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ABSTRACT: Alternating deposition of oppositely charged polyelectrolytes on porous supports is an
attractive way to synthesize selective, ultrathin ion-separation membranes. This study reports the use
of Cu2+ as a template in poly(acrylic acid) (PAA)/poly(allylamine hydrochloride) (PAH) membranes to
control fixed charge density and hence enhance anion-transport selectivity. Alternating deposition of PAA
partially complexed with Cu2+ and PAH on porous alumina supports followed by removal of Cu2+ and
deprotonation results in fixed -COO- sites in these films. Cu2+-templated PAA/PAH membranes show
a 4-fold increase in Cl-/SO4

2- transport selectivity compared to pure PAA/PAH membranes deposited
under similar conditions. Cross-linking of these templated membranes further increases Cl-/SO4

2-

selectivity by an order of magnitude to a value of 610. Changing the top layer of cross-linked, Cu2+-
templated membranes from negatively charged PAA to positively charged PAH decreases Cl-/SO4

2-

selectivity 10-fold, indicating that Donnan repulsion from a negatively charged surface is a major factor
behind selectivity. Modeling studies suggest that selectivity is due to both Donnan exclusion and diffusivity
differences among ions.

Introduction

Alternating layer-by-layer adsorption of polyanions
and polycations is an attractive method for forming
ultrathin separation membranes because of its versatil-
ity and simplicity.1,2 Previous studies of multilayer
polyelectrolyte membranes (MPMs) deposited on porous
supports showed selective separation of monovalent and
divalent ions,3-5 modest gas separations3,6-9 and highly
selective pervaporation.3,9-12 In the preceding paper,13

we utilized derivatization of poly(acrylic acid) (PAA) or
poly(allylamine hydrochloride) (PAH) to vary the fixed
charge in MPMs and control ion-transport selectivity.
This study focuses on enhancing the anion-transport
selectivities of MPMs by increasing their fixed negative
charge density through templating with Cu2+. Introduc-
tion of ion-exchange sites occurs due to partial Cu2+

complexation of the carboxylate groups of PAA during
the deposition of PAA/PAH membranes. Removal of
Cu2+ in acidic solution and subsequent deprotonation
of -COOH groups yields fixed -COO- ion-exchange
sites as shown in Figure 1. Studies of ion transport
through Cu2+-templated poly(acrylic acid) (PAA-Cu)/
PAH membranes show a 4-fold increase in Cl-/SO4

2-

selectivities compared to pure PAA/PAH membranes
deposited at similar conditions. Cross-linking14,15 of
templated films through heat-induced amidation can
yield Cl-/SO4

2- selectivities as high as 610, and these
selectivities can be achieved without a diminution in
flux relative to pure PAA/PAH membranes.

Such separations of ions of different valence are
important in applications such as removal of harmful
ions from water,16-18 water softening,19,20 production of
edible salt from seawater,21 and prevention of cooling
water fouling.22 Most of these applications require high
permselectivity among different ions as well as high
flux. Previous research on ion-exchange membranes

showed that permselectivity can be controlled by alter-
ation of hydrophilicity/hydrophobicity,23,24 cross-link-
ing,25,26 or surface charge density.27 To achieve maxi-
mum efficiency in ion-separation processes, a minimal
membrane thickness is also vital for achieving high flux.
Multilayer polyelectrolyte films (MPFs) are attractive
for ion separation membranes in part because of their
minimal thickness.

Several studies on ion-exchange membranes already
showed that monovalent/divalent ion selectivities can
be greatly improved by adsorbing one layer of polyelec-
trolyte to the surface of the membrane.27-29 However,
even better permselectivities might be obtained when
membranes are exclusively composed of MPFs. MPFs
are versatile materials for separation membranes be-
cause both their thickness and surface charge density
can, in principle, be controlled by varying deposition
conditions such as pH,30,31 salt concentration,32-36 and
the number of adsorbed layers.37 Recent studies show
that MPMs exhibit monovalent/divalent ion selectiv-
ities3-5,15 that are at least partially due to Donnan
exclusion at the charged surface layer of the polyelec-
trolyte films. Control over the charge density either at
the surface or in the bulk of MPMs should thus yield
control over membrane selectivity.

In this study, we use Cu2+-complexed PAA38-40 to
control the charge density within PAA/PAH films.
Several groups recently showed that metallosupramo-
lecular polyelectrolytes can be integrated into polyelec-
trolyte assemblies.41-45 For example, Kurth and co-
workers used iron-coordinated terpyridine as a polycation
to form MPFs with poly(styrenesulfonate).45 However,
in the present case, we only partially complex PAA with
Cu2+, so that PAA is still deposited as a polyanion. This
allows the introduction of cation-exchange sites after
removal of Cu2+ and the formation of highly selective
membranes. Ion-transport studies and simple modeling
of flux through these membranes suggest that selectiv-
ity is due to both Donnan exclusion and diffusional
selectivity.
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Experimental Section
Chemicals and Solutions. Poly(allylamine hydrochloride)

(PAH) (Mw ) 70 000), poly(acrylic acid) (PAA) (Mw ) 2000),
and 3-mercaptopropionic acid (MPA) were used as received
from Aldrich. We used a relatively low molecular weight PAA
to increase its solubility when complexed with Cu2+. NaCl,
CuCl2

.5H2O, and Na2SO4 were used as received from Spec-
trum. Anodisc porous alumina membranes with 0.02 µm
diameter surface pores (Whatman Anodisc) were used as
supports for deposition of polyelectrolyte films. For cross-linked
PAA/PAH membranes, the outer polypropylene support ring
of the alumina membrane was burned off prior to film
deposition by heating at 400 °C for 18-20 h.46,47 This was done
in order to prevent melting of the polymer ring into the pores
of the membrane during heat-induced cross-linking. Gold
slides (200 nm of sputtered Au on 20 nm Cr on Si (100) wafers)
were used as substrates for ellipsometric, external reflection
FTIR spectroscopy, and electrochemical studies.

Film Preparation. Prior to film deposition, porous alumina
substrates were cleaned in a UV/ozone cleaner (Boekel UV-
Clean model 135500) for 15 min. Deposition of polyelectrolyte
films began by dipping the substrate into a solution of PAA
(0.04 M with respect to the repeating unit) containing CuCl2

(2.5-7.5 mM) for 5 min followed by rinsing for 1 min with
water (Milli-Q, 18 MΩ‚cm). The substrate was then immersed
in a solution of PAH (0.04 M with respect to the repeating
unit and containing the same CuCl2 concentration as PAA)
for 5 min and rinsed with water for 1 min. The above procedure
was repeated until the desired number of bilayers was
deposited. The pH values of the deposition solutions were
adjusted to 5.5, 6, or 6.6 using dilute HCl and NaOH solutions.
Both PAH and PAA solutions contained 0.5 M NaCl as a

supporting electrolyte in order to increase film thickness, and
PAH and PAA depositions were always done at the same pH.
The porous alumina membrane is asymmetric such that the
permeate side contains 0.2 µm diameter pores, while pores on
the filtrate side are 0.02 µm in diameter. Deposition of
polyelectrolytes was limited to the filtrate side by using an
O-ring holder. After deposition of the desired number of layers,
membranes were rinsed well with water and dried with N2.
For cross-linking, membranes were placed in a flask that was
purged with N2 for 30 min and slowly heated to the desired
temperature (∼45 min ramping time). Then heating continued
at the desired temperature (100-160 °C) for an additional 2
h under N2 purging.

Similar to porous alumina supports, gold slides were UV
cleaned prior to deposition. However, before polyelectrolyte
adsorption, slides were immersed in an ethanolic solution of
2 mM MPA for 30 min and rinsed well with ethanol followed
by deionized water (Milli-Q, 18 MΩ‚cm). This produces a car-
boxylic acid-containing monolayer on the surface that will be
charged upon deprotonation. We use MPA rather than a long
chain alkanoic acid because the short chain thiols do not form
compact monolayers and thus will not block electron transfer
in electrochemical experiments.48,49 The polyelectrolyte deposi-
tion procedure on gold was the same as for porous alumina,
except that depositions started with PAH rather than PAA.

Film Characterization. Ellipsometry, external reflectance
FTIR, and electrochemical measurements were performed as
described previously.15,50 The supporting electrolyte in all
electrochemical experiments was 0.1 M Na2SO4. Before mea-
suring cyclic voltammograms (scan rate of 0.1 V/s), solutions
were purged with N2 for 20-30 min. The exposed electrode
area was 0.1 cm2.

Figure 1. Preparation of Cu2+-templated polyelectrolyte films on porous alumina supports. Step 1: adsorption of partially Cu2+-
complexed PAA on porous alumina. Step 2: adsorption of a polycation (PAH) in the presence of uncomplexed Cu2+. Step 3: removal
of Cu2+. Step 4: deprotonation of the free carboxylic acid groups of PAA. Repetition of steps 1 and 2 produces multilayer films.
Intertwining of layers is not shown for figure clarity.
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Ion-Transport Studies. Permeability studies were per-
formed using two glass half cells as described in the preceding
paper.13 After every run the apparatus was washed well with
water, and both cells were equilibrated with deionized water
for 30 min before the next run. Alternating NaCl (pH 5.3) and
Na2SO4 (pH 5.6) transport experiments were performed until
two successive chloride fluxes matched within 10-15%. After
the membrane achieved a steady Cl- flux value (this usually
occurs after 4-5 alternate NaCl and Na2SO4 runs), it was
removed from the permeability apparatus and dipped in pH
3.5 water (dilute HCl solution) for 1 h to ensure that all the
copper was removed from the membrane. Then the membrane
was immersed in deionized water (adjusted to pH 5-6 with a
dilute NaOH solution) for 1-2 h to deprotonate the -COOH
groups that were created upon removal of Cu2+. Permeability
experiments were then repeated, and Cl- fluxes differed by
less than 5% when performed before and after a Na2SO4

permeability experiment. The Cl-/SO4
2- selectivities and flux

values reported here are calculated from permeability studies
performed directly after immersing in pH 3.5 water followed
by pH 5-6 water. The permeate cell conductivity values were
converted to concentration using a calibration plot. Selectivity
was obtained by dividing the slopes in plots of concentration
vs time for different ions as described in the preceding paper.13

Results and Discussion
Synthesis and Characterization of Cu2+-Tem-

plated PAA/PAH Films. Figure 1 shows schematically
the preparation of Cu2+-templated PAA/PAH films on
porous alumina supports. The procedure begins by
preparing PAA complexed with Cu2+. To do this, we
employ a PAA repeating unit to Cu2+ ratio of 8:1 so that
∼25% of the -COO- groups of PAA will be complexed
with Cu2+ (two -COO- groups should bind with one
Cu2+). The pH of the solution must be around 5.5 so
that -COO- groups are mostly deprotonated and Cu-
(OH)2 does not precipitate. Alternating adsorption of the
Cu2+-complexed PAA and PAH results in a MPF.
Although UV/vis spectroscopy suggests that PAH does
not form a complex with Cu2+ at pH 5.5,51 we use the
same Cu2+ concentration in PAH deposition as for PAA
to prevent leaching of Cu2+ from the deposited PAA-Cu
layer. After the desired number of layers are deposited,
we expose films to a pH 3.5 solution to remove Cu2+

and create free -COOH groups on PAA chains. Subse-
quent immersion in a pH 5-6 solution deprotonates
these -COOH groups and increases the fixed negative
charge density in the film. The Cu2+-templated PAA/
PAH films differ from pure PAA/PAH films in that they
contain -COO- groups that are not electrically com-
pensated by the neighboring ammonium groups of PAH.
For cross-linked films, the same deposition procedure
(Figure 1) is followed, except the removal of Cu2+ and
deprotonation of -COOH groups (steps 3 and 4 in
Figure 1) occur after heating films for 2 h. Heating
results in the formation of amide cross-links from
-COO--NH3

+ pairs.14,52,53

Cyclic voltammetry (Figure 2) of PAH/PAA-Cu films
deposited on gold wafers confirms the presence of Cu2+

in these films as well as its removal at low pH. The
peaks due to Cu2+/Cu completely disappear after im-
mersion of the electrode in pH 3.5 water (pH adjusted
with 0.1 M HCl). Integration of the reduction or oxida-
tion peak allows estimation of the amount of Cu2+ in
the film, and this will prove useful in modeling of ion
transport (vide infra). As a comparison, we also inserted
Cu2+ into a 10-bilayer PAH/PAA film by immersing the
film in a 0.1 M CuCl2 solution for 20 h.54 The amount
of Cu2+ absorbed into this film was only about 1/7 of the
amount in a Cu2+-templated film.

Reflectance FTIR spectra also confirm templating of
PAH/PAA films with Cu2+. The spectrum of a PAH/PAA-
Cu film (spectrum a, Figure 3) shows a broadening of
the -COO- symmetric stretch compared with the
spectrum of a pure PAH/PAA film (spectrum d). This
broadening results from counterion-induced changes in
the energy of the -COO- stretch.55 Upon exposure to
pH 3.5 water and removal of Cu2+ (spectrum b, Figure
3), the -COO- symmetric stretch looks like that of a
pure PAH/PAA film. Further, a 50% increase in the acid
carbonyl peak (1715 cm-1) after immersion in pH 3.5
water suggests formation of free -COOH groups from
the Cu2+ complexes, as would be expected. Immersing
the film in pH 5-6 water deprotonates -COOH groups
and results in a decrease in the acid carbonyl peak
(spectrum c, Figure 3).

Figure 2. Cyclic voltammetry of a MPA-modified gold elec-
trode coated with 10 bilayers of PAH/PAA-Cu before (solid line)
and after exposing to pH 3.5 water (dotted line).

Figure 3. External reflectance FTIR spectra of (a) a 10-
bilayer PAH/PAA-Cu film, (b) the same film after exposure to
pH 3.5 water, (c) the film after exposure to pH 5-6 water,
and (d) a 10-bilayer PAH/PAA film deposited without Cu2+.
All films were deposited on a gold wafer coated with a
monolayer of MPA.
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Anion Transport through Cu2+-Templated PAA/
PAH Membranes. Ion-transport studies show that
PAA-Cu/PAH membranes on porous alumina supports
are significantly more selective than similar pure PAA/
PAH membranes. Figure 4 shows a plot of receiving-
phase concentration as a function of time for membranes
sandwiched between distilled water (receiving phase)
and 0.1 M NaCl or Na2SO4 (source phase). These plots
show that the Cl- flux through both Cu2+-templated and
pure PAA/PAH membranes is 30-40% of that through
bare porous alumina. However, 10.5-bilayer PAA-Cu/
PAH membranes (the top layer in the film is PAA-Cu)
show a 4-fold decrease in SO4

2- flux relative to pure
10.5-bilayer PAA/PAH membranes as shown in the inset

of Figure 4. Overall, Cl-/SO4
2- selectivity increases

4-fold due to templating (Table 1).
Cross-Linked Cu2+-Templated PAA/PAH Mem-

branes. One possible limitation to Cl-/SO4
2- selectivity

is that swelling in water may decrease charge density,
reducing Donnan exclusion of SO4

2- and decreasing
selectivity. In an effort to limit film swelling, we cross-
linked PAA-Cu/PAH films by heating under N2 to form
amide bonds through reaction of the ammonium groups
of PAH and the uncomplexed carboxylate groups of
PAA. Reflectance FTIR spectroscopy confirms that the
cross-linking reaction occurs.14 After heating at 160 °C,
external reflectance FTIR spectra show a large reduc-
tion in the intensity of -COO- peaks at 1570 and 1400
cm-1 and the appearance of amide peaks at 1660 and
1550 cm-1 (Supporting Information, Figure 1). At lower
heating temperatures, the amide peaks are more clearly
visible after exposing the cross-linked films to low-pH
solutions because peaks due to Cu2+-COO- complexes
also appear in this region of the spectrum. The degree
of cross-linking depends greatly on heating temperature
as indicated by amide peaks that increase with cross-
linking temperature.14

Diffusion dialysis studies show that as cross-linking
temperature increases, Cl-/SO4

2- selectivity increases
and then peaks when cross-linking at 130 °C (Table 1,
10.5-bilayer PAA-Cu/PAH films). Partially cross-linked
10.5-bilayer PAA-Cu/PAH membranes (130 °C) show a
10-fold increase in Cl-/SO4

2- selectivity over unheated,
templated membranes, and this increase is achieved
with only a 20% decrease in Cl- flux. At higher cross-
linking temperatures, Cl- flux begins to drop dramati-
cally, presumably due to a tighter membrane structure.
Sulfate flux does not continue to drop significantly at
higher cross-linking temperatures, and thus Cl-/SO4

2-

selectivity eventually decreases.
Compared with pure PAA/PAH membranes, the se-

lectivities and fluxes through partially cross-linked
PAA-Cu/PAH membranes are remarkable. Table 1
shows that partially cross-linked (130 °C) 10.5-bilayer
PAA-Cu/PAH membranes show a 20-fold increase in
Cl-/SO4

2- selectivity relative to similar cross-linked
pure PAA/PAH membranes. Additionally, the Cl- flux
through these cross-linked Cu2+-templated membranes
is 20-fold higher than the Cl- flux through pure PAA/
PAH membranes cross-linked at the same temperature.
This may be due to the formation of new transport

Table 1. Anion Fluxesa (mol cm-2 s-1) through Bare Porous Alumina and Alumina Coated with PAA/PAH and PAA-Cu/
PAH Films Cross-Linked at Different Temperatures

film composition cross-linking T (°C) Cl- fluxa × 108 SO4
2- fluxa × 1011 Cl-/SO4

2- selectivityc

bare 4.2 ( 0.1 3300 ( 200 1.3 ( 0.09
10 PAA/PAH 1.0 ( 0.2 1500 ( 300 0.7 ( 0.03
10 PAA-Cu/PAHb 2.3 ( 0.3 270 ( 11 9 ( 1
10.5 PAA/PAH 1.3 ( 0.4 110 ( 50 13 ( 3
10.5 PAA-Cu/PAHb 1.6 ( 0.2 30 ( 1 55 ( 3
10.5 PAA-Cu/PAHb 100 1.6 ( 0.5 20 ( 4 80 ( 15
10.5 PAA-Cu/PAHb 120 1.4 ( 0.2 6 ( 2 240 ( 80
10 PAA/PAH 130 0.09 ( 0.03 27 ( 5 3 ( 0.4
10 PAA-Cu/PAHb 130 2.0 ( 0.06 32 ( 5 62 ( 11
10.5 PAA/PAH 130 0.07 ( 0.01 2.8 ( 0.9 26 ( 7
10.5 PAA-Cu/PAHb 130 1.3 ( 0.05 2.1 ( 0.1 610 ( 20
10.5 PAA-Cu/PAHb 140 0.51 ( 0.2 1.6 ( 0.5 330 ( 70
10.5 PAA-Cu/PAHb 160 0.087 ( 0.04 3.0 ( 1 29 ( 1.3

a Flux values were calculated from the slopes of plots of concentration in the receiving phase vs time. Errors represent standard deviations
of measurements of at least three measurements. b Flux was measured after removal of Cu2+ from the membrane and deprotonation of
newly formed -COOH groups. c Calculated as the average of selectivity values for each membrane and not from average flux values.

Figure 4. Receiving phase concentration as a function of time
for a bare porous alumina membrane (black), an alumina
membrane coated with 10.5 bilayers of Cu2+-templated PAA/
PAH (open), and an alumina membrane coated with 10.5
bilayers of PAA/PAH (gray). Different symbols represent
different salts: circles, NaCl; squares, Na2SO4. The inset shows
SO4

2- concentration vs time for pure PAA/PAH (gray) and
templated PAA/PAH (open). The membrane separates the
receiving phase (initially deionized water) from a 0.1 M salt
solution.
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pathways upon removal of Cu2+ or a lower degree of
cross-linking in the templated film.

Changing the Surface Charge of Membranes.
Our previous studies5,15 of MPMs showed that much of
the ion-transport selectivity in these systems is due to
a high charge density at the membrane surface. How-
ever, Cu2+-templated membranes differ from previous
MPMs in that they contain fixed charge throughout the
membrane. In an effort to understand more about
selectivities in PAA-Cu/PAH membranes, we changed
the terminating layer of these films from PAA to
positively charged PAH. If selectivity in these systems
is largely due to charge at their surface, changing the
outer layer from a polyanion to a polycation should have
a dramatic effect on ion transport.

Changing the surface from PAA-Cu (10.5-bilayer
films) to PAH (10-bilayer films) in cross-linked (130 °C),
templated films resulted in a 15-fold increase in SO4

2-

flux and a 50% increase in Cl- flux (Table 1). Thus, Cl-/
SO4

2- selectivity decreased from 610 to 60 on going from
a 10.5-bilayer to a 10-bilayer cross-linked PAA-Cu/PAH
film. In the case of unheated Cu2+-templated mem-
branes, terminating with PAH rather than PAA-Cu2+

yielded a decrease in Cl-/SO4
2- selectivity from 55 to

9. These data clearly indicate that Donnan exclusion
at the film surface plays a large role in determining
selectivity. For unheated, pure PAA/PAH membranes,
Cl-/SO4

2- selectivity actually reverses (from 13 to 0.7)
upon changing the top layer from PAA to PAH.56 In
contrast, with Cu2+-templated films we still see a
significant Cl-/SO4

2- selectivity when the surface of the
membrane is positively charged because of the fixed
negative charge density in the bulk of the membrane.

Anion Transport through Partially Cross-Linked,
Cu2+-Templated Membranes Deposited at Differ-
ent pH Values. Variation of the pH at which PAA-Cu/
PAH films are deposited allows some control over the
amount of Cu2+ in these films and may provide a means
for controlling transport selectivity. Table 2 gives the
Cl-/SO4

2- selectivity values for partially cross-linked
10.5-bilayer PAA-Cu/PAH membranes deposited from
solutions at three different pH values (5.5, 6, and 6.6).
We also tried to deposit membranes at pH values <5.5,
but under these conditions, polymer precipitates from
deposition solutions. Selectivity is highest for films
deposited at pH 5.5 and decreases at higher deposition
pH values. The ellipsometric thicknesses (Table 2) of
similar films on gold-coated wafers are independent of

pH57 over this range of values, so selectivity differences
are likely due to changes in charge density. The UV/vis
spectra of the PAH/Cu2+ solutions showed a shift in the
Cu2+ absorption peak from 820 nm at pH 5.5 to 780 nm
at pH 6 and to 710 nm at pH 6.6, suggesting that the
amine groups of PAH begin to form complexes with Cu2+

at the higher pH values. In addition, at higher pH
values Cu2+ can form hydroxide complexes. These
competing reactions probably reduce the amount of Cu2+

deposited in the membrane as -COO--Cu2+ complexes.
To quantitatively investigate fixed-charge density in

PAH/PAA-Cu films, we employed cyclic voltammetry
(Figure 5). By integrating the area of the reduction peak,
Cu2+ concentrations within the film can be estimated.
In agreement with transport studies, Table 2 shows that
the maximum amount of copper is deposited at pH 5.5.
Hence, after removal of Cu2+ from the film, higher
charge densities should enhance Cl-/SO4

2- selectivity
for films deposited at the lower pH values.

Anion Transport through Partially Cross-Linked,
Cu2+-Templated Membranes Deposited with Dif-
ferent Cu2+ Concentrations. Altering the amount of
Cu2+ present during deposition should provide another
means for controlling fixed charge and selectivity in
membranes. We chose to do these studies at pH 6,
because at pH 5.5, higher Cu2+ concentrations resulted
in precipitation. We employed Cu2+ concentrations of
2.5, 5, or 7.5 mM in both PAA and PAH solutions, and
membranes were cross-linked at 130 °C after deposition.
Table 3 gives the Cl-/SO4

2- selectivities and flux values
for these membranes.

Cl-/SO4
2- selectivity was highest when the concentra-

tion of Cu2+ present during deposition was 5 mM. Cyclic
voltammetry (Supporting Information, Figure 2) and
ellipsometric data (Table 3) for analogous films depos-
ited on gold wafers indicate that the highest Cu2+

concentration occurs in films deposited with 5 mM Cu2+.
This happens because film thickness increases greatly
when the Cu2+ concentration during deposition is 7.5
mM. Hence, the highest selectivity is observed for the
MPMs deposited in the presence of 5 mM Cu2+. The
structure of films may also depend on the Cu2+ concen-
tration present during deposition.58,59 This might ex-

Table 2. Thicknesses, Fluxes (mol cm-2 s-1) and Cu2+

Concentrations (M) in Partially Cross-Linked,
10.5-Bilayer PAA-Cu/PAH Films Deposited at Different

pH Values

deposit-
ion pHa

Cu2+

concnb
Cl- fluxc

× 108
SO4

2- fluxc

× 1011
Cl-/SO4

2-

selectivityd
thick-

nesse (Å)

5.5 1.0 ( 0.06 1.3 ( 0.05 2.1 ( 0.1 610 ( 20 170 ( 3
6 0.9 ( 0.04 1.1 ( 0.2 2.6 ( 0.4 430 ( 90 170 ( 6
6.6 0.3 ( 0.1 1.6 ( 0.3 170 ( 42 11 ( 4 170 ( 10
a Both PAA-Cu and PAH were deposited at this pH. b Cu2+

concentration in the membrane was estimated from the area of
the reduction peak in a cyclic voltammagram of a film on gold.
The area was converted to number of moles of Cu2+/cm2, and this
value was divided by the ellipsometric film thickness to obtain
the concentration. c Error values represent standard deviations.
d Calculated as the average of selectivity values for each membrane
and not from average flux values. e Thicknesses are for 10-bilayer
PAH/PAA-Cu films deposited on gold wafers as described in the
Experimental Section.

Figure 5. Cyclic voltammetry of 10-bilayer films of PAH/PAA-
Cu2+ deposited at different deposition pH values on MPA-
modified gold surfaces: pH 5.5, dashed line; pH 6, solid line;
pH 6.6, dotted line. Areas of the reduction peaks were
calculated by drawing the baseline from the current value at
a potential of 0.3 V to the current value at -0.5 V.
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plain why films deposited with 7.5 mM Cu2+ are less
selective than films deposited with 2.5 mM Cu2+ even
though the former films have a higher concentration of
Cu2+.

Modeling of Anion Transport through Cu2+-
Templated PAA/PAH Membranes. To better under-
stand the observed selectivities and fluxes through
templated membranes, we began developing a simple
model for ion transport based on previous models of ion-
exchange membranes60,61 and MPMs.62 This model is
identical to that presented in the preceding paper,13

except that we employ a two-layer model of the MPF,
assuming the bulk of the membrane as one layer and
the surface as another (Figure 6). The charge density
in these two regions should be different as several recent
studies63,64 show that net fixed charge in standard MPFs
resides primarily at the surface. However, in templated
films, removal of Cu2+ yields ion-exchange sites in the
bulk of the membrane as well as on the surface. We
estimated the fixed negative charge density in the bulk
from the amount of Cu2+ determined from cyclic voltam-
metry (noting that every Cu2+ binds with two COO-

groups) and from the ellipsometric thicknesses of cor-
responding films deposited on gold. To estimate surface
charge density, we assumed that this layer was com-
posed of pure PAA.65

With a simplified structural model in hand, we
simulated diffusion coefficients in these templated films
as described in the preceding paper. The diffusion
coefficients determined for Cl- and SO4

2- are listed in
Table 4. These calculations on unheated, templated
membranes yielded Cl- diffusion coefficients on the
order of 10-8 cm2/s, and the Cl- diffusion coefficient was
a factor of 6 higher than that of SO4

2-. Miyoshi
reported60 that effective diffusion coefficients through
ion-exchange membranes are as low as 10-7 to ∼10-8

cm2/s for Na+ and Mg2+, reasonably close to the Cl-

values we calculate. The calculated diffusion coefficients
suggest that selectivity is about equally due to Donnan
exclusion and diffusivity differences, as the measured
selectivity is the product of diffusive and partition
selectivities.

Modeling studies on cross-linked, templated mem-
branes show that as the cross-linking temperature
increases, diffusion coefficients generally decrease (Table
4). This is reasonable because cross-linking reduces
swelling and hence free volume. At low cross-linking
temperatures, decreases in the SO4

2- diffusion coef-
ficient are more dramatic than those for Cl-, and this
may be due to size exclusion or hydrophobicity ef-
fects.23,66,67 At 160 °C, the diffusion coefficient of SO4

2-

actually increased, probably because fixed charge den-

Table 3. Anion Fluxes (mol cm-2 s-1), Thicknesses, and Estimated Cu2+ Concentrations (M) in Partially Cross-Linked
(130 °C) 10.5-Bilayer PAA-Cu/PAH Membranes and Films Deposited Using Different Cu2+ Concentrations

Cu2+ concn used in
depositiona (mM) Cl- flux × 108 SO4

2- flux × 1011
Cl-/SO4

2-

selectivityb
estimated

Cu2+ concnc thicknessd (Å)

0 0.056 ( 0.01 5 ( 2 11 ( 2 0 177 ( 26
2.5 1.5 ( 0.1 19 ( 2 81 ( 3 0.3 ( 0.01 204 ( 9
5.0 1.1 ( 0.2 2.6 ( 0.4 430 ( 90 1.0 ( 0.06 170 ( 6
7.5 2.5 ( 0.3 71 ( 15 41 ( 11 0.6 ( 0.04 316 ( 14

a Both PAA and PAH deposition solutions contained the same concentration of Cu2+ and had a pH of 6. b Calculated as the average of
selectivity values for each membrane and not from average flux values. c Cu2+ concentration was determined using cyclic voltammetry
before cross-linking and ellipsometric thicknesses measured after cross-linking. d Thicknesses reported are those for 10-bilayer PAH/
PAA-Cu films on gold wafer after cross-linking at 130 °C for 2 h as described in the Experimental Section.

Table 4. Diffusion Coefficients Obtained from Modeling Ion Transport through 10.5-Bilayer PAA-Cu2+/PAH Membranes
Cross-Linked at Different Temperatures

cross-linking
temp (°C)

Cl- diffusion
coeff (cm2 s-1)

SO4
2- diffusion

coeff (cm2 s-1)
bulk fixed charge
densitya (mol/cm3)

estimated surface fixed
charge density65 (mol/cm3)

diffusional
selectivityb

electrostatic
exclusion

selectivityc

unheated 8.8 × 10-9 1.4 × 10-9 1.4 × 10-3 1.1 × 10-2 6 9
100 8.8 × 10-9 1.1 × 10-9 1.5 × 10-3 1.2 × 10-2 8 10
120 7.4 × 10-9 3.6 × 10-10 1.6 × 10-3 1.3 × 10-2 20.5 11.7
130 6.8 × 10-9 1.5 × 10-10 2.0 × 10-3 1.6 × 10-2 45 13.6
140 2.4 × 10-9 1.1 × 10-10 1.9 × 10-3 1.5 × 10-2 22 15
160 4.1 × 10-10 2.2 × 10-10 2.1 × 10-3 1.7 × 10-2 1.7 17
a Determined using cyclic voltammetry and ellipsometry. b The diffusional selectivity is the ratio of diffusion coefficients obtained from

the model. c Total Cl-/SO4
2- selectivity divided by diffusional selectivity.

Figure 6. Schematic representation of the model used to
simulate the transport through templated MPMs. The mem-
brane consists of two charged layers, a surface layer, and the
membrane bulk. The line represents a hypothetical concentra-
tion profile for the excluded ion.
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sity decreased at this cross-linking temperature, and we
could not take this into account. At a cross-linking
temperature of 130 °C, the calculated Cl- diffusion
coefficient was 45-fold higher than that of SO4

2-. These
simple calculations suggest that the highest selectivities
in cross-linked films are due to both diffusion and
Donnan selectivities. We should note, however, that this
model does not take into account activity coefficients or
the effect of hydrophobicity on partitioning. Several
previous studies also showed that diffusion through
charged membranes can be complicated due to electro-
static interactions.68,69 Additionally, charge distributions
are oversimplified and only approximate. However, the
modeling studies do strongly indicate that selectivity
is only partly due to Donnan exclusion. A full under-
standing of transport through MPMs will likely require
measurement of diffusion and partition coefficients.

Conclusions

Partial complexation of the -COO- groups of PAA
with Cu2+ provides a convenient method to enhance
fixed negative charge density in MPMs. Removal of the
Cu2+ leaves behind -COOH groups that behaves as ion-
exchange sites. Diffusion dialysis studies with Cu2+-
templated membranes show that templating increases
Cl-/SO4

2- selectivities. Postdeposition cross-linking of
these membranes further enhances Cl-/SO4

2- selectivi-
ties to values as high as 610. Changing the capping
polymer from negatively charged PAA to positively
charged PAH greatly reduces Cl-/SO4

2- selectivity,
showing that selectivity is highly dependent on surface
charge. Modeling of ion transport data using a simple
two-layer model of MPFs suggests that the observed Cl-/
SO4

2- selectivities are due to both Donnan exclusion and
differences in diffusivities of ions.
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