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ABSTRACT: Thermally responsive polyelectrolyte multilayers were made from charged poly(N-isopro-
pylacrylamide) (PNIPAM) copolymers. The temperature-dependent water content of the thin film, studied
in situ using attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy, revealed
microscopic and macroscopic transitions at 33 and 45 °C, respectively. About seven water molecules per
NIPAM repeat unit were found to be reversibly lost from, or recovered by, the film upon cycling over a
temperature range of 10-55 °C. Assuming each ion pair represents a cross-link, swelling theory was
used to translate these results into polymer-solvent interaction parameters and enthalpies of mixing
for the various polymer components. The flux of a charged probe molecule, ferricyanide, through the
NIPAM-rich multilayer was assessed with rotating disk electrode voltammetry. Thermally reversible
modulation of ion transport was demonstrated.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is a well stud-
ied polymer that exhibits interesting temperature-
dependent aqueous solution properties.1,2 It is soluble
in water at low temperatures but becomes insoluble
above the lower critical solution temperature (LCST).3,4

At a LCST of 32-33 °C, the polymer undergoes a
reversible volume phase transition, expelling water
molecules originally solvating the isopropyl groups,
enhancing their hydrophobic interaction and switching
the polymer backbone conformation from a well hy-
drated coil to an insoluble globule.5

This stimulus-responsive material has found a variety
of applications, for example, as column packing materi-
als for temperature sensitive chromatography,6 in sub-
strates for cell culture,7 for drug delivery systems8 and
in valves to control liquid transfer.9 PNIPAM function-
alized surfaces have been prepared using different
grafting methods, including activated substrates and
functionalized polymers,10-13 electron beam irradia-
tion,14-16 photoinitiated grafting of functionalized poly-
mer,17-20 plasma-induced grafting,21-23 and vapor-phase
deposition by plasma polymerization.24

A simple alternative approach to the fabrication of
PNIPAM thin films is via the layer-by-layer sequential
adsorption technique,25,26 which relies on multiple ion
pairing interactions between charged groups to as-
semble blends, or complexes, of two or more polyelec-
trolytes. Thermoresponsive thin polymeric surfaces and
stable hollow capsules of PNIPAM were produced in this
manner.27-29 However, their thermal characteristics
exhibited only partially reversible behavior.27

In this paper, we describe the construction and
characteristics of a thermoresponsive thin film, made
with layer-by-layer sequential assembly, from ionically
modified PNIPAM random copolymers (Figure 1): poly-
(allylamine hydrochloride)-co-poly(N-isopropylacryl-
amide), PAH-co-PNIPAM; and poly(styrene sulfonate)-
co-poly(N-isopropyl acrylamide), PSS-co-PNIPAM. The
thermosensitivity of these uniform “polyelectrolyte mul-
tilayers” (PEMUs) was evaluated using attenuated total
reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy.30-32 This proved to be a powerful in-situ

technique for directly monitoring the amount of water
within multilayers as a function of temperature, as well
as revealing subtle changes in interactions between
PNIPAM repeat units and water. Since many of the
proposed applications of NIPAM composites rely on
temperature control of membrane permeability, in drug
release formulations for example, the permeability of
multilayers was precisely determined by rotating disk
electrode voltammetry (RDE). Transport of an electro-
chemically active probe molecule, potassium ferri-
cyanide, through the thin film was substantially sup-
pressed as temperature increased beyond 33 °C.

Experimental Section
Reagents and Materials. Isopropylacrylamide, allylamine

(98%), styrene sulfonic acid (sodium salt), 2-morpholinoet-
hanesulfonic acid (MES), and potassium persulfate (K2S2O8)
were used as received from Sigma-Aldrich. Sodium chloride
and tris(hydroxymethyl)aminomethane (Tris buffer) was from
Fisher, and potassium ferricyanide was from Mallinckrodt.
Deionized water (Barnstead, E-pure, Milli-Q) was used to
prepare all aqueous solutions.

Copolymer Synthesis. PAH-co-PNIPAM. The copolymer
(molecular weight 9.2 × 104, Mw/Mn ) 1.23) was made via free
radical polymerization of allylamine and isopropylacryl-
amide,33 with a monomer feed ratio of 50:50 mol %. Allylamine
monomer was transformed into a hydrochloride (white solid)
by titrating it with excess concentrated HCl and then drying
under vacuum for 18 h at 30 °C.

A solution of 2.34 g (0.025 mol) of allylammonium chloride,
2.83 g (0.025 mol) of isopropylacrylamide, and 0.021 g (0.4 mol
%) of diethyl phosphite in 25 mL of tert-butyl alcohol, and a
solution of 0.0165 g (0.2 mol %) of azoisobutyronitrile in 2.5
mL of chlorobenzene, were simultaneously added dropwise
with stirring under N2 to 5 mL of tert-butyl alcohol under

Figure 1. Structure of NIPAM copolymers used in this study.
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reflux. The addition took 40 min and was followed by refluxing
for 3 h. After cooling to 4 °C, the polymer was precipitated
with ethyl acetate, and then dried at 80 °C for 18 h with a
yield of 68%. Anal. Calcd (Atlantic Microlab) for PAH-co-
PNIPAM, (C3H8NCl)0.46-co-(C6H14NO)0.54 (found): C, 52.3 (52.1);
H, 9.2 (9.4); N, 13.6 (13.3); Cl, 17.2 (15.4).

PSS-co-PNIPAM. The copolymer (molecular weight 8.8 ×
104, Mw/Mn ) 1.26) was made via free radical polymerization
of styrenesulfonate (sodium salt) and isopropylacrylamide,
with a monomer feed ratio of 50:50 mol %. A solution of 2.83
g (0.025 mol) of isopropylacrylamide, 5.155 g (0.025 mol) of
styrenesulfonates, sodium salt, and 0.014 g (0.1 mol %) of
K2S2O8, in 60 mL of distilled water, was heated (T ) 85 °C)
under N2 for 24 h. The product was extensively dialyzed
against distilled water using 14 000 molecular-weight-cutoff
dialysis tubing; final yield was found to be 52%. Anal. Calcd
for PSS-co-PNIPAM (C8H7SO3Na)0.45-co-(C6H14NO)0.55, theory
(found): C, 52.9 (53.1); H, 6.9 (7.1); N, 4.9 (5.1); S, 9.2 (9.0);
Na, 6.6 (6.5).

Light Scattering. The hydrodynamic radius of the NIPAM
copolymers was measured in solution using quasielastic light
scattering, (QELS, Wyatt Technologies) equipped with tem-
perature control. The measurements were carried out in a
scintillation vial filled with either a 0.1 wt % solution of PAH-
co-PNIPAM in 1.8 M NaCl and 25 mM MES buffer or 0.1 wt
% solution PSS-co-PNIPAM in 0.2 M NaCl and 25 mM MES
buffer. Buffer and salt solutions were filtered through 0.02 µm
disposable filters (Whatman ANOTOP) and when the polymer
was dissolved the whole solution was filtered again through
0.2 µm disposable filters. The temperature inside the vial was
also monitored independently with a thermocouple.

Size exclusion chromatography-multiangle light scattering
(SEC-MALS) measurements were performed at 25 °C using
an Agilent 1100 series pump in series with a SEC column
coupled to a DAWN-EOS light scattering detector (Wyatt
Technologies) equipped with a He-Ne laser (λ0 ) 690 nm) and
a Wyatt Optilab-DSP interferometric refractometer. SEC was
performed with a 17 µm polymer column (300 mm × 7.5 mm,
Tosoh Biosciences, covering the molar mass range 4 × 103 to
1 × 106 g mol-1) in series with a TSK-GEL guard column. The
mobile phase was 50 mM phosphate buffer (pH ) 7.14) with
50 mM NaCl and 200 ppm of NaN3. Injections were 50 µl of
0.5 wt % polymer solution. The sample specific refractive index
increment, dn/dc, was determined offline using Wyatt’s DNDC
version 5.2. Data acquisition and handling was done using
Astra 4.81.07. The DAWN-EOS instrument was calibrated
with toluene. A 50 K dextran standard (Fluka), was used to
normalize the fixed angle detectors on the DAWN-EOS and
to verify performance of the SEC-MALS system (this standard
was determined to be 5.06 × 104 g mol-1; Mw/Mn ) 1.00).

ATR)FTIR. The water content in multilayers was deter-
mined by ATR-FTIR (“ATR”) spectroscopy.30-34 ATR measure-
ments were performed with a Nicolet Nexus 470 FTIR fitted
with a 0.5 mL, temperature regulated, flow-through ATR
assembly housing a 70 × 10 × 6 mm 45° germanium crystal
(Specac Benchmark). The crystal was cleaned using 50:50 v/v
ethanol/H2O in saturated salt solution. Multilayer buildup on
Ge was as follows: NIPAM containing polyelectrolyte multi-
layers, N-PEMU,35 (PAH-co-PNIPAM/PSS-co-PNIPAM)50@0.2
M NaCl@pH 6.5,36 or polyelectrolyte multilayers, PEMU,36

(PAH/PSS)250@0.2 M NaCl@pH 6.5, were deposited from 10
mM polymer solutions on the ATR crystal using a robotic
platform and then fitted into the ATR. Between alternating
exposures to the polyelectrolytes, there were three rinses in
10 mM MES buffer with no NaCl added. Rinse and polymer
solutions were approximately 50 mL each. The deposition time
for each layer was 5 min, and each rinse was done for 30 s.
The multilayer coated crystal was then kept in MES buffer
(0.025 M, pH ) 6.5) throughout all experiments. All spectra
were recorded with 32 scans, at 1 cm-1 resolution for the peak
position experiment and 4 cm-1 for the water content experi-
ment. Background was bare, dry germanium crystal. The mole
ratio of water to sulfonate at various temperatures was
determined from the area under the respective peaks (3400
cm-1 for H2O, 1035 and 1084 cm-1). To calibrate instrument

response a 1.0 M solution of poly(styrenesulfonate) (mole ratio
of water:sulfonate ) 55.6) was passed over the uncoated
crystal. Using the sulfonate signal as a convenient internal
standard normalizes out differences in absolute absorbance
intensities of water (or propyl groups) that result from changes
in refractive indexes of the multilayer.32

A water circulator (Thermo Haake) controlled the temper-
ature of the flow cell over the range 10-50 °C ((0.1 °C).
Temperature was also monitored using a thermocouple in
contact with the surface of the crystal. The response of the
NIPAM fraction to temperature was monitored using the
amide II peak shift at 1550 cm-1. Multilayer thicknesses on
the Ge crystal were measured with a profilometer (P-15 Tencor
instruments) at step edges (scratches).

RDE Voltammetry. Electrochemical measurements were
done using a 100 mL electrochemical cell equipped with a
water jacket, controlled over a temperature range of 10-50
°C ((0.1 °C), a platinum counter electrode, and a KCl-
saturated calomel electrode (SCE), against which all potentials
are quoted.37 The working electrode was a rotating (at 1000
rpm) platinum disk (RDE, from Pine Instruments), 8 mm
diameter, mounted in a Pine ASR2 rotator and speed control-
ler. All solutions were deoxygenated with argon prior to
electrochemical measurements. Potential ramps were gener-
ated by an EG&G Princeton Applied Research 273 potentiostat
interfaced to a computer. The electrode was polished with 0.05-
µm alumina (Buehler), sonicated, and rinsed in water. The
electrode was further sonicated in a mercaptoethanesulfonic
acid solution before multilayer deposition to maintain a
negatively charged surface. Adsorption of N-PEMUE, (PAH-
co-PNIPAM/PSS-co-PNIPAM)18(PAH-co-PNIPAM)@0.2MNaCl@pH
9 or PEMUE, (PAH/PSS)18(PAH)@0.2 M NaCl@pH 9, onto the
rotating disk electrode RDE was done at 300 rpm from 10 mM
polymer solutions in Tris buffer (pH ) 9) with the aid of a
robot (StratoSequence V, nanoStrata Inc.). Potassium ferri-
cyanide solutions were prepared in MES buffer (0.025 M, pH
) 6.5). The concentration of redox probes was 1 mM with a
supporting electrolyte concentration of 2.0 M NaCl. Flux
measurements were obtained using steady-state RDE volta-
mmetry.38 Throughout all electrochemical runs, solution tem-
perature was monitored using a thermocouple. Thicknesses
on Pt were estimated by depositing multilayers on silicon
wafers under the same conditions and measuring their thick-
nesses with a Gaertner Scientific L116S autogain ellipsometer
with 632.8 nm radiation at 70° incident angle and multilayer
refractive index of 1.54.

Prior to all experiments, a multilayer was allowed to anneal
for 2 h in Tris buffer solution (0.025 M, pH ) 9) at 40 °C and
then stored in the same solution at room temperature.

Results and Discussion

The response of NIPAM membranes to temperature
depends on the amount of NIPAM present and also on
the ability of the hydrophobic moieties to interact and
collapse upon transition.1 In this system, NIPAM co-
polymers were ionically modified with PAH and PSS,
which are known to have strong ion pairing interactions,
producing multilayers that are resistant to swelling and
rearrangement.39-41 This strong ion pairing also drives
blending at the molecular level and prevents phase
separation on heating cycles. The degrees of freedom
for NIPAM in a multilayer will be substantially reduced
as compared to solution. With the high degree of
interpenetration present in a multilayer, and the ran-
dom nature of the copolymers, thermoresponsivity is
still expected to manifest itself when isopropyl groups
on the same or different copolymer molecules associate
due to hydrophobic interactions, albeit to a much lower
extent compared to what is observed in solution. Such
behavior was noted for a charged, cross-linked NIPAM
copolymer gel,42 where the degree of shrinking or
collapsing decreased as the cross-linker concentration

Macromolecules, Vol. 38, No. 4, 2005 Polyelectrolyte Multilayers 1301



increased, paralleled by a lower enthalpy of dissociation
of hydrophobic interactions than that observed for
PNIPAM in solution.42

Charged NIPAM Copolymers. The chemical envi-
ronment of the polymer strongly affects its LCST. In
general, incorporation of hydrophobic monomers lowers
the LCST and hydrophilic monomers increase LCST.43-45

Charge can also affect the transition temperature: it
was demonstrated that, in the presence of ionized
carboxyl side groups, the LCST for certain polypeptide
solutions will increase.46 In the case of charged NIPAM
copolymers, a similar trend was observed, and the phase
transition was completely suppressed at high content
of ionic groups.43 Increasing the ionic strength of the
bathing solution counteracts the effect of polymer charge
and recovers the copolymer thermoresponsivity.43

When the thermoresponsivity of PAH-co-PNIPAM
was studied in solution (0.025 mM MES, pH ) 6.5)
using QELS, no transitions in the effective hydrody-
namic radius (Rh) over the temperature range 25-85
°C were observed when the salt concentration was less
than 0.50 M NaCl.

At 0.60 M NaCl the transition occurred around 75 °C
and decreased to 30 °C as the ionic strength increased
to 1.8 M accompanied by an increase in Rh (Figure 2)
indicating (reversible) aggregation of PAH-co-PNIPAM
chains. PSS-co-PNIPAM showed similar trends, having
an elevated LCST at low salt concentration, but elec-

trostatic interactions were suppressed at a much lower
ionic strength of 0.2 M NaCl, at which point the
transition temperature was 34 °C. The inflection point
of the curve is considered to be the LCST. In both cases,
increasing the ionic strength of solution will increase
its osmotic pressure,47 which favors the extraction of
water molecules hydrating the copolymer chains into
bulk water, in addition to decreasing the effective charge
density down to a critical value,43 below which the
temperature induced transition is restored. The polymer-
polymer affinity of PSS-co-PNIPAM at high tempera-
tures is stronger than that of PAH-co-PNIPAM (which
is more hydrophilic and with a higher charge density,
pKa ∼ 948,49) due to the hydrophobic aromatic groups of
PSS. Thus, polymer collapse and hydrophobic interac-
tions in PSS-co-PNIPAM are facilitated at lower salt
concentrations.

Thermoresponsivity of N)PEMU. ATR-FTIR is
very effective in probing film/liquid interfacessit pro-
vides a wealth of information regarding the local
environment50 and conformational backbone changes
within N-PEMU. The IR spectra of NIPAM copolymers
show a prominent peak in the region 1550-1450 cm-1,
assigned to N-H bending and C-N stretching modes.
This amide II band is conformationally sensitive and
can be used to report changes in the environment of the
isopropyl groups during phase transitions.50

N-PEMU was deposited on the surface of a Ge crystal
used for ATR-FTIR. The thickness of the N-PEMU
(4.6 µm, dry) was such that the evanescent wave (0.6
µm at 1000 cm-1 for the system described; see Support-
ing Information for an estimate) emanating from the
ATR crystal was contained completely within N-
PEMU. As temperature increased to about 33 °C,
hydrophobic interactions induced the association of
isopropyl groups, and a sudden shift toward lower
wavenumber was evident (Figure 3).

The sulfonate peak around 1010 cm-1, used as an
accurate internal standard,32 was found to be indepen-
dent of temperature. Thus, the observed shift in the
peak position of amide II band cannot be attributed to
changes in the refractive index of the multilayer when
the temperature was changed but rather to a true sharp
phase transition involving associated isopropyl groups.

A typical cross-linked NIPAM hydrogel is swollen,
hydrated, and hydrophilic below the LCST but becomes
collapsed, dehydrated, and hydrophobic above that
temperature.52 To investigate whether the multilayer

Figure 2. Increase in hydrodynamic radius as a function of
temperature. (A) Circles and squares are, respectively, the
heating and cooling cycles of PAH-co-PNIPAM (1.8 M NaCl,
0.025 M MES, pH ) 6.5, Rh ) 8.0 nm at 25 °C). (B) Circles
and squares are the respective heating and cooling cycles of
PSS-co-PNIPAM (0.2 M NaCl, 0.025 M MES, pH ) 6.5, Rh )
14.0 nm at 25 °C).

Figure 3. Effect of temperature on the peak position of the
amide II band in N-PEMU, (PAH-co-PNIPAM/PSS-co-
PNIPAM)50@0.2 M NaCl@pH 6.5. Circles and squares cor-
respond to the position of amide II and sulfonate peaks,
respectively. The transition was sharp, occurring between 32
and 33 °C.
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responded similarly, the amount of water present in the
multilayer was determined at different temperatures
(Figure 4). When compared to the control PEMU,41

N-PEMU has approximately 5 times more water due
to the presence of hydrated NIPAM groups and when
the temperature increased, it lost almost 50% of its
water while PEMU lost less than 10%.

Although loss of water from both multilayers was
observed, thermoreversibility was seen only for N-
PEMU. Upon cooling, N-PEMU was found to recover
roughly the same amount of water lost at higher
temperatures. However, in the case of PEMU, even after
2 weeks at room temperature, the small amount of
water lost was not recovered (data not shown).

Comparing Figures 3 and 4, it is clear that the
isopropyl phase transition (Figure 3) and the expulsion
of water (volume transition) occur over different tem-
perature ranges, in contrast to behavior recorded for a
cross-linked neutral NIPAM gel.53 In the latter case,
dehydrated isopropyl groups interact and collapse once
the LCST is reached i.e., at the same temperature when
water molecules hydrating the NIPAM segments are
lost, causing the gel to shrink concurrently.53 However
in the case of N-PEMU, loss of water molecules (volume
transition) is continuous (second order) and occurs over
a wider temperature range of 10-45 °C while hydro-
phobic association (phase transition) is discontinuous
(first order) and occurs at 33 °C.

The individual polymer charges within a PEMU are
generally well matched (intrinsic charge compensation)
with minimal participation of salt counterions (extrinsic
compensation).32 In the case of exact polymer charge
matching, in a PEMU that contains NIPAM, one would
expect no long-range electrostatic repulsion effects, and
thus no perturbation of the expected narrow volume
transition. A small amount of extrinsic charge impacts
volume transitions. For example, a small amount of
charge introduced into cross-linked PNIPAM gels42

shifted the temperature for volume transitions signifi-
cantly. In these gels, the difference between volume and
first-order changes was explained by the presence of two
types of transitions, namely, macroscopic and micro-
scopic.54 While the latter indicates the emergence of
hydrophobic associations, the former is evidenced by
volume reduction and occurs when hydrophobic interac-

tions are strong enough to overcome the swelling power
caused by excess charge and hydrophilic groups.

Thick PEMUs are, in fact, not totally intrinsically
compensated.37 For the PAH/PSS control PEMU, we
have measured a residual extrinsic charge of about 6%.41

In other words, 6% of the polyelectrolyte charge is
balanced by counterions. These counterions, though
dilute, exhibit high osmotic pressure, causing the long-
range interactions that perturb the volume transition.
Interestingly, Shibayama et al.42 report an increase of
about 10 °C in the onset of volume transition for a 5%
charged NIPAM gelsapproximately what is observed
here (Figure 4).

For the purposes of quantitative analysis, an electro-
static cross-link exists for every one PSS and one PAH
unit; two NIPAM monomers; and a number of water
molecules. Having the PAH/PSS control PEMU (Figure
4) allows us to assign six water molecules to each PAH/
PSS ion pair, leaving about nine water molecules/
2NIPAM monomers at 45 °C, as compared to one to
three H2O/NIPAM remaining after dehydration of a
cross-linked NIPAM gel.42 Continuing this “water bud-
geting,” the multilayer loses about 13 water molecules/
2NIPAM, less than the range of 10-15 H2O/NIPAM
segments lost from the cross-linked charged NIPAM gel
upon transition.42 Bae et al.4 reported an effective cross-
link density of about 9.0 × 10-5 mol cm-3 for NIPAM
gel whereas 1.0 × 10-3 mol cm-3 was calculated for our
multilayer system. This high degree of effective cross-
linking reduces the extent of collapse and probably
suppresses water loss from the multilayer at the end of
volume transition.

For a better understanding of these observations, the
polymer-solvent interaction parameters øP, øPAH/PSS,
øNIPAM, corresponding to an average for all polymers,
the PAH/PSS part, and the NIPAM part, respectively,
were calculated. The Flory-Rehner equation,55 the
method of choice to analyze swelling behavior of polymer
networks, considers the chains between cross-links to
be flexible and long enough so that a Gaussian chain
distribution can be assumed. For highly cross-linked
systems such as the present case, we make use of the
Peppas-Lucht model,56 which applies to a non-Gauss-
ian distribution of chain lengths between cross-links.

where ΦP is the polymer repeat unit volume fraction in
the swollen state (or ΦPAH/PSS, ΦNIPAM depending on the
system considered) at different temperatures. VH2O, λ,
Mr, υ°, and ν are the water molar volume (18 cm3 mol-1),
number of links per repeating unit, molecular weight
of repeating unit, cross-linking density (mol cm-3), and
specific volume of the polymer, respectively. Details of
this calculation are found in the Supporting Informa-
tion.

The polymer-solvent interaction parameter describes
the change in the free energy of the system caused by
the mixing process. ø values of PEMU (Figure 5), show

Figure 4. Mole ratio of water to sulfonate vs temperature.
Circles and squares correspond to water content in N-PEMU,
(PAH-co-PNIPAM/PSS-co-PNIPAM)50@0.2 M NaCl@pH 6.5,
during respective heating and cooling cycles. Triangles cor-
respond to loss of water from PEMU, (PAH/PSS)250@0.2 M
NaCl@pH 6.5.
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a network with a reduced degree of swelling, i.e.; poorer
solvent for the polymer. The introduction of hydrated
groups like NIPAM produced a network that is more
thermodynamically compatible with water; thus, the
degree of swelling increased, and the polymer chains
approach the limits of unperturbed dimensions. As the
temperature increased, øNIPAM increased from 0.48,
reaching a maximum of 0.65, less than that observed
in the case of cross-linked NIPAM gel where a value of
>1 was reached at 55 °C.4 This less efficient thermal
response is supported by the four water molecules/
NIPAM monomer left at the end of the volume transi-
tion, due to a high cross-link density compared to the
NIPAM gels.4

The enthalpy of mixing, for the N-PEMU, can also
be calculated using:

where N H2O
NIPAM and øNIPAM

h are, respectively, moles of
water assigned to the NIPAM pair and the enthalpic
polymer-solvent interaction parameter.

Using eqs 2 and 3, a maximum of -3.1 kJ mol-1 for
∆Hm was obtained at 33 °C, which is less than the range
reported for cross-linked neutral NIPAM gel of -3.3 to
-4.5 kJ mol-1.57 ∆Hm was observed to decrease with
an increase in the mole fraction of incorporated hydro-
philic monomers,42 and this might explain the lower
enthalpy value obtained for N-PEMU.

Controlling Permeation of Ions Through NIPAM
Multilayers. A recent research focus has been on
adapting NIPAM membranes for controlled drug
release.58-60 When the LCST is reached, the film will
expel water molecules and a water-soluble probe ion will
either partition less into the membrane (because of
increased hydrophobicity) or its diffusion coefficient will
decrease, and its release will be retarded.61

The ability of N-PEMUE (PAH-co-PNIPAM/PSS-co-
PNIPAM)18PAH-co-PNIPAM@0.2 M NaCl@pH 9 (a thin-
ner NIPAM-containing multilayer for permeability stud-
ies, thickness 2400 Å) to influence the flux of ions was
studied via RDE voltammetry62 and compared to that

of PEMUE, (PAH/PSS)18 (PAH)@0.2 M NaCl@pH 9 (650
Å). The flux of water-soluble, electrochemically active
probe ion, potassium ferricyanide through a multilayer
coated electrode was monitored as a function of tem-
perature.

In a well-stirred system such as the one used here,
the stagnant aqueous layer next to the electrode is much
thicker than the typical multilayer. Using limiting
currents for bare electrodes, contributions to resistance
to mass transfer through the stagnant film can be
precisely removed from the overall mass-transfer resis-
tance to yield the membrane-limited current, Im, and
the corresponding flux, Jm, of the probe ion32

where Dh and Ch are the respective membrane diffusion
coefficient and concentration of the probe ion, d(T) is the
multilayer thickness at different temperatures, A is the
electrode area, n is the number of electrons transferred
(1 in this case), and F is Faraday’s constant (96 490 C
mol-1). To normalize for the thickness difference be-
tween N-PEMUE and PEMUE, permeability63 (F, cm2

s-1) was calculated from Jm using

where Csol is the concentration of the probe ion in
solution (moles cm-3). d(T) was determined from the
volume swelling ratio (ΦP

-1),

where d is the thickness of the dry multilayer measured
via profilometry.

Both PEMUE and N-PEMUE bear a net positive
polymer surface charge allowing negative ions to be
included into the surface by the classical Donnan
action.64 Enhanced surface concentration normally leads
to greater Ch and an appreciable flux (current) should
be expected.32,37 However, both multilayers blocked the
flux of ferricyanide to an undetectable value (detection
limit of 3 × 10-10 cm2 s-1) despite Donnan inclusion,
revealing the passivating nature of such PAH-contain-
ing multilayers.65

We have recently demonstrated how the flux of
charged probe ions through a multilayer is dependent
on the density of extrinsic sites.32,37 In the case of
PEMU, the residual extrinsic charge fraction,41 yrpe, was
found to be around 0.06 (6%) which was insufficient to
promote measurable hopping transport of a triply
charged ion like ferricyanide. To create more extrinsic
sites, we took advantage of the pH-sensitive state of
ionization of PAH (a weak polyelectrolyte). Building the
multilayer at pH 9.0 and then running the experiments
at pH 6.5 would create positive extrinsic sites (required
for membrane transport of a negative ion) and the
permeation of the probe ion would be facilitated.63

This strategy led to a measurable flux of ferricyanide,
allowing better evaluation of the thermoresponsive
behavior of NIPAM-containing multilayers. Flux across
these thin multilayer membranes is governed by diffu-
sion, a thermally activated process. The permeability
of PEMUE increased as a function of temperature
(Figure 6), as expected, in contrast to that of N-

Figure 5. Variation of ø with temperature. Squares, circles,
and triangles correspond to, øNIPAM, øP, and øPAH/PSS respec-
tively. The values were calculated using eq 1 with VH2O ) 18
and υ° ) 1.11 × 10-3 mol cm-3.
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PEMUE, which decreased (Figure 6). The dehydration
of N-PEMUE clearly outweighs any thermal activation
processes here.

Reproducibility in the thermoresponse of N-PEMUE
was assessed by multiple switching between 10 and 33
°C. Figure 7 shows a reversible decrease of more than
75% in the flux at 33 °C, revealing the effectiveness of
N-PEMUE in blocking the passage of ferricyanide.

Equation 5 shows that the permeability of ferri-
cyanide depends on both Dh and Ch . The concentration of
the probe ion inside the thin film was measured with
in situ ATR-FTIR32 as a function of temperature using
the CN stretch at 2130 cm-1, and Ch was found to change
only slightlysnot enough to have an appreciable effect
on permeability, leaving Dh as the principal parameter
controlling the flux of potassium ferricyanide through
N-PEMUE (see Supporting Information).

Conclusion
NIPAM containing multilayers were prepared and

shown to possess thermoreversible behavior. Upon
heating, about 50% of the multilayer water content was
reversibly expelled. The differences in water content on
temperature cycling were smaller than those for cross-
linked NIPAM gels due to the greater effective cross-
link density in the multilayer system. The difference
in LCST estimated from amide II peak shift and water

content experiments suggested the presence of two types
of transitions, microscopic at 33 °C and macroscopic at
45 °C. While the former manifested as a first-order
phase transition and indicates the emergence of hydro-
phobic associations, the latter was evidenced by volume
reduction and occurs when hydrophobic interactions are
strong enough to overcome the swelling power caused
by excess charged and hydrophilic groups. The enthalpy
of mixing at 33 °C was estimated to be -3.1 kJ mol-1.

RDE experiments proved the effectiveness of the
multilayer in controlling the flux of electroactive probe
molecules, suppressing the flux of potassium ferri-
cyanide by about 75% at 33 °C. The constancy of the
partition coefficient of the multilayer at different tem-
peratures was evidenced by an almost constant Ch ,
indicating that Dh is the major parameter changing
permeability.

A promising application of NIPAM multilayers is for
controlled drug release. Using potassium ferricyanide
as an example of a drug molecule, capsules coated with
NIPAM multilayer membranes can be loaded at 20 °C
(F ) 7 × 10-8 cm2 s-1), and then controlled release can
be achieved at body temperature with F ) 5 × 10-9 cm2

s-1.
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