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Abstract: A new paradigm for nonlinear doping-controlled ion transport in soft condensed matter is
presented, where the mobility of a minority “probe” ion is controlled by majority “salt” ion. The class of
materials to which this paradigm applies is represented by ultrathin films of polyelectrolyte complexes, or
multilayers. Intersite hopping of probe ions of charge v occurs only when the charge of the destination site,
produced by clustering of monovalent salt ions, is at least —v, conserving electroneutrality. Salt ions are
reversibly “doped” into the multilayer under the influence of external salt concentration. In situ ATR-FTIR
reveals that the doping level, y, is proportional to salt concentration. Because hopping requires coincidence,
or clustering, of salt, a strongly nonlinear dependence of flux, J, on salt concentration is observed: J ~
[NaCl]” ~ y*. This scaling was reproduced both by Monte Carlo simulations of ion hopping and by continuum
probability expressions. The theory also predicts the observed scaling, though it underestimates the
magnitude, of the strong selectivity of multilayers for ions of different charge.

for species of lower charge, and the flux through the multilayer,
as well as the selectivity, was controlled by the solution salt
concentratiort? Although PEMUs contain no bulk salt coun-
terions in their nascent stat@the chemical potential of solution
salt contacting the multilayer generates sites for small ion
exchange within the PEMU. The term “reluctant exchanger”
was used to describe a material that requires such conditions to
force the creation of ion exchange sitébservation of the
reversible swelling of a PEMU as salt ions are introduced
permitted a comparison of the relative formation energies of

Introduction

Ultrathin films of polyelectrolyte complexes may be deposited
on substrates by exposing them, in an alternating fashion, to
solutions of oppositely charged polymérghese “polyelectro-
lyte multilayers” (PEMUSs) are generally amorph&f2-3due
to extensive interpenetration of polymer molecules driven by
efficient ion pairing between complementary charged polyelec-
trolyte segments, a property that tends to exclude small
counterions from the bulk® Excess polymer charge, required
for the layer-by-layer growth of PEMUSs, resides at the surface,
is balanced by salt counterions, and is diffused over a thickness (8) (a) Stroeve, P.; Vasquez, V.; Coelho, M. A. N.; Rabolt, JTRin Solid
of a few nominal “layers*:®” PEMUs have shown exceptional fgg’;%39157%2_4'(07)0%&%’LJe_VJa_;S%'r’L"e'rfi-r;g'\”'ﬁﬂ(?igﬂé'nfui%%%rgq‘g'g‘ggg?
promise as selective membranes for the controlled trarfsport (d) Krasemann, L.; Tieke, BL.angmuir 200Q 16, 287. (€) Harris, J. J.;
and releaseof small molecules and for the immobilization of Bgfgieé;ég"ﬁgr?éf;”mgﬁﬂ.“;"Lgé’A\]f‘“l";Cé‘ri’ghiﬁg?&?ﬁdalczr]anfg@u@s
(bio)macromoleculé8 or particlest! 2002 35, 3165. (g) Balchandra, A. M.; Dai, J.; Bruening, M. L.

Using electrodes coated with PEMUs, it was found that salt Macromolecule001, 38 3171. () Dai, 3. Jensen, A W Mohanty, D.
added to the external solution controlled the permeation of other,
electrochemically active, charged species. Transport was faster

K.; Erndt, J.; Bruening, M. LLangmuir2001, 17, 931. (i) Krasemann, L.;
Tieke, B.J. Membr. Sci1998 150, 23. (j) Van Ackern, F.; Krasemann,
L.; Tieke, B. Thin Solid Films1998 327—329, 762. (k) Krasemann, L.;
Toutianoush, A.; Tieke, BJ. Membr. Sci2001, 181, 221. (I) Toutianoush,
A.; Tieke, B. InNovel Methods to Study Interfacial Layemslobius, D.,
M|IIer R., Eds.; Elsevier: New York, 2001.

T Current address: Department of Chemical Engineering, Massachusetts ) (a) Caruso, F.: Donath, E.: Mohwald, B. Phys. Chem. B998 102, 2011.
Institute of Technology, Cambridge, MA 02139. (b) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Davis, S. A.; Mohwald, H
(1) (a) Decher, G., Schlenoff, J. B., Eddultilayer Thin Films-Sequential Angew. Chem., Int. Ed. Engl998 37, 2202. (c) Caruso, F.; Lichtenfeld,

Assembly of Nanocomposite Materie\MiIey-VCH: Weinheim, 2002. (b)
Decher, G.Sciencel997, 277, 1232. (c) Decher, G. lIlComprehensie
Supramolecular Chemistrgauvage, J. P., Hosseini, M. W., Eds.; Pergamon
Press: Oxford, 1996; Vol. 9, Chapter 14. (d) Bertrand, P.; Jonas, A,
Laschewsky, A.; Legras, RMacromol. Rapid Commur200Q 21, 319.

H.; Giersig, M.; Mohwald, H.J. Am. Chem. Sod 998 120, 8523. (d)
Caruso, F.; Caruso, R. A.; Mohwald, Bciencel 998 282, 1111. (e) Chung,
A. J.; Rubner, M. FLangmuir2002 18, 1176.

(10) (a) Decher, G.; Lehr, B.; Lowack, K.; Lvov, Y.; Schmitt, Biosens.

Bioelectron.1994 9, 677. (b) Sun, Y.; Zhang, X.; Sun, C.; Wang, B.; Shen,

J.Macromol. Chem. Phy4.996 197, 147. (c) Onda, M.; Lvov, Y.; Ariga,

(2) (a) Schmitt, J.; Gmewald, T.; Decher, G.; Pershan, P. S.; Kjaer, Ksdtee,
K.; Kunitake, T.Biotechnol. Bioengl996 51, 163. (d) Lvov, Y. M.; Lu,

M. Macromolecules993 26, 7058. (b) L@che, M.; Schmitt, J.; Decher,

G.; Bouwman, W. G.; Kjaer, KMacromolecules998 31, 8893. Z.; Schenkman, J. B.; Rusling, J. . Am. Chem. S0d.998 120, 4073.
(3) Farhat, T.; Yassin, G.; Dubas, S. T.; Schlenoff, JL&xgmuir1999 15, (11) (a) ller, R. K.J. Colloid Interface Scil966 21, 569. (b) Kleinfeld, E. R.;

6621. Ferguson, G. SSciencel994 265, 370. (c) Watanabe, S.; Regan, SJL.
(4) Schlenoff, J. B.; Ly, H.; Li, MJ. Am. Chem. Sod.998 120, 7626. Am. Chem. S0d.994 116, 8855. (d) Feldheim, D. L.; Grabar, K. C.; Natan,
(5) Bixler, H. J.; Michaels, AEncylcopedia of Polymer Science and Technol- M. J.; Mallouk, T. C.J. Am. Chem. Sod.996 118 7640. (e) Lvov, Y.;

ogy, Interscience: New York, 1969; Vol. 10, p 765. Ariga, K.; Onda, M.; Ichinose, I.; Kunitake, Tangmuir1997, 13, 6195.
(6) Dubas, S. T.; Schlenoff, J. Bdacromolecules 999 32, 8153. (f) Kotov, N. A.; Dekany, |.; Fendler, J. H.. Phys. Chenl995 99, 13065.
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pairs of polyelectrolyte$? If one of the polyelectrolytes is a

sites by exposure to a solution containing $althe system

weak acid, protonation and salt content of the multilayer are essentially behaves as a variable capacity ion exchanger. For

coupled, and the salt concentration controls the effectkig p
of the weak polyacid/polybasé.

The lack of compositional modulaticigr actual “multilay-
ering”, in PEMUs confers valuable simplicity on the analysis,

example,

- + - +
Por*Por(m)Jr Cl gt Na' (o= Pol'Cl m T Pol'Na" )
1)

reducing the system to one that responds homogeneously to a _ _ _ N
few equilibrium constants. We apply these key equilibria without Equation 1 shows how salt moderates the interaction of positive
recourse to complex electrostatic arguments and the usual high{Pol) and negative (Po) polymer segments. PdPol" is an

salt-concentration dilemm&sthey entail.

intrinsically compensated ion pair, and PGI~ and PotNa"

Small counterions and charged polymer segments participate@r® extrinsic sites bearing exchangeable countefbifsA

within a PEMU to maintain net charge neutrality. A polymer

similar equation may be written for any charged species,

segr'nent7 P0|, paired with another’ opposite|y Charged, SegmeniﬂC'Uding eIeCtrOChemicaIIy active ones (i.e., Capable of under-

is “intrinsically” compensated, whereas Pol neutralized by a salt 90ing electron transfer at an electrode), such as ferrocyanide,
counterion represents “extrinsic” compensation. A system having Used as “minority” probe ions in our membrane permeation

predominantly persistent extrinsic charge will behave as a experiments

classical fixed-site “Donnan” ion exchanger, excluding species
of the same charge as the fixed site and including those of

opposite charg®® We have discussed strategies for introducing
extrinsic charge into multilayered systefvsl” and there are

— — + .
4Pol Pol” ) + Fe(CN)" oo+ 4Na’ (=
Pol,*"Fe(CN)* o+ 4PolNa' ) (2)

currently attempts to control this parameter and the enhanced The fraction of extrinsic charge, is defined as the fraction

selectivity it may offe8h
The introduction of exchange sites, by salt swelling, facilitat-

ing small ion transport, may be considered a form of doping.

The utility of doping is well established, as applied to the

of intrinsic charge converted to extrinsic charge under the
influence of added salt. Far PoltPol™ intrinsic ion pairs, for
example

description of electron transport in many forms of condensed nPol Pol” + nyNa" + nyCl™ == (1 — y)nPol Pol” +

matter, including “hard” materials, such as semiconduétors
and superconductot8 and “soft” materials, such as conjugated
polymerg® and redox polymerdl In these cases, doping

nyPol'CI™ + nyPol Na" (3)

Sincey represents the fraction of polymer charges compensated

produces a carrier and the mobile species are electrons. In thddy small, mobile ions, in the context of the current wgrks
present work, we coordinate experimental and theoretical also the “doping level”.

evaluations of reversible physical doping of reluctant exchangers ~All ions are capable of diffusing through a PEMU when it is
and the transport of multiply charged species. In doing so we used as a membrafgOnly those undergoing electron transfer,
verify, experimentally, two of the essential elements underpin- electrochemically active ions, are observed in an electrochemical
ning the concept of reluctant exchange. The results have far-experiment. Electrochemically inert ions, such as idad CI,
reaching implications for the reversible control of membrane control diffusion rates but do not contribute to electrochemical

transport.

Background

current. All ions are capable of doping the multilayer via eq 3.
However, under our conditions, NaCl is present in much higher
concentration and thus it controls the doping level. Although

Using simple equilibrium arguments, it may be shown that both NaCl and redox probe are salts, in the context of this work,
an intrinsic PEMU may be converted to one that bears extrinsic “salt” is reserved for majority counterions (usually NaCl) and

(13) Dubas, S. T.; Schlenoff, J. Bangmuir2001, 17, 7725.

(14) Rmaile, H. H.; Schlenoff, J. B.angmuir2002 18, 8263.

(15) Dautzenberg, H.; Jaeger, W.;tpJ.; Philipp, B.; Seidel, Ch.; Stscherbina,
D. Polyelectrolytes: Formation, Characterization and Applicatibtans-
er: Munich, 1994.

(16) Helfferich, F.lon ExchangeMcGraw-Hill: New York, 1962; Chapter 8.

(17) (a) Laurent, D.; Schlenoff, J. Bangmuir1997 13, 1552. (b) Stepp, J.;
Schlenoff, J. BJ. Electrochem. Sod.997, 144, L155.

(18) (a) Hamann, C.; Burghardt, H.; Frauenheim, Electrical Conduction
Mechanisms in Solid&/EB: Berlin, 1988. (b) Lundstrom, MFundamen-
tals of Carrier Transport2nd ed.; Cambridge University Press: Cambridge,
U.K., 2000.

(19) Sheahen, T. Patroduction to High-Temperature Superconduityi; Plenum
Press: New York, 1994.

(20) Skotheim, T. A.; Elsenbaumer, R. L.; Reynolds, J. Handbook of
Conducting PolymersMarcel Dekker: New York, 1998.

(21) (a) Anson, F. C.; Saveant, J.-M.; Shigehara,JKPhys. Chem1983 87,
214. (b) Saveant, J. M. Electroanal. Cheml986 201, 211. (c) Murray,
R. W. Annu. Re. Mater. Sci.1984 14, 145. (d) Facci, J. S.; Schmehl, R.
H.; Murray, R. W J. Am. Chem. Sod.982 104, 4960. (e) Surridge, N.
A.; Jernigan, J. C.; Dalton, E. F.; Buck, R. P.; Watanabe, M.; Zhang, H.;
Pinkerton, M.; Wooster, T. T.; Longmire, M. L.; Facci, J. S.; Murray, R.
W. Faraday Discuss. Chem. Sd989 88, 1. (f) Williams, M. E.; Masui,
H.; Long, J. W.; Malik, J.; Murray, R. WJ. Am. Chem. S0d.997, 119,
1997. (g) Wilbourn, K.; Murray, R. WJ. Phys. Chenil988 92, 3642. (h)
Surridge, N. A.; Sosnoff, C. S.; Schmehl, R.; Facci, J. S. Murray, RJW.
Phys. Chem1994 98, 917. (i) Jernigan, J. C.; Murray, R. W. Phys.
Chem.1987, 91, 2030.
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“probe ion” for minority redox ion.

As ions enter the multilayer, it swell8 Swelling is reversible
and may be represented by the appropriate equilibrium constant.
For example, in pure NaCl solutions

K, = y?/(1 - y)[NaCll,/ (4)

The higher the swelling constarK;, the more efficiently the
PEMU is swollen, or doped, by salt. For large concentrations
of “majority” salt ions compared to minority probe ions (the
“high-salt” limit), doping is controlled by salt only, and is
approximated by eq % For small values of, the dilute doping
limit, the doping level is proportional to salt concentration (or,

(22) The strong tendency for polyelectrolyte ion pairing means that efforts to
induce extrinsic charge into PEMUs have focused on postdeposition
processing steps.

(23) In the salt-free limit, the “interaction energy” between polyelectrolytes is
the greatest, which explains why as-made multilayers, where the last step
is a rinse in pure water, contain minimal salt counterions.

(24) These doping equations do not show the waters of hydration that accompany
ions as they swell the PEMU. A greater water content should enhance
transport of water through the films.
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more precisely, salt activity),

y ~ [NaCll,/K; (5)

This finding may be generalized for any salfAG to show that

the doping level is proportional to salt concentration regardless
of the charge of salt cations or anions (see Supporting Informa-
tion).

The second significant predictithis that the PEMU
concentration of the ferrocyanide probe speoiss indepen-
dent of [NaCl}q and, from eq 5, independent gf Generally,
for probe ionF of chargev™ (see Supporting Information)

(6)

where k' is a constant. The invariance of the probe ion
concentration with salt is a unique feature of the reluctant
exchange mechanism. It reflects the tendency for additional salt
to createion exchange sites, balanced by a tendency for salt to
occupythese sites. In classical Donnan exchangers, salt would
compete with probe ion for fixed sites, decreasthg

The two critical properties of the reluctant exchanrger
dependence of doping level on salt according to egs 4 and 5
and constancy oE—have not previously been directly experi-
mentally verified. Dimensional changes during swelling were
used to indirectly estimate a value #1.23 In the present work,
an in situ spectroscopic method was employed to follow the
population of salt ions within a PEMU.

C=[Pol,” F ], =K[F" ],

Results and Discussion

A multilayer of poly(diallyldimethylammonium) (PDADMA)
and poly(styrene sulfonate) (PSS), terminated with PSS to avoid
Donnan inclusion of anion$,was deposited on the surface of
a crystal used for attenuated total internal reflection infrared
spectroscopy (ATR-FTIR% The thickness of the PEMUN3
um) was such that the evanescent wave-0.6 um at 1000
cm~1 for the system described) emanating from the ATR crystal
(germanium) was contained completely within the PEMU. Thus,
when placed in a flow cell, only signals from specigghin
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Figure 1. Doping level,y, for perchlorate ion as a function of solution
NaClQy activity, measured in situ with ATR-FTIR for a 3 m-thick
(measured by profilometry in the dry state) PSS/PDADMA multilayer on
germanium. The solid line is a theoretical fit gfto NaClQ, activity
according to eq 4, assuming a constant value of KforThe dotted line

is the same fit but withK; varying with y according to the inset. The
multilayer decomposes for NaClQ@ctivities greater than-0.4.

1

0.5

0.2 0.6

of a few ppm foryy,e, were performed with much thinner, well-
annealed PEMUs. Clearly, postdeposition handling and process-
ing of multilayers figures strongly igpe Given that time and
salt are needed for effective annealiidt may be possible to
maximize trapped extrinsic charge for low-salt concentrations
and rapid deposition, encouraging layering, orientation, or both.

the multilayer were detected. The strong sulfonate stretches of A sécond notable finding is the instability of the multilayer
PSS were used as a convenient internal standard to obtaif® NaClQ: activities beyond 0.4. At this poiny, approaches 1.

accurate and precise measurements of salt ion within PEMU.
Figure 1 depicty as a function of the activity of NaClO
solution (lacking infrared activity, NaCl could not be used)
contacting the PEMU, converted from [NaGlg, with the
appropriate activity coefficie®t using the strong Cl@vibra-
tional mode at 1100 cmt to determine the fraction of
Pol"ClO4~(m) (the doping level). There are several significant
findings relevant to PEMUSs, and stoichiometric polyelectrolyte
complexes in general, to be gleaned from Figure 1. First, a small
population of trapped residual persistent extrinsic chayge,
is observed aswacio, — 0. For the reluctant mechanism to
dominate yrpe should be negligible. The multilayer for Figure
1 had been previously annealed for 24 m 1 M salt.
Considerably moregype (approachingy = 0.1) was observed
for as-made PEMUSs that were not annealed in this way. Prior
studies with radioisotope salt iofigstablishing an upper limit

(25) (a) Harrick, N. Jinternal Reflection Spectroscapnterscience: New York,
1967. (b) Urban, M. W Attenuated Total Reflectance Spectroscopy of
Polymers American Chemical Society: Washington, 1996.

(26) Dobos, D.Electrochemical Data, A Handbook for Electrochemists in
Industry and Uniersities Elsevier SPC: New York, 1975.

As expected, for activities greater thar0.4, wherey would

be (a physically impossible} 1, the multilayer decomposed
(no IR signal from PEMU was observed) as all polymer
polymer contacts were broken. This critical salt concentration
for multilayer decompositiotf varies strongly with polyelec-
trolytes and salt type. For example, a “clean” and rapid
decomposition was observed for a poly(acrylic acid)/PDADMA
multilayer for [NaClLq > 0.6 M at room temperaturé whereas
PSS/PDADMA is stable up te-3.5 M NaCl.

The fit of experimental data in Figure 1 to eq 4 with a single
value ofK; (solid line) is satisfactory at low but shows strong
deviation agy — 1. Much better fitting over the whole range is
obtained ifK; is assumed to vary witg according to the inset
in Figure 1. The variation oK; is modeled by

1
gV

Ki=Ko =14 7=

()

with K, andh fitting parameters (for Figure 1, respective values

(27) Dubas, S. T.; Schlenoff, J. Blacromolecule2001, 34, 3736.
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of 4 and 1.7 were satisfactory). Equation 7 is an empirical 0.040
description of howK; depends ory. Variation of K; as a 0.035 |
function of y is an indication that polyelectrolyte binding is ' ——
cooperativé?2°and that the formation constant (inverse<aj ¢ 0.030
for complexation, on a per segment basis, increases at higher Lo

- L . . Q 0.025
degrees of association, but a limit is reached at sufficiently % '
associated (lowy) levels where cooperativity plateaus. Although Fg 0.020 |
cooperativity as a function of chain length is well known in z

: . . o
polyelectrolyte complexation, and is known to be driven by the 3 0.015 |
same entropic considerations as the “ligand effect,” for ex- = 0010 |
ample3° the degree of association within preformed complexes
as a function of salt has only recently started to be prébed. 0.005 |
Cooperativity for polymer associations can be understood in 0.000 s . . s

the following way: each binding event incurs a configurational 00 02 04 06 08 10

and trar!slational entropy peqalty, both for the polymer'segment NaCl activity

and for its attendant counterions and waters of hydratiory As ) i o

d h t loses fewer degrees of freedom OF/gure 2. Multilayer (PSS/PDADMA) concentration of cobalticyanide
ecregsgs, eac .segr.neljl 9 : ; Btobe ion, normalized to polymer sulfonate (internal standard), as a function

association, making binding more favorable in comparison to of the solution activity of salt. The solution concentration of Co(&N)

earlier binding events at highgrlt is seen thakj is effectively was 0.001 M in all cases.

constant fory up to~0.3. This is reasonable, since, fplower

than 0.5, on average each extrinsic site on a chain is already

surrounded by two intrinsic sites, which represents the limit of 200

cooperativity. The interesting nonlinear control of ion transport

discussed below occurs at lgwwhere both the constant value

Ki andy ~ [salt] (eq 5) approximations are valid. 100

Further consideration of the very rapid increas&jimeary
= 1 leads to one final conclusion. K; were constanty would

250 -

150

50

?—: E vs. SCE (mV)
have a finite value even for very high salt concentrations. High £ 0 4 :
molecular weight polyelectrolytes would still be associated, 5 300 400
network style, perhaps enough to strongly impact solution © -50 r
properties. Because of the rapid increaseKin polymer 100 -
molecules “let go” of each other at lower values yfand
physically reasonable salt concentrations. Full dissociation of -150 |
polyelectrolyte complexes is thus possibl@73233Figure 1
approaches an association/dissociation phase transition that will 200 1
probably have a very low dependence on molecular weight for 250 L
degrees of polymerization greater thad034 Figure 3. Linear sweep voltammograms of a mixture of 0.001 M

The second critical feature of the reluctant exchange mech- ferricyanide and 0.001 M ferrocyanide in 0.6 M salt at a platinum rotating

. th t & | ified . tally with disk electrode. Curve A was obtained with a bare electrode. For curve B,
.an's.m’ € constancy @, was also veritie expe.rlmen ally wi the electrode was coated with a 70-nm-thick PSS/PDADMA multilayer.
in situ ATR-FTIR. The membrane concentration of the probe Rotation rate, 1000 rpm; scan rate, 10 mW;sPt disk diameter, 8 mm;
ion was determined as [NaGy]varied while the solution  reference electrode, saturated calomel.
concentration of the probe was held constant. Here, ferricyanide, . . . .
could not be used, since it was reduced to ferrocyanide by theInternal standard. This strategy norma!lzes "a”?‘“o'.‘s in the
germanium crystal, and ferrocyanide took too long to equilibrate abso!ute absorbance due to cha_nges n r_efractlve index _and
through the thick film. Instead, cobalticyanide, Co(@N) at density as the salt swells the multilayer. Using a concentration
a concentration of 1 mM, was ,employed using,; the CN stretch of ~2 M for sulfonate groups in the swollen PEMOzobaticyanide

1 . . 7 is ~0.07 M.
f: ﬁSl?rg”; (t_:o gu?r:]ggagheciﬁ':tngghggrttz;aixUé{ﬁj:?fn Diffusion through an Exchanger Membrane. Having
9 ’ ’ ’ Y established the equilibrium distribution of ions through a PEMU,

presented as a mole ratio compared to sulfonate, used as th%ve now address the control of transport of an electrochemically

) active “probe” ion by (electrochemically inactive) salt ions,
(28) Tsuchida, E.; Osada, Yakromol. Chem1974 175 593. . . .
(29) Yu, S. Y.. Hirata, M.; Chen, L.; Matsumoto, S.; Matsukata, M.; Gong, J. Present at much higher concentration, corresponding to-efs 4
P.; Osada, YMacromoleculesl996 29, 8021. Linear scan voltammograms of an equimolar mixture of

(30) Cohen Stuart, M. A. lishort and Long Chains at InterfaceBaillant, J., . . . R .
Guenoun, P., Marques, C., Muller, P.,"firahanh Via, J., Eds.; Editions (electrochemically active) ferro- and ferricyanide at a rotating

Frontiges: Gif-sur-Yvette, France, 1996; pp-12. i i i i i
(31) Kiiz 3. Dybal, J.: Dautzenberg. H. Phys. Chem. 2001, 105 7486. platinum dlsk.electrode (RDE) are depicted in Figure 3. Both
(32) Michaels, A. S.; Miekka, R. GI. Phys. Chem1961, 65, 1765. bare and multilayer membrane-coated electrodes are represented.
(33) (a) Sukhishvili, S. A.; Granick, S. Am. Chem. So@00Q 122 9550. (b) i _ _ i

Sukhishvili, S, A Granick. SMacromolecule@002 35, 301, Classical S sha'lped'stegdy ;tgte voltammograms with plateaus
(34) Ky is the equilibrium swelling constant for a segment. The invesel, at the convectiondiffusion-limited current® are observed.

is the association constant per segment, but not the association (formation) iti ; ;
constant for the entire macromolecule. The latter scales approximately as Positive (redUCtlon) currents are attributed to the flux of

e, for smalln, wheren is the number of repeat units. See refs 28 and 30. ferricyanide, and negative (oxidation) currents are due to

4630 J. AM. CHEM. SOC. = VOL. 125, NO. 15, 2003
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solution multilayer um) than the typical PEMU. Using limiting currents for bare

Fe(CN)s*>Fe(CN)e™ + & electrodes, contributions to resistance to mass transfer through
the stagnant film may be precisely remo¥&d from the overall
mass-transfer resistance to yield the membrane-limited current,

frro Electrode i f .
concentration / A im, and corresponding fluxly, of probe ion

[Fe(CN)s*1aq J,, =i, /nAFA=DC/d (8)

whereD andC are the respective membrane diffusion coefficient
and concentration of the probe iahis the multilayer thickness,
A'is the electrode area,is the number of electrons transferred
(1 in this case), an# is Faraday’s constant (96 490 C m§l20
Hereafter, we refer only to membrane fluk= Jn, extracted
from limiting currents as described previouhg’
Equation 8 clearly shows that flux may be enhanced by
B increasingD or C. If the multilayer bears a net positive polymer
surface charge, negative ions are included into the surface by
the classical Donnan actidhThe enhanced surface concentra-
tion leads to greateE, as depicted in Figure 4, and higher flux

concentration

[Fe(CN)s*aq

<« d—> (currents), as found previousty3® We term this interesting
Figure 4. Schematic concentration gradients of ferrocyanide through a €xample of cooperative surface classical exchanger and bulk
multilayer coating an electrode surface at the limiting current. [Fe§CN) reluctant exchanger “Donnan enhancement” of flux. The

— 0 at the electrode surface and is given by an equilibrium constant at the ; ; ; P ; ;
PEMU/solution interface. In (A), the profile is depicted by assuming a importance of this mechanism for amplifying signals from dilute

homogeneous reluctant exchanger distribution of probe idf at0. The solution species should not be overlooked. The PEMU literature
membrane/solution partition coefficient is2. In (B), the presence of a  contains other examples of “surface effects” with apparently
e e 00 ceponi oesa . T/ICToue long ange consecqunces it the muliey
{hg(concentration profile, gi¥/ing highés. The system iSassurged to be at A Surface,layer.ls,capable of mOdIfymg, the chemical ,po,tentlal
the “well-stirred” limit, where mass transport is limited mainly by diffusion  Of @ species within the whole PEMU in a manner similar to
through the film and not by diffusion through the stagnant layer of liquid Donnan enhancement. In generalfface composition may be
adjacent to the PEMU. critical in determining bulk propertiesf PEMUs. A quantitative
. . . . treatment of the Donnan effect due to surface charge has been

ferrocyanide. It is clear that although the fluxes of ions in provided recently! We emphasize that, for sufficiently thick
solution are similar (they have similar aqueous diffusion o (more than 67 layers), the nonlinear flux response to
coefficients), the flux (current) of ferricyanide through the i concentration wastill observed for Donnan-enhanced
membrane is significantly higher than that of ferrocyarfle.  pgpUs. Clearly, despite surface charge inclusion of probe ion,

Mass transport through the PEMU is purely diffusive. The re|uctant exchange throughout the bulk of the film is still a
salt concentration (extrinsic site concentration) within the controlling mechanism.
multilayer is higher than that of the probe ion. The mobility of  Empirical Scaling for Membrane Flux. Salt moderates the
salt ions is also much higher, since they are singly charged (vidapermeation of probe ions of different charge to different extents.
infra). The role of salt as supporting electrolyte is typical in  Figure 5 presents, for a collection of redox-active ions with
suppressing the electric field within the PEMU and external to charges ranging from 0 to 4. While the flux of all charged
it, therefore minimizing field-driven migration of redox profe. species is moderated by salt, probes of higher charge exhibit
Though polymeric PEMU components are highly ionic, they |ower flux, as observed by other researctér&.In addition,
are virtually immobile (ln contrast to small ionS) and unable to the dependence of flux on salt concentration is Strong|y
participate in charge transport. nonlinear. For an ion of charge we observe the following

At the limiting currents, boundary conditions are as follows: empirical scaling dependence
16the concentration of probe ion is zero at the electrode surface
(all material is consumed at the diffusion-limited rate); the J~[NacCl],. (9)
membrane concentration of probe at the electrolyte/PEMU o

interface is constant (and given by an equilibrium distribution Having established th& is constant, we look t® andd from
or partition coefficient). The resulting concentration profiles are ¢ g as the two remaining controlling factors. The thickness is
depicted in Figure 4, which shows no (significant) concentration |inearly related to the doping level and, for the present analysis,

gradient in the stagnant layer of electrolyte adjoining the g assumed to be pseudoconstahincreases by~10% in the
membrane. Such an assumption is valid for “well-stirred”
systemg? The stagnant aqueous layer is much thickel§ (37) (a) Gough, D. A,; Leypoldt, J. KAnal. Chem1979 51, 439. (b) Ikeda,

T.; Schmehl, R.; Denisevich, P.; Willman, K.; Murray, R. WAm. Chem.
S0c.1982 104, 2683.

(35) Bard, A. J.; Falkner, L. RElectrochemical Method2nd ed.; Wiley: New (38) Lvov, Y. In Protein Architechure. Interfacing Molecular Assemblies and
York, 2001. Immobilization BiotechnologyLvov, Y., Méhwald. H., Eds.; M. Dekker:
(36) Adapting the treatment for the shape of a voltammetric wave (Chapter 9 New York, 2000.
in ref 35), the position of the half-wave potential shouldthg = E® + (39) Schwarz, B.; Schihoff, M. Langmuir2002 18, 2964.

RT/NF In(Drerro/Drerri)- E> was~180 mV vs SCE~95 mV more positive (40) Xie, A. F.; Granick, SJ. Am. Chem. So@001, 123 3175.
thanE,, for the coated electrode wave in Figure 3, which places the ratio (41) Calvo, E. J.; Wolosiuk, AJ. Am. Chem. So@002 124, 8490.
Of Dserri/Dterro at ~40. (42) Harris, J. J.; Stair, J. L.; Bruening, M. Chem. Mater200Q 12, 1941.
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12000 as required by the mechanism below. In the present work, our
experimental and theoretical treatments are limited to univalent
~ 10000 salt.
'g Hopping Model. The mechanism of transport posited is one
g 8000 of ion hopping between discrete sites. These sites are small
> clusters of extrinsic polymer charges coupled to counterions.
g 6000 Any ion, be it a salt or a probe ion, is associated with a particular
g 4000 oppositely charged polymer segment. This is a rather un-
o Debye-Huckel (DH) statement: in the high ionic strength limit,
3 2000 charges should be heavily screened and oblivious of each®8ther.
However, DH theory is valid for dilute ionic strength and
0 assumes a mean field for the electrostatic potential experienced

0.0 0.2 0.4 0.6 0.8 1.0 by a point charge in the presence of othéné/e assert that the
polymer charges within the PEMU are discrete and recognizable
as such by counterions. This disposition of ions within the
multilayer—counterions paired with polymer segment®ntrasts
with another where salt simply exists in “pools” of water, in
which case, transport should be of the pinhole fje.

While it would be experimentally difficult to observe directly
whether a salt counterion resides next to a polymer segment or
another counterion, several observations point toward an ion
pairing association: first, pinhole behavior in these PEMUs has
been previously discountéd;second, the nonlinear enhance-
ment of flux and scaling with charge is not explained by
transport through pools or channels of water; and finally, specific
ion pairing effects are seen. The latter category includes the
dependence of the swelling constal, on ion type. For
example, swelling by perchlorate is much more efficient than
swelling by chloride (compare Figures 1 and 5), indicating

o o . preferred ion pairing of perchlorate with PDADMA. Further
Figure 5. (A) Membrane limiting current densitiegy, at a multilayer- evidence that ions are coupled to segments as in egs 1 and 2,
coated RDE vs solution salt activity, of 0.001 M solutions of hydroquinone . . . . .
(crosses), iodide (diamonds), Fe(triangles), ferricyanide (circles), and  rather than “dissociated” as observed for solution species, is
ferrocyanide (squares) representing, respectively, probe ions of charge, provided by the observation that salt ions moderate the
= 0'”1’T2k;e3’d ‘é-t;ze"ﬁg'i?e'i?::;}e fgsrﬂﬁcg‘é‘:rgft;g ?::psi\fl\igi‘l'i scaé??he dissociation of weak acids within multilayeYsDH theory does
;Nglctlil-ayer. Twenty-layer pPSS/PEADMA of thickness 70 nmg, surface MOt explain the .Increase _m thlckness W_'th Saind C.annOt
neutralized by PSS; 2ZC; 1000 rpm rotation rate. (B) Scaled flow rate vs account for the differences in swelllng for different multllayé’fs.
doping levelyy, for a Monte Carlo simulation of ion hopping with ions of Viewed at the molecular level, hopping is actually an ion

charge 1 (diamonds), 2 (triangles), 3 (circles), and 4 (squares). The solid o cnange:y extrinsic charges occupied by salt counterions are
lines represent empirical power law scaling. For the simulation, the lattice

was 500 400, the hopping distance was 2 lattice units. The size of the NOW replaced by a probe ion, and the _VacanCieS tha_t appear as
area in which the appropriate number of extrinsic sites must appgar ( a result of the departure of the probe ion are occupied by salt

yvas 8 lattice p_oints. Five simulations were averaged for F)'aCh innt. Probe ions. At some point in this trz';lﬂsactior']l there is a momentary
ion concentration was 5000 of the 200 000 available lattice points. charge separation of ion from fixed site. Motion of this kind
should be thermally activated, and the appropriate temperature
dependence has been observed previodsie high dielectric
constant of the medium (several water molecules per intrinsic
or extrinsic site are present) assists charge separation. An ion
exchange hopping, where salt and probe ions change place,
implies the movement of both species are coupled. The coupled
interdiffusion of two different anions, A and B, diffusion
. coefficientsDp and Dg, and chargega andzs, for respective
J~y (10) membrane concentratio®, andCg, can be described in terms

of one diffusion coefficienDag by®

NaCl activity

6000

5000

4000

3000

2000

Scaled flow rate

1000

0.00 0.05 0.10 0.15
Doping level, y

present case for the salt concentration range in FigdeFbr

|-, a correction for swelling is shown). There are examples of
very strong swelling (larg&,’s).13 In this limit, the membrane
has little measurable barrier effectdis constant, all changes
in J can be ascribed to changes B, and sincey ~
[NaCllagiimnacn—o, We obtain the following scaling behavior

With multivalent salt M*Cl, and negative probe ion, thie~

y” scaling still holds, (as experimentally verified with CaCl ~ D,Dg(z,°C, + 25°Cp)
MgCl,, and YCE as salt and the ferro/ferricyanide system) Dpg = —5== T (12)
because singly charged chloride still serves as the negative salt 2,"CaDp + 75°CDg

ion balancing extrinsic cationic sites, which are sought out by

ferrofferricyanide. The overall flux is found to be higher because From €q 11, it is evident that the slower ion present at lower
Ky is larger. If the salt contains ions, chamgeof the same sign concentration will have a stronger effect on interdiffusion. With

i vlq ~ v/q
as the p_rObe ion, we expegt- y (an_d‘]_ [salt]™) be(_:al‘_lse_ (43) Radeva, T., ERhysical Chemistry of Polyelectrolytdd. Dekker: New
the salt ions now enforce greater coincidence of extrinsic sites York, 2001.

4632 J. AM. CHEM. SOC. = VOL. 125, NO. 15, 2003



lon Diffusion in Polyelectrolyte Multilayers ARTICLES

ferro/ferricyanide and chloride from NaCl, these criteria are T -
certainly met. In other words, with ions A and B represented S

by ferri(o)cyanide and chloride from salt, respectivédyg — b C ,f‘-ﬁz\\
Da. ,/l,/".\\ & ,“:‘_.‘ /” \\\
Charge hopping as applied to electron transport is a well- {8 y
known phenomenot? In soft condensed matter, charge can be oo 'a¥x—
transported by physical diffusion of probe (as occurs here) or 4 K‘\X\j‘
electrons can tunnel between sites of mixed oxidation state e 3
(mixed valence). For example, both “redox” polyntéisvhere . Ry o
charge resides on metallic centers) and doped conjugated L@ N

polymerg® (where charge is delocalized over several conjugated [
repeat units and conductivity is favored in the chain direction) Figure 6. Boundary conditions for hopping model. A probe ion of charge
exhibit electron hopping. Where ion movement and electron 3 (ls_zadig cir:cle)_is balanced by threetog%ositr:elyl char%ec:t egtri‘nslic s_irtr?s
opping coexis it possible o freeze out the former and obtain SO The 10ppg range = represented by the iarge dted crce. Tne
ohmic transport driven by electric field.This possibility has by the small dotted circle. Of the five hopping attempts depicted, only (e)
been considered in detail and discounted for the presentis successfulin finding an unoccupied (by probe ion) site with at least three
system2 The points of departure of the present system from charges within the hopping range.
classical electron hopping are 2-fold: first, “doping” does not 1.2
change the density of redox centers within the polyn@is(
constant); second, because ions may be multiply charged (as
opposed to the electron), an unusual nonlinear dependence on
doping level is observed.

The diffusion coefficient for hopping transport in two
dimensions is given Hy

D = 6%4t (12)

whered is the average hopping distance anis the hopping
time. (The difference between two-dimensional and three-
dimensional diffusion is the denominator isifi the latter case.
This does not affect the scaling behavior). The membrane flux
may be written as

) _ 0.0 0.2 0.4 06 0.8 1.0
J _ D_é _ 0 ko,hopp(yiv)c 13 y
(y,y) T d 4d ( ) Figure 7. Probability functionP, vs doping levely, for v from 1 to 4 and
b = 8. A nonlinear region at low (for v > 1), followed by saturation, is

The h ina time h n repl h in mptevident. Values oP from both Monte Carlo simulations (open symbols)
fregue?]rzs koghot)45§6 aﬁ(sj t?leeeproke)gbaill(i:tf;’j(ybz/) ;ato:r? at%erz:;? ptand the continuum probability model (solid lines) are shown.
will be successfulk, no(y,v) is the observed hopping rate. i i .
WhenP = 1, every attempt is successful and ions flow at their exchange is possible but does not lead to net displacement.)
maximum rate. This simple expression assumes all parameterd\{temptsb and c fail because there are, respectively, no, or
remain constant except Such an assumption has been verified insufficient, extrinsic charges. Sitkis out of the hopping range.
explicitly for C andd. ko nopshould be thermally activated and ~ Only sitee has three unoccupied (by probe) extrinsic charges
thus constant at constant temperature. within the hopping range.

Monte Carlo Simulation (MCS). A hopping transport model In the MCS a two-dimensional grid is set up that is 500 lattice
can be simulated to obtain a value Rffor various values of  ynits high and 400 units wide. The width of the grid represents
probe charge and membrane doping level. The problem isthe thickness of the PEMU. A simulation step consists of
exemplified by Figure 6, which shows a triply charged probe jyoducing a fixed number of extrinsic charges, randomly
ion, balanced by three univalent extrinsic sites, attempting to istriputed (compensated by salt ions in the real system), and
hop under five scenarios. Each hopping attempt results in eitherobserving the hopping response of a more dilute population of
failure or success. The large dgshed circle represlclar_]ts”a hoppin%robe ions. The hopping probabilit, for a simulation step is
range gnd, the s.mall d.asheoll c]rcles_ represent a “sin-area calculated by dividing the number of probe ions that have
of b adjacent lattice points within which the probe must find at hopped by the total number of probe ions. Many simulation

least three extrinsic charges available to maintain electroneu- df d istics. Valuda a a f .
trality. Only one hopping attempt in Figure 6 is successful. steps are &,Werage .or goo StaF'St'PS', au a upctlon
Attempt a fails because the site is already occupied. (Self- ©f ¥ are given in Figure 7. While individual probe ions are
tracked as a function of time, the extrinsic sites are not, since

(44) Egelstaff, PAn Introduction to the Liquid Statécademic Press Inc.: New this would be computationally too intensive. However, in the
York, 1967; Chapter 10, pp 139.32.

(45) Konop represents those attempts at hopping that have sufficient energy to limit of fast extrinsic site diffusion, introducing a random
be successful if sites were available to receive the ion. Insufficiently gjstribution of extrinsic sites on each simulation step is valid
energetic molecular motions are not considered “attempts” within the current
framework. ere.
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Because several parameters, such as hopping distance, attempt 16000

frequency, and concentration of extrinsic and intrinsic sites, are

. : : . 14000
unknown, the model willbnly provide scaling behavior. The —
flux is normalized so that thg-axis matches the corresponding 'g 12000
units in the experimental data set. In Figure 5, MC simulations < 10000
have been presented only up to thealues where they correlate >
with “empirical scaling” (lowy). A more extended range is 2 8000
presented later. As seen in Figure 5, the empirical scaling S 6000
behavior is reproduced by the MCS at Igwlf the probe ion 5
is consumed as it reaches one side of the simulation grid, as S’ 4000
would be the case in an electrochemical experiment, the 2000
concentration of probe ion would be nonuniform. The expected 0

time-dependent and steady-state (Figure 4) concentration pro-

files* were reproduced by MCS (see Supporting Information).
Continuum Probability Model. Using a minimal set of

boundary conditions, Monte Carlo simulations enable one to

0.0 0.5 1.0 1.5 2.0 25
NaCl activity

visualize the transport as it is occurring and, for example, 14000

generate concentration profiles. Disadvantages are that MCS is 12000

computationally intensive, produces inherent statistical errors

from the limited size of the data set, and only yields one point % 10000

for each set of simulation conditions. Using the same ideas 2 8000

presented in Figure 6, a hopping attempt will be successiiyl it

if the probe ion findsat leasty extrinsic charges at the location & 6000

to which it tries to hop. In a combinatorics approach, the b 4000

problem is reduced to the probability of finding at leastites

clustered together at a given doping level. 2000
We defineb as the number of lattice points comprising a 0

small area, wherein the probe ion must find at leasxtrinsic 0 01 02 03 04 05

charges. Realisticallyy is likely to be a small number reflecting
short-range interactions between probe and neighboring extrinsic
sites. The statistical treatment y!eld,S the foIIovylng b.m(,)mlal coated RDE vs solution salt activity, of 0.001 M solutions of iodide
expression for the probability of findingxactlyv sites within (diamonds), ferricyanide (circles), and ferrocyanide (squares) to high salt
areaB made up ob adjacent lattice points given doping level activity. The rest of the experimental conditions as in Figure 5A. (B)

i ioti ; ; ; Combined empirical scaling (solid lines), MCS (points), and continuum
?/(]‘detalls of t.he statistical treatment are provided in Supporting probability (dotted line) plots for the scaling of membrane flux with doping
nformation): level forv = 1 (diamonds)y = 2 (triangles),y = 3 (circles), andv = 4
(squares).

Doping level, y
Figure 8. (A) Membrane limiting current densitie,, at a multilayer-

P e 8) = )y-a -y (14)
Y at higher doping levels for ions of greater charge. For

comparison, experimental,, versus salt data to high-salt

concentration are also presented in Figure 8. Evidence of

saturation is seen. In comparing the experimental current versus

[NaCl]aq data with any of the theoretical scaling plots of flux
L b versusy, it should be remembered thats a linear function of

P(zv eB) = z (V)-y”-(l -y’ (15) [NaCl]aq only at lowy. A dependence oK; ony (Figure 1)

v fortuitously makes this proportionality continue to somewhat

In they < 1 limit, the probability function in eq 15 can be highery.than.if K1 had been const:?mt. .
approximated to Certain refinements to the hopping model are possible. Our

treatments assume that bathand ko nop are constants. The

~ [o\.\» hopping distance represents an average but is not likely to be
PveB)~ (v) y (16) more than~20 A. Asy — 1, more short-range sites will be
available, encouraging transport, delaying saturation, and keep-
ing flux nonlinear to highey. k, nopWwill likely have a thermally
activated Arrhenius-type dependence on temperature. This
activation energy barrier, if it is to be measured by flux
dependence, must be separated from temperature-induced
changes inC (through Kj). Direct methods for measuring
hopping rate, such as NMR to determine relaxation times, may
'be more reliable than flux measuremefitt.is anticipated that

where 0< v < b and the term in parentheses is the binomial
coefficient. The probability of findingt leasty sites withinb
lattice points is

reproducing the empirical scaling observations. For example,
if b =8 andv = 3, eq 16 would yield® = 56y3.

In Figure 7,P(y,v) for probe ions of different charge is
presented over the whole rangeyofor b = 8 The nonlinear
scaling at lowy, followed by saturation at higly, is evident.
Agreement withP values from MCS is very good. In Figure 8,
scaling comparisons between the three models, empirical, MCS
and continuum probability, are presented. All three models are

similar at lOWY’ and the la_tte_r two CO'”C'O_'? to h'gh dOpIng (46) Crank, JThe Mathematics of DiffusigrClarendon Press: Oxford, U.K.,
levels. Interestingly, the deviation from empirical scaling occurs 1975; p 1967.
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information on segmental and ionic motion obtained using NMR
will be extremely useful in estimating hopping rates and in
guiding molecular dynamics simulations.

We have not considered “low-salt” conditions, where the only
source of ionic strength is from added probe ions themselves.
This example of “autodoping” is more like classical doping,
where the “dopant” provides both a site (“defect”) and a mobile
charged species (electron or hole). In this cgse,C ~ [F*],

D is likely to scale with F*~], soJ ~ [F¥~]2 for smally. In the
absence of salt, however, the electrochemistry would be
nonideal, with contributions from both diffusion and electric
field (migration) transport.

Flux Selectivity. From the foregoing theoretical treatments,
it is clear that probe ions of higher charge will have a lower
probability of hopping since they require greater coincidences
of extrinsic charge within the multilayer. Flux selectivity,
preferring ions of lower charge, is expected from this constraint.
Further, since the scaling relationships depend on ion charge,
the actual magnitude of the selectivity will depend on the doping
level. Tunable selectivity would be an attractive membrane
property. For example, the flux selectivity for hydroquinone over
ferrocyanide is 5000 aiyac)= 0.1 (Figure 5), but the selectivity
drops to 5 atac) = 2.0 (Figure 8). On the plus side, the flux

for both increases at higher salt concentration. One is presented

with a rational way of making the flux versus selectivity
tradeoffs that are common in membrane separations.

Figure 9 compares the experimental and simulated flux ratios
for the ferri/fferricyanide systems diffusing through PSS/
PDADMA. A wide range of selectivity is available. Tixeaxes
have been presented as shown because we have establishe
for PSS/PDADMA, the following approximate relationship for
doping level versus activity of sally = 0.2anaci*® Selectivity
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Figure 9. Upper panel: ratio of the experimental membrane currents (flux
selectivity) for ferri- vs ferrocyanide from Figure 5A. Lower panel: ratio

is higher than predicted based solely on charge. Factors otherof the Monte Carlo simulated fluxes for= 3 andv = 4 from Figure 5B

than statistical ones will control transport of species through
PEMUs. For example, greater membrane concentrat@nsi(l

lead to highedy, (eq 8). Other factors such as attempt frequency
or hopping distance (eq 13) will also come into play. We have
found that larger, more hydrophobic ions move more slowly
than others of the same charge. Preliminary reSlitslicate

C for ferricyanide is larger than that for ferrocyanide (contrary
to the “rule” for classical ion exchangers that the exchanger
prefers species of higher chatfle but the difference is

(assumes membrane concentration for both is the same). Solid lines are
from ratio of empirical scaling.

these systems is satisfactory at the level of sophistication
presented. PEMUs are amorphous, homogeneous blends of
constituent polymers and ions with no “grain boundaries”
properties that simplify the analysis.

Implications for ion transport are several. The nonlinear
control of minority ion mobility by majority ion concentration

insufficient to explain the 7-fold discrepancy between experi- has been demonstrated. Flux and selectivity are sensitive
mental and simulated selectivities in Figure 9. It is likely that functions of ionic strength. These parameters are critical in the
because more highly charged species require more segmentise of multilayers as selective media for membrane separations,
reorganization the hopping activation barrier is higher, lasidp as well as the loading and release of bioactive molecules from
is lower. In other words, more energy is required for a successful PEMU films and capsules. If multilayer pairs with strong
hop. Some treatment similar to the Marcus theory for electron interaction energies are employed, very thin films are required
transfer might be illuminating here. for isolation of charged species. There are several ways to
dramatically modify membrane transport rates through reluctant
exchangers with a small stimulus: a small change in salt
concentration is amplified to a large change in diffusion for
within polyelectrolyte multilayers has been developed and multiply charged species. Alternatively, modifying the charge
correlated with experimental data. Including the systems of a species to be transported via a chaperone or carrier can
described herein, we have, to date, performed salt-controllednayve a dramatic impact on permeation. We have not discussed,
permeability studies with combinations chosen from approxi- for example, those probe ions that, being weak acids/bases, may
mately 15 electrolytes, 10 probe ions, and 20 pairs of polyelec- gyist in different charged states. The mobility, and salt depen-
trolytes. The overall fit to theory and self-consistency within dence, within multilayers is found to depend on the state of

probe ion protonation. Details will be presented and analyzed
in a forthcoming paper.

Conclusions

A theoretical basis for rationalizing hopping transport of ions

(47) Rodriguez, L. N. J.; De Paul, S. M.; Barrett, C. J.; Reven, L.; Spiess, H.
W. Adv. Mater. 200Q 12, 1934.
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Also outside the scope of the present report are pH-dependent To prepare the electrode surface for multilayer deposition, it was
multilayers?® The addition of extrinsic sites within a weak polished with 0.0%m alumina (Buehler), sonicated, and rinsed in
polyacid PEMU via a pH chandeis one of several postsyn- ~ Water. Sequential adsorption of p_olyelectrolytes onto the RDE at 300
thesis pathways for introducing extrinsic charggd which, ™M Was performed with the aid of a robot (StratoSequence V,
potentially, short circuits the reluctant exchanger resistance to nanoStrata Inc.). The two polymer deposition solutions contained 10

. L L e mM PSS or 10 mM PDADMA, both in 0.25 M NaCl. Between alternate
mass transfer. While extrinsic charge can significantly enhance ; o
exposures to the polyelectrolytes, there were three rinses of distilled

transp_o_rt, flux control by salt will be dt_egraded _(alt_h_ough water. Rinse and polymer solution volumes wer80 mL each. The
selectivity may be enhanced). In the limit of significant geposition time for each layer was 5 min, and the rinse time 1 min.
permanent extrinsic charge of one sign, the system behaves ashe last (PSS) layer of 20 was deposited from solution containing 10
classical fixed site (Donnan) ion exchanger, permselective to mM salt to allow adsorption with minimal surface charge overcom-
either positive or negative char§elt should be noted that the  pensatiori?

tendency for polyelectrolyte ion pairing is strong and any newly ~ ATR measurements were performed with a Nicolet Nexus 470 fitted
created bulk extrinsic charge may well be extruded to the with DTGS detector and a 0.5-mL capacity flow-through ATR assembly

surface, reestablishing bulk intrinsic compensation and reluctant(SPecac Benchmark) with a 0 10 x 6 mm 45 germanium crystal.

exchanger behavior. Cross-linking may be required to inhibit I\E/Ia?tq spectrum Zad 52 ann?hco:gged a: f‘ rﬁ_ISOI_ltjtion IOf 73' 3"_‘
this internal reorganization of charge. ultilayers were deposited on the crystal while it was loaded in

the flow cell by passing polyelectrolyte and rinse solutions, in an
alternating manner, through the cell. To determine spectrometer
response to sulfonate and perchlorate, standard solutions (0.10 M) of

PSS (molecular weight 70 000) and PDADMR,, (3—4) x 109), PSS and NaCl@were passed through the cell using a bare crystal.
from Aldrich, were dialyzed against distilled water using 3500 molecular Thicknesses on Pt were determined using a Gaertner Scientific L116B
weight cutoff dialysis tubing (Spectra/Por). Sodium chloride (Fisher), Autogain ellipsometer with 632.8-nm radiation at’7fcident angle.
potassium ferrocyanide (Fisher), hydroguinone (Fisher), sodium per- Multilayer thickness on the Ge crystal was measured with a profilometer
chlorate (Mallinckrodt), ferrous sulfate (Aldrich), and potassium (Tencor Instruments) at step edges (scratches). All experimental data
ferricyanide (Mallinckrodt) were used as received. points have a RSD of-+5%.

Electrochemical measurements were performed with a 100-mL cell  Acknowledgment. The authors are grateful for assistance
equipped with a water jacket thermostated#6.1 °C, a platinum from Per Rikvold concerning the combinatorics calculations.
counter electrode, and a KCl-saturated calomel electrode, against whichThis research was supported by a grant from the National
all potentials are quoted. The working electrode was a platinum rotating Science Foundation (DMR9727717).
disk electrode (RDE, Pine Instruments), 8 mm in diameter, mounted
in a Pine ASR2 rotator. Potential ramps were generated by a Princeton
Applied Research 273 potentiostat interfaced to a PC.

Experimental Section

Supporting Information Available: Extended equilibrium
expressions, FTIR spectra, detailed Monte Carlo and probability
treatment (PDF). This material is available free of charge via

(48) (a) Yoo, D.; Shiratori, S. S.; Rubner, M. Facromolecules1998 31, the Internet at http:/pubs.acs.org.
4309. (b) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, A. J.; Mayes,
A. M.; Rubner, M. F.Langmuir200Q 16, 5017. JA021448Y
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