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ABSTRACT: The amphiphilic block copolymer polystyreb&ck-poly(acrylic acid) (P$-PAA) forms micelles

in toluene that can be cast onto a planar substrate to create quasi-hexagonal arrays of spherical PAA domains in
a PS matrix. Treatment of these ultrathin films with an appropriate selective solvent swells the PAA domains and
fractures open (cavitates) the PS matrix, thereby exposing the PAA chains to solution. Here we have investigated
the conditions required for this cavitation process to occur and the end-state polymer morphology of close-
packed films of P3-PAA micelles following treatment with a series of short alkyl chain alcohols or agqueous
solutions of varying pH and ionic strength. Atomic force microscopy (AFM) and transmission electron microscopy
(TEM) were employed to characterize the morphologies of the precursor and solvent-treated films. In addition to
the effects of solvent conditions, we show that the cavitation process is influenced by the molecular weight of the
PS block and is thermally reversible. Following cavitation, the nanopatterned regions of exposed PAA are available
for conjugation chemistry, demonstrated here through selective linking of a fluorescently labeled protein.

Introduction of nanocavities in polystyrenielock-poly(acrylic acid) (PS3-
PAA) thin films.2° A PSHb-PAA polymer with PS and PAA
block molecular weights d¥1, = 16 400 g/mol and/,, = 4500
g/mol, respectively, formed kinetically trapped spherical inverse

copolymer films are solvent cast and annealed to form highly Micelles in toluene after a suitable heating and cooling cycle
ordered equilibrium morphologies. A different approach can be described earlief! which were then spin-cast onto a planar
utilized for block copolymers in selective solvents, which Substrate to create a quasi-hexagonal array ofbPBA
facilitate the formation of stable ordered structures in solution. Micelles. When films of P®-PAA were exposed to highly
The exchange of block copolymer molecules between micelles aIkaI|r_le aqueous solutions with monovalent cations, the PAA
and solution is very slow compared to the exchange kinetics domains swelled and ruptured the glassy PS corona, a process
observed for low molecular weight surfactant micefles. we termed cavitation. We have also shown control over the size
favorable result of these slow exchange kinetics is the ability and spacing of the spherical PAA domains of these micellar
to retain a micellar morphology during casting from selective films by varying the molecular weight of the block copolymer
solvents onto solid substrates; this morphology becomes kineti-and by adding PS homopolymer to the block copolymer micellar
cally trapped in the final thin film upon solvent evaporation, Solutions before casting filn®. The ability to pattern these
even in cases for which the copolymer composition would nhanostructured films using soft lithographic techniques was also
suggest a transition to a different equilibrium heterogeneous demonstrateé A variety of multivalent metal ions have been
phase. One of the most extensively studied polymer systemsloaded into these micelles pre- and postcavitation. If the polymer
for formation of such micellar thin films is poly(styrereck is subsequently plasma-etched or pyrolized, a 2-D array of
X-vinylpyridine) (PSh-PXVP) (X = 2 or 4). These films have  inorganic nanoparticles is produced on the supporting substrate,
been studied for their potential use in a variety of applications which, for the particular case of iron oxide, we have used
including data storagépanolithography, 1 and deposition of ~ successfully as a structured catalyst for carbon nanotube
metal nanoparticle arrays such as gold catalyst particle arrayssynthesig?—24

Block copolymers have been the subject of significant recent
research due to their ability to self-assemble on the nanometer
length scale into a variety of morphologies. Often, block

for zinc oxide nanowire synthest$,iron oxide nanoparticles A number of studies have characterized the formation of
for carbon nanotube syntheSisand magnetic applicatior$, nanocavities in related polymer systems. Cong &8 ahd Li

zinc oxide nanoparticles for optical devic€sand nicket® or et al26 have observed similar cavitation behavior for films of
gold'™*° arrays for protein binding. PSb-P2VP micelles when these films were exposed to high

There has also been recent interest in the swelling and re|ative humidity or acetic acid, respectively. Semifluorinated

rearrangement of amphiphilic block copolymers for the creation zjkanes can form arrays of nanocavitédut the surfaces of
of nanostructured films that contain nanopores and nanocavities.gych films consist of only a single functionality, unlike some

Previous work in our lab demonstrated the creation of 2-D arrays of the block copolymer systems that contain two distinct,
patterned functionalities. PI$P2VP dissolved in THF along
*To whom correspondence should be addressed. E-mail: recohen@ with 1,5-dihydroxynaphthalene (DHN) were cast into films of

mit{%’gﬁanmem of Chemical Engineering P2VP cylinders aligned perpendicular to the subs&ietha-
* Department of Materials Science and Engineering. nol treatment of the film removes the DHN from the cylinders
8 Biological Engineering Division. leading to the creation of nanoporous films. B&EMMA
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cylinders have also been used to create nanoporousfifths
by irradiating the film and then rinsing away the degraded
PMMA. Xu et al3132 have studied the reversible swelling of
PAA cylinders aligned perpendicular to the surface in a PS
matrix. The oriented cylinders form cavities or mushrooms
depending on the pH of the swelling solution.

Here we have focused on characterizing the cavitation
phenomenon of micellar thin films as a function of solvent
treatment, using PB-PAA as a model system. We exposed
micellar films of various molecular weights to aqueous solutions
with a range of pH and ionic strengths as well as to alkyl
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incubating a hydrophobic film on a hydrophilic substrate in a polar
solvent, a polyelectrolyte multilayer adhesion layer on a glass
substrate was used for some experiments. The polyelectrolyte
multilayer film consisted of five bilayers of poly(allylamine
hydrochloride) (PAH) dipped at a concentration of 10 mM on a
repeat unit basis at pH 3.5 with 0.1 M NaCl and sulfonated
polystyrene (SPS) at a concentration of 10 mM on a repeat unit
basis at pH 3.5 with 0.1 M NaCl. A film consisting of three and a
half bilayers of PAH dipped at pH 7.5 and a concentration of 10
mM on a repeat unit basis and poly(acrylic acid) dipped at pH 3.5
at a concentration of 10 mM on a repeat unit basis was then
deposited on top. This results in a film with a PAH top layer and

alcohols of varying chain length and characterized the resulting & water advancing contact angle of’78s described elsewhete.

film morphologies via atomic force microscopy (AFM). The

The resulting thin film morphology is spherical PAA domains

cavitation process can be reversed by thermally annealing thequasi-hexagonally arranged in a PS matfikor TEM imaging,
films. We also visualized the rearrangement of the PAA chains films were immersed in a saturated lead(ll) acetate trihydrate

following solvent treatment using transmission electron micros-
copy (TEM) and demonstrated the availability of the micellar
core PAA blocks for participation in postcavitation conjugation
chemistry.

Experimental Section

Materials. Three poly(styrendlockacrylic acid) diblock co-
polymers (PS-PAA) were used in this work with the following
molecular weights and nomenclature: B®AA 16.4b-4.5 M-
(PS)= 16 400 g/molM,(PAA) = 4500 g/mol, PDI= 1.05), PS-
b-PAA 42h-4.5 M(PS)= 42 000 g/molM,(PAA) = 4500 g/mol,
PDI = 1.15), and P$-PAA 66.5b-4.5 M,(PS)= 66 500 g/mol,
Mn(PAA) = 4500 g/mol, PDI= 1.07). These copolymers, along

solution for 24 h to load lead ions into the PAA domains. The lead
ions diffuse through the polystyrene corona and bind to the
carboxylic acids of the PAA domains. Cavitation is suppressed
because the divalent lead ions ionically cross-link the neutralized
PAA cores and prevent swelling. This absence of cavitation
behavior was also observed in earlier work when di-or trivalent
cations were employe¥.

For cavitation, film-coated substrates were placed in20 mL
of the selected solution for varying amounts of time and dried under
vacuum overnight at 28C prior to AFM imaging. Films treated
in PBS buffer or solutions pH adjusted with NaOH were rinsed
with deionized water prior to drying under vacuum. This rinsing
procedure eliminated any precipitated salt on the surface, facilitating
AFM imaging of the polymer structure. Nanocavity size was deter-

with their molecular-level characterization data, were purchased mined by performing section analysis of AFM images using

from Polymer Source, Inc. Toluene (HPLC grade, 99.8%),
propanol, Tween 20, and lead(ll) acetate trihydrate (Bpaere
obtained from Sigma-Aldrich Co. Methanol, ethanol, isopropanol,
n-butanol,n-octanol, hydrochloric acid (37%), sodium chloride, and
sodium hydroxide were purchased from Mallinckrodt Chemicals.
Phosphate buffered saline (PBS) was obtained from VWR inter-
national. EZ-link amine-PEO-biotin and EDC were purchased from

NanoScope Software v5.30. Taking section lines directly through

cavities allowed their size to be determined. 50 cavities were

analyzed per image to determine nanocavity size and distribution.
The procedure used for coupling the amtiREO—biotin linker

and streptavidinAlexa Fluor 647 is described elsewhétériefly,

films were incubated in 0.xg/mL EZ link amine-PEO-biotin

linker molecule, 5 mg/mL EDC in Milli-Q water fo4 h atroom

Pierce Biotechnology. Streptavidin, Alexa Fluor 647 conjugate was temperature. Films were washed five times with Milli-Q water and

purchased from Molecular Probes. Poly(acrylic acid) (PAK), (

then incubated for 30 min at room temperature in PBS buffer at

= 90 000, 25% aqueous solution), sulfonated polystyrene (SPS)pH 7.4 with 0.5ug/mL streptavidin-Alexa Fluor 647 conjugate

(Mn ~ 70 000), and poly(allylamine hydrochloride) (PAHYI{ =

and 0.1% v/v Tween 20. Films were then washed five times in

70 000) were purchased from Polysciences. All chemicals were usedPBS.

as received. Silicon nitride TEM membrane window substrates were

purchased from Structure Probe, Inc. Each substrate (surface are®esults and Discussion

~ 4.5 mn¥) consisted of a 100 nm thick amorphous, low-stress
SisN4s membrane supported on a 0.2 mm thick silicon wafer that
was back-etched in the center to create the electron transpafeit Si
window (surface area 0.2 mn¥). All aqueous solutions were made
using deionized water>(18 MQ cm, Millipore Milli-Q).
Microscopy. TEM was performed on a JEOL 2000FX operating
at 200 kV. AFM was performed on a Digital Instruments Dimension

In previous work? we found that inverse spherical RS-
PAA micelles formed in toluene and cast as close-packed
micellar films on solid substrates reorganized upon exposure
to alkaline aqueous NaOH solutions. This cavitation process
was driven by water swelling of the hydrophilic PAA blocks
in the cores of the micelles, and led to fracture of the glassy

3000 Nanoscope IlIA scanning probe microscope using a silicon polystyrene corona at the free surface of the film. To further

RTESP cantilever from Veeco Instruments operating in tapping

mode. Fluorescence images were obtained using a Zeiss Axiover

200 microscope equipped with a Roper Scientific CoolSnap HQ
CCD Camera.

Sample Preparation. Each of the three different molecular
weights of PSh-PAA (listed in the Materials section) was separately
mixed with toluene at 25C at a concentration of 10 mg/mL: all of
the resulting solutions were slightly cloudy. Solutions of the PS-
b-PAA 16.4b-4.5 were heated to 14 for 20 min and allowed
to cool in air to room temperature, which results in a change from
cylindrical to spherical block copolymer micell&The other PS-
b-PAA molecular weights formed spherical micelles at room
temperature. Thin films (25200 nm) were then created by spin-
casting the micellar solutions onto glass, silicon, or silicon nitride
substrates at spin rates of 1668000 rpm. The use of electron
transparent silicon nitride window grids allows TEM characteriza-
tion while providing a flat substrate on which films were spin-
cast. In order to prevent film delamination experienced when

investigate this reorganization phenomenon, we first examined

Ythe role of solvent quality on micelle cavitation. Micellar films

were exposed to a series of alkyl alcohols of varying chain
length, to allow a continuous variation of the selectivity of the
solvent toward each block (Table 1).

Films of PSbh-PAA 16.4b-4.5 micelles cavitated when
incubated in methanol, ethanokpropanol, or isopropanol. In
contrast, the micelles did not cavitate, maintaining their as-cast
morphology, when exposed tebutanol orn-octanol. These
results are illustrated by the AFM images in Figure 1, which
show an as-cast micellar film (A) and the results of treating
films of PShb-PAA 16.4b-4.5 with isopropanol (B) on-butanol
(C) for 30 min and then drying under vacuum overnight.
Extended treatment times (up to 192 h) produced the same
morphologies seen following 30 min treatment times across all
samples. While it is likely that the PAA domains swelled to
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Table 1. Solubility Parameters of Solvents Used in Micellar cavities and the AFM tip; however, a clear trend of increasing
Assembly and Film Treatments cavity diameter with increasing pH of the solution is observed.
cavitation solubility parameter This is consistent with the increased swelling of PAA with
solvent observed (calfen?)®s increasing pH. PAA domain swelling and chain stretching
water yes 23.4 mechanisms have been show to create topologically similar
methanol yes 14.5 structures in uncapped PAA cylinders aligned perpendicular to
ethanol yes 12.7 the surface in P®-PAA thin films 32 Cavitation of micelle films
n-propanol yes 11.9 .
isopropanol yes 115 atone pH followeql by exposure of the.flllm toa se.cond agueous
n-butanol no 11.4 solution with a higher pH than the initial solution led to a
n-octanol no 10.3 morphology identical to that resulting from a single treatment
toluene N/A 8.9 in the higher pH solution. The PAA chains swell more when
gﬂfeac'd N//ﬁ\ 13‘2 exposed to the higher pH solution and thus further cavitate the

PS caps compared to their state after the first solution treatment

some degree in-butanol anch-octanol, this swelling was not ~ &t @ lower pH. However, sequential exposure of a film to a

significant enough to cause rupture of the glassy PS domains.higher PH followed by a lower leleﬂ the film irr]‘ the highr?r_
It is also possible that the solvent could plasticize the PS block pH cavitated structure, presumably because the PAA chains

such that its increased flexibility led to swelling or stretching already have ample solution volume available to them to swell.

rather than cavitation; however, Yaffe and Krafidave shown lonic strength, like pH, plays a role in the swelling of
that when soaked im-butanol, theT, of PS decreases from  polyelectrolyte brushes, hydrogels, and other polyelectrolyte
100 °C to 71°C and when soaked in-propanol, theTy is films. For many weak polyelectrolyte systems, increasing the

depressed to 81C. TheseT, values are still well above room  ionic strength of the solution leads to a decrease in the swelling
temperature. From this fact, we conclude that the effect on the of films. However, for weak polyelectrolyte brushes, including
PS caps of exposure to solvent does not play a significant role poly(acrylic acid), the opposite behavior has been predietéd
in the suppression of cavitation mmbutanol-treated films, and ~ and observeld“43at low ionic strengths. For PAA specifically,
the change in cavitation behavior between isopropanol and brush swelling has been predicted and observed to be greater
n-butanol must be due to differences in PAA swelling. These for ionic strengths approactgnl M compared to the swelling
results illustrate that the polarity of the solvent plays a major at <1 mM at constant pH? This behavior is determined by
role in the swelling and cavitation of the PAA domains, as the two opposing effects as the ionic strength increases. The first
alcohols represent a homologous series of polar molecules withis a decrease in the electrostatic potential (increased ionic
systematically variable polarity and hydrophobicity. screening), which would decrease the swelling of the brush.
Next, we examined the effect of varying the solvent interac- The second is the charge state of the polymer itself. For a weak

tion with the PAA blocks by exposing micellar films to aqueous polyacid, as the ion_ic strength of the solution is increased, the
solutions of varying pH and ionic strength. Because PAA is a PKa Of the polymer is shifted to a lower pH and the charge of

weak polyacid, the charge along the polymer backbone increasedh® Polymer increases. This charging of the polymer chain and
with increasing pH. This charging phenomenon drives the accumulation of associated counterions in the PAA domain leads

polymer chain to a more extended conformation in order to {0 @ higher intrabrush osmotic pressure and increased brush
minimize the electrostatic interactions between neighboring SWelling. It is this latter effect that dominates at low ionic
repeat units along the chain. We thus expect swelling of the strength for weak polyelectrolyte brushes and leads to increased

interior PAA block of the micelle and cavitation to be favored SWelling with increased ionic strength. We expected that a
as pH increases. similar behavior could prevail in micellar films, as the PAA

The morphology of cavitated PISPAA 16.4b-4.5 polymer ghams are in a brushlike state pinned at the-P8A domain
! ) . oundary.
films and the degree to which the micelle opens depend on pH, . . o
as seen in the AFM images in Figure 2 for the case of films In prder to mvgstlgate What_ effect ionic strelngth ha_ls on the
treated for 30 min in aqueous solutions ranging in pH from 2.0 Swelling and cavitation behavior of RBPAA micellar films,
to 11.6 at low ionic strength. For treatment in pH 2.0 HCI (ionic e treated 16.4-4.5 films in pH 7.4 phosphate buffered saline
strength,] = 10 mM), seen in Figure 2A, only a very subtle (I = 150 mM) (Figure 3). The morphology of the film more
depression can be seen on the top of the micelles, suggesting'0Sely resembles that of the films treated in pH 11.6 NaOH (
that a morphological rearrangement has occurred but to a much= 4 MM) than the films treated in pH 7.4 NaOH < 3 uM).
lower degree than in the films treated at higher pH. In This is copS|stent with the behawor qf weak .pol'yelectrolyte
comparison, films treated with pH 5.6 deionized water exhibited Prushes discussed above. By increasing the ionic strength of
easily distinguishable cavities, and the PS corona of each micellethe solution while remaining in the low ionic strength regime
was fractured. This fracture and rearrangement was even more2S applicable to PAA, the swelling of the PAA domain increases,
evident for the film treated in pH 7.4 NaOH € 3 uM). In the leading to a mprphology that rgsgmbles a film treated at higher
film treated in pH 11.6 NaOHI (= 4 mM), film rearrangement pH but Iqwer ionic streljgth. Similar results were obtained for
resulted in a morphology that was significantly different from Micelle films treated with pH 7.4 NaCl solutions of @50
the other films studied. In films treated in pH 28.4 the mM (data not shown).
boundaries between adjacent micelles remains defined, but for The reorganization of micellar films in response to aqueous
pH 11.6 treated films the boundaries are difficult to determine, solutions of varying pH demonstrates that selectively varying
and with the exception of the hexagonal arrangement, it hasthe interaction of the solvent with the core block of the micelles
almost completely lost is resemblance to the as-cast films. Figurecan substantially modulate the final structure of the cavitated
2E shows the cavity diameter for RSPAA 16.4b-4.5 films films. However, the glassy PS corona of the micelles also plays
treated in pH 5.6 deionized water, pH 7.4 NaOH and pH 11.6 a role in controlling cavitation behavior and morphology. By
NaOH, as determined from analyzing the AFM data. These increasing the PS block length while holding the PAA block
values are only approximate due to the comparable size of thelength constant, the PS:PAA ratio of the polymer increases. As
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Figure 1. AFM height images of P®-PAA 16.4b-4.5 films (A) as-cast and treated in (B) isopropanol andrf®utanol for 30 min. Scale bars

are 100 nm and height scales are 20 nm.
Figure 3. AFM height image of P$®-PAA 16.4b-4.5 film treated in

C
-
PBS buffer [ = 150 mM) at pH 7.4 for 30 min. Scale bar is 100 nm,
.
' E

and height scale is 20 nm.
20 4

4.5 micelles, P®»-PAA 42b-4.5 does not cavitate in pH 5.6
deionized water, even after long treatment times (up to 168 h).
However, treating with a pH 7.4 NaOH solution triggered
cavitation. When the PS block length increased to 66.5 kg/mol,
the resulting micellar films did not cavitate in NaOH solution
with a pH as high as 9.6 but did cavitate upon exposure to pH
11.6. At sufficiently large PS molecular weights, cavitation
might be suppressed at all pH values.

In order to further investigate the rearrangement of the
polymer thin film upon exposure to aqueous solution, we
examined the selective loading of multivalent metal ions into
125 micelle films pre- and postcavitation. The TEM images in Figure

5 show a PS$-PAA 16.4b-4.5 films that has been exposed to
pHES pH7.4 pHI16 agueous 0.4 mM lead(ll) acetate solution and ebHSAA 16.4-

) o i b-4.5 film that was exposed to pH 11.6 NaOH and subsequently
E)'?g{)erﬁih ﬁ‘]':('xl) ';ﬂg;g'méﬁ‘?g)ogﬂgﬁ zéfpﬁﬁgf?&f) g'g?g?\la;%dﬂ to an aqueous lead(ll) acetate solution. AFM images (not shown)
and (D) pH 11.6 NaOH. Scale bars are 100 nm, and height scales arecOnfirm that the film in Figure 5A has the familiar as-cast
20 nm. (E) Size of nanocavities resulting from described treatments morphological topology (Figure 1A) of quasi-hexagonal closed-
for PSb-PAA 16.4b-4.5 determined from AFM images. packed micelles and that the film in TEM image 5B exhibits

the expected cavitated morphology (Figure 2). For the as-cast
a consequence, for each PAA chain there is more PS presentfilms, the lead staining yields a circle with small clusters visible
and the swelling of the PAA chain required to fracture the PS inside the circular area of the micelle. The cavitated film exhibits
caps will increase, and thus we expect the pH of the solution a different staining pattern characterized by a ring structure.
required to cavitate the micelle will be higher. In addition, the We believe this ring structure is a result of the cavitated
critical molecular weight for entanglement coupling in PS is morphology that leaves a cylinder-like cavity, the walls of which
about 36 kg/mof# as a result, varying the PS block molecular are covered with a PAA brush. This proposal is consistent with
weight around this value would be expected to produce the observation in Figure 5B that the walls of the cylinder-like
significant changes in the polystyrene’s ability to mechanically cavity appear dark with light staining in the center.
resist swelling of the encapsulated PAA core. To test this  The results described above characterize the swelling of PAA
hypothesis, we examined the cavitation behavior obHZAA domains leading to the fracture of the PS caps, creating arrays
42b-4.5 and 66.%-4.5 micelles following exposure to aqueous of nanocavities. To investigate whether the reverse process can
solutions of varying pH (Figure 4). Unlike PSPAA 16.4b- occur (cavitated micelles returning to their as-cast spherical
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Figure 6. Fluorescence image demonstrating the specific coupling a
streptavidin-Alexa Fluor conjugate to the carboxylic acid groups of a
cavitated PS-PAA (16.4b-4.5) film via a NH—triethylene glycot

biotin linker molecule. The substrate is a polyelectrolyte multilayer on
glass as described in the Experimental Section. Expsoure time is 400
ms.

films, points to the potential to create controlled 2-D nanopat-
terned arrays of many different molecules. To demonstrate this
concept, we have selectively bound a streptaviditexa Fluor
conjugate to a cavitated RBPAA 16.4b-4.5 film. First, a
primary amine functionalized triethylene glycol biotin linker

Figure 4. Cavitation behavior of P8-PAA with a PAA block ofM, molecule was covalently linked to the surface using EDC

= 4.5 kg/mol and changing PS block length for aqueous solution

treatments of varying pH. AFM height images of BRAA 66.5b- chemistry, and then the film was incubated in a streptavidin
4.5 after a 30 min treatment in (B) pH 9.6 NaOH solution and (C) pH Alexa Fluor solution. These films were then imaged in a

11.6 NaOH solution. Scale bars are 100 nm, and height scales are 20fluorescence microscope to confirm binding, as seen in Figure
nm.

6. The cavitated film in Figure 6 was treated with the complete
coupling reaction followed by streptavidin binding. The strong
fluorescence of the conjugated film confirms both the availability
of the PAA groups to the solution and the ability to functionalize
these nanocavities postcavitation. Control reactions were per-
formed where no biotin linker molecule or no streptavidin
Alexa Fluor conjugate was present. The absence of fluorescence
intensity in these films (data not shown) indicates that nonspe-
cific binding of both the biotin linker molecule and the
strepatvidin-Alexa Fluor to the cavitated micelles films was
low.

Conclusions

lead acetate. Image A is of as-cast film, and image B is a film that has ~ AFM imaging was successful in capturing the morphological
been cavitated in pH 11.6 NaOH before staining. Scale bars are 100rearrangement of PB-PAA micellar thin films that were

nm. exposed to alcohols and aqueous solutions of varying pH and
morphology), we thermally annealed cavitatedi?BAA 16.4- ionic strength. We have shown that solvent polarity, pH of the
b-4.5 thin films. TheTy of bulk PS is about 100C, so it is aqueous solution, and the ionic strength of the solution determine
expected that the PS chains on the free surface of our ultrathinwhether a micellar film of a given molecular weight and
films would be sufficiently mobile during annealing at 180. composition will cavitate and expose the PAA chains to film

Micellar films that had first been treated in pH 7.4 NaOH and surface. The resulting cavity size is also dependent on these
had the morphology of Figure 2C were thermally annealed at variables. The results support the contention that the cavitation
100°C for 24 h. After annealing, the films were imaged in AFM  behavior is a result of PAA domain swelling which induces
and the morphology had returned to that of the as-cast films asfracture and rearrangement of the PS caps. At constant PAA
illustrated by Figure 1A (data not shown). Annealed films that block molecular weight, varying the molecular weight of the
had returned to this as-cast morphology, cavitated a second timePS domains also affects cavitation behavior of the micelles. A
upon treatment in pH 7.4 NaOH € 3 uM). higher pH solution is required to cavitated micelles with larger
Cavitation of the PS caps and the resulting exposure of the PS molecular weights. The cavitation process is thermally
PAA chains produces a nanopatterned surface of PS and PAAreversible; annealing films at a temperature nearTef the
domains. EDC, a carbodiimide, zero-length cross-linking agent PS block returned the films to the original precavitated
that couples primary amines and carboxylic acids, can then bemorphology. The morphological rearrangement was also visual-
utilized to selectively bind primary amine functionalized ized by TEM imaging of films selectively stained for PAA. We
molecules to the exposed carboxylic acid moieties of the PAA also demonstrated selective linking of a streptaviditexa
domains of our cavitated films. This capability, combined with Fluor conjugate to the PAA chains of the cavitated micellar
our previous workl-22that demonstrated control over the center- film. The success of this conjugation chemistry demonstrates
to-center spacing and PAA domains size of iPBAA thin the availability of the PAA domains to reagents in aqueous



1744 Miller et al.

Macromolecules, Vol. 41, No. 5, 2008

solution and suggests the potential of the novel 2-D cavitated (19) Groll, J.; Albrecht, K.; Gasteier, P.; Riethmueller, S.; Ziener, U.;

nanostructured system for biological applications.
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