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ABSTRACT: Solution-cast films of sulfonated block copolymers
are investigated for applications in water purification, gas
separations, and fuel cells. It is well known that solvent
composition influences the structures that form in solutions of
sulfonated block copolymers and in the corresponding films. The
solutions often contain trace water due to the hygroscopic nature
of sulfonated polymers, and the effect of trace water on structure
formation has not been previously explored. Water will drive
dissociation of sulfonic acid, which in turn might accelerate the
rearrangement of polymer chains by disrupting hydrogen bonds
between acid groups. In this work, we examine the effects of trace
water on the solution-state structure of a sulfonated pentablock
copolymer (SPC) and the ultimate film morphology using small-
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angle X-ray scattering. The solvent used was a mixture of toluene and n-propanol with varying molar ratios of water to sulfonic acid
(2). In solutions with 4 = 0, the SPC adopts a disordered structure. The addition of trace water (4 = 3.2) to SPC solutions drives a
rapid self-assembly into an ordered lamellar structure. However, the presence of trace water in the solution has little effect on
processing the SPC into films as water will rapidly escape from the drying film in a dry environment. For film processing, ambient
humidity is more important than trace water in the solution as moisture in air provides a constant supply of water to the film as the
solvent evaporates. While there are many variables that control the morphology of solution-cast SPC films, these studies demonstrate
that trace amounts of water play a critical role in kinetics and thermodynamics of solution-state self-assembly and the evolution of

nanoscale structures during film drying.
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B INTRODUCTION

Block copolymers (BCPs) are an interesting class of materials
due to their ability to self-assemble into well-defined nanoscale
structures in the melt state and in solutions. In the melt state,
the equilibrium phase behavior is controlled by several factors,
including (1) enthalpic incompatibility between the blocks,
controlled by yN, where y is the the Flory—Huggins
interaction parameter between two blocks and N is the degree
of polymerization; (2) the volume fraction of each block; and
(3) the architecture of the block copolymer.1 However, block
copolymers with highly incompatible blocks have very slow
diffusion rates in melts,” which makes it difficult to achieve
equilibrium microphase-separated morphologies by thermal
annealing. Consequently, solvent-based processing is often
used for such systems, and the resulting morphologies are
often different from the equilibrium state produced by melt
processing.

Solution processing is commonly used for preparing
membranes based on ionic block copolymer films for fuel
cells,”™” gas separations®” and water purification.'’”"* In these
block copolymers, one of the blocks contains ionic or acidic
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moieties, which provide transport pathways for water, protons,
and ions, while the other neutral block (or blocks) is used to
tailor mechanical properties. The lamellar (LAM) morphology
has been extensively studied for applications in mem-
branes."* ™' The transport properties in this phase depend
on various factors such as grain sizes and defect structures,
which are controlled by relative volumes of each block,'”'* the
type of solvent used in processing,'”'® and other process-
related conditions such as thermal history."® Highly defective
LAM structures are similar to network-like phases and provide
improved transport properties.'*'*'”'? Furthermore, the LAM
morphology occupies the largest fraction of the block
copolymer phase diagram, so it is not very sensitive to changes
in the relative volume fractions of each block due to missed
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targets in synthesis or swelling by solvents. In solvent
processing, there are numerous variables that determine the
morphology of the final dry film, including solvent selectivity
toward each block, polymer concentration in solution and
solvent evaporation rate. A major challenge with solution-cast
ionic block copolymers is understanding how these process
variables will influence the film morphology.

In this work, we studied the effects of trace water on self-
assembly of a sulfonated pentablock copolymer (SPC),
poly(tert-butylstyrene-b-hydrogenated isoprene-b-sulfonated
styrene-b-hydrogenated isoprene-b-tert-butylstyrene) (tBS-HI-
SS-HI-tBS). The solution-state self-assembly of this SPC has
been studied in prior works, and depending on the polymer
concentration and solvent polarity, the SPC can either dissolve
into free chains or assemble into spheres, lamellae, and
disordered nanoscale aggregates.'””°"** The structures of
solution-cast SPC films have also been studied, and
morphologies such as lamellae, cylinders, and spheres have
been observed depending on the solvent type used for
casting.'”**™*” Trace water is difficult to avoid during the
solution processing of SPC into films as the material soaks up
water when stored at ambient humidity due to the hygroscopic
sulfonated midblock.”?"*® As a result, the solution will contain
small amounts of water (ca. 1—5 wt %) unless the polymer is
dried prior to dissolution or the solution is dried prior to use.
However, to our knowledge, the effects of trace water on
solution-state SPC self-assembly and subsequent processing
into films have not been previously considered. In polyelec-
trolytes with strong interactions arising from intrinsic ion pairs,
water provides mobility to the polymer chains by increasin§
the free volume and acting as a lubricant between the chains.”
This effect of water results in plasticization of polyelectrolyte
films as a function of relative humidity.>° > In sulfonated
polymers, the presence of water drives the dissociation of
sulfonic acid groups,g'6 resulting in a similar plasticizing
behavior. Therefore, the enhanced mobility of polymer chains
arising from the dissociation of sulfonic acid likely impacts the
kinetics of SPC self-assembly in solution and the morphology
that forms during subsequent film processing.

For the purposes of this work, trace water refers to molar
ratios of water to sulfonic acid (4) in the range of A = 0 — 3.2,
corresponding to water compositions of 0—1.9 wt % relative to
the solvent. The investigation was split into two parts: First,
the self-assembly of SPC in solution was monitored with time-
resolved small-angle X-ray scattering (SAXS) as a function of A.
Second, the structure of solution-cast films was measured with
SAXS as a function of A in the solution, relative humidity
during casting, and evaporation rate/casting method. These
studies show that kinetics of solution-state self-assembly is
accelerated in proportion to 4, but film formation is not very
sensitive to A and is largely determined by other process
conditions such as evaporation rate and humidity.

B EXPERIMENTAL SECTION

SPC Material. The SPC (tBS-HI-SS-HI-tBS) was provided by
Kraton Polymers as films (Figure 1).*” The midblock styrene was
sulfonated to 52 mol %. The weight fractions of the SPC blocks were
20-10-40-10-20 (tBS-HI-SS-HI-tBS) and the overall molecular weight
was approximately 60—70 kg/mol. The as-received films had a
spherical SPC morphology with an SS core, as reported by others***®
and confirmed with SAXS measurements. The films were soaked in
deionized water (18.2 MQ) for 24 h to extract byproducts from the
sulfonation reaction and then dried in air for 24 h.
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Figure 1. Structure of BCP, where tBS = tert-butylstyrene, HI =
hydrogenated isoprene, and SS = partially sulfonated styrene (52 mol
%). Molecular weight (pre-sulfonation): 15-10-28-10-15 kg/mol.

Polymer Solution Preparation for Time-Resolved SAXS.
Toluene (T, ACS grade, Fisher) and 1-propanol (nP, >99.0%, VWR)
were dried at room temperature by storage over 30% w/v of
molecular sieves (3A, 8—12 mesh, Acros Organics) for 1 week.>® The
SPC was dried in a vacuum oven at 80 °C for 24 h. The polymer mass
was determined immediately after drying, and the material was stored
under continuous vacuum while solvent mixtures were prepared.
Unless otherwise indicated, all solvent mixtures were prepared with a
33:67 ratio of nP/T (wt/wt) denoted as nP;;:T¢;. The amount of
water required to produce A of 1.6 or 3.2 was calculated for the
measured mass of the dry polymer and then added to the solvent
mixture. The SPC composition in solution was 16 wt % in all cases.
These solutions were tightly sealed and left undisturbed for 24 h to
undergo complete dissolution.

Film Formation at Low and High Humidity. All solutions were
prepared and stored inside a nitrogen purged glovebox to avoid
exposure to water. Solvent vials containing nP, T, and water were
taken into a glovebox after purging the head space with argon. SPC
films were loaded into a glovebox immediately after drying. Two
solutions were prepared with 4 = 0 and 4 = 3.2, each containing 16 wt
% polymer by mass and nP;3:T,; solvent. Films were drop-cast both in
the glovebox (maintained below 3 ppm H,0) as well as under
ambient humidity. Drop-casting was done on Kapton sheets inside a
balance using 0.1 mL of solution that was aged for a specified time
between 1—25 days. The mass was recorded as a function of time
during the evaporation process, and the solvent evaporation with time
is shown in Figure S1. For drop-casting in ambient humidity, a small
amount of solution was drawn from the stock solution in the glovebox
and taken in a sealed vial. The thicknesses of drop-cast films (after
solvent removal) were between 150—300 pm. Film preparation for
studies on the effect of the evaporation rate/casting method was done
by bar-coating on Kapton at ambient humidity using an Elcometer
film applicator with gap heights ranging from 125—1125 pm. The
thicknesses of bar-coated films (after solvent evaporation) were
between 10—100 ym.

Small-Angle X-ray Scattering (SAXS). Time-resolved SAXS
measurements of solutions were performed with a SAXSLab Ganesha
at the University of South Carolina SAXS Collaborative. An 80 uL
quantity of each solution was placed in a hermetically sealed sandwich
cell with Kapton windows and stored under continuous vacuum
maintained at 1072 mbar throughout the 15 days of measurement to
prevent the ingress of extraneous water. A Xenocs GeniX 3D
microfocus source with a copper target was used to produce a
monochromatic beam with a 0.154 nm wavelength. The sample to
detector distance was 1 m. A Pilatus 300 k detector (Dectris) was
used to collect the 2D scattering patterns with nominal pixel
dimensions of 172 ym x 172 pm. The data acquisition time was 30
min. All static measurements of solutions and dry films were
performed at the Polymer Characterization Laboratory at the
University of Tennessee, Knoxville. A Xenocs GeniX 3D microfocus
source with a copper target was used to produce a monochromatic
beam with a 0.154 nm wavelength. The sample to detector distance
was 0.9 m for films and 1.8 m for solutions. A Pilatus3 R 300 K
detector (Dectris) was used with nominal pixel dimensions of 172 ym
x 172 pm. The data acquisition time was 3 min for films and 10 min
for solutions. The two-dimensional images from each measurement
(either instrument) were azimuthally integrated with SAXSGUI to
yield a one-dimensional scattering profile of intensity I (a.u) versus
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Figure 2. Time-resolved SAXS measurements of 16 wt % SPC solutions in different solvent mixtures: (A) nP33:T¢;, 4 = 0; (B) nP33: T4y, 4 = 1.6;

(C) nPy;: Ty, A = 3.2; (D) nPag: Ty, nP/T, A = 0.

scattering vector ¢ (nm™'). In all the figures showing SAXS data, the
plots from each data set have been offset vertically for clarity.
Transmission Electron Microscopy (TEM). TEM measurements
were performed on drop-cast films that were sectioned to a thickness
of around 30 nm by a Leica EM FC7 microtome at —30 °C. The
sections were stained by sealing them in a centrifuge tube for 30 min
with osmium tetroxide vapor, which segregates in HI and may
reactively stain tBS. The obtained sample slices were imaged by a
Zeiss Libra 200 HT FE MC transmission electron microscope.

B RESULTS AND DISCUSSIONS

Solution Structure. The solution phase behavior of this
SPC in polar, nonpolar, and mixed solvents has been studied in
previous works.'”*°~** When the solution composition is 4—5
wt % polymer, the SPC structure is spherical micelles with an
SS core*"** at low solvent polarity and changes to free chains”'
or inverted micelles with an SS corona” with increasing
polarity of the solvent. In one of these examples, the SPC was
dried before dissolving in the solvent,”’ but the other study did
not specify the water content.”” As polymer loading in the
solvent is increased, the SPC can assemble into either ordered
or disordered morphologies, depending on the solvent
composition. For example, when the SPC is dissolved in nP/
T solvent mixtures at a loading of 20 wt %, which includes 20
wt % water from storage at ambient humidity, the structure
after 2 days of dissolution at room temperature is lamellar
(LAM) for 29—36 wt % nP and disordered (DIS) for 40—50
wt % nP."”

Building on these prior results, the first goal of the present
study is to examine the kinetics of SPC self-assembly in nP/T
solvent mixtures with and without trace water. For this
purpose, we selected conditions that produce a LAM phase in
solution as this morphology is of particular interest for
membranes. Unless otherwise stated, the solvent used for these
studies was nPs3:Tg; (33 wt % nP, 67 wt % T) and the SPC
loading in the solvent was 16 wt %. The molar ratio of water to
sulfonic acid (4) was varied in the range of 0 to 3.2. These
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conditions fall within the LAM region of the solution phase
diagram at room temperature.17

Figure 2 reports time-resolved SAXS data for solutions at
room temperature with different amounts of trace water over a
period of 15 days. The position of the primary peak (g*) and
its full width at half-maximum (FWHM) were determined by
fitting to a Voigt line shape. Figure 2A shows data for the
nP;;:Tg, solvent with 4 = 0. From 1—-10 days, the SAXS
spectra exhibit a single broad peak at ¢* = 0.19 nm™' (FWHM
=0.055 nm™"), indicative of a poorly ordered structure. By day
12, the g* peak becomes narrower (FWHM = 0.027 nm™")
and a higher-order peak emerges at 2q*, consistent with the
formation of an ordered LAM structure. According to the
Scherrer equation, grain size is proportional to 1/FWHM, so
the grain size approximately doubles over this time frame.”

The time-resolved SAXS data were collected from solutions
in tightly sealed sandwich cells that were stored under vacuum
over 15 days. To ensure that the transition from a poorly
ordered structure to ordered LAM was not induced by a leak in
the cell, i.e., an undetectable level of solvent evaporation under
the dynamic vacuum, several control experiments were
implemented using solutions that were aged in sealed vials at
ambient pressure for different aging times. These control
experiments agree with the time-resolved studies in Figure 2A
and confirm a transition from a poorly ordered structure at
shorter times (1, S, and 11 days) to ordered LAM at longer
times (21 days) when aged at room temperature (Figure S2).

The effect of water on SPC self-assembly was studied by
adding trace amounts of water to the nP;;:T,; solvent mixture.
Figure 2B shows time-resolved data for solutions with 4 = 1.6,
corresponding with 0.9 wt % water in the solvent, and the
results are similar to solutions with A = 0. The initial structure
is poorly ordered, as evidenced by a single broad peak at g* =
0.17 nm™" (FWHM = 0.051 nm™"). By day 12, the ¢* peak is
sharper (FWHM = 0.019 nm™') and a higher-order peak is
observed at 2q™ consistent with the formation of an ordered
LAM phase. A second-order peak is also observed on day 7 for
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this sample, which then disappears by day 8 and re-emerges by
day 12. This behavior was not observed for the experiments
with 4 = 0 or 4 = 3.2 samples, which were repeated with
consistent results, and the cause of this re-emergent behavior is
unknown. Figure 2C shows time-resolved data for solutions
with 4 = 3.2, corresponding with 1.9 wt % water in the solvent.
The SPC ordered into the LAM phase within 1 day, as
evidenced by narrow peaks at g* = 0.16 nm™' (FWHM =
0.029 nm™") and 2¢*. We also studied the solution structure
for a solution with A = 8.7 aged for 1 day, corresponding with
5.3 wt % water in the solvent, which showed LAM ordering
with narrow peaks at ¢* = 0.14 nm~' (FWHM = 0.025 nm™")
and 2q*. These data are included in Figure S3.

In solutions containing trace water, the primary and higher-
order peaks shift to larger g as a function of time (Figure
2B,C). Figure S4 shows that the initial domain periodicity d =
27/q* (at day 1) is swollen in proportion to water content.
The domain periodicity remains constant with time in dry
solutions, but in solutions with trace water, the domain
periodicity decreases with time and converges with that of the
dry solutions by day 15. This effect is only observed for
solutions that were stored under vacuum for the 15 day
duration of the measurement and was not reproduced in
control experiments where the solutions were aged in sealed
vials at ambient pressure (Figure S2). Thus, for solutions
prepared with trace water and stored under vacuum, the
reduction in domain spacing as a function of time is likely an
effect of water evaporation.

The data in Figure 2A—C demonstrate that water can
accelerate the self-assembly kinetics in solution. However, it is
unclear if this effect is associated with the chemistry of water
rather than an increase in the solvent polarity. To test this
point, an nP34: T, solvent mixture with 4 = 0 was prepared. As
shown in the Supporting Information (Table S1), the Hansen
solubility parameter of this mixture is approximately equal to
that of nP;;:T, with 4 = 3.2. Figure 2D reports the time-
resolved SAXS data for this solvent mixture. From day 1
through day 15, the spectra show a single broad peak at g* =
0.12 nm™!, similar to the data shown in Figure 2A for nP4;: T,
with A = 0. Therefore, we conclude that the accelerated kinetics
of self-assembly is specific to the chemistry of water rather than
changes in solvent polarity. In the absence of water,
intermolecular hydrogen bonding between sulfonic acid
moieties could hinder rearrangement of the polymer chains
and trap poorly ordered morphologies in the solution. With
the addition of trace water to the solvent, the sulfonic acid can
dissociate and provide the chains the mobility to rearrange into
ordered structures. In hydrated films of sulfonated polymers,
including SPC** and Nafion,"’ infrared absorbance spectros-
copy has been used to confirm the dissociation of sulfonic acid.
While SAXS cannot detect sulfonic acid dissociation, the
domain periodicity increases in proportion to A (Table 1 and
Figure S3), providing indirect evidence that water is taken up
by the SPC morphology.

To further substantiate the role of water in the solution
phase self-assembly, we studied the change in solution-state
structure when water is added to a dry nP;;:Ty; solution (4 =
0) with a disordered SPC structure. All solutions were aged at
ambient pressure in sealed vials to avoid the complications of
potential water/solvent evaporation. Figure 3 reports the SAXS
data for these studies. The data labeled “dry solution” were
acquired after aging for 1 day and show a single broad peak at
g* =0.19 nm™' (FWHM = 0.055 nm™") that corresponds with
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Table 1. Summary of Solution-State Structure as a Function
of Solvent Composition and Trace Water Content”

nP/T A q* (nm™) d (nm) FWHM (nm™')
33:67 0 0.19 33 0.055
33:67 1.6 0.17 36 0.051
33:67 3.2 0.16 39 0.029
33:67 8.7 0.14 44 0.025
38:62 0 0.20 31 0.068

“Solutions were aged for 1 day at room temperature. The position of
the primary scattering peak is gq*, the SPC domain periodicity (or
correlation length scale) is d = 22/q*, and FWHM is the full width at
half-maximum of the primary scattering peak.

6
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Figure 3. SAXS data for a dry solution with 16 wt % SPC in nP/T
solvent mixture (33:67) and after “spiking” with water (4 = 3.2) and
aging for 4 h and 1 day.

a domain periodicity of d = 33 nm. The data labeled “spiked
solution” were acquired after the addition of water to achieve 4
= 3.2. SAXS data recorded 4 h after spiking with water showed
two well-defined peaks at g* =0.142 nm~" (FWHM = 0.022
nm™') and 2g*, consistent with a LAM structure having a
domain periodicity of d = 44 nm. After aging the spiked
solution for a full day, the SAXS data show a primary scattering
peak at g* =0.134 nm™' (FWHM = 0.019 nm™") and four
higher-order peaks at 2q*, 3¢*, 49™, and 5™, consistent with a
well-ordered LAM structure with domain periodicity of d = 47
nm.
The SAXS data in Figures 2C and 3 were both acquired
from solutions with nP;;: T, and A = 3.2, and the preparation
differs only in regard to when water was added to the solution.
For both cases, a LAM structure is observed within 1 day after
the addition of water. However, the “water spiking” process
produces a larger domain size and better order (more higher-
order peaks) than mixing all constituents in a single step. This
suggests that water is more readily taken up by the sulfonated
domains when it is added after an initial SPC dissolution step.

Film Structure. Previous works have examined the
morphologies of solution-cast SPC films as a function of
sulfonation level (26—52 mol %), solvent composition/
polarity, and loading of SPC in the solution."”**™*” When
the solutions are prepared with 2—2.5 wt % SPC in nonpolar
solvents, such as cyclohexane, cyclohexane/heptane, toluene
with low amounts of isopropanol, or cyclohexane/heptane with
low amounts of tetrahydrofuran (THF), the resulting films
have SS-rich domains in a tBS/HI matrix.”*2° This film
structure appears to be partly templated by the solution-state
structure, i.e., spherical micelles with an SS core and tBS/HI
corona, as discussed in the preceding section. The arrangement
of the SS domains in the films is influenced by the solvent
composition. As an example, when films are cast from mixtures
of cyclohexane/heptane/THF, the connectivitzf of the SS
domains increases with the amount of THF.”® When the
solutions are prepared with 2—2.5 wt % SPC in moderately
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Figure 4. SAXS data for films produced by drop-casting at (A, B) near-zero relative humidity or (C, D) ambient relative humidity. Films were cast
from (A, C) dry solutions and (B, D) solutions containing trace amounts of water. The inverted triangles correspond to LAM peak positions, and
the “asterisk” corresponds to the peak resulting from the minor HEX phase.

polar solvents, such as THF, the resulting films can have
coexisting LAM and hexagonally packed cylinders (HEX)
morphologies with the sulfonated midblock forming the
continuous matrix.”*"*® For films cast from 16 wt % SPC in
nP/T mixed solvents, a transition from LAM to network-like
morphologies is observed with increasing nP content.'” These
LAM and network-like morphologies in films are produced
from LAM and disordered structures in solution, respectively.

These findings suggest that the structure of the solvent-cast
SPC films is correlated with the preassembled solution
structure. However, the final film morphology of solution-
cast block copolymer films is also controlled by structural
transitions during the casting process.”'~** In the specific case
of polyelectrolyte-based block copolymers, trace water might
influence the film formation process by disrupting intermo-
lecular hydrogen bonding, as shown in the previous section for
SPC in solution. To interrogate this point, we examined the
film morphology as a function of A in the casting solvent,
ambient humidity during casting, and solvent evaporation rate.

Figure 4 shows the SAXS data of films that were prepared by
drop-casting from dry solutions (4 = 0) and solutions with
trace water (4 = 3.2). The solutions were aged for 1—25 days
prior to casting. The relative humidity (RH) during drop-
casting was either near zero or ambient (38—55%). The
evaporation rate was similar for all the drop-cast films (Figure
S1) at approximately 4 mg/min for the first 10 min, followed
by a continuously reduced rate until the films were dry.

Dry solutions aged for 1—5 days have a disordered structure
with periodicity d = 33 nm (Figure 2A), and the corresponding
films prepared by drop-casting at near-zero RH have a poorly
ordered LAM structure with d = 42 nm: the SAXS data have a
primary peak at g* =0.15 nm ™" with a broad secondary peak at
2g* (Figure 4A). Dry solutions aged for more than 11 days
have a LAM structure with d = 34 nm (Figure 2A), and the
corresponding films prepared by drop-casting at near-zero RH
have a LAM structure with d = 45 nm: the SAXS data have a
primary peak at g* =0.14 nm ™' and higher-order peaks at 2¢*,
3g*, and 4g* (Figure 4A). We note that the lamellar domain
periodicity in films was always larger than that in solutions,
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which demonstrates that the nP/T mixture is a poor quality
solvent for the SPC polymer and drives the collapse of the
chains. In films, the FWHM of the q* peak is approximately
0.048 nm™" when cast from solutions aged for 1—5 days and is
reduced to 0.034 nm™" when cast from solutions aged longer
than 11 days.

The SPC solutions with trace water show an ordered LAM
structure that does not change with aging time (Figure 2C).
SAXS measurements of the corresponding films cast at 0% RH
have a scattering peak at g* =0.14 nm™’, as well as a broad
hump at higher g that appears to be the convolution of two

peaks near \/3¢* and 2q* (Figure 4B). These data are not
consistent with a pure LAM or cylindrical phase: scattering
from LAM will produce peak ratios of 1:2:3, while scattering
from hexagonally packed cylinders will produce peak ratios of
1:4/3:2. As TEM images of films cast from the 11 day aged
solution show a mixture of “line” and “dot” domains (Figure
SA), the SAXS data likely reflect a mixture of LAM and
cylindrical phases. The FWHM of the g* peak in films is
independent of the solution aging time and is approximately
0.04 nm™!, which is higher than observed in the solutions with
trace water (0.029 nm™ for A = 3.2). These data show that
adding water to the solution does not produce films with a
well-ordered LAM structure if the casting is done at zero
humidity. In the previous section, we noted that trace water
will escape from solutions in a “sealed” cell when stored under
vacuum, presumably due to a small leak in the cell. Therefore,
we propose that water rapidly escapes from the wet film when
cast at 0% RH. As a result, hydrogen bonds between sulfonic
acid groups may inhibit the necessary chain rearrangements to
maintain an ordered LAM structure as the film dries.

To examine the role of ambient humidity in film formation,
a series of films were cast from solutions with and without trace
water at 38—55% RH. SAXS data show an ordered LAM
structure in all films, irrespective of the trace water content or
aging time of the solution, as evidenced by scattering peaks at
q* ~0.0136 nm™! and 2g%, 3g*, and 4g* (Figure 4C,D). The
relative peak intensities are different among the films, and in
particular, there are several data sets in Figure 4C where the
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Figure S. TEM images of drop-cast films. (A) Day 11 (0% RH) from
Figure 4C. (B) Day 11 (38% RH) from Figure 4D. The bright regions
correspond to the SS domains, and the dark regions correspond to the
tBS/HI domains after staining with osmium tetroxide.

intensity of the 3¢* peak is very weak. Relative peak intensities
are largely controlled by the form factor of the domains, i.e.,
the size and shape, so differences among the films could be
explained by variations in water uptake and domain swelling.
The SAXS data for most of the films show an additional peak
at g =023 nm ™}, between q* and 2q*, which is marked with a
“*” in Figure 4A,C,D. A TEM image for one of these cases, a
film cast at 38% RH from a solution with trace water that was
aged for 11 days, is consistent with a predominantly LAM
structure and a minor cylindrical phase (Figure SB). The
minor HEX phase is likely due to changes in solution
composition as the solvent evaporates.*"**

All of the films develop a LAM structure, with evidence of a
minor cylindrical phase in some cases, irrespective of trace
water content, solution aging time, or relative humidity during
film casting. The SAXS data for films processed under ambient
humidity show at least four scattering peaks, indicative of a
well-ordered LAM structure. In contrast, most of the SAXS
data for films processed under dry conditions show few higher-
order peaks. Furthermore, the FWHM of the primary SAXS
peak is lower for films cast at ambient humidity as compared to
films cast at 0% RH, which indicates that a humid environment
produces a better defined LAM morphology than a dry
environment. The TEM images are consistent with these
observations: films cast under dry conditions develop a more
tortuous, “fingerprint”-like LAM structure (Figure SA), while
films cast under humid conditions develop large ordered grains
(Figure SB). In order to understand how quickly the polymer
can take up water under humid conditions, the increase in
mass of a dry SPC film was recorded as a function of time at 38
and 55% RH. From Figure S1, we can see that the timescale for
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water uptake by the dry polymer is comparable to the timescale
of solvent evaporation. Therefore, a humid processing
environment might facilitate the organization of a more
ordered LAM phase by supplying water to the film as the
organic solvents evaporate.

The effect of solvent evaporation rate on the final film
structure was qualitatively examined by comparing drop-
casting and bar-coating processing methods. The solution used
for casting was prepared by adding trace water (to achieve 1 =
3.2) to a well-dissolved solution of 16 wt % SPC in nP;;:Tg;,
solvent and then aging the solution for 1 day to obtain a highly
ordered LAM morphology. This approach is shown in Figure
3, where spiking an initially dry solution with water drove a
rapid transition from a poorly ordered structure to the ordered
LAM state. The time required for drying was varied through
bar-coating with a range of gap heights. The gap height
controls the initial thickness and therefore volume of the wet
film, so increasing the gap increases the drying time. We note
that drying times could not be directly measured during bar-
coating, but visual inspection of the drying films confirmed the
expected trend. The film cast with the smallest gap height
appeared dry within seconds of casting, whereas the film cast
with the largest gap height took several minutes to dry. In
comparison, all the drop-cast films stayed wet for 10—15 min.
Figure 6 shows the SAXS data for these bar-coated films as a

—— Drop cast (~300 pm)
5 — 95 um

—— 50 ym
3 20 um
10 um

Intensity (a.u)
. 5. o

02 04 06 08
q (1/nm)

1.0

Figure 6. SAXS data for bar-coated films with different gap heights.
The legend reports the dry film thickness, which is proportional to the
initial wet film thickness.

function of final film thickness, as well as a drop-cast film for
comparison (slowest evaporation rate). As the initial thickness
of the wet film increases, producing longer drying times, a
minor cylindrical phase emerges (marked by the *). The
FWHM of the first-order scattering peak is in the range of
0.036—0.039 nm™" for the thin bar-coated films and 0.032
nm~! for the thick drop-cast films, which demonstrates that
long drying times can improve lamellar order. Conversely, with
the shortest drying times, the lamellar order is poorly
developed and the formation of a minor HEX phase is
suppressed.

The production of films with poorly ordered LAM from the
fast evaporation of solutions with well-ordered LAM seems
counter-intuitive as one might expect that fast evaporation
would trap the ordered solution-state structure. However, the
drying of the solution-cast film is a complex process: the film
thickness contracts and the domain periodicity expands as
solvent evaporates, and these processes likely disrupt the LAM
ordering. When evaporation takes longer time, the chains have
more time to rearrange into an ordered LAM structure.

Finally, another way to control the structure of solution-cast
films is through sequential deposition of layers. When a new
layer is deposited, solvent can diffuse into the underlying dry
film and provide the mobility for rearrangements into a new
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structure. Figure 7 shows SAXS data for single-layer and four-
layer films. The solution was prepared by adding trace water
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Figure 7. SAXS data for single-layer and four-layer bar-coated films.

(to achieve 4 = 3.2) to a well-dissolved solution of 16 wt %
SPC in nP3;:T¢; solvent and then aging the solution for 1 day
to obtain a highly ordered LAM morphology. Films were cast
by bar-coating with a gap height of 125 pm. The dry
thicknesses of the single-layer and four-layer films were 20 ym
and 65 pum, respectively. The SAXS data for the single-layer
film show a primary peak at ¢* =0.14 nm™" (FWHM = 0.047
nm™') and a second broad peak at 2g*, consistent with a
poorly ordered LAM structure. The SAXS data for the four-
layer film show a primary peak at g* =0.15 nm™' (FWHM =
0.033 nm™") and higher-order peaks at 2q*, 3¢*, and 4q*,
consistent with a well-ordered LAM structure. There are no
signs of a minor cylindrical phase in either film. The process of
sequentially depositing layers is similar to a direct immersion
annealing process, wherein a polymer film is immersed in a
marginal solvent that swells the polymer, imparting mobility to
the chains for rearrangement without dissolving the entire
film.** With the immersion annealing process, the ordering of
domains improved with increased immersion time. Sequential
deposition of new layers increases the solvent exposure time of
the previous layers, and therefore, the results are similar to
increasing the immersion annealing time.

B CONCLUSIONS

We examined the effects of trace water on self-assembly of an
SPC in solution and on the morphology of solution-cast SPC
films. The SPC was dissolved at 16 wt % in a nP;3:Ty; solvent,
and the molar ratio of water to sulfonic acid was varied from A
= 0 up to A = 3.2. The structures in solutions and in films were
characterized by SAXS. In a dry solution, the SPC structure
slowly evolves from a disordered state to ordered LAM over a
period of approximately 10 days. With the addition of trace
water to the solvent (1 > 0), the domain periodicity swelled in
proportion to water content, demonstrating that the SPC takes
up water. In solutions with 4 2 3.2, an ordered LAM structure
was achieved within 1 day. The accelerated kinetics with trace
water are attributed to dissociation of sulfonic acid, which
likely increases the chain mobility by disrupting hydrogen
bonds between acid groups. The addition of controlled
amounts of water could thus be a potential technique to
accelerate self-assembly kinetics and facilitate ordering in
solutions of polyelectrolyte-based BCPs.

The amount of trace water in the solution was found to have
little impact on the ultimate morphology of SPC films, but
ambient humidity during processing did play a role. These
points were demonstrated by examining the morphology of
SPC films that were cast at either ~0% RH or ambient
humidity from solutions with and without trace water. At ~0%
RH, the SPC assembled into poorly ordered LAM irrespective

4899

of water content in the casting solution. This outcome is
explained by the escape of water from the solvent to the dry
atmosphere during the early stages of film drying. In contrast,
when films were cast at ambient humidity from solutions with
or without trace water, the ultimate morphology was well-
ordered LAM. This effect is attributed to the uptake of
environmental water by the wet film. In addition to ambient
humidity, the final film structure is also influenced by the time
taken for the solvent to evaporate. Longer drying time leads to
ordered LAM with a minor cylindrical phase, while shorter
drying time traps a disordered LAM structure. These different
outcomes are partly attributable to the timescales for water
uptake by the SPC as more water can be taken up by the SPC
as evaporation rate is reduced. These findings demonstrate that
water content offers a simple means to tune ordering kinetics
during solution-casting of sulfonated block copolymers,
providing access to both ordered and disordered morphologies.
This may be useful in the design of SPC membranes as poorly
ordered LAM grovide better transport pathways than well-
ordered LAM.'*'*'71?
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