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Abstract: Tensile properties of microcoupons of polyelectrolyte complex, formed by the multilayering method,
were determined using a micromechanical analysis system. The degree of internal ion-pair (“electrostatic”)
cross-linking was reversibly controlled by exposure to salt solution of varying concentration, which “doped”
counterions into the films, breaking polymer/polymer ion pairs in the process. Linear stress—strain behavior
was observed for a poly(styrene sulfonate)/poly(diallyldimethylammonium) multilayer up to 2% deformation.
The dependence of modulus on cross-link density could be rationalized well by classical theories of rubber
elasticity, including some insight on the topology of polyelectrolyte complexes.

Introduction polyelectrolyte segments, driven by the release of counterions
linki q | based ) ith desi and watef2 Under this entropically driven regime, the coun-
Cross-linking endows polymer-based composites With desir- tgjons that were lost during PEC formation may be reintroduced

able properties such as resistance to solvents and flow, highby exposing the complex to a solution containing these ions.
softening temperatures, and excellent dimensional stabilihe For examplé

classic example of cross-linking technology is the vulcanization
of rubber? where polymer chains are linked via sulfur bridges
to form a resilient networR. Most cross-linking strategies
currently applied to materials employ irreversible chemical ) N )
cross-links. However, methods of forming reversible physical Where Pof and Pol are respective positive and negative
cross-links are also known. Examples include hydrogen-bondedPolyelectrolyte repeat units. The subscript “c” refers to com-
networks? ionomer gels with junctions formed by ionic ag- Ponents in the complex phase.

gregatior? networks cross-linked by functional groups attached ~ When ions enter the PEC according to eq 1, they break ion-

via chain end§, and networks with junctions stabilized by Pairing cross-links (it is possible to decompose the PEC fully
segmental crystallizatioh. at sufficiently high salt concentratios We have verified the

Electrostatic, or ion-pairing, interactions between polyelec- _rev_er3|b|%a_rc1ature of the equilibrium above directly and
trolytes of opposite charge also yield cross-linked structures with Indirectly.”*"¢ A PEC immersed in a solution of salt therefore
reversible physical junctiorisThe driving force in the formation represents a very intriguing system: an amorphous composite,

of these polyelectrolyte complexes (PECs) is ion pairing between blended a}t the m.olecular. level (dug tc_) the attrf':\ctive segment
segment interactions), with cross-linking density undeers-

ible thermodynamic control

Pol"Pol, + Naj,+ Cl,,=Pol'Cl_ + Pol'Na] (1)
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may be assessed directly by volume charf§egery little

quantitative work has been reported on the mechanical properties n

of PECs as a function of their counterion content, although the w

trend of softening in salt has been measéfrewst recently on /ﬁ\
capsules of polyelectrolyte compléX. cr SOz H*

With the advent of polyelectrolyte multilayers (PEMUS),
PECs are widely available in a much more tractable thin-film
format. Multilayers are formed by alternately exposing a
substrate to the charged polymé¥ghe resulting film is dense,
uniform, and of highly defined stoichiometry (i.e., 1:1 matching
of positive and negative polyelectrolyte segments), with very
little residual counterion conteft. This new PEC morphology
has stimulated much recent work on the mechanical properties
of _PEMUs, employing innovative methods such as nanoinden- Mu/M, = 1.06) and PDADMA (molecular weight 3. 1GF, Mu/M.,
tation'3 of PEMUs on planar substrates, deformation of PEMU- _ 2.09) (Figure 1) were from Aldrich, and NaCl was from Fisher.
based microcapsules, PEMCs, using atomic force micro3€opy  peionized water (Barnstead, E-pure, Milli-Q) was used to prepare all
and osmotic swellind® strain-induced elastic buckling instabili-  aqueous solutions.
ties to measure the modulus of PEMU in both the dry and wet  PEMU Coating. A poly(tetrafluoroethylene) (Teflon) substrate (50
states® and quartz crystal microbalance measurements on thick, x 24 x 1.6 mn?) was cleaned in ethanol and then exposed alternately

planar films!” These studies revealed a material with an elastic to the two polymer solutions for 5 min using a robotic platform
modulus in the range of 0.061L GPa. (StratoSequence, nanoStrata Inc.), with three rinses of deionized water

In thi K b th t that PEC tfor 1 min each. Rinse and polymer solution volumes were 50 mL.
n this work, we embrace the concept tha S represen Polymer solution concentrations were 0.01 M (quoted with respect to

an opportunity to address some of the basic predictions of rubbery,e monomer repeat unit), with an ionic strength of 1.0 M NaCl. The
elasticity, enumerated many decades ago by Flory and othermyitilayer was then annealed at room temperature in 1.0 M NaCl for
workers318In particular, we exploit the reversible cross-linking one weel?

concept summarized by eq 1. Success in this approach relies The “dry” thickness of the multilayer was determined accurately
on the use of a PEC that is moderately easy to dope with using Fourier transform infrared (FTIR) spectroscopy comparison (using
counterions. We have had much experience with the poly- the strong sulfonate stretch at 1100 ¢jnof a PDADMA/PSS
(styrene sulfonate)/poly(diallyldimethylammonium) (PSS/PDAD- multilayer.of known thigkness (m(_easured with a Gaertner SCie{‘ltifiC
MA) multilayer system, which is doped to varying degrees over LllGS_ ellipsometer) with the “thick” PEMU used for mechanical
the 0.1-1.0 M range of NaCl concentratiéa.¢ A further analYS's . .

critical feature of this work was the ability to prepare PEMUs Microscopy and Mechanical Analysis.PEMUs were peeled off

. . . the Teflon substrate using flat-ended tweezers and cut into micro-
on fluorinated surface’$,which could then be peeled off to yield coupons (length 2.0 mm, width 150n, dry thickness 9.@m) with a

free-standing films for mechanical testing. Due to the very small razor blade. The ends were wrapped in aluminum foil clips and secured
sizes of the samples, traditional polymer testing equipment wasby applying a drop of silicone rubber before closing the clips.
unsuitable, and we therefore resorted to apparatus designed to The aluminum clips were connected to minuten pin hooks on a
test individual muscle fibers having widths in the range of capacitance-type force transducer (3.3 kHz resonant frequency; Aurora

Poly(diallyldimethylammonium Poly(styrene sulfonic acid),
chloride), PDADMA PSS

Figure 1. Structure of polyelectrolytes used.

micrometers. Coordinating theory to experiment also shed light
on the morphology of PECs in general.

Experimental Section

Reagents and Materials. PSS (molecular weight 6.8< 10

(10) (a) Lebedeva, O. V.; Kim, B.; Vasilev, K.; Vinogradova, OJl.Colloid
Interface Sci2005 284, 455. (b) Sukhorukov, G. B.; Fery, A.; Brumen,
M.; M6hwald, H.Phys. Chem. Chem. PhyZ004 6, 4078. (c) Heuvingh,
J.; Zappa, M.; Fery, ALangmuir2005 21, 3165.

(11) (a) Decher, GSciencel997, 277, 1232. (b) Decher, G., Schlenoff, J. B.,
Eds. Multilayer Thin Films: Sequential Assembly of Nanocomposite
Materials Wiley-VCH: Weinheim, 2003.
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R. E.Macromolecule2004 37, 4865. (c) Richert, L.; Engler, A. J.; Disher,
D. E.; Picart, C.Biomacromolecule2004 5, 1908.

(14) (a) Lulevich, V. V.; Radtchenko, I. L.; Sukhorukov, G. B.; Vinogradova,
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A. Eur. Phys. J. 003 12, 215. (c) Vinogradova, O. I.; Lebedeva, O. V.;
Vasilev, K.; Gong, H.; Garcia-Turiel, J.; Kim, Biomacromolecule2005
6, 1495.
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H. Eur. Phys. J. E2001, 5, 2117. (c) Vinogradova, O. I.; Andrienko, D.;
Lulevich, V. V.; Nordschild, S.; Sukhorukov, G. Blacromolecule2004
37, 1113.

(16) Nolte, A. J.; Rubner, M. F.; Cohen, R. Bacromolecule®2005 38, 5367.

(17) (a) Salomaki, M.; Loikas, K.; Kankare, Anal. Chem2003 75, 5895. (b)
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(18) (a) Flory, P. J.; Rabjohn, N.; Marcia, C.B.Polym. Sci1949 4, 225. (b)
Treloar, L. R. G.The Physics of Rubber ElastiGitZlarendon: Oxford,,
1975; pp 10+127. (c) Katz, D.; Tobolsky, A. VPolymer1963 4, 417.

(d) Mark, J.; Ngai, K.; Graessley, W.; Mandelkern, L.; Samulski, E.; Koenig,
J.; Wignall, G.Physical Properties of Polymer&€ambridge University
Press: United Kingdom, 2004; p 39.

(19) Hsieh, M. C.; Farris, R. J.; McCarthy, T. NMlacromoleculesl997, 30,

8453.

Scientific, Ontario, Canada,; calibrated with small weights) and a moving
iron galvanometer motor (step timg300 us; Aurora Scientific),
designed for monitoring contractile behavior of single muscle fiBrs,
mounted on the base of a Leitz Diavert (Wetzlar, Germany) inverted
microscope. Silicone sealant was used to stabilize the clips on the
minuten pins. Position was monitored by a capacitance-type transducer
in the motor. Calibration was done by applying a control voltage input
(square wave) to the motor and measuring (using a microscope) the
linear distance traveled in the horizontal plane by a clip attached to
the motor hook. This allowed for rapid determination of the delta-
position for a given input wave amplitude.

A temperature-controlled stage containing salt solutions of variable
ionic strength was used to soak the PEMU for in situ measurements.
Solutions were held in 200t anodized aluminum wells. The tem-
perature was maintained at 281°C with an ATR-4 regulator (Quest
Scientific, North Vancouver, BC, Canada). Before every measurement,
the microcoupon was conditioned in a specific salt solution for 10 min.
Experimental control, data collection, and analysis of raw data were
carried out using a PC-based system with a DT2831-G board (Data
Translation, Marlboro, MA) and custom software. The software
performs a fast Fourier transform method, converts to polar notation,

(20) (a) Chase, P. B., Martyn, M. J.; Hannon, J.JDMuscle Res. Cell Matil.
1994 15, 119. (b) Chase, P. B.; Martyn, M. J.; Hannon, J Hibophys. J.
1994 67, 1994. (c) Scholstoff, B.; Kataoka, A.; Chase,J? Pharmacol.
Exp. Ther.2005 312, 12.
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Scheme 1. Complexed Chains of PDADMA and PSS2

NaCl
_—
SO; soy 805 soy SOy soy Na+ SOy S0y
~N+ ~SnF \N,/ SN SN ~ ~p

aQpen circles represent junctions. Blue, black, and red lines represent the ion-pair chain, the PSS, and the PDADMA backbone chains. A “chain” appears
between junctions.

finds the maximum amplitude index, calculates stiffness values and content, the PEMU is intrinsically compensated and the ion-
phase shift values, writes them to a file, converts to complex notation, pair density,co (mol cn3), is given by
and performs an inverse fast Fourier transform. Force was normalized

to the multilayer microcoupon cross-sectional area, which was calcu- M +M Ny oMy o\ 2

lated from the wet thickness at different salt concentrations (assuming . = |—DADMA PSS, 2 2 3)
a rectangular geometry, see Supporting Information for more details). 0 P PH,0

Background and Theory whereMppapma, Mpss Mu,0, Niy0, 0, @ndpw,o are the molecular

. ] weights of PSS, PDADMA repeat units, and water, number of

Doping of Networks. The concentration and length of  \ater molecules per ion pair, average density of PDADMA and
polymer chains extending between cross-links, whether physicalpss (1.1 g cm?), and density of water, respectively.
or chemical, are two important factors that influence the | ionic media. ions will dope the multilayer as in eq 1
viscoelastic properties of a polymeric netwdfiéccording to transforming intrinsically compensated PEMU to extrinsically
the molecular theory of rubber elasticity, the equilibrium shear compensated. Swelling by hydrated ions is reversible and
modulus, G, of a Gaussian polymeric network is directly rapid22 The corresponding equilibrium constakt, is%
proportional to the concentration of network chainsand is

given by8b V2 V2
K= >~ ( 2) (4)
G=OvRT ) (1 —yINaCllyg  \INaCllygly—o

where® is the “front factor”, a geometrical factor close to unity wherey is the fraction of the multilayer in the extrinsic form
(described in more detail and determined in Supporting Infor- (the “doping” level) and 1— y is the intrinsic fraction. For
mation). Equation 2, though simple, has been used with greatPDADMA/PSS multilayersy — 1 at >2.5 M NaCl, and the
success in rationalizing elasticity. Estimating the modulus is a multilayer dissolve$¢
straightforward geometric analysis of the density of chains, each  Although individual polymer charges are well matckaaith
chain defined by a junction point to which a cross-link is minimal participation of salt counterions, we have shown that
attached. Scheme 1 represents the approach of considering athere is some residual extrinsic compensation in PDADMA/
ion pair as an electrostatic cross-link. Four negatively charged PSS multilayers at a level of about 3% after annealingle
segments are paired with four positive segments, each pair acombine this finding with doping data of PDADMA/PSS in
cross-link. When salt ions enter the structure, cross-links are NaNG: to yield the following empirical relationship between
broken, as depicted. The density of chains may be calculated ifsolution salt concentration and doping level:
the cross-link density is known.

Intrinsic (polymer/polymer ion pairs) and extrinsic (polymer/ y=0.03+ 0,34[NaCI]Elq (5)
counterion pair) charge are accompanied by water molecules,
which additionally swell the PEC. The precise number of water The functional dependence gfon salt concentration, which

molecules (which affects the density of cross-links) can be myst be determined experimentally, depends on the polyelec-
determined with FTIR! In the absence of any counterion

(22) Salloum, D. S.; Schlenoff, J. Eelectrochem. Solid State LeR004 7,
(21) Jaber, J. A.; Schlenoff, J. Blacromolecule2005 38, 1300. E45.
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Figure 2. Ladder vs network topologies of polyelectrolytes in a complex.

Blue, black, and red lines represent ladder ion pairs, PSS, and PDADMA
backbone chains, respectively. Solid blue circles represent a network cross-

link. (A) A ladder array of polyelectrolyte complexes. (B) A full network
showing no ladder pairing. (C) A network of ladders, or “scrambled salt”
(shown for the case wheR = 0.46).

trolytes forming the PEMU and the salt type. Generally, PEMUs
from hydrophobic polyelectrolytes will be more difficult to
swell/dope. The polymer/polymer ion-pair (cross-link) density
at [NaCllq > O, cnacy, is directly related to the doping
level,

(6)

Ladder vs Network Pairing. At this point, we address an
interesting topological conundrum which was the topic of intense
debate during the early years of PE€<hains of complexed
polyelectrolytes can exist with a mixture of topologies: ladder
or network. In a ladder complex (Ptﬂo[*), sequential seg-
ments on a polyelectrolyte backbone pair up with likewise

Cinac) = Co(1 —Y)

sequential partners, as shown in Figure 2A. At the opposite
extreme, alternating segments pair up with those on different

chains (PoTPoIE) to form a network (see Figure 2B). The

impact on the mechanical properties will be profound, as ladder

pairing does not produce a network. In reality, a mixture of

ladder and network pairing is expected. The representation in

Figure 2C can be considered a “network of ladders”. Neighbor-
ing chains forming ladder pairs have a similar impact on

modulus as termination of a chemical cross-link on the same

chain. While it was concluded, some time ago, that the pairing

(23) Dautzenberg, H.; Jaeger, W.;t#pJ.; Philipp, B.; Seidel, C.; Stscherbina,
D. Polyelectrolytes: Formation, Characterization and Applicatistanser
Publishers: New York, 1994; Chapter 6.

of segments in a PEC is random and network-like (the
“scrambled salt” morphology23 the dilemma has not been
addressed in a quantitative fashion. We attempt to do so here
by defining a network fractionQ2, that is, the fraction of ion
pairing that exists in the network mode (the cartoon in Figure
2C demonstrates a fraction of 0.46):

B [Pol"Pol]
~ [Pol"Pol] + [Pol"Po[ ]

()

If ion-pairing associations were completely random and isoen-
ergetic, every other segment, on average, would be paired
network style (i.e.,Q = 0.5 for 2-dimensions). Bias toward
ladder @ < 0.5) or network > 0.5) topology would
influence the bulk modulus accordingly. In parallel with
copolymerization terminology, the “ideal” PEC would be one
in which Q = 0.5 (i.e., random ion-pair sequences). For the
purposes of the theory, the effective cross-link density of the
network is defined by

8

The network is characterized by having three types of chains
(Scheme 1): the PSS backbone chain, the PDADMA backbone
chain, and the cross-link chain. Following the definitions
provided by Smiti#* on average, for every two cross-links there
exist four network junctions and six chains, ands given

by

Cinacl) = $2CNach

©)

There may be some sample history dependence.dt is
likely that the distribution of ion-pair types directly following
the synthesis of a complex (for example, by the multilayer
method) reflects the fact that complexes (multilayers) are usually
prepared in the kinetic limf€ The thermodynamically controlled
topology is expected following some kind of “annealing” step.
For example, we have recently shown, using neutron reflecto-
metry studies of deuterated multilayers, that NaCl concentrations
above about 0.8 M destroy the fuzzy layering in PDADMA/
PSS muliilayerd® In a recent example, the stiffness of
PDADMA/PSS PEMCs decreases somewhat after annealing at
elevated temperaturég.

Energy differences in ladder vs network pairing may be
presented quantitatively by the following equilibria:

V= 3Cnacy]

K

Pol"Pol + Naf, + Cl,,==PolCl” + Pol'Na" (10)
K

Pol"Pol; + Naj, + Cl,,==Pol'CI” + Pol Na" (11)

where

+~ - “NjaT
K = [Pol"CI ][Pol"Na']

" [Pol*Pof J[Na™][CI ] (12)

_ [Pol"CI ][Pol "Na']
[Pol"Pol][Na][CI ]

(13)

N

(24) Smith, L. T.J. Polym. Scil974 46, 97.

(25) Jomaa, H. W.; Schlenoff, J. Blacromolecule2005 38, 8473.

(26) Mueller, R.; Kohler, K.; Weinkamer, R.; Sukhorukov, G.; Fery, A.
Macromolecule2005 38, 9766.
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Figure 3. Stress relaxation of a (PDADMA/PSS)@1.0 M NaC#®
multilayer at different salt concentrations with an applied strain of 0.4%.

of various ionic strength, and the stresswas recorded over
a period of 100 ms.

At any given ionic strength, the initial tensile stregs,
increased instantly in response to the applied constant strain
and then decayed. A pseudo-steady-state regivag, was
obtained at > 70 ms.

Stress relaxation is a well-documented phenomenon that
characterizes viscoelastic materiti8:3°When cross-links are
introduced into polymers, the viscosity becomes infinite and a
viscoelastic network is produced, exhibiting an equilibrium
modulus and compliandé.In contrast to the PEMU above,
which is characterized by a relatively fast stress relaxation,
polymer networks typically exhibit long viscoelastic relaxation
times3'2 For example, it can take several hours for a lightly
cross-linked natural rubber to equilibrate in a stress relaxation
experimen®!? The origin of this difference in relaxation rate is
the contrasting relaxation modes a polymer chain can undergo

a b, ¢, d, e andf correspond to salt concentrations of 0.0, 0.2, 0.4, 0.6, jn PEMU and lightly cross-linked rubber. When a constant strain

0.8, and 1.0 M NacCl, respectively. The stress was corrected for the actual
cross-sectional area of the microcoupons, with consideration of water volume

fraction.

is applied to deform either polymeric network, the free energy
of the molecular segments will increase, and the chains respond
by readjusting themselves (viscous-like flow) to relieve the

The difference in the free energy of association (the reverse ensuing stress. Every time a segment reorients to a new, lower
of egs 10 and 11) between ladder and network pairs is givenfree energy, the stress will decre@3dn lightly cross-linked

by
K
AG? — AGY = —RTInK—N (14)
L
Ky _[Pol'Pol] 1-0 (15)

K. [Pol"Pof] @

rubber, reorientation is accomplished when branched chains or
dangling ends diffuse in the presence of entangleniéritdf
more cross-links are introduced, the chains can diffuse less and
the extent of stress relaxation decreases dramati€dlly.
Classically, polymers are heated to accelerate their flow and
relaxation properties, especially when the temperature is raised
beyond the glass transition temperaturg®* PECs are multi-
component systems that cannot be heated to melting due to their

Ladder pairing could reasonably be expected to be somewhatsalt-like propertie$? Further temperature censtraints are obv_i-
more stable, as neighboring segments would pair cooperatively.ously present when PECs are immersed in agueous solution.

For linear growing multilayers, where layers are “frozen” in

Instead, PECs may be softened by the addition of salt (under

place during synthesis, annealing would be required to reachisothermal conditions) in a process ebunterion-induced

the thermodynamic distribution. Exponentially growing multi-
layers?” where at least one of the polyelectrolyte components

plasticization The enhanced mobility of polyelectrolytes under
the influence of salt has recently been presented by Cohen Stuart

has access to the entire multilayer, may establish the thermo-and co-workers as a glass-to-rubber phase transitiovinile

dynamic distribution of ladder and network pairs on formation.
If network fractions of multilayers drift with time, so will their

the influence of salt on mechanical properties is strong, we
believe the effect is best characterized as a continuous change

mechanical properties, which might influence the response of in properties rather than a (discontinuous) first-order phase

cells growing on them8 Our evidence for high ladder fraction
in our “annealed” materials comes from a comparison with
published moduli for PDADMA/PSS multilay€g26which are
significantly higher than ours. We are currently attempting to
follow the evolution of modulus with time for PEMUSs.

Results and Discussion

Viscoelasticity of PEM. Figure 3 depicts some typical tensile
testing results. In this figure, a 0.4% uniaxial straé,was
applied to the PEMU microcoupon immersed in salt solutions

(27) (a) Lavalle, P.; Gergely, C.; Cuisinier, F. J. G.; Decher, G.; Schaaf, P.;
Voegel, J.-C.; Picart, QWlacromolecule002, 35, 4458. (b) Boulmedais,
F.; Ball, V.; Schwinte, P.; Frisch, B.; Schaaf, P.; Voegel, J-@xgmuir
2003 19, 440. (c) Schter, B.; Poptoshev, E.; Caruso, Macromolecules
2003 36, 5258. (d) DeLongchamp, D. M.; Hammond, P.Ghem. Mater.
2003 15, 1165. (e) Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich,
G. D.; Schaaf, P.; Voegel, J.-C.; Lavalle,oc. Natl. Acad. Sci. U.S.A.
2002 99, 12531.

(28) (a) Engler, A. J.; Richert, L.; Wong, J. Y.; Picart, C.; Discher, DSHtf.
Sci.2004 570, 142. (b) Richert, L.; Boulmedais, F.; Lavalle, P.; Mutterer,
J.; Ferreux, E.; Decher, G.; Schaaf, P.; Voegel, J.-C.; PicarBiG-
macromolecule004 5, 284. (c) Salloum, D. S.; Olenych, S. G.; Keller,
T. C. S.; Schlenoff, J. BBiomacromolecule2005 6, 161.

2944 J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006

transition. We were not able to locateTg in well-hydrated
PDADMA/PSS complexes using differential scanning calorim-
etry over the temperature range0 to 90°C.

Salt-Dependent Viscoelastic Behavior in PEMUs.The
observations summarized by Figure 3 demonstrate the influence
of solution ion strength on PEC mechanical properties. To

(29) Polyelectrolyte nomenclature: (A, where A and B correspond to
the first and second polyelectrolytes in a layer pair, starting witkx .
the number of layer pairg. is the ionic strength of the buildup solution.

(30) (a) Young, R. J.; Lovell, P. Antroduction to Polymers2nd ed.; Chapman
& Hall: London, New York, 1991. (b) Orbey, N.; Dealy, J. M. Rheol
1991 35, 1035. (c) Matsuoka, SRelaxation Phenomena in Polymgrs
Hanser Publishers: Munich, New York, 1992.

(31) (a) Chasset, R.; Thirion, P. Proceedings of the Conference on Physics
of Non-Crystalline SolidsPrins, J. A., Ed.; North-Holland Publishing
Co.: Amsterdam, 1965; p 345. (b) Plazek, D.JJ.Polym. Sci., Polym.
Phys. Ed.1966 4, 745.

(32) Matsuoka, S.; Quan, Xacromolecules1991, 24, 2770.

(33) (a) Curro, J. G.; Pincus, Racromoleculesl983 16, 559. (b) Curro, J.
G.; Pearson, D. S.; Helfand, Macromoleculesl985 18, 1157.

(34) (a) Hill, D. J.; Perera, M. C. S.; Pomery, P. J.; Toh, HRSlymer200Q
41, 9131. (b) Li, S. C.; Qiu, Q. W.; Jarvela, . Appl. Polym. Sci200Q
76, 722.

(35) Kovacevic, D.; Van der Burgh, S.; De Keizer, A.; Cohen Stuart, M. A.
Langmuir2002 18, 5607.
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Figure 4. (A) Stress-strain curves of a (PDADMA/PSgy@1.0 M NaCl

multilayer at different salt concentrations. Open circles, asterisk, triangles,
crosses, squares, and diamonds correspond to the stretching cycle (i
increasing order of elongation) with salt concentrations of 0.0, 0.2, 0.4,

be linear. Further, when the elongation cycle was repeated at a
certain ionic strengthgeq was reproducible with minimal
hysteresis. This means that the multilayer recovered almost
completely when the applied strain was removed (i.e., there was
no residual deformation).

E, evaluated from the slopes of the strestrain data (Figure
4B), was observed to decrease as the ionic strength increased.
The material becomes softer as more salt is added, and a lower
amount of energy is stored. A reduction in stiffness as a function
of ionic strength was previously observed in the case of
polyelectrolyte complexes in contact with salt-containing
solution$’ and other multilayer systefftthat have been studied
in the framework of mechanical properties, such as poly-
(allylamine hydrochloride) (PAH)/PS®8:16 In the case of
PEMCs made from PAH and DNA, an interesting stiffening of
the multilayer was seen on adding salt. Hydrogen-bonded
systems may become more strongly associated as ionic strength
increaseg?c:36

At 0.0 M NaCl, the elastic modulus reached a maximum of
17 MPa, which is an order of magnitude less than the reported
elastic modulus of polyelectrolyte multilayer capsules made from
PDADMA/PSS5226 bhut close to a value of 24 15 MPa
deduced from quartz crystal microbalance studies on planar
PEM films of the same compositid® Much of the published
work relating to the mechanical properties of PEMUs was
carried out on PEMCG$ made by sequential deposition of
oppositely charged polyelectrolytes on melamine formaldehyde
(Mf) or poly(lactic acid) (PLA) colloidal particles. Dissolution
of the core template particles was accomplished via treatment
with organic solvents and/or acid medfawhich was found to
affect the physical properties of the produced polyelectrolyte
multilayer shell$”f For example, PAH/PSS PEMCs prepared

"on PLA templates are 2 orders of magnitude softer than same

0.6, 0.8, and 1.0 M NaCl, respectively. Solid circles, triangles, and squares PEMC prepared on MF templat&$.Even if the same template

indicate a decreasing elongation cycle at 0.0, 0.4, and 0.8 M. A similar

trend was observed at the other salt concentrations. (B) Elastic modulus

obtained from the slope of the curves in panel A. At 0.0 M N&# 17
MPa. Dimensions were corrected to account for swelling. (See Supporting
Information for more details.)

was used, the resulting PEMCs showed an elastic modulus
ranging from 30 to 100 MP#¢ More recent data on PAH/PSS
multilayers indicatesE values consistently in the 400 MPa
rangel0e.150.16After synthesis, the modulus of a PEMC may or
may not be influenced by the presence of an organic soffnt.

generate steady-state (“static”) stress/strain data and investigate In the present case, PEMU microcoupons were peeled from

the dependence of elastic moduls,on doping, the micro-

coupons were subjected to a series of transient uniaxial strains

elongating the PEMUs by 04% of their original length
(Figure 4A). The experiment was again carried out in situ with
microcoupons immersed in salt solutions of various ionic
strength.oeq was recorded at= 70 ms and used to construct
the stressstrain curves.

E measures the resistance to deformation of a material when

stress is applied, and it is definedBy®a

(16)

7)

wheree, g, Lo, and L are strain, stress, and the lengths of
polymer network at rest and after applying a certain strain,
respectively.

In agreement with eq 16, the relationship between applied
strain and resulting stress in PEMUs K 2% was found to

the planar substrate using physical and not chemical means.
Thus, we are able to rule out variability iB caused by
dissolution/delamination steps.

Linear vs Nonlinear Viscoelastic Behavior in PEMU.
When the PEMU microcoupons were stretched by more than
2%, the resulting stress curved upward. This was more

(36) (a) lzumrudov, V.; Sukhishvili, S. ALangmuir 2003 19, 5188. (b)
Kharlampieva, E.; Sukhishvili, S. AMacromolecule003 36, 9950. (c)
Izumrudov, V. A.; Kharlampieva, E.; Sukhishvili, S. Biomacromolecules
2005 6, 1782.

(37) (a) Dubreulil, F.; Shchukin, D. G.; Sukhorukov, G. B.; FeryMacromol.
Rapid Commun.2004 25, 1078. (b) Lebedeva, O. V.; Kim, L. S;
Vinogradova, O. |.Langmuir 2004 20, 10685. (c) Lulevich, V. V.;
Andrienko, D.; Vinogradova, O. J. Chem. Phys2004 120, 3822. (d)
Lulevich, V. V.; Nordschild, S.; Vinogradova, O.Macromolecule2004
37, 7736. (e) Lulevich, V. V.; Radtchenko, I. L.; Sukhorukov, G. B.;
Vinogradova, O. IMacromolecule®003 36, 2832. (f) Gao, C. Y.; Moya,
S.; Lichtenfeld, H.; Casoli, A.; Fiendler, H.; Donath, E.;"Meald, H.
Colloids Surf. A2001, 286, 355. (g) Lulevich, V. V.; Vinogradova, O.
Langmuir2004 20, 2847. (h) Kim, B. S.; Vinogradova, O.J. Phys. Chem.
B 2004 108 8161. (i) Vinogradova, O. U. Phys. Condens. Matt@004
16, R1105. (j) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Davis, S. A.;
Mohwald, H.Angew. Cheml998 37, 2201. (k) Kim, B.-S.; Lebedeva, O.
V.; Koynov, K.; Gong, H.; Glasser, G.; Lieberwith, I.; Vinogradova, O. I.
Macromoleculef005 38, 5214. (I) Kim, B.-S.; Fan, T.-H.; Lebedeva, O.
V.; Vinogradova, O. | Macromolecule2005 38, 8066.
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Figure 5. Stress-strain curves of (PDADMA/PSS)@1.0 M NaCl
multilayer at different salt concentrations and higher strain amplitudes.

0.045

are highly interpenetrating and no actual stratification of material
between adjacent “layers” is obsernvEd® Such a randomized
amorphous composition would support the scrambled salt
topology € — 0.5). It is possible, however, to create “fuzzy”
strata by separating materials by several layers. This has been
done, for example, using isotope labeling of select layers for
structural studie&!**or on a longer length scale by composition
variations to produce dielectric filtef$.Even diffuse layering
indicates a nonequilibrium structure which could contain residual
stresses or partial alignment of polymer chains in the plane of
the substrate. Anisotropic orientation would bias the mechanical
properties, depending on the direction of the applied stress. For
uniaxial elongation, as performed here, the stress tensor is in
the plane of the film, and residual in-plane orientation would
increase the apparent modulus. It is known that exposure to
salt “anneals” residual extrinsic charge from films by assisting

Circles, triangles, squares, and diamonds correspond to salt concentrationgolyelectrolyte interdiffusion. We have shown that exposing
0f 0.2, 0.4, 0.8, and 1.0 M NaCl, respectively. Solid lines are a guide to the pDADMA/PSS multilayers to NaCl of approximately molar
eye. concentration induces interdiffusion at the surfd@ad in the
8bulk.25 In the present experiments, PEMUs were thoroughly

pronounced when the salt concentration decreased below 0 annealed for 1 weeknil M NaCl to yield truly amorphous,

M (Figure 5). Here, nonlinear response comes into play at quite

low extensions.
Polyelectrolyte multilayer microcapsules immersed in water

were shown to behave similarly when deformed using an atomic

force microscope. However, the critical deformation limit for
the linear stressstrain relationship for PEMCs was 1 order of
magnitude higher than observed here for PERUWhen
PEMCs are significantly expanded using high internal osmotic

pressure, the modulus decreases to the range of a few MPaW

although deformation is not reversitié.
Nonlinear stressstrain is also observed in cross-linked

rubber, but at much higher strains, and is interpreted on the

basis of strain-induced crystallizatié#f This is highly unlikely

in the case of PEMUs because the extension limit at which the

upturn occurs is insufficient to align the polymer chains and
cause crystallization. A more plausible explanation for the
nonlinear stressstrain behavior at low ionic strength takes into
account the finite chain extensibil#of the PDADMA/PSS

network. Due to a high cross-link density, the network is

comprised of a population of short chains. The network is so

dense that the chains reach their extensibility limit quicRly.
Rodd et aP° reported that, for a system undergoing gelation,
the critical strain limit of linear viscoelasticity decreased as the
number of cross-links increased. In Figure 5, when the ionic
strength of the bathing solution is 0.8 M or higher, the cross-
link density is reduced and PEMU is plasticized enough to
achieve extensibility limits beyond 2%. It is possible that a

heterogeneous mixture of chains with varying lengths and
flexibilities emerges at this point. The longer chains possess

higher degrees of freedom and are more efficient in relieving
applied deformations.

Modulus vs Cross-Linking. The modulus vs solution salt
concentration data (Figure 4) may be combined with swelling
behavior (eqs 1 and 4) specific to PDADMA/PSS (eq 5) to
correlate experiment with theory (eq 2). Included in the
treatment is the extent to which ion pairs form network cross-
links vs ladder cross-links (Figure 2). It is known that PEMUs

(38) Jansson, J. F.; Stenberg, B.Macromol. Sci. Phys1981, B19, 143.
(39) Rodd, A. B.; Dunstan, D. E.; Ross-Murphy, S. B.; Boger, D.Rheol.
Acta 2001, 40, 23.
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isotropic films. Conditions for efficient annealing depend on a
number of factors, including the pair (or blend) of polyelectro-
lytes, the salt concentration, and the salt type. Specifically,
hydrophilic polymers, such as those containing carboxylates,
are easier to swell and would anneal at lower salt concentrations.
Other PEMUSs, including the popular PAH/PSS couple, are much
more difficult to swelf2 and only soften at high NaCl
concentratio4? An alternative to high NaCl concentration
ould be the use of hydrophobic salts (such as NaBr) or
polyvalent salts (e.g., Cagl°ef

Substituting eq 9 into eq 2 and combining with eqs 6 and 8
yields the following for the dependence of shear modulus on
doping level:

G =30RTgR(1—-Y) (18)
For the specific PDADMA/PSS case, the dependence arf
[NaCl].q is estimated (eq 5). Thus,

Grpaomarss= 3PRTGE(0.97— 0.34[NaCl]) (19)
Assuming that the network is isotropic (a condition promoted
by annealing) with a Poisson ratio of 05G can be obtained
from the elastic modulus usir@ = E/3.12The only fit parameter
to eq 2 is the network fractiof?, which for an ideal, “scrambled
salt” PEC— 0.5. As can be seen from Figure 6, the data are
roughly fit with Q = 0.3. This suggests that the PDADMA/
PSS network comprises 70% ladder character (after annealing).
According to eq 14, with a network fraction of 0.3, the respective
free energy difference value s2.1 kJ mot'%; i.e., ladder pairs
are more stable than network pairs by 2.1 kJ thol
The theory represented by eq 2 assumes a network having
point cross-links and that the distribution of the network chains

(40) Lvov, Yu.; Decher, G.; Haas, H.; Mwald, H.; Kalachev, APhysica B
1994 198 89.

(41) Schmitt, J.; Gimewald, T.; Decher, G.; Pershan, P. S.; Kjaer, K.stlte,
M. Macromoleculed993 26, 7058. (b) L@che, M.; Schmitt, J.; Decher,
G.; Bouwman, W. G.; Kjaer, KMacromoleculed998 31, 8893. (c) Kellog,
G. J.; Mayes, A. M.; Stockton, W. B.; Ferreira, M.; Rubner, M. F.; Satija,
S. K. Langmuir1996 12, 5109. (d) Tarabia, M.; Hong, H.; Davidov, D.;
Kirstein, S.; Steitz, R.; Neumann, A.; Avny, \J. Appl. Phys1998 83,
15, 725.

(42) Nolte, A. J.; Rubner, M. F.; Cohen, R. Eangmuir2004 20, 3304.
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Here, the scaling at the highest cross-link densities is more
reasonable, although the Gaussian model (eq 2) is closer in
magnitude at lower densities. Note that all dimensional changes
(i.e., size changes due to incorporation of ions and water) have
been included in the data (Figure 4). Deviations at lower cross-
linking level (higher doping/swelling) could be caused by
weaker association due to loss of binding cooperativity (a
phenomenon documented for PDADMA/PSS multila§@rer
a stronger degree of doping by NaCl than by NaNie., eq 5
under-
estimates the doping constant). Since this constant is determined
from FTIR measurement8, NaCl swelling could not be
determined directly. It may also be possible that network ion
pairs are broken preferentially because they are weaker than
C naci (Mols cm™) ladder pairs.
Figure 6. Experimental shear modulus, usig= E/3, as a function of Experimental values oE are much lower than reported
effective cross-link density. The dashed and continuous lines are fit to the previously for the same PEC and lower than would be estimated
data using eqgs 2 and 20, respectively. The parameters used to construct th%y either the classical (eq 2) or the non-Gaussian (eq 20)
theoretical fit are summarized in Table 1. . : . . .
theories. For example, assumin§eof 1.0 (i.e., every ion pair

G (Mpa)

O 1 1
0.00035 0.0005 0.00065

Table 1. Values of Different Parameters Characterizing the is a network cross-link), Smith’s equation would yieldGaof
Morphology of PDADMA/PSS ca. 260 MPa for undoped PEC. Introducing substantial ladder
[NaCl], M y Co % 10° n G @ pairing is the only way we are able to reconcile the experiment
0.0 0.03 2235 7.2 31 0.55 with theory.
0.2 0.09 2329 7.6 3.16 0.53 Conclusi
0.4 0.14 2329 7.9 3.23 0.51 onclusion
0.6 0.2 2281 8.2 3.32 0.49 The agreement between theory, postulating ion pairs as
0.8 0.25 2200 8.6 34 0.47 reversible cross-links, and experiment is satisfactory, considerin
1.0 0.31 2108 9.1 35 0.45 ' P Y, g

that geometrical estimates are made for parameters, and the only
freely adjustable “fit” parameter waQ, which was assigned
obeys Gaussian statisti®3(heterogeneous distribution of chain  an intuitive value near 0.5. The agreement is not perfect, but
length). As the cross-linking is under thermodynamic control, the scaling and magnitude are quite reasonable. Our experi-
in contrast to chemically cross-linked materials, there should mental modulus values are lower than some others reported in
be a distribution of chain lengths, but not necessarily a Gaussianthe literature, but we believe that our emphasis on chain
distribution. At high cross-link density (low salt concentration), relaxation by annealing, leading to isotropic mateffa(gnd

the junctions are connected by short, stiff segments without possible migration toward more ladder-like composition), may
many degrees of freedom. Thu§ is no longer directly contribute to this difference. A very recent publication reports
proportional tov and a “non Gaussian form of the theory thatthe room-temperature modulus of PDADMA/PSS capsules

becomes essential®P falls after annealing at 50C .26
Smith?* developed theory for the non-Gaussian distribution ~ The insight on topology of PECs afforded ¥ addresses
of chain lengths and derived the following expression: the seemingly intractable semantics questions of where a

counterion goes when it enters the PEC. In a mean-field
electrostatics model, the ions float around, experiencing an
average electrostatic potential within the PEC. In the ion-pairing
approach taken here, ions are associated with particular poly-
wheren is the geometric mean number of bonds in the network €electrolyte segments. The success of treating electrostatic cross-
chains,C, is a characteristic rat? given byC, = n%57, andq links as ion pairs and breaking them when ions enter the PEC
is a dimensional factor determined by bond angles and lengthreinforces the idea that ions are specifically associated with
of the backbone chain (for a network containing only carbon  polymer charges.

carbon single bonds, = 0.83). Smitl?* prescribes the methods Acknowledgment. The authors are grateful to Amanda Clark

for estimating®, n, andC, which were applied here and are  and Professor P. Bryant Chase for help with the use of their
described in more detail in the Supporting Information (they mechanical testing apparatus, and to Prof. Andre Striegel for
are somewhat tedious). The calculated front factors of the helpful discussions. This work was supported by a grant from

PDADMA/PSS multilayer, summarized in Table 1, are in the National Science Foundation (DMR-0309441).
agreement with the findings of Smith, who reported &lose

to 0.5 for highly cross-linked systeris.

Equation 20 performed well in describir@ of polymeric
networks prepared from ethyl acrylate and ethylene, trimeth-
ylene, or tetramethylene glycol dimethacrylate, with cross-link
densities in the range of 0.8 1073 to 2 x 1072 mol cnr3.24 JA055892N

WRT_ 1 _ 6G,

G @, 5q2r‘1

(20)

Supporting Information Available: Diagram of mechanical
testing apparatus; calculation of various geometric factors,
including front factor. This material is available free of charge
via the Internet at http://pubs.acs.org.
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