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Preparation of nanoporous surfaces through self-assembly of
block copolymers (BCPs) has attracted considerable attention due
to possibilities in surface patterning, nanoscopic templates, separa-
tion membranes, catalysis, and sensing.1,2 The repertoire of
nanoporous materials will be significantly enhanced, if we were
able to decorate the pore walls with reactive functional groups,3

since this will provide the opportunity to further manipulate the
nanopores. A variety of BCPs have been explored to generate
nanopores by removing the minor block components via ozonolysis,
UV degradation, thermal treatment, and chemical etching.4-6

However, these techniques are quite limited, because of the rather
harsh etching conditions used and due to the fact that these
conditions are inherently suitable only to a few classes of polymers.
In particular, chemical functionalization inside pores in a nanopo-
rous thin film with a high degree of lateral order is considerably
limited. One can envision the introduction of a cleavable group
between the two blocks of a diblock copolymer assembly, which
can be broken under mild conditions and leave behind a chemically
active functional group. These functional moieties are then capable
of providing facile access to a variety of functional nanostructures.
We envisaged two necessary conditions for our method to be
effective: (i) the cleavage reaction conditions should be mild so
that the nanoporous structure does not collapse; and (ii) the
functional group in nanopores should be reactive under gentle
conditions as not to affect the matrix polymer morphology.
Recently, it was reported that a nanoporous film was developed
from an acid-catalyzed cleavable block copolymer with a similar
concept.7 However, a limitation here was that the functional group
after cleavage is a tertiary alcohol and thus not very reactive.

We present here a chemically functionalized nanoporous film
from polystyrene-block-poly(ethylene oxide) (PS-ss-PEO) connected
by a disulfide bond (Figure 1). Disulfides can be readily cleaved

by a redox stimulus such as D,L-dithiothreitol (DTT), which
produces two free thiols from disulfide linked BCP Via hydrogen
exchange and intramolecular cyclization of two thiol moieties in
DTT.8 We demonstrate here that we can generate nanoporous thin
films by simply immersing PS-ss-PEO thin films in a DTT-
containing ethanol solution. The cleaved PEO block is soluble in
ethanol and thus washed away, while the PS block remains on the
surface without any morphological change. This process leaves
behind thiol-coated nanopores. We then demonstrate that this thiol-
functionalized nanoporous film can be a scaffold for developing
highly ordered polymer-gold complex arrays (Figure 1).

We have previously reported a synthetic methodology for
obtaining disulfide-linked block copolymers.8 We had to modify
the method to obtain our target block copolymer here. The diblock
copolymer, PS-ss-PEO, was synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization of styrene
using a PEO-based macroinitiator containing a disulfide bond
(Scheme 1). The macroinitiator was synthesized by treating a
monomethylated PEO with thioglycolic acid to obtain 2, which was
then attached to the RAFT initiator using the thiol functionality to
obtain the macroinitiator 4 (Scheme 1). Polymerization of styrene
using 4 provided the polymer (Mn

PS-ss-PEO ) 17.1 kg mol-1; Mn
PS

) 12.1 kg mol-1; Mn
PEO ) 5.0 kg mol-1) with a polydispersity of

1.07. To test the cleavage of the disulfide bond under redox stimuli,
the PS-ss-PEO BCP was treated with DTT in DMF. GPC analysis
of the reaction mixture confirmed the clean cleavage of the block
copolymer.9

A 30 nm thick BCP thin film was prepared from spin-coating
0.7 wt % of polymer 1 in benzene. Subsequently, the films were
annealed in a benzene/water vapor environment to orient the PEO
cylindrical microdomains normal to the film surface and enhance
the lateral ordering. Figure 2a shows an atomic force microscopy
(AFM) image of highly ordered and oriented cylindrical micro-
domains normal to the film surface, and the corresponding Fourier
transformation is shown in the inset, which is characteristic of long-
range order as evidence of multiple order reflection peaks with a
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Figure 1. Structure of the polymer and schematic representation of the
preparation of nanoporous thin film and gold-coated nanopore.

Scheme 1. Synthesis of PS-ss-PEO Block Copolymer
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d-spacing of ∼40 nm. To selectively remove the PEO block, the
annealed PS-ss-PEO thin film was immersed into a 0.1 M solution
of DTT in ethanol solution for 12 h and then washed with ethanol.
Attenuated total reflection FTIR spectra (ATR-FTIR) showed that
the peak at 1117 cm-1, corresponding to a C-O stretching,
disappeared after treating the DTT solution, indicative of the
removal of PEO blocks from the thin film.9 The AFM image of
this film did not change compared to the PS-ss-PEO film, which
means that the PEO removal condition was mild enough to not
affect the morphology of the thin film.9 We also confirmed this by
transmission electron microscopy (TEM) experiments. The TEM
image clearly highlights the nanoporous structure even without the
need for any staining, due to the difference in electron density
between the pore and the matrix regions (Figure 2b).10 An average
center-to-center distance between the pores of ∼40 nm and average
pore diameter of ∼20 nm were obtained. These results demonstrate
that the simple and mild method, immersion of annealed PS-ss-
PEO thin film in a DTT solution, directly results in a nanoporous
thin film containing reactive functional groups at the interface.

At this time, we were interested in demonstrating the availability
of thiol functional groups by forming gold nanorings through
thiol-gold interactions. For this, the nanoporous film was immersed
into an ethanol solution of HAuCl4, and the gold ions anchored to
the surface thiol groups were reduced by hydrazine (Figure 2c).
To allow further growth of gold metal inside the nanopores, these
were filled with a HAuCl4 solution and were allowed to slowly
evaporate. As shown in Figure 2d thicker gold nanoparticles are
formed around the wall nanopores. These results suggest that a gold
nanoring pattern with an extremely long-range order can be made
from this approach. If the surface thiol groups are indeed the reason
for our observations, silver ions should exhibit a lesser propensity
to form these structures. Attempts to form silver rings resulted only
in the formation of nanoparticles in the middle of the pores.9

Similarly, if thiols were needed, nanopores obtained from other
polymeric architectures should not afford the gold structures.
Therefore, PS-PMMA based PS-nanopores were subjected to this
procedure, and no discernible gold-based features were observed.

The pore generation and gold loading were also investigated by
grazing incidence small-angle X-ray scattering (GISAXS). The
lattice constants of these three films from GISAXS and the intensity
of the peaks were found to be consistent with the AFM and TEM
results. To analyze if gold nanotubes can be isolated from these
structures, we dissolved away the polymer component and analyzed
the structures by TEM. Although we were unable to clearly isolate
gold nanotubes presumably due to their small thickness and length,
features consistent with the presence of gold nanostructures were
seen in the TEM grid.9 Similarly, we were also interested in testing
whether the process can accommodate variations in factors such
as lattice distances. Accordingly, we synthesized a polymer with a
higher PS molecular weight using the same macroinitiator 4. In
this case also, we were able to form porous structures, where the
spacing between the pores are larger.9

In summary, we have demonstrated that the thiol-functionalized
nanopores can be generated from cleavable block copolymers using
a redox stimulus. The thiol functionalities present at the pore walls
of these nanopores can then be used as handles to generate well-
ordered polymer-gold composite nanostructures. The results
described here represent a unique example of a mild etching process
and pore functionalization using disulfide chemistry. The method
described here opens up a broad range of possibilities, because thiol
functionalities are reactive and thiols are commonly used as
functional handles for manipulations in materials and biological
chemistry.

Acknowledgment. This work was supported by NSF through
MRSEC and NSEC (Center for Hierarchical Manufacturing). J.-
H.R. was partially supported by a Korea Research Foundation Grant
(KRF-2007-357-C00078).

Supporting Information Available: Synthetic procedures, charac-
terization, GPC, ATR-FTIR, AFM, TEM, and GISAXS data. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Hillmyer, M. A. AdV. Polym. Sci. 2005, 190, 137–181. (b) Olson, D. A.;
Chen, L.; Hillmyer, M. A. Chem. Mater. 2008, 20, 869–890. (c) Hawker,
C. J.; Russell, T. P. MRS Bull. 2005, 30, 952–966. (d) Sidorenko, A.;
Tokarev, I.; Minko, S.; Stamm, M. J. Am. Chem. Soc. 2003, 125, 12211–
12216. (e) Lo, K.-H.; Tseng, W.-H.; Ho, R.-M. Macromolecules 2007, 40,
2621–2624.

(2) (a) Runge, M. B.; Bowden, N. B. J. Am. Chem. Soc. 2007, 129, 10551–
10560. (b) Gong, Y.; Joo, W.; Kim, Y.; Kim, J. K. Chem. Mater. 2008,
20, 1203–1205. (c) Li, Y.; Maire, H. C.; Ito, T. Langmuir 2007, 23, 12771–
12776. (d) Du, P.; Li, M.; Douki, K.; Li, X.; Garcia, C. B. W.; Jain, A.;
Smilgies, D. M.; Fetters, L. J.; Gruner, S. M.; Wiesner, U.; Ober, C. K.
AdV. Mater. 2004, 16, 953–957.

(3) (a) Rzayev, J.; Hillmyer, M. A. J. Am. Chem. Soc. 2005, 127, 13373–
13379. (b) Zalusky, A. S.; Olayo-Valles, R.; Wolf, J. H.; Hillmyer, M. A.
J. Am. Chem. Soc. 2002, 124, 12761–12773.

(4) (a) Mansky, M.; Harrison, C. K.; Chaikin, P. M.; Register, R. A.; Yao, N.
Appl. Phys. Lett. 1996, 68, 2586–2558.

(5) (a) Thurn-Albrecht, T.; Schotter, J.; Kastle, G. A.; Emley, N.; Shibauchi,
T.; Krusin-Elbaum, L.; Guarini, K.; Black, C. T.; Tuominen, M. T.; Russell,
T. P. Science 2000, 290, 2126–2129. (b) Du, P.; Li, M. Q.; Douki, K.; Li,
X. F.; Garcia, C. R. W.; Jain, A.; Smilgies, D. M.; Fetters, L. J.; Gruner,
S. M.; Wiesner, U.; Ober, C. K. AdV. Mater. 2004, 16, 953–957.

(6) (a) Mao, H. M.; Hillmyer, M. A. Macromolecules 2005, 38, 4038–4039.
(b) Guo, F.; Andreasen, J. W.; Vigild, M. E.; Ndoni, S. Macromolecules
2007, 40, 3669–3675. (c) Ndoni, S.; Martin, E.; Vigild, M. E.; Berg, R. H.
J. Am. Chem. Soc. 2003, 125, 13366–13367.

(7) (a) Yurt, S.; Anyanwu, U. K.; Scheintaub, J. R.; Coughlin, E. B.;
Venkataraman, D. Macromolecules 2006, 39, 1670–1672. (b) Zhang, M.;
Yang, L.; Yurt, S.; Misner, M. J.; Chen, J.-T.; Coughlin, E. B.; Venkat-
araman, D.; Russell, T. P. AdV. Mater. 2007, 19, 1571–1576.

(8) Klaikherd, A.; Ghosh, S.; Thayumanavan, S. Macromolecules 2007, 40,
8518–8520.

(9) See Supporting Information for details.
(10) Note that it is difficult to see PEO cylindrical microdomains oriented normal

to the film surface in PS-b-PEO film without staining in TEM because the
electron density difference between these two blocks is quite small.

JA902567P

Figure 2. (a) Height mode AFM image (1 µm × 1 µm) of PS-ss-PEO
thin film after solvent-annealing for 4 h. The inset shows the corresponding
Fourier transform. (b) TEM image after cleavage of PEO block. (c) Gold-
loaded TEM image inside pore. (d) Gold growth inside pore by slow
evaporation. Insets show magnified images (scale bar ) 100 nm).
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