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ABSTRACT: We describe a straightforward self-assembly route
to nanoporous materials derived from a hexagonally-packed
cylinder (HEX) morphology of a polyisoprene-block-polylactide
(PI-b-PLA) diblock copolymer, by thermal cross-linking of the
minority PI domains followed by selective chemical etching of the
PLA matrix. The resulting mechanically stable and porous samples
defy the expectation that the remaining cylinders cannot yield a
robust, integrated material upon matrix removal. Scanning electron
microscopy imaging reveals that this unexpected structural
integrity stems from the interconnected nanofibrils therein,
reflecting topological defects at the grain boundaries of the parent
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polydomain HEX nanostructure. Hydrodynamic radius-dependent poly(ethylene oxide) (M, = 0.4—35 kg/mol) permeation
behavior through these monoliths directly demonstrated the continuity and size selectivity of the nanoporous material. The ready
accessibility of block copolymer HEX morphologies of varied chemistries suggests that this matrix etching strategy will enable the
future design of functional, size-selective nanofiltration membrane materials.
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he development of robust and scalable methods for

fabricating nanoporous polymeric materials affects their
applications in microelectronic device manufacturing,l_4 size-
selective separations membranes,™ solid catalysts,” " tem-
plates for porous inorganic materials,"'~'* and drug delivery
vehicles."> While the fabrication of an isoporous polymer
structure is crucial for many of these applications, periodic
long-range translational order in the pore structure is often not
an absolute requirement. Numerous applications instead
require continuous and macroscopically percolating pores
through the materials. In comparison to porous metals and
ceramics, the pore sizes, pore wall functionalities,®'”
interfacial wettability,'® and overall mechanical properties of
nanoporous polymers may be tailored by a judicious selection
of their constituent monomers, their compositions, and their
processing histories.'” The melt and solution processabilities of
monomeric or polymeric precursors into porous media further
enhance the utility of the resulting materials, by enabling their
fabrication in formats ranging from monoliths to thin film
coatings.

An enticing, “bottom up” design strategy for producing
nanoporous materials with pores of tailored dimensions
decorated with well-defined chemical functionalities and
tunable physical properties relies on block copolymer self-
assembly.'®*® Block copolymers, which are derived from
covalently linking chemically dissimilar polymer segments,
thermodynamically microphase separate into spherical, hexag-
onally-packed cylinder (HEX), gyroid, and lamellar nanostruc-
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tures with microdomain dimensions that depend on the
polymer composition and molecular weight.”"** Integrating
mechanically robust (e.g., high T, or cross-linkable) blocks and
degradable segments into these nanostructured polymers
allows the development of porosity by selective chemical
etching of the nanodomains.**>~% Register, Chaikin, and co-
workers first demonstrated the formation of polymer-based
nanolithography templates by ozonolysis of the polydiene
domains of a self-assembled polystyrene-block-1,4-polybuta-
diene thin film." By a conceptually related strategy, Hillmyer
and co-workers produced isoporous PS monoliths with 15 nm
diameter cylindrical pores, by flow-induced alignment of a
HEX-forming polystyrene-block-polylactide (PS-b-PLA) di-
block followed by saponification of the minority-phase PLA
cylinders.”® This approach has been extended using degradable
polyether”” and polysiloxane”**’ segments. These methods
produce materials with ordered nanopore arrays, albeit at the
expense of nontrivial processing steps to produce pseudomo-
nodomain morphologies.”*’
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Figure 1. (a) Molecular structure of a PS-b-PLA block copolymer synthesized via tandem anionic and ring-opening transesterification
polymerizations. (b) SAXS patterns of a compression-molded PS-b-PLA sample (green) and a water-infused monolith after PLA matrix etching
(orange). Markers indicate the positions of the expected peaks for hexagonally packed cylinders with (q/q*)* =1, 3,4, 7, 9, ... with g* = 0.0244 A~".
The etched PS-b-PLA sample (orange) exhibits only a single correlation peak at nearly the same g* position as that before etching, indicative of
short-range correlations (the peak at 0.10 A™" is an artifact arising from the sample holder). (c) Picture of the water-filled porous PS sample after
etching and (d) SEM image of the cryofractured and vacuum-dried sample showing interconnected PS cylinders.

Selective chemical etching of bicontinuous block copolymer
morphologies enables access to useful high surface area
nanoporous materials, while avoiding arduous processing
steps. Ordered and disordered bicontinuous nanoporous
polymers have been derived from microphase separated
double-gyroid morphologies*****" and bicontinuous micro-
emulsions,” respectively. However, these privileged phases
only form over narrow composition and molecular weight
ranges that limit synthetic access and ultimate porosity.’’
Broader access to polymers with percolating, disorganized
pores has been recently reported by polymerization-induced
microphase separation (PIMS),”*™*° by cross-linking disor-
dered states of diblock polymers above their order-to-disorder
transition temperatures,”’ > and through the formation of
randomly end-linked copolymer networks (RECNs).*

A further limitation of many of the above routes to
nanoporous polymers is that the observed porosity is typically
<50%, as a consequence of the block copolymer composition
presumed to furnish minimal mechanical integrity. While the
selective degradation of HEX morphologies of linear AB
diblock copolymers comprising structurally robust cylinders in
a degradable matrix would be theoretically expected to yield
higher-porosity nanostructures with matrix volume fractions as
high as 65—75 vol %, conventional wisdom suggests that
matrix domain etching in such phases leads to weak materials
that readily disintegrate. Such methods have indeed been
reported as a route to narrow-dispersity nanotubes,*”*’
polymer nanofibrils,"*** and metallized nanowires.”® In
contrast to this conventional wisdom, we herein demonstrate
that selective matrix domain removal from unaligned HEX
morphologies of block copolymers yields mechanically robust,
high-porosity polymers with defined pore sizes.

By a previously reported sequential anionic polymerization
and Sn-catalyzed ring-opening transesterification polymer-
ization (ROTEP) sequence,”® we synthesized a PS-b-PLA
diblock (Figure 1a) with total molecular weight M, = 41.1 kg/
mol (P = M,,/M, = 1.24) and a minority PS volume fraction,
fps = 021 (see Figures Slab and S2ab, for synthesis and
characterization details). Synchrotron SAXS analysis of a 0.7
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mm thick sample compression-molded at 120 °C exhibits a
modestly ordered HEX morphology (Figure 1b), presumably
due to the strongly segregated nature of this high molar mass
polymer. Immersion of this material into 2.5 M NaOH in
MeOH/H,0 (20/80 v/v) at 45 °C for 12 h completely
degrades the PLA therein, evidenced by the absence of any
PLA 'H NMR resonances (5 5.1—5.3 ppm in Figure S2b,c)
upon dissolution of the etched sample in CDCl;. The mass loss
from the etched and vacuum-dried PS monolith was 80.9 wt %,
in comparison to the 81.3 wt % theoretically anticipated from
the copolymer composition. The resulting water-filled PS
monolith surprisingly retains its original shape with a clear,
slightly bluish appearance (Figure 1c), and it may be readily
handled. This water-imbibed monolith was cryofractured in
N,(1), vacaum-dried, coated with a 2 nm thick Ir layer, and
imaged by SEM to reveal the porous network of discrete,
randomly oriented fibrils shown in Figure 1d. While a SAXS
analysis of the etched samples (Figure 1b) corroborates the
observed loss of long-range translational order, short-range
correlations consistent with the ordered microdomain
periodicity remain in the water-infused monolith. While the
vitreous nature of the PS domains preserves the porous
nanostructure after PLA removal, the low molecular weight of
the PS segment (M, = 7.7 kg/mol) confers little mechanical
strength. Nonetheless, this finding establishes that the cylinders
in this unaligned, polydomain HEX morphology are sufficiently
interconnected to furnish an integrated nanoporous polymer
monolith by matrix domain etching. This result is conceptually
related to prior work by Bendejacq et al. that reported water-
induced swelling without the disintegration of HEX-forming
poly(styrene)-block-pol(acrylic acid) (PS-b-PAA) monoliths
with a hydrophilic PAA matrix phase.”” Furthermore, the
disorganized cylinder morphology observed in Figure 1d is also
reminiscent of that indirectly observed by Hayward et al. in
silica nanostructures templated by poly(styrene-dg)-block-
poly(2-vinylpyridine) with a poly(2-vinylpyridine) matrix
swollen in HCl(aq).**

Encouraged by this somewhat unexpected finding, we sought
a melt-processable HEX-forming block copolymer that would
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yield a mechanically tough material upon matrix domain
etching. We consequently investigated the fabrication of
nanoporous polymers derived from 1,4-polyisoprene-block-
polylactide (PI-b-PLA), in which the PI cylinders are thermally
cross-linked with dicumyl peroxide (DCP) during melt
processing to enhance their rigidity (Figure 2a). By a literature
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Figure 2. (a) Chemical structure of PI-b-PLA and the thermal cross-
linker DCP. (b) SAXS patterns of PI-b-PLA block polymer loaded
with 15.7 wt % DCP before (melt-pressed; red) and after (cured;
blue) thermally activated cross-linking of the PI domains. Markers
indicate the positions of the expected peaks for hexagonally packed
cylinders situated at g%, q*\/3, q*\/4, q*\/7, q*\/9, ...The wet PI-b-
PLA sample after etching (green) exhibits only a single, broad, and
weak correlation peak at g* = 0.0428 A™". (c) Photographs of etched
and water-imbibed flexible nanoporous PI which demonstrate that it
can be bent, folded, and twisted.

procedure,” we synthesized a PI-b-PLA diblock with M, =
32.0 kg/mol (B = M,/M, = 1.17) and PI volume fraction fp; =
0.22 (see Figures Slc,d and S3 for detailed synthesis and
characterization). This polymer was blended with DCP by
codissolution in C¢Hg, followed by freeze-drying the mixture to
yield a final DCP content of 15.7 wt % as determined via 'H
NMR. The resulting mixture was initially compression molded
at 60 °C to agglomerate the polymer into a 0.7 mm thick film
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above the PLA glass transition temperature Typy = 42 °C
(which is depressed from 58 °C by DCP blending) without
activating the cross-linker. PI microdomain cross-linking was
then achieved under hydraulic compression (40 psi) at 155 °C
for 1 h. SAXS analyses presented in Figure 2b demonstrate the
formation of a HEX morphology in this PI-b-PLA/DCP blend
prior to cross-linking, evidenced by scattering maxima at (g/
q*)*=1,3,4,7,9, 12, 13, etc. with the microdomain spacing d
= 30.7 nm (g* = 0.0204 A™"). Cross-linking decreases the d
spacing to d = 29.3 nm with some loss of translational order
evidenced by higher-order SAXS peak broadening (Figure 2b),
due to volume contraction stemming from conversion of van
der Waals contacts between the PI segments into covalent
cross-links. A comparative SAXS analysis of the neat PI-b-PLA
diblock (Figure S4) reveals that the incorporation of DCP
prior to cross-linking drives a 3% reduction in the observed
HEX d-spacing, indicating that DCP compatibilizes the PI and
PLA segments by nonselectively partitioning into both
domains.”® Thus, we hereafter assume that the overall fp,
value is not appreciably changed by the inclusion of DCP.

Etching of the cross-linked PI-b-PLA film with 2.5 M NaOH
in MeOH/H,0 (20/80 v/v) solution at 45 °C for 12 h
followed by immersion in DI water to remove the base yields a
flexible, water-imbibed nanoporous PI (npPI) monolith that
retains its original shape, and it may be bent, twisted, and
folded as pictured in Figure 2c. Thus, this wet npPI monolith
does not simply fall apart as anticipated by conventional
wisdom, since the cylinders apparently remain interconnected.
However, monoliths thus prepared become brittle upon
drying. Gravimetry reveals that the etching process causes an
average mass loss of 81.0 = 1.0 wt % (five replicates) for the
dried npPI, which is somewhat less than the 82.8 wt % loss
expected on the basis of the PI-b-PLA block copolymer
composition. In order to more accurately quantify the mass
loss corresponding to etched PLA and to account for
contributions from residual DCP, etching was separately
performed on cross-linked PI-b-PLA samples initially swelled
in THF at S5 °C to extract residual DCP and cross-linking
byproducts (see the Supporting Information for experimental
details). When the THF-extracted, cross-linked PI-b-PLA was
etched under the same conditions as above, a mass loss of 80.3
+ 0.2 wt % with respect to the extracted cross-linked diblock
was determined via triplicate gravimetric measurements. Thus,
we deduce that the upper bound on the residual PLA content
in the dry porous polymer is 12.6 + 0.8 wt %, on the basis of
the PLA weight fraction of 82.8 wt % in the diblock precursor.
Thermogravimetric analysis (TGA) corroborates the presence
of ~12 wt % of PLA in the extracted and dried npPI sample
(Figure SS), albeit as an upper-bound value due to
uncertainties associated with residual water and DCP
decomposition products in the sample. Increasing the etching
time to 2—3 days failed to further reduce the PLA content.
Since the interfacial width in the PI-PLA HEX morphology is
finite, we surmise that some of the DCP initiator reacts with
the PLA chains by H-atom abstraction to generate a-enolic
radicals®">* that cross-link to interfacially mixed PI segments.>®
Thus, PLA is covalently incorporated at or near the surface of
the cross-linked PI cylinders, as suggested from FTIR spectra
of the etched monolith (see Figure S6).

The cross-linked npPI monoliths imbibed with water were
cryofractured and cross-sectionally imaged by SEM (Figure
3a,b) to reveal a porous structure with interconnected polymer
fibrils, akin to a previously reported nanoporous PI derived
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Figure 3. SEM images of the cross-section of a cryofractured npPI sample under (a) low magnification and (b) high magnification, demonstrating
the porous structure with interconnected cylindrical fibrils. (c) Cyclic compression of the npPI polymer. Compression moduli were calculated from
the two linear regimes of the second compression curve as 95.5 + 23.9 and 3.58 + 0.31 MPa, respectively. The maximum normal stress decreases
by 26 + 9% after 10 compression cycles at a maximum strain of 20%. Reported data and standard deviations reflect the results of five independent

trials.

from cross-linking and etching a bicontinuous microemul-
sion.”” Quantitative image analyses of Figure 3b with ImageJ
software indicate the presence of discrete fibers with an average
diameter of 16 + 2 nm, based on 40 measurements of
manually selected, isolated fibrils to avoid merged cylinder
bundles. This fibril diameter concurs with the expected PI
cylinder diameter of 17.4 nm geometrically estimated from the
SAXS-derived d = 29.3 nm of the cross-linked PI-b-PLA and
the total volume occupied by the cross-linked PI and residual
PLA in the sample (see Figure S7 for calculation details). In
spite of their derivation from an ordered block copolymer
morphology, these fibrils are randomly oriented with scant
hexatic order and some degree of fibril agglomeration and
collapse. This last finding is consistent with the SAXS pattern
from the etched, water-filled polymer monolith (Figure 2b), in
which the primary scattering peak of the cross-linked PI-PLA
sample (q* = 0.0204 A™") transforms into a weak and broad
correlation peak (g* = 0.0428 A™") with no higher-order Bragg
scattering. This SAXS result, which is similar to that observed
on etching PS/PLA RECNs with fpg < 0.35 by Zeng and
Hayward, suggests some degree of rearrangement and collapse
of the cross-linked PI domains upon PLA removal.”* Mass loss
quantitation on water removal by drying the porous fibrillar
network leads us to estimate its void fraction to be 55 + 4%.
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This porosity estimate is lower than the fp; 4 value of 0.78, also
suggesting partial collapse of the cylinders on PLA matrix
etching. We note that the obtained porosity is comparable to
that reported by Vidil et al. from etching melt-disordered block
polymers.”” The dried samples can be partially rehydrated in
DI water to a water content of 40 + 4 vol %, which implies the
modest hydrophilicity of the npPI. This apparent porosity
reduction suggests that exhaustive water removal irreversibly
alters the nanoporous material structure. Thus, etched npPI
samples were subsequently stored in H,O and characterized in
their fully hydrated state unless noted.

The compressive mechanical properties of water-filled npPI
samples were characterized by 10 consecutive compression—
release cycles with a maximum 20% applied strain at a 0.02 s~
strain rate (Figure 3c). We observe notable hysteresis after the
first compression cycle, which likely arises from irreversible
plastic deformation and possible collapse of the porous
structure. From the slope of the linear regime of the second
compression stress—strain curve, we calculate that the
compressive modulus of the etched polymer is 95.5 + 23.9
kPa. The compression profiles obtained in cycles 2—10 exhibit
a sharp upturn between 15 and 20% strain, which coincides
with that observed in fibrillar network mechanics documented
in soft fatty tissue.”> The fibrillar npPI network mechanics
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continue to evolve such that the peak normal stress decreases
by 26 + 9% after 10 loading cycles, due to some degree of
network rupture and possible water loss.

In order to quantify the effective npPI pore size and directly
demonstrate pore percolation through a macroscopic film, we
examined its performance as a semipermeable membrane for
the separation of a mixture of five narrow-dispersity poly-
(ethylene oxide) (PEO) standards with M, = 0.4—35 kg/mol
at 22 °C. These measurements relied on a U-tube diffusion cell
(see Figure S8 and associated description), wherein a 0.35 mm
thick npPI membrane was situated between a reservoir
containing pure DI water and one containing a mixture of
PEO standards with a concentration of 6 mg/mL for each M,
value. Our initial experiment in pure DI water revealed
osmotically-driven water transport evident from changes in the
water levels on both sides of the membrane. However, only
slow and M, -independent permeation of the PEO (<5 wt %)
was observed with little evolution in time. Given the presence
of residual PLA in the npPI that could hydrolyze to yield
—COOH functionalities lining the fibrillar network surface
which bind PEO,*® we speculated that this slow permeation
stemmed from PEO adsorption within the material that
clogged the membrane. Consequently, we conducted the same
U-tube diffusion experiment after replacing the deionized
water with 1.0 M KOH(aq) (pH 14) to promote the
deprotonation of any carboxylic acidic functionalities. This
condition could additionally promote electrostatic repulsions
between the cylindrical fibrils to furnish enhanced porosity.

Figure 4a depicts the time-dependent PEO concentration
profiles determined by quantitative SEC analyses of aliquots
taken from both arms of the U-tube (see the Supporting
Information for details), from which we deduce the percent
rejection of PEO by the npPI membrane as shown in Figure
4b. While solvated PEOs with M, < 1.5 kg/mol diffuse
through the npPI by day 3 of the experiment, ~98% of the 35
kg/mol PEO was rejected even after 70 days. Thus, the critical
pore diameter in the npPI is estimated to be 5.7 nm on the
basis of the hydrodynamic radius of 35 kg/mol PEO.*” This
value matches reasonably well with the estimated critical pore
size of 4.2 nm estimated from the cylinder diameter including
the putative PLA shell, the 55 vol % porosity determined by
gravimetry above, and a local hexatic packing of the fibrils (see
Figure S9 for a detailed geometrical calculation). The fact that
the PEO chains permeate through a macroscopic npPI film
confirms the percolating pore structure, suggesting potential
nanofiltration applications for these materials.

As a step to better understand the limits within which the
mechanical properties of these porous fibrillar networks could
be tuned, we attempted to fabricate npPI samples by
chemically etching PI-b-PLA cross-linked by the above
protocol with 8.6, 5.9, and 3.5 wt % of DCP. Samples
comprising [DCP] < 5.9 wt % resisted etching even after 2
days, evidenced by only ~2 wt % mass loss on drying samples
exposed to a caustic aqueous solution. SEM analyses of such
samples (Figure Sa) revealed the formation of a rough and
apparently nonporous structure, which may originate from
insufficient cross-linking of the PI to yield high-modulus fibrils.
We surmise that the collapsed PI fibrils most likely form a
rubbery barrier layer around the macroscopic sample that
prevents complete etching. This result is in contrast with the
porous structures of the npPI samples obtained using [DCP] =
8.6 wt % (Figure Sb). This line of reasoning is consistent with
the notion that preventing porous polymer nanostructure
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Figure 4. (a) SEC traces showing the time evolution of the polymer
concentrations in the PEO stock solution (left arm, top) and the
blank solution (right arm, bottom), which are separated by a
semipermeable npPI membrane in a U-tube apparatus. Dashed lines
indicate the molar mass and hydrodynamic radius of each PEO
standard. (b) Percentage of PEO rejected by the npPI membrane as a
function of PEO hydrodynamic radius (Ry,) after 3, 25, and 70 days of
permeation.

collapse requires the polymer modulus to be sufficiently high
to counteract the Laplace pressure within the nanopores.””"
The cross-linked, higher T, PLA layer coating the elastomeric
PI cylinders in a putative core—shell structure may also aid the
preservation of the structural porosity and enhance npPI
mechanical stability.

Although one does not intuitively expect etching the matrix
domain of a block copolymer HEX morphology to produce a
bicontinuous, nanoporous material, our findings demonstrate
that the minority-phase cylinders are connected. The expect-
ation that matrix etching would yield only cylindrical fibrils
that fall apart is predicated on a pseudo-single-domain sample
and neglects the existence of grain boundaries and their
detailed structures. In concurrence with the latter expectation,
Stamm and co-workers demonstrated that a pseudo-single-
domain sample of a diblock copolymer HEX morphology
produced by shear processing may be dissolved into isolated
nanocylinders.”® Transmission electron microtomography
studies by Jinnai et al.”’ have documented connections
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Figure S. SEM images of (a) an etched PI-b-PLA sample cured with 3.5 wt % DCP, showing the surface after immersion in 2.5 M NaOH in
MeOH/H,0 (20/80 v/v) at 45 °C for 2 days and (b) a cryofractured npPI sample with 8.6 wt % DCP demonstrating its porous cross section.

between the cylinders in adjacent, randomly oriented grains of
a HEX-forming polystyrene-block-polyisoprene diblock as a
type of topological defect. Even pseudo-single-domain HEX
morphologies produced by shear alignment possess Y junctions
(branches) as common defects in imperfectly aligned speci-
mens.”® Thus, cross-linking the interconnected cylinders in
randomly oriented HEX grains leads to a percolating yet
porous fibrillar network with reasonable mechanical properties.
The stability of these npPI monoliths in aqueous media
suggests that the residual hydrophilic hydroxyl and carboxylate
functionalities on the cylinder surfaces do not appreciably
contribute to monolith cohesion. Additionally, hydrophobic
associations between the cylinders contribute only negligibly to
the monolith stability, as such interactions would be expected
to drive more complete pore collapse on dehydration, which is
at odds with the above observations. The percolating nature of
the cross-linked network is instead evident in the lack of
solubility of the npPI in THF, an organic solvent that would
disrupt hydrophobic associations and solvate the cross-linked
PI cylinders. The above results conceptually resemble recent
reports from Osuji and co-workers, in which mechanically
stable porous ultrafiltration membranes were prepared by
cross-linking shear-aligned, %ylindrical surfactant micelles in a
continuous aqueous matrix. 6! The mechanical stability of
their micellar network stems from a water-soluble cross-linker
that links the fibrils to resist structural change. Our findings
regarding the intrinsic continuity of the cylinders through grain
boundaries suggest new design principles for other mechan-
ically stable porous materials derived from this simple and
scalable preparation process.

In summary, we have demonstrated the preparation of a
flexible, nanoporous material by cross-linking of the minority
domain of a microphase separated block copolymer HEX
morphology followed by matrix domain etching. Contrary to
the expectation that discontinuous cylindrical domains would
fall apart upon chemical degradation of the matrix phase, we
obtained freestanding, cross-linked polymer monoliths that
exhibit mechanical properties consistent with the nanofibrillar
network morphology observed by SEM. We demonstrated the
percolating nanoporosity of the resulting materials by selective
permeation of solvated PEO samples of varying molar masses,
which enabled deduction of a critical pore size that conforms
to expectations based on SAXS analyses of the block
copolymer precursors. These findings highlight how finite-
sized grains in the HEX morphology and the structures of their
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grain boundaries unexpectedly pave the way toward the simple
and scalable preparation of nanoporous polymers with
potentially tunable surface activities, void sizes, and mechanical
properties.
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