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ABSTRACT: Nanoporous thin films formed on electrodes are
considered functional elements of electrochemical sensing systems,
thus motivating methods for their development. We report a
preparative strategy detailing the effects of surface modification of
gold substrates with thiolate self-assembled monolayers (SAMs) on
the properties of nanoporous thin films derived from polystyrene-
block-poly(ethylene oxide) having a photocleavable o-nitrobenzyl
ester junction (PS-hν-PEO). Two PS-hν-PEO having similar PEO
volume fractions (≈0.2) but different molecular weights (10 and
23 kg/mol) were used to prepare films (30−100 nm thick) spin-
cast on gold substrates unmodified and modified with cysteamine,
thioctic acid, and 6-hydroxy-1-hexanethiol SAMs. Solvent vapor
annealing followed by PEO removal led to the formation of
nanopores with average diameters of 12 and 19 nm from the smaller and larger PS-hν-PEO, respectively. Cyclic voltammograms of
1,1′-ferrocenedimethanol showed that nanoporous films on cysteamine SAMs afforded nanopores reaching the underlying substrates
at higher density than those on the other substrates. This result was attributed to balanced affinity of the cysteamine SAM surface
with PS and PEO, which enhanced the vertical orientation of PEO microdomains. The generation of carboxyl groups associated with
the photocleavage reaction was revealed by pH-dependent changes in the voltammogram of Fe(CN)6

3− that reflected electrostatic
effects regulated by the protonation state of the carboxyl groups. The SAMs underneath the nanoporous films could be replaced by
treatment with a thiol solution, as verified by voltammograms of L-ascorbic acid. These results suggest that thiolate SAM
modification provides a simple means to control the interfacial orientation of PEO microdomains in thin PS-hν-PEO films.

■ INTRODUCTION

Microphase separation of block copolymers provides a unique
means to fabricate periodic nanostructures having predictable
morphologies and uniform dimensions.1 The morphologies
and dimensions of the nanostructures, microdomains, can be
rationally controlled by adjusting the incompatibility and
lengths of the constituent polymer blocks. In particular,
substrate-supported nanoporous thin films derived from block
copolymers have been explored for various applications,
including masks for nanolithography,2,3 templates for nano-
material fabrication,4−6 membranes for chemical separa-
tions,7−9 and platforms for electrochemical sensing.6,8,10

These applications utilize nanopores that are formed upon
the selective removal of cylindrical (or gyroid) micro-
domains.11 Such nanoporous films are often prepared by
degrading the sacrificial blocks of block copolymers such as
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA),12

polystyrene-block-polylactide (PS-b-PLA),13 polystyrene-block-
poly(ethylene oxide) (PS-b-PEO),14 and polystyrene-block-
poly(dimethylsiloxane) (PS-b-PDMS).15 However, degrada-
tion of these blocks requires fairly harsh conditions such as

UV-C irradiation (for PMMA),12 or treatment in concentrated
base (for PLA)13 or acid (for PEO and PDMS),14,15 which
limits the selection of underlying supports to chemically robust
materials. This limitation can be mitigated by use of block
copolymers incorporating cleavable junctions that permit the
removal of minor blocks under mild conditions using a weak
acid,16 a reducing agent,17 and UV-A.18−20 Among them, PS-b-
PEO with a photocleavable o-nitrobenzyl ester (ONB)
junction, PS-hν-PEO, has been studied extensively for the
fabrication of nanoporous thin films.18,20,21 The surfaces of the
resulting nanoporous films can be further tailored via
postfunctionalization.21−24 However, PS-hν-PEO-derived
nanoporous films have been explored only for photopattern-
ing21,22 and silica nanodot fabrication,20 both of which do not
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require nanopores that expose the underlying substrates in
contrast to other applications such as electrochemical
sensing.6,8,10

Many of the applications being considered seek to take
advantage of nanopores that are formed from cylindrical
microdomains that vertically penetrate through a thin block
copolymer film. A number of approaches have been established
to enhance the vertical orientation of cylindrical microdomains
in substrate-supported thin films,25 including electric field
application during thermal annealing12 and directional solvent
vapor evaporation (solvent vapor annealing, SVA).26,27 In
addition, substrate surface properties need be adjusted to
control microdomain orientation at the film−substrate inter-
face and also to obtain uniform thin films without dewetting.28

A neutral surface, which has similar affinities to constituent
block copolymer blocks, is often employed to prepare thin
films with vertically oriented microdomains.29 Such surfaces
have been obtained by covalently grafting them with random
copolymer brushes of appropriate monomer fractions30 or
organosilane monolayers.31 However, these surface grafting
methods afford relatively thick insulating layers that remain
upon the removal of cylindrical microdomains and thus are not
suitable to prepare nanoporous thin films for electrochemical
applications. Vertically oriented cylindrical microdomains were
obtained on substrates coated with indium tin oxide or gold
without surface grafting by using the application of electric
fields32,33 or owing to nanoscale surface roughness.34,35

However, the former needs a sophisticated setup to apply a
high voltage across a thin film at high temperature32,33 and the
latter requires optimization of the annealing conditions to
attain the metastable structure.35 For these reasons, routine
access to vertically aligned microdomains on electrically
conductive substrates remains an outstanding challenge.
In this study, we prepared nanoporous thin films (Figure 1)

using PS-hν-PEO deposited on gold substrates that were
modified with thiolate self-assembled monolayers (SAMs).
Thiolate SAMs have not been widely examined for the purpose
of obtaining neutral surfaces for controlling block copolymer
microdomains36,37 because of their limited thermal stabil-
ity.38,39 Many previous studies were carried out using block
copolymers that require thermal annealing at high temperature
(often >160 °C) for their microphase separation. In contrast,
PS-b-PEO does not require thermal annealing to achieve
microphase separation, and the orientation of its PEO
microdomains can be improved using SVA at room temper-
ature.40,41 Indeed, micropatterned surfaces with long alka-
nethiol SAMs were used to manipulate the distribution of PS-
b-PEO droplets based on the dewetting of the solvent-swollen
polymer.42,43 Herein, PS-hν-PEO was used to fabricate
nanoporous thin films under relatively mild conditions
involving SVA and UV-A irradiation (Figure 1a−c), which
would cause negligible damage to underlying substrates.18,20,21

Nanoporous thin films were prepared on gold substrates
modified with cysteamine, thioctic acid, and 6-hydroxy-1-
hexanethiol SAMs (Figure 1d), denoted as NH2-, OH-, and
COOH-SAMs, respectively, in addition to bare gold substrates.
The polar terminal groups of these SAMs would reduce the
affinity of PS to inhibit the formation of an insulating PS layer
on the substrate surfaces. More importantly, their alkyl chains
are short enough to allow electrode reactions,44−49 and thus,
the properties of nanoporous films can be assessed using
electrochemical methods. Atomic force microscopy (AFM),
Fourier-transform infrared external reflection spectroscopy

(FTIR-ERS), and cyclic voltammetry (CV) were used to
characterize polymer thin films on these substrates. In
particular, CV provides a simple means to assess the
permeability of the electrode-supported nanoporous film and
the electrochemical activity of the underlying substrate, which
provide insight into microdomain orientation at the film−
substrate interface.35,50 This study reveals the applicability of
PS-hν-PEO-derived nanoporous films as electrochemical
sensing layers that have the potential to be used to improve
detection sensitivity and selectivity, as shown with other
polymer-based or inorganic nanoporous films.6,10,51−53

■ EXPERIMENTAL SECTION
Chemicals and Materials. Two PS-hν-PEO having similar PEO

volume fractions but different molecular weights [PS-hν-PEO (8k−
2k) and PS-hν-PEO (18k−5k); Table 1] were synthesized by atom
transfer radical polymerization (ATRP)19 according to a synthetic
procedure described in Scheme 1. Detailed synthesis of PS-hν-PS
including its characterization can be found in the Supporting
Information. Cysteamine (Aldrich and TCI America), thioctic acid
(Acros), 6-hydroxy-1-hexanethiol (Aldrich), 1,1′-ferrocenedimethanol
(Fc(CH2OH)2, Aldrich), potassium ferricyanide (K3Fe(CN)6, Acros),
L-ascorbic acid (L-AA, Acros), o-phosphoric acid (Fisher), and
diiodomethane (Alfa Aesar) were used as received. All other
chemicals were of reagent grade and used as received. Gold-coated
silicon wafers, which were prepared by sputtering 10 nm of Ti
followed by 200 nm of Au onto Si (100) wafers, were purchased from
LGA Thin Films (Foster City, CA). All aqueous solutions were

Figure 1. (a−c) Molecular structure of PS-hν-PEO used in this study
and procedure for the preparation of a nanoporous thin film: (b)
fabrication of a thin PS-hν-PEO film comprising PEO microdomains
using spin-casting onto a gold substrate modified with a thiolate SAM,
followed by SVA under a benzene/water atmosphere to enhance
microphase separation and vertical microdomain orientation; (c)
removal of the PEO microdomains using UV-A irradiation at 350−
450 nm, followed by immersion in methanol−water (8:1). (d)
Molecular structures of cysteamine, thioctic acid, and 6-hydroxy-1-
hexanethiol, which were used to obtain NH2-, COOH-, and OH-
SAMs, respectively.
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prepared with water having a resistivity of 18 MΩ (Barnstead
Nanopure systems).
Thin-Film Preparation (Figure 1a−c). Gold-coated silicon

substrates (ca. 1.2 × 1.2 cm2) were cleaned using a Novascan PSD-
UVT UV−ozone system for 20 min. SAM modification was carried
out by immersing the cleaned substrates in a 5 mM ethanol solution
of cysteamine, thioctic acid, or 6-mercapto-1-hexanol overnight.39

The substrates were thoroughly washed with ethanol and dried under
an Ar stream. Thin PS-hν-PEO films were prepared on these
substrates by spin-coating (2000 rpm, 30 s) from its toluene solution
(0.5−2 wt %) and then annealed in a benzene/water atmosphere
(relative humidity: 75−85%) in a desiccator for 3 h at room
temperature (21−25 °C).41 Of note, an increase in microdomain
diameter was observed after SVA for ≥4 h (data not shown) owing to
the swelling of PEO microdomains by water.40,41 Nanoporous thin
films were obtained by the selective removal of PEO by UV
irradiation using a Newport UV photography system with a near-UV
source (λ = 350−450 nm, 76 mW/cm2) for 3 h and subsequent
immersion in methanol−water (8:1).18 UV light at 350−450 nm was
used rather than that at 300 nm19,21 to prevent side reactions
postulated to occur from the UV−vis absorption spectra of PS-hν-
PEO solution upon UV irradiation at 300 and 365 nm (Figure S8).
The UV irradiation and subsequent immersion were conducted twice
to maximize the removal of the PEO microdomains.
Thin-Film Characterization. Ellipsometric film thickness was

measured using a J. A. Woollam alpha-SE spectroscopic ellipsometer.
Film thicknesses given in this paper were the ellipsometric thickness
of an as-cast film obtained using the Cauchy model. The refractive
index (n) values of the as-cast PS-hν-PEO films (ca. 30 nm thick)
were 1.555 ± 0.010 (for 8k−2k) and 1.551 ± 0.005 (for 18k−5k)
(95% confidence interval obtained from 10 to 30 different films),
respectively, which are close to that (1.562) estimated from f PEO
(=0.2) and the n values of PS (1.589) and PEO (1.454). Interestingly,
the PEO removal process negligibly changed the n values of PS-hν-
PEO (8k−2k) films (1.551 ± 0.012) but significantly decreased those
of PS-hν-PEO (18k−5k) films (1.515 ± 0.007). The concomitant
decrease in ellipsometric thickness was more significant for PS-hν-
PEO (8k−2k) films (ca. 15%) than PS-hν-PEO (18k−5k) films (ca.
10%). The underlying substrates did not give significant influences on
the changes in ellipsometry data. AFM images were obtained by
tapping-mode imaging in air, using a Digital Instruments Multimode
AFM with Nanoscope IIIa electronics. Tapping-mode AFM probes

were purchased from Asylum. FTIR-ERS measurements of thin films
were carried out using a Nicolet iS50 FTIR spectrophotometer
equipped with a Harrick Seagull reflection accessory (Pleasantville,
NY) purged with N2 and a DTGS detector. A cleaned gold-coated
silicon substrate was used to measure background spectra. All spectra
were the sum of 256 scans obtained with 4 cm−1 resolution at an 84°
angle of incidence with respect to the gold substrate. Sessile drop
contact angles were measured according to a reported procedure.54

Electrochemical Measurements. CV measurements were
performed in a three-electrode cell containing a Ag/AgCl (1 M
KCl) reference electrode and a Pt counter electrode using a CH
Instruments model 618B electrochemical analyzer. A gold substrate
with or without PS-hν-PEO-derived nanoporous film was immobi-
lized at the bottom of the cell to serve as the working electrode.50 The
area of a film-coated electrode in contact with the solution was 0.33
cm2, which was defined by an O-ring used for the cell (0.65 cm in
diameter). Of note, the electroactive area of an underlying electrode
could not be determined from the amount of charge associated with
the reduction of the gold surface oxide55 or the reductive desorption
of thiols,56,57 probably because the solution used for these
measurements leached to the film−substrate interface upon the
application of a relatively large anodic or cathodic potential. The pH
of a solution containing 0.1 M KCl and 10 mM phosphate was
adjusted by adding a KOH solution using a Denver Instrument UB-10
pH/mV meter with a Fisher Accumet pH glass electrode. The
replacement of underlying SAMs was explored by treating film-coated
electrodes with an aqueous solution of 1 mM 6-hydroxy-1-hexanethiol
or with an ethanol solution of 5 mM cysteamine for ≥3 h,45 followed
by washing the electrodes with water prior to CV measurements.

■ RESULTS AND DISCUSSION
Synthesis of PS-hν-PEO and Preparation of Nano-

porous Thin Films. A one-pot synthetic strategy of PS-hν-
PEO was reported by Schumers et al.,19 in which ATRP of
styrene and copper-catalyzed alkyne−azide cycloaddition
(CuAAC) was conducted simultaneously. However, the
strategy generated homopolymers which needed to be
removed from the final product. In this study, PS-hν-PEO
was instead synthesized by ATRP of styrene from a PEO
macroinitiator, PEO-ONB-Br, which afforded a product
without further purification. PEO-ONB-Br was prepared in

Table 1. PS-hν-PEO and the Properties of Its Nanoporous Thin Films

polymer MPS
a(kg/mol) MPEO (kg/mol) f PEO

b PDIc pore diameter (nm)d,e pore density (pores/μm2)d

PS-hν-PEO (8k−2k) 7.8 2.0 0.19 1.15 12 ± 1 1300
PS-hν-PEO (18k−5k) 18.0 5.0 0.20 1.20 19 ± 2 1000

aDetermined from 1H NMR spectra. bCalculated with the density of PS (1.04 g/cm3) and PEO (1.22 g/cm3). cDetermined using gel permeation
chromatography. dDetermined from the AFM images of PS-hν-PEO-derived nanoporous films on NH2-SAMs. eAverage and standard deviation
obtained from ≥29 pores.

Scheme 1. Synthetic Route for PS-hν-PEO via ATRP of Styrene from PEO-ONB-Br
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two steps as shown in Scheme 1. First, PEO-ONB-OH was
made by CuAAC reaction of poly(ethylene glycol) methyl
ether azide (PEO-N3) and 5-propargyloxy-2-nitrobenzyl
alcohol. Then, EDC coupling of PEO-ONB-OH and 2-
bromoisobutyric acid produced PEO-ONB-Br. ATRP of
styrene at 90 °C from two PEO-ONB-Br macroinitiators that
have molecular weight of 2k and 5k afforded PS-hν-PEO (8k−
2k) and PS-hν-PEO (18k−5k) (Table 1).
The synthesized PS-hν-PEO was spin-cast from its toluene

solution on gold substrates unmodified and modified with
SAMs to obtain its thin films. The thin films were subsequently
annealed in a benzene/water atmosphere to enhance the
formation and vertical orientation of PEO microdomains
(Figure 1b).41 The resulting PEO microdomains were
selectively removed (Figure 1b) by UV-A irradiation, which
involves the photoisomerization of the o-nitrobenzyl ester into
o-nitrosobezaldehyde,58 followed by their dissolution in
methanol−water (8:1).18 As shown in Figure 1c, the
photocleavage reaction generates carboxyl groups on the
nanopore surface.
Effects of SVA and PEO Removal on the Surface

Morphologies of PS-hν-PEO Films. First, the surface
morphologies of PS-hν-PEO films were studied at each of
the sample preparation steps (Figure 1a−c) using tapping-
mode AFM. Figures 2a−f and S9a−f show AFM height and
phase images, respectively, of PS-hν-PEO (8−2k) films (30 nm
thick) formed on bare gold substrates and NH2-SAMs. The
PS-hν-PEO (8k−2k) film did not exhibit clear surface features

prior to SVA (Figures 2a,b and S9a,b). This result suggests that
this polymer was too short for microphase separation59 as
indicated by the small χN (≈7.7) estimated from the Flory−
Huggins interaction parameter of PS-b-PEO (χ ≈ 0.0645 at 25
°C)60 and its repeating units (N ≈ 119). Upon SVA under a
benzene/water atmosphere, a thin film on a NH2-SAM showed
sub-μm-scale shallow depressions (<5 nm deep and 50−200
nm in diameter) in the height image (Figure 2d), and more
interestingly, small periodic features (10−20 nm) in the phase
images (Figure S9d). The observation of the small features
indicates the SVA-induced formation of microdomains based
on the preferential incorporation of water into PEO in the
benzene-swollen film. UV-A irradiation (λ = 350−450 nm)
and subsequent immersion in methanol−water (8:1) led to the
formation of nanoscale pores in these films (Figures 2e,f and
S9e,f) after the removal of the PEO microdomains.
Interestingly, the thin film on NH2-SAM comprised nanopores
(ca. 12 nm in diameter) at a higher density (1300 pores/μm2;
Table 1 and Figure 2f) than that on bare gold (ca. 15 nm in
pore diameter, 500 pores/μm2; Figure 2e). Such nanopores
were not observed in 30 nm films formed on OH− and
COOH-SAMs (Figure S10c,d). These observations imply that
the surface of NH2-SAM had balanced affinities to solvent-
swollen PS and PEO, facilitating the vertical orientation of
cylindrical PEO microdomains. NH2-SAM does not have a
high affinity to PEO, which we attribute to insufficient
hydrogen bonding with the ether moieties of PEO. In contrast,
the other surfaces cannot efficiently afford vertically oriented

Figure 2. AFM height images (1 × 1 μm2; Δz = 20 nm) of thin films (30 nm thick) of (a−f) PS-hν-PEO (8k−2k) and (g−l) PS-hν-PEO (18k−5k)
on bare gold (left) and cysteamine SAMs (right) before and after SVA using benzene−water vapor for 3 h and after removing PEO via duplicated
UV irradiation and subsequent soaking in methanol−water (8:1). Phase images simultaneously obtained with these height images are shown in
Figure S9. Of note, nanoscale particles on the PS-hν-PEO (8k−2k) films (e,f) could be removed by immersing in water (data not shown). These
particles did not have significant influence on FTIR-ERS spectra.
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PEO microdomains probably because of the significantly
higher affinity to one of the two polymer blocks: the bare gold
surface has a higher affinity to PS, whereas the OH- and
COOH-SAMs have a very high affinity to PEO through
hydrogen bonds formed between their terminal donor groups
and PEO ethers.42,43 There was no clear correlation between
the PEO microdomain orientation and the surface free
energies of these substrates determined from contact angle
data (Table S1),61,62 supporting the significant contributions of
hydrogen bonding interactions to these observations. The
AFM images of 50 nm films on these substrates (Figure
S10a,b) are similar to those of 30 nm films but also showed
horizontally oriented nanotrenches in Figure S10b, suggesting
the deterioration of the vertical microdomain orientation in the
thicker film.
In contrast to thin films of PS-hν-PEO (8k−2k), disordered

microdomains were observed from the as-cast PS-hν-PEO
(18k−5k) films on bare gold and NH2-SAM (Figures 2g,h and
S9g,h), suggesting that the polymer is long enough to give
microdomains in the as-cast films (N ≈ 287; χN ≈ 18.5).
Vertically oriented microdomains and nanopores with an
average diameter of 19 nm (Table 1) were observed after SVA
(Figures 2i,j and S9i,j) and the subsequent removal of the PEO
microdomains (Figures 2k,l and S9k,l). Interestingly, there was
no clear difference between the AFM images of PS-hν-PEO
(18k−5k) films on these different substrates, probably because
the surface morphologies were determined by directional
solvent evaporation during the SVA process.40,41 In spite of the
similarity of the AFM images, the underlying substrates
seemed to give significant influences on microdomain structure
at the film−substrate interface also for PS-hν-PEO (18k−5k),
as suggested by electrochemical data shown in the later section.
FTIR-ERS Spectra of PS-hν-PEO Films before and after

PEO Removal. FTIR-ERS was used to verify the removal of
PEO microdomains promoted by UV-A irradiation and
subsequent immersion in methanol−water (8:1). Figure 3
shows FTIR-ERS spectra of PS-hν-PEO (8k−2k) films (30 nm
thick) on (a) bare gold and (b) NH2-SAM before and after the
PEO removal process. The FTIR-ERS spectra of thin PS-hν-
PEO films were almost identical before and after SVA (data
not shown). The PEO removal process led to the reduction of
absorption bands associated with PEO, including aliphatic C−
H stretching bands from PS and PEO at 2800−3000 cm−1 and
C−C/C−O stretching bands from PEO at 1100−1200
cm−1.21,63 The latter band did not completely disappear even
after repeated UV-A irradiation and methanol−water soaking,
suggesting the presence of residual PEO. Similar changes in
FTIR-ERS spectra were observed for PS-hν-PEO (8k−2k)
films with different thicknesses (Figure S11a,b) or on COOH-
and OH-SAMs (Figure S11c,d), and for PS-hν-PEO (18k−5k)
films (Figure S11e,f). The efficiency of PEO removal, which
was estimated from the absorbance ratio of a C−H stretching
band of PS at 3026 cm−1 and a C−O/C−C stretching band of
PEO at 1112 cm−1, was 60−80%. Unfortunately, the efficiency
could not be quantitatively compared between different
polymers or among different substrates owing to a large
error associated with difficulty in reliable baseline subtraction.
The presence of residual PEO on any of the underlying
substrates however implies imperfect microphase separation
and/or microdomain orientation. Overall, the FTIR-ERS data
supported the removal of PEO microdomains by the extraction
of photocleaved PEO, but also revealed the presence of
residual PEO in the nanoporous films.

Cyclic Voltammograms of 1,1′-Ferrocenedimethanol
for Evaluation of the Permeability of PS-hν-PEO-
Derived Nanoporous Films on Different Substrates.
The AFM and FTIR-ERS results clarified the formation and
selective removal of PEO microdomains in PS-hν-PEO thin
films. However, these methods cannot provide information on
the film−substrate interfaces that control the solute perme-
ability of the nanoporous films and the electroactivity of the
underlying electrodes. Here, CV was used to investigate the
effects of the underlying substrates on film permeability and
electrode electroactivity,50 which would help provide insights
into the orientation of the microdomains on the different
substrates. The ferrocene-based redox probe, Fc(CH2OH)2, is
uncharged, and thus, it can be used to assess nanopore
permeability with negligible influence of electrostatic inter-
actions.50,64

Figure 4 shows cyclic voltammograms of Fc(CH2OH)2 (a)
for nanoporous films (30 nm thick) formed from PS-hν-PEO
(8k−2k) on bare gold and the three SAMs and (b) for
nanoporous films (30 nm thick) formed from PS-hν-PEO
(18k−5k) on bare gold and NH2-SAM. The nanoporous films
on the NH2-SAMs exhibited peak-shaped voltammograms
(Figure 4a,b; depicted in red). This behavior contrasts with
those seen from the other three substrates, which gave more
sigmoidal voltammograms with smaller faradaic currents. The
observation of the peak-shaped voltammograms typically
indicates the presence of highly dense active nanopores that
led to the overlapping of diffusion layers developed from
individual electroactive underlying electrodes.10,65 Alterna-
tively, the faradaic currents of the peak-shaped voltammograms
were smaller than those observed at a planar gold substrate of
the identical geometric area (Figure 4a; depicted in purple),

Figure 3. FTIR-ERS spectra of PS-hν-PEO (8k−2k) films (30 nm
thick) before (black) and after (red) PEO removal (a) on bare gold
and (b) on NH2-SAM.
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reflecting the partial blocking of the electrode surface by a
nanoporous insulating layer.66,67 The higher permeability and
electroactivity obtained from nanoporous films on NH2-SAM
reflect the vertical orientation of PEO microdomains enhanced
at the interface, as suggested by the AFM data (see above).
The thicker nanoporous films on NH2-SAM exhibited

sigmoidal voltammograms with smaller faradaic currents
(Figure S12), suggesting a decrease in the density of active
nanopores. The lower density of active nanopores, together
with the observation of horizontal nanotrenches using AFM
(Figure S10b), could reflect the deterioration of microdomain
orientation during the longer solvent evaporation from the
thicker films: presumably the longer drying time led to a
gradual change in the solvent compositions of the PS and PEO
microdomains, which altered their affinities to the NH2-SAM
surface and thus gave disordered microdomain morpholo-
gies.68

Cyclic Voltammograms of Fe(CN)6
3− at Different pH

Conditions for Investigation of Functional Groups
Generated in PS-hν-PEO-Derived Nanoporous Films.
The photocleavage reaction of the o-nitrobenzyl ester junction
of PS-hν-PEO is anticipated to yield carboxyl groups on the
exposed cylindrical surfaces of the nanopores, as illustrated in
Figure 1c. Unfortunately, the FTIR-ERS spectra did not show
clear changes in CO stretching vibration bands following
PEO removal, though a broader band observed at 1700−1750
cm−1 for PS-hν-PEO (8k−2k) (Figures 3 and S11a−d) may be

associated with the carboxyl groups. The presence of the
carboxyl groups in the nanoporous films was examined by CV
measurements with anionic Fe(CN)6

3− at different pH.50,64

Figure 5 shows cyclic voltammograms of Fe(CN)6
3− for a

nanoporous film (30 nm thick) derived from PS-hν-PEO (8k−

2k) on NH2-SAM at pH 2.3−7. The faradaic current of
Fe(CN)6

3− increased with decreasing pH from 7 to 2.3 with
more significant changes from pH 6 to 3. The pH-dependent
change was reversible, as shown by current recovery observed
when the pH was changed from 2.3 to 7. The pH-dependence
of the CV data of Fe(CN)6

3− was not a consequence of a
change in nanopore structure, as indicated by the similar CVs
acquired from the uncharged Fc(CH2OH)2 across the same
pH range (Figure S13). More importantly, similar pH-
dependent voltammograms of Fe(CN)6

3− were observed for
nanoporous films (30 nm thick) formed from PS-hν-PEO
(8k−2k) on bare gold and nanoporous films (30 nm thick)
formed from PS-hν-PEO (18k−5k) on NH2-SAM, but not at a
bare gold electrode without nanoporous film (Figure S14).
These observations were consistent to the presence of carboxyl
groups in PS-hν-PEO-derived nanoporous films.50,64 The
decrease in pH led to the protonation of the −COO− groups
(pKa = 4−5), which reduced electrostatic repulsion to allow
the permeation of Fe(CN)6

3−.
Interestingly, the faradaic reaction of Fe(CN)6

3− was almost
entirely blocked at pH 7 (Figures 5 and S14a,b). The nanopore
radii (6 and 9.5 nm) were significantly larger than the Debye
length in 0.1 M KCl (ca. 1 nm). Therefore, these nanoporous
films were anticipated to exhibit peak-shaped voltammograms
with smaller faradaic currents at higher pH, as observed for PS-
b-PMMA-derived nanoporous films with similar nanopore
diameters.50 The highly efficient electrostatic blocking at pH 7
implied the presence of a carboxyl-containing polymer residue
coated onto the underlying substrate. This residue was
permeable for uncharged species such as Fc(CH2OH)2 but
could electrostatically control the permeability of anionic
species. The presence of the polymer residue might be
associated with incomplete microphase separation between PS
and PEO at the interfacial region, as realized in the applications
of block copolymers as lithographic masks and polyelectro-
lytes.69,70

Figure 4. Cyclic voltammograms (v = 0.02 V/s) of 0.3 mM
Fc(CH2OH)2 measured in 0.1 M KCl + 10 mM phosphate (pH 7.0)
at room temperature. (a) Cyclic voltammograms for nanoporous films
(30 nm thick) formed from PS-hν-PEO (8k−2k) on bare gold
(black), NH2-SAM (red), OH-SAM (blue), and COOH-SAM
(green), in addition to one obtained at a bare gold substrate with
no polymer film (purple). (b) Cyclic voltammograms for nanoporous
films (30 nm thick) formed from PS-hν-PEO (18k−5k) on bare gold
(black) and NH2-SAM (red).

Figure 5. Cyclic voltammograms (v = 0.02 V/s) of 0.3 mM
K3Fe(CN)6 at different pH (pH 2.3−7) that were measured for
nanoporous films (30 nm thick) formed from PS-hν-PEO (8k−2k) on
NH2-SAM. Measured in 0.1 M KCl + 10 mM phosphate at room
temperature.
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CV Measurements of L-Ascorbic Acid for Assessment
of the Replacement of Underlying SAMs. The observation
of faradaic currents in the CV measurements (Figures 4 and 5)
indicates that redox-active species can diffuse through the
nanoporous films and react at the underlying SAM-modified
gold substrates. In addition, the CV data of Fe(CN)6

3− implies
the presence of a polymer residue that can electrostatically
manipulate the diffusion and/or electrode reaction of the
anionic redox-active species. However, it is unclear whether the
polymer residue controlled the electron transfer process of
Fe(CN)6

3−. The roles of the underlying SAMs in electrode
reactions were investigated by measuring the CV data of L-
ascorbic acid (L-AA) after treating the polymer-coated
substrates with thiol solutions.45 The rationale for this
measurement is that cyclic voltammograms of L-AA were
found to be sensitive to the types of SAMs on the electrodes.46

Figure 6a shows cyclic voltammograms of L-AA for a
nanoporous film (30 nm thick) formed from PS-hν-PEO

(18k−5k) on NH2-SAM before and after treatment with a 6-
hydroxy-1-hexanethiol solution (red and blue, respectively)
and after treatment with a cysteamine solution (green). These
voltammograms did not show the anodic peak of L-AA in
contrast to a cysteamine-modified gold disk electrode,46

probably because the anionic polymer residue at pH 7
electrostatically reduced the diffusion of anionic L-AA, as
with Fe(CN)6

3− (Figure 5). Importantly, the anodic current of
L-AA decreased after treatment with the 6-hydroxy-1-
hexanethiol and then increased after subsequent treatment

with cysteamine solutions. These results indicate that the initial
NH2-SAM could be successfully replaced with an OH-SAM,
and then the OH-SAM could be replaced with a NH2-SAM. It
should be noted that these same treatments did not affect the
cyclic voltammograms of Fc(CH2OH)2 (Figure 6b), indicating
that the nanoporous film was stable in the aqueous and
ethanolic solutions. Very similar results were obtained for a
nanoporous film (30 nm thick) formed from PS-hν-PEO (8k−
2k) (Figure S15). Indeed, negligible changes in the AFM
images of PS-hν-PEO-derived nanoporous films were observed
after immersion in the aqueous and ethanolic solutions or in 2-
propanol (data not shown), in contrast to a paper reporting the
structural instability of similar films formed on oxide-coated
silicon substrates.71 The successful replacement of the
underlying SAMs indicates that the SAMs were exposed and
accessible after the UV-initiated PEO removal process. Of
note, we did not explore or confirm the complete replacement
of the SAMs, on account of the fact that the CV measurements
with L-AA aimed to verify the involvement of the underlying
SAMs in electrode reactions. The postfunctionalization of the
underlying substrates by SAM replacement as well as the
nanoporous polymer films by pH change can be used to
control electrode reactions and solute diffusion for the purpose
of designing electrochemical sensors with PS-hν-PEO, as
demonstrated with other block copolymer-derived nanoporous
films10 and other types of materials.51−53

■ CONCLUSIONS
This study demonstrates that the NH2-SAM modification of
gold substrates provides a simple means to prepare PS-hν-PEO
thin films comprising vertically oriented PEO microdomains at
the film−substrate interface using SVA. The PEO micro-
domains can be selectively removed following photocleavage to
afford nanoporous thin films, as characterized using AFM,
FTIR-ERS, and CV. A series of CV measurements revealed the
effects of the underlying SAM-coated substrates on the solute
permeability of the nanoporous thin films, the presence of
carboxyl groups after the photocleavage reaction, the high
stability of the nanoporous films in water and ethanol, and the
capability to postfunctionalize the underlying substrates. In
addition, these measurements indicated challenges in material
design, including the limited thickness range for fabrication of
highly permeable nanoporous films and the presence of a
polymer residue that could manipulate solute accessibility to
the underlying substrates. The integration of the photo-
patterning capability21,22 with the postfunctionalization of the
underlying substrates and nanoporous films will provide a
unique means to design novel electrochemical microsensor
arrays using PS-hν-PEO.

■ ASSOCIATED CONTENT
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https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01572.

Synthetic procedure for PS-hν-PEO and its NMR and
GPC data, UV−vis spectra of PS-hν-PEO solutions at
different periods of UV irradiation, AFM phase images,
AFM height images of PS-hν-PEO (8k−2k) films with
different thicknesses on different substrates, FTIR-ERS
spectra of PS-hν-PEO (8k−2k) films with different
thicknesses on different substrates and PS-hν-PEO
(18k−5k) films with ca. 30 nm thick on bare gold and

Figure 6. Cyclic voltammograms (0.02 V/s) of (a) 1.3 mM L-AA and
(b) 0.3 mM Fc(CH2OH)2 for a nanoporous film (30 nm thick)
formed from PS-hν-PEO (18k−5k) on NH2-SAM (red), after
treatment with 1 mM 6-hydroxy-1-hexanethiol in water for 3 h
(blue) and subsequent treatment with 5 mM cysteamine in ethanol
for 3 h (green). Measured in 0.1 M KCl + 10 mM phosphate (pH
7.0) at room temperature.
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NH2-SAM, cyclic voltammograms of Fc(CH2OH)2 for
PS-hν-PEO (8k−2k)-derived nanoporous films on NH2-
SAMs with different thicknesses, cyclic voltammograms
of Fc(CH2OH)2 for different samples at pH 7 and 3,
cyclic voltammograms of Fe(CN)6

3− for different
samples at different pH values, cyclic voltammograms
of L-AA and Fc(CH2OH)2 upon SAM displacement for
PS-hν-PEO (8k−2k)-derived nanoporous films, and
surface free energies of the substrates (PDF)
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