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ABSTRACT: We present a simple in situ electrochemical probe
for the selective etching of the PLA component of thin film
poly(4-fluorostyrene)-b-poly(p,L-lactide) (PES-b-PLA) meso-
porous block copolymer templates with a range of highly
ordered micrthase morphologies. Etching rates between 0.6
and 0.9 nm s~ were measured in electric-field aligned standing
PLA cylinders 12 nm wide and up to 800 nm long. The etching
rate within a bicontinuous gyroid network morphology is
comparable to that of the hexagonally ordered cylindrical array.
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A microphase-separated, nonaligned but film-spanning PLA pore structure is found in cylinder forming PFS-b-PLA films
immediately after spin coating that could have applications in patterning of functional nanostructured arrays. Cross-film percolation
of the PLA phase is confirmed electrochemically, with an etching rate approximately half that of the highly ordered morphologies.
The etching rate is independent of template thickness in all three morphologies.
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B INTRODUCTION

Membrane-based electrochemical synthesis is an extremely
promising approach to the economical fabrication of nanostruc-
tured materials." This approach enables the transfer of controlled
structural ordering of self-assembling systems into a vast range of
functional materials which are synthesized directly in the pores of
a preformed template. Electrochemical filling of the pores is
possible over large areas with complex (and high aspect ratio)
geometries, a regime not readily accessible using top down litho-
graphy. Typical mesoporous materials successfully employed in
this role include anodized aluminum oxide (AAO),” polystyrene
colloidal crystals,3 track-etched polycarbonate membranes,” sur-
factant structured mesoporous silica,” and block copolymer
films.*” Nanostructured metals, inorganic semiconductors, and
semiconducting polymers have all been grown in this manner.

Block copolymers are a particularly interesting templating
material due to their wealth of self-assembled, 10 nm scale phase
morphologies in a system amenable to solution processing tech-
niques® "' A thin film (typically around 1 um or less) of the
phase separated copolymer is subjected to selective degradation
of one phase, leaving a porous matrix of the remaining polymer.
Copolymers of poly(lactic acid) (PLA) are an attractive alter-
native to the extensively studied poly(styrene)-b-poly(methyl-
methacrylate) PS-b-PMMA system since PLA is susceptible
to ‘mild’ chemical etching by hydrolysis in dilute acid or
base.”'*"'* Copolymers of functional materials (such as
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conjugated semiconducting polymers) that are easily damaged
by aggressive processing steps such as UV exposure (an etch for
PMMA) can therefore be patterned directly via self-assembly."*~ ¢

The successful application of a porous block copolymer film as
a mesoscale template depends on (1) selective etching of one
phase and (2) the presence of a fully film-spanning, continuous
pore structure with access to the underlying substrate. Asym-
metric substrate—polymer interactions in thin films favor align-
ment of cylinders or lamellae parallel to the substrate (forming a
nonporous membrane). Various processing methods have been
developed to induce film-spanning ordered microstructures from
these microphases such as control of surface interactions, pattern-
ing, exposure to a solvent atmosphere, zone casting or annealing,
and application of an external electric field in the melt."”

A number of ex situ spectroscopic techniques provide suitable
probes for selective removal of one block copolymer phase,
whereas complete knowledge of the nature and alignment of BCP
morphology relies on a combination of direct imaging (cross
sectional electron microscopy, atomic force microscopy (AFM))
and scattering techniques. We describe here how a simple in situ
electrochemical measurement can be used to measure the selec-
tive etching of a PLA copolymer component and act as a probe
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for film-spanning porosity in a range of poly(4-fluorostyrene)-b-
poly(p,L-lactide) (PFS-b-PLA) morphologies.

The copolymer film is first coated on a conducting substrate
and immersed in an etching solution for the PLA phase. By
applying a fixed potential to the substrate and measuring the
electrochemical current flow with a platinum counter electrode
we probe in situ the access of the electrolyte to the underlying
substrate through the pore structure. Etching of PLA domains
begins from the exposed film surface and proceeds down toward
the substrate. While the PLA remains intact it is an effective
insulating layer in the cell and the electrochemical current flow is
negligible. Complete PLA removal allows contact of the electro-
lyte with the substrate causing a characteristic onset of current
flow through the cell. On the other hand, when the PLA domains
do not span the film, the electrolyte remains insulated from the
working electrode and no current onset is seen. The solution plays
the role of both PLA etchant and a probe electrolyte. The break-
through time, once calibrated, is also a measure of film thickness.

A full electrochemical characterization of the nature and
overall degree of film porosity would require the rigor of
electrochemical impedance spectroscopy.'® Indeed, cyclic vol-
tammetry was recently used to study the removal of PMMA from
PS-b-PMMA films after etching and provide further details of the
pore wall surface chemistry.'® We do not attempt to achieve such
thorough characterization with this method; rather we seek to
identify a simple binary indicator of film porosity, and the etching
time required. These results are the first example of direct electro-
chemical measurements made during the copolymer etching
procedure itself. The measurement is simple, in situ, and requires
no additional equipment, complex analysis or processing steps.

B EXPERIMENTAL SECTION

Cylinder forming (M,, = 34 kg mol ', polydispersity index
PDI = 1.14, PLA mass fraction 35%) and gyroid forming (M,, =
37 kg mol ™}, PDI = 1.21, PLA mass fraction 40%) PFS-b-PLA
diblock copolymers were synthesized using a previously pub-
lished procedure.”*°

Silicon substrates coated with 40 nm gold by thermal evapora-
tion were used as the conducting substrates (cleaned before use
by sonication in acetone and snow-jet cleaning). Copolymer
films with thicknesses up to 800 nm were spin-cast from toluene
solutions. These films were dried at 60 °C for 2 h to remove
residual solvent and used without further processing. To produce
ordered standing arrays of PLA cylinders, films were annealed at
180 °C under nitrogen atmosphere in the presence ofa 120 Vum ™'
DC electric field for 35 h.” Gyroid networks were prepared by
annealing under the same thermal conditions without the
application of an electric field. PLA homopolymer was taken
from the precursor polymer used to synthesized the block
copolymer. This material had a molecular weight of 10 kg mol "
and a PDI of 1.12.

DC current measurements were made using a CH Instru-
ments potentiostat in a standard three electrode setup. The Au
substrate supporting the copolymer film was the working
electrode (Viyg), a platinum wire acted as counter electrode
and a Ag/AgCl (3 M KClI) electrode was the reference. Active
areas of 0.07 cm” were defined in the cell using kapton masking
tape (Dupont). The standard cell electrolyte was a 0.05 M
NaOH solution in deionized water containing 40% methanol
by volume. Typical open circuit voltages (Vo) were between —100
and —150 meV.
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Figure 1. Schematic of a three-electrode cell comprising counter
electrode, reference electrode, and Au-coated silicon working electrode
coated with the polymer film to be tested. Kapton masking tape ensures
that a known area of the film is exposed to the 0.05 M NaOH,q
electrolyte solution. A schematic of a vertically aligned cylinder forming
PES-b-PLA copolymer film is also included.

Ellipsometry measurements were made using a Nanofilm EP3
spectroscopic ellipsometer with a 532 nm laser. Homopolymer
PLA films of ~100 nm were spin coated onto precharacterized Si
substrates. Measurements in the dry state (assuming an extinc-
tion coefficient of zero) gave a best-fit PLA refractive index of
1.47. In-situ etching measurements were recorded in a liquid cell
with a 60° angle of incidence. Ellipsometric data was fitted for the
film thickness assuming no change in the refractive index during
etching.

Electrochemical deposition of platinum was conducted in a
3-electrode cell at Viyg = 0.1 V vs Ag/AgCl in an aqueous
solution of 20 mM H,PtCls containing 20% methanol by
volume. Cross-sectional SEM images were made after fracturing
the substrate while immersed in liquid nitrogen.

Il RESULTS AND DISCUSSION

Etching of Homopolymer PLA Films. Figure 1 shows a
schematic view of the three-electrode cell used to probe PLA
degradation. We look first at a simple system consisting of a
100 nm homopolymer film of PLA (h-PLA) on an Au-coated
silicon substrate with a 0.05 M NaOH_,q) electrolyte. Figure 2
shows the cathodic (reduction) current at an applied substrate
potential of Viygz = —50 mV as a function of time, showing a
cathodic onset after ~300 s. The thickness of the PLA film
determined by in situ ellipsometric fitting of an identical film on a
silicon substrate under identical degradation conditions is shown
alongside. The current onset corresponds to the complete remo-
val of PLA, corresponding to a breakthrough of the electrolyte to
the substrate. After 425 s, the cathodic current peaks before
decaying to a steady state anodic current after 650 s (Figure 2b
inset). The steady-state current was dependent on Vo (which
varied slightly with each batch of Au-coated substrates), but for
given Voc increased linearly with methanol concentration
(Figure 2b) suggesting that methanol oxidation is the likely
source. This is consistent with studies of methanol oxidation at
gold surfaces at high pH.*' Importantly, the first onset of
cathodic current reflects the transition from an open circuit to
electrolytic contact and was not dependent on Viyg (or Vpoc)
over the tested range of —200 to 200 mV. The electrochemical
origin of the cathodic transient remains undetermined, however
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Figure 2. (a) Cathodic current (A) as a function of time for a h-PLA
film on an Au-coated Silicon substrate alongside the film thickness
determined by ellipsometry (O0) of an identically prepared film on
silicon. The (labeled) onset of cathodic current at ~300 s is determined
as the point at which current exceeded 4 times the standard deviation of
the background current. A complete view of the current trace is shown in
the inset in b. (b) Final steady-state current (anodic) as a function of
methanol concentration.

PLA degradation products in the vicinity of the substrate are
expected to lower local pH, leading to a transient positive shift
in Voc.

Etching of PFS-b-PLA Templates. Equivalent electrochemi-
cal measurements to those in Figure 2a were made on PFS-b-PLA
copolymer films on Au-silicon substrates to probe the presence
of film-spanning porosity. The range of microphase morpholo-
gies, summarized by the cross sectional SEM images and sche-
matics in Figure 3a, were achieved by tailoring the PFS:PLA
volume ratio (i.e., molecular synthetic design) and by changes in
film processing. A cylinder-forming PFS-b-PLA film was an-
nealed at 180 °C (above the glass transition temperature of PFS
and PLA blocks) both with and without the application of a
vertical, film-spanning electric field in a capacitor geometry. The
effect of the electric field is to produce vertical alignment of the
cylindrical PLA domains (“standing cylinders”) which are other-
wise expected to lie parallel to the substrate (“lying cylinders”)
because of asymmetric polymer—substrate interactions.”” A
third microphase morphology was observed in the cylinder-
forming copolymer film immediately after spin coating (before

any thermal annealing) which we refer to as “as-coated cylin-
ders”. Finally, a bicontinuous gyroid morphology (with PLA
minority phase) was prepared by thermally annealing a second
PFS-b-PLA copolymer at 180 °C (described in the Experimental
Section and in detail elsewhere).>"*

We look first at the thermally annealed cylinder-forming
copolymer films. The form of the cell current curve measured
through the standing cylinders film (after E-field annealing) was
identical to Figure 2 (see the Supporting Information); we there-
fore attribute the observation of a current onset to the complete
etching of PLA minority domains which fully penetrate the film.
Measurement of the lying cylinders morphology, on the other
hand, showed no onset of current after many hours, indicating
that the PLA cylinders are not film-spanning. This conclusion is
consistent with the horizontal pores visible in the SEM cross
section (Figure 3a) and indicates that the PFS matrix phase is an
effective insulator for the electrolyte. Wei et al. also found
negligible porosity in CTAB surfactant-templated silica films
with a lying cylinder morphology using electrochemical impe-
dance spectroscopy.”* In contrast to surfactant patterning of
silica which involves a high temperature (~400 °C) firing stage
and associated material shrinkage we do not expect the opening
of smaller pores in the walls separating PLA domains that could
lead to continuous porosity even when the primary PLA pores
are not film-spanning. Indeed, control experiments showed that
even very thin lying cylinder films (<40 nm) showed no measur-
able current onset in our cell. Measurements of both the gyroid and
as-coated cylinder films did show a current onset, proving that the
PLA domains run continuously from surface to substrate.

The onset time increased approximately linearly with film
thickness in all four studied morphologies (Figure 3b) consistent
with an etching front advancing at constant speed (and not
diffusion limited) from the exposed film surface through the PLA
domains to the substrate. We measured etching rates of between
0.9 and 0.6 nm s~ ' in 0.05 M NaOH for the standing cylinder
morphology (standing cylinders 1 and 2 in Figure 3b). The stated
uncertainty reflects the fact that we measured slightly slower
etching rates on repeat measurements some 6 months apart in
our laboratories after preparation of a fresh batch of NaOH
etching solution.”> When measured consecutively and with the
same etching solution (standing cylinders 2, gyroid and as-coated
cylinders), the standing cylinder and gyroid morphologies etched at
the same rate of 0.6 nm s~ ' in 0.05 M NaOH while the as-coated
cylinder morphology etched at arate of 0.4 nm s~ '. The comparable
etching rates of standing cylinders and gyroid morphologies reflect
the presence of vertical (or close to vertical) pores running directly
from surface to substrate. The slower etching rate of the as-coated
cylinders can be explained by the presence of nonvertical, indirect
(i, longer) tortuous PLA domain pathways through the film.

The morphology of the pore structure in the as-coated
cylinder films was further studied by electrochemical deposition
of platinum metal into the etched films (20 mM aqueous solution
of H,PtClg) followed by final removal of the surrounding PFS
template. The electrochemical deposition begins upward from
the underlying working electrode and produces a positive replica
of the pore structure that is more easily visible in SEM. Replica-
tion of the standing cylinders, for example, produces standing
arrays of nanowires up to 800 nm in length and ~12 nm in
diameter (Figure 3c). Replication of the as-coated cylinder
template reveals the internal tangled network structure that is
self-supporting after removal of the polymer matrix (Figure 3d).
The structure is consistent with a microphase separated yet
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Figure 3. (a) Freeze-fracture cross-sectional SEM images of PFS-b-PLA copolymer morphologies after PLA etching (morphologies described in text).
(b) Plot of template thickness against current onset time with linear fitting for the morphologies in image a. Etching rates (inset) are extracted from the
fitted gradient. Error bars from determination of current onset are smaller than the symbol size when not shown. (¢, d) Pt replication of the standing
cylinders and as-coated cylinders templates and removal of PFS template by UV ozone exposure. (e) Film etching rate as a function of NaOH
concentration for standing PFS-b-PLA cylinders (O) and h-PLA () with first-order linear interpolation. The film thicknesses were 430 nm (standing

cylinders) and 415 nm (h-PLA).

nonaligned microstructure which we assume is kinetically trap-
ped by the removal of solvent during casting (shown schemati-
cally in Figure 3a). We have observed a similar film-spanning
morphology after spin coating in a semiconducting triphenyla-
mine side group block copolymer with a sacrificial PLA compo-
nent that has direct application in patterning of donor—acceptor
bulk heterojunction structures.

The etching rate of PLA is pH-dependent, increasing linearly
with NaOH concentration in both #-PLA and standing cylinder
PFS-b-PLA films over the studied range (0.03 to 1 M) and
reaching rates in excess of 10 nms ' in 1 M etchant solutions
(Figure 3e). The etching rate of the standing PLA cylinders was
roughly 2.5 times faster than that of the homopolymer films in this
concentration range. The observation of faster PLA etching within
copolymer domains when compared to the homopolymer is not
currently understood. We have considered plausible differences
between the BCP and homopolymer PLA environments shown to
exist in other copolymer materials (such as differences in stretched
chain conformation,®*” partial crystallinity”®*® or the presence of
trapped solvent molecules) but can identify no compelling, un-
ambiguous explanation for the difference in rate of PLA hydrolysis.

Bl CONCLUSION

We present a straightforward in situ measurement of the
selective degradation of PLA from PFS-b-PLA copolymer films
with distinct film-spanning porous morphologies on conducting
substrates. The PLA etching rate in films exposed to 0.0S M
NaOH(aq) solutions was between 0.6 and 0.9 nm s ' for
thermally annealed, vertical arrays of cylindrical domains and
gyroid networks, approximately twice as fast as for microphase

separated but nonaligned films immediately after spin coating
without thermal annealing. The etching time is not limited by
diffusion through the pore structure in the concentration and
thickness range studied. Combined imaging and electrochemical
probes prove that a film-spanning pore structure is present in
cylinder-forming PFS-b-PLA films with no additional processing
required beyond spin coating. The removal of time-costly
alignment stage is a major advantage from the perspective of
large scale porous membrane and templating applications.
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