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Nanoporous polymer thin films produced from ordered
block copolymer precursors have received considerable attention, because they can be used in many applications including
templating, separation, catalysis, and sensors.[1] Since 1988,[2]
various block copolymers have been used to prepare nanoporous thin films via the selective removal of degradable minor
components from self-assembled block copolymers. For cylinder-forming block copolymers, selective etching of the cylindrical microdomain in an ordered block copolymer results in
the formation of nanoscopic channels. Specially, if the etchable cylinders are orientated normal to the film surface, removal of the cylinders will lead to the nanolithographic masks
used in block-copolymer lithography.[3]
Currently, the generation of nanoporous materials from
ordered block copolymers relies on a selective etching protocol that does not compromise the integrity of the matrix material. Ozonolysis,[2,4] UV degradation,[5,6] reactive ion etching
(RIE),[7] and chemical etching[8] are the methods that are
commonly used for the removal of minor components to create nanopores. However, the number of polymers that can be
degraded under mild reaction conditions in the thin-film state
is limited. The preparation of nanoporous thin films from
block copolymers without a degradable component requires a
rational design of the polymer. In principle, to generate nanopores from self-assembled block copolymers, it is not necessary to degrade the backbone bonds in the minor component;
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rather, a cleavage of the juncture between two immiscible
blocks is sufficient.[9–12] Therefore, if one could put a cleavable
juncture into a block copolymer; the cleavage will not depend
on the chemical nature of the minor component and should
be applicable to a much larger variety of block copolymers.
Cleavage of the juncture point of block copolymer in the ordered state followed by removal of the minor component via
selective solvents is therefore a very promising strategy for
the generation of nanoporous structures.
For most of the nanoporous polymer thin films prepared to
date, one of the major problems is the lack of long-range order in the nanopore array, which prevents them from being
used in applications where addressability is required (e.g.,
magnetic storage devices). Long-range order in thin films of
the precursor block copolymers is a prerequisite for obtaining
nanoporous materials with well-ordered pores. We have recently demonstrated that the solvent-annealing of thin films
of polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock copolymers leads to highly ordered arrays of PEO cylinders oriented normal to the film surface.[13] The long-range
lateral order and the orientation in the annealed PS-b-PEO
thin films arise from the strong nonfavorable interactions between PS and PEO, enhanced mobility caused by the presence
of solvent, as well as the directionality of solvent evaporation.
The subsequent removal of the PEO domain will lead to
nanoporous films with identical long-range order. However,
the poor degradability of PEO prevents the direct generation
of nanopores from ordinary PS-b-PEO. Mao and Hillmyer recently reported the successful use of hydroiodic acid to degrade PEO in the bulk sample of PS-b-PEO,[14] but the harsh
reaction conditions they used are not applicable to thin films.
To impart the degradability to the PS-b-PEO system, we
recently synthesized a triblock copolymer, polystyrene-bpoly(methyl methacrylate)-b-poly(ethylene oxide) (PS-bPMMA-b-PEO), where PS is the major component and
PMMA and PEO are minor components.[15] By taking the advantage of the photodegradability of the PMMA mid-block,
nanoporous thin films with excellent long-range order suitable
for block copolymer lithography were prepared. In this method, the degradation efficiency depends critically on the molecular weight and phase behavior of the PMMA block, and only
when PMMA formed a distinct microdomain did efficient
degradation occur.
In this paper, we show that by placing a cleavable juncture,
a triphenylmethyl (trityl) ether linkage, between PS and PEO,
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highly ordered nanoporous thin films could be prepared directly from PS-b-PEO diblock copolymers. It is known that
the trityl ether linkage can be readily cleaved by Brønsted or
Lewis acids at ambient conditions.[16] This provides a general
strategy for the site-specific scission of block copolymers, not
limited to PS-b-PEO. Different from the triblock copolymer
method, in which the length of the central PMMA block has
to be controlled in order to form a distinct phase, the cleavable trityl ether does not change the overall phase-separation
characteristics of block copolymers, because of the negligible
volume fraction of the juncture.
The chemical structure of the cleavable PS-b-PEO with a
trityl ether juncture is shown in Figure 1a. The polymer
we used has the number-average molecular weight of
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Figure 1. a) Chemical structure of cleavable PS-b-PEO (the dash line
shows the point where scission occurs); b) Scanning force microscopy
(SFM) phase image (2 lm × 2 lm) of PS-b-PEO thin film (ca. 25 nm)
containing KI (O/K = 64) on silicon wafer after solvent-annealing for
48 h. The inset shows the corresponding Fourier transform.

19.6 kg mol–1 and 5.0 kg mol–1 for PS and PEO blocks respectively, with a polydispersity index of the copolymer of 1.18.
The synthesis of this diblock copolymer, using nitroxidemediated living radical polymerization, was described previously.[17] We have previously shown that this PS-b-PEO diblock copolymer can be rapidly cleaved into its constituent
blocks in solution under mild reaction conditions.
In our previous publications,[13,18] it has been shown that solvent-annealing of thin films of cylinder-forming PS-b-PEO resulted in the normal orientation of PEO cylinders, as well as,
long-range lateral order. We have found that humidity plays a
critical role in the orientation and ordering process.[15] When
solvent-annealing was carried out under controlled humidity
atmosphere (70–90 % relative humidity (RH)), PEO cylinders
were oriented normal to the film surface with long-range lateral order; while under low humidity conditions, parallel orientation was achieved.
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Very recently, salt complexation within cylinder-forming
PS-b-PEO thin films was found to affect the ordering process
during solvent-annealing/evaporation, significantly enhancing
the lateral order of PEO cylinders.[19] High humidity is not
needed for the salt-complexed thin films, and the solvent-annealing can be carried out under dry conditions. The enhanced nonfavorable interactions between PS and PEO
caused by the complexation of PEO with salt,[20,21] coupled
with the high mobility of polymer chains in the presence of
solvent, gives rise to the high degree of lateral ordering in the
resultant film. In this work, a small amount of potassium iodide (KI, with the molar ratio of O/K = 64) was added, and
the PS-b-PEO thin films were solvent-annealed using benzene
under N2.
A typical scanning force microscopy (SFM) image of the
salted PS-b-PEO thin film after solvent-annealing under N2 is
shown in Figure 1b. Different from the unsalted PS-b-PEO
thin films annealed under high RH (70–90 %), which shows
clear phase contrast in the SFM phase image because of the
depression of PEO microdomains,[13,15,18] thin films of salted
PS-b-PEO show poorer phase contrast, most probably because of the decreased depression of PEO cylinders in the absence of water during solvent evaporation. Fourier transformation of the SFM image (see the inset of Fig. 1b) still shows
a six-spot pattern, indicating the high degree of translational
and orientational order over the 2 lm × 2 lm area. The
d-spacing was determined to be ca. 21 nm based on the
Fourier transform.
To generate nanopores from the annealed PS-b-PEO thin
films, cleavage of the trityl ether juncture followed by the selective removal of PEO from the films were performed. Two
key requirements must be met in order to generate nanoporous thin films with the translational and orientational orders
identical to those of the precursor film: i) the cleavable juncture must be physically accessible to the etching reagent,
which is trifluoroacetic acid (TFA) in this study; and ii) the
matrix material must be able to support the resultant nanoporous structure. For the annealed PS-b-PEO thins films, the orientation of the PEO cylinders normal to the film surface facilitates the diffusion of hydrophilic etching regent (e.g., TFA,
which is a solvent for PEO but a nonsolvent for PS) to the
PS/PEO interface through the cylindrical PEO domains, ensuring high cleavage efficiency. The strong nonfavorable interaction between PS and PEO, which is further enhanced by salt
complexation, ensures a sharp PS/PEO interface that is crucial for the site-specific scission. The normal orientation of
the cylindrical PEO microdomains also offers a physical pathway for the removal of PEO homopolymer after cleavage. In
addition, the glassy PS matrix can support the resultant nanoporous structure.
Our experiments shows that exposure of unsalted PS-bPEO thin films to TFA vapor readily induced the cleavage of
the trityl ether junction. Because of the mobility imparted by
the TFA vapor, detached PEO homopolymer chains migrated
to the film surface forming crystals, as clearly shown in both
the optical microscopy images (Fig. 2a) and SFM images
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methanol or a mixture of methanol and water
(v/v = 10:1). Optical microscopy and SFM measurements showed that a clean surface was obtained
after washing. The SFM phase image (Fig. 3a)
shows that the nanoporous thin film has exactly
the same lateral order and d spacing as those of the
precursor PS-b-PEO thin film. The removal of the
PEO enhanced the phase contrast significantly, as
shown in Figure 3a. After washing, the nanoporous
thin films were exposed to TFA vapor again, aiming to cleave unreacted trityl ether junctions. However, no PEO crystals were observed after the secb)
c)
ond TFA vapor treatment, indicating the high
efficiency of cleavage during the first exposure to
TFA vapor.
Using a buffered HF solution, the nanoporous
thin films were detached from the silicon substrate
having a thick (200 nm) silicon oxide layer and
transferred to copper grids for transmission electron microscopy (TEM) measurements. The TEM
image (Fig. 3b) clearly shows the nanoporous
structure. Based on the TEM image, the average
pore size was determined to be ca. 12 nm in diameter, with a very narrow pore size distribution.
Figure 2. a) Microscopy image of PS-b-PEO thin film (ca. 25 nm) on silicon wafer
The successful removal of PEO from ordered
after exposure to TFA vapor for 4 h; b) SFM height image (10 lm × 10 lm), and
PS-b-PEO thin films via TFA vapor treatment folc) phase image (2 lm × 2 lm) of the PEO crystals formed at the surface of the film
lowed by washing is further demonstrated by IR
after TFA vapor treatment.
spectroscopy measurements. In the original PS-bPEO thin film, absorptions of the C–O–C stretching and CH2 rocking modes in PEO were clearly observed at
(Fig. 2b and c). However, exposure of the salted PS-b-PEO
the wavelength of 1117 and 965 cm–1, respectively. After rethin films to TFA vapor did not produce efficient cleavage, as
compared to the unsalted samples. Most likely, the pseudomoval of PEO, both peaks disappeared, as shown in Figure 4.
crown ether complex between PEO and salts[22] retarded the
Pore generation was further confirmed by static grazing incidence small-angle X-ray scattering (GISAXS) on thin films
cleavage of trityl ether linkage and/or the migration of PEO
before and after removal of the PEO. Figure 5a and b show
chains. The potassium ions effectively “crosslink” the PEO
two GISAXS patterns, where the angle of incidence was
chains via complexation, limiting the physical access of TFA
above the critical angle of the polymer film and, thus, the
to the juncture. Thus, the salted PS-b-PEO thin films were imX-ray beam fully penetrated through the film. The sharp
mersed in a mixture of methanol and water (v/v = 10:1) before
Bragg rods (vertical streaks) in the GISAXS patterns correthe exposure to TFA vapor, with the intent to break the complexation between the potassium ion and ethylene
oxide by water and to swell the PEO chains in the
selective solvent mixture. As expected, after the
b)
a)
treatment with the mixture of methanol and water,
exposure of the thin films to TFA vapor readily
cleaved the trityl ether juncture and the detached
PEO chains migrated to the surface of the film (as
indicated by the formation of PEO crystals). In addition, because TFA is a nonsolvent for PS, the matrix remained intact and, thus, the translational and
orientational orders were not affected by the TFA
vapor treatment. As clearly shown in Figure 2c,
the nanoporous film shows the same ordering as
the precursor PS-b-PEO thin film.
The PEO crystals, formed on the surface of the
polymer film after the cleavage of the trityl ether
Figure 3. a) SFM phase image (2 lm × 2 lm) and b) TEM image (1 lm × 1 lm) of
nanoporous PS thin film (ca. 25 nm).
juncture, can be easily removed by washing with

a)
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Figure 4. External reflection IR spectra of PS-b-PEO thin film with the
thickness of 80 nm (solid line) and the corresponding nanoporous PS
thin film (dash line).

spond to the reflections from a 2D lattice of cylinders of finite
length oriented normal to the film surface. Before the removal of PEO, only first- and second-order reflections were
observed; whereas after pore generation, higher-order reflections were clearly observed. The reflections from the nanoporous
film
p thin
p p
 are located at the scattering vectors of
1: 3 : 4 : 7 relative to the first-order reflection, characteristic of hexagonally close-packed cylindrical microdomains.
For a thicker nanoporous film (thickness of ca. 60 nm), GISAXS measurement (data not shown) showed up to the sixthorder reflection. The existence of many higher-order reflections, together with the sharpness of the Bragg rods, indicates
the exceptionally high degree of lateral order in the resultant
nanoporous thin films.
The intensity profiles parallel to the surface of the film (qy
direction) of the GISAXS patterns shown in Figure 5a and b
are plotted in Figure 5c and d, respectively. The intensity of
the primary scattering peak for the nanoporous sample is
about one order of magnitude higher than the precursor PS-bPEO thin film, consistent with the significant increase in the
electron density difference caused by the formation of the nanopores. From the scattering vector of the primary reflection,
the d spacing was calculated to be ca. 22 nm, and no change
in the d spacing was observed during pore generation, which
is consistent with the SFM observations.
Occasionally cracks were found in the nanoporous thin
films, more than likely because the matrix consists of low-molecular-weight PS. Improvements to the mechanical stability
of these nanoporous thin films may be achieved via crosslinking of the PS matrix or by adding PS homopolymer of high
molecular weight into block copolymers.
By using the two-step process described above, we could
easily monitor the cleavage of the trityl ether juncture and removal of PEO by using various microcopy techniques. It has
been shown that the trityl ether linkage can be readily cleaved
in solution by using various acids, such as formic acid,[23] acetic acid,[24] TFA,[25] and hydrochloric acid.[26] In principle, we
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can combine the cleavage and washing into one step, simply
by immersing the thin film in a selective washing solvent
(which should be a good solvent for PEO but a nonsolvent for
PS) containing a suitable cleaving agent. In the simplest case,
one may use an acid, such as TFA or acetic acid, as both the
cleaving agent and the washing solvent.
Immersion of annealed PS-b-PEO thin films in TFA resulted in nanoporous thin films directly, because PEO homopolymer was dissolved in TFA after it was detached from the
PS matrix. As a more commonly used organic acid, acetic acid
was also used. However, when the thin films of cleavable PSb-PEO were immersed in acetic acid, the surface topography
was changed and the ordering was destroyed. Alternatively
one can immerse PS-b-PEO thin films in methanol-containing
cleaving reagents, such as hydrochloric acid. When a mixture
of methanol and hydrochloric acid (37.4 %, volume ratio of
methanol and HCl solution is 10:1) was used, the trityl ether
linkage was also cleaved and nanoporous PS thin films were
obtained. Thus by choosing the proper acid or the mixture of
solvent with a suitable acid, we can generate nanoporous thin
films in a single step.
It has been shown that substrates with topographic features,
such as well-defined troughs, can bias the orientation of the
lattices of block copolymers, opening the possibility of sectoring surfaces into areas of highly ordered microdomains.[13,27–33]
By combining the solvent-induced orientation and ordering of
the microdomains in thin films of cleavable PS-b-PEO diblock
copolymers with the confinement imparted by a series of parallel troughs (with square-wave profile) etched in silicon, we
were able to produce highly ordered arrays of hexagonally
packed PEO cylindrical microdomains, where the arrays in
adjoining troughs were in orientational registry. After removal of PEO by using the two-step process described above,
nearly defect-free arrays of nanopores were obtained within
the troughs, as shown in Figure 6a and b. Fourier transforms
of the SFM images are shown as the insets, where six-point
patterns with multiple higher-order reflections are obtained,
characteristic of the exceptional long-range order. Clearly, the
lattice of nanopores is highly aligned with respect to the
trough walls. Similar results were obtained when patterned
substrates with circumferential troughs were used. Thus, by
topographically sectoring a surface with standard lithographic
processes, addressable nanopore arrays can be readily produced with a high degree of lateral order and a well-defined
lattice orientation. Such hierarchical structures may find applications in fields such as patterned magnetic recording media.
In conclusion, we have shown in this paper that, by introducing a cleavable trityl ether juncture between PS and PEO,
highly ordered nanoporous thin films can be easily prepared
from cylinder-forming PS-b-PEO diblock copolymers. The removal of PEO from solvent-annealed PS-b-PEO thin films
can be carried out in a simple two or one-step process. Patterned substrates can also be used. This allows templates for
block-copolymer lithography and opens routes to the fabrication of addressable media.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2007, 19, 1571–1576

b)

c)

√3

d)

spin-coated onto cleaned silicon substrates where the film
thickness was controlled by the spinning rate and/or the
solution concentration.
The salted PS-b-PEO thin films were solvent-annealed
for 48 h in a benzene-saturated chamber that was placed
in a glove-box filled with dry N2. For unsalted PS-b-PEO
thin films, solvent-annealing was carried out under high
RH (70–90 %). After solvent-annealing, the salted thin
films were immersed in the mixture of methanol and
water (v/v = 10:1) for 8 h. Then the films were exposed to
TFA vapor in a chamber for 4 h, followed by washing
with methanol for another 4 h. Alternatively, removal of
PEO was achieved by immersing the annealed PS-b-PEO
thin films in TFA for 4–6 h.
SFM images were obtained using a Digital Instruments
Dimension 3000 scanning force microscope operating in
the tapping mode. TEM studies were performed on a
JEOL 100CX electron microscope operated at 100 kV.
For the TEM measurements, the samples were prepared
on silicon substrates with a thick layer of silicon oxide.
The polymer film was then floated onto the surface of an
aqueous solution containing 5 wt % HF, transferred to a
water bath, and then retrieved with a Cu grid for TEM
measurement. GISAXS measurements were performed
at the 8-ID-E beamline at the Advanced Photon Source
(Argonne National Laboratory) with an X-ray wavelength of 1.664 Å. External reflection IR spectroscopy
measurements were carried out on a Perkin Elmer
Fourier transform IR (FTIR) spectrometer (SPECTRUM 2000). 256 scans were taken to obtain the spectra
with a resolution of 4 cm–1. For IR measurements, PS-bPEO thin films of ca. 80 nm in thickness were prepared
on gold-coated silicon wafers (35 nm gold on a 2 nm layer
of chromium).
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