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ABSTRACT: We present a novel route to assemble thin films containing pH-responsive nanostructures of
hydrophilic cylindrical domains oriented perpendicular to a silicon substrate. The amphiphilic block copolymer,
poly(styreneb-acrylic acid) (PSh-PAA), is prepared from the precursor, poly(styrdntert-butyl acrylate) (PS-

b-PtBA), by an autocatalytic reaction involving surface hydroxyl groups. The surface morphology and evolution

of the nanostructures in aqueous solutions over a pH range ef92l6are captured by in-situ atomic force
microscopy (AFM). The ordered PISPAA films exhibit unique surface morphologies across three pH regimes.

At low pH (pH < 4.0) PAA chains collapse within the cylindrical domains, resulting in a hexagonal packed
array of holes. At intermediate pH (40 pH < 6.0) the PAA cylinders swell and transform into mushrooms

with swollen caps. The height of these caps is pH-dependent, and dynamics are described by a two-stage swelling
mechanism. At high pH (pH 6.0) PAA chains stretch strongly to cover the entire surface, leading to a continuous
PAA wetting layer decorated by hexagonally packed depressions. The equilibrium film thickness increases as pH
increases and is reversibly recovered upon decreasing pH. The water contact angle decredsesydy B@reases

from 2.6 to 9.1, demonstrating that wettability can be tuned by varying the pH of the surrounding medium.
Because of their pH-responsive behavior and small feature size, nanostructured devices designed from amphiphilic
block copolymers have potential applications including sensors and membranes.

Introduction upon exposure to acetic acid, poly(styrdnerethyl methacryl-

ate) (PSb-PMMA) films exhibit extensive swelling of the
PMMA domains, resulting in a nanoporous structtié?
Whereas a majority of copolymer studies involve hydrophobic
blocks23-30 amphiphilic block copolymers are receiving growing
interest because they can behave as nanoreactors and stimuli-
responsive materiaf.In solution, amphiphilic block copoly-

this responsive behavior can transform chemical energy directly " self-assemble into micellar structures, such as spheres,
. ponsI T . . gy Ywhich can be used as nanoreactors to synthesize nanoparticles
into mechanical work, stimuli-responsive materials can be used

to build macro- or nanoscale machines such as those that mimico nanocluster$ *> Amphiphilic block copolymers are also
g X e .~ attractive as pH-responsive materials because domains can be
living organisms. For example, artificial muscle and biomimetic

actuators have been fabricated from polymer gels that res ondtuned to respond to aqueous environments. For example, a
o . poly get P copolymer containing a structural block that assembles into
to an electric field. For instance, a gel of poly(vinyl alcohol)

containing free poly(acrylic acid) chains undergoes rapid physical cross-links with a polyacid block has been used to

: X . . ; create a chemically driven synthetic museConsisting of
ol propertios, suace propertis atch o6 weting and bocorYAIOPNODIC, 0lassy PMMA spheres embedded in a poly-
< prop ’ prop . g and bio (methacrylic acid) matrix, this nanostructured gel responds in
patibility can spontaneously adapt to environmental stirffidli.

Tunable surfaces have recently been employed to create sensora reversible, affine manner upon exposure to cyclic pH
: Nty -mploy: Variations. As another example, Armes et al. prepared biocom-
chemical gates, and protein adsorption devi€e¥! Surface

response can be imparted by structural reoraanization orpatible, pH-responsive micelles and vesicles with pH-tunable
ponse P y 9 ) permeability3”=3° In a novel approach to control nanostructure
compositional rearrangemert® For example, layers of mixed

. formation and eliminate micelle formation in solution, Kr h
polymer brushes or Y-shaped molecules demonstrate high ormation and e ate micelle formatio solution, Krausc

e . et al. spin-coated a triblock copolymer containintge-butyl
sensitivity and selectivity upon exposure to good and bad methacF;ylate block which waz r)1/1ade hydrophﬁ?c by gcid-
solventsté-20

] o ) _ catalyzed deprotectiol?. This copolymer of poly(styrenb-2-
Because they self-a§semble into periodic domains .V\{Ith vinylpyridine-b-methacrylic acid) (P®-P2VPb-PMAA) dis-
complementary properties, block copolymers are promising played reversible swelling/shrinking of film thickness while

candidates for preparing responsive soft materials. For example retaining a perforated lamella structure.

Soft materials that respond to external stimuli are of great
interest for applications ranging from artificial muscle to drug
deliveryl~* Polymer gels are particularly attractive as reversibly
responsive materials because they can swell or collapse by
several hundred times in response to subtle variations in external
stimuli such as temperature, pH, and electric fielBlecause

Previously, we have shown that amphiphilic diblock copoly-
T Department of Materials Science and Engineering and Laboratory for mer films of PSb-PAA can self-assemble into reversible,

Research on the Structure of Matter. stimuli-responsive nanostructure3he nanostructure consists
Department of Chemistry.
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the cylindrical domains swell above the surface and transform Scheme 1. Chemical Transformation of PS>-PtBA to PS-b-PAA
into mushroom-shaped domains. The swelling dynamics of the by Thermal Deprotection of the tert-Butyl Groups Catalyzed by
PAA mushrooms are captured by a two-stage mechanism, where Surface Hydroxyl Groups

vertical growth is described by supercase Il diffusion of water %» + )]\
into PAA followed by the slow relaxation of the PAA chains. o
The PS matrix is covered by the swollen PAA mushroom caps, e o OH

resulting in a wettable surface. The original nanostructure is

recovered upon annealing above the glass transition temperature _ ) )

of PAA, demonstrating the reversible nature of the swelting ~analyzed by Fourier transform infrared spectroscopy in the attenu-
shrinking process. ated total reflection mode (FTIR-ATR) (Nicolet Nexus 470 FT-IR

; ; ESP spectrophotometer configured with a Nicolet Smart Du-
In the present study, we describe pH-responsive nanostruc- it .
tures prepared by self-assembly of amphiphilic PEAA. raSampl/R ATR module). The initial film thickness (40 nm) of PS-

ol . . b-PtBA, same as the thickness used for the AFM studies, was used
Initially, the ordered P®-PAA films contain a nearly hexagonal i ihe FTIR-ATR analysis. To complement FTIR-ATR, the conver-

packed array of perpendicular PAA cylinders embedded in a sjon of PSk-PtBA to PSh-PAA was evaluated by measuring the
continuous PS matrix. Because PAA is a weak polyelectrolyte, decrease in film thickness due to the evolution of tae-butyl

the film exhibits three unique nanostructured morphologies groups upon annealing.

depending on pH. The surface morphology and nanostructure Atomic Force Microscopy (AFM) in Aqueous Environment.
evolution in aqueous solutions are captured by in-situ AFM as AFM height images were obtained using a Molecular Imaging
pH increases from 2.6 to 9.1. The hexagonal packing of the PicoPlus scanning force microscope in the magnetic AC (MAC)
PAA domains and domain spacing remain invariant upon mode. MAC mode is an intermittent contact mode of AFM, in
exposure to the aqueous solutions, demonstrating that thewhich an alternatm_g current creates an alter_natlng magnetic field
continuous PS matrix provides mechanical stability. At inter- 2t drives the cantilever via a magnetic coating on the back of the
mediate pH, the swelling dynamics of the PAA mushroom cap cantilever. Silicon cantilevers with a nominal spring constant of

. . ) ; . 2.8 N/m and the tip radius of less than 7 nm were used. The
height are described by a two-stage mechanism. Film thickness,esonance frequencies of the cantilevers in air and water are 75

is found to increase as pH increases and is reversibly recoveredyng 30 kHz, respectively. To investigate nanostructure evolution
upon decreasing pH. By directing the arrangement of PAA as a function of pH, films were immersed in a liquid cell containing

chains via pH stimulation, the water contact angle can be varied buffered solution and in-situ scans were performed for at least 120
over 30, demonstrating that amphiphilic block copolymer films min from the same area. To maintain constant counterion type and

can display self-adaptive surface properties. ionic strength, sodium phosphate buffers;RiGy/NaH,POy/Na-
HPQO,) were prepared with pH values ranging from 2.6 to 9.1 at
Experimental Section fixed buffer strength (20 mM). To measure film thickness, films

were scratched with a razor blade and then immersed in an aqueous
medium. The height difference between the top of the film and
substrate was measured by AFM. AFM images were analyzed using
the grain analysis and 2D fast Fourier transform (FFT) modules
from SPIP software (Image Metrology, Inc.).

Contact Angle Goniometry. Film wettability was characterized
by contact angle measurements using the sessile water droplet
method. Measurements were performed on a home-built static
contact angle apparatus. The contact angle profiles were analyzed
using Scion Image software to determine the contact angles. The
contact angle values represent an average of at least 10 independent
measurements.

Films of PSb-PtBA. Poly(styrenes-tert-butyl acrylate) (P3»-
PtBA) with a polydispersity ¥./M,) of 1.05 was purchased from
Polymer Source, Inc. The molecular weighkg,) of the PS and
PtBA blocks are 66 200 and 32 000 g/mol, and the volume fractions
of the two blocks arepps = 0.68 andgpea = 0.32, respectively.
Prior to film deposition, silicon substrates were treated to produce
surface hydroxyl groups. Silicon wafers were cleaned with a piranha
solution (98% HSO/30% H,O,, volume ratio= 3:1) at 80°C for
30 min. After being cooled for 30 min at room temperature, the
wafers were rinsed and then immersed in ultrapure water (Millipore
Direct-Q, 18.2 M2-cm resistivity) for 1 day. After being dried with
a stream of nitrogen, substrates were exposed to UV ozone for 10
min. Thin films of PSb-PtBA were prepared by spin-casting a 1
wt % toluene solution onto treated silicon substrates and then drying
under vacuum at room temperature for 1 day. Film thickness was  Nanostructured Amphiphilic Block Copolymer Films of
determined to be 40 nm using a Rudolph Research AutoEL-Il Null PSh-PAA. The IR spectra of the initial and hydrolyzed films
ellipsometer with a heliumneon laser sourcel (= 632.8 nm) at  were recorded before (I) and after annealing at 1G0for 2
a fixed incident angle of 70 , , days (11), respectively, as shown in Figure 1. Before annealing,

Surface Hydroxyl-Catalyzed Hydrolysis of PSb-PtBA Films. the spectrum shows absorption bands characteristic=e® C
The RBA block has a thermally labileert-butyl ester linkage that stretching at 1725 cr, tert-butyl (tBu) double absorption at

can be cleaved by thermal or acid-catalyzed deprotectén, 1392 and 1368 cnit, and aromatic vibrations at 1491 and 1450

Wallraff et al. demonstrated that the cleavage oftérebutyl ester a3 ; . L
linkage occurs after a slow induction period followed by a fast ¢ **After annealing, the €O stretching vibration broadens

autocatalytic process in which the deprotected groups catalyze@nd shifts to 1717 cm, consistent with the formation of
further deprotectiof? They also showed that acid-catalyzed depro- carboxylic acid. Second, the appearance of a broad band from
tection occurs at a substantially reduced temperature and rapidly~3300 to~3600 cnt?! is attributed to the ©H vibration in
goes to completion. The acid-catalyzed approach has been employed-COOH. Third, the disappearance of the two charactetistte

to hydrolyze block copolymer films containingBMA or PtBA butyl peaks at 1392 and 1368 cinprovides strong evidence
blocks using a hydrochloric acid cataly8t3 Although the acidity for conversion to carboxylic acit® Thus, FTIR-ATR measure-

of the surface hydroxyl groups isolow, they can ac}llas a catalyst to ments indicate that thetBA block is hydrolyzed to PAA after
cleave tertbutyl groups at 130°C (Scheme 1} The low annealing P3®-PtBA films on a hydroxyl-rich silicon surface

gﬁﬁ;%tﬁggogrt:\c?é)f;@tuvrvee(ﬁs\(/lg 8;%%3&2;%%% Xfﬁf;\r%r;/hc at 130°C for 2 days. Furthermore, film thickness measurements

with thickness values from 20 to 80 nm can be converted to Of this sample support this conclusion. After annealing, film

amphiphilic PSe-PAA films after annealing at 130C under thickness decreases from 40 to 33 nm, which corresponds to a
vacuum for 2 day4 The same procedure is used in this paper. The 17.5% decrease in volume. This value is in excellent agreement
chemical transformation from PISPtBA to PSH-PAA was with the theoretical value for complete removal of teg-butyl CDV

Results and Discussion
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pH-Dependent Nanostructures of the Amphiphilic Block
Copolymer Films. The pH response of the HBPAA films is
dictated by the PAA nanocylinders. Because PAA homopolymer

5 is a weak polyelectrolyte with aKa 4.65 the degree of

8 ionization of the carboxylic acid groups can be tuned by varying
e w the pH of the aqueous solution. For pH pK,; PAA chains

& [ m130°c,2d Do collapse because the degree of ionization is rather small, and
27T : | :cH, (1Bu) most carboxylic acid groups exist asCOOH; however, for

2

o

<

i S E Il pH > pKa PAA chains stretch because most acid groups are
I B M ionized?647 The degree of chain stretching increases as the
o degree of ionization or pH increases.

LAseast Figure 3 shows AFM height images taken in sodium
4000 3500 3000 2500 2000 1500 1000 phosphate buffer solutions and the corresponding schematics
Wavenumber (cm™) for three regimes of pH. To ensure equilibrium morphologies,
Figure 1. FTIR-ATR spectra before (I) and after () surface hydroxyl- !mageS. Werg take'? after Immerslon for ].'20 min. Longgr
catalyzed hydrolysis of a 40 nm film of AISPBA to PSb-PAA. immersion times did not result in appreciable changes in
morphology. At low pH (pH< 4.0) the surface displays a nearly
(b) hexagonally packed array of holes with a characteristic hole-

to-hole spacing of 50.0 nm, as shown in Figure 3a (pH 2.6)
and Figure 3b (pH 3.1). Qualitatively, the PAA domains at pH
2.6 are deeper (i.e., sharper contrast) and larger than at pH 3.1.
This behavior is attributed to an increase in the contraction of
PAA chains as pH decreases. Quantitative cross-section analysis
indicates that the average depth of holes decreases from 5.0 to
3.0 nm as pH increases from 2.6 to 3.1. Correspondingly, the
average diameter of holes decreases from 22.1 and 17.3 nm,
L respectively. Although the diameter at pH 2.6 is similar to the
Figure 2. (a) AFM height image of a P8-PAA film (33 nm) after initial PAA cylinder diameter (Figure 2a), the diameter at pH

conversion of PS-PBA by annealing at 130C for 2 days on a 3 1 js smaller than the initial value. This behavior is represented
hydroxyl-rich silicon surface. The image size isx11 um?, and the

height scale from dark to bright is 0 to 15 nm. Inset is a 2D FFT of the by the co_ncave So_lid and dashed lines in Figure_ 3c, respectively.
image. (b) Schematic cartoon of perpendicularly aligned cylindrical Over an intermediate pH range from near to slightly above the

PAA nanodomains embedded in a PS matrix. pKa (4.0 < pH < 6.0), the surface is predominantly covered by
a hexagonally close-packed array of mushroomlike domains,
groups, 16.898.The chemical transformation ot®A to PAA as displayed in Figure 3d,e. The average center-to-center
is accompanied by a change in the volume fractions of the distance between adjacent mushrooms is 51.0 nm. A similar
copolymer togps = 0.81 andgppaa = 0.19. mushroomlike nanostructure was previously observed for PS-

Parts a and b of Figure 2 show the AFM height image and a 0-PAA films exposed to ultrapure water (Millipore, pH6.0)*
schematic of the ordered RSPAA film (thickness: 33 nm)  The mushroom consists of a PAA stem, surrounded by a glassy
on silicon, respectively. The AFM image was obtained at PS matrix, and a swollen PAA cap. In contrast to the circular
ambient conditions in air immediately after annealing. In Figure domains under ambient conditions (Figure 2a), these caps
2a, the cylindrical nanodomains of PAA (bright) are oriented display a planar interface because adjacent domains impinge
normal to the substrate and organize into nearly hexagonalUpon each other. Correspondingly, the mushroom-shaped do-
packing. This observation is consistent with small-angle X-ray mains are much Iarg.er than the initial cylindrical doma|_ns. At
scattering (SAXS) studies of bulk samples which display a high pH (pH> 6.0), Figure 3g,h shows that the surface displays
hexagonally packed array of cylindrical PAA domains with a @n ordered, hexagonally packed array of depressions with an
lattice parameter of 40.3 nfThe ordering shown in Figure ~ @verage spacing of 51.0 nm, which coincides with the original
2a has also been observed for film thickness values from 20 toSPacing of PAA cylindrical domains. The average depth of
50 nm# The average value of the cylinder diameter is 22.6 ~ depressions is-4.0 nm. Although the surface morphology at
2.2 nm. The inset in Figure 2a shows a 2D fast Fourier transform high pH appears similar to that at low pH (e.g., Figure 3, g and
(FFT) of the image. The average center-to-center distanceP. respectively), the surface reorganization mechanism, com-
between adjacent cylinders is 49.0 nm, which is greater than POSition, and wettability are quite different as discussed below.
the bulk value 40.3 nrfft The average area per cylinder is 406.0 Note that although the surface morphology changes significantly
nm?, resulting in a PAA area fraction of 0.19, which is in @S PH increases from 2.6 to 8.0, the hexagonal arrangement of
outstanding agreement with the PAA volume fraction of 0.19. PAA domains and the center-to-center distance between domains
This consistency further supports the premise that the PAA &ré both invariant. Therefore, these findings suggest that the
cylinders align perpendicular to the substrate. The height PS matrix imparts suff|C|_ent mechanical stability to films
difference between the cylinders and the matrix-& nm and exposed to aqueous solutions over a range of pH.
most likely results from a slight swelling of the hygroscopic Prior to describing the schematics in Figure 3, film thickness
PAA cylinders at ambient conditiorf8 Films of PSb-PAA are measurements which complement this nanostructure study will
of potential interest as responsive materials because the minoritybe presented. Figure 4 shows that film thickness increases as
PAA nanodomains impart functionality whereas the majority the pH increases from 2.6 to 9.1. Measurements were taken on
PS provides mechanical stability. The next section investigatesdifferent samples (filled squares) after immersing in aqueous
how amphiphilic films respond to pH variations from 2.6 to solutions for~120 min to ensure equilibrium swelling. At pH
9.1. 2.6 or pH 3.1, the thickness is similar to that of the initial Fé%v
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(c)pH<4.0

(f)4.0 <pH < 6.0

(i) pH > 6.0

Figure 3. pH-dependent nanostructures of BBAA films in aqueous solutions. AFM height images of films (33 nm) immersed in buffered
solutions with different pH values for120 min (a, b, d, e, g, h). All images arex1 1 um?, and the height scale &z = 0—15 nm. Schematic
cartoons of cross sections at low, intermediate, and high pH regimes, where (€)48 (f) 4.0< pH < 6.0, and (i) pH> 6.0, respectively.
Depending on pH, PAA chains collapse or stretch, resulting in surface reconstruction of nanostructures.

90

70

Film Thickness (nm)

30 1 1 1 1 1 1 1

pH

Figure 4. Film thickness in aqueous media as a function of pH. Film

thickness of different samples after equilibrium swelling (filled squares).

pH 8.0 the film thickness increases fro40 to ~82 nm,
respectively. This behavior is consistent with stretching of PAA
chains above Ig, and an increase in stretching with (8

The stretching is driven by an increase in the number of
dissociated carboxylic acid groups. A higher degree of dis-
sociation produces a greater repulsion between carboxylate anion
groups and, therefore, an increase in film thickrfésat pH

4.6 and pH 5.7, the total film thickness is in good agreement
with the value determined by adding the PS matrix thickness
and the mushroom cap height as defined below. Atp8.0

the film thickness levels off at a constant value of 82.0 nm.
This behavior is consistent with PAA chains becoming fully
dissociated at pi+ 8.0 which results in the maximum degree
of swelling. Using the maximum thickness, the initial film
thickness, and cylinder diameter under ambient conditions, a

Film thickness measured from one sample as pH decreases from 9.1geometric argument predicts that PAA chains stretch by a
to 2.6 (open triangles). The solid line is a guide to the eye. Reversible maximum of~5 times at pH> 8.0. Similar length (volume)

swelling is observed.

b-PAA film because PAA chains collapse within the cylindrical

changes have been used to build a synthetic muscle device from
a block copolymer stimulated by changes in $HTo test

nanodomains, as shown in Figure 3a,b. Between pH 4.6 andwhether swelling is reversible, the film thickness of one san%(il
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(open triangle) was monitored as pH was sequentially lowered
from 9.1 to 2.6. Prior to each measurement, the film was
equilibrated for 60 min. Figure 4 shows that the resulting
decrease in film thickness is in excellent agreement with the
swelling studies (filled squares). Thus, BEAA films exposed

to aqueous solutions over a wide range of pH exhibit reversible
swelling behavior.

We now address the schematics shown in Figure 3. With
increasing pH, poly(acrylic acid) chains in solution transform
from a collapsed to stretched conformation around=piiKa.
This conformational change is induced by the electrostatic
repulsion between the carboxylate ionic groups. The equilibrium (d) g Cyliner (©)
chain conformation is a balance between the electrostatic [ D,
interaction of the charged carboxylate anion groups, which Mushroom — | H
favors stretching, and the conformational entropy of the PAA o
chains, which opposes stretchitigBy considering the experi-
mental observations that the hexagonal arrangement of the PAA
domains is invariant with pH as well as the film thickness
behavior with pH (Figure 4), we can construct three distinguish- ¢ 20 30 40 50 60 70 80
able nanostructures or regimes. At low pH (pH4.0, Figure ) D'amtfr [""_“ )
3c) PAA chains collapse within the cylindrical domains whereas Figure 5. AFM height images of nanostructured films of BS2AA

. : ! . after swelling at pH 4.6 for 17 min (a) and 33 min (b). Both images
the PS matrix remains fixed, resulting in a hexagonally packed ;1e'1 51 um2, and the height scale sz = 015 nm. (c) Schematic

array of holes. The dashed lines in Figure 3c represent a decreasg@ustration of the mushroomlike nanostructure having a stem and cap
in the contraction of PAA chains as pH increases, resulting in of diameterD and heightH. The cap forms as water diffuses into the

less chain collapse and a smaller hole diameter. At intermediatePAA domain and PAA chains stretch out of the stem to form a water-
pH (4.0 < pH < 6.0, Figure 3f) PAA chains are constrained Z‘;V)Og%ﬁﬁg' S(S\)O'ﬁésgor%asmhr%gcrjr']agetﬂif%r the initial cylinders (Figure
from swelling laterally by the glassy continuous PS phase and P&

forced to stretch above the surface, leading to mushroom-shape%IOWer relaxation of PAA chains from below the surface,

domains that predominantly cover the surface. In a previous respectively. However, comparison of Figure 5a,b shows that

stud%, we grzpoied abmo%el to deshcrigeAglg formation Olf_ sughthe dimples disappear after 33 min of immersion, and the domain
mushrooms.As they absorb water, the omains, confine height increases significantly as denoted by the greater contrast

by the glassy PS matrix, can only swell vertically above the j, rjq re 5p relative to Figure 5a. Similar swelling behavior
surface and horizontally along the surface. PAA chains near has also been observed at pH 5.7, except that the dynamics are

the surface of the cylinders extend laterally across the PS matrix,faster as discussed below. Figure 5¢ displays a cartoon of a
whereas PAA chains below the surface extend toward the apexpaa mushroom with cap aiameteDI and cap heightH).

of the caps. At high pH (pH 6.0, Figure 3i) PAA chains are  geing confined by the continuous glassy PS matrix, the stem
highly stretched and occupy the entire surface. Although the ¢ paa is unable to swell laterally and, thus, has a limited
low and h!gh pH_ regimes appear to display s!mllar surface capacity to take up water. This interpretation is consistent with
morphologies, their surface features result from different surface i, invariance of the PAA domain separation and the hexagonal
reconstruction pathways. Namely, at high pH, the junction ,acying observed for initial and wet films. Because of matrix
between PS and PAA is bound to the intermaterial dividing confinement, the PAA nanodomains can only absorb water by
surface (I.MDS),.and PAA_chalns_ below the surfgce can stretch swelling vertically above the surface and horizontally along the
only vertically (i.e., junction point does not diffuse toward g face, resulting in the mushroom-shaped domains described
solution). Thus, at a high degree of chain stretching, the . Fig re 5¢. To form the cap, PAA chains near the surface of
depressions overlying the cylinders result from an inability of ne cylinders extend laterally across the PS matrix to form the

PAA chains from deep beneath the surface to extend out into poce’of the cap whereas PAA chains below the surface extend
solution as much as PAA chains with junction points closer t0 {qward the apex to form the hemispherical cap. Figure 5d

the surface. The cross sections corresponding to low, intermedi-gigp|ays the distribution of PAA domain diameters before
ate,. an(_j high pH regimes (Figure SC,f,!) will be further supported (cylinder) and after (mushroom) swelling. Upon swelliri,
by in-situ AFM and surface wettability measurements in the 55 gefined by the Gaussian maximum, increases by more than
following sections. 2 times, from 22.6t 2.2 to 49.3+ 6.5 nm. TheD after swelling
In-Situ AFM and Swelling Dynamics. In-situ AFM was is also approximately equal to the cylindaylinder spacing
performed to observe the evolution of the nanostructures andin the initial film (Figure 2a), consistent with the premise that
the swelling dynamics of PB-PAA films in aqueous solutions  caps swell to cover the entire surface. The histogram also shows
with different pH values. Scans from the same region were takenthat the distribution oD broadens upon swelling. While the
every~5 min for a total of~120 min. Figure 5a was obtained increase irD occurs rapidly, the vertical swelling of the caps
immediately after sample immersion (pH 4.6) and microscope is much slower as described next.
alignment. After 17 min, the PAA domain diameter is already =~ The height of the swollen caf is defined as the difference
much larger than in the initial state (Figure 2a) and continues between the apex of the mushroom and the surface of the PS
to increase until adjacent domains impinge after 33 min (Figure matrix. To accurately determine the swollen cap heightyas
5b). Vertically, dimples about 2 nm deep develop in the center measured near defects (e.g., the box in Figure 5a) where the
of PAA domains after 17 min, as shown in Figure 5a. The PS matrix is exposed. Figure 6 shows the cap heliglats a
growth in the lateral and vertical directions is consistent with a function of time at pH 4.6 and pH 5.7. Qualitatively, in either
rapid relaxation of PAA chains near the surface followed by a aqueous solution, the growth éf consists of an early stag&,DV
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Figure 6. Swelling dynamics of the PAA mushroom cap heighat
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Figure 7. Evolution of nanostructures at high pH (pH 6.0). AFM
height images of P$-PAA films after swelling at pH 6.3 for 18 min

(a) and 30 min (b). The depressions are 2.0 and 3.0 nm deep in (a) and
(b), respectively. Both images arexL1 um?, and the height scale is

Az = 0-15 nm.

= 2.64) when swollen in ultrapure water at pH 6.0% The
dependence of the swelling dynamics on pH is related to the

pH 4.6 and pH 5.7. The solid and dotted lines are fits to the data using degree of ionization of the weak polyelectrolyte PAA. As the

egs 1 and 2, respectively.

whereH grows rapidly, and a late stage, whétegrows more
slowly and approaches its maximum value. At pH #&teadily
grows from 3.0 to 4.4 nm between 17 and 70 min, respectively.
After 70 min,H slowly approaches the maximum height of 4.8
nm. However, films immersed in solution with pH 5.7 swell
more rapidly than at the lower pH. At pH 5t grows quickly
from 4.2 to 6.1 nm between 10 and 53 min, respectively. After
53 min,H grows more slowly and approaches a maximum value
of 6.5 nm. The swelling dynamics of the PAA caps are
consistent with the two-stage process described below.

To understand nanostructure swelling, we apply a two-stages'

model previously used to describe the swelling dynamics of
nanostructured PB-PAA films and weak polyelectrolyte
films.*52 The dynamics are initially governed by diffusion of a
penetrant into the polymer and then by a slow relaxation of the
polymer chains. In the case of PAA mushrooms, the initial
growth of the cap height due to water diffusion into PAA is
described by

I At 8

whereH., is the cap height at equilibriumA is equal to the
initial cap height normalized b¥., ki is a rate constant that
depends on the local environment of the penetrantraadhe

fraction of ionized acrylic acid groups increases with increasing
pH (pH 5.7> pH 4.6), the electrostatic repulsion between the
carboxylate ionic groups in the PAA nanodomains is expected
to increase. Therefore, the PAA domains in a higher pH solution
should exhibit an enhanced water permeation rate as experi-
mentally observed. The second stage of growth attributed to
polymer relaxation also appears to be pH-dependent, as shown
in Figure 6. Namely, the relaxation of PAA chains at pH 5.7 is
faster than at pH 4.6. The dotted lines in Figure 6 were fit using
ko = 0.04 and 0.08 min* for pH 4.6 and 5.7, respectively,
corresponding to characteristic relaxation times of 1500 and 750

Although the surface features at low and high pH appear to
be similar (e.g., compare parts b and g of Figure 3), film
thickness measurements suggest that these regimes display
significantly different reconstruction pathways and surface
composition. To further distinguish these regimes, the evolution
of the nanostructures at both low and high pH was investigated
via in-situ AFM. At low pH (2.6 or 3.1) the surface developed
hexagonally packed holes immediately after immersion (data
not shown). Continuous scanning for about 120 min revealed
that these surface holes did not change with time. In contrast,
for pH > 6.0 the nanostructured surface evolved significantly
with time. Figure 7 is a representative example of nanostructure
evolution at high pH. After swelling at pH 6.3 for 18 min, the
surface of PS-PAA films displays donut-shaped features as

Scaling exponent that depends on the diffusion mechanism. ForShOWn in Figure 7a. Similar features are observed at intermediate

n=05 05<n<10,n= 1.0, orn > 1.0, diffusion is

described as Fickian, anomalous, case Il, or supercase I,

respectively. At high volume fractions of water, swelling

pH values as well. This similarity suggests that the swelling
mechanism at high pH is the same as that observed for the
mushroom caps at intermediate pH, except that the degree of

becomes dominated by molecular relaxation and is describedswelling and the swelling dynamics differ. As discussed

by

" 1 - Bexp(ky)

)

00

whereB is a scaling constant arlg@ reflects the rate of chain
relaxation. Figure 6 clearly shows that the swelling dynamics
are pH-dependent. At pH 4.8} during the initial stage was fit
with eq 1 usingh = 1 (solid line), suggesting that water diffusion
into the PAA nanodomains follows the case Il mechanism.

previously, PAA chains near the top of the stem extend laterally
across the PS matrix, whereas PAA chains below the surface
stretch toward the center of the PAA domains (Figure 3f,i).
Because swelling is less at intermediate pH, the chains below
the surface are able to reach the apex of the cap. However, at
high pH, these chains are unable to stretch enough to maintain
a hemispherical shape. The surface depression at high pH can
be shown to differ from that at low pH by investigating the
nanostructure evolution. After swelling at pH 6.3 for 30 min,
Figure 7b shows that the rims around PAA domains merge with

However, at pH 5.7 accelerated growth is observed and eq ladjacent domains to produce a continuous PAA surface with

was fit toH values usingh = 2.68 (solid line), suggesting that
water diffusion into the PAA nanodomains follows supercase
Il. Case Il and supercase Il diffusion have been reported for
PAA multilayers in aqueous soluti®d.Moreover, PS3-PAA
films have been observed to exhibit supercase Il diffusion (

depressions situated directly over the center of the initial
cylinders. Comparison of images after 30 min (Figure 7b) and
120 min (Figure 3g) reveals no appreciable difference, indicating

that swelling of the nanostructured PSRAA films at pH 6.3

reaches equilibrium in-30 min. Indeed, film thickness me%-DV
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Figure 8. Water contact angles on dried BSRAA films after initial
immersion at different pH values. The dotted line is a guide to the
eye. Inset (a) represents a typical droplet profile atpH.0 (e.g., pH
2.6), whereas inset (b) is a representative profile abp#0 (e.g., pH
8.0). The ~30°decrease in contact angle is attributed to surface
rearrangement of PAA chains.

surements at high pH are found to reach their equilibrium value
within 20—30 min.

Tunable Surface Properties.Film wettability can be regu-
lated by varying the surface composition of films. The measured
water contact angle for the initial RSPAA films is 73, very
close to the value (7J determined from the Cassi®axter
equation using an area fraction of 81% PS (19% PAA) at the
surfacet® In this study, PS-PAA films immersed in aqueous

pH-Responsive Nanostructure§$069

where the amphiphilic block copolymer RSPAA is trans-
formed from PSs-PtBA by thermal deprotection of theert-

butyl groups catalyzed by surface hydroxyl groups on silicon
substrates. The resulting amphiphilic block copolymer films self-
assemble into a nearly hexagonal packed array of perpendicular
PAA cylinders surrounded by a continuous PS matrix. Because
PAA is a weak polyelectrolyte, the film exhibits different
nanostructures depending on the pH regime. At low pH ¢pH
4.0) PAA chains collapse within the cylindrical domains, leading
to a hexagonal packed array of holes embedded in the PS matrix.
At intermediate pH (4.0< pH < 6.0) PAA swells and the
cylindrical domains transform into mushrooms with a swollen
cap, which predominantly cover the surface. At high pH (pH
> 6.0) PAA chains stretch considerably to cover the entire
surface, resulting in a continuous PAA phase with hexagonally
packed depressions on top of the initial cylinders. The overall
hexagonal packing of the PAA domains remains unchanged
upon exposure to the aqueous solutions, implying that the
continuous PS matrix provides mechanical stability. This
stability is the key to the reversible nature of the swollen
nanostructures. Because the PAA chains swell above the original
surface, the film thickness increases as pH increases and reaches
a maximum value at p& 8.0. The film thickness is recovered
upon decreasing pH, demonstrating the reversibility of the
swelling process. The evolution of these nanostructures and the
swelling dynamics of the PAA mushrooms are captured by in-
situ AFM. The swelling dynamics of the cap height depend on
pH and are described by a two-stage mechanism, where initial
growth is controlled by case Il (pH 4.6) or supercase Il (pH
5.7) diffusion of water into PAA domains followed by the slow

solutions of varying pH values are found to undergo dramatic rg|axation of the PAA chains. Furthermore, contact angle
surface rearrangement and changes in surface composition, ageasurements indicate that wettability can be regulated by
shown in Figure 3. The tunable wetting properties can be controlling the conformational rearrangement of PAA chains
monitored by measuring the water contact angles o-P3A in response to a pH stimulus. We anticipate that this study will
films after exposure to pH buffered solutions for 120 min. By provide motivation for the design of new self-assembled,
rapidly drying samples prior to contact angle measurements, nanoscale devices that exhibit pH-responsive behavior.

the surface morphology was preserved as confirmed by AFM.

Figure 8 shows that the contact angle decreases abruptly as pH Acknowledgment. This work was financially supported by
increases. Inset (a) displays a profile of a typical droplet at pH grants from NSF/MRSEC (DMR05-20020), NSF/Polymer Pro-
2.6 or pH 3.1. The contact angle of70° is similar to that of gram (DMR02-34903), NSF/NSEC (DMR04-25780), and NSF
the initial PSb-PAA film, 73° indicating that the surface  (CHE05-01198). Acknowledgment is made to the donors of the
compositions are similar. Therefore, at low pH, the contact angle American Chemical Society Petroleum Research Fund for partial
measurements are consistent with AFM analysis, which suggestssypport of this research. C.X. thanks Mark H. Lee and Xuefeng
that PAA chains collapse within the initial cylindrical domains  Fy for helpful discussions. We thank MI/Agilent for assistance

(i.e., Figure 3c). However, as pH increases, the contact anglewith optimizing in-situ studies using the PicoPlus AFM.
value decreases abruptly as pH 4.0 is approached and then

reaches a constant value-of13° above pH 5.0. Inset (b) shows
a typical droplet profile on a surface prepared at pH4.0.

The decrease in contact angle is attributed to the conformational @)

rearrangement of PAA chains in response to the high pH
environment, resulting in a more hydrophilic surface. The
contact angles<43°) at pH> 4.0 are very similar to the values
for grafted PAA brushes42°),53-55 suggesting that the entire

surface is covered by PAA. Indeed, AFM measurements indicate

that the surface is predominantly covered by PAA mushrooms
at pH 4.6 and pH 5.7 and entirely covered by PAA chains at
pH > 6.0. The hydrophilicity of the surface increases dramati-
cally as indicated by a significant decrease in contact angle,
~30°. This enhancement in wettability is attributed to the self-

adaptive surface property of the amphiphilic block copolymer
films investigated here.

Conclusions
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