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S
timuli-responsive polymeric materials

have attracted much interest for a va-

riety of applications including drug

delivery, biological and chemical sensing,

separations, and mechanical actuation,

among others.1�5 Control over the mechan-

ical properties of a surface is of particular in-

terest for the modulation of cellular behav-

ior, as it is well-known that adhesion of cells

to surfaces can be modulated via the stiff-

ness of those surfaces.6,7 In the area of bio-

mimicry, researchers have recently de-

signed a chemoresponsive polymer

nanocomposite to mimic the dermis of the

sea cucumber, a marine organism that can

reversibly alter its stiffness.8 Stimuli-

responsive composite materials open up

the possibility of tuning percolative behav-

ior, which can dramatically alter mechanical,

electrical, optical, and other composite

properties.9,10 In this work, we have de-

signed and characterized an electrochemi-

cally responsive polymer nanocomposite

thin film with actively tunable mechanical

properties. Electrochemical stimuli are ad-

vantageous, in comparison with tempera-

ture or pH changes, in that they can be ap-

plied reversibly, rapidly, and locally (i.e., at

an electrode instead of throughout the

bulk). Moreover, the structure and function

of biological molecules, cells, and organ-

isms, for example, may be inadvertently al-

tered by large changes in temperature or

pH, whereas application of a small voltage

maintains a comparatively mild

environment.

Layer-by-layer (LbL) assembly, intro-

duced by Decher in the 1990s,11 was em-

ployed here for the fabrication of an electro-

active thin film composite. LbL assembly is

a simple and versatile process that involves

the sequential adsorption of oppositely

charged materials onto a charged sub-

strate. While the stiffness of LbL films can

be controlled by post-assembly

cross-linking,12,13 as well as assembly pH

and choice of polymer,7 these films can also

be stimuli-responsive.14 It is known that

changes in humidity15 and ionic strength16

can reversibly alter the stiffness of LbL films

by changing the degree of film hydration

and the degree of ionic cross-linking, re-

spectively. There are only a few examples

in the literature of reduction�oxidation

(redox)-driven swelling of LbL films. The

Calvo group has studied multilayer films

containing a ferrocene-derivatized poly-

allylamine (PAH-Fc)17 as well as an osmium

complex-derivatized polyallylamine (PAH-

Os),18 which can swell by 10% of initial film

thickness upon oxidation of the Os(II). The

Vancso group has layered anionic and cat-

ionic polyferrocenylsilanes to form multi-

layer capsules, which expand and increase
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ABSTRACT We present the layer-by-layer assembly of an electroactive polymer nanocomposite thin film

containing cationic linear poly(ethyleneimine) (LPEI) and 68 vol % anionic Prussian Blue (PB) nanoparticles, which

allow for electrochemical control over film thickness and mechanical properties. Electrochemical reduction of the

PB doubles the negative charge on the particles, causing an influx of water and ions from solution to maintain

electroneutrality in the film; concomitant swelling and increased elastic compliance of the film result. Reversible

swelling upon reduction is on the order of 2�10%, as measured via spectroscopic ellipsometry and electrochemical

atomic force microscopy. Reversible changes in the Young’s elastic modulus of the hydrated composite film upon

reduction are on the order of 50% (from 3.40 to 1.75 GPa) as measured with in situ nanoindentation, and a

qualitative increase in viscous contributions to energy dissipation upon redox is indicated by electrochemical

quartz crystal microbalance. Electrochemical stimuli maintain a mild operating environment and can be applied

rapidly, reversibly, and locally. We maintain that electrochemical control over the swelling and mechanical

behavior of polymer nanocomposites could have important implications for responsive coatings of nanoscale

devices, including mechanically tunable surfaces to modulate behavior of adherent cells.

KEYWORDS: polymer nanocomposite · electrochemistry · Prussian Blue · responsive
materials · layer-by-layer thin film · swelling · nanoindentation
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their permeability upon chemical oxidation of the fer-

rocene units.19 Most recently, Grieshaber et al. reported

on a poly(L-glutamic acid)/poly(allylamine hydrochlo-

ride) multilayer film that takes up ferrocyanide ions

from solution and can expand and contract by 5�10%

in response to electrochemical oxidation and reduction

of the ferrocyanide species.20 None of the above re-

ports on redox-driven swelling quantify the concurrent

mechanical changes occurring in the films. Further-

more, in contrast to these three examples, the work pre-

sented here utilizes a nanoparticle-based assembly, as

redox-active Prussian Blue nanoparticles serve as an

integral component of a polymer nanocomposite.

(Srivastava and Kotov recently reviewed the field of LbL-

assembled nanocomposites,21 though to our knowl-

edge previous LbL nanocomposite systems have not

been investigated for reversible swelling properties.)

The advantages in using a redox-active nanoparticle in-

clude the potential to manipulate particle loading22 at

or near a percolation threshold, thus yielding more dra-

matic shifts in electrochemical and mechanical proper-

ties, the ability to achieve the multiple redox states ex-

hibited by inorganic materials, and the ability to

manipulate surface charge and thus directly impact

electrostatics within the film with the accompanying re-

dox behavior, independent of a polyelectrolyte conju-

gate. These properties make this system interesting as

a potential mechanomutable material for which stiff-

ness can be altered significantly with a readily con-

trolled external stimulus.

Prussian Blue (PB), or iron(II) hexacyanoferrate(III),

is the first known, mixed valence transition metal

complex. Researchers have used PB for a wide range

of applications including electrochromic devices,23,24

glucose sensors,25,26 and molecular magnets.27�29

Our group recently utilized Prussian Blue nanoparti-

cles (PB) for an electroactive controlled release coat-

ing.30 When PB is synthesized in its “soluble” form,

potassium ions dissociate in aqueous solution, re-

sulting in negatively charged surface and interior

sites; this dissociation results in an electrostatically

stabilized colloidal suspension. In the native PB oxi-

dation state, roughly half of the iron atoms are in the

Fe(II) redox state and the remaining are in the Fe(III)

redox state.31 PB can be electrochemically reduced

to Prussian White (PW) or oxidized to Prussian Yel-

low (PX) (Figure 1a). The PW state has a charge of �2

per unit cell, the PB state has a charge of �1 per

unit cell, and the PX state is neutral. This charge

shifting capability of PB makes it a very interesting

material to study, particularly as a part of compos-

ites where altering PB charge can alter properties of

the composite as a whole. In previous work, we have

shown that oxidizing Prussian Blue nanoparticles

can lead to sufficient loss of charge to yield film dis-

solution and controlled release in LbL thin

films.23,30

Here we characterize the electrochemically con-

trolled swelling and mechanical behavior of electro-

active LbL thin films containing Prussian Blue nano-

particles as the polyanion and linear polyethyleneimine

(LPEI) as the polycation. Specifically, we apply �0.2 V

(vs Ag/AgCl) to reduce the particles from the PB

state to the PW state and �0.6 V to oxidize the par-

ticles back to the PB state. This negative voltage

level is sufficient to fully reduce the PB nanoparti-

cles, and this positive voltage level is sufficient to

fully reoxidize the PB without inducing dissolution

that can occur at even higher voltages.23 Upon elec-

trochemical reduction, the negative charge on the

particle surface and interior is doubled as estimated

from the valence of the two redox states. In response

to the excess negative charge created in the film,

cations and water from the electrolyte solution en-

ter the film to maintain electroneutrality (Fig-

ure 1b). We have investigated the swelling

phenomenon using spectroscopic ellipsome-

try and electrochemical atomic force micros-

copy (EC-AFM). Nanoindentation and an elec-

trochemical quartz crystal microbalance with

dissipation monitoring (EQCM-D) were used

to measure the mechanical properties of films

in the oxidized and reduced states. To our

knowledge, this is the first direct observa-

tion of mechanical property manipulation

carried out in an electrochemical cell with a

redox-active thin film. We believe that elec-

trochemical control over the swelling and

mechanical behavior of polymer nanocom-

posites could be optimized to have impor-

tant implications for active manipulation of

cell behavior on surfaces, as well as respon-

sive coatings for nanoscale devices in

general.

Figure 1. (a) Redox states of Prussian Blue. (b) Schematic of an (LPEI/PB)30 film
swelling under the influence of an electric potential. Water molecules and posi-
tive charges on the polymer are omitted for clarity. The degree of swelling repre-
sented in the figure is exaggerated for the reader’s convenience.

A
R
T
IC
L
E

VOL. 3 ▪ NO. 8 ▪ SCHMIDT ET AL. www.acsnano.org2208

D
o
w

n
lo

ad
ed

 b
y
 M

IT
 o

n
 S

ep
te

m
b
er

 1
3
, 
2
0
0
9
 | 

h
tt

p
:/

/p
u
b
s.

ac
s.

o
rg

 
 P

u
b
li

ca
ti

o
n
 D

at
e 

(W
eb

):
 J

u
ly

 2
2
, 
2
0
0
9
 | 

d
o
i:

 1
0
.1

0
2
1
/n

n
9
0
0
5
2
6
c



RESULTS AND DISCUSSION

Synthesis of Prussian Blue (PB) nanoparticles, as re-

ported by Delongchamp and Hammond, gives an elec-

trostatically stabilized suspension of negatively charged

nanoparticles with a median diameter of 4�5 nm as

measured by transmission electron microscopy.23

Layer-by layer assembly of the PB nanoparticles with

linear polyethyleneimine was also characterized previ-

ously by our group.23 This system exhibits linear growth

with an average thickness of �4.1 nm/bilayer in the

dry state both on an indium tin oxide (ITO)-coated glass

substrate and a gold (Au)-coated silicon substrate. The

volume fraction of PB in the films (dry state) is 0.68, cal-

culated from film thickness and Faradaic charge up-

take.23 An approximation of the interparticle distance

indicates that the particles are interlocking (see Meth-

ods). The root-mean-squared (rms) surface roughness

of the films assembled on ITO glass, as calculated from

AFM height images, was 3.48 � 0.16 nm, comparable to

the PB nanoparticle diameter (Figure 2).

Passive swelling of (LPEI/PB)30 films on Au-coated

silicon was measured with spectroscopic ellipsometry

(see Methods and Supporting Information for full char-

acterization). We define passive swelling as swelling of a

film from the dry state to the hydrated state, in the ab-

sence of an applied potential. A typical (LPEI/PB)30 film

had a dry thickness of �100 nm, which agreed well with

thickness measured by profilometry (data not shown).

To measure the time scale of passive swelling, an (LPEI/

PB)30 film was immersed in a potassium hydrogen ph-

thalate (KHPh) electrolyte solution at pH 4.0 for 1 h. A

typical (LPEI/PB)30 film swelled by �12% of its initial dry

thickness immediately upon immersion in the electro-

lyte. Over the course of an hour, the film thickness in-

creased to a final degree of swelling (with respect to the

initial dry state) of �17% (Figure 3a). An identical film

allowed to swell passively in electrolyte over 2 days

reached a final degree of swelling of 30%. It should be

noted that the degree of passive swelling varies de-

pending on the ambient humidity because the “dry”

film is equilibrated with vapor in the air.15 The effect of

ionic strength of the electrolyte on degree of passive

swelling was also investigated. Identical (LPEI/PB)30

films were swollen passively overnight in 1, 10, and

100 mM KHPh solutions each adjusted to pH 4.0 ex-

actly. The films exhibited degrees of swelling of

21.4 � 1.7, 24.7 � 0.6, and 26.8 � 2.2%, respectively,

showing that a greater degree of passive swelling re-

sulted for higher ionic strength. In contrast to covalently

cross-linked polyelectrolyte hydrogels, this trend is ex-

pected for electrostatically assembled layer-by-layer

films because mobile ions can compete with the

polycation�polyanion linkages in the film. Breakage of

some of the cohesive ionic cross-links in the film then

results in loosening of the network and additional swell-

ing.32

Active swelling of (LPEI/PB)30 films on Au-coated sili-

con was first measured with spectroscopic ellipsome-

try. We define active swelling as swelling of a hydrated

film under the influence of an applied electric potential.

Film thicknesses were determined for films subjected

to �0.2 V (reduced or PW state) and �0.6 V (oxidized

or PB state), alternately. Ellipsometry measurements are

Figure 2. AFM height image of an (LPEI/PB)30 film surface
assembled on ITO glass, acquired via contact-mode imag-
ing in an aqueous 0.1 M potassium hydrogen phthalate so-
lution; rms roughness is 3.48 � 0.16 nm.

Figure 3. (a) Passive swelling of an (LPEI/PB)30 film in a 0.1
M KHPh electrolyte solution over 1 h. All of the error bars
represent 95% confidence intervals based on the ellipsome-
try model fit. (b) Active swelling of two (LPEI/PB)30 films sub-
jected to 10 redox cycles. Error bars representing 95% confi-
dence intervals based on the ellipsometry model fit are
approximately the size of the data points. Selected swelling
percentage values (calculated relative to thickness in the
preceding redox state) are next to the corresponding data
points; negative values represent shrinking.
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complicated by the fact that the film optical constants

differ substantially at the two applied potentials. In the

PB state, there was a large absorbance peak centered at

�730�740 nm (1.68 eV) stemming from intervalence

charge transfer, while in the PW state, there was a much

smaller absorbance peak centered at �850 nm (1.45

eV). The model and experimental ellipsometric param-

eter (� and �) values for an (LPEI/PB)30 film at �0.6 and

�0.2 V, along with the model fit results, can be found

in the Supporting Information (Figure S1). At both ap-

plied potentials, we observe excellent agreement be-

tween our ellipsometric model fit and the data. Mea-

surements were taken after 2 min at each specified

potential. Two minutes were sufficient for the film to at-

tain a stable thickness following redox-induced swell-

ing. Using spectroscopic ellipsometry, a dynamic scan

protocol was employed to take measurements every 10

ms while the film underwent electrochemical switch-

ing. This experiment revealed that active film swelling

is completed within approximately 100 ms, following

the application of �0.2 V (Figure S2 in Supporting Infor-

mation). Figure 3b shows the thickness evolution of

two (LPEI/PB)30 films submitted to 10 reduction/oxida-

tion cycles, as measured via spectroscopic ellipsometry.

We observed swelling and shrinking on the order of

5�10% of initial film thickness upon redox, with an av-

erage of 6.2 � 0.6% for the film swollen passively for 2

days (Figure 3b). For the film swollen passively in solu-

tion for 1 h, the swelling was not completely reversible

in the time scale of our experiment. Specifically, the de-

gree of swelling decreased slightly with successive re-

dox cycles, and film thickness increases, as the film con-

tinues to equilibrate with the electrolyte. For the film

swollen passively in solution for 2 days, swelling was

much more reversible, although there is a slight de-

crease in degree of swelling after the first few cycles.

This cycle-dependent decrease in swelling may be at-

tributable to desorption of a small number of nanopar-

ticles from the film upon early redox cycles or to diffu-

sion of polymers and nanoparticles within the film that

change the swellability of the film over time.

Electrochemical AFM (EC-AFM) was used as a

complementary technique to directly investigate elec-

trochemically triggered (active) swelling in situ. EC-AFM

integrates a potentiostat with AFM, allowing simulta-

neous application of an electric potential and AFM sur-

face measurements. (LPEI/PB)30 films assembled on ITO

glass were allowed to equilibrate with the electrolyte,

an electric potential was then applied to reduce or oxi-

dize the film, and 2 min was allowed to elapse before

thickness measurements were carried out. In agree-

ment with spectroscopic ellipsometry, when films were

allowed to swell passively for only 30 min, a gradual in-

crease in film thickness was observed with successive

redox cycles (data not shown), indicating that the film

was not completely equilibrated with the electrolyte in

that time scale. When films were allowed to swell pas-

sively for 2 days, we observed reversible swelling with

a more stable baseline film thickness, also in agreement

with spectroscopic ellipsometry (Figure 4b). EC-AFM in-

dicates that (LPEI/PB)30 films swell and shrink by 2�4%

(with an average of 2.8 � 1.0%) of initial, hydrated film

thickness when the PB is electrochemically reduced and

oxidized, respectively (Figure 4), compared to the 6.2

� 0.6% swelling observed with spectroscopic ellipsom-

etry (Figure 3b). The results from spectroscopic ellip-

sometry and EC-AFM measurements agree well qualita-

tively, showing that the films swell when reduced and

shrink when oxidized, and that swelling is reversible.

The large errors in the EC-AFM measurements result

from the fact that film surface roughness is on the same

order of magnitude as height changes associated with

reversible swelling. Furthermore, the EC-AFM likely un-

derestimates the degree of swelling since the AFM tip in

contact mode presses on the film surface (average im-

aging force � 0.4 nN), which can lead to film

compression.

Figure 4. (a) Surface profile of an (LPEI/PB)30 film mea-
sured with EC-AFM at applied potentials of �0.2 and
�0.6 V. The inset shows a height image of the film/sub-
strate boundary with a demarcation denoting the loca-
tion of the surface profile measurement. (b) Evolution of
film thickness with successive potential cycling. The error
bars represent the standard deviation from n � 5 mea-
surements taken at different locations on the film. Swell-
ing percentage values (calculated relative to thickness
in the preceding redox state) are next to the data points;
negative values represent shrinking.
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It is reasonably anticipated that the (LPEI/PB)30 films

would swell upon reduction and shrink upon oxida-

tion. When PB is fully reduced to PW, all of the Fe(III)

centers are switched to the Fe(II) oxidation state, and

the negative charge on each unit cell is theoretically

doubled. To maintain electroneutrality, potassium ions

(and solvating water molecules) enter the film. The ex-

cess of potassium ions in the film relative to the sur-

rounding electrolyte will generate an osmotic pressure,

bringing additional water into the film. Film swelling

ceases when the elastic forces in the film are balanced

by osmotic pressure forces. The forced swelling of

redox-active thin films to maintain electroneutrality

has been observed by a number of other authors.33�36

The phenomenon of a continual increase in film thick-

ness with successive redox cycles was also observed by

Grumelli et al. for the case of (PAH-Os/PSS) multilayer

films.34 They attribute this occurrence to “break in” of

the electrolyte, where polycation�polyanion electro-

static interactions are broken by mobile cations and an-

ions, resulting in irreversible solvent uptake and par-

tially “extrinsic” charge compensation in the film.

Similarly, we suspect that an influx of ions induced by

PB reduction can break ionic cross-links in the film lead-

ing to further reduction in the mechanical stiffness of

the composite material, beyond that which would be

caused by swelling alone.

The mechanical behavior of the (LPEI/PB) compos-

ite films on ITO glass, in response to electrochemical re-

dox of PB within the films, was analyzed with instru-

mented nanoindentation in aqueous conditions and

with EQCM-D. Instrumented, spherical nanoindenta-

tion enabled determination of the effective Young’s

elastic modulus of the composite films, fully immersed

in 0.1 M KHPh at room temperature (see Methods). Fig-

ure 5a shows typical load-depth responses for an (LPEI/

PB)50 film in the oxidized state (�0.6 V) and the re-

duced state (�0.2 V). Clearly, the film is more compliant

in the reduced state, consistent with an increase in hy-

dration upon film swelling. An effective Young’s elastic

modulus, Ei, was determined from these indentation re-

sponses of the hydrated composite film, correcting for

the finite thickness of each film and the stiffness of the

underlying ITO glass substrate (see Methods). Figure 5b

shows Ei of a film subjected to two redox cycles. After al-

lowing the film to swell in the electrolyte solution for

2 h, Ei was measured to be 3.40 � 1.03 GPa. Subsequent

electrochemical reduction of the film reduced Ei fur-

ther to 1.75 � 0.26 GPa, a decrease of nearly 50%. Upon

reoxidation of the film, Ei returned to 3.54 � 0.64 GPa;

subsequent electrochemical reduction then reduced Ei

to 2.14 � 0.6 GPa. Measurements at each potential were

taken over the course of 1 h and exhibited excellent re-

peatability, attesting to the stability of the films and

the reversibility of the switching. As expected, the in-

dentation elastic modulus of the film in the absence of

an applied potential (i.e., at the open circuit potential) is

equal to that at �0.6 V since the PB redox state is largely

unchanged between the open circuit potential (typi-

cally �0.3 to �0.4 V) and �0.6 V (Figure 7). For refer-

Figure 5. Instrumented nanoindentation results for an
(LPEI/PB)50 film immersed in aqueous 0.1 M KHPh. (a) Load-
ing portion of the load-depth response for a film in the oxi-
dized (black, �0.6 V) and reduced (red, �0.2 V) state. (b) Ef-
fective Young’s elastic moduli Ei of the film subjected to two
redox cycles, corrected for finite thickness as described in
Methods. OCP stands for open circuit potential. Error bars
represent the standard deviation from n � 6 measurements
at different locations on the film for each condition.

Figure 6. Change in frequency and dissipation (13th over-
tone) of a Au-coated QCM crystal modified with an (LPEI/
PB)30 film upon alternate application of �0.2 and �0.6 V (vs

Ag/AgCl). Signal-to-noise of dissipation at the lower fre-
quency overtones was insufficient to identify changes upon
voltage switching.
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ence, an (LPEI/PB)50 film in the dry state exhibited Ei �

6.92 � 1.03 GPa (data not shown). Note that, although

these elastic moduli exceed expected Young’s elastic

moduli of fully hydrated polyelectrolyte-based hydro-

gels,7 these (LPEI/PB)50 nanocomposites comprise 68 vol

% of the stiff, inorganic crystalline PB phase.

As expected, the elastic modulus of the film de-

creases upon immersion in the electrolyte solution and

then decreases further upon electrochemical reduction

of the film. Specifically, a ca. 50% reduction in Ei accom-

panies swelling of the hydrated film upon redox (ca.

5�10% as measured via spectroscopic ellipsometry in

Figure 3b and 2�4% as measured via EC-AFM in Figure

4b). During swelling, the incoming water and ions serve

as plasticizers to reduce cohesive interactions in the

film. Furthermore, incoming ions can break ionic cross-

links in the film, thereby giving polymer segments addi-

tional degrees of translational freedom and rendering

the film less stiff. The extent of decrease in the elastic

modulus as a function of swelling observed here is simi-

lar in magnitude to that observed for other LbL films

in the Schlenoff group16,32 and the Van Vliet and Rub-

ner groups37,38 (see Supporting Information for a quan-

titative comparison). Jaber and Schlenoff recently

showed that the elastic modulus of other LbL films can

be decreased substantially (for relatively small degrees

of swelling)32 by increasing the ionic strength of the sur-

rounding solution, which decreases the ionic cross-link

density in the film.16 Here we maintain the ionic

strength of the electrolyte constant, but instead in-

duce increased ionic strength within the film by exploit-

ing PB redox chemistry.

To access the shear and viscous components of me-

chanical behavior in these films, EQCM-D was em-

ployed. In addition to following frequency changes of

the quartz crystal oscillator, EQCM-D records the dissi-

pation or damping of the crystal oscillations when the

driving voltage is shut off. A change in dissipation can

be related to the shear (storage) elastic modulus and

shear viscosity of a viscoelastic film adhered to the crys-

tal.39 When (LPEI/PB)30 films assembled on Au-coated

quartz were switched from a potential of �0.6 to �0.2

V (vs Ag/AgCl), the resonant frequency of the quartz

crystal decreased, and the oscillation dissipation of the

crystal increased (Figure 6). These results indicate mass

uptake by the film and a qualitative increase in the vis-

cous component of a viscoelastic response, respec-

tively. However, the change in dissipation relative to

the change in frequency was too small to allow for vis-

coelastic modeling of the film with the Voigt model.

Furthermore, the frequency responses of the third

through thirteenth overtones (normalized by overtone

number) overlapped exactly, indicating the rigidity of

the film and applicability of the Sauerbrey equation.40

Therefore, despite changes in dissipation, we were lim-

ited to only qualitative conclusions regarding viscoelas-

ticity of the film.

As described earlier, the proposed trigger for

swelling of the (LPEI/PB) nanocomposite is the elec-

trochemical reduction of PB. To discern whether this

is the case, EQCM was used to measure mass up-

take at intermediate applied potentials between the

oxidized and reduced film states (Figure 7). There is

minimal hysteresis, and the inflection in mass up-

take, which occurs at 0.127 V (reduction cycle) and

0.134 V (oxidation cycle), corresponds well with the

measured half-wave potential (E1/2) of the PB�PW

redox couple (0.138 V). This result suggests that elec-

trochemical reduction of PB is responsible for the

film swelling phenomenon, as opposed to other pos-

sible mechanisms such as double-layer charging ef-

fects. As the charge on each PB unit cell is increased,

swelling occurs via the influx of counterions to main-

tain electroneutrality in the film, along with osmotic-

driven flow of water into the film. This mechanism is

similar to that proposed by other authors for redox-

active LbL films.18 The trend of decreased stiffness

with increased charge in the film is clearly depend-

ent on the fact that ionic cross-links hold the film to-

gether. The opposite trend is observed in certain

biological tissues, such as cartilage, where increased

effective charge density (attained by minimizing

shielding) results in stronger electrostatic repul-

sions between charged groups, which stiffen the ma-

terial.41

CONCLUSIONS

The electrochemically triggered swelling behav-

ior and elastic modulus reduction of a polymer nano-

composite film containing Prussian Blue nanoparti-

cles and linear polyethyleneimine has been

described. Reduction of the Prussian Blue (PB) in

the films to Prussian White doubles the negative

charge on the nanoparticle surface and interior. An

influx of ions and water from the surrounding solu-

Figure 7. Overlay of a cyclic voltammogram and EQCM fre-
quency data (3rd overtone) for an (LPEI/PB)30 film. Scan rate
is 10 mV/s. The inflection in frequency (mass change) corre-
sponds with the potential of the Prussian Blue�Prussian
White redox couple.
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tion occurs to maintain electroneutrality in the film

and results in film swelling and decreased mechani-

cal stiffness of the composite. Subsequent oxidation

back to the PB state causes the film to deswell and

return to its original stiffness. The swelling phenom-

enon, characterized using spectroscopic ellipsome-

try and EC-AFM, is concurrent with a reduction in the

film elastic modulus as measured via instrumented

nanoindentation in aqueous conditions.

The system described here is distinct from existing

electrochemically active multilayer systems in several

ways. The electroactive species in our films is an inte-

gral and structural component of the film, thus requir-

ing only that the film be immersed in an electrolyte so-

lution containing potassium ions for PB switching. On

the other hand, the PB in our system exists as nano-

particles and, as such, the polyethyleneimine�Prussian

Blue system is a polymer nanocomposite that can ex-

hibit percolative mechanical behavior. While the stiff-

ness of typical polymer-based layer-by-layer assemblies

can be changed by an influx of water and ions, the stiff-

ness of a polymer nanocomposite LbL assembly could

be further affected by interactions between adjacent

filler particles. We posit that the ability to electrochemi-

cally modulate the thickness of a polymer-based nano-

composite could lead to interesting control over the

mechanical properties of the composite as the particle

percolation threshold is approached. We are currently

designing electroactive composites at the mechanical

percolation threshold, which is the critical fraction of

filler above which the filler particles interact with each

other with the potential to significantly stiffen the com-

posite in the initial redox state. Assembly of composite

films at or near the percolation threshold could facilitate

dramatic mechanical and swelling changes upon re-

dox, as the influx of ions and water could disrupt the

percolation network and thus decrease the composite

stiffness.

A future system that could be engineered to achieve

rapid, dramatic mechanical changes with only slight

changes in degree of swelling could be applied to the

control of cellular behavior on surfaces. For example,

on/off switching of cell adhesion could allow cells to be

guided to particular locations within microfluidic de-

vices or cells could be triggered to differentiate for tis-

sue engineering applications or fundamental studies.

The system reported here, however, is likely too stiff to

modulate cellular behavior. Previous reports on the tun-

ability of cellular adhesion, locomotion, and differentia-

tion with substrata stiffness utilize substrates with elas-

tic modulus values in the range of 1 kPa up to 100 MPa

and generally consider 1�2 orders of magnitude

changes in elastic moduli.6,7,12,42 Therefore, the stiffness

and mutability of a future electroactive mechanomu-

table surface must be engineered to access most cell-

based applications. Nonetheless, we have introduced a

new framework for electrically modulating the stiffness

of a composite. Further, the fact that our system is a

composite opens up the possibility of investigating dis-

ruptable percolative networks in which interactions be-

tween nanoparticles are turned on and off with an elec-

trochemical trigger. This area represents a new

direction in biomimicry since a number of marine or-

ganisms can rapidly alter their stiffness through perco-

lative behavior. This work can thus serve as a starting

point for further studies on mechanomutable coatings

with potential future applications in micro- and nano-

scale devices.

METHODS

Materials. Linear polyethyleneimine (LPEI) (Mn � 25 000)
was purchased from Polysciences. Iron(II) chloride tetrahy-
drate, potassium ferricyanide, potassium hydrogen phtha-
late (KHPh), and 3-mercapto-1-propanesulfonic acid (MPS)
were purchased from Sigma Aldrich. Potassium chloride was
purchased from Mallinckrodt Baker. All chemicals were used
as received. Gold-coated silicon wafers (AU.1000.SL1) consist-
ing of a 1000 Å layer of gold with a 50 Å titanium adhesion
layer were purchased from Platypus Technologies, LLC. Gold-
coated QCM crystals (QSX 301) consisting of a 1000 Å layer
of gold with a 50 Å chromium adhesion layer were purchased
from Q-Sense, Inc. Indium tin oxide (ITO)-coated glass slides
(CD-50IN-CUV) were purchased from Delta Technologies,
Limited.

Synthesis of Prussian Blue Nanoparticles. Synthesis of PB nanopar-
ticles was carried out as described previously.23 Briefly, 50
mL of aqueous 10 mM FeCl2 · 4H2O was added dropwise to
an equivalent volume of aqueous 50 mM K3[Fe(CN)6] and 50
mM KCl with vigorous stirring. The dark green mixture was
immediately submitted to dialysis against a regenerated cel-
lulose membrane with a 3500 Da molecular weight cutoff to
remove excess K3[Fe(CN)6] and KCl. The resulting blue nano-
particle suspension was adjusted to pH 4 with potassium hy-
drogen phthalate (KHPh) (final concentration of 1 mM) and
hydrochloric acid.

Assembly of LPEI/PB Films. Films were assembled on gold-coated
silicon wafers, gold-coated quartz crystals, or ITO-coated glass
slides. The gold-coated silicon was cleaned by immersion in gold
cleaning solution (Sigma Aldrich) for 1 min, rinsed copiously
with deionized water, and then immersed in an aqueous solu-
tion of 20 mM 3-mercapto-1-propanesulfonic acid (MPS) and 16
mM sulfuric acid for 30 min to render the surface negatively
charged. Thereafter, the substrates were again rinsed thoroughly
with deionized water and used for subsequent layer-by-layer as-
sembly. The gold-coated quartz crystals were cleaned by UV/
ozone treatment for 10 min, immersion in a H2O/H2O2/NH3 (5:
1:1) solution at 75 °C for 5 min followed by a thorough deionized
water rinse, and a second UV/ozone treatment for 10 min. Fol-
lowing the cleaning, the crystals were immediately immersed in
the MPS solution described above for 30 min. ITO-coated slides
were cleaned by sonication in a 4% solution of Micro-90 deter-
gent for 15 min, following by two 15 min sonication cycles in
deionized water. LPEI solutions were prepared in deionized wa-
ter at a concentration of 10 mM based on the polymer repeat
unit. The solution pH was adjusted to the desired value with HCl
and NaOH. (LPEI/PB)n films, where n denotes the number of bi-
layers, were assembled by dip coating using an automated Zeiss
HMS series programmable slide stainer. Briefly, substrates were
immersed in an LPEI solution for 10 min followed by three sepa-
rate deionized water rinse baths (adjusted to pH 4 with KHPh
and HCl) for a total of 3 min. Next, the substrates were immersed

A
R
T
IC
L
E

www.acsnano.org VOL. 3 ▪ NO. 8 ▪ 2207–2216 ▪ 2009 2213

D
o
w

n
lo

ad
ed

 b
y
 M

IT
 o

n
 S

ep
te

m
b
er

 1
3
, 
2
0
0
9
 | 

h
tt

p
:/

/p
u
b
s.

ac
s.

o
rg

 
 P

u
b
li

ca
ti

o
n
 D

at
e 

(W
eb

):
 J

u
ly

 2
2
, 
2
0
0
9
 | 

d
o
i:

 1
0
.1

0
2
1
/n

n
9
0
0
5
2
6
c



in a PB solution for 10 min followed by the same cascade rinse
cycle. Gold-coated silicon was used for spectroscopic ellipsome-
try, gold-coated quartz was used for EQCM-D, and ITO glass was
used for EC-AFM. Note that the different substrates did not have
an appreciable effect on film thickness, roughness, or the linear
growth profile. Slight differences in initial film thickness from
sample to sample can be attributed to slight variations in pH of
the solutions used for the deposition process. Interparticle dis-
tance in the films (in the hydrated state) was approximated as-
suming spherical particles with a uniform size distribution and
dispersion using the equation presented by Hong et al.43 We ob-
tained a negative value, implying that the particles are
interlocking.

Atomic Force Microscopy (AFM). AFM imaging of (LPEI/PB)30 films
on ITO glass substrates was used for visualization of surface mor-
phology and calculation of the root-mean-squared (rms) sur-
face roughness of the films. Measurements were made using a
Nanoscope IV (IV/IIIa emulation controller) multimode scanning
probe microscope (Digital Instruments/Veeco Metrology Group,
Santa Barbara, CA) in contact mode. Films were measured in their
hydrated state using a fluid cell (Veeco ECFC) loaded with ca.
20�50 �L of 0.1 M potassium hydrogen phthalate (KHPh) elec-
trolyte solution at pH 4.0. Films were allowed to equilibrate with
the solution for 30 min before measurement. A silicon nitride
(Si3N4, SNL, Veeco Probes, Santa Barbara, CA) cantilever with a
nominal spring constant of 0.06 N/m carrying a tip with a nomi-
nal diameter of 2 nm was attached to the fluid cell with a gold
spring. The rms roughness was calculated from five 3 �m 	 3
�m height images using Veeco NanoScope v.614r1 software. Tip
shape deconvolution of image height and roughness calcula-
tions was carried out using SPIP (Scanning Probe Image Proces-
sor v4.8.4) software.

Spectroscopic Ellipsometry. Spectroscopic ellipsometry analy-
sis of (LPEI/PB)30 films on gold-coated silicon substrates was
carried out using a J.A. Woollam M-2000 instrument. Data
were fit using J.A. Woollam WVASE32 software. In situ mea-
surements were conducted through a custom-made quartz
cell with 70° windows (Hellma USA, Inc.). Spectroscopic ellip-
sometry measures the change in polarization state of light re-
flected from a surface. Two ellipsometric parameters, � and
�, representing the change in amplitude and phase of the re-
flected light, respectively, are collected at a number of wave-
lengths; � and � are related to the thickness and optical con-
stants of the sample. Briefly, to determine film thickness with
spectroscopic ellipsometry, we used a single Gaussian oscil-
lator to model the film absorbance from 620 to 900 nm. See
the Supporting Information for further details on modeling of
spectroscopic ellipsometry data. To simultaneously apply a
voltage to a film while characterizing the film with spectro-
scopic ellipsometry, a three-electrode electrochemical cell
was set up in the quartz cell with a Ag/AgCl reference elec-
trode (Bioanalytical Systems, Inc.), a Pt coil counter electrode,
and a gold-coated silicon wafer modified with a (LPEI/PB)n

film as the working electrode. The electrolyte was a 0.1 M
KHPh solution with pH 4.0. An AutoLab PGSTAT100 poten-
tiostat was used for electrochemical measurements. Two
minutes was allowed to elapse at each applied potential, be-
fore taking a measurement. A dynamic scan protocol in the
WVASE32 software package with acquisition time of 10 ms
was used to capture the kinetics of the redox-induced swell-
ing process.

Electrochemical Atomic Force Microscopy (EC-AFM). EC-AFM of (LPEI/
PB)30 films on ITO glass substrates was performed using a Nano-
scope IV (IV/IIIa emulation controller) multimode scanning probe
microscope (Digital Instruments/Veeco Metrology Group, Santa
Barbara, CA) in contact mode with an integrated multimode EC
basic potentiostat. (Note that this platform does not support tap-
ping mode AFM.) The film sample was attached to the mag-
netic sample holder using double-sided tape and was placed
on the E-type piezo scanner. Electrical contact between the ITO
and the sample puck was made with silver paste. A three-
electrode-type glass EC fluid cell was used for the contact mode
measurements. The cell volume was ca. 20�50 �L, and 0.1 M
KHPh with pH 4.0 was used as the electrolyte. A silicon nitride
(Si3N4, SNL, Veeco Probes, Santa Barbara, CA) cantilever with a

nominal spring constant of 0.06 N/m carrying a tip with a nomi-
nal diameter of 2 nm was attached to the fluid cell with a gold
spring. A silver wire and a platinum wire were used as a
pseudoreference electrode and counter electrode, respectively.
An electric potential was applied using the chronoamperometry
function, and 2 min was allowed to elapse before surface pro-
files were captured. Thickness values of the films were calculated
as follows. A box was drawn on a flat area of the substrate, and
a first-order plane fit was applied. A 10 �m scan length was ac-
quired under a nominal contact load of 0.4 nN, traversing the
edge of the film, and the average heights of the film and sub-
strate were determined by simple averaging of the individual
data points. The same locations at the film/substrate interface
were line-scanned before and after redox.

Nanoindentation. Nanoindentation on (LPEI/PB)50 films on
ITO glass was conducted by a pendulum-based instrumented
nanoindenter (NanoTest, Micro Materials Ltd.) with a force
resolution of 1 �N and a displacement resolution of 0.1 nm.
Films assembled on ITO-coated glass were adhered to an alu-
minum support with a thin layer of cyanoacrylate, and all of
the experiments were conducted with the sample fully im-
mersed in 0.1 M KHPh, using a modified platform for in situ
liquid experiments.44 An electrochemical cell was set up
within the liquid cell with the film as the working electrode,
a Pt wire as the counter electrode, and a silver wire as a
pseudoreference electrode. The potential was controlled
with an EG&G 263A potentiostat/galvanostat. Samples were
indented with a spherical ruby indenter of radius R � 5 �m,
both in the oxidized and reduced states of the film (n � 6 lo-
cations for each condition), with loading, dwell, and unload-
ing times of 10, 10, and 2 s, respectively. A maximum depth
of 40 nm was chosen to induce comparable, low strains on all
samples (�10%), and the corresponding maximum loads
ranged between 80 and 200 �N. Film Young’s elastic modu-
lus inferred from indentation, Ei, was calculated through a
finite-thickness correction of Hertzian elastic contact, using
the model of Dimitriadis et al.,45 in order to account for me-
chanical contributions from the underlying stiff ITO glass
substrate for the measured film thickness of 224 � 13 nm
(as determined via profilometry). Ei of the film is related di-
rectly to the Young’s elastic modulus E that is typically mea-
sured via uniaxial loading of macroscopic materials and is
theoretically equivalent to E for linear elastic materials.
Thicker films (50 bilayers instead of 30 bilayers) were used
to improve the accuracy of nanoindentation by allowing for
a deeper penetration depth. From spectroscopic ellipsometry
analysis, 50-bilayer films were found to swell to the same de-
gree as 30-bilayer films (data not shown).

Electrochemical Quartz Crystal Microbalance with Dissipation (EQCM-D).

EQCM-D analysis of (LPEI/PB)30 films on gold-coated quartz was
carried out using a Q-Sense E1 system along with the electro-
chemistry module (QEM 401). Frequency changes are directly
proportional to mass changes according to the Sauerbrey equa-
tion.46 (LPEI/PB)30 films were assembled on gold-coated QCM
crystals (Q-Sense QSX 301) as described above, and the film was
removed from the backside of the crystals using a cotton swab
soaked in 1 M NaOH, following by a deionized water rinse. The
QCM chamber served as a three-electrode electrochemical cell
with a Ag/AgCl reference electrode (Cypress Systems), a built-in
Pt counter electrode, and the Au-coated QCM crystal modified
with an (LPEI/PB)30 film as the working electrode. The electrolyte
was a 0.1 M KHPh solution with pH 4.0. A VoltaLab 21 potentio-
stat was used for electrochemical measurements.
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Supporting Information Available: Spectroscopic ellipsometry
modeling strategy and fit results for (LPEI/PB)30 films in the oxi-
dized and reduced states, dynamic spectroscopic ellipsometry
scan results, and additional mechanical analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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