q), to Cy and C, according to eqs 3 and 4.

f,(q) = fon (g, ) dp = 221,Co(q; 1, w) 3)

f4 (9) = /02” I(q, p) cos 4p du = 71,Cy(q; 1, w) @)

©)

According to eq 5, for a completely ordered sample, I, depends only
on the grain volume, V' = Iw?, because the proportionality constant, K,
is approximately independent of temperatum,25 and the volume
fraction of ordered grains, ¢, is unity at all times.

The grain number density, p, can be calculated from

p=9/V

I, = K¢V

(6)

B RESULTS AND DISCUSSION

Comparison between DPLS and SAXS. Reference 16
reported SAXS measurements of grain size as a function of
temperature for a sample undergoing the multistep isothermal
quench whose temperature profile is shown in Table 1. The
grain size, L, is defined as L = fwhm ™!, where fwhm is the full
width at half-maximum of the primary SAXS peak associated
with the lamellar structure of the sample. As shown in Figure 2,
SAXS shows grain growth during heating, and little change in
grain size during the subsequent cooling. In addition, the
average grain sizes, L, measured by SAXS range from 10 to 80
nm, several orders of magnitude smaller than those typically
measured by DPLS.

The results of DPLS measurements on a duplicate sample
that has undergone the same thermal history as the SAXS
sample are shown in Figures 3—5. Figure 3 shows images of
depolarized scattering patterns at three different times. Two
obvious features of these images are the angular spread and
overall intensity both increasing with time. While an increase in
intensity with time is the normal behavior for the time
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Figure 2. Dependence of grain size, L, on temperature, T, from SAXS
data, based on ref 16.

evolution of block copolymer DPLS patterns as the volume
fraction of grains increases, an increase in angular spread with
time is a highly unusual feature and is an indicator of grains
getting smaller with time. In all previous DPLS studies of grain
evolution in block copolymers,"’~"”***! the angular spread
decreased with time. Figure 4 displays plots of scattered
intensity as a function of scattering vector for the patterns
shown in Figure 3. The scattered intensity is nearly azimuthally
symmetric, indicating that the ordered grains are nearly
spherical on average (i.e., they are nearly rotationally symmetric
in shape or there is no correlation between shape and optic
axis).

After fitting the experimental scattering patterns to eqs 3 and
4, we obtain the grain parameters shown in Figure 5. In Figure
Sa, one sees that I, the scattered DPLS intensity in the forward
direction, obtained through a least-squares fit, increased by a
factor of 2 as the temperature increased from 30 to 120 °C.
Since K is roughly constant and ¢ = 1 throughout the heating
period, eq 8 suggests that the average grain volume doubled as
the temperature increased from 30 to 120 °C. During the
subsequent cooling process, little change in I; was observed.
These results are qualitatively similar to the SAXS results;
compare Figures Sa and Figure 2. In Figure S, parts b and ¢, the
average grain width, w, and the aspect ratio, I/w, are plotted as a
function of temperature. The data points in Figure 5 represent
the state of the grains during the last minute of the time period
corresponding to that temperature. The width parameter, w,
decreases from 12 to 8 um as the temperature increases, while
in the cooling period, w is independent of temperature. The
aspect ratio was 1.75 + 0.25 during the entire heating and

140y : T T
120/g O 45°at754 min (120°C)|
=] = (%at 754 min (120°C)
100l @ O 45°at 267min (70°C) J
= e (°at 267min (FO°C)
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+
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+
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Figure 4. Experimental development of spatially filtered intensity
profiles, I(q) vs g, along ¢ = 0° and y = 45°, at three times during the
heating process.

cooling process, consistent with the near azimuthal symmetry
of the scattering patterns. While both DPLS and SAXS
measurements show substantial grain size changes during
heating and little change during cooling, the observed trends
seem contradictory.

The grain evolution in a fully ordered sample with a decrease
in the average grain dimensions is at odds with our current
understanding of the kinetics of grain growth by defect
annihilation.'®"”**™* In addition, in the same DPLS measure-
ment, we obtain two apparently contradictory temperature
dependences of the average grain size determined from the
angular spread of the scattered intensity and from the absolute
scattered intensity in forward direction. To understand these
unusual features associated with DPLS measurements on an
electrolyte mixture that cannot be disordered, we need to
consider the specifics of the grain evolution in such samples, as
well as the limitations of both the SAXS and DPLS techniques.

The grain evolution in an electrolyte mixture with no ODT
starts with a set of pre-existing grains that is created during the
sample preparation by freeze-drying. We posit that freeze-
drying results in an extremely wide range of sizes. In contrast,
the grain evolution in a block copolymer with an accessible
ODT can start with a completely disordered state and proceeds
by nucleation and growth, resulting in the sample with a narrow
range of grain sizes.

The determination of grain size by SAXS is limited by the
experimental resolution of the widths of the X-ray scattering

(@)

(©)

Figure 3. Parts a, b, and c represent depolarized scattering patterns captured at 30 min (30 °C), 267 min (70 °C), and 754 min (120 °C),
respectively, with a sample heated from 30 to 120 °C. The maximum scattering vector q at the sides of each image is 1.13 ym™". 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.
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Figure S. Temperature dependence of (a) the scattered intensity in the forward direction, I, (b) grain width parameter, w, and (c) grain aspect ratio,

I/w, determined by DPLS.
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Figure 6. (a) Apparent grain volume fraction and apparent grain number density ¢b,,,* and p,,,* determined by DPLS are plotted versus
temperature during the heating period. (b—d) Cartoons describing the detectable grain evolution during the heating period.

peaks. For the experimental conditions used to obtain Figure 2,
the detector had a pixel size of 0.172 mm X 0.172 mm and was
located approximately 1.8 m from the sample, and the X-ray
source produced 10 keV monochromatic X-rays. This results in
a g-resolution of 0.0125 nm™', which corresponds to a
maximum detectable grain size of 80 nm. Thus, SAXS is only
sensitive to the grains in the sample that are smaller than 80

nm.
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Light scattering techniques such as DPLS are diffraction-
limited methods that are intrinsically poor at detecting
structures that are smaller than the wavelength of the light.
The detection of very small grains is difficult because (1) the
scattered intensity is proportional to the grain volume and (2)
the angular spread of the scattered light is inversely related to
the grain diameter. Thus, in a light scattering pattern from a
sample consisting of a wide range of grain sizes, the smallest
grains will contribute a negligible intensity to the pattern. For
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example, a 10 ym grain contributes a million times the intensity
as a 0.1 pum grain. Furthermore, assuming the incident light has
a wavelength of 1 um, the 10 ym grain scatters its light into a
cone centered around the forward direction with an angle of
~2°, while the 0.1 ym grain scatters its light almost uniformly
at all angles and thus contributes a negligible uniform
background intensity to the scattering pattern.

If we imagine that the detectable DPLS scattering pattern
arises from a subset of large grains in the completely ordered
sample, then the remaining portion of the sample is effectively
behaving optically as if it were disordered. The grain volume
obtained by the analysis of the experimentally measured
scattering pattern is then an “apparent” average volume, V.,
and the volume fraction of detectable grains becomes an
apparent volume fraction, ¢,,,, of ordered grains. The increase
in I, shown in Figure 3 is now interpreted not as an increase in
average grain volume, but as an increase in ¢,,,. As small,
undetectable grains grow larger, they eventually grow large
enough to be detected and then add to the apparent ordered
volume fraction.

As shown below, eqs 5 and 6 can be transformed into eqs 7
and 8 by replacing ¢, V, and p with ¢,,, V., and p,,,
respectively, where p,,, is apparent grain number density,
which represents the number density of detectable grains within
the illuminated volume.

IO = Kq?appVaPP (7)
T Vi (8)

Assuming K is approximately independent of temperature, we
define a relative volume fraction at temperature T,
b * = K(T),,(T) hop(T)

app ~
app K(120 °C)h,, (120 °c) ¢“PP(120 °C)

to evaluate the

change of the apparent volume fraction throughout the heating
period, where K(T) ¢(T) is calculated using eq 7. Both I, and
V,pp are obtained through least-squares fits to the experimental
scattering patterns captured at the end of each quench step, in
the same way as was done for the data in Figure 2. We also
define a relative grain number density at temperature T,
. _ K(T)p,,,(T) Ppp(T)

Pop” = K120 °C)p,, (120 °C) ~ p (120 °C)
change of the number density of detectable grains. In Figure
Sa, we plot the p,,,* and ¢, * versus quench temperatures.

We believe the apparent discrepancies between the results of
DPLS and SAXS measurements come from the wide
distribution of grain sizes of the pre-existing grains formed by
freeze-drying from solution. Furthermore, both techniques are
needed to detect the full range of this wide distribution. The
grain evolution based on this view is shown in Figure 6b—d.
According to Figure 6a, both the apparent grain number
density and apparent volume fraction from DPLS are increasing
with increasing temperature. In Figures 6b—d we show
cartoons to describe how the apparent grain distribution is
evolving with time. The grains that are detectable in the freshly
prepared freeze-dried sample are depicted in Figure 6b. At later
times, depicted in Figure 6¢, in addition to the large grains that
were present at the beginning, smaller grains have grown large
enough to become detectable. With increasing time and
annealing temperature, more small grains become detectable
as shown in Figure 6d.

to evaluate the
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Bimodal Grain Distribution Model. In order to test our
hypothesis concerning the limited detectability of small grains,
we have attempted to develop as simple a grain distribution
model as possible that exhibits the essential features of our
DPLS data. We consider a block copolymer sample that is
completely occupied by grains. For rotationally symmetric
grains of width w, a correlation function analysis yields a
depolarized scattered intensity, I(q), incident on a detector
plane perpendicular to the incident beam given by

w

2
1(q) = 0.003k*z>" *Vw’In*(n, — n,)* exp —(q—)
2 ©)

where k is the wavenumber of the light, V; is the illuminated
sample volume, I; is the incident light intensity, n, and n, are
the extraordinary and ordinary refractive indices, n is the
average refractive index, and g is the magnitude of the
scattering vector.

For convenience, we re-express the scattered intensity in
terms of the grain volume, v = w®. We take eq 9 to represent the
power contributed by grains whose volume is between v and v
+ dv. For this set of grains, V; is replaced by vN(v) dv, where
N(v) dv is the number of grains in this interval. Then for a full
distribution of grain sizes

J dv
(10)

where & is 0.003k*7>*[n*(n, — n )% As the grains in a sample
evolve with time, they grow in size. Since the total sample
volume is fixed, grains can only grow by merging with other
grains. Thus, the time-dependent volume distribution N(v,t)
must satisfy the condition

2.2/3

4

I(q) = K/N(v, t)v2 exp(— 1

N, thvdv =V,
‘/0 (V) )V v total (11)

where v, is the volume of the largest grain and Vi, is the
total illuminated volume of the sample. The total number of
grains at time f, Ny, (t), is given by

Ntotal(t) = A N(V; t) dv (12)

As grains grow, the total number of grains decreases, and their
volumes increase with time. The expression for the total
detectable scattered intensity is given by

] dv

where vy, is the smallest grain volume that can be detected
because of the limited collimating properties of the
experimental apparatus. This threshold grain volume is related
to a threshold grain width, wy, by the relation vy, = wy>. The
actual and apparent average grain volumes can be calculated
from the time-dependent grain volume distribution from the
equations

2.2/3

I(g, t) = Kf "N, t)v? exp(—q

Vth

(13)

fovm vN(v, t) dv

<V>actua = N
: '/OmaxN(V, t) dv (14)
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/vmx vN(v, t) dv

Yt

/V:WN(V, t) dv (1)

In our model, the actual volume occupied by grains is unity
throughout the time evolution, but we can calculate an
apparent volume fraction of grains by summing over only
those grains whose volumes are greater than the threshold
volume.

(V )apparent -

fv""x vN(v, t) dv

bop =
PP /0 vN(v, t) dv (16)

A realistic grain volume distribution must be consistent with
two characteristic features of the experimental DPLS data
during the heating portion of the annealing process: (1) the
apparent grain width decreases by a factor of 1.5 (Figure Sb),
which corresponds to a decrease in the apparent grain volume
by a factor of 1.5 ~ 3.3, and (2) the apparent grain volume
fraction increases by a factor of 7 (Figure 6a). The first
condition places severe restrictions on the form of a suitable
volume distribution. It rules out all single-peaked distributions,
including normal (Gaussian) and log-normal distributions,
which, according to eq 15, yield an apparent average grain
volume that increases monotonically as the peak volume of the
distribution increases. The simplest volume distribution that
can exhibit a decrease in the apparent grain volume is a double-
peaked distribution. We assume that the volume distribution
consists of two parts, a and b. Part a describes a population of
very small grains, while part b describes a population of large
grains. If we allow the volumes in both populations to grow at
the same rate (dv/dt), the fractional increase in the small grain
volumes will be substantial, while the fractional increase in large
grain volumes will be negligible. For simplicity, we assume that
the large grain distribution (part b) is fixed over the time scale
of our simulations. For the distribution parameters we have
used, fixing the part b distribution changes the calculated
quantities by less that 3%.

For ease of computation, we take each distribution to be
“rectangular”, having constant amplitudes A,(t) and A, over a
range of volumes (see Figure 7). We take the width of each

N All)
E
=2
5 =
£ Parta Part b
g
i W, W,
S
=

Lq(t) Ra(t)

Grain Volume, v

L, R,

Figure 7. Bimodal population distribution at time t. Unshaded
rectangle is part a, and shaded rectangle is part b.

distribution to be constants W, and W,, with left-hand and
right-hand volume limits of L,() and R,(t) = L,(t) + W, for
part a and Ly, and R, = L, + W, for part b. (The actual grain
distributions are likely to be much more complex; however, we
show that many of our observations can be quantified by this
simple model.) We allow L,(f) to increase linearly with time,
which requires that the amplitude A,(t) decrease with time to
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conserve sample volume, as shown in Figure 8. The second
feature of the DPLS data, the increase in apparent volume

NV VA vin®

Figure 8. Time evolution of the small-grain portion (part a) of
bimodal population distribution. The large-grain portion (part b) is
off-scale and therefore not shown in this figure.

fraction with time, puts restrictions on the volume fractions of
the a and b populations of grains. In particular, a large portion
of the volume fraction must cross the threshold volume during
the experiment. We assume that the initial small grain
population ranges in size from zero to the threshold volume
and that by the end of the experiment half of that population
has exceeded the threshold. To ensure that the volume fraction
that crosses the threshold is sufficiently large, we have chosen
the small grain volume fraction to be ¢, = 0.9 and the large
grain volume fraction to be ¢, = 0.1. We have also chosen the
position of the fixed b distribution to produce the required 3-
fold decrease in apparent average grain volume during the
experiment. Using the moving small-grain distribution shown in
Figure 8 and a fixed large-grain distribution given by Ly = Svy,
and R, = 1S5vy, we have computed the resulting scattered
intensity at discrete time intervals #, where i = 0—20, calculated
from eq 13. At the start of the run (i = 0), L,(f,) = 0 and R,(%,)
= vy, so that all of the small grains are below the detection limit.
At the end of the run (i = 20), L,(t,9) = 0.5vy, and R,(t55) = 1.5
Vg, so that half of the small grains are detectable. All model
plots employ dimensionless volumes, v/vy, and dimensionless
scattering vectors, qvthl/ 3,

For this bimodal grain distribution, the integrals in eq 10 can
be evaluated analytically. The resulting I(q,t) distributions are
shown in Figure 9. They show the same trend as the
experimental I(g,t) distributions shown in Figure 4. To get a

2.0 T T T T
‘l
Ly
1,5::: A =20
o oe 4 =15
oo & o =10
E10 i o i=5
O.‘
0:‘
0.5} o ta
g
n:§
o
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Figure 9. Calculated intensity I(q) versus q for the bimodal population
distribution at several different time steps.

DOI: 10.1021/acs.macromol.6b01380
Macromolecules 2016, 49, 8198—8208


http://dx.doi.org/10.1021/acs.macromol.6b01380
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.6b01380&iName=master.img-007.jpg&w=164&h=107
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.6b01380&iName=master.img-008.jpg&w=161&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/acs.macromol.6b01380&iName=master.img-009.jpg&w=139&h=111

Macromolecules

2-5' T T T Ll
2.0F E
= pooo
> DDDDDUU
] UDGD
& DDU
1.5p0 P
1.0| L 1 L 'l
5 10 15 20
Time Step, i
(a)

Qreten (M)

0.4 T T T T
=] o
0.3 o o 1
a
o
0.2 o -
0.1 4
O‘O L 1 L L
0 200 400 600 800
Time (min)
(b)

Figure 10. Full width at half-maximum of I(q) vs q as a function of time based on (a) model calculations and (b) experiment.

better idea of the relative widths of these distributions, we also
plot g the full width at half-maximum of the I(g) vs g plot,
as a function of time, in Figure 10a. The full width at half-
maximum increases monotonically with time, as does the same
plot based on the experimental data shown in Figure 10b. Since
devhm 1S inversely proportional to the average grain size, we
conclude that the apparent grain size is decreasing with time,
leveling off to a constant value.

Figure 11 shows the plots of these average grain volumes as a
function of time. The actual average grain volume grows

12L
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Figure 11. Actual and apparent average grain volume as a function of
time from model calculation.

monotonically with time, while the apparent grain volume
decreases sharply at early times, leveling off to a constant
volume at long times. This is qualitatively similar to the changes
in the experimentally observed average grain size shown in
Figure 5b, although the decrease is steeper. This steep decrease
seen in Figure 11 is probably an artifact of the “rectangular”
small grain distribution; a Gaussian small grain distribution
would have produced a more gradual decrease in the apparent
average volume. Figure 11 shows a decrease in grain volume by
a factor of 6.7, which corresponds to a change in grain width of
673 = 19, which is in reasonable agreement with the
experimentally observed decrease in grain width by a factor of
1.5. Quantitative agreement between Figure 11 and Figure 5b
would require that 10vg, = (12 um)? or wy, = 5.6 um. This same
value of wy, gives reasonable quantitative agreement between
Figures 10a and 10b. Based on a light source with wavelength
of 0.64 pum, such a threshold width seems too high. On the
other hand, our model is almost certainly a great over-
simplification of the grain distribution in the actual sample. The
grains in our samples are probably highly irregular in shape and
very narrow in certain dimensions, which would make them
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below the threshold for detection even when their average

widths are fairly large.

Figure 12 shows a plot of apparent volume fraction as a
function of time. This plot shows the apparent volume fraction
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Figure 12. Apparent volume fraction vs time from model calculation.

increasing from about 0.1 to 0.66 over the course of the time
evolution of the sample. Thus, the apparent volume fraction is
increasing by a factor of 6.6, which is in good agreement with
experimentally calculated relative apparent volume fraction
shown in Figure 6, which increases by a factor of about 7.

POM Images of an Unannealed Sample. Figure 13
shows a POM image of an unannealed, completely ordered
SEO/LiTESI sample held between crossed polarizers. In this
figure, one sees a dark background punctuated by small bright
features, whose sizes range from about S to 50 ygm. This image
is reminiscent of the cartoons in Figure 6. We interpret the
bright regions to be large birefringent grains and the dark
background region to be filled with sub-micrometer grains that
are not detectable by polarized optical microscopy. This
interpretation is consistent with and corroborates the bimodal
grain distribution picture that emerged from our analysis of the
depolarized light scattering data.

DPLS Measurements with Two Wavelengths. DPLS
scattering patterns were obtained from an unannealed sample at
room temperature by using two lasers with wavelengths of 473
and 640 nm, under otherwise identical experimental conditions.
As shown in Figure 14, the spread of the 473 nm pattern is
significantly greater than that of the 640 nm pattern, and least-
squares fitting yields an apparent grain width of 12 ym with 473
nm light and 23 pm with 640 nm light. The result is consistent
with our hypothesis that fully ordered samples prepared by
freeze-drying from solution contain a broad distribution of
grain sizes, and that DPLS with a shorter wavelength of light is
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Figure 13. POM micrograph of an unannealed sample held between
crossed polarizers and illuminated with green light at room
temperature. The green scale bar in the lower right-hand corner is
50 pum long. The bright green features are large birefringent grains
ranging in size from about S to 50 pm. The dark background is filled
with sub-micrometer grains that are undetectable by both DPLS and
POM.
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Figure 14. Least-squares fit of experimentally extracted, Cy(q), from
the scattering patterns captured from an unannealed sample at room
temperature, using lasers with wavelengths of 473 and 640 nm.

capable of detecting smaller grains than DPLS with a longer
wavelength. This is shown schematically in the inset to Figure
14, in which the blue laser is capable of detecting a population
of small grains that is undetectable with the red laser.

B CONCLUSIONS

In summary, although DPLS and SAXS have proven to be
effective techniques for independently elucidating the grain
structure of ordered block copolymer materials, there are BCP
samples for which a combination of DPLS and SAXS is needed
to provide a complete picture of the grain structure. This is
especially true for samples in which there is a wide range of
grain sizes and a significant population of grains that are smaller
than the wavelength of the incident light used in DPLS. While
we have shown that such distributions arise naturally in BCP
samples prepared by freeze-drying from solution, other
processing methods may result in wide distributions. For
such samples, DPLS overestimates the average grain size and
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underestimates the grain volume fraction because the small,
subwavelength grains are not detectable, while SAXS under-
estimates the average grain size because it is insensitive to
grains larger than 0.1 ym. Our results suggest that only grains
with sizes larger than about 5 ym can be detected by DPLS
using 640 nm light. Additional DPLS measurements with 473
nm light enable detection of smaller grains. A simple bimodal
population model was used to interpret the DPLS data. This
model was confirmed by the analysis of POM images. The
present work is only the first step toward characterization of
block copolymer samples with wide grain size distributions.
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B ABBREVIATIONS

BCP  block copolymer

BMP  bitmap image file

CCD  charge coupled device

DPLS  depolarized light scattering

fwhm  full width at half-maximum

TIFF  tagged image file format

LiTFSI lithium bis(triftuoromethanesulfonyl)imide

ODT  order—disorder transition

PDI  polydispersity index

PEO  poly(ethylene oxide)

POM  polarized optical microscopy

PS polystyrene

SAXS  small-angle X-ray scattering

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

Symbols

A(t) evolving amplitude of part a in bimodal distribution,
grains/grain volume

A, fixed amplitude of part b in bimodal distribution,
grains/grain volume

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
time step, dimensionless

fo(‘])
f4(‘1)

of experimental scattered

1(q,u)

experimental scattered intensity as a function of g
and y, dimensionless™

I(q,t) theoretical total detectable scattered intensity at
time, t, dimensionless

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

I intensity of the incident light, dimensionless
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K proportionality constant, as a function of temper-
ature, ,um_3

k wavenumber of incident light, ym™

l average grain length, ym

1/w average aspect ratio, dimensionless

L average grain dimension by SAXS, nm

L,(t) evolving lower bound of the volume distribution of
part a, ym

L, lower bound of the volume distribution of part b, um

N(v,t) number of grains with grain volume, v, per unit
volume at time ¢, gm™>

N(®v) number of grains with grain volume, v, per unit
volume, pm™>

Niwi(t)  total number of grains at time, f, dimensionless

n average refractive index of a grain, dimensionless

1 extraordinary refractive index of a grain, dimension-
less

1, ordinary refractive index of a grain, dimensionless

q magnitude of scattering vector, ym ™"

q* the position of primary peak of SAXS intensity
profile, nm™!

Qfwhm full width at half-maximum in I(q) vs q plot, um™"

r lithium salt concentration, dimensionless

R(t) evolving upper bound of the volume distribution of
part a, um

Ry upper bound of the volume distribution of part b,
um

t elapsed time, minute

Topr order-to-disorder transition temperature, °C

T sample temperature, °C

\% average grain volume, ym?

Vipp apparent average grain volume by DPLS, ym®

V, illuminated sample volume, ym?®

Viotal total illuminated sample volume, pm?*
the volume of an individual grain, ym?

o the volume of the largest grain, ym’

Ve the smallest grain volume that can be detected

because of the limited collimating properties of the
experimental apparatus, ym

the actual average grain volume, ym®

the apparent average grain volume, ym?®

(V) actual
(v)

apparent

w . average grain width, ym

Wj_s40nm the apparent average grain width determined by
DPLS with 4 = 640 nm, ym

Wj—473nm the apparent average grain width determined by
DPLS with A = 473 nm, ym

w, the width of the rectangular distribution of part a,
um

Wy the width of the rectangular distribution of part b,
pum

Greek Letters
¢ grain volume fraction, dimensionless
¢pp the apparent volume fraction of the ordered grains,

dimensionless

¢pp* the relative volume fraction of ordered grains,
dimensionless

A wavelength of incident light, nm

0 polar scattering angle, rad

u azimuthal scattering angle, rad

p grain number density, number of grains per unit volume,
pm™>

Papp  the apparent grain number density, um™3

Papp”  the relative grain number density, dimensionless
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K 0.003k*7> 1 (n, — n,)*
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