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ABSTRACT: The fabrication of a multicomponent responsive polymer ultrathin film through the combined use

of the layer-by-layer (LbL) and surface-initiated polymerization (SIP) techniques is described. Through the use

of the weak polyelectrolytes poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA), and two
alternately charged atom transfer radical polymerization (ATRP) macroinitiators, a pH-controlled membrane was
prepared capable of SIP. Polymerizationreisopropylacrylamide to form PNIPAM brushes on top of this
membrane surface created a thermally responsive layer. The combination of these two systems created a dual
control mechanism for permeability through the membrane where pH control can be utilized on the polyelectrolyte
LbL layers and thermal control on the polymer brushes. A series of experiments including electrochemistry,
contact angle, and in-situ ellipsometry were used to demonstrate these effects. It is possible that other stimuli-
responsive systems can be designed using the two independent macromolecular assembly and synthesis protocols.

Introduction lytes 112 nanoparticled?~15 proteinst®16 etc. However, other

Stimuli-responsive thin films and coatings have been of noncovalent in'teractions have also been utilized, such as
increasing interest over the past few years for both fundamental1ydrogen bonding?1#12
and commercial interest. Polysopropylacrylamide) (PNIPAM) Stimulus responsive coatings prepared using the LbL tech-
is at the forefront of this research due to the fact that it has an nique have been controlled primarily by adjusting the solution
interesting lower critical solution temperature (LCST) behavior Or subphase pH both before and after their fabricatigit°
that is readily observed at32 °C1 4 In this case, the chains  Strong polyelectrolytes, i.e., poly(diallyldimethylammonium
undergo a change in conformation, i.e., coil to globular transition chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate)
as the temperature is increased above the LCST, affecting(PSS), usually deposit thin molecular layers when deposited
swelling and rheological properties as thin films. A number of from salt-free solutions due to the relatively high charge density
surface-sensitive analytical techniques have been utilized for on the polymer chain®. Weak polyelectrolytes, such as poly-

their investigatiort: 4 (allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA),
Other “smart” polymer coatings have been proposed for have variable charge densities depending on the solution pH.
various applications, including friction controtirug delivery? Thus, a judicious pH selection can increase the amount of loops
reversible thickness contrblliquid crystal command layers, and tails, effectively increasing the characteristic thickness
antireflection coating®permeability control, and ion selectiv-  associated with each lay&?2°-22 For strong polyelectrolytes,

ity.% While spin-coating, self-assembled monolayers, and Lang- the same effect can be obtained through charge screening. The
muir—Blodgett techniques have been employed for macromo- addition of electrolytes partially screens the charge density on
lecular assembly as ultrathin films, other coating methods have the polyelectrolyte chains. By utilizing a solution pH that is
gained much popularity, most notably the layer-by-layer (LbL) close to the [ of a weak polyelectrolyte, thick films can be
and surface-initiated polymerization (SIP) techniques. Surface deposited that are also pH responside.
modification through the formation of ultrathin films by the LbL Work on polymer brushes has focused on both polyelectro-
technique has been demonstrated extensively since Decher antytes'415232%nd also thermoresponsive nonionic polymers such
co-workers reintroduced the method in the early 1990=his as PNIPAMY4.25 As with the LbL modification on substrates,
technigue involves the consecutive adsorption of oppositely the interaction of substrates with their surroundings is substan-
charged species on a uniformly charged planar substrate ortially changed by the grafting of polymer brushes. Surface
colloidal template for a variety of applicatiohsRepeating this properties can be easily modified by varying the composition
simple process gives one the ability to form multilayers with of the polymer brush, its grafting density, and its degree of
precise control over total thickness, layer composition, supramo- polymerization. The “grafting from” or SIP approach has the
lecular structure, and functionality. Films ranging from a few benefit of placing the initiating groups directly on the surface,
angstroms up to the micron level in thickness can be made allowing good control over the grafting process. Various
reliably and reproducibly. The LbL process offers great versatil- polymerization techniques have been utilized for the preparation
ity for the deposition of charged species such as polyelectro- of PNIPAM brushes. Traditional free radical polymerization has
been used extensively and involves surface-bountdaz@bi-
t University of Houston. sisobutyronitrile (AIBN) derivatives, peroxides, or photoinitia-
* University of Sheffield. tors1# Radical polymerizations create high grafting densities
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Scheme 1. Substrate Modification Using
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and can produce layers up to 1000 nm thick. However, this
chemistry offers poor control over the brush leng¢fthThis
disadvantage can be overcome by the use of controlled living
polymerization chemistry, such as atom transfer radical polym-
erization (ATRP). ATRP is well suited for polymer brush

synthesis due to the excellent control over brush thickness and

brush polydispersity. Moreover, it allows preparation of block
copolymer brushes through reinitiation of dormant chain ends
and subsequently their extension with a second monétaet?2°

The use of ATRP macroinitiators has been exploited frequently

Macromolecules, Vol. 41, No. 2, 2008

the Combined LbL and SIP Methods

materials.)The substrates were then rinsed with copious amounts
of water and dried with filtered compressed air and then subjected
to argon/oxygen plasma cleaning for 3 min. The substrates were
transferred to a staining jar with 0.5 vol % APS in dry toluene for
a period of 2 h. All of the solution was discarded, and the
substrates were sonicated in fresh toluene for 15 min; half of this
solution was discarded, and the jar was filled with acetone and
sonicated for 15 min. The substrates were then sonicated in fresh
acetone for 15 min. The slides were then transferred to a staining
jar with a 0.1 M HCI solution and stored until used.
Multilayer Growth. PAA (2000 g moll) was prepared in a

to prepare bottle brush architectures but has more recently beeri.0 g/L solution in pH adjusted water at a pH 3.0 with HCI.

employed for surface functionalization and subsequent brush
growth14.1523.39n this case, polyelectrolytic macroinitiators are
electrostatically adsorbed onto ionic (oppositely charged) sub-
strates from aqueous solution.

In the present study, the LbL and SIP-ATRP techniques have

been combined to prepare dual sensitive surfaces. One level of

control is obtained by using a poly(acrylic acid):poly(allylamine
hydrochloride) (PAA:PAH) LbL system to produce a pH-
sensitive ion permeable lay&?.A second level of control is

conferred by the use of SIP-ATRP of NIPAM to give a
membrane with thermosensitive permeability (Schemé 1).

Various surface-sensitive spectroscopic and microscopic tech-
nigues have been utilized to characterize these new stimulus-

responsive films. In principle, a well-designed LbL and SIP layer
can be used to provide different levels of control or stimuli
response base on functionality, composition, and architecture
of the films.

Experimental Section

Materials. PAA (20 000 g/mol), PAH (65 000 g/mol), 3-ami-
nopropyltrimethoxysilane (APS), CuBr, ard,N,N,N",N"-pen-
tamethyldiethylenetriamine (PMDETA) were used as received from
Aldrich. N-Isopropylacrylamide (NIPAM) was purified by recrys-
tallization from hexanes. Methyl methacrylate (MMA) was purified
by distillation. Dry solvents were freshly distilled prior to use.
Milli-Q quality water (>18 MQ resistance) was used in all
procedures pertaining to the use of water. The polyelectrolyte
macroinitiators (CM and AM) depicted in Figure 1 were synthesized
as previously reportetf:15.23

Substrate PreparationSilicon, BK7 glass, and indium tin oxide
(ITO) coated glass substrates were cut intox280 mm pieces
and washed by hand in an Alconox (detergent) solution. The
substrates were then sonicated sequentially for 15 min each with
diluted Fisher ultrasonicating solution, water, acetone, and water.
The substrates were then treated in piranha solution (70:30 sulfuric
acid:H,0,) for 30 min.(Note: extreme caution must be used when
dealing with piranha solution as it reactgolently with organic

PAH (70 000 g moit) was prepared in a 1.0 g/L solution in pH
adjusted water at a pH of 6 with NaOH. The macroinitiator solutions
were prepared as 1.0 g/L at neutral pH. Multilayer growth was
performed manually. The positively charged substrates were dipped
into the PAA solution first for a period of 20 min, after which the
lides were removed and rinsed with water. The substrates were
hen transferred to the PAH solution for a period of 20 min, after
which they were rinsed and the process was repeated. The slides
were not dried between layers, unless surface analysis was
performed. After a set number of bilayers of PAA:PAH had been
constructed, the substrates were alternately dipped in the (CM and
AM) macroinitiator solutions for 20 min, with rinsing between
layers.

Polymer Growth. The substrate with the PAA:PAH base layers
and macroinitiator outer layers was placed into a Schlenk flask
charged with 0.080 g (0.56 mmol) of CuBr and 380(1.7 mmol)
of PMDETA under a N atmosphere. A second Schlenk flask was
charged with 6.3 g (55.6 mmol) of NIPAM dissolved in 3.15 mL
of water and 3.15 mL of methanol. Alternatively, the substrate was
placed in a Schlenk flask charged with 0.143 g (1.0 mmol) of CuBr
and 312 mg (2.0 mmol) of 2\:bipyridine under a Matmosphere;
to a second Schlenk flask was added 10 mL (93.9 mmol) of methyl
methacrylate (MMA). The monomer solutions were degassed using
a nitrogen purge for a period of 3@5 min and then transferred
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Figure 1. Chemical structures of the two polyelectrolyte ATRP
macroinitiators used in this study: (A) cationic macroinitiator (CM)
and (B) anionic macroinitiator (AM).
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via cannula to the Schlenk flask containing the substrate and -0
catalyst. The Schlenk flask was then transferred to a preheated oil ~ 600 4 /j
bath at 65°C for 12—-48 h. After polymerization, the substrate was : a0
removed and placed in a Soxhlet extractor with methylene chloride  gqq e

or water for PMMA and PNIPAM, respectively, to remove any

physically adsorbed polymer from the substrates. € 400

Film Analysis. Fourier transform infrared (FT-IR) absorption %
spectra of polyelectrolyte films on silicon substrates were measured @
with a Digilab FTS7000 series spectrometer. Spectra (4700 < 300+ |
cm1) were collected at 4 cmt resolution using a mercury a /
cadmium-telluride (MCT) detector with 1000 scans being averaged é’ 200 - o

per spectrum. Contact angle goniometry was conducted using &
KSV CAM 200 instrument (KSV Ltd.) using the bubble drop
method with water. e

Null ellipsometry was applied to determine the thickness of the ] A
polyelectrolyte multilayerd! All measurements were conducted 04 =
using a null ellipsometer operating in polariz&@ompensatoer —T—TT—
sample-analyzer (Multiskop, Optrel Berlin) mode. As a light 0 2 4 6 8 10 12
source, a HeNe laser { = 632.8 nm) was applied, and the angle Layer Number
of incidence was set to 80A mu[tllayer ﬂ.at film model was used . Figure 2. Ellipsometric film thickness. Alternate dipping of PAA and
to calculate polyelectrolyte multl[ayer thicknesses from thg experi- pAH (closed boxes) leads to an initial exponential growth of film
mentally measured ellipsometric anglésand v, assuming a  thickness. After the third layer, the film reaches a linear growth regime.
refractive index of 1.50 for the polyelectrolyte multilay&rshe The deposition of the ATRP macroinitiators CM:AM (open boxes) is
refractive indices used for these calculations widre= 3.873 — linear with a lower slope than that of the PAA:PAH layers, indicating
i0.016 and 1.46 for the silicon substrate and native silica layer, that less material is deposited per layer.
respectively.

The film thickness was calculated using a fitting program (Elli, Results and Discussion
Optrel). In-situ ellipsometry measurements were performed on  nytilayer Growth. The LbL films were prepared by first
rr}ulﬂal/eé fgms %”93 s_ltllhconhwafer m:jmerlsed in ﬁqﬁoutﬁtsmu?on? modifying the substrates with APS for ITO, glass, and silicon
orpri =3, 7, and 9 with a homemade glass cell. 1he tlt angie o1 ¢ hsirates. The substrates were subsequently dipped into 0.1
the entrance and exit windows for the incident beam was set at .
M HCI to protonate the amine groupsThe substrates were

60° to the base window of the cell. The sample was first placed in . . .
the cell and aligned to ensure that the windows were perpendicularthen alternately dipped in the PAA and PAH solutions. After

to the beam. The buffered solutions were then poured into the cell, ach layer was applied, the dried thickness was measured by
and measurements were taken after 20 min. For calculation of theellipsometry (Figure 2). An average thickness of 75 A per PAA:
film thickness, a refractive index of 1.33 was used for the buffered PAH bilayer is seen for the base deposition; this is higher than
solution. the 55 A per bilayer reported by Shiratori eRakfter an initial
All atomic force microscopy (AFM) images were recorded in  €xponential growth the film thickness grows lineathf.*°The
air under ambient conditions on a PicoScan system (Agilent first few layers can be attributed to the adsorption and
Technologies formerly Molecular Imaging, Corp.) equipped with reorganization of the polyelectrolyte at the solid substrate surface
an 8 x 8 um scanner. Magnetic AC (MAC) mode (noncontact that may not be as uniformly charged and has been observed in
mode) was used for all imaging. A MAC lever, which is a silicon  many occasion& The deposition of the alternating macroini-
nitride-based cantilever coated with magnetic film, was used as antjator layers CMacro:AMacro is also linear but with a lower
AFM tip. slope than the initial PAA:PAH layers. The reduced gradient
Electrochemical cyclic voltammetry (CV) studies were performed indicates that the incorporated macroinitiator layers may have

with a Parstat 2263 (Princeton Applied Research) instrument using an inherently lower average bilayer thickness than the PAA:
PowerSuite PowerCV software with a three-electrode cell ata scanp polyelectrolytes or have a lower initiator layer surface

rate of 100 mV/s. A platinum wire was used as the counter coverage.

electrode, and Ag/AgCl (3 M KCI) was used as the reference -
electrode. Aqueous solutions of 0.5 M &8, containing 5 mM The FT-IR spectra shown in Figure 3 reveal a strong carbonyl

KaFe(CN); buffered at pH 2.98 and 8.97 and unbuffered at pH 7.02 stretch at 1733 cmt that is attributed to the methacrylic ester
were prepared as electrolyte solutions. The PAH/PAA multilayer- backbone of the macroinitiatof$The macroinitiator spectrum

coated ITO (working) electrodes were immersed in these solutions was recorded after five bilayers were prepared on a positively
for 20 min prior to measurement. Likewise, the PNIPAM-coated charged substrate with no base layers of PAA:PAH. The PAA:
substrates were immersed in the solution at room temperature forPAH bilayer spectrum shows a shoulder centered at 1726 cm
20 min prior to CV. For the elevated temperature scans, the and one at 1555 cni for the carboxylic acid £COOH) and
electrochemical cell was placed in a temperature-controlled water carhoxylate - COO"), respectivel\?! Using curve-fitting soft-
bath at 60°C for 20 min prior to electrochemical testing. ware, the peak areas indicate 20% of the acrylic acid groups
X-ray photoelectron spectroscopy (XPS) was carried out on a are present in the ionized anionic carboxylate f8rithere is
Physical Electronics 5700 instrument with photoelectrons generatedg|so a contribution to the shoulder at 1640 @énfrom the
by the nonmonochromatic Al & irradiation (1486.6 eV). Photo- protonated amine-{NHz*) of the PAH32 The PAA:PAH:CM:

ﬁ|e6r$1tirs(z)r;15erivc\:laelr2ngglnzeecrtgge?atte?j i;a;eeogxea:jn?el?argf:atio ir?]%dz with AM spectrum has a broadened peak between 1675 and 1750
Ty S - ;
an energy resolution setting of 11.75 eV. The binding energy scale ;:rrcr)]m ’t\é\/:'ggf :;:g :ﬁeb(rﬁggroﬁnﬁ;?géyhc acid and ester peaks

was calibrated prior to analysis using the Cw,2and Ag 34, .
lines. Charge neutralization was ensured through cobombardment Polymer Brush Growth. The prepared LbL substrates with

of the irradiated area with an electron beam and the use of outer layers containing ATRP macroinitiators were placed into
nonmonochromated Al & source. This placed the adventitious C Schlenk flasks containing CuBr and ligand under an inert
1s peak at a binding energy of 284.6 (0.2 eV). atmosphere. The monomer (MMA or NIPAM) and solvent were
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Figure 3. FT-IR analysis of initiator layers: (g)ower) analysis of 3 Wavenumber (cm’)

bilayers of ATRP initiators on APS, (middle) 15 bilayers of PAA:  Figure 4. (a) FT-IR comparison of the macroinitiator substrate prior
PAH, and (upper) 20 bilayers PAA:PAH and 5 bilayers ATRP initiators  to polymerization (bottom), substrate after polymerization of the MMA
(CM:AM); (b) focused spectra of the carbonyl region. (middle), and the substrate after polymerization of NIPAM (top). (b)
placed into a second Schlenk flask and nitrogen purged fer 30 Focused spectra of the carbonyl region.

45 min to degas the solution. The degassed solution was 42,33 .
transferred via cannula to the flask containing the macroinitiator- Setch centered at 1650 cfr-**Nevertheless, the differences

covered substrate, and the flask was placed in a preheated oiP€tween the PMMA and PNIPAM brush spectra are evident.
bath. The polymerization reaction was conducted for3@ h, The surface morphology of the polymer brushes was probed
before being quenched by cooling and introducing oxygen into With AFM imaging (Figure 5). The surface topography changed
the reaction vessel. The substrates were then transferred to &ramatically from a film with ridged features to a surface
Soxhlet extractor and purified with fresh solvent for a minimum covered with globular domain features. The root-mean-square
of 12 h. The substrates were dried in a vacuum oven to remove(rms) roughnesses were 7.3 and 4.3 nm for the LbL film and
moisture prior to recording the FT-IR spectra (Figure 4). PMMA the PNIPAM brush, respectively. The LbL morphology is
brush was synthesized for comparison. The carbonyl region of comprised of the swelled PAA:PAH multilayers and the
the spectra shows the shoulder of the methacrylic acid backbonenacroinitiators with excellent wetting properties giving larger
in the substrate prior to polymerization at 1720 énTThe ratio domains. After polymerization, the morphology showed globular
of the carbonyl and €H stretching vibration in the PMMA domain features of30 nm which are regularly distributed over
sample compared to the macroinitiator containing LbL films the substrate. These globular domains reduced the overall surface
shows a much greater incorporation of the carbonyl-containing roughness of the films.
material due to the PMMA? On the other hand, the carbonyl XPS was performed to probe the elemental composition of
region for PMMA (1730 cm?) is of a higher frequency than the polymerized sample film to determine extent of polymeri-
the PNIPAM (1655 cm?), which is expected for a more stable zation and inclusion of CuBr salts during polymerization, i.e.,
amide. not removed during Soxhlet extraction. A survey scan of the
The carboxylate peaks of the PAA:PAH multilayer are still pNIPAM brush on PAA:PAH with five bilayers of CM:AM
visible at 1655 cm? in the PMMA brush film but are obscured = macroinitiators is seen in Figure 6. As seen in the spectra, only
by the amide Il (G-N) stretch due to the PNIPAM brugi3 peaks for carbon, oxygen, nitrogen, and silicon are visible. The
The carbonyl of the methacrylic acid backbone is also compli- lack of Cu and Br peaks indicates that the catalyst was
cated in the PNIPAM spectra due to amide | carbonyl backbone successfully removed postpolymerization. The ratio of carbon
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Figure 5. AFM topographic images of (left) LbL film coated with 10 bilayers of PAA:PAH and 5 bilayers of ATRP macroinitiators and (right)
surface after polymerization of NIPAM.
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Figure 6. XPS survey scan of PNIPAM brush on 20 bilayers of PAA:
PAH and 5 bilayers of macroinitiators. The lack of Cu and Br peaks is
indicative of the complete removal of the ATRP catalyst.

120

to nitrogen in the NIPAM monomer is 6:1; however, using high-
resolution spectra of the carbon and nitrogen peaks in the XPS,
a ratio of 5.4:1 was determined (Supporting Information). The pH

difference in ratio of C to N is indicative of the nonstoichio- Figure 7. Variation of film thickness with solution pH. The PAA:
metric inclusion of PAH:PAA (4:0 and 2:1) pair composition PAH LbL film before deposition of the macroinitiators was dipped in

. : : pH 3 and swelled te~130% of the initial film thickness. At neutral
of the LbL material. The Si peaks representative of the glass pH, this film was still slightly swollen and at pH 9 it was least swollen,

substrate is also seen. but still thicker than in the dry state.
pH Response.The PAA:PAH/macroinitiator films were

prepared from aqueous solutions of 1.0 g/L PAA pH adjusted PNIPAM Temperature Response.Investigations into the

to pH = 3 with HCI, and the PAH pH was adjusted to pH6 collapse of the PNIPAM brush due to its LCST transition have
with NaOH. These pH values were chosen so as to producebeen performed and examined by many previous workeérs.
films that would be subsequently pH-sensitive after depositfon.  The thermoresponsive behavior of PNIPAM brushes differs from
pH-induced swelling was investigated using ellipsometry by that of isolated chains in dilute agueous solution. Because of
immersing the PAA:PAH bilayer films in solutions at pH 3, the density and arrangement of the polymer chains in the brush
7, and 9 (Figure 7). All films were partially swollen compared conformations, the chain collapse is observed at a higher
to the dry films. The films were most swollen at pH 3 and temperature than in dilute solutié.o probe this, the PNIPAM
least swollen at pH= 9; these results are similar to that reported brush coated substrates were dried in a vacuum oven for 6 h
by Hiller et al. and Park et &l° This swelling behavior is due  prior to analysis by contact angle goniometry. Water contact
to the chemical structure of the films. At pH 3 the carboxylic angle measurements were made by placing the substrate at room
acid groups in the PAA are less ionized, and the amine temperature on the sample stage and recording the contact angle
functionality in the PAH is more ionized than when the for low-temperature measurements. The contact angle was again
multilayer was prepared. Mendelsohn et al. studied the PAA: recorded after the substrate had been immersed in water at
PAH LbL system over a wide pH range and showed that 80 40 °C for 20 min, after which it was blown dry and measured
90% of the—COOH groups are ionized during deposition with  immediately.

conditions similar to those described in the current stfdy. A mean water contact angle of 17.&as obtained for the
Mendelsohn et al. reported that delamination occurred below samples after rinsing with Milli-Q water at 2@, followed by

pH = 2, when the degree of ionization of the acid groups fell air drying. In contrast, a mean contact angle of 62ias
below 35%. Overall, these results indicated a pH responsive obtained after immersion in water at 40 for 20 min, followed

film to which polymer brushes can be grafted. by air drying. A representative sample after the room temper-
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(—=COQO"), carboxylic acid £COOH), amine {NH,), and
protonated amine{NHz™) features were observed in the FT-
IR spectra of the LbL films. By varying the pH of the dipping
solution, the total film charge can be adjusted to give a net
positive or net negative surface chafg&his pH regulated
Fiqure 8. Water con nale. The left-hand im is that of th p(_armeablllty of the underlying LbL multlla_y_er can be coupled
PﬁluPil\ﬁ brusrteaft%cr) ritre:gitng1 v%/]it% Watirz?zé e?nd tf?gr? d?yitn(f;;‘twci)tht © with the thermal response and permeability of the PNIPAM

filtered air. The right-hand image is that of the PNIPAM brush after brush*2 lonic permeability was determined using Fe(@N
soaking in water for 20 min at 4%C, followed by air drying. anions as a probe. The results of these studies are shown in

Figure 9. LbL films comprising just the PAA:PAH multilayers
ature rinse and the hot water soak is shown in Figure 8. were examined first to compare with previous results by Park
Balamarugan et @and Plunkett et al* have each studied the et al® The CV showed a well-behaved redox couple as expected
collapse of PNIPAM brushes using surface plasmon resonancefor KsFe(CN) in LbL films (Figure 9a). The permeability
and quartz crystal microbalance, respectively. These studiesconfirmed that the anionic probe diffused freely through the
indicate that the brush collapse is a more gradual transition thanfilm at pH = 3 but had less mobility at neutral pH, as indicated
that observed in dilute aqueous solutioti.This accounts for by a decrease of 20% in the maximum current density. There
the more hydrophobic contact angle observed at a temperaturavas almost zero mobility of the anionic probe at g+B, with
less than that required for complete collapse of the bfush.  |ess than 10% of the current density being observed at this pH
order to cause complete collapse of the brush, a temperature otompared to that at pi 3. This reduced current density at
40°C was employed. This is substantially higher than the LCST higher pH observed for the anionic probe corresponds with
of 32 °C typically observed in dilute aqueous solution and previous permeability data reported for PAA:PAH bilay&rs.
comparable to the higher transition reported by both Plunkett Consistently, the oxidation and reduction peaks were reversible
and Balamurugah3 Film thicknesses of dry samples were for all cases and did not shift very much with pH, indicating a
measured by ellipsometry after water contact angle measure-typical diffusion-limited ion transport (electrolyte) behavior. For
ments were completed. The brush thicknesses were reduced byhe PNIPAM brush modified films, they also exhibited a pH-
~80 A after immersion at 46C, which corresponds to a 15%  regulated permeability, but in this case, the current density was
reduction in thicknes%3* different with a lowering of the oxidation and reduction peaks

Selective Permeability at Different pH and Temperatures. especially at pH= 6 and 9. This shift, especially with the
Films were examined both before polymerization and after reduction wave, is attributed to the contribution of the amide
surface polymerization to determine their response to externalgroup toward the Fe(ll/11l) complex transport to the membrane
stimuli and how this affected their permeability. Carboxylate since the amide group is well-known to act as a ligéhthe
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04 0.10-
= —
g 0.2 E 0.05
E z
= 004 £ 0.001
@ £
5 -0.21 e
o & -0.05-
E 04 p
@ =
E £ .0.101
O -0.61 3
oM
01 0.0 01 02 03 04 05 041 00 01 02 03 04 05
Potential (Volts) Potential (Volts)
(a) (b)
1 pH3 0.08
0047 o H6.6 <
< 0.02]
£ O 0.04-
S 0.0 PH 9 2
£ -0.02] § 0.00
= -0.04 £
w
é -0.06] g -0.04+
£ -0.081 £ -0.081
g o.10] g
3 -0.12] 3 -0.12;
R — . . . . . . ’
01 00 01 02 03 04 05 01 00 01 02 03 04 05
Potential (Volts) Potential (Volts)
(c) (d)

Figure 9. Cyclic voltammetry: (a) pH-dependent scans on Fe{€Npermeability of PAA:PAH LbL architecture at room temperature; (b) pH-
dependent scans on Fe(§N permeability of PAA:PAH:PNIPAM LbL:Brush architecture at room temperature; (c) pH-dependent scans og)Fe(CN
permeability of PAA:PAH:CA:CM:PNIPAM LbL:Brush architecture at 8Q; (d) comparative scan of PAA:PAH:CA:CM:PNIPAM at pH 3 at
room temperature and 6.
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CV curves were not as well-behaved reversibly, indicating a
more surface-limited diffusion behavior of the ions in the

presence of the PNIPAM brush. Still the highest mobility was

observed at the lowest pH when the film is most swelled. To
test the effect of temperature, similar experiments were per-
formed for the films with pH= 3 and at 20 and 60C. After

scanning at room temperature the electrochemical cell was

immersed in a preheated water bath at a temperature 9€60
in order to maximize the collapse of the PNIPAM brush and

hence reduce its porosity. Comparison of the room temperature )
and elevated temperature experiments indicated a reduction in

Stimuli-Responsive Polymer Ultrathin Films435

voltammetry of the films. This material is available free of charge
via the Internet at http://pubs.acs.org.
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