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Abstract
Free-standing and supported films with lateral gradient in composition were prepared using blends
of poly(acrylic acid) (PAA)/sodium salt and its copolymers with acrylamide (AAm) in an applied
electric field. The gradients were stabilized by complexation of carboxylate groups with metal
species. To find the favorable conditions and components for successful blending and interaction
with Fe and Ce species, we studied blending of the two PAA samples with molecular weights of
2,000 and 15,000 Da with two copolymers of AA and AAm (with 10 and 70 wt. % of AA units) and
interaction of these blends with Fe(III) and Ce(IV) ions. The structure of the hybrid (blend) films
was studied using differential scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS),
UV-vis spectroscopy, X-ray diffraction and optical microscopy. To ensure blend miscibility and
efficient interaction with metal ions, the copolymer containing 70 wt.% of AA units has been used.
The surface enrichment with metal species was observed at all experimental conditions studied in
this work. For lateral gradient film formation, 15,000 Da PAA has been used to avoid uneven
distribution of the homopolymer in the film, observed for 2,000 Da PAA. The gradient films were
characterized by XPS. The lateral gradient of functionality such as COONa group or Fe content, has
been obtained at different strengths of electric field applied during film formation. The use of lower
voltage allows one to prevent NaOH formation and creates more favorable conditions for
development of a gradient polymer film. The Ce content gradient was not observed due to formation
of large Ce oxide particles (≥750 nm), masking the gradient of functionality. For the first time, free-
standing films with lateral gradient in composition were prepared using an applied electric field.

1. Introduction
In nature many load-bearing biomaterials with excellent mechanical properties have chemical
and morphological interface gradients between hard and soft tissues. Based on recent mussel
byssus and polychaete jaw studies it is suggested that these gradient structures minimize
interfacial stresses, increase mechanical toughness, reduce fracture and enhance energy
dissipation between adjoining stiff and soft tissue, 1,2 The chemistry that nature uses to
establish these gradient interface structures is unique and not well understood or utilized in
composite material synthesis or processing. In general it is not a layer-by-layer deposition
process, but instead involves a continuous modification of composition and structure. In this
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manuscript polymer electrolyte blending and applied electric fields are used to generate such
continuous gradient interfaces.

The byssal threads in mussels are used by mollusks for attachment to hard surfaces in the
turbulent intertidal zone. Recently a gradient of Dopa (3,4-dihydroxyphenylalanine) along the
length of the foot was found along with closely coupled gradients in Al and Fe distribution.3
Another example of the creation of a gradient intermediate region is the structure of the soft
zone separating the bulk dentine and enamel.4 This zone was found to have a gradual change
of structure creating a cushioning region which is responsible for durability of the tooth.

Despite the fact that gradients in biomaterials have been investigated only relatively recently,
interest in synthesizing gradient materials appeared in the late 1980s and early 1990s. In the
majority of cases,5–9 the graded transitions in composition between two dissimilar materials
such as a metal and a ceramic were explored in order to redistribute thermal stresses. In general
gradient materials can be based on inorganic materials such as metals or ceramics or organic
materials such as polymers and copolymers.9,10 It is worth mentioning that sometimes gradient
materials based on polymers are called “gradient polymers”,10 although in fact there is no
gradient along the polymer chain. It has been only demonstrated recently11,12 that gradient
copolymers (with variation of the sequence of units along the chain) can be prepared as well
using simultaneous copolymerization of suitable monomers. Here we explore instead the use
of applied electric field for preparation of materials with a lateral composition gradient.

Another possible difference in gradient materials is how the gradient is created. Scheme 1
shows two possibilities: a gradient is formed in a lateral dimension (Scheme 1A) or across a
film cross-section (Scheme 1B).

The morphology with cross-section gradient shown in Scheme 1B is easier to make because
many methods normally used for thin film preparation can be easily employed. Diamond/β-
SiC gradient composite films, for example, were made by chemical vapor deposition of several
precursors with a different flow rate.13 Formation of C-SiC-Si gradient films has been achieved
by ion beam assisted deposition of carbon on Si substrate leading to silicon carbide with a
gradient composition.14 B-C-N compositional gradient layer with enhanced structural and
mechanical properties enabled the deposition of stable cBN coatings by sputtering a boron
carbide target.15 Co-sputtering from two independent magnetron sources allowed preparation
of gradient polymer-metal nanocomposite films based on polytetrafluoroethylene and Ag.16
The fully polymeric films with a cross-sectional gradient or gradient optical fibers can be
prepared by diffusing a guest monomer into semicrystalline or glassy polymers limiting the
monomer diffusion, followed by polymerization of a guest monomer.10

Lateral gradient materials shown in Scheme 1A are rarer but can be achieved by applying an
external field (electric, magnetic, etc.) to a forming film. The example of such an application
of the electric field is a lateral thickness gradient of poly(acrylic acid) (PAA) formed by Zn
(II)-catalyzed electropolymerization of acrylic acid in the presence of an in-plane
electrochemical potential gradient applied to Au working electrodes.17 A similar approach
using both PAA and poly(acrylamide) (PAAm) lateral polymerization followed by further
derivatization allowed preparation of functional in-plane gradient materials containing various
functionalities or Au nanoparticles.18 A recent paper19 reports the preparation of poly(N-
isopropylacrylamide) polymer brushes showing lateral gradients in the patchiness of polymer
chains. These gradients were achieved through grafting using an atom transfer radical
polymerization and utilizing surfaces on which the spatial profile of the initiator density was
designed. These elegant materials, however, could be prepared only as thin (~200 nm) films
on a specially designed substrate.
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We believe that the use of the electric field for development of lateral gradient materials is a
promising and robust approach because it allows formation of both free-standing and thin films
on various substrates. In this paper we report the formation of lateral gradient films (both
supported and free-standing) using blends of PAA/sodium salt and its copolymers with
acrylamide (AAm) in the applied electric field and fixing the gradients formed by complexation
of carboxylate functionalities with metal species.

In an electrolytic cell the applied potential drops sharply near the electrodes and in a linear
manner across the electrolyte. Cations and anions redistribute (or migrate) in the electrolyte
driven by the local potential. Diffusion of charged as well as uncharged species opposes the
migration. Carboxylate groups (obtained by ionization of carboxylic acid groups) are attracted
to the anode during electrolysis and water loss. The resulting carboxylate group concentration
profile, determined by counteracting effects of diffusion and migration, can be controlled by
both electric field strength and electrolyte composition. Gradient PAAm-AA/PAA films with
lateral variation of carboxylate group concentration, resulting from electrochemical treatment,
are stabilized by complexation of carboxylate groups with metal species.

In order to determine the optimal conditions and components for blending and interaction with
metal species, we first studied the blending of PAA of two molecular weights with two
copolymers of AA and AAm at different pH and interaction of these blends with Fe(III) and
Ce(IV) ions. Secondly, we used the optimized material preparation procedure for the
preparation of gradient materials under the influence of an applied electric field. We chose
multivalent ions for complexation to ensure efficient interaction/crosslinking with carboxylate
groups. The structure of the hybrid films and the gradient materials was studied using
differential scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS), UV-vis
spectroscopy (UV-vis), X-ray diffraction (XRD), and optical microscopy.

2. Experimental part
2. 1 Materials

PAA (2,000 Da MW, PAA-1), PAA sodium salt (15,000 Da MW, 35 wt.% solution in water,
PAA-2), FeCl3 6H2O, and (NH4)2Ce(NO3)6 were purchased from Aldrich and used as
received. Poly(acrylamide-acrylic acid, sodium salt) with 70 wt.% of PAA (200 KDa, PAAm-
PAA(70)) and Poly(acrylamide-acrylic acid, sodium salt) with 10 wt.% PAA (200 KDa,
PAAm-PAA(10)) were purchased from Polysciences Inc. and used without purification. The
1 M NaOH (Aldrich) and 1.0 N HCl (Sigma) aqueous solutions were used as received. Water
was purified with a Milli-Q (Millipore) water purification system (18 μS).

2.2 Methods
The 10 wt.% solutions of PAA-1 and copolymers have been prepared by placing 10 g of a
corresponding polymer in 90 mL of deionized water followed by 24 h stirring. To make mixed
solutions containing 15 or 30 vol.% of PAA-1, 15 or 30 mL of PAA-1, respectively, were
mixed with 85 or 70 mL of a copolymer solution followed by 24 h stirring. PAA-2 (35 wt.%
solution in water) was diluted to 10 wt.% concentration and then mixed solutions were prepared
using the same procedure as for PAA-1. If the pH of the solution was to be adjusted (see Table
1), 1 M solutions of NaOH and HCl have been used. The hybrid free-standing films with
thickness of 150 μm were prepared by evaporation of 1.5 mL of a corresponding mixed solution
on a PS Petri dish (3.5 cm in diameter) at 40 °C.

Interaction with metal ions was carried out by placing the polymer films in the methanol or
ethanol solutions of the corresponding salt (4 w/v %) and using stirring for the ion exchange
time exceeding 1 min. Reaction conditions and the metal content found by XPS measurements
are presented in Table 2.
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To create a gradient of functionality we used an electric field applied between two platinum
electrodes in contact with a mixed solution containing PAA and PAAm-PAA(70). Two major
setups have been used. To prepare free-standing films of 155 m, the mixed solution (1.5 mL)
was placed into the PS Petri dish between two 2.5 cm wide electrodes parallel to each other
and spaced 2 cm apart which were normal to the dish surface. The applied potential difference
varied from 3 to 6 V. At this voltage insignificant water electrolysis was observed but bubbling
occurred only in the proximity of electrodes and did not disrupt the integrity of the forming
film. Film formation occurred during water evaporation at 40 °C. In the second setup, thin
supported films were prepared on a rough surface of 1 by 3 inch glass substrates. Rough surface
was made by sandblasting glass slides to achieve better film adhesion. Electrode stripes were
cut from a Gas Diffusion Electrode loaded with a platinum catalyst (product of E-TEK ELAT,
30% Pt on Vulcan XC-72) and glued to substrates with a double-sided sticky tape. Thin
supported films of 1 μm thickness were prepared by placing 100 L of the corresponding solution
on the glass slide between the electrodes and by applying a potential difference of 3–5 V at 40
°C.

2.3 Characterization
DSC was performed using a Netzsch DSC 204 calorimeter. Both cyclohexane and indium were
used to calibrate transitions. Polymer films were ground with mortar and pestle to form
powders. Samples weighing between 6–14 mg were sealed in aluminum pans and heated once
from 25 °C to +300 °C at a rate of 10 °C/min. Liquid N2 was used as the coolant.

Fe and Ce contents were determined using X-ray fluorescence measurements performed with
a Zeiss Jena VRA-30 spectrometer equipped with a Mo anode, a LiF crystal analyzer, and a
SZ detector. Analyses were based on the Fe and Ce Kα lines. A series of standards were prepared
by mixing 1 g of polystyrene with 10–20 mg of standard compounds. The time of data
acquisition was held at 10 s.

Optical microscopy was carried out with a Nikon Eclipse ME600 optical microscope with
reflected and transmitted light.

UV-vis spectra were recorded on an Olis CARY-14 spectrometer in the range 200–800 nm.

X-ray diffraction patterns were collected on a Scintag X2 θ–θ diffractometer with a Cu Kα
source (1.54 Å).

Images of the sample surfaces were obtained via Scanning Probe Microscopy (SPM) using a
TriboIndenter® (Hysitron, Minneapolis, MN) with a cube corner diamond tip with a contact
set-point of 2μN.

High-resolution and survey XPS scans were collected on a Kratos Axis Ultra spectrometer
(Kratos Analytical, Manchester, UK). Monochromated Al Kα 1,2 1486.6 eV radiation was
used as an excitation source. C 1s and N 1s spectra were collected at 20 eV pass energy. The
C and O scans were taken using a channel width of 0.05 volt (50 meV), and the Fe, Ce and N
were taken using a channel width of 0.1 volt (100 meV). Survey scans were performed using
160 eV pass energy and 0.5 eV channel width. All spectra were accumulated quickly and in
fresh areas of the films to avoid artifacts due to beam damage. All binding energies (BE) were
referenced to aliphatic C 1s at 284.9 eV. Measurements were carried out at least three times
for each sample or position.
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3. Results and Discussion
Before studying formation of lateral gradient films, we needed to establish the optimal
composition of hybrid (polymer blend) films and the appropriate conditions for interaction of
these films with metal ions. In order to accomplish that, we first studied the blending of PAA
of two molecular weights with two copolymers of AA and AAm at different pH and then
interaction of these blends with Fe(III) and Ce(IV) ions as described below in Sections 3.1 and
3.2. Formation of gradient films is described in Section 3.3.

3.1. Structure and Appearance of the Hybrid Films
3.1.1. Miscibility—The hybrid films #1–1 and #2–1 based on PAAm-PAA(10) and prepared
without pH adjustment (pH 4.3 and 3.9, respectively, Table 1) are fully transparent indicating
a lack of macroheterogeneities, i.e., good miscibility of the components. However, after
interaction with metal ions the metal content in these films (from the XPS measurements) was
negligible, most likely due to a low fraction of the ionized groups (note that pKa of PAA is
4.820). In order to increase the fraction of the carboxylate groups and to facilitate interaction
with metal ions by electrostatic interaction, we adjusted the pH of the mixed solution to 6.5
(samples #1–2 and #2–2, Table 1). This, however, resulted in opaque films indicating that the
components are not sufficiently miscible and phase separate, despite solutions being quite
transparent. This was a surprising result considering that PAAm and PAA may complex due
to hydrogen bonding, but the critical pH for this complexation in solutions is 3.0,21,22 which
is much lower than the pH 6.5 reported here. Currently we cannot explain this puzzling result.

Alternatively, in the case of PAAm-PAA(70) (samples #3 and #4, Table 1) containing a high
fraction of PAA, the hybrid films are fully transparent at all pH values, demonstrating good
miscibility of the components of the blend. These observations are confirmed by the DSC data
(see the Supporting Information, SI, Figure SI and discussion therein): for the hybrid film
demonstrating good miscibility, the DSC profile is different from those of the components,
while in the case of poor miscibility, the profile of the hybrid film rather repeats the DSC profile
of the component(s).23,24 Because of better miscibility and a higher content of the carboxylate
groups, interaction with metal ions (Section 2) and gradient film formation (Section 3) were
studied with the hybrid films based on PAAm-PAA(70).

1.2. UV-vis spectroscopy, optical microscopy and XRD: Figure 1 presents UV-vis spectra
of the Fe- and Ce-containing films. One can see that the increase of the ion exchange time
results in an increase of the optical absorbance (Fig. 1a) below 500 nm, indicating an increase
of the Fe content in the film. The shape of the spectra resembles that of Fe oxide or hydroxide
species.25,26 The ability of Fe species to form hydroxides or oxides is well-known.27 At pH
6.5 in the PAA/PAAm-PAA(70) polymer blend, Fe(OH)2

+ and Fe(OH)3 species can initially
form and then transform to FeO(OH).27 This is consistent with the UV-vis data.28
Incorporation of iron does not result in film turbidity, but the appearance strongly changes with
ion exchange time. Alternatively, treatment of the #5 film with (NH4)2Ce(NO3)6 solution
results in opaque bright yellow films, the opacity of which increases with time. The longer the
ion exchange time of the films to the Ce salt solutions, the less transparent they become (Fig.
1b).

After only 15 sec ion exchange time to the Ce salt solution the hybrid film contains particles
of 750 nm in diameter, as seen from the transmitted-light optical microscopy image presented
in Figure 2a (see inset for a higher magnification image). At the same time, the reflected-light
image of the same film shows equal coloring, and a uniform distribution of the reflecting
species on the film surface (Fig. 2b), revealing that the particles are evenly dispersed on the
film surface. We believe that the formation of comparatively large particles is the reason for
the transparency loss. In the #5-Ce-meth-30sec sample the particle size is 1.2 μm.
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The longer ion exchange time (2 min) to the (NH4)2Ce(NO3)6 solution leads to fully opaque
film (see discussion above), the reflected-light image of which (Fig. 2c) shows a homogeneous
distribution of the reflecting species as well. In this case, the particle size cannot be estimated
because of the lack of transparency. Because Ce(IV) ions are easily hydrolyzed even in acidic
solutions (~pH 2) (although they are also prone to formation of complexes retarding the
hydrolysis), it is highly probable that they form multinuclear hydroxide species complexing
with methanol (see discussion of XPS data in the SI).27 Considering the solubility product of
CeO2, one can suggest that formation of CeO2 species is also possible.

For Fe-containing films, the 1 min ion exchange time with FeCl3×6H2O results in the fully
transparent homogeneous film (Fig. 2d, e), while the 5 min ion exchange time leads to the
slight, visible heterogeneity of the film (Fig. 2f). Further increase of the ion exchange time
results in inhomogeneous film coloring probably due to uneven shrinkage across the film (Fig.
2g). We believe that this shrinkage is due to cross-linking of the film with Fe(III) ions The
reflected-light image (Fig. 2h) also shows uneven coloring and the same pattern as the
transmitted-light image due to a non-uniform distribution of the reflecting species on the film
surface.

1.3. XRD: In order to estimate the phase composition of the Fe- and Ce-containing films, we
recorded the XRD patterns of the ‘#5-Fe-meth-5min’, ‘#5-Fe-meth-30min’, ‘#5-Ce-
meth-30sec’, and ‘#5-Ce-meth-2min’ films (Fig. 3). All the four samples display very broad
amorphous halos in the whole two theta range, yet these patterns significantly differ from the
more localized amorphous halo of the polymer blend. The increase of the intensity of the XRD
patterns for the films obtained at longer ion exchange times corroborates formation of more
organized phases. Moreover, appearance of the peaks at ~23 and 28 degrees in two theta in the
diffraction pattern of ‘ #5-Fe-meth-30min’ confirms short-range order with d-spacing of 3.8
and 3.2 Å, respectively, which are consistent with α-FeO(OH) and β-FeO(OH).29 Since for
the Ce-containing samples, the particles are large (at least 750 nm or larger), the absence of
the diffraction peaks unambiguously confirms the amorphous character of the inorganic phase,
although some short-range order with d-spacing of 3.6 Å is observed. In the case of the Fe-
containing samples, the particles are not visible in the optical microscope so that the XRD
patterns can be assigned to a mixture of the amorphous and very small crystalline particles (see
peaks in the amorphous halo in ‘#5-Fe-meth-30min’).

2. Composition of the Hybrid Films by XPS
The high resolution XPS spectra in the C 1s and O 1s regions for the mixture of 15% of PAA-1
in PAAm-PAA(70) at pH 6.5 (#5, Table 1) are described in SI (Fig. S2). When Fe(III) ions are
incorporated into the #5 film, the only noticeable change in the high resolution C 1s spectra of
the Fe-containing samples (see #5-Fe-meth-1min in Fig. 4a) is disappearance of the COOH
groups (peak at 289.3 eV). Since interaction with Fe(III) should occur easier with a carboxylate
group, it causes the disappearance of the carboxylic acid groups. The O 1s spectra of the iron-
containing films (see #5-Fe-meth-1min in Fig. 4b) also show a decrease in the intensity of the
peak ascribed to OH of the carboxylic groups (around 532.5 eV) and appearance of a new peak
at 530.5–530.8 eV (Fig. 5) which can be assigned to the Fe-O species. The increase of the
intensity of this peak is consistent with the increase of the iron species in the films. The position
of this peak can be due to oxide –O2− or hydroxide (OH) species. Unfortunately, the complexity
of the broad O 1s peaks in these hybrid materials does not allow a more accurate assignment
of this peak.

The iron contents obtained from the XPS data are shown in Table 2 while the high resolution
Fe 2p XPS spectra are presented in Figure 5. The increase of the ion exchange time of the #5
film in the ferric chloride solution does not significantly influence the iron content. (Note that
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the XPS penetration depth is about 10 nm.) For the #5-Fe-meth-5min sample, this value is 6.3
wt.%, while the elemental analysis data obtained by X-ray fluorescence spectroscopy for this
sample gives a value of 2.2 wt.% Fe content in the bulk film (Table 2), revealing surface
enrichment with Fe species. Surface enrichment with modifying species compared with bulk
content was also observed by others using XPS,30 although XPS in conjunction with X-ray
fluorescence analysis is rarely applied.31

Use of a less polar solvent such as ethanol results in a lower Fe content on the film surface
most likely due to a lower dissociation degree of the Fe salt in ethanol. One might think that
the enrichment of the mixed polymer films with the PAA component (sample #6) should result
in an increase of the surface metal content due to an increased fraction of carboxylate groups.
However, the XPS data unambiguously show the opposite trend: The Fe content in the #5 films
is consistently higher than that in the #6 films. We believe this is owing to burying the larger
fraction of PAA within the film volume and the lower fraction of the carboxylate groups on
the surface. Enrichment of a film/air interface with more hydrophobic species was reported by
others for various polymer blends.32,33

The deconvolution of the high resolution Fe 2p spectra shows that in all cases both Fe(II) (Fe
2p3/2 peak at 709.0 eV) and Fe(III) (Fe 2p3/2 peak at 710.6 eV) are present. We think that
methanol serves as a reducing agent for the Fe(III)-to-Fe(II) transition in the iron containing
samples, with methanol transforming to oxidation products such as formaldehyde.34,35 Since
practically no changes in the C 1s and O 1s spectra of the Fe-containing samples are observed
(compared to those of the #5 film), we believe that these oxidation products are not incorporated
in the metallated films. The quantification of the deconvoluted peaks shows the gradual
increase of Fe(III)/Fe(II) ratio in the film with the increase of the ion exchange time. This may
be due to the fact that ion exchange is fast, while the reduction rate is slow, leading to an
increase of the Fe(III)/Fe(II) ratio with increased reaction time. When the film is dry, no further
oxidation/reduction occurs: the XPS data do not show any changes for the samples examined
the next day or a week after preparation.

Ion exchange of the #5 films with (NH4)2Ce(NO3)6 solutions results in sequestering the Ce
ions into the films. Immediately after the treatment, the films are bright yellow indicating the
presence of the Ce(IV) species. However, in 24 h the films become pale yellow and in three
days under the air or next day in the XPS chamber (vacuum) the films turn white indicating
transformation of Ce(IV) to Ce(III) (see details in the SI).

3. Gradient Films
Based on the above studies, in the gradient film formation PAAm-PAA(70) was used to provide
good miscibility with PAA. However, when the free-standing gradient films were formed from
the #5 and #6 solutions based on low molecular weight PAA-1, we observed formation of an
“island” of PAA near the anode, indicating a phase separated heterogeneous distribution of the
components due to excessive mobility of the short PAA molecules. After PAA-1 was replaced
with PAA-2, no “island” formation was observed. However, because the free-standing films
based on the #7 samples after interaction with metal ions were very brittle and difficult to
handle (partially due to a higher fraction of the lower molecular weight component, PAA-2),
the further free-standing film experiments were made with the #8 samples.

Figure 6 presents composition (extracted from XPS survey scans) of the free-standing film
based on #8–1 (pH=8.0, Table 1) and made at 5 V(a) and 3V(b) for several positions between
the anode and cathode. Larger potential differences between electrodes result in steeper
variation of concentrations with distance. For 5V, the O/C atom ratios at the cathode and anode
are 0.89 and 0.41, respectively. It should be noted that for PAA, the O/C atom ratio is 0.67
while for PAAm, it is 0.33. However, the very high content of sodium ions near the cathode
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(Na/O atom ratio is 0.85) indicates that most likely NaOH is formed during water electrolysis
due to local increase of pH when H2 is produced at the cathode. In a similar experiment but
carried out at 3 V (Fig. 8b), the O/C ratio near cathode and anode are 0.56 and 0.38, respectively,
and the Na/O ratio near cathode is only 0.38 indicating that the majority of the functional
species near the cathode should be –COONa, not NaOH. Apparently the lower voltage
diminishes rate of electrolysis and decreases the fraction of NaOH formed.

The free-standing films based on the #8 sample and reacted with Fe(III) ions were less brittle
than those based on #7, but still they were easily broken which can be attributed to uneven
crosslinking of the film surface creating film stress. Thus, for more sophisticated experiments
with a gradient electrochemical potential and for further interactions with metal ions, we used
thin films (from #7–2, Table 1) supported on etched glass slides at different applied electric
fields.

The concentration gradient distribution is a result of competition between ionic group
migration, governed by the electric field of strength E, and the diffusion process. Since strength
of the electric field is determined as E = V/d, both potential difference V and distance between
electrodes d determine electric field strength and can control concentration gradient distribution
in the films. In order to study the dependence of the concentration gradient profile on the
distance between electrodes, while keeping the potential difference the same, we prepared a
thin film sample of a trapezoid shape (Fig.7). Electrodes, made of platinum loaded carbon cloth
(ELAT, product of E-TEK Division, BASF) were positioned at the angle of 10 degrees to the
long side of substrate, as shown on Figure 7. In such an arrangement, a potential difference
applied between electrodes results in different electric field strength along the sample: in higher
magnitude (3.5 times for the chosen geometry) at the end of the sample, where the distance
between electrodes is shorter (d1), and in lower magnitude at the end, where the distance is
larger (d2). The electric field profile along the sample is shown in Figure 8b as a function of a
distance.

The #7–2 film prepared using the setup shown in Figure 7 and reacted with FeCl3 solution for
1 min is presented in Figure 8a. The darker area along cathode is believed to be due to NaOH
deposition.

From Figure 9 one can see that for all series there is a gradient in the Fe content suggesting a
gradient in the carboxylic group functionality between electrodes. Steeper Fe content
concentration variation with the distance is achieved for the sample prepared at higher electric
field, as expected. We believe that the low Fe atomic concentration in the vicinity of the anode
is due to high Na content (Fig. 9b) (due to water electrolysis and formation of NaOH, see above)
and these data points do not reflect a gradient in polymer functionality. The concentrations,
measured for X = 0.3 cm should not be trusted as well, as intense NaOH formation masks the
functionality gradient. In contrast, concentrations measured at higher X demonstrate a stable
gradient in the Fe content. Moreover, a similar gradient is observed for the different electric
fields studied.

Unlike Fe-containing samples, the Ce-containing films do not show any consistent dependence
of the Ce content on the position between cathode and anode (see Fig. S6, SI), most likely due
to formation of large Ce oxide particles which mask the gradient of polymer functionality in
Ce-containing films.

To estimate mechanical properties of supported films, we used nanoindentation on supported
films without a gradient (see SI, Table 1 and discussion therein). The hardness and stiffness
(modulus) of the hybrid supported films before and after interaction with metal ions are
comparable to or higher than those of a number of other polymers or hybrid materials.36–39
Although both hardness and stiffness increase after incorporation of the metal species, the
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control experiment of the hybrid film exposure to methanol shows an even higher increase of
these parameters, revealing that the methanol influence overrides the influence of complexation
on film mechanical properties. Based on this finding, no mechanical testing on gradient films
was carried out.

Conclusions
Here we demonstrate the proof of concept and limitations for the formation of lateral
composition gradient films based on the polyelectrolyte blends (PAA and PAA-AM). The
electric field, applied during sample preparation, was used as a driving force to prepare free-
standing and thin supported gradient films. We found that the homogeneous gradient films can
be obtained using 15,000 Da PAA and PAA-AM copolymer containing 70% of AA units, while
for non-gradient hybrid films, 2,000 Da PAA can also be used. The duration of the ion exchange
of the films with metal salt solution was found to influence mainly the bulk metal content,
while the surface layer is rapidly saturated with metal species. Enhancing electric field strength
by either increasing the potential difference or decreasing the distance between electrodes leads
to the formation of a steeper concentration vs. distance profile. Free-standing gradient films
demonstrate a lateral gradient in C/O ratio, suggesting the gradient in the COONa group
content, however, these films are too brittle after interaction with metal ions. Thin supported
films are structurally robust and after complexation with the Fe salt they demonstrate a gradient
in Fe concentration, indicative of a gradient in carboxylate group content. Upon complexation
with Ce, large Ce oxide particles (≥750 nm) were formed, masking the gradient of polymer
functionality in Ce-containing films.
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Figure 1.
UV-vis spectra of Fe- (a) and Ce-containing (b) films based on the #5 sample (Table 1).
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Figure 2.
Optical microscopy images of #5-Ce-meth-15sec with transmitted (a) and reflected (b) light,
#5-Ce-meth-2min (c, reflected light), #5-Fe-meth-1min with transmitted (d) and reflected (e)
light, #5-Fe-meth-5min (f, transmitted light), and #5-Fe-meth-30min with transmitted (g) and
reflected (h) light. Inset in (a) shows a higher magnification image. The scale bar is 50 μm.
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Figure 3.
XRD profiles of the hybrid films based on #5 and containing Ce or Fe species.
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Figure 4.
High resolution XPS spectra of #5-Fe-meth-1min in C 1s (a) and O 1s (b) regions and their
deconvolution curves.
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Figure 5.
High resolution Fe 2p XPS spectra of #5-Fe-meth-1min (a) and #5-Fe-meth-5min and their
deconvolution curves.
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Figure 6.
Dependences of O/C atomic ratio and overall Na contents on the distance from anode to cathode
for free-standing films made at 5 V(a) and 3V(b).
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Figure 7.
Schematic representation of electrode arrangement. Electrodes are colored in grey. The film
is between the electrodes and is colored in white. The value d1 is the distance between
electrodes at one end and d2 is the distance at the other end. Polarity of the applied voltage and
the chosen coordinate system are also shown.
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Figure 8.
(a) Film appearance after reaction with FeCl3 with mapping of sample positions for XPS. (b)
Electric field strength (E = V/d ) as function of distance X.
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Figure 9.
Dependences of Fe (a) and Na (b) atomic concentration on the relative position Y/δY (where
Y is the distance from anode to the measurement point coordinate and δY is the distance
between anode and cathode) for thin supported films in five different distances X indicated in
the Figure legends and corresponding to different electric field strength.
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Scheme 1.
Schematic representation of gradient films composed of two components: A) Lateral gradient
(or gradient along the film surface); B) gradient across the film cross-section.
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Table 1
Composition of the Polymer Films Based on the Homopolymer/Copolymer Blends

Sample notation PAA molecular
weight, Da

PAA fraction in the
blend, %

Copolymer type pH

#1–1 2,000 15 PAAm-PAA(10) 4.3
#1–2 6.5

#2–1 2,000 30 PAAm-PAA(10) 3.9
#2–2 6.5

#3 2,000 15 PAAm-PAA(70) 5.8

#4 2,000 30 PAAm-PAA(70) 5.2

#5 2,000 15 PAAm-PAA(70) 6.5

#6 2,000 30 PAAm-PAA(70) 6.5

#7–1 15,000 30 PAAm-PAA(70) 8.0
#7–2 6.5

#8–1 15,000 15 PAAm-PAA(70) 8.0
#8–2 6.0
#8–3 6.5
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