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Weak versus Strong: A Weak Polyacid Embedded
within a Multilayer of Strong Polyelectrolytes

o]
o
o
<]
R

Anne F. Xie and Steve Granick*

2
Absorbance

Department of Materials Science and Engineering 0.000

University of lllinois at Urbana-Champaign
1304 West Green Street, Urbana, lllinois 61801

1700 1500 B—H /
Wavenumber, cm/

Receied Navember 22, 2000

\.

|

(IDI
\

The goal of controlling molecular organization and orientation
of organic films on a nanoscopic level has seen profound
development using techniques based on the layer-by-layer deposi-
tion of polyelectrolytes:® Applications have burgeoned. Building
on the original focus upon polyelectrolytes whose charge density
is fixed, the use of weak polyelectrolytes (whose charge density 0 ! ! J !
depends on local electrostatic environment) opens a window for
additional controf 12 Here, for the first time, we investigate local Layer number
electrostatic interactionsithin a polyelectrolyte multilayer. The Fioure 1. Nllustration of laver-bv-laver deposition. on top of an embedded
enabling strategy was to embed a weak polyacid whose charge ou . ! . II 'd yPMX 3f' i P tl ' o F; ont p
densityrespondsto changes of the local environment. ayler N Weapvr:f yag'P'SS M 0 da ern_aed ayers o dp9 yea '%n z_rl‘_IR

We used infrared spectroscopy in the mode of attenuated total%éamor:’ t? d an t laver assb efpos'tsv’Pmﬁ?sg re 'Q ?'tu )éIPss_
reflection (FTIR-ATR) to quantify local surface effects on the - 1S plotted against [ayer number for Q (filed symbols) an

L ) . = '~ (open symbols). The deposited amounts were calculated from the
ionization of carboxylic acid groups. Mass adsorbed and ionization integrated intensities of infrared peaks at 1643 t(uibrations of pyridine

of carboxylic acid groups were quantified in situ from the ingy and 1600 cmt (vibrations of aromatic ring), respectively. The PMA,
integrated absorbances of infrared pe&i&.detailed account of = 40 000 g-mot? andM,/M, = 1.02 was purchased from Polymer
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Mass deposited, mg/m?
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the methods and calibration is described elsewkeFae experi- Standards Service, Mainz, Germany. The QPVP, 98% was quaternized
ments were performed at 2& in D,O with phosphate buffers in our laboratory from an anionically synthesized poly-4-vinyl pyridine
constructed from N&PO, and NaHPO*H .0 (General Storage,  with weight-average molecular weight, = 34 200 g-mot?, My/M, =

pure grade). We chose the working pH 6.0 because it was  1.23 (purchased from Polymer Source, Quebec, Canada) as described
within the window where the ionization of our polymer is sensitive previously!? The PSS withl,, = 35 000 g-mot! andMy/M, = 1.1 was

to changes of chemical potential (its ionization in bulk solution purchased from Polymer Laboratories, U.K. First, to prime the surface
rose from 0.15 to 0.8 as pH increased from 5 to 7). The procedure for subsequent layer-by-layer deposition, QPVP was allowed to adsorb
to build up multilayers was the following. First, a layer of cationic from 0.01 mg-mL* to the surface of the oxidized Si crystal in 5 mM
polymer (quaternized 1,4 polyvinylpyridine, QPVP) was deposited buffer at pH= 6.0. PMA was allowed to adsorb on top, a_nd then a_lternate
from dilute solution onto the initially bare surface of a Si ATR  layers of QPVP and PSS, always from 0.01 mg-théolution. Solutions
crystal carrying negative charge from dissociated silanol groups. Were rinsed with pure buffer between these adsorption steps. (Inset)
This caused surface charge to switch from negative to postive. Absorbapce plotted against wavenumber for peaks assouate_d with the
The second layer was composed of a weak polyacid (poly- symmetric G=0O stretch of the pal_'bonyl group and thg asymmet_rlc COO_
(methacrylic acid), PMA). After the adsorption of PMA equili- stretch of the carboxylate moieties of PMA. The calibrated ratio of their
brated. alternate ’ layers of QPVP and of anionic polymer integrated intensities gave the fractional ionization of PMA.

(poly(styrenesulfonate), PSS) were deposited sequentially from gavic multilayer on top. Figure 2 illustrates this. In the top panel,

dilute solution. To eliminate the possibility of chargeharge  he jonization of PMA is plotted against elapsed time, first during
complex formatlon in solutlon, solutions containing polyelectro-  {he deposition of the strong polycation (QPVP) on top, next during
lytes were rinsed away with pure buffer solution between ihe deposition of the strong polyanion (PSS) on top. One sees at
successive adsorption steps. Details of the polymers used and theifirs; enhanced negative charge on PMA but subsequent depression
solution conditions are given in the caption of Figure 1. Figure 1 1, jegs than for bulk solution. The bottom panel of Figure 2 shows
shows the infrared bands used to quantify the ionization of PMA hat these changes were in nearly linear proportion to the amounts
and further shows the fidelity of layer-by-layer deposition. of polycation and polyanion deposited. Figure 3 shows that
The main finding of this communication is that ionization of  ygijiations persisted up to the thickest films investigated (a further
the embedded polyacid oscillated with net charge of the electro- 1 layers of electrostatic multilayers on top of the embedded
(1) Decher, G Sciencel997, 277, 1232. layer). Their r_ninima_ showed no sys;ematic _dep_endenc_e on layer
(2) Esker, R.; Mengel, C.; Wegner, Gciencel998 280, 892 number. Their maxima decayed slightly with increasing layer
8’3 Samso, B caruso, R A ,\"/ﬂf\’r’%'ﬂv gésf\'/ggflg%?lzg%% R number. The magnitudes were largie ionization level changed
(5) Huck, W. T. S.; Strook, A. D.; Whitesides, G. Mngew. Chem., Int. by a factor more than two, betweer80 and 70%, as successive
Ed. 200Q 39, 1058. layers were added.
E% %af'l‘j -Sérlﬁ'r;a%?imgqq?eddb?\é-rm% Q"A"ggrfé#%ﬁ’gcﬁ%;gég-gl 4300 The slow decay of ionization oscillations is surprisingly larger
(8) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, A.; Cohen, R. E.; than a traditional estimatfeof electrostatic decay length. The local
Thomas, E. L.; Rubner, M. Eangmuir200Q 16, 1354 and references therein.  ionic strength within the multilayer was on the order of moles

E%)S&i;%tggl's gh nSJ RSt-’”Beé’rrZ"ﬁ ”‘éagf9gﬁ;encu\'/e%qog;3'A4gl_3Ma os a Perliter, and thus the screening length of mobile charges should
M.; Rubner, M. F.Langmuir200q 16, 5017. Yes: A pe expected to be tiny (A), whereas the dry (ellipsometric)

(11) Husemann, M.; Morrison, M.; Benoit, D.; Frommer, J.; Mate, C. M.;  thickness of these films was 0.8 nm per layer. As Johnson and
Hinsberg, W. D.; Hedrick, M. L.; Hawker, C. J. Am. Chem. So200Q

122 1844. (14) Johnson, D. D.; Finkenstadt, D. personal communication.
(12) Sukhishvili, S. A.; Granick, SJ. Am. Chem. So00Q 122, 9550. (15) Israelachvili, J. N.,Intermolecular and Surface Force€2nd ed.;
(13) Sukhishvili, S. A.; Granick, S]. Chem. Phys1998 109 6861. Academic Press: London, 1992.

10.1021/ja005818z CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/10/2001



3176 J. Am. Chem. Soc., Vol. 123, No. 13, 2001 Communications to the Editor

1‘0 T T T M T T T T

N
o

o

[
o
X

o
2

o
o)

°©
ay

=
&
Fractional ionization of PMA

Fractional ionization of PMA
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200 240 280 320 360 400 Layer number
Elapsed time, min Figure 3. Fractional ionization of embedded PMA plotted against number
of layers of strong polyelectrolyte (PSS and QPVP) deposited on top.
1.0 The minima of the oscillations show no systematic dependence on layer
number. The maxima decayed with a extraordinarily slow decay length
of ~20 layers. The dashed line shows the ionization of PMA in the bulk
solution at this pH.
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conditioned in solutions of low pH, until a pH of about 2.5 was
reached? Those results suggest that beyond the expected surface
titration effect, once the films are dried, the degree of ionization
of driedfilms remains essentially fixed. This is expected because
a dry film must be electrically neutral. Polyelectrolyte multilayers

in agueous media may be slightly overcharged or undercharged,
however, which explains the difference.

The significance of these findings is 2-fold. First, it follows
that charge within these polyelectrolyte multilayers is not a simple
0.4 matter of counting the charges introduced by each successive
QPVP PSS ' layer. Instead, when dealing with a weak acid (or base), the layer

N becomegesponsie and has the chemical capacity to adjust its
00 05 10 06 09 12 15 charge in the direction of maintaining neutrality. There is long-
Mass adsorbed, mg/m2 range coupling-between ionization within the embedded weak
polyacid and charge deposited on the outermost layer of strong
polyelectrolyte, far removed from it in space. Conversely, when
charges are added to the outermost layer by depositing other
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Figure 2. Fractional ionization of PMA plotted against time elapsed
during subsequent deposition of a QPVP and then a PSS layer on top

(top panel) and, equivalently, against mass adsorbed during this proces . - . LS
(bottom panel). Dashed lines show ionization in bulk solution. Squares Spolylons on top, electrostatic changes iaucedfar away within

denote QPVP, circles PSS. The dotted horizontal line denotes the valuethe interior. A second Slgmflcan.t conclusion falls on the pract_lcql
characteristic of the bulk solution at this pH and ionic strength. side. The approach of embedding a weak polyelectrolyte within
a multilayer of strong polyelectrolyte may allow one to sense
changes in external environmental conditions that act upon the
outside of the multilayer assembly. For example, we have verified
that ionization responds, in the same way shown in this com-
munication, to the adsorption of spermine (chatig® and also
to the adsorption of a charged protein (bovine serum albumin).
This may find application in the design of surface sensors for
adsorbed ions and polyions.

Finkenstadt suggestthe giant observed decay length probably
signifies that electrostatic complexes between polycations and
polyanions are fixed in spaeot mobile as is normally supposed
in a colloid analysis of electrostatic screening. In this respect they
resemble ionic solids. Hydrophobicity within the multilayer (to
lower the local dielectric constant), may also contribute. The same
effect (nearly quantitatively so) was observed for buffer ionic
strength 5 and 100 mM. Acknowledgment. We are indebted to Duane D. Johnson and Dan
Previous related work concerned dried films in the solid state. Finkenstadt (University of lllinois) for suggesting the physical inter-
Shiratori and Rubner reported that the degree of ionization of a Pretation and to Svetlana A. Sukhishvili (Stevens Inst. of Technology)
weak polyacid outermost layer increased by about 10% when afor many discusssions. This work was suppc_)rted by the taxpayers of
polycation layer was depositédOn the other hand, the degree ?aSUggeldzgitlates through the National Science Foundation, Grant
of ionization of a polyacid in a multilayer thin film of weak e '
polyelectrolytes remained unchanged even after the films were JA005818Z



