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ABSTRACT: The structure and mechanical properties of a
novel block copolymer (BCP) system with T,’s for both
segments exceeding 300 °C, poly(butylnorbornene)-block-poly-
(hydroxyhexafluoroisopropyl norbornene) (BuNB-b-HFANB),
are investigated as a function of processing conditions used for
solvent vapor annealing (SVA). Solvent selection impacts long-
range order markedly, but unexpectedly vertical orientation of
cylinders are preferred over a wide range of solubility parameters,
as determined by atomic force microscopy and grazing incidence
small-angle X-ray scattering. The mechanical properties (elastic
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modulus, fracture strength, and onset fracture strain) are dependent upon the long-range order induced during SVA and
determined using the combination of surface wrinkling and cracking. The modulus and fracture strength of the films increase
from 1.44 GPa and 12.1 MPa to 1.77 GPa and 17.5 MPa, respectively, whereas the onset fracture strain decreases from 1.6% to
approximately 0.6% as the ordering is improved. The polarity difference in the segments of the BCP is attractive for membrane
separations, especially butanol—water. For biobutanol recovery, the titers are typically <3 wt % butanol; exposure of the BCP
membrane to aqueous 1 wt % butanol decreases the elastic modulus to approximately 0.90 GPa, irrespective of the morphology,
despite the high T, of both segments and limited swelling (5.0 wt %). Correspondingly, the onset fracture strain of these swollen
films is estimated to increase significantly to 6—7%. These results indicate that operating conditions impact the mechanical
performance of BCP membranes more than their morphology despite the high T, of the neat copolymer. Wrinkling and cracking

provide a facile route to test the mechanical properties of membranes under simulated operando conditions.
KEYWORDS: QCM-D, wrinkling, cracking, Young’s modulus, ABE separations

B INTRODUCTION

Block copolymers (BCPs) provide a facile route to nano-
structured materials with orthogonal or complementary
properties that cannot be easily obtained in a single material."
For example, the combination of glassy and rubbery segments
of BCPs provides the basis for easily processable thermoplastic
elastomers.” In these BCPs, the mechanical properties are the
critical properties for their commercialization as elastomers;
typical polymer processing induces orientation of the self-
assembled nanostructure, which leads to significant enhance-
ments in the mechanical properties in bulk BCPs.®> Alter-
natively, BCPs have been considered as potential advanced
materials in separations as membranes, where the matrix
component generally acts to provide durability, while the
minority component facilitates selective transport across the
membrane.* In these cases, the morphology and alignment
typically impact the performance of the membrane in terms of
flux and selectivity.”® One major advantage of membrane
separations is its inherently low energy operation in comparison
to other traditional separation processes, such as distillation;”
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this is particularly important for generation of green fuels where
the energy consumption associated with separations can be a
significant fraction of the gross energy density obtained from
the fuel.® In comparison to ethanol, biobutanol can be more
directly substituted for gasoline.” Butanol also offers advantages
associated with its larger energy density and limited water
solubility as a liquid fuel over ethanol. Two challenges that are
hindering the development of butanol as a next generation
biofuel are (i) limited concentration of butanol in the
fermentation broth due to toxicity that limits increasing titer
concentration and (ii) high distillation costs associated with
water removal.'® BCP membranes potentially offer advantages
associated with decoupling of the transport and mechanical
integrity by selection of segments.'' Recently, Balsara and co-
workers examined the role of morphology through variation in
the volume fraction on the performance of polystyrene-block-
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polybutadiene-block-polystyrene for ethanol separations.® The
morphology of the BCP membrane will couple with the
separation efficiency, as has been examined previously, but will
also impact the mechanical integrity of the membrane. For
transport through a BCP membrane, the vertical orientation of
cylindrical domains is generally assumed desired if the minority
phase is primarily responsible for permeation, but there are
significant hurdles involved in achieving this orientation.

The interfaces of the BCP with air and the substrate support
produce forces that tend to produce parallel alignment of
anisotropic morphologies (cylinders and lamellae) with respect
to the interfaces.'” In the past, there have been tremendous
efforts to overcome these interactions in BCPs to produce
vertically ali§nment morphologies'® for microelectronics
applications,'* in particular for directed self-assembly.'® The
modification of substrate to provide neutral wetting con-
ditions'® or selective wetting from lithographic patterning'” has
been effective for the vertical alignment in poly(styrene-block-
methyl methacrylate). Similarly, Willson and co-workers have
recently demonstrated the use of a top-coat to mitigate free
surface wetting.'®'” These methods are typically limited,
however, for alignment of BCP domains through thicknesses
commonly encountered in membranes (1—10 um). Electric
fields***" and thermal gradients** have been shown to align
thicker films (ca. 1 um), but the efficacy of these processes will
be dependent on the physicochemical properties of the blocks.
Interestingly, for thin BCP films, the vertical alignment of
cylindrical domains can occur spontaneously during spin
coating with the use of the correct solvent for casting.” As
solvent—polymer interactions can impact the interfacial proper-
ties, solvent can be utilized to control the orientation in BCP
films through solvent vapor annealing (SVA).** The exposure
of the BCP film to solvent vapors induces plasticization of the
film to provide mobility for segmental reorganization, which
tends to enhance also the long-range order in the BCP films.*®
By tuning the selectivity of the solvent used in SVA, the
orientation of cylindrical morphology in BCPs can be varied
from parallel to vertical.>**” The variation in solvent properties
by use of mixtures provides a facile route to tuning the
morphology of BCP films using SVA.>”*® These processing
steps are necessary in most cases, as the non-neutral wetting
conditions for most BCP films with anisotropic morphologies
tend to favor the parallel orientation.

Although high permselectivity of the BCP membrane is
necessary for commercialization, it is not a sufficient character-
istic alone. The durability of the membrane (mechanical
integrity) is also a critical factor as the membrane is exposed to
a pressure drop during operation and assembly. The mechanical
measurements of such thin polymer coatings is challenging and
thus insight into failures that occur during membrane operation
have generally been limited to modeling.” Very recently, the
mechanical properties of polyamide membranes have been
examined in the thin film morphology.”® These measurements
have been enabled by the establishment of new metrologies
based on wrinkling”" and cracking®® of the membranes attached
to soft elastomeric substrates. Much is known about the
mechanical 2propelrties of bulk thermoplastic elastomers based
on BCPs,>**% but the mechanical properties of BCP thin films
and membranes®* are much less examined. Crosby and co-
workers have illustrated that the nanoscale morphology of the
BCP impacts crazing behavior®® and surface topology resulting
from islands and holes produces stress localization.® These
results indicate that the morphology of the BCP membrane

may dramatically impact the mechanical properties, but the
influence of morphology on the mechanical properties,
especially under conditions associated with operation, is not
known.

In this paper, we examine how nanostructure influences the
mechanical properties of a novel diblock copolymer membrane.
The BCP is synthesized by addition polymerization of butyl
norbornene and hydroxyhexafluoroisopropyl norbornene
(BuNB-b-HFANB), which yields a bicyclic ring in each repeat
unit that leads to a rigid backbone and high glass transition
temperature (T, > 300 °C). This BCP offers polarity contrast
for potential separation of biobutanol with HFANB envisioned
as the transport phase for the butanol, whereas BuNB offers
mechanical reinforcement for the membrane and hydro-
phobicity to minimize the water flux. Here, the morphology
is modulated using SVA and the morphology is correlated to
their mechanical properties using wrinkling and cracking. We
seek to answer the following questions: (1) Are mechanical
properties of these BCP membranes sensitive to minor changes
in the ordering of the system? and (2) How are these
properties impacted by exposure to conditions that mimic
operation as a biobutanol membrane? Herein, we demonstrate
that wrinkling-cracking measurements provide insight into the
mechanical properties of polymer membranes during operation
and can sense subtle changes in the processing dependent
morphology of BCP membranes.

B EXPERIMENTAL SECTION

Materials. 1-Butanol (>99%, ACS reagent), toluene (>99.5%, ACS
reagent), tetrahydrofuran (THF, >99.0%, ACS reagent with 250 ppm
BHT), 1,4-dioxane (>99.0%, ACS reagent), and dimethylformamide
(DMF, >99.8%, ACS reagent) were obtained from Sigma-Aldrich and
used as received. The block copolymer was synthesized sequentially
starting with high purity BuNB monomer and then HFANB
monomers are added after the BuNB has been consumed using a
proprietary (trialkylphosphine) Pd-based initiator.>” The HFANB
monomer was selected, as it generates an alcohol soluble polymer that
is not soluble in neutral water to provide a selective transport phase.
The BCP was purified by standard techniques to remove any catalyst
residues and residual monomer.

The molecular weight of BuNB-b-HFANB was characterized by gel
permeation chromatography (GPC). THF was used as eluent. The
measurement was carried out at a flow rate of 1 mL/min at 40 °C
using an RI detector. On the basis of the GPC data (Figure S1 of the
Supporting Information) using polystyrene standards, the number-
average molecular weight (M,,) and the polydispersity index of BuNB-
b-HFANB were 106 kg/mol and 1.18, respectively. The molar ratio of
BuNB to HFANB in BuNB-b-HFANB was 0.55:0.45 as determined
from C NMR (Figure S2 of the Supporting Information). The
densities of the respective homopolymers were measured using a gas
pycnometer with helium (Micromeritics Instrument Corporation
Accupyc II 1340). The density of BuNB homopolymer is 0.96 g/
cm® whereas the density of HFANB homopolymer is 1.42 g/cm®,
which is consistent with its previously reported density.*® Thus, the
volume fraction of HFANB (fyzs) is approximately 0.5. The glass
transition temperatures of the individual components are approx-
imately 340 and 360 °C for BuNB and HFANB, respectively.

Film Preparation and Processing. Silicon wafers (University
Wafer, resistivity: 3—S0 ohm-cm), which were cleaved into
approximately 1.5 cm X 1.5 cm pieces, were used as substrates.
Prior to spin coating, the substrates were cleaned by piranha solution
(7:3 H,50,:30 wt % H,0,) at 90 °C for 30 min, then subsequently
rinsed with deionized water several times to generate a clean
hydroxylated surface. Caution: piranha solution is aggressive and
explosive. Never mix piranha waste with solvents. Check the safety
precautions before using it. For QCM-D measurements, gold quartz
crystals (QSX301, Biolin Scientific, Inc.) were used as substrates and
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cleaned with ultraviolet ozone (UVO, PSD series Digital UV Ozone
System, Novascan Technologies, Inc.) for 30 min before spin coating.
Films were prepared by spin coating from 3.5 wt % BuNB-b-HFANB
toluene solution at 2500 rpm onto the silicon wafers or quartz sensors.
The thicknesses of the films were typically between 140 and 150 nm.

A flow system using two mass flow controllers (MKS-146C-FF000-
1) was utilized for controlling the atmosphere around the film for the
SVA process; this setup was similar to those of other reports.””*® One
gas stream was dry air, whereas the other stream was nearly saturated
solvent vapor, generated by bubbling dry air through the liquid solvent.
Four different solvents were utilized for SVA: toluene, THF, 14-
dioxane, and DMF. For these SVA studies, the films were exposed to
nearly saturated solvent vapor at 800 mL/min at ambient temperature
for 3 h; the films were then dried at 40 mL/min for approximately 12 h
with dry air. Subsequently, the films were heated at 50 °C in vacuo for
approximately 12 h to remove any residual solvent.

Characterization. The thickness and refractive index of the films
were measured with a variable angle spectroscopic ellipsometer
(VASE, J.A. Woollam Co., Inc.). Measurements were performed from
60° to 75° in S° increments using wavelengths from 246 to 1689 nm.
The ellipsometric data were fit using the Cauchy dispersion to describe
the optical properties of the BuNB-b-HFANB film. The swelling
dynamics and uptake during SVA with the different solvents was
elucidated from in situ ellipsometry measurements using a sealed cell
with quartz windows fixed at 70°. Details about the cell are provided in
the Supporting Information of reference 39.

The solvent uptake into the BuNB-b-HFANB films from aqueous
butanol solutions was determined using QCM-D (Q-Sense, Flow
module 401)40 with a flow rate of 0.1 mL/min at 37 °C. To separate
the effects of absorption in the film and the change in viscosity
associated with the addition of butanol to water, baseline measure-
ments were performed using the solutions of interest with an uncoated
quartz sensor. The same solution concentrations were then utilized
when the sensor was coated with a nominally 150 nm thick BuNB-b-
HFANB film. By examining the difference in both frequency and
dissipation shift associated with the aqueous butanol solutions with
and without the BuNB-b-HFANB, the effective sorption into the BCP
film was determined. Because of the glassy nature of the BCP, the
dissipation changes observed were almost solely attributable to the
viscosity of the solution.*' Thus, the mass uptake into the BuNB-b-
HFANB was calculated using the Sauerbrey expression.*

The surface morphology of the films was characterized by atomic
force microscopy (AFM, Dimension V, Veeco Instruments Inc.)
operating in tapping mode using silicon tips (ACT-100, Applied
Nanostructures, Inc.). A constant scan size of 2 ym X 2 ym at 1 Hz
was used for all measurements. The nanostructure of the BCP films
was further investigated by grazing incidence small-angle X-ray
scattering (GISAXS) using an incident X-ray energy of 13.5 keV at
the X9 beamline at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The scattered photons were
measured with a charged-coupled device (CCD) detector at S m
(sample-to-detector distance). The incident angle was varied from
0.07° to 0.25° in order to transverse through the critical angle of the
film to enable examination of both the surface and bulk structure.
Because of the low X-ray contrast between BuNB and HFANB, the
exposure time for each measurement with GISAXS was 30 s.

Transmission electron microscopy (TEM) was used to characterize
further the microphase separated structure of BuNB-b-HFANB films.
The BuNB-b-HFANB films were floated on water from silicon wafer
and collected by TEM grids (300 mesh Cu, TED PELLA Inc.). To
increase the electron contrast between BuNB and HFANB domains,
the samples were stained using RuO, vapor for 1 h. To identify which
phase is the majority phase in microphase separated BuNB-b-HFANB
films, cross-sectional TEM was performed for a bilayer BuNB/HFANB
homopolymers that consists of approximately 400 nm thick FHANB
layer spun coated from ethanol on top of a 150 nm thick BuNB
homopolymer. This bilayer film was coated with Ag on the surface for
2 min with a K575 sputter coater. To perform cross-sectional TEM on
this sample, the film was first floated on the water and then embedded
in epoxy resin, cured and sectioned using microtome. The sample was

stained using RuO, with the same condition as that for BuNB-b-
HFANB film before TEM.

Mechanical Measurements. The elastic modulus of the BuNB-b-
HFANB films was measured using surface wrinkling.*' Poly-
(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) was used as
the compliant substrate for these measurements and prepared with a
mass ratio of base to curing agent of 20:1. The well-mixed base and
curing agent was cast on a flat glass plate and precured/degassed at the
ambient temperature for 4 h. Then, the PDMS was further cured at
120 °C for 3 h. The elastomer was cut into 2.5 cm X 7.5 cm strips after
cooling to ambient temperature to generate the substrate for wrinkling.
The elastic modulus of the PDMS was determined using a Texture
analyzer (TA-TX Plus, Stable Micro Systems) at a strain rate of 0.0S
mm/s. To generate the wrinkles, the PDMS slabs were prestrained to
3.5—4.0% using a custom strain stage® and films of BuNB-b-HFANB
film were transferred to PDMS from silicon substrates by differential
adhesion in water. After transfer, the polymer thin films were dried at
ambient conditions for 12 h. The wrinkling was induced by release of
the prestrain at a rate of 0.1 mm/s using a Universal Motion
Controller (Model: Esp100, Newport Corporation). For the elastic
modulus measurement of swollen films with butanol, aqueous 1%
butanol solution was dropped on the surface to cover completely the
transferred films on PDMS. After waiting 20 min for the solution to
equilibrate, the prestrain was released to induce the surface wrinkling.
To investigate the swelling of the PDMS substrate by aqueous 1 wt %
butanol solution, the thickness change of a thin layer of PDMS coated
on silicon wafer before and after immersing in aqueous 1 wt % butanol
solution was characterized using VASE. The thickness change for
PDMS after 20 min of immersion was less than 1 nm for the PDMS
film with a dry thickness of 870 nm. Thus, the PDMS substrate is not
impacted by the 1 wt % butanol solution. The surface wrinkles of the
BCP films were quantified using an optical microscopy (Olympus
MXS1, Olympus Corporation). The wavelength of the wrinkling was
elucidated from these optical micrographs using a fast Fourier
transform (FFT). For each sample, a minimum of 7 images was
utilized to calculate the wrinkling wavelength, A. At the low strains
(3.5—4%) utilized, the PDMS is linear elastic, which combined with
the large difference in thickness between the PDMS and film provides
a simple relationship for the modulus of the film, Ez>"*

3
E = 3E(i)
27h
where E; is the plane-strain modulus of the PDMS substrate and h is
the film thickness.

Cracking measurements were conducted on the same custom strain
stage as wrinkling measurement using the Universal Motion Controller
to control each step of stretching strain. The PDMS substrate
(base:curing agent = 15:1) was loaded onto the strain stage without
any prestrain. The thin films were then transferred to PDMS by the
same water immersion technique and dried at ambient condition for
12 h. Subsequently, the PDMS substrate was stretched to 1—2% strain
at a strain rate of 0.1% strain per second until a few cracks were
observed on the thin films by optical microscopy. Then the substrate
was stretched in 0.3% strain steps and images of the cracks at each step
were recorded using an optical microscope (Olympus MX51, Olympus
Corporation). The crack spacing was calculated from the cracks over
an area of approximately 9.2 mm X 7.0 mm. The fracture strength and
the onset fracture strain of each sample were derived using at least 3
films. The onset fracture strain of films immersed in 1 wt % aqueous
butanol was estimated by observing the first appearance of cracks in
the thin films while increasing the stretching strain in 1% steps.

Bl RESULTS AND DISCUSSION

For SVA to order effectively the BCP, the BCP film must be
sufficiently swollen by the solvent(s) to enable sufficient
plasticization for chain rearrangements. Figure S3 in the
Supporting Information illustrates the sorption isotherms of
the four solvents for the BuNB-b-HFANB films. Interestingly,
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the quasi-equilibrium swelling is nearly invariant of solvent
selection with approximately 23 vol % swelling for toluene, 21
vol % for THF, and 26 vol % for dioxane; there is a modest
increase in the swelling for the most polar solvent, DMF, to
nearly 36%, but this difference in solubility in the BCP is not as
significant as typically observed for such a broad range of
solvents.** The aliphatic (BuNB) and polar (NFANB) side
groups on the norbornene backbone provides a large difference
in Hildebrand solubility parameters, , for each block, as
calculated by group contribution (see the Supporting
Information for details on these calculations), as shown in
Table 1. These solubility parameters should result in significant

Table 1. Hansen Solubility Parameters*® Associated with
Solvents and Each Segment of BuNB-b-HFANB*

8y (MPa)'* 5, (MPa)'2 5, (MPa)"? & (MPa)'/2
HFANB® 138 174 103 24.5
BuNB? 14.0 0 0 14.0
dioxane 19.0 1.8 7.4 20.5
DMF 174 137 113 249
THF 16.8 5.7 8.0 19.5
toluene 18.0 1.4 2.0 18.2

“34 is energy associated with dispersive forces, J, is energy associated
with dipole forces, and &}, is energy associated with hydrogen bonding.
“Values calculated by group contribution methods.

differences in the relative solubility in the different segments.
The swelling of the BuNB and HFANB homopolymers (see
Figure S4 in the Supporting Information) demonstrates that
the solvents are selective for HFANB segments except toluene,
which appears to be slightly selective to the BuNB. The
differences in the quasiequilibrium swelling of BuNB-b-HFANB
films are relatively small, so the effect of solvent selection
during SVA on the morphology and other properties should be
primarily related to the solvent selectivity and specific

interactions of the solvents with the BCP segments, not simply
due to differences in solubility (extent of plasticization).

The high T, associated with the BuNB-b-HFANB prevents
formation of a highly ordered morphology by thermal
annealing (annealing at 220 °C for 42 h results in no change
and further increases in temperature result in some
degradation) without degradation of the BCP (Figure SS of
the Supporting Information). Figure 1 illustrates the efficacy of
SVA in ordering the BuNB-b-HFANB film as determined by
the surface morphology from AFM. One intriguing note about
this BuNB-b-HFANB is that the composition is symmetric on a
volumetric basis, so lamellae are expected but a cylindrical
morphology is always observed. The selectivity of the casting
solvent is known to impact the morphology of block copolymer
films, which may shift the morphology.46 However, the BuNB-
b-HFANB films are cast initially from toluene (slightly selective
to BuNB) and cylinders are observed from the as-cast to any
SVA condition used that are selective to HFABN, except
toluene. The HFANB comprises the majority phase, as
determined from TEM (Figure S6 of the Supporting
Information). For the film annealed using toluene (Figure
1A), the surface morphology is composed of short lines and
circles (either spheres or vertical cylinders) with little ordering
at the size scale consistent with self-assembly; this is a slight
improvement in the ordering of the film prior to SVA where the
surface shows limited nanoscale structures and no clear sign of
ordering (Figure 1E), as evidenced by the FFT shown in the
inset. The domains become better defined, but the ordering of
these nanostructures is extremely limited. The ordering is likely
kinetically limited by the mobility of the BCP segments.

One possible explanation for this poor ordering is due to the
hydrogen bonding cooperativity associated with hydroxyl
groups in HFANB, which cannot be readily exchanged with
toluene because toluene has a small hydrogen-bonding basicity
(A1) of ~0.14.*” To examine this influence, THF (% = 0.48),
dioxane (f" = 0.64), and DMF (8" = 0.74) are examined as the
hydrogen bond acceptor strength increases systematically for

Figure 1. AFM micrographs (height image) of BuNB-b-HFANB films after SVA using (A) toluene, (B) THF, (C) dioxane, and (D) DMF as well as

the (E) as-cast film. FFTs of the images are shown in the insets.
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this series.*’” For SVA using THF (Figure 1B), the surface
morphology is only slightly altered, but it is better resolved by
AFM,; there is still a lack of long-range order and the associated
space group for the surface morphology is difficult to ascertain.
There are two possible explanations for this behavior: First,
there is insufficient solvent in the film to plasticize the BCP to
enable segmental rearrangements necessary to enable long-
range ordering. Second, as THF is only a modest hydrogen
bond acceptor, the physical cross-links associated with the
hydrogen bonding of the HFANB domains cannot be displaced
easily by THF to enable ordering. Using dioxane as the solvent
for SVA yields a marked change in the surface morphology with
an increase in the uniformity of the nanostructure with a
predominance of the circular surface structure (Figure 1C); we
attribute these surface structures to vertically aligned cylinders
(as will be confirmed later from GISAXS measurements). As
BuNB-b-HFANB swells nominally the same in dioxane and
THE, the hydrogen bond acceptor strength of the solvent used
in SVA appears to be a critical component to the efficacy in
obtaining a well-ordered morphology in BuNB-b-HFANB,
although solvent selectivity during SVA is known to be
important to generate long-range ordering.”>*® The strength
of the hydrogen bonding acceptor increases with the use of
DMF (Figure 1D) and the ordering appears to improve with
primarily perpendicular orientation of the cylindrical domains.
It is difficult to assess, however, if these circular surface
structures are indeed perpendicular cylinders from the AFM
measurements alone.

To understand better the morphology of these films,
GISAXS has been employed to elucidate further information
about their self-assembled structure. As shown in Figure 2, the
GISAXS patterns are impacted by selection of SVA solvent. In
all cases, one order of diffraction associated with the in-plane
film correlations is clearly observed; the lack of higher order
reflections is consistent with the lack of long-range order

. 0.0 ¥
06 -0.3 0.0 10.3 0.6 06 -0.3 0.0 10.3 0.6
a, (nm a, (nm

Figure 2. GISAXS profiles associated with SVA using (A) toluene, (B)
THEF, (C) dioxane, and (D) DMF for BuNB-b-HFANB films. The
incident angle is 0.2°, which is greater than the critical angle to probe
the entire thickness of the film.

observed in the AFM micrographs. The d-spacing associated
with the primary diffraction peak is invariant for all SVA
conditions utilized (48.5 + 1.6 nm) and is consistent with the
d-spacing obtained from the weak diffraction of the as-cast film
(Figure S7 of the Supporting Information); this consistency in
d-spacing is further evidence that the cylindrical morphology is
not likely a kinetically trapped state. Further examination of the
GISAXS profiles yields insight into the morphology. For the
SVA with toluene (Figure 2A), a weak streak in g, emanating
from the primary diffraction peak is present along with a weak
diffraction spot behind the beamstop at approximately g, = 0.05
A~'. These components to the GISAXS pattern suggest both
vertical (streaks) and parallel (diffraction spot behind beam-
stop) components to the structure (coexistence). Note that
isotropic cylinders in three dimensions would yield a ring
pattern, so there is a clear preference even when weakly ordered
for BuNB-b-HFANB domains to orient relative to the
interfaces. This weak scattering in Figure 2A suggesting
coexistence of parallel and perpendicular structures is
consistent with the weakly ordered surface morphology
determined from AFM, where short rod-like structure and
spots can be resolved in the micrographs. For SVA using THF
(Figure 2B), both of these features are still present. However,
the ordering using THF is improved as evidenced by the
increased scattered intensity (same acquisition time and film
thickness) with both the streak and diffraction spot behind the
beamstop in the GISAXS pattern more clearly resolved. This
compares well with the surface morphology determined by
AFM where the nanostructure (Figure 1B) is more clearly
resolved than after SVA with toluene (Figure 1A), but there is
no clear change in the overall structure. With the use of dioxane
(Figure 2C), the streaks in the GISAXS profile are better
resolved, but diffraction spot behind the beamstop is not as
clearly defined; this suggests a decrease in parallel alignment
with SVA using dioxane such that a majority of the cylinders are
perpendicularly oriented. This is consistent with the AFM
micrograph in Figure 1C where the surface contains primarily
circular patterns that can be attributed to the ends of cylinders.
In Figure 2D, the diffraction spot behind the beamstop is no
longer clearly observable, which suggests that the ordered
system is primarily vertically oriented cylinders with SVA using
DMF. These GISAXS patterns (Figure 2) are, in general,
consistent with the surface morphology elucidated from AFM
(Figure 1). Both AFM and GISAXS suggest that the density of
vertically oriented cylinders increases as the solubility
parameter and hydrogen bond acceptor strength of the solvent
used in SVA increase. Interestingly, there appears to be
propensity for the perpendicular orientation of the cylindrical
nanostructure in these films. This behavior is unusual as
typically the SVA solvent must produce a neutral wetting
surface to promote perpendicular orientation.”® Although the
morphology of the films evolves during SVA, ordering of the
self-assembled structure is highly limited. Even for the film after
SVA with DMF, which exhibits primarily perpendicular
orientation of the cylinders, the expected hexagonal packing
cannot be discerned, even locally from AFM (Figure 1D). This
limited long-range order is not necessarily a limitation for BCPs
in membranes. The preferential vertical orientation could
provide the requisite transport pathways to tremendously
impact the performance. Previously, Balsara and co-workers
have illustrated that poorly ordered BCPs can exhibit high
performance as Li ion electrolytes where transport of Li* and
mechanical properties are important.*” One challenge for
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commercialization of poorly ordered BCPs is how to assess
reproducibility of the nanostructure if slight variations impact
the performance. We hypothesize that the mechanical proper-
ties from wrinkling may provide one such route.

For membrane commercialization, the mechanical properties
are critical to its ultimate utility as insufficient mechanical
integrity can lead to premature failure. Simple measurement of
the bulk mechanical properties of BCPs proposed for use in
membranes may not provide an accurate assessment of these
properties in an active membrane. First, the extent of
orientation/alignment of BCPs can significantly impact the
measured mechanical properties.”° Second, the properties of
thin films can differ from the bulk;>" the aging characteristics of
membranes can be significantly altered even for micrometer
thicknesses.>> To assess directly the modulus of the BCP films,
surface wrinkling is employed for the different SVA treatments.
Figure 3 illustrates that the elastic modulus for the neat BuNB-
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Figure 3. Elastic modulus of BuNB-b-HFANB films as a function of
solvent used from SVA for the (M) neat film and (e) after being
swollen by exposure to 1 wt % butanol solution.

b-HFANB films is enhanced with the use of the more polar
solvents in SVA, which leads to a more ordered morphology.
Without SVA, the film is poorly ordered with an average elastic
modulus of 1.44 GPa. Exposure to toluene vapor only slightly
increases the ordering and the average elastic modulus increases
to 1.56 GPa. The intrinsic scatter with mechanical measure-
ments leads to uncertainty in the statistical differences between
these two samples, but further improvement in the ordering by
use of THF SVA leads to statistically significant difference with
the as-cast film. Interestingly, there appears to be a limit in the
enhancement in the elastic modulus for these films as SVA with
THE, dioxane, or DMF produces moduli that are statistically
identical, despite the further improvement in order with the
increasing polarity of the solvent. This strong dependence of
elastic modulus on weak ordering of BCPs has not been
reported previously for bulk systems, but processing into
coupons for mechanical testing tends to order and align the
BCPs. The perpendicular oriented cylindrical domains in BCP
thin film should lead to anisotropic mechanical properties in
plane and out of plane of the film. The elastic modulus parallel
to the domains orientation direction usually significantly
increases especially for two domains having very different
mechanical properties.”*>* However, the elastic modulus
perpendicular to the domains orientation direction shows

invariant,*>*> decreased*® or increased modulus™* compared to
the corresponding isotropic materials for BCP and aligned
semicrystalline polymers based on prior reports. As the elastic
modulus measured by surface wrinkling depends on a
compressive stress in plane of the film, the measurement
probes the compressive modulus parallel to the film plane,
which is the direction perpendicular to the cylindrical domains
orientation direction. Thus, the increased modulus of BuNB-b-
HFANB films using SVA may be partially ascribed to this
orientation effect. On the other hand, the change in orientation
and ordering of the block copolymers will impact the chain
stretching.®”>® For the copolymer system of Nafion, confine-
ment dramatically increases the stiffness, which is attributed to
individual chain properties due to chain extension.>” Thus, the
results here are also consistent with this chain stretching
argument.

To elucidate comprehensively the morphology effect on the
mechanical properties, the fracture strength and onset fracture
strain of BuNB-b-HFANB thin films treated with SVA using
different solvents were characterized using cracking measure-
ment. In the linear regime of thin film cracking on a compliant

substrate, the average crack sgacing is inversely proportional to
0

the applied stretching strain,”™ that is
2hio*
@)= e
E(e — &%) (1)

where (d) is the average crack spacing, h is the film thickness,
E, is the Young’s modulus of substrate, & is the applied
stretching strain, €* is the onset fracture strain, and ¢* is the
fracture strength.

Figure S9 of the Supporting Information shows the typical
crack propagation of BuNB-b-HFANB thin films supported on
PDMS substrate. The thin films start to show a few parallel
cracks perpendicular to the stretching direction when the strain
is 1%. Because the films are brittle rather than ductile, the
cracks appear first whereas wrinkling occurs at higher strains. As
the strain increases in steps of 0.3%, new cracks continuously
propagate, resulting in a reduced cracking spacing. Because the
stretching strain for BuNB-b-HFANB thin films is small
(<3.5%) in all cases, the PDMS substrate is known to show
linear elastic behavior at this region. Thus, eq 1 can be applied
to describe the relation between the fracture strength and onset
fracture strain. Figure 4 shows the plot of eq 1 for 145 nm
BuNB-b-HFANB thin film (SVA using DMF). The crack
density (1/(d)) increases linearly with increasing strain, which

1.5
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Figure 4. Determination of fracture properties of 145 nm BuNB-b-
HFANB thin film (SVA using DMF) as determined from
quantification of the crack density as a function of strain.
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Figure S. (A) Fracture strength and (B) onset fracture strain of BuNB-b-HFANB films as a function of solvent used for SVA.

is consistent with eq 1 for describing the cracking behavior of
the thin films in this region. The linear fit yields the fracture
strength and onset fracture strain of the thin films from the
slope and the x-intercept, respectively.

Figure S illustrates how the fracture strength and onset
fracture strain of films depends on the solvent selection for
SVA. Similar to the enhancement of modulus as the ordering of
structure in thin films was improved, the fracture strength of
thin films increases from 12.1 to 17.5 MPa going from the as-
cast film to the one ordered using DMF for the SVA process.
Although the fracture strength after SVA is significantly
improved compared to the as-cast films, the onset fracture
strain decreases from 1.6% to approximately 0.7%. These
results suggest that the mechanical properties of thin films are
very sensitive to minor changes in their ordering.

For membrane separation of biobutanol from a fermentation
broth,®® the solubility of butanol in the BuNB-b-HFANB is
important if the separation is driven by solution-diffusion as is
common for polymer membranes.’" To assess the absorption
of butanol in the films, the mass uptake from aqueous butanol
solutions is assessed using QCM-D. Unfortunately, the time
associated with the changing the QCM-D cell from water to
butanol (as assessed by a blank crystal) is nearly indistinguish-
able to the time associated with swelling of the BuNB-b-
HFANB films (see the Supporting Information). Thus, only
equilibrium absorption capacities are reported. Figure 6
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Figure 6. Swelling of BuNB-b-HFANB films by aqueous butanol

solutions as determined by QCM-D. The uptake is the weight fraction
change relative to the equilibrated film in pure water.
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illustrates the sorption isotherm associated with changes in
the butanol concentration from 0 to 5 wt % in aqueous
solution. For pure water, water absorbed by films is estimated
to be approximately 1.3% on the basis of the actual and
expected frequency shift associated with the kinematic viscosity
of water.*' The surface of BuNB-b-HFANB films is slightly
rougher than the bare quartz sensor, so some of the frequency
change can be attributed to the roughness of film. As might be
expected, the absorption capacity is nearly invariant of the
processing. Interestingly, there appears to be a slight decrease in
uptake for the most highly ordered film using DMF as the SVA
solvent. From a simplistic view, the solubility should be
independent of ordering as the global composition is invariant.
The ordering that leads to some stretching at the interface®
could enhance the solubility. This is clearly not the case here, as
the most ordered sample appears to have the least uptake of
butanol. With the perpendicular orientation, the swelling of the
domains may be more constrained as the film is confined to the
substrate and only expansion perpendicular to the substrate is
available; thus, the BuNB domains act as physical cross-links,
which in the perpendicular orientation are fixed by the
substrate. This hypothesis is consistent with increase in the
deviation of the film that is SVA with DMF compared to the
other films as the uptake is increased. In all cases, the uptake
increases linearly with increasing concentration of butanol in
the aqueous solution. As low concentrations are examined, this
linear uptake can be quantified through Henry’s law. The
Henry’s law constant is 5.0 from the linear fit of the
concentration for bulk solutions of <1 wt % butanol. From
the solution diffusion mechanism, the solubility and relative
concentration of butanol in the BCP are directly related to the
permeance and the selectivity of the membrane. Typical titers
for biobutanol are approximately 1—2%, which would suggest a
solubility of 5.0—10.0 wt % in the membrane. One challenge is
to understand the butanol—water selectivity, as it is difficult to
quantify spectroscopically the concentrations, as the hydroxyl in
water is also present in the HFANB segments and butanol, as
well as the alkyl chain in butanol, is also present in the BuNB
segments. This significantly limits the sensitivity to determine
the selectivity of the membrane from sorption measurements.
Nonetheless, these measurements provide insight into the total
solvent content in the membrane under operating conditions,
which can be utilized to determine how other physical
properties of the membrane may be affected.

By examining the BuNB-b-HFANB films under conditions
that mimic operation, a different conclusion is drawn regarding
the effect of SVA processing on the mechanical properties. As
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shown in Figure 3, there is no difference in the elastic modulus
of these films after immersion in 1 wt % aqueous butanol. In all
cases, the films contain only approximately 5.0 wt % butanol/
water and are greatly plasticized, as evidenced by the decrease
in modulus to approximately 0.9 GPa. This is at least a 38%
decrease in the modulus in comparison to the dry BCP film.
Compared to other plasticized films, this decrease in modulus is
very large. For example, the modulus of polystyrene containing
S wt % of DOP is nearly unchanged with respect to the
modulus of the neat polystyrene.>’ The reason for the large
decrease in modulus is that the solvent is not homogeneously
distributed in the BCP film, which then significantly swells only
one phase (HFANB in this case). To prove this, the swelling
and elastic modulus of both the BuNB and HFANB
homopolymers were investigated by ellipsometry and surface
wrinkling, respectively. When the BuNB homopolymer thin
films are immersed in 1 wt % aqueous butanol, the thickness
does not change statistically and the modulus is invariant at 1.1
GPa. In contrast, the thickness of HFANB homopolymer thin
films increases by 9.9% in 1 wt % aqueous butanol and,
correspondingly, the modulus significantly decreases from 1.80
to 0.43 GPa. This swelling of the homopolymers is consistent
with the volume fraction averaged swelling of the BCP.

As the elastic modulus of dry films and swollen films in 1 wt
% aqueous butanol differ substantially, as discussed previously,
it is not surprising that the cracking behavior of swollen films is
also significantly impacted by the sorption of aqueous butanol.
The dry BuNB-b-HFANB films are very brittle with the onset
fracture strain of 0.4—1.6%, whereas the films swollen by
approximately 5.0 wt % butanol were quite ductile with the
onset fracture strain extended to 6—7%, as shown in Figure 7c.
These swollen films show fewer cracks and these cracks are
small and do not appear to propagate significantly even at high
strain (20%). This behavior is quite different from the dry films,
which show a much higher crack density and propagation at
modest strain (6.5%), as shown in Figure 7. The improved
ductility of the BCP under simulated operating conditions
would likely be beneficial to inhibit cracks and other
catastrophic failures of the membrane.

B CONCLUSIONS

The morphology of BuNB-b-HFANB films with segmental T;’s
exceeding 300 °C was tuned by solvent selection for SVA. The
SVA solvent selection can modestly adjust the extent of
perpendicularly oriented cylinders in the ordered nanostruc-
ture, but these perpendicular cylinders persist over a wide range
of solubility parameters when the films can be ordered. The
elastic modulus and fracture strength of BuNB-b-HFANB films
were enhanced when the extent of ordering was increased. The
elastic modulus increases to 1.77 GPa when the films were SVA
using DMF, whereas the films without SVA processing exhibit a
lower modulus of 1.44 GPa. Additionally, the fracture strength
of the films with improved ordering increases from 12.1 to 17.5
MPa, whereas the onset fracture strain decreases from 1.6% to
approximately 0.6%. These results indicate that minor changes
in the ordered structure of BCP thin films can appreciably
impact the mechanical properties, even when both phases are
glassy. From 1 wt % butanol solution, the BuNB-b-HFANB
films are swollen with approximately S wt % of butanol. This
sorption decreases the elastic modulus significantly to
approximately 0.89 GPa; this swollen modulus is independent
of the nanostructure despite the significant differences in the
dry state. Interestingly, the toughness of the BuNB-b-HFANB
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Figure 7. Crack patterns of 140 nm BuNB-b-HFANB thin films at (A)
6.5% strain for neat film and (B) 20% strain when swollen with
approximately 5.0 wt % butanol. (C) Onset fracture strain of BuNB-b-
HFANB films (SVA using different solvents) swollen with
approximately 5.0 wt % butanol.

films appears to increase appreciably by swelling with small
fractions of butanol as the onset fracture strain increases by
almost 1 order of magnitude and the crack propagation is
nearly arrested even at high strain.
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