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Ultrathin polymer membranes, fabricated on porous supports
using the layer-by-layer assembly of oppositely charged poly-
electrolytes;? exhibit high selectivity for the separation of
charged and vapor-phageomponents. The flux of ion transport
through these polyelectrolyte multilayers shows a strongly
nonlinear dependence on solution ionic strerfgthhich is a
consequence of efficient matching of internal charge between
positive and negative polymer segmeh@ertain limitations on

J. Am. Chem. So@001,123,5368-5369

Repeat x2

o ¥

ApH or A[salt]

Figure 1. Method for producing multiple strata of membranes (shown

as shaded rectangles) using release layers (shown as freehand lines). In
steps 1 and 2, many layer pairs of dissociable polyelectrolytes are
deposited on a substrate, followed by several layer pairs of nondissociable
polymers. The process may be repeated to yield an “onionskin” stack of

the large-scale use of multilayer membranes are imposed by theseveral strata, whereupon the individual membranes are delaminated by

requirement that they be fabricated on a porous support. For
example, the films are inhomogeneous, with the area over the

pores thinner than those directly covering the substrate. Here, we

describe a method for producing isolated, free floating, and free-
standing films in conjunction with a high-throughput alternating
spray method for multilayer formation.

The key to producing isolated membranes involves inserting
weak points that are designed to decompose under specific
conditions, in contrast to using a dissolvable subsfrateariety
of interaction mechanisms provide for multilayer buildup of
polymers: in addition to the widely employed electrostatic ion
pairing}? hydrogen bonding has been useds have charge-
transfer interaction¥, biocomplexatiort} and stereocomplex
formation!? Recent studies suggest possible strategies for intro-
ducing a programmed decrease of polymgolymer interactions,
depending on the interaction. Thus, Mendelsohn &t @ported
complete removal of a weak polyacid-containing multilayer from
a substrate at low pH, where electrostatic interactions are
eliminated by neutralizing the negatively charged polyelectrdfyte.
Sukhishvili and Granick describe the use of hydrogen bonding
polymer complexes to make multilayers that are destabilized by
a change in pH. We have recently shown that polyelectrolytes
within multilayers may be dissociated by ion-exchange competi-

(1) Decher, GSciencel997, 277, 1232.

(2) Bertrand, P.; Jonas, A.; Laschewsky, A.; Legrasylacromol. Rapid.
Commun200Q 21, 319.

(3) (a) Harris, J. J.; DeRose, P. M.; Bruening, M.1.Am. Chem. Soc.
1999 121, 1978. (b) Krasemann, L.; Tieke, Bangmuir200Q 16, 287. (c)
Harris, J. J.; Bruening, M. LLangmuir200Q 16, 2006. (d) Harris, J. J.; Stair,
J. L.; Bruening, M. L.Chem. Mater200Q 12, 1941.

(4) (a) Strove, P.; Vasquez, V.; Coelho, M. A. N.; Rabolt, JTRin Solid
Films 1996 284—285 708. (b) Levaalmi, J.; McCarthy, T. Macromolecules
1997, 30, 1752. (c) Krasemann, L.; Tieke, Bhem. Eng. Techna200Q 23,
211.

(5) Farhat, T.; Schlenoff, J. B.angmuir2001, 17, 1184.

(6) (a) Schlenoff, J. B.; Ly, H.; Li, MJ. Am. Chem. S0d.998 120, 7626.
(b) Dubas, S. T.; Schlenoff, J. Blacromoleculesl999 32, 8153.

(7) Schlenoff, J. B.; Dubas, S. T.; Farhat, Jangmuir200Q 16, 9968.

(8) Mamedov, A. A.; Kotov, N. ALangmuir200Q 16, 5530.

(9) (a) Stockton, W. B.; Rubner, M. FProc. MRS1994 369 587. (b)
Wang, L.; Fu, Y.; Wang, Z.; Fan, Y.; Zhang, Xangmuir1999 15, 1360.

(10) Shimazaki, Y.; Mitsuishi, M.; Ho, S.; Yamamoto, Mangmuir1997,
13, 1385.

(11) Anzai, J. I.; Kobayashi, Y.; Nakamura, N.; Nishimura, M.; Hoshi, T.
Langmuir1999 15, 221.

(12) Serizawa, T.; Goto, H.; Kishida, A.; Endo, T.; Akashi, MAm. Chem.
Soc 200Q 122, 1891.

(13) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V,; Pal, A. J.; Mayes, A.
M.; Rubner, M. F.Langmuir200Q 16, 5017.

(14) Shiratori, S. S.; Rubner, M. Macromolecule200Q 33, 4213.

(15) Sukhishvili, S. A.; Granick, SJ. Am. Chem. So@00Q 122 9550.

10.1021/ja015774+ CCC: $20.00

a change in pH or salt concentration.

tion of salt ions for polymer/polymer ion pait$.For example,
poly(acrylic acid)/poly(diallyldimethylammonium), PAA/PDAD-
MA, multilayers were quantitatively and rapidly removed at salt
concentrations greater than 0.6/1.

To make free membranes, we use a multiple combination of
polymers, deposited in several “stratd Selective decomposition
of polyelectrolyte pairs, driven by changes in pH or salt
concentration, affords controlled delamination of high-quality
membranes. This general approach is summarized in Figure 1.
Due to the extensive interpenetration of neighboring polyelec-
trolyte layers} 61820 each stratum must be at least several layers
thick.

An example, using an increase in salt concentration as a
delamination stimulus, is provided by a multilayer made from
20 layers of PAA and PDADMA, followed by 20 layers of poly-
(styrene sulfonate)(PSS)/PDADMA. Multilayers made from the
former combination of polymers increase in thickness with
increasing salt concentration, reaching a maximum at about 0.4
M NaCl, whereupon they start to decompé%€omplete removal
from the substrate is observed at salt concentrations greater than
0.6 M. In contrast, PSS/PDADMA multilayers are stable up to a
salt concentration of ca. 3.5 Mr'hus, the PSS/PDADMA stratum
is quickly released from the substrate intact on immersion in 1
M NaCl.

An alternative release layer employs a random copolymer of
PAA (20%) and PDADMA (80%), bearing a net positive charge
(PDADMA-co-PAA) and PSS as its negative partner. When
deposited under conditions of low pH, the PAA units are
protonated (uncharged). A PSS/PDADMA stratum is then de-
posited on top of this, also at low pH. Exposure of this thin film
to pH >6 causes the PAA units to ionize, imparting a net negative
charge to the release layer, and causing it to dissociate. Figure 2
depicts transmission FTIR of such a delamination scheme.
Spectrum A is of the first PSS/PDADMAe-PAA stratum.
Signals from the sulfonates (960 to 1210 ¢megionf* and the
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Figure 2. FTIR transmission spectra of (A) 10 layer pairs of PSS/ gn the surface of a rotating disk electrode as a function of the activity of
PDADMA-co-PAA built on an Si wafer frm 1 M NaCl at pH 2; (B) salt in solution. The solid line is a fit to the relationship: flux[salt]®
multilayer A plus 10 layer pairs of PSS/PDADMA fro1 M NaCl at (see ref 5). Open circles, 10 layer-pair free membrane of PSS/PDADMA
pH 2; (C) membrane B, delaminated from the substrate by decomposing fapricated as in Figures 1 and 2. Filled circles, 10 layer pairs of PSS/
A in pH 11 solution, captured on a Si wafer and exposed to pH 2 HCl; ppADMA deposited directly on the electrode surface from 1.0 M NaCl.
(D) PSS reference spectrum; (E) PDADMA-PAA reference spectrum Squares, 10 layer pairs of SPEEK/PDADMA deposited on PSS/
(pH 2). The scale bar is 0.05 AU for A, B, and C. PDADMA-co-PAA at pH 2 and released from the surface at pH 11.
Diamonds, similar SPEEK/PDADMA multilayer deposited directly on
C=0 stretch (protonated carboxylate, ca. 1720 frare clearly the electrode.
observed. The sulfonate bands are enhanced when the PSS/ itical point f il d ition d i ire that
PDADMA stratum is added (Spectrum B, PDADMA shows few Clrll |ca| pom/ c;r muftifayer e(t:)orrt])poil |onb 0es n]f;. require ba
discernible features in the frequency region preseftedt pH all polymer/polymer contacts be broken, but a sufficient number
11 the PSS/PDADMA stratum detaches (Spectrum C). Ap- must be rgmovgd for. the multllaygr to surrende( to thg entropic
proximately 13% (equivalent to 2.6 layers) of the original forces driving dissociation. Following decomposition, it is quite
carboxylic acid intensity is observed in Spectrum C, which is a possible that the polyelectrolytes remain loosely associated, highly

consequence of interpenetration of the first and second 3frata. Swfggnigﬁn:f;ﬁéeit roberties of released and as-deposited
Spectra D and E are of the pure PSS and PDADMARAA, port prop . p
respectively. membranes were compared by measuring the flux of electro-

T hemically active ferricyanide ion through thénFigure 3
The copolymer/pH change approach to delamination is advan- ¢ )
tageous over the salt concentration change method because th ompares the current of a 20-layer PSS/PDADMA film grown

: ' irectly on a platinum electrode with that of a 20 layer PSS/
former method tolerates higher salt concentrafioand thus Irec ) .
yields thicker layers. It is possible to assemble many alternating PDADMA film deposited on a 20 layer PSS/PDADMeo-PAA

. ; ot : P release stratum, delaminated by immersion in pH IM NacCl.
strata, as in Figure 1. Dissociation of such a multistrata “onion- ) ' f .
skin” film yieldg multiple membranes. We have produced up to The films had the same nominal thickness (2000 A). Both samples

four stacked membranes in this fashion, each stratum having opShowed the strong nonlinear dependence of ion flux on salt
layers of polyelectrolyte. (Assembly time is the major constraint concentration peculiar to these intrinsically compensatgd systems.
here.) In the sense that composition modulation in the substrate':or comparison, membranes from a more hydrophobic, therefore
normal direction is achieved, these “onionskins” are “true” less permeable, sulfonated poly(ether e_ther ketone)(SPEEK)/
multilayers, rather than amorphous, isotropic thin films, which PDADMA are shown. Currents for a particular membrane are

; . ~ the same, within experimental error, whether they are deposited
f;,rtistf,/ 1'%'55"‘ lly obtained from two complementary polyelectro directly on the electrode or whether they are floated off the surface

When using PAA/PDADMA as the release layer, reduction of with a release layer then recaptured on the electrode, indicating
solution pH to eliminate electrostatic interactions is not as effective th%ﬁger;?etr’ﬁa?é g'grg qiﬁa“;)f/ agldeFl)(ler::rtlgle-{;s.were able to
as the salt-competition method, since secondary interactions, such 9 & praying of poly olyts A thi
as hydrogen bonding and hydrophobic for&&¥:1 hold the produce 600 crhof continuous free-floating film 2000 A thick.

neutralized PAA and PDADMA together at all but the lowest These films could be lifted from solution as elastic, workable
pH values. The driving forces for dissociation are probably sheets. When spread over an opening several square cemtimeters

enropic n nature. Eahpobmer repest U gainsabout 0.2 T 1 158 416 =g 1 0, e st e here oo
of configurational entropy when released to the solutfom 9 y ylrag P 9y
addition to the translation entropy of associated salt ions and water Acknowledgment. This work was supported by a grant (No. DMR-
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density of about 20% is required to form stable multilayers. The
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