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ABSTRACT: Increasing the net fixed-charge density in multilayer polyelectrolyte membranes using
postdeposition reactions results in large enhancements of ion-transport selectivity. To control the fixed-
charge density in poly(acrylic acid)/poly(allylamine hydrochloride) (PAA/PAH) films, we partially
derivatized PAA using 2-nitrobenzyl bromide. The underivatized -COO- groups still allow adsorption of
PAA/PAH membranes on a permeable support, while postdeposition UV irradiation of these films cleaves
the 2-nitrobenzyl esters to form fixed-charge sites. Diffusion dialysis experiments show that PAA/PAH
membranes prepared with 23%, 50%, and 65% 2-nitrobenzyl esterified PAA exhibit Cl-/SO4

2- selectivities
of 100, 150, and 170, respectively (after photolysis). Underivatized PAA/PAH membranes show a selectivity
of only 10. The order of magnitude increase in selectivity resulting from derivatization occurs with a
minimal decrease in Cl- flux. By modifying PAH with photolabile 2-nitrobenzyloxycarbonyl groups, we
also introduced net, fixed positive charge into PAA/PAH films and improved cation (Na+/Mg2+) selectivity.
Transport simulations suggest that both Donnan exclusion and selective diffusion contribute to selectivity.

Introduction

Membrane-based separations are attractive because
of their operational simplicity and low energy costs, but
limitations in membrane flux and/or selectivity restrict
many applications of this technology.1 The most common
method for increasing flux is to decrease membrane
thickness, and thus commercial membranes are gener-
ally prepared with a thin selective skin on a porous
support that provides mechanical strength.2,3 Methods
for forming thin membrane skins include phase inver-
sion,4,5 interfacial polymerization,6 plasma grafting,7,8

casting,9 and even deposition of films from the air/water
interface.10 Despite the success of these methods, syn-
thesizing ultrathin, selective membranes is an ongoing
challenge.

Multilayer polyelectrolyte films (MPFs) are poten-
tially attractive materials for synthetic membrane skins
because of their convenient synthesis and versatility.
Synthesis of these films, first demonstrated by Decher
and co-workers,11,12 simply involves sequential adsorp-
tion of polycations and polyanions on an initially
charged surface. The layer-by-layer deposition proce-
dure affords control over film thickness on the nanom-
eter scale, and the minimal total thickness of these films
should allow high flux through polyelectrolyte multi-
layers deposited on highly permeable supports. More-
over, the selectivity of polyelectrolyte membranes may
be tailored through selection of constituent polyelectro-
lytes as well as postdeposition cross-linking of films.13

Applications of polyelectrolyte membranes recently
explored by several research groups include gas separa-
tions,14-17 selective pervaporation from water/organic
solvent mixtures,18,19 and ion separations.13,20,21

This paper focuses on understanding and controlling
ion flux through multilayer polyelectrolyte membranes
(MPMs) via control of the composition of these films.
In previous studies of ion transport through MPMs,13,20,21

fluxes of monovalent ions were higher than those of
divalent ions. Krasemann and Tieke suggested that
Donnan exclusion resulting from fixed charge in the
membrane is responsible for this selectivity.21 If Donnan
exclusion is the dominant factor in effecting ion-
transport selectivity in MPMs, then introduction of more
net fixed charge into these membranes should lead to
higher monovalent/divalent ion-transport selectivities.
The purpose of this work is to explore the relationship
between ion-transport selectivity and net fixed-charge
density in MPMs. In the subsequent paper,22 we show
that templating with Cu2+ also provides a convenient
method for introducing net fixed charge and can yield
Cl-/SO4

2- selectivities as high as 600.
Although MPFs form due to electrostatic interactions,

in the bulk of the film, charges on polycations are
electrically compensated by charges on polyanions, and
vice versa.23,24 Schlenoff demonstrated that introduction
of net fixed charge into MPFs requires postdeposition
modification,23 and several studies showed that MPFs
can be modified after deposition to alter properties such
as conductivity25,26 or stability.27,28 We chose to use
partially derivatized poly(acrylic acid) (PAA) and poly-
(allylamine hydrochloride) (PAH) chains as model con-
stituents for controlling charge in MPFs. To introduce
net charge into films, we partially derivatized PAA and
PAH with photolabile 2-nitrobenzyl (NB) and 2-nitro-
benzyloxycarbonyl (NBOC) groups (Scheme 1). The
underivatized -COO- groups in PAA and -NH3

+

groups in PAH still allow for film formation through
electrostatic adsorption, while UV irradiation of deriva-
tized PAA/PAH films cleaves ester or carbamate bonds
and liberates free acid or amine groups. These groups
can then protonate/deprotonate to yield net negative (or
positive) fixed charges in membranes (Figure 1). The
newly formed charges are not electrically compensated
by adjacent polyions but by oppositely charged ions from
solution.23 With the introduction of net fixed charge into
the membrane, Donnan exclusion should be more
pronounced, and monovalent/divalent ion transport
selectivity should increase.

* To whom correspondence should be addressed. Phone 517-
355-9715 x237; Fax 517-353-1793; e-mail bruening@cem.msu.edu.

3164 Macromolecules 2002, 35, 3164-3170

10.1021/ma011633g CCC: $22.00 © 2002 American Chemical Society
Published on Web 03/09/2002



In principle, the simplest way to control net fixed
charge in PAA/PAH membranes is to vary the pH of
deposition solutions. Rubner showed that deposition of
PAA/PAH films at low pH and subsequent immersion
in higher pH solutions create ion-exchange sites in the
film.29 However, when we attempted depositing PAA/
PAH membranes at pH 2.5 and running transport
experiments at pH 5-6, we did not observe any increase
in selectivity relative to PAA/PAH membranes prepared
at pH 5.0. The use of deposition pH to control fixed
charge could result in morphological changes in film
structure that decrease selectivity.30,31

In contrast, introduction of fixed charge using photo-
cleavable groups increases the selectivity of PAA/PAH
films by an order of magnitude. The use of derivatization
with photocleavable groups also allows knowledge of
and control over the net, fixed charge in the membrane.
Thus, by changing the extent of derivatization, one can
control charge density and, hence, tailor ion-transport
selectivity. With an estimate of charge density obtained
from the extent of derivatization, we utilized a simple
model to simulate ion transport through these mem-
branes. The model suggests that both Donnan exclusion
and selective diffusion play important roles in effecting
selective transport.

Experimental Section
Materials. PAA (Mv ) 450 000), PAH (Mw ) 70 000),

2-nitrobenzyl bromide (99%), 2-nitrobenzyl alcohol (99%),
phosgene solution (∼20% in toluene), 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU, 98%), and dimethyl sulfoxide (DMSO,
reagent) were purchased from Aldrich and used as received.
Nitrobenzyl chloroformate was synthesized according to a
literature procedure.32 Deionized water (18 MΩ‚cm, Milli-Q)
was used in preparation of aqueous solutions. Membrane
supports (Whatman Anodisc membrane filters with a nominal
surface pore diameter of 0.02 µm) were purchased from
Thomas Scientific.

Synthesis of 2-Nitrobenzyl-Derivatized PAA (NBPAA).
PAA (720 mg, 10 mmol with respect to the repeating unit) was
dissolved in 20 mL of DMSO (sonicate for 1 h, stir for 2 h at
45 °C to get complete dissolution), and DBU (1.52 g, 10 mmol,
in 5 mL of DMSO) was added dropwise to this solution while
stirring. 1.51 g (7 mmol) of 2-nitrobenzyl bromide was then
added. The mixture was stirred at 45 °C for 3 h, after which
1 mL of acetic acid was added to neutralize DBU, and the
solution was stirred for an additional 15 min. Derivatized
polymer was then precipitated upon dropwise addition of the
mixture into 1500 mL of pH 3 water. The precipitate was
collected by filtration, washed thoroughly in water while

stirring, and again collected by filtration. The polymer was
dried under vacuum at 60 °C for 48 h, and 1.1 g of polymer
was obtained (78% yield). 1H NMR (d-DMSO as solvent)
showed that ∼50% of the -COOH groups in PAA were
derivatized by NB groups (Figure 1, Supporting Information).
The 23% and 65% NB-derivatized PAA were synthesized in a
similar way (56% and 84% yield), except that the quantity of
2-nitrobenzyl bromide added was 0.86 g (4 mmol) and 1.73 g
(8 mmol) for 23% and 65% derivatization, respectively. 23%
NBPAA was precipitated into and washed with ethyl acetate-
saturated pH 3 water.

Synthesis of 2-Nitrobenzyloxycarbonyl-Derivatized
PAH (NBPAH). PAH (1.55 g, 17 mmol with respect to the
repeating unit) was dissolved in 100 mL of water, and the
solution was placed in an ice bath. After adjusting the pH of
the solution to 3.0 with HCl, 1.84 g (8.5 mmol) of 2-nitro-
benzylchloroformate in 5 mL of dry THF was added dropwise
to the solution over a 2 h period while maintaining the solution
pH between 3 and 4 through addition of 1 M NaOH. The
reaction was then allowed to proceed at room temperature for
another 2 h at pH 4. The suspension was collected by
centrifugation. The polymer was redissolved in DMSO, pre-
cipitated upon addition to a 20% ethyl acetate/80% 2-propanol
(v/v) mixture, and dried under vacuum at 50 °C for 72 h to
yield 1.77 g of product (71% yield). 1H NMR showed that ∼50%
of the amine groups in PAH were derivatized (Figure 1,
Supporting Information).

Film Synthesis and Characterization. Before synthesiz-
ing MPMs on porous alumina supports, we prepared films on
Al-coated wafers (200 nm of Al sputtered on Si(100)) to
determine the optimum conditions for deposition. The Al wafer
was UV/ozone cleaned for 15 min before immersion in a
solution containing a polyanion (PAA or NBPAA). After a 10
min immersion, the wafer was rinsed with water for 1 min,
immersed in a solution containing a polycation (PAH or
NBPAH) for 10 min, and rinsed with water for 1 min to form
the first bilayer. This procedure was repeated until the desired
number of bilayers was deposited. (Drying with N2 occurred
only after deposition of the entire film.) The solutions used to
form films were PAA (0.01 M, pH 5.0), PAH (0.02 M, pH 5.0),
NBPAA (200 mg in 20 mL of DMSO + 80 mL of MeOH + 80
mg of KOH), and NBPAH (0.1 mM, pH 5.0). Concentrations
of polymers are given with respect to the repeating unit, and
pH values were adjusted with 0.1 M HCl or 0.1 M NaOH. Film
thickness was measured with a rotating analyzer ellipsometer
(J. A. Woollam model M-44), assuming a film refractive index
of 1.5. Reflectance FTIR spectra were obtained with a Nicolet
Magna-560 FTIR spectrometer using a Pike grazing angle
attachment (80° angle of incidence). The spectrometer employs
a MCT detector. Films were also deposited on porous alumina
using the above procedure.

Photolysis. Polyelectrolyte films and membranes were
irradiated in air with a medium-pressure mercury arc lamp

Scheme 1
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(Hanovia, 450 W) without a filter at a distance of 30 cm from
the source. The irradiation time was 60 min for all samples.
Samples were dried with N2 purging for 2 h before photolysis.

Transport Studies. The diffusion dialysis apparatus con-
sists of two cells separated by the membrane, which is
contained in the middle of a 2.5 cm long neck. The source cell
was filled with 90 mL of a 0.1 M solution of the desired salt
(NaCl, Na2SO4, or MgCl2), while the receiving cell initially
contained 90 mL of deionized water. The measured pH values
of the unbuffered 0.1 M salt solutions were 5.3 (NaCl), 5.6
(Na2SO4), and 5.0 (MgCl2). The area of the membrane exposed
to the solution was 2 cm2. The concentration of salt in the
receiving cell was monitored at 5 min intervals for 45 min
using a conductivity meter (Orion model 115). Solutions in both
cells were vigorously stirred to minimize concentration polar-
ization at the membrane surface. Membranes were soaked in
water for at least 12 h before use, and three different
membranes were prepared and tested for each type of film.

The conductivity in the receiving cell was transformed to
concentration using a calibration curve. The flux (J) and
selectivity (R) of ion transport were then calculated according
to eqs 1 and 2

where ∆C/∆t is the concentration change with time calculated
from the slope of a plot of concentration vs time, V is the
volume of solution in the receiving cell, A is the exposed area
of the membrane, and the subscripts 1 and 2 represent two
different ions.

Results and Discussion
Derivatization of PAA and PAH. The 2-nitrobenzyl

group and its analogues have been intensively employed
as photoremovable protecting groups in a variety of
synthetic strategies.33,34 These photolabile groups were
also, though less frequently, used to modify polymers.35-37

Derivatization of PAA with 2-nitrobenzyl bromide occurs
under mild conditions using a method developed by
Nishikubo and co-workers for modification of poly-
(methacrylic acid).35 Derivatization of PAH, however,
is more challenging because both PAH and deprotonated
poly(allylamine) are not very soluble in most organic
solvents. To overcome this problem, we reacted PAH
with 2-nitrobenzyl chloroformate in aqueous solution
while controlling pH. This procedure is similar to the
common practice in peptide synthesis of protecting
amines with NBOC groups using an aqueous reac-
tion.34,38 Amines react with 2-nitrobenzyl chloroformate
at a much faster rate than does water, and thus
hydrolysis of 2-nitrobenzyl chloroformate is not a prob-
lem. In fact, at high pH, this reaction occurs so rapidly
that polymer immediately begins to precipitate upon
addition of nitrobenzyl chloroformate. To slow the
reaction and achieve uniform derivatization without
precipitation, we ran the reaction at a pH of about 4 so
most of the amine groups would be protonated.39

Film Formation and Photochemistry. We pre-
pared polyelectrolyte solutions in water in all cases
where the polyelectrolyte was sufficiently soluble. Using
a deposition pH of 5, we were able to obtain homoge-
neous films with reasonable thicknesses (Table 1).29,40

NBPAH was only slightly soluble in water, but concen-
trations of 10-4 M were sufficient for film formation.41

Derivatized PAA, however, did not dissolve in water,
so we employed a DMSO/methanol cosolvent for these
polymers and added a stoichiometric amount of KOH
to deprotonate -COOH groups.41-43 To assess whether
changing deposition solvent affects film properties, we
also prepared underivatized PAA/PAH films using PAA
dissolved in DMSO/methanol that contained KOH.
These films have basically the same IR spectra and ion-
transport selectivities as films prepared only in water,
but their thickness is ∼30% less than for the entirely
water-based deposition. These experiments indicate that
the enhanced selectivity (vide infra) of NBPAA/PAH
membranes is not due to deposition from an organic
solvent.

Figure 2 shows the reflectance FTIR spectra of a 10.5-
bilayer 50% NBPAA/PAH film before and after UV
irradiation. (The addition of an extra half bilayer results
in NBPAA being the top layer in these films.) The strong

Figure 1. Schematic drawing of the formation of a multilayer
polyelectrolyte membrane and subsequent introduction of net,
fixed charge via photolysis. R represents the 2-nitrobenzyl
(NB) photolabile functional group. Interweaving of layers is
not shown for figure clarity.

J ) ∆C
∆t

V
A
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R1/2 )
J1

J2
(2)
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absorbance at 1740 cm-1 is primarily due to the ester
carbonyl groups of derivatized PAA, but underivatized,
protonated -COOH groups likely also contribute to this
peak. After 60 min of UV irradiation, peaks due to -NO2
groups (1530 and 1345 cm-1) completely disappeared,
showing that photolysis was complete. The peak at 1720
cm-1 after irradiation is due largely to -COOH groups
produced by photolysis (Scheme 1) and thus decreases
significantly (∼60%) after deprotonation in pH 9.2
buffer. We also see an increased -COO- absorbance at
1575 cm-1 after deprotonation. Similar results were
obtained for PAA/50% NBPAH films (Figure 2, Sup-
porting Information). The carbamate carbonyl absorb-
ance at 1716 cm-1 and peaks due to -NO2 groups
vanished after 60 min of UV irradiation, indicating
complete photolysis. The mechanism of photocleavage
of NB or NBOC groups proceeds via an intramolecular
pathway,36,38,44,45 and thus it is efficient in solid films
as well as in solution.

Ion-Transport Studies. Table 1 summarizes fluxes
and selectivities for several salts in diffusion dialysis
experiments with PAA/PAH and derivatized PAA/PAH
membranes. The table shows three interesting trends
for 10.5-bilayer membranes: (1) photolyzed NBPAA/

PAH membranes have 10-20-fold higher Cl-/SO4
2-

selectivities than corresponding underivatized PAA/
PAH membranes, (2) Cl-/SO4

2- selectivity for photo-
lyzed 10.5-bilayer NBPAA/PAH membranes increases
with the extent of derivatization, and (3) photolyzed
PAA/NBPAH membranes show increased cation selec-
tivities compared to PAA/PAH membranes (3-4 times)
and minimal anion selectivities. NaCl fluxes are about
the same for all coated membranes. Thus, high selectiv-
ity can be achieved without a significant decrease in
flux.

As Figure 1 schematically shows, the difference
between underivatized PAA/PAH membranes and UV-
irradiated NBPAA/PAH membranes is that the latter
contain net, fixed negative charge in the bulk of the film.
Photolysis may also increase net charge at the surface
of these films. Higher percentages of PAA derivatization
lead to more negative fixed charge in membranes and
hence higher anion-transport selectivity. Similarly, the
introduction of net positive charges using photolyzed
PAA/NBPAH increases Donnan exclusion of cations and
hence monovalent/divalent cation-transport selectivity.
However, this selectivity enhancement is not as signifi-
cant as that displayed for anions by NBPAA/PAH
membranes. A possible reason for the lower enhance-
ment may be incomplete conversion of carbamates to
amines during photocleavage. Although, removal of the
nitrobenzyloxycarbonyl group is quantitative, side reac-
tions may result in lower yields of amines. Patchornik
and coworkers reported a 25% yield of amines when
photocleaving nitrobenzyloxycarbonyl-protected amino
acids.38 This may also explain why the Cl-/SO4

2-

selectivity of 10-bilayer 50% NBPAA/50% NBPAH mem-
branes is twice as large as that of 10-bilayer PAA/PAH
membranes. If derivatized PAH introduces less charge
than does derivatized PAA, 50% NBPAA/50% NBPAH
membranes would have a net negative charge and hence
an increased Cl-/SO4

2- selectivity relative to PAA/PAH.
Because Donnan exclusion can result from charges

at both the surface and the interior of a film, changing
the outer layer of a membrane from a polyanion to a
polycation should affect selectivity.13,20,23,41 Table 1
shows some effect of changing the sign of surface charge,
but the change in selectivity is not very large. Capping
a membrane with a PAA or NBPAA top layer (10.5
bilayer membranes) increases anion selectivity by 20-
50%, while capping with PAH (or NBPAH) (10 bilayer
membranes) may slightly increase cation selectivity. In
previous studies, however, Cl-/SO4

2- selectivity in-

Table 1. Fluxes and Selectivities through Membranes Prepared from PAA, PAH, NBPAA, and NBPAH Deposited on
Porous Alumina.

flux (×109 mol/(cm2 s)) selectivityd

type of membranea,b film thickness (Å)c NaCl Na2SO4 MgCl2 Cl-/SO4
2- Na+/Mg2+

bare porous alumina 43 ( 2 32 ( 1 32 ( 1 1.3 ( 0.1 1.3 ( 0.1
PAA/PAH (10) 420 ( 16 22 ( 1 3.6 ( 0.3 1.9 ( 0.3 6.0 ( 0.8 12 ( 1
50% NBPAA/PAH (10) 260 ( 20 18 ( 1 0.15 ( 0.01 2.0 ( 0.1 120 ( 10 9.1 ( 0.5
PAA/50% NBPAH (10) 400 ( 35 14 ( 2 15 ( 1 0.35 ( 0.1 1.0 ( 0.1 43 ( 7
50% NBPAA/50% NBPAH (10) 320 ( 20 22 ( 2 1.8 ( 0.3 2.0 ( 0.2 12 ( 1 11 ( 1
PAA/PAH (10.5) 450 ( 30 20 ( 1 2.2 ( 0.2 2.1 ( 0.2 9.3 ( 0.6 10 ( 1
23% NBPAA/PAH (10.5) 330 ( 15 18 ( 2 0.19 ( 0.02 2.1 ( 0.2 100 ( 4 8.7 ( 0.1
50% NBPAA/PAH (10.5) 270 ( 15 16 ( 2 0.11 ( 0.02 2.0 ( 0.1 150 ( 10 8.1 ( 1.1
65% NBPAA/PAH (10.5) 275 ( 15 17 ( 2 0.10 ( 0.01 2.1 ( 0.2 170 ( 20 8.0 ( 0.7
PAA/50% NBPAH (10.5) 410 ( 35 15 ( 2 13 ( 1 0.4 ( 0.1 1.2 ( 0.1 38 ( 8
a The number in parentheses represents the number of bilayers deposited. b The percentage values represent the degree of derivatization

of the particular polymer as calculated from NMR spectra. c Post-UV irradiation thickness of films prepared on Al-coated wafers. Thicknesses
before irradiation were 10-25% higher. d Selectivities were calculated as the average of selectivity values from different membranes and
not simply as a ratio of average flux values.

Figure 2. Reflectance FTIR spectra of a 10.5-bilayer 50%
NBPAA/PAH film on an Al-coated wafer before (a) and after
(b) UV irradiation. Spectrum (c) is that of the irradiated film
after a 30 min immersion in pH 9.2 buffer solution and rinsing
with ethanol.
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creased by as much as 2 orders of magnitude when the
outer layer of the film was a polyanion rather than a
polycation.13 The reason for the small effect in the
present case is probably that films were prepared in the
absence of supporting electrolyte. Preparation under
these conditions reduces the net charge on the mem-
brane surface,23,46,47 and hence the bulk of the mem-
brane will play a much larger role in determining
selectivity.

Modeling of Ion Transport. To estimate the con-
tributions of Donnan exclusion and selective diffusion
to ion-transport selectivity, we utilized a simple model
for ion transport based on previous simulations of ion-
exchange membranes48,49 and MPMs.21,50 The model
includes Donnan equilibria at the feed/membrane in-
terface and at the alumina/polyelectrolyte film boundary
(Figure 3) as well as Nernst-Planck transport within
the membrane. Figure 3 portrays qualitatively the
concentration profile in the membrane. We did not
include a charged surface layer because reversing the
charge in the top layer of the membrane had only a
small effect on selectivity. To calculate diffusion coef-
ficients in the membrane, we performed the procedure
given in the Appendix.

The transport model requires a knowledge of the
charge density, Cx, in MPMs. For our calculation, we
assumed that all fixed charges resulted from photolysis
of NBPAA or NBPAH. Pure PAA contains ∼16 M
-COOH groups. Assuming an equal volume fraction for
PAA and PAH components and considering 50% deriva-
tization, the concentration of net charge in 50% NBPAA/
PAH films would be approximately 4 M. With this
estimation, we calculated diffusion coefficients in dif-
ferent membranes along with values for diffusion, RD,
and electrostatic (Donnan), RE, selectivities. The results
are listed in Table 2.

Calculations with this simple model suggest that ion-
transport selectivity is only partially due to Donnan
exclusion and that diffusive selectivity is a larger factor
than Donnan exclusion. However, the contribution of
Donnan exclusion to selectivity does increase with
increasing charge density in the membrane as would
be expected. Diffusive selectivity is consistent with the
fact that the calculated diffusion coefficients (ranging
from 5.2 × 10-10 to 2.5 × 10-8 cm2/s) in MPFs are very
small.

The slow diffusion and the differences in Cl- and
SO4

2- diffusion coefficients could result from steric
hindrance and/or electrostatic interactions. Farhat and
Schlenoff suggest that transport through polyelectrolyte
multilayers occurs by hopping of ions between transient
ion-exchange sites.47 Because more highly charged ions
require more ion-exchange sites, their movement through
MPMs may be slower than that of monovalent ions.
Yeager reported that the diffusion coefficient of Cl-

could be as much as 14 times larger than that of SO4
2-

in perfluorinated carboxylate membranes.51 Even for
similarly charged ions such as Na+ and Cs+, diffusion
coefficients can differ by up to a factor of 4 in Nafion
membranes.52 By modeling Donnan dialysis data for ion
transport through cation-exchange membranes, Miyoshi
obtained effective diffusion coefficients as low as 6.33
× 10-8 and 1.34 × 10-8 cm2/s for Na+ and Mg2+,
respectively.53 Thus, the low diffusion coefficients and
the diffusional selectivities resulting from these simple
simulations are within reasonable limits.

The limitations of the ion-transport model must be
kept in mind, however. The simulation does not consider
activity coefficients and possible differences in solubili-
ties of different ions in MPMs.54,55 This could account
for the fact that calculated diffusivity selectivities in
derivatized membranes are about 2-fold larger than
total selectivities for pure PAA/PAH membranes. Ad-
ditionally, charge densities are only approximate. How-
ever, even with these limitations, the modeling results
and data for transport through underivatized mem-
branes suggest that Donnan exclusion is only partially
responsible for selectivities. Future work on determining
partition coefficients would be helpful for a better
understanding of transport, but such studies will be
challenging given the minimal thickness of MPFs.

Conclusions

Introduction of net, fixed charge into MPMs through
derivatization and photolysis is straightforward and
quantitatively controllable. The presence of ion-ex-
change sites in the membrane significantly increases
ion-transport selectivities, and this increase correlates
with the charge density introduced into the membrane.
Simulations suggest that the enhancement of selectivity
is due to both Donnan exclusion and diffusivity differ-
ences among ions. In addition, the methods for deriva-

Table 2. Estimated Charge Densities, Diffusion Coefficients, Donnan Selectivities, and Diffusional Selectivities for
Derivatized PAA/PAH Membranes

membrane 23%NBPAA/PAH 50%NBPAA/PAH 65%NBPAA/PAH PAA/50%NBPA

ZxCx (M) -1.8 -4.0 -4.6 1.0b

D (×1010 cm2/s) Cl- SO4
2- Cl- SO4

2- Cl- SO4
2- Na+ Mg2+

130 5 200 12 260 15 65 3.5
RD

a 27 17 17 19
RE

a 3.7 8.8 10 2.3
a See eq 8 in the Appendix for the definition of RD and RΕ. b To obtain fixed charge density in this film, the initial estimate of amine

concentration was divided by 4 to reflect a low yield of amine groups from photocleavage (reference 38).

Figure 3. Schematic diagram of a model for ion transport
through a multilayer polyelectrolyte membrane. The black
lines represent the concentration profile (not to scale) of the
ion that is excluded by the MPM. Symbols are defined in the
Appendix.

3168 Dai et al. Macromolecules, Vol. 35, No. 8, 2002



tizing poly(acrylic acid) and poly(allylamine) may pro-
vide a general way to modify the properties of MPFs.
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Appendix
To calculate diffusion coefficients in MPMs, we ap-

plied the following procedure. The ion concentration on
the left side of the porous support/polyelectrolyte mem-
brane interface, Ci

L, was calculated using eq 3

where Jcoated and Jbare are fluxes through coated and
bare porous alumina supports, respectively, and Ci

S is
the concentration of ion in the source-phase solution (0.1
M). This equation assumes that ion concentrations in
the receiving phase are negligible and that flux through
the alumina is proportional to a linear concentration
gradient. The concentration of excluded ion just inside
the left end of the coated polyelectrolyte film (Figure
3), CmL, was calculated assuming Donnan equilibrium.
For a salt AxBy with counterion charge ZA and excluded
ion charge ZB, CB

mL can be expressed by eq 4

where Zx and Cx are the sign and concentration of the
fixed charge in the membrane.

Next, we employed the Nernst-Planck equation (5)
to calculate the excluded ion concentration, CB

mR, at the
right side of the polyelectrolyte film.

In this equation, D is the diffusion constant, φ is the
electrical potential, x is the distance in membrane, and
F, R, and T are the Faraday constant, the gas constant,
and the temperature, respectively. Subscript i indicates
the ith ion. Because the concentration of the excluded
ion in the membrane is low, the migration term in the
Nernst-Planck equation is negligible compared to the
diffusion term for this ion. Assuming constant flux, eq
5 for the excluded ion can then be simplified to eq 6

where d is the thickness of the polyelectrolyte film.
Rearrangement of eq 6 allows calculation of CB

mR once
CB

mL is calculated. Finally, using eq 7, the concentra-
tion of the excluded ion in the source phase, CB

S, could
be calculated.

We performed the entire calculation iteratively, using
the experimental flux and varying the diffusion coef-
ficient of the excluded ion until the calculated excluded
ion concentration in the source phase matched that used
experimentally (0.1 M). Selectivity for species 1 (e.g.,
Cl-) over species 2 (e.g., SO4

2-) is given by eq 8

where ∆CB
m ) CB

mR - CB
mL (Figure 3), and RD and RE

denote selectivities arising from selective diffusion of
ions and electrostatic exclusion, respectively.

Supporting Information Available: 1H NMR spectra of
PAA and PAH that were 50% derivatized with 2-nitrobenzyl
and 2-nitrobenzyloxycarbonyl groups, respectively, and FTIR
spectra of a 10.5-bilayer PAA/50% NBPAH film. This ma-
terial is available free of charge via the Internet at http://
pubs.acs.org.
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