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Abstract

In situ nanoindentation was performed on a multilayer of poly(acrylic acid) and a high molecular
weight, pendant chain polyviologen under controlled electrochemical potential. The modulus of
the thin film of polyelectrolyte complex was reversibly modulated, by about an order of
magnitude, upon changing the state of charge within the material using the electrochemically
active and addressable viologen repeat units. The applied potential, under aqueous conditions, is
believed to control the extent of crosslink formation. Simultaneous quartz crystal microbalance
measurements revealed the flux of ions into or out of the multilayer during redox cycling.
Apparent film modulus also depends on the identity of the last layer.
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Introduction

Due to their high sensitivity and quick response, polymer based thin films have evolved as
the major material for stimuli responsive materials and devices.l 2 3 An extremely versatile
avenue to such films is the layer-by-layer deposition of polyelectrolytes, yielding
polyelectrolyte multilayers (PEMUs).* The thickness and composition of these films can be
tuned on a nanometer scale, and the possibilities to control film and surface properties and to
incorporate biologically active moieties have made them attractive for applications in the
biomedical field.>  For example, control of the mechanical properties of thin films are of
interest because of the recent focus on the response of cells to substrate stiffness,” which can
dictate whether a cell adheres®, how it moves,® the eventual phenotypel?, and the way in
which stem cells differentiate.11 PEMUs are inherently responsive to salt concentration,1? to
pH (if weak polyacids or bases are used),13 and in some cases to temperature.14 By
including appropriate functional groups in the polymers, or into the PEMU, films responsive
to light,15 16 electrochemical potential 17 temperature,!® 19 mechanical stretching,2%: 21 or
the presence of biologically active molecules?? have been produced.
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PEMUs in contact with aqueous solutions are entangled networks of polyelectrolyte chains
swollen with water and doped with small ions.23 Their mechanical properties depend on the
interplay of hydration, polymer type, and density of ionic crosslinks. Salt concentration?3
and pH13 of the surrounding medium can be used to alter the mechanical properties by
changing the number of ionic crosslinks, and the osmotic pressure (water content). Because
such stimulii require changing the solution in contact with the film, they are not suitable for
biological applications, where ionic strength and pH are fixed. An alternative approach
depends on controlling the degree of swelling within the PEMU by changing the redox state
of counterions,2* 25 or film components,2® which leads to a net change of counterions and
water content2’. We were interested in reversible control of crosslinks within a PEMU.
Covalent crosslinking, long known to strongly influence the properties of polymers28: 29 and
gels 30 is a convenient way to increase the stiffness of PEMUs, 16 31. 10,32yt js not
reversible and often cannot be performed in vivo. Here, we describe an all-polyelectrolyte
system that allows one to change the number of charges on one of the polyelectrolytes in the
film by applying an electrrochemical potential, which leads to reversible crosslinking
changes accompanied by large shifts in PEMU modulus: duravoltammetry (“dura” — relating
to stiffness).

Polyviologens, which we previously showed to have reversible electrochemical response in
PEMUs,33 were used as redox active polyelectrolytes. Viologens (N-N'-dialkyl 4-4'-
bipyridinium salts) have two positive charges in their oxidized form, which are lost in two
successive reduction steps.34 35 Only the first of these (Scheme 1) is completely reversible.
The strong color changes during redox cycling of polyviologen PEMUSs,1’ have been
employed in electrochromic devices.36: 37

Experimental Section

Materials

Synthesis

4,4’-bipyridine (Sigma-Aldrich, 98 %), methyl iodide (Sigma-Aldrich, 99.5 %), chloroform
(Alfa Aesar, stabilized with amylenes, >99.5 %), dimethylformamide (Sigma-Aldrich,
anhydrous, 99.8 %), ethyl acetate (Fisher Scientific, HPLC grade), methanol (Malinckrodt,
anhydrous, 99.9 %), poly(p-vinyl benzyl chloride) (PVBCI, Scientific Polymer Products,
My, 127,900 g/mol), poly(ethyleneimine) (PEI, Sigma-Aldrich), poly(acrylic acid) (PAA,
Sigma-Aldrich, M, 100,000 g/mol, 35 wt% in water), Trisma base (Fisher Scientific,
molecular biology grade), and sodium chloride (EMD, >99 %) were used as received.
18MOhm Milli-Q water was used throughout.

N-methyl bipyridine—b5 g (32 mmol) of 4,4'-bipyridine were placed in a 3 neck flask
under nitrogen and dissolved in 170 mL of chloroform. After addition of 10 mL (160 mmol,
5 eq) of methyl iodide the mixture was stirred for 70 h at room temperature. The precipitate
was then filtered off, washed excessively with chloroform, recrystallized twice from ethanol
and dried under vacuum, yielding 5.6 g of a yellow powder (yield: 58 %). 1H-NMR (400
MHz, D50, 8): 8.95 (2 H, d, CH3N*(CH)5), 8.74 (2 H, d, N(CH),), 8.42 (2 H, d,
CH3N*(CH),(CH),C), 7.91 (2 H, d, C(CH),(CH),N), 4.38 (3 H, s, CH3).

Poly(vinyl benzyl methyl viologen) (PVBV) was synthesized by adding 1.3 eq. of methyl
bipyridine (synthesized by reaction of 4,4’-bipyridine with methyl iodide) to poly(vinyl
benzyl chloride) (0.8 g, 5.2 mmol, Scientific Polymer Products) in DMF (120 mL, Sigma-
Aldrich, anhydrous, 99.8 %) and heating to 100 °C for 4 h under nitrogen. Precipitation and
two reprecitations from methanol in ethyl acetate yielded 1.8 g of a deep red powder after
vacuum drying. The degree of substitution as determined by 1H-NMR was about 95 %. 1H
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NMR (400 MHz, D,,0, 5): 9.47 (CH3N*(CH),), 9.26 (CH,N*(CH)y), 8.80
(N*(CH),(CH),C), 7.31 (C(CH),(CH),C), 6.66 (C(CH)»(CH),C), 6.06 (N*CH,C), 4.55
(CH3), 1.69 (br, CHCH,). 13C NMR (100 MHz, D,0, §) : 150.0 (CCHCHS), 149.3 (CC),
148.0 (CC), 146.4 (CHN), 145.4 (CHN), 131-128 (br, CCHCHC), 127.5 (CHCHN), 126.9
(CHCHN), 125.4 (CCH,), 64.3 (CH;N), 48.8 (CH3), 45-40 (br, CHCHy), 27.7 (CH,0H).

Multilayer build-up—Three kinds of substrates were used for multilayer build-up: The
platinum electrode for electrochemistry was polished, sonicated and rinsed with water. For
AFM measurements, glass disks were cleaned with air plasma then a 5 nm thick chromium
layer followed by a 150 nm thick gold layer, 2.5 cm in diameter, were evaporated. Gold
coated quartz crystals and AFM substrates were cleaned in an air plasma for 1 min before
multilayer coating.

Poly(ethyleneimine) (PEI, Sigma-Aldrich) was 1 mg/mL in 0.25 M NacCl, poly(acrylic acid)
(PAA, Sigma-Aldrich, My, 100,000 g/mol) was 10 mM in tris buffer (Fisher Scientific, 10
mM, pH 7.4, ionic strength adjusted to 0.15 M with NaCl), PVBV was 5 mM in the same
buffer. The pH was maintained at 7.4. The platinum electrode and the substrate for AFM
measurements were coated by dipping them in the corresponding solutions, the QCM
crystals were coated directly in the flow cell of the QCM apparatus. In all cases the
substrates were first immersed in the PEI solution followed by rinsing with water for 3 min.
Contact time with the PAA and PVBY solutions were 5 min followed by rinsing for 3 min
with the Tris buffer.

Electrochemistry—A Pine Wavenow potentiostat was used throughout this work. All
experiments were performed in 0.15 M NaCl. The electrolyte solutions were deoxygenated
by bubbling with argon. The coated electrodes were employed as working electrodes.
Temperature was maintained at 25 °C in all cases. QCM measurements were performed in
situ during CV scans from 0 to —0.55 V at a rate of 0.5 mV/s. Changes between potentials in
AFM were performed at a rate of 5 mV/s, with an overall scan rate of about 0.1 mV/s.

Quartz crystal microbalance (QCM) was performed on an E4 from Q-Sense using gold
coated QCM crystals with a nominal resonance frequency of 4.95 MHz (Q-Sense). The
build-up of the PEMUs was observed in situ using the standard flow module. A viscoelastic
model®® was used to obtain the thickness of the adsorbed layer from the frequency and
dissipation data, assuming a density of 1.2 g/cm3. The coated crystals were then transferred
to the electrochemistry module, where the change of frequency and dissipation on
application of an electrical potential were monitored.

Atomic force miscropy (AFM) Recording—AFM experiments were performed on a
MFP-3D unit, ARC2 Controller (Asylum Research Inc., Santa Barbara, CA) and Igor Pro
software (Wavemetrics, Lake Oswego, OR). All measurements including the calibrations
were performed in the electrochemistry cell. An AC240-TS silicon probe (Olympus Probes
Inc.) was used. The probe was a 240 um long, 30 um wide, and 2 um thick cantilever with a
spring constant of around 2 N/m and a resonance frequency of around 70 kHz. The radius of
the tip was about 9 nm and its half angle about 18°. The spring constant of each probe was
calibrated in air using the thermal fluctuation method38: 39 after calibration of its optical
lever sensitivity (OLS). After immersion of the tip in the NaCl solution, the OLS was
recalibrated on an uncoated electrode. Force maps were acquired first on an uncoated
electrode. On the PEMUs 20 force curves were collected at different locations before
applying a potential and at each potential step, after letting the system equilibrate for 1 min.
Measurements were performed by decreasing the potential stepwise from 0 to —0.55 V and
then increasing it again stepwise to 0 V with continuously applied potential. The distance
from the surface for the force curves was set to 1 um. The velocity of the tip in the z-
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direction was maintained at 0.5 zm/sec. Data points were collected at a rate of 5 kHz. While
the pH was not buffered for the in situ electrochemistry it was measured before and after
cycling and remained at about 7.

In addition, AFM images of the films before applying a potential, at the most negative
potential, and after one or several cycles were recorded.

Fitting and Analysis—Analysis of the data was also performed using Igor Pro software.
The indentation was obtained from the distance of the tip relative to the surface z (the point
of contact, determined here as the point at which the deflection versus distance curve
deviates from zero, is set to 0) and the tip deflection (Eq. 1). The force and hence the
corresponding force curves are obtained by multiplying the deflection with the measured
force constant of the tip (Eq. 2). The force curves are then analyzed using models based on
Hertzian contact mechanics?: 4142 developed for the indentation of a semifinite substrate
with a hard indenter. Only the approach part of the force curves corresponding to an
indentation of 10 % of the film thickness was analyzed, in order to avoid convolution of the
mechanical properties of film and substrate?3. Eqgs. 3 to 5 give the dependence of the applied
force on the distance and substrate modulus for different geometries of the indenter.

o=z-d (1)
Fupp[icd:K -0=K(z—d) ©)
4 E surface .
Fs[)lmrczg - u,{ ‘/E(Z - d)3/2
) ( - v;urfurc') (3)
2 ES rjace
Feone== +tan (a)(z— J)z
(1 - U:‘wﬁmc) (4)
Es rface
Fpunchzzi( :__{ )R (z—d)
- surface (5)

Where R is the radius of the sphere or the punch; a is the half angle of the cone; z is the
distance of the tip relative to the surface in the z-direction; K is the spring constant of the
cantilever in use; d is the deflection of the tip, and v is the Poisson ratio of the material.

Though the AFM tips used here are conical in shape, the decision which model to use is not
evident. The sphere model describes the indentation of a soft flat material by a hard sphere
of radius much bigger than the indentation“. This is obviously not the case here for tips
with radii of less than 10 nm and indentations larger than 30 nm. The model for a cone
shaped indenter ideally requires its apex to be infinitely sharp*’. Depending on the
interaction with the material, the indenter can hence behave like a real cone or like a thin
punch. The three models have different power dependencies on the indentation: 1, 1.5, and 2
for the punch, sphere and cone model respectively, resulting in different force-displacement
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profiles. The decision between cone and punch model for fitting was made by comparing the
fits using the known geometrical parameters of the tips (half angle of 18° for the cone model
and radius of 9 nm for the punch model). Softer surfaces were usually in better agreement
with the cone model, stiffer ones with the punch model. At the conditions, where a change
from one to the other was observed for a given surface, the two were in good agreement.

When the corresponding model was used, the fitted data yielded the fit parameter E¢ that
relates the compliance of the indenter to the compliance of the indentee. E¢ can be
deconvoluted into Young's modulus values using Eq. 6 where Ec, the fit parameter for the
corresponding model, is directly related to

-1

1- u% 1 -2
E.= + =
E, E, (6)

the Young's modulus and Poisson ratio of the indenter material are E; and vq respectively;
those for the indented material are and E, and vy, in our case, a silicon cantilever. The value
of E, was set to 150 GPa and v, was set at 0.27 for silicon. The PEMUs were considered to
be perfectly elastic in the range of applied forces, so v; was set to 0.5. Force curves were
offset in the x and y directions to set the contact point to zero force and zero distance. The fit
was performed in the range 0 to 25, 40, and 50 nm for 13, 15, and 16 layer films
respectively.

Results and Discussion

A common route to viologen containing polyelectrolytes is polycondensation of bipyridine
with various a,m-alkyl dihalogenides.** However, reaching high molecular weights is
difficult*® (for example, purification by dialysis leads to extensive loss of materiall’). To
maintain high molecular weight starting materials we chose the modification route,*6
starting with poly(p-vinyl benzyl chloride) having a M,, of 127,900 + 600 g/mol and a M,,/
My, of 1.62 as precursor polymer. Treating the starting polymer with mono-methyl
bipyridinium in DMF at 100 °C for 4 h yielded the desired polymer, poly(p-vinyl benzyl
viologen) (PVBV, Scheme 1), My, = 292,400 g mol-! with about 95 % of the monomer units
bearing viologen groups in reasonable yield (82 %).

The ideal stimuli-responsive film should have sufficient thickness and low surface
roughness to allow for convenient measurement of the mechanical properties, and a strong
change of properties upon application of a potential. Poly(acrylic acid) (PAA)/PVBV
PEMUs assembled in Tris buffer at pH 7.4 with 0.15 M NaCl were found to be well suited
for this purpose. The thickness of the hydrated PAA/PVBYV films, studied by quartz crystal
microbalance (QCM), increased “exponentially” with the number of layers (Fig. 1), as is
often observed for multilayers built with PAA.® Exponentially growing PEMUs are strongly
hydrated, show high mobility of at least one of the polyelectrolytes,*8 and are intrinsically
nonstoichimetric, as the growth mechamism requires excess of one of the polyelectrolytes
throughout the whole film.#® On adsorption of a PAA layer the dissipation decreased
relative to the previous PVBYV layer, indicating a stiffer film, while the frequency only
changed slightly (Fig. 1). A 13 layer PAA/PVBY PEMU had a hydrated thickness of nearly
300 nm, suitable for measuring its mechanical properties by nano-indentation; 15 and 16
layer films had thicknesses of 420 and 530 nm, respectively. The rms roughness of these
films in their hydrated form was 9 nm for a 1 um? area of a 15-layer film (Sl Fig. S1).
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The electrochemical behavior of these multilayers is dominated by peaks corresponding to
the reduction and oxidation of the viologen groups centered around E°'= —0.50 V vs. SCE
(Fig. 2). As the second reduction step of viologens is not entirely reversible, the scan range
was limited to address only the first reduction step. The shape of the voltammograms is
consistent with a reversible, surface-bound species. The appropriate color changes were
observed.37

In situ AFM nano indentation experiments®® were conducted to study the influence of the
reduction of the viologen groups on the mechanical properties of these films. Multilayers
were built on a glass disk coated with a gold electrode that served as the bottom of a liquid
cell. Platinum foil and Ag/AgClI were respective counter and reference electrodes. The
supporting electrolyte was 0.15 M NaCl. Although CV scans were run to -0.65V,
reproducible and reversible nanoindentation was observed by maintaining the applied
potential more positive than -0.55 V to limit excess extrinsic charge (compensated by
counterions), known to destabilize PEMUs.51: 5253 The potential was decreased stepwise
from 0 to —0.55 V, then increased back to 0V. At each step, 20 force curves were recorded
at different spots on the film. The approach part of the force curves up to an indentation
corresponding to 10 % of the film thickness was used to determine the apparent modulus of
the film using models based on Hertzian contact mechanics (references 10, 50). With
decreasing potential the slope of the force curves became steeper (SI Fig. S2). This
corresponds to an increase of the apparent modulus of the films as shown in Fig. 3. The
actual values depended on the number of layers and especially on the identity of the last, or
“top,” layer. Films with 15, 16, and 13 layers, terminated, respectively, by PVBV, PAA, and
PVBV were studied in detail. The initial modulus at 0 V increased in the order 15 layers, 1.5
MPa; 13 layers, 6.8 MPa; 16 layers, 7.3 MPa. The difference between 13 and 15 layers can
be explained by an increase in PEMU nonstoichiometry, as reflected also by the
“exponential” growth regime of these films. On the other hand, PAA as the last layer exerted
a stiffening effect.

The in situ modulus increased slightly from 0.0 V to — 0.4 V, then steeply. At —0.55 V,
moduli of 11, 32 and 71 MPa, respectively for the 15, 13 and 16 layer films, were measured.
This corresponds to a respective increase of the stiffness by a factor of 7.3, 4.7, and 9.7. The
lower increase of the stiffness for the 13 layer system is probably due to the lower total
number of viologen groups in this thinner film. The stiffening was reversible, and increasing
the potential again to 0 V lead to a softening of the film. No major change in the responsive
properties was observed over several cycles (SI Fig. S4). The modulus changed nearly
linearly with the percentage of reduced viologen groups (SI Fig. S5). No significant change
of the topography of the PEMUs occurred upon application of a potential ramp (SI Fig. S1).
Films have about the same modulus at the starting potential (0.0 V) as they had before
electrochemical treatment. Thus, the composition at 0.0 V is assumed to be the same as that
of the nascent, or as-prepared, multilayer.

The reduction of the viologen groups leads to the loss of positive charges inside the film. As
the film does not decompose, and hence no polyelectrolytes are lost, charge compensation
must be achieved either by bringing sodium ions into the film or by liberating chloride ions
into solution, or a combination of both. To gain more insight into the dynamics of charge
inside the PEMU, cyclic voltammetry was performed in situ in a quartz crystal
microbalance. The PAA/PVBYV multilayers were assembled on the gold surface of the
crystal, which also served as the working electrode. On reduction, the resonance frequency
increased, while the dissipation decreased, for 15 layer PEMUs terminated with PVBV (Fig.
4A). A detailed analysis of the QCM data using a viscoelastic model showed that this
corresponds to a decrease of the thickness of the film (and also of its mass), as observed for
viologen containing polyelectrolyte complexes,®* and an increase of its stiffness (see Figures
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S7 and S8 in the Supporting Information). The maximum change in resonance frequency
corresponds to a decrease of the thickness by about 15 %. As is typical for QCM, a mass
gain(loss) reflects a net influx(outflow) of ions it is, however, reasonable to assume net
water flux flows in the same direction as net ion flux. Charge compensation in the 15 layer
system is hence achieved by anion outflow. Both stiffness and mass changes are reversed
when the PEMU is reoxidized.

For the 16 layer PEMU terminated with the polyanion PAA the QCM response was different
(Fig. 4B). An initial strong decrease of the resonance frequency and a complex response,
including an increase, of the dissipation was followed by an increase of the resonance
frequency and a decrease of the dissipation. This indicates that charge compensation is first
achieved by cation influx, and changes at some point to anion (and cation) outflow. Analysis
of the data for the 16 layer system using a viscoelastic model®® indicates that the initial
response effectively corresponds to an increase of the thickness of the film (SI Fig. S9), and
that this is also accompanied by an increase of the modulus (i.e. stiffening, SI Fig. S10). The
complex response in Fig. 4b suggests at least two processes are occurring together under
kinetic control. The fact that this was only observed in systems terminated with a polyanion
layer (14-layer films behaved similar to 16-layer films and 13-layer films (Sl Fig. S11)
behaved similar to 15-layer films) suggests that surface charge plays an important role in ion
flux. We assume that the negative excess charge at the film surface in the case of the 16-
layer system hinders outflow of anions, which results in charge compensation by cation
influx and hence to an increase of the osmotic pressure in the film and so to the observed
swelling. At some point the swelling of the film and the influx of cations decrease the effect
of the surface charge making the outflow of anions and cations possible. This leads then to a
deswelling of the film. Both frequency and dissipation return to their original values after
voltage cycling. The kinetic complexity inferred from Fig. 4b is not observed in the AFM
measurements because the timescale of the “scans” in the nanoindentation are much longer.

The data in Fig. 3 show a strong, reversible, change in modulus with extent of reduction for
both PAA and PVBYV terminated multilayers. Increase of the modulus of a polymeric
network is associated with an increase of the density of effective crosslinks.%6 However, the
stiffening mechanisms for 15- and 16-layer films appear to be quite different. Fig 4A shows
that the 15-layer PEMU loses mass as it stiffens. Fig. 5 shows two possible mechanisms for
increased modulus with mass loss: a) formation of an ion pair crosslink with loss of ions. b)
formation of a viologen dimer crosslink and loss of ions. Viologen radical cations are known
to form ion pairs, especially at high concentration (as found within the multilayer).34 57

The PAA-terminated 16 layer film showed a mass gain and a complex stiffening response
when reduced. Mass gain with stiffening can be accomplished via a mechanism shown in
Fig. 5¢, which again invokes viologen radical cation dimerization. Taken together these
results suggest that the stiffening is largely due to the formation of crosslinks by
dimerization of viologen radical cations. Detailed studies of this mechanism using
spectroelectrochemical methods will be reported in the future.

The parameters and changes deduced from the QCM viscoelastic modeling are of the same
magnitude and direction as those from nanoindentation, but are taken over a much higher
frequency range. Variable frequency measurements of PEMU modulus show a strong
viscous component, which attenuates at higher frequency.>® Thickness data become more
realiable for stiffer films. Changes in hydration probably account for a minor portion of the
modulus change, as more hydrated films are expected to be softer. However, the
dimensional changes were rather small here — insufficient to account for the large swings in
modulus. Futhermore, films that became thinner (less hydrated) on reduction, such as the
15-layer PEMU, or thicker (more hydrated), i.e. the 16 layer PEMU, both became stiffer.
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Conclusion

In conclusion, these thin films allow the reversible, repeated, and controlled switching of
their mechanical properties by nearly one order of magnitude. By varying the number of
layers and the last layer the total range of moduli accessible reaches nearly two orders of
magnitude. In situ microbalance measurements reveal some complexity in the flow of ions
into and out of the multilayers as they are electrochemically cycled. These PEMUs are
possible platforms for the study of cell response to the mechanical properties of the substrate
in situ, which studies are underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Build up of PEI(PAA/PVBV) PEMUs studied by QCM. A: Frequency and dissipation
change of the 3 harmonic during build up of a 16 layer PEMU. B: Thickness of the

number of layers
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hydrated film versus number of layers as obtained from the QCM data using a viscoelastic
model#’. The larger thickness steps with PVBV are consistent with an excess of PVBV

charge in the multilayer.
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Figure 2.
Cyclic voltammetry of a PEI(PAA/PVBV)y (15 layers) and a PEI(PAA/PVBV);PAA (16
layer) PEMU on a Pt electrode in 0.15 M NaCl against SCE. Scan rate: 2 mV s,
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Figure 3.

Apparent modulus of PAA/PVBYV PEMUS versus potential measured by AFM
nanoindentation in 0.15 M NaCl. “Scans” were performed downwards from 0.0 V to — 0.55
V (<) and then upwards (A) to obtain “cyclic duravoltammograms.” A: 15 layers, B: 16
layers.
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QCM electrochemistry on a 15 layer PEMU (PEI(PAA/PVBV)7), upper panel, and 16 layer
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Figure 5.

Possible mechanism of stiffening by a) formation of an ion crosslink through outflow of
ions, leading to mass loss; b) formation of a viologen radical dimer, leading to loss of
chloride ions and mass loss; and c¢) formation of a violgen radical dimer, with influx of
sodium ions and mass gain.
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Scheme 1.

A, Synthesis of poly(vinyl benzyl viologen) (PVBV); B, Viologen redox chemistry.
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