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Abstract: pH-Sensitive bipolar ion-permselective films of polyelectrolyte multilayers were prepared by layer-
by-layer (LbL) assembly and photo-cross-linking of benzophenone-modified poly(acrylic acid) (PAA-BP)
and poly(allylamine hydrochloride) (PAH-BP). The multilayer structure and ionizable group composition
was finely tuned by changing the pH of the dipping solution. This structure and composition was in turn
“preserved” by photo-cross-linking, forming highly stable membrane films. Since PAA-BP and PAH-BP are
weak polyelectrolytes, it is possible to control the number of unbound, un-ionized -COOH or -NH; groups
in the multilayer by changing the pH. Moreover, the pH of the deposited film also plays an important role
in determining selective latter permselectivity. For example, PAA-BP/PAH-BP multilayers deposited from
two pH conditions, pH = 3 (PAA-BP) and pH = 6 (PAH-BP), showed pH-switchable permselectivity for
both cationic (pH = 10) and anionic (pH = 3) probe molecules in a single film. The system offers advantages
in film stability and introducing reversible selective ion permeability over previous multilayer film and cross-
linking methods.

Introduction influenced by the local pH and electrolyte concentration. The
ionization state of such chemical groups is regulated by the pH
of the solution, which generates either excess positive charge
or excess negative charge on membranes. Consequently, the

through a photo-cross-linked structure. The parameters used fofnembranes can have either anion-permselective or cation-
the preparation of the membranes have allowed tunability of Permselective states. In case the membrane is modified with
permselectivity, permeability, and film thickness (swelling) both @MPhoteric groups, these membranes can be reversibly switched
during and after film preparation by changing the pH of the Petween cation-permitting and anion-permitting states depending
solution and the films (ex situ), respectively. High stability and 0N the pH of the solution. Several research groups have reported
reversible cyclical cation and anion permselectivity were theoretical® and experimental studies of ion-permselective
achieved in a single film. membranes. Martin and co-workeérbave reported a pH-
The development of pH-responsive or pH-switchable mem- switchable ion-transport membrane system consisting of gold
branes is important for technological applications such as nanotubules. They used electroless deposition of gold onto the
filtration systems, membrane-based separations, bio-separationdore walls of polycarbonate track-etched (PCTE) filtration
and sensors. The permeation rates of amino acidd ionic membranes followed by chemisorption of an amino acid to the
drug@ through membranes with pH-sensitive chemical groups inside tubule walls. They showed that these membranes can be
(e.g., weak acids' and amphoteric groups’) are greatly switched between cation-transporting, non-ion-permselective,
and anion-transporting states. Recently, Liu et déveloped
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polyelectrolytes on solid substrate¥) Several research groups

polyelectrolyte films by varying the pH environment during

have reported the applications of polyelectrolyte membranes multilayer assembly. PAA 6, ~ 5) and PAH (K, ~ 9) contain

including gas separatiort$,pervaporation from water/organic
solvent mixtured? ion separations for nanofiltratiod, and
reverse osmosis membranés.

ionizable carboxylic acids and amines, respectively. Thus,
depending on the deposition pH conditions, the degree of
ionization of these weak polyelectrolytes (i.e., the relative

Polyelectrolyte multilayer membranes are especially suitable number of COO vs COOH groups for PAA and the relative

for ion separations because of their multibipolar architecture.

Krasemann and Tieke recently showed that polyelectrolyte
multilayer membranes composed of-160 bilayers of PAH/
PSS exhibit Ct/SO42~ selectivity factors as high as 45 in

number of NH* vs NH; groups for PAH), as well as the number

of ionic bonds (COO---NH3*), used to assemble the multilayers
may be tuned as desiré¥iShiratori and Rubné? have reported
that one can systematically vary the thickness of an adsorbed

diffusion dialysis experiments. They suggested that Donnan Weak polyelectrolyte layer over the range ef& A and control

exclusion resulting from fixed charges in the membrane is

the bulk and surface composition of the multilayer film by

responsible for this selectivity. The strength of the interactions controlling the pH of the dipping solution. However, the
is proportional to the charge density of the permeating ions and multilayer film of weak polyelectrolytes easily swells in solution
the polyelectrolytes constituting the membrane. Bruening and (Up to~400% in pH= 7.4 buffer solution!) and even the ionic

co-workerd® have investigated the control of permeability and
ion-transport selectivity of multilayered polyelectrolyte films
containing PAH and PAA through cross-linking via heat-induced
amidation followed by hydrolysis. Furthermore, they used the
partially esterified PAA (d-PAA) to control both hydrophobicity

bonds can be broken, resulting in cleavage of the film from the
substrate in highly acidic and basic solution. Therefore, the weak
polyelectrolyte multilayer membranes without cross-linking are
not suitable for practical use. In this study, poly(acrylic acid)
(PAA) and poly(allyamine hydrochloride) (PAH) were first

and charge density in PAH/d-PAA filmiVariation of the ester ~ modified with photoreactive benzophenone groups in order to
functionalities in PAH/d-PAA films along with subsequent obtain stable cross-linked structures of polyelectrolyte multilayer
cross-linking and hydrolysis yielded stable and highly dense films. The advantages of this over previous studies by other
-COO- groups in the films that resulted in higher permeability groups are the following: (1) no heating is required for cross-
for positively charged Ru(NgJs®* than for Fe(CN§*~. They linking, minimizing film restructuring and destabilization; (2)
also studied controlled ion transport through multilayer poly- the pH-switchable groups are maintained (do not participate in
electrolyte membranes by increasing the net fixed-charge densitythe cross-linking), giving both negatively and positively ioniz-
in the films8 However, in spite the number of investigations able groups; and last (3) swelling can be minimized during pH
on polyelectrolyte membranes, pH-switchalbigolar mem- changes or the swelled state “preserved” by photo-cross-linking.
branes have not been widely reported. The cross-linking reactions initiated by UV irradiation of
In this study, we report the assembly of bipolar highly stable polymers containing a benzophenone unit have been extensively
photo-cross-linked multilayer films of the polyelectrolytes PAA ~ Studied! Hydrogen abstraction via an excited benzophenone
and PAH modified with benzophenone groups to demonstrate Unitis a classic reaction in organic photochemistry. UV radiation

unique pH-switchable ion permselectivity. It has been known
that it is possible to control the charge density of weak
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causes an—s* transition in the carbonyl group. The resulting
biradical reacts with €H groups of the nearby polymer chain
and can cause cross-linking within polyelectrolytes.

Since PAA-BP and PAH-BP are weak polyelectrolytes, it is
possible to control the number of unbound, un-ionized -COOH
or -NH, groups in the multilayer by changing the pH. Moreover,

recent reviews, see () Bertrand, P.; Jonas, A.; Laschewsky, A.; Legras, R.the pH of the film plays an important role in determining
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selective latter permselectivity. For example, a PAA-BP/PAH-
BP multilayer film deposited from two pH conditions, g 3
(PAA-BP) and pH= 6 (PAH-BP), showed pH-switchable
permselectivity for both cationic and anionic probe molecules.
The film is permeable (on) to the cationic probe but imperme-
able (off) to the anionic probe at pH 10. On the other hand,
the film was permeable to an anionic probe at$t3.2 due to

the protonation of free amine-(NHs%) at low pH. Together
with photo-cross-linking, these properties can be tuned and
preserved in a highly stable film.

Thus, to the best of our knowledge, these results are an
important demonstration of a highly stable “smasipolar pH-
switchable, permselective polyelectrolyte multilayer membrane
through photochemical cross-linking. In principle, together with

(19) (a) Yoo, D.; Shiratori, S. S.; Rubner, M. Macromoleculesl998 31,
4309-4318. (b) Yang, S. Y.; Mandelsohn, J. D.; Rubner, MBtomac-
romolecule2003 4, 987—994. (c) Chung, A. J.; Rubner, M. Eangmuir
2002 18, 1176-1183.
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(21) (a) Lin, A. A.; Sastri, V. R.; Tesoro, G.; Reiser, A.; Eachus, R.
Macromoleculesl988 21, 1165-1169. (b) McCaig, M. S.; Paul, D. R.
Polymer1999 40, 7209-7225. (c) Prucker, O.; Naumann, C. A.; Ruhe,
J.; Knoll, W.; Frank, C. WJ. Am. Chem. Sod.999 121, 8766-8770.
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control of the pH, the thickness of the films, the degree of cross-
linking, and the substrate host used, permselectivity and
permeability performance can be achieved though combinatorial
methods. It is important to point out that this bipolar or reversible
ion selectivity in a single film is a very interesting property for
the development of ion-separation membranes.

Experimental Section

Materials. Poly(allylamine) (Aldrich, MW= 65 000), PAA (Aldrich,

MW = 2000), (3-aminopropyl)triethoxysilane (APS, Aldrich), sodium
3-mercapto-1-propanesulfonate (Aldrich), Ru(@dels (Aldrich), and
KsFe(CN}) (Acros) were used as received. Buffer solutions were made
with the following salts: 0.2 M CECOOH + 0.0036 M CHCOONa

(pH = 3.2) and 0.025 M N£O; + 0.025 M NaHCQ (pH = 10).
Solutions for cyclic voltammetry contained 0.5 M 260, with 0.005

M K3Fe(CN) or 0.005 M Ru(NH)eCls.

Synthesis of 4-(9-Hydroxynonyloxy)benzophenone (1A solution
of 3.69 g of 4-hydroxybenzophenone (20 mmol) and 2.0 g £2@
in 50 mL of N,N'-dimethylformamide (DMF) was stirred at 10C
for 30 min. A solution of 4.46 g of 9-bromononan-1-ol (20 mmol) in
50 mL of DMF was then added dropwise. After addition, the reaction
mixture was stirred at 100C for 4 h. Then it was cooled, poured into
water, and extracted with GBl,. The extract was dried over Mg0
and evaporated. The resulting solid was recrystallized with ethanol to
give 5.44 g of pure product as blue crystals (yield0%).'H NMR
(CDCls, 300 MHz): ¢ (ppm) 7.81 (m, 2H), 7.75 (m, 2H), 7.58 (m,
1H), 7.46 (m, 2H), 6.94 (m, 2H), 4.03 (t, 2H), 3.64 (t, 2H), 1.81 (p,
2H), 1.44 (m, 12H)*C NMR (CDCk, 300 MHz): 6 (ppm) 195.54,
162.73,138.20, 132.48, 131.73, 129.73, 129.61, 128.06,113.88, 68.12
62.92, 32.63, 29.37, 29.22, 29.15, 28.96, 25.85, 25.60.

Synthesis of Benzophenone-Substituted Poly(acrylic acid) (PAA-
BP).22 PAA (MW 2000; 3.42 ¢, 47.5 mmol), 244 mg of 4-(dimethyl-
amino)pyridine (DMAP), and 1.7 g of 4-(9-hydroxynonyloxy)ben-
zophenone (5.0 mmol) were dissolved in 90 mL of DMF &0 To
this mixture was added 1.10 g NfN'-dicyclohexyl carbodiimide (DCC)
in two portions. The reaction mixture was warmed to room temperature
overnight. The urea was filtered and the filtrate was concentrated under
vacuum. To this residue was added 5 mL of DMF, and the white solid
(trace of the urea) was filtered off. The filtrate was added dropwise to
150 mL of acetone with good stirring to precipitate. The acetone was
decanted off. The solid was washed twice more with acetone 180
mL). Most of the acetone was decanted off and the rest was removed
under vacuum. The flask containing the dried solid (3.17 g) was filled
with nitrogen gas. The degree of substitution (DS) of the benzophenone
group was found to be 39%x (= 0.39), calculated from elemental
analysis. [G1.dH14.102¢2.2H,0], Anal. Calcd: C, 58.75; H, 7.86; O,
33.39. Found: C, 55.57; H, 7.44; O, 31.64 (Scheme 1).

Tosylation of 4-(9-Hydroxynonyloxy)benzophenoneThe solution
of 4-(9-hydroxynonyloxy)benzophenone (1.02 g, 3 mmol) in 15 mL
of dry pyridine was stirred at-20 °C for 10 min.p-Toluenesulfonyl
chloride (TsCl; 1.72 g, 9 mmol) was added in small portions over an
hour period. The mixture was stirred for an additional hour; the
temperature gradually rose to°G. The reaction flask was placed in a
refrigerator (6-5 °C) overnight. The mixture was then added into 150
mL of ice—water, and a solid precipitated. The solid was washed with
deionized water several times. Then the washed solid was purified by
column chromatography with methylene chloride and hexane as eluent.
H NMR (CDCls, 300 MHz): & (ppm) 7.78 (m, 6H), 7.56 (m, 1H),
7.46 (m, 2H), 6.94 (m, 2H), 4.01 (t, 4H), 2.43 (s, 3H), 1.79 (p, 2H),
1.63 (p, 2H), 1.47 (m, 10H):3C NMR (CDCk, 300 MHz): 6 (ppm)
195.46, 162.71, 144.53, 138.18, 133.04, 132.44,131.71, 129.76, 129.69
129.57, 128.05, 113.86, 70.53, 68.08, 29.16, 29.05, 28.95, 28.72, 28.67
25.80, 25.19, 21.51.

(22) Fan, X.; Xia, C.; Fulghum, T.; Park, M.-K.; Locklin, J.; Advincula, R. C.
Langmuir2003 19, 916-913.

Scheme 1. Synthetic Scheme for Benzophenone-Substituted
Polyacrylic Acid (PAA-BP)
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Scheme 2. Synthetic Scheme for Benzophenone-Substituted
Poly(allylamine Hydrochloride) (PAH-BP)
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Synthesis of Benzophenone-Substituted Poly(allyamine Hydro-
chloride) (PAH-BP). The polymer reaction of tosylated benzophenone
with poly(allyamine) follows the partially modified procedure (Scheme
2) by Seo et af? Poly(allyamine) (0.571 g, 10 mmol repeat unit) was
dissolved in 20 mL of methanol and small portions of tosylated
benzophenone (1 mmol, 0.4956 g) were added while stirring €75
When the solution turned clear again, the next portion was added. After
the addition of the last portion, the solution was stirred for 12 h at 75
°C. The solution was acidified witl N hydrochloride (HCI) agueous
solution and concentrated in vacuo. The residue was dissolved in 20
mL of water. The solution was added dropwise into acetone and the
polymer precipitated slowly. The polymer was then filtered off. This
procedure was repeated one additional time. The degree of substitution
(DS) of the benzophenone group was found to be 9.8% (.098),
calculated from elemental analysis s[f8l10 9N100 2Clo.o*0.8HO], Anal.
Calcd: C, 45.36; H, 8.94; N, 10.23; O, 33.39; Cl, 23.42. Found: C,
43.92; H, 8.73; N, 9.95; O, 11.65.

Film Preparation. Silicon wafers or quartz slides were immersed
in a fresh piranha solution (v/% 1:3 30% HO,/98% HSQ,) for 2 h
and carefully washed with deionized water and dried. The substrates
were treated with APS (0.001 M in toluene) for 45 min and then,
sonicated in toluene two times and dried for initial surface function-
alization. The substrates were stored in 0.1 M HCI solution to render
a positive surface charge. Freshly made gold-coated glass slides were

(23) Seo, T.; Kajihara, T.; lijima, TMakromol. Chem1987, 188 2071-2082.
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washed with deionized water and dried. Then, a self-assembled
monolayer (SAM) of sodium 3-mercapto-1-propanesulfonate was
formed on the gold by immersing the slides in 2 mM ethanol solution
for 45 min, rinsing with ethanol, and drying with dry air. PAH-BP
dipping solution was prepared in Millipore water with a concentration
of 1 mg/mL. Due to poor solubility of PAA-BP in water, PAA-BP
was dissolved in DMF at a concentration of 10 mg/mL and then the
dipping solution was prepared by adding one part (by volume) of PAA-
BP solution to nine parts of water. The solutions were filtered with
0.75um syringe filter. The pH of the solutions was adjusted with NaOH
or HCI.

Layer-by-layer deposition was carried out manually. The substrates
were alternately immersed in aqueous solutions of PAA-BP and PAH-
BP for 5 min each, with water rinsing between each deposition.
Positively charged substrates (silicon wafers and quartz slides) were
started with dipping in a PAA-BP solution whereas negatively charged
gold substrates were started with a PAH-BP solution. The substrate

o

0.204

=3
=

o
°
]

0.154
\

Absorbance at 295 nm

10

Absorbance

0.05

0.00

T T T T T
300 350 400 450 500
Wavelength [nm]

Figure 1. UV—Visible absorption spectra of-110 layers of PAA-BP/
PAH-BP pH 3/6. (Inset) Increase in absorbance at 295 nm with the number

T T
200 250

was not dried between the adsorption steps except for the silicon waferof pilayers.

substrate for monitoring thickness growth by ellipsometry.

Photo-Cross-Linking. Polyelectrolyte films were irradiated in air
with a 150 W Xe lamp (Oriel) without filter at a distance of 15 cm
from the source. The irradiation intensity based on the distance, area,
and intensity of the lamp was calculated to be 190 mV¥/cm

Film Characterization. UV —visible absorption spectra were ob-
tained on an Agilent 8453 UVvis spectrophotometer. Fourier trans-
form infrared (FT-IR) absorption spectra of polyelectrolyte films on
gold substrate were measured with a Digilab FTS7000 series spec-
trometer with a Pike Technologies wire grid infrared polarizer (p-

purged with nitrogen for 5 min before each measurement. The measured
current was divided by the area of the sample that was immersed in
solution in order to obtain current density.

Results and Discussion

Architecture of Polyelectrolyte Multilayers. Three different
conditions of dipping solution pH were chosen to produce the
assemblies: PAA-BP/PAH-BP at pH 3/pH 3, pH 3/pH 6, and

polarized) and a VeeMax variable-angle specular reflectance accessonPH 8.5/pH 8.5. For unsubstituted PAA and PAH, the linear

(reflectance angle 7%. Spectra (4008700 cnt?) were collected from
1000 scans at 4 cm resolution with a mercurycadmium-telluride
(MCT) detector. A clean gold substrate was used as the background.
Null ellipsometry was applied to determine the thickness of
polyelectrolyte multilayers* All the measurements were carried out
on a null-ellipsometer in a polarizer-compensator-sample-analyzer
(Multiscope, Optrel Berlin) mode. As a light source, a-Hée laser
with 4 = 632.8 nm was applied, and the angle of incidence was set to
70°. A multilayer model for a flat film has been used for the calculation
of thickness of polyelectrolyte multilayers from the experimentally
measured ellipsometric angles and W with the assumption of a
refractive index value of 1.50 for the polyelectrolyte multilayers. The
refractive indices used for the calculations wbre= 3.873— i0.016
and 1.46 for the silicon substrate and native silica layer, respectively.
The thickness of the film was calculated by use of a fitting program
(Elli, Optrel). In situ ellipsometry measurements were performed on
multilayer films on a silicon wafer in aqueous solutions of pH 3, 7,
and 10 in a home-built glass cell. The tilt angle of the entrance and
exit windows for the incident beam was designed &twidh the base
window of the cell. The sample was first placed in the cell and aligned
to ensure that the windows were perpendicular to the beam. The

buffered solutions were then poured into the cell and measurements

were recorded as a function of time until stable ellipsometric angles
and W were observed. For calculation of the thickness, a refractive
index of 1.33 was used for the buffered solution.

Cyclic voltammetry measurements were performed with an Amel
2049 potentiostat and Power Lab system with a three-electrode cell at

charge density of weak polyelectrolytes is the same as the degree
of ionization. When both PAA and PAH are deposited from
solutions at pH 3, PAA-BP is only partially ionized (less than
10%, K, of PAA ~5), whereas PAH-BP, with alf ~ 8—9

in solution, is fully ionized. In contrast, PAA is fully ionized at
pH = 8.5, and PAH is partially ionized. Shiratori and Rulifer
have reported that when PAA and PAH are adsorbed in the pH
range of~7.5-9.5, where PAA is fully ionized and PAH is
close to fully ionized, a thick adsorbed bilayer (up to 160 A)
can be formed. An interesting finding was that not only PAH
but also fully charged PAA can form thick layers. In this pH
range, the conformational state of a previously adsorbed
polyelectrolyte layer can strongly influence the thickness/
conformation of an adsorbing polyelectrolyte layer. However,
in our case, 38% of PAA and 10% of PAH are substituted with
benzophenone groups; the linear charge density is lower than
the degree of ionization. Thus, the structure and composition
of multilayers is different with the combination of unsubstituted
PAA/PAH.

UV —Visible spectroscopy was used to monitor the growth
of the polyelectrolyte multilayer. Figure 1 shows the Yuls
absorption spectra of-110 layers of PAA-BP/PAH-BP as-
sembled on a quartz slide at pH 3/pH 6 (hereafter denoted as
PAA-BP/PAH-BP pH 3/6). The absorbance at 295 nm is
attributed to ther—xr* transition of the benzophenone groups

a scan rate of 100 mV/s. A platinum wire was used as the counter- in the film. The linear increase in absorbance at 295 nm with
electrode, and Ag/AgCl (3 M KCI) was used as the reference electrode. the number of layers (inset) indicates a regular growth of
Aqueous solutions of 0.5 M N&Q; containing 5 mM either Fe(CN) polyelectrolyte multilayers. The initial nonlinear growth (1 and

or Ru(NH)s** buffered at pH 3.2 and 10 and nonbuffered at pH 7 3 |ayers) was seen for PAA-BP/PAH-BP films due to the effect
were zrepﬁ;id ask?'egtr‘l"ytte Sg'“t'ons' The PAH'E"_D/ T"]A‘A'B:Dtm”'tf”ay;; of substrate. Such behavior has often been observed, with a few
coated gold (working) electrodes were immersed in the solution for ; : .

o i . polyelectrolyte layers required prior to regular multilayer growth
min prior to measurement. The solution containing Rug¥# was for films assembled by the LbL technique. The pH value of a
solution can produce a dramatic effect on the assembly behavior
of weak polyelectrolytes. Figure 2 displays the thickness of

(24) Motschmann, H.; Stamm, M.; Toprakcioglu, QWiacromoleculesl991,
24, 3681-3688.
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Table 1. Average Thickness of Bilayers and Relative Composition for PAA-BP/PAH-BP Multilayers

PAA-BP/PAH-BP

pH 3/3 pH 3/6 pH 8.5/8.5
avg layer thickness of PAA-BP (A) 5@ 10 58+ 6 16+ 2
avg layer thickness of PAH-BP (A) 162 45+ 8 41+ 3
relative compositioh(PAA-BP/PAH-BP segments) 80:20 55:45 30:70

a Calculated from the average thickness of each layer, with the assumption that both layers have the same density.

. PAH-BPs are adsorbing onto the highly ionized PAA-BP surface
400- ./ chains to neutralize the surface than PAA-BP adsorbs onto the
/ surface of PAH-BP at pH 8.5.
= 300+ /' In the case of PAA-BP/PAH-BP pH 3/6, the picture is not
<t u P . o . L
o Y a as S|mple as it is for the othgr cases since pH of the dlpp_lng
© 200 M e® solution affects not only the ionization of polyelectrolytes in
S /i, solution but also the ionization of polyelectrolytes already
= 100- 43/ adsorbed. When PAA-BP and PAH-BP were adsorbed at pH
/ﬁ7° 3/6, thick bilayers were formed with 10% 3 A bilayer
0-h—a— thickness. PAA-BP is only partially ionized at pH 3, while PAH-
0 > 4 5 8 10 BP is fully ionized at pH 6 with a rather coiled structure in the
Number of Layers solution due to its lower charge density. At pH 3, an adsorbed
Figure 2. Ellipsometric thickness as a function of the number of PAA- PAA layer is composed of charged segments that penetrate into
BP/PAH-BP multilayer film layers deposited from pH 3@)( pH 3/6 @), the PAH-BP surface layer. A population of loop and tail

and pH 8.5/8.54). segments that are for the most part extending away from the

surface are essentially not charged. When a PAH-BP chain is
adsorbed onto a PAA-BP surface at pH 6, the loop segments
of PAA become ionized. Thus many PAHs are needed to
neutralize this charge, leading to the formation of thick bilayers.
Both PAA-BP and PAH-BP molecules adsorb in loop-rich

PAA-BP/PAH-BP films versus the number of deposited layers
for three pH conditions. The thickness of multilayer films
deposited on silicon wafers was measured by ellipsometry. In
general, the layer-by-layer multilayer film shows linear growth.
It is important to note that the thickness of the PAA-BP/PAH- . . . . .
BP bilayer is highly sensitive to solution pH. The average _conformanons, for_”_"”g thick layers with a high degree of
thickness of PAA-BP and PAH-BP for each pH condition is internal charge pairing at pH 3/6. . .
summarized in Table 1. When both PAA-BP and PAH-BP were Reflectance FT-IR spectroscopy was used to investigate the
deposited from solutions at pH 3 (hereafter denoted as PAA- st.ructure of PAA-BP/PAH-BP at three different pH conditions.
BP/PAH-BP pH 3/3), the PAA-BP layer thickness was 50  9ure 3a shows the FT-IR spectra (carbonyl region) of
10 A, whereas the PAH-BP layer thickness was only-1@ multilayer films of PAA-BP/PAH-BP deposited on gold-coated

A. At pH 3/3, the degree of ionization of PAA-BP is less than glass slides. The multilayer films prepared at different pH
506 therefor'e the adsorbed PAA-BP forms loops and tails that conditions clearly show different compositions from each other.

contain free carboxyl acid groups. However, PAH-BP h88% The top spectrum was obtained from a film fz?\bricated with
of charge density (fully ionized) at pH 3; therefore, they form PAA'E:)P gnddPAHhB;gt p|_(;3£13’ t\;vhereas the middle spebctr_umd
rather flat and thin layers. These results are similar with the was obtained at p » and the bottom spectrum was obtaine

. : t pH 8.5/8.5. First, the characteristic benzophenone peaks at
bilayer thickness of PAA/PAH layers reported by Yoo et4al. a el X -
They found that when PAA and PAH are prepared at pH range 1642 cv ((T\_O stretch) and 1601 cm (ring C=C st.retch)
2.5-4.5, the thickness of an adsorbed layer of PAH and PAA were shown in all the spect?—é%?qu carlqonyl peaks of interest
depends primarily on the charge density of the adsorbing in these spectra are the carboxylic acid (-COOH) and carbox-

- i 9
polymer and the surface and not on the thickness, conformation,ylate peaks (-COQ) at 01721 and 1_566 cm, respectively.®® .
or free ionic binding sites of the previously adsorbed polymer For pH 3/32 about 50% of the acid groups _Of PAA-BP are in
layer. carboxylic acid form, whereas most of the acid groups of PAA-

In the case of PAA-BP/PAH-BP pH 8.5/8.5, the PAA-BP BP are in carboxylate form for pH 8.5/8.5. In case of pH 3/6,
layer thickness was 16& 2 A, whereas the PAH-BP layer about 30% of the functional groups ex_ist i_n the carbox_ylic acid
thickness was 4% 3 A, showing an opposite trend in thickness 9OUP- AS expected, the degree of ionization of the acid groups
with the previous case. The relative composition of PAA-Bp Of PAA-BP increases with increasing solution pH. Formation
to PAH-BP at pH 8.5/8.5 was 30:70, whereas that of PAA-BP of free amine groups in the multilayer can be determined by
to PAH-BP at pH 3/3 was 80:20. At pH 8.5, PAA-BP is fully FT-IR spectra in the €H stretchlng.regmn as shown in Figure
ionized: therefore its charge density<60%. On the other hand, ~ SP- The symmetric and asymmetrici stretching ban?; of
the degree of ionization of PAH-BP chains starts to decrease €€ @mine group were shown &8290 and~3350 cn" in
(~75%). Both PAA-BP and PAH-BP have moderate change the pH 8.5/8.5 spectruAtHowever, the ammonium salt showed

density (-60—70%) and form a somewhat coiled structure in Proad absorption between 2997 and 3308 twrising from
the solution. The higher composition of PAH-BP over PAA- asymmetrical and symmetrical stretching in the JNHgroup

BP can be explained by the difference in the degree of ionization " the PH 3/3 spectrurf: For the pH 3/6 FT-IR spectrum, the

of the polymers _at pH 8.5. This is because an adsorbed PAA- 25) Spectrometric Identification of Organic Compourfsilverstein, R. M.,
BP layer has a higher surface charge than that of PAH-BP. More Bassler, G. C., Morrill, T. C., Eds.; John Wiley & Sons: New York, 1991.
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Figure 3. Reflectance FT-IR spectra of PAA-BP/PAH-BP: (1) pH 3/3,
(2) pH 3/6, and (3) pH 8.5/8.5 multilayer films on gold substrates: (a)
carbonyl region (2008900 cnt?) and (b) C-H stretching region (3600
2500 cnr?).
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singlet statesz*) upon UV irradiation? The hydrogen atom
present in the multilayer film is easily abstracted by benzophe-
none triplet (3BP*). The benzophenone ketyl radical and a
polymer on-chain radical readily recombine to generate a new
C—C bond, causing cross-linking within polyelectrolyte fili#fs.

The ellipsometric thickness of the multilayer film typically
decreased by about #20% after 3 min of irradiation. Further
irradiation did not affect the thickness of the films. The refractive
index increased by about 0.02 (from 1.5 to 1.52) due to the
cross-linking. It should be noted that this photochemical cross-
linking process has several advantages over thermally cross-
linked systems, for example, amidation reaction of -COOH and
-NH; groups, which causes not only thermal destabilization of
the films but also a loss of ionizable groups.

Swelling Properties of Multilayer Films. The swelling of
cross-linked PAA-BP/PAH-BP films in buffered solutions of
pH 3.2 and pH 10 and unbuffered Millipore water (pH 6) was
investigated by in situ ellipsometry. Figure 6 shows in situ
thickness as a function of time for 5 bilayers of PAA-BP/PAH-
BP pH 3/3. Upon immersion in pH 3.2 and 6 solutions, the
thickness of the film increased t618% and 35%, respectively,
because of the adsorption of water. Swelling remains constant
during the 20 min of immersion. When the film was immersed
into pH 10 solution, the thickness immediately increased to 2.24
times its original dry film thickness (from 25 to 57.5 nm) and
then continued to swell up to 20 min to 2X47qfrom 25 to 62
nm). It is important to note that the degree of swelling increased
as the pH of the solution increased. When PAA-BP/PAH-BP
pH 3/3 film were immersed into a solution of pH 3, free
carboxylic acid groups in the film started to ionize and caused

N—H stretching peaks of free amine group as well as those of Swelling of the film. However, since the pH of solution is larger

-NHs™ group were shown with smaller intensities, which may

than ~10, the breakage of interchain ionic bonds occurs,

indicate the existence of free amine and ammonium salt in the followed by a conformational change of the film to a mi-

multilayer film.

Considering the results from ellipsometry and FT-IR, it is
clear that the internal structure of weak polyelectrolyte multi-
layers can be manipulated by varying the pH of the dipping
solution. As depicted in Figure 4, the properties of the films
can be summarized as follows: (a) PAA-BP/PAH-BP pH 3/3
multilayer contains a loopy PAA-BP layer that exhibits few ionic

bonds because most of the PAA groups exist in their uncharged,

croporous structure. This type of pH-induced swelling of weak
polyelectrolyte films has been investigated previously. Men-
delsohn et a#8 reported the fabrication of microporous thin films
composed of PAA/PAH deposited from pH 3.5/7.5 by a brief
exposure (60 s) to acidic aqueous solutions. The pore size was
increased from 100 to 500 nm. The immersion of weak
polyelectrolyte multilayer films in highly acidic{pH 1.75) or
highly basic &pH 10) solutions for long periods of time (~10

protonated COOH state, (b) PAA-BP/PAH-BP pH 3/6 multilayer min) can cause delamination of film, and sometimes the entire

has both a loop-rich layer with some protonated COOH and
free NH; and a high degree of internal ion pairing, and (c) PAA-
BP/PAH-BP pH 8.5/8.5 contains a loopy PAH-BP layer with
unpaired NH and exhibits few ionic bonds.
Photo-Cross-Linking of Polyelectrolyte Multilayers. After

the deposition of PAA-BP/PAH-BP multilayers on substrates,
the films were photo-cross-linked by UV light. This process
allows the preservation of the “swelled” and ionized states of
films prepared under different pH conditions since the reaction
is photochemical. However, the very nature of cross-linking

should result in a small degree of contraction due to network
formation of covalent bond structures. The cross-linking process

was monitored by UVvis spectroscopy. Figure 5 shows the
UV —vis spectra of 5 bilayers of PAA-BP/PAH-BP pH 3/6 on
a quartz slide as a function of UV irradiation time. Under UV

26
irradiation, the absorbance at 295 nm decreased and almos§27g
disappeared after 10 min. Benzophenone is excited indirectly (28)

)

to the lowest triplet staterfr*) by direct absorption into the
13728 J. AM. CHEM. SOC. = VOL. 126, NO. 42, 2004

film can be dissolved/removed entirely from the substrate to
reveal bare substratésIn our case, the multilayer films were
stable in the solutions of pH 1.75 and pH 10 due to the cross-
linking. The cross-linked PAA-BP/PAH-BP pH 3/3 films lost
less than 10% of their layers even after immersion in pH 10
solution for 1 day. It is noteworthy that the entire film was
removed after 10 min of immersion in pH 10 solution before
the photo-cross-linking of the film. The percentage swelling of
PAA-BP/PAH-BP pH 3/3, pH 3/6, and pH 8.5/8.5 films after
40 min of immersion in the solutions is shown in Figure 7. In
the case of PAA-BP/PAH-BP pH 3/6, the film swelled to about
17—32% in a pH range of-310 and started to show increased
thickness below pH 3. The low swelling of PAA-BP/PAH-BP
pH 3/6 film may be due to the coexistence of free carboxyl

Horie, K.; Ando, H.; Mita, |.Macromolecules1987, 20, 54—58.

Dorman, G.; Prestwich, G. Biochemistryl994 33, 5661-5673.
Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, A. J.; Mayes, A. M;
Rubner, M. F.Langmuir200Q 16, 5017-5023.

(29) Harris, J. J.; Bruening, M. LLangmuir200Q 16, 2006-2013.
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(a) (®) ()
Figure 4. Schematics of the PAA-BP/PAH-BP multilayers at (a) pH 3/3, (b) pH 3/6, and (c) pH 8.5/8.5.
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Figure 5. UV —Visible spectra of 5 bilayers of PAA-BP/PAH-BP pH 3/6
on a quartz slide as a function of UV irradiation time.
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Figure 6. In situ ellipsometric thickness of 5 bilayers of PAA-BP/PAH-
BP pH 3/3 as a function of immersion time at pH 3&),(pH 6 (), and
pH 8.5/8.5 @).

260
240+
220+

N

o

o
1

180
160

% Swelling

1404 ‘o ¥
°
I7‘

4 5 6 7
pH
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acid groups and free amine groups in the film in moderate
amounts as well as the cross-linked units in the films. In the
case of PAA-BP/PAH-BP pH 8.5/8.5, it showed an opposite
trend compared to PAA-BP/PAH-BP pH 8.5/8.5. In a neutral
or acidic solution, PAH-BP had increased ionization of polymer
chains relative to the high-pH environment in which they were
constructed. The film swelled to 1.75 and 2.23 times its original

Potential (V vs. Ag/AgCI)

Figure 8. Cyclic voltammograms of electrodes deposited with cross-linked
PAA-BP/PAH-BP pH 3/6 (3.5 bhilayers, PAH-BP outmost layer) in an
aqueous 0.5 M N&SO; electrolyte solution containing 5 mM either
Fe(CN)3~ or Ru(NH)e®* buffered at pH 3.2 and 10 and nonbuffered at
pH 7.

dry film thickness in pH 6 and 3 solutions, respectively, due to
the ionization of free amines.

Permselectivity Control of Multilayer Films. From the
reflectance FT-IR results, it is clear that the relative amount of
free carboxylic acid and amine in the PAA-BP/PAH-BP
multilayer films can be controlled by changing the pH of the
solution. When these films are subsequently immersed in an
acidic or basic solution, amine or acid groups are selectively
ionized, resulting in a positive or negative net charge in the
film. The membranes then will reject ions of the same sign and
transport ions of the opposite sign with a net charge in the film.
In other words, these membranes can be either cation-sedecti
or anion-selectie (bipolar), depending on the pH of the solution.

lonic permeability of the PAA-BP/PAH-BP films was
investigated under different pH conditions by use of anionic
Fe(CN)®~ and cationic Ru(NR)¢*" as redox probe molecules.
Since the diameter of the two probe molecules is similar to each
other [6.0 A for Fe(CN$~, 6.2 A for Ru(NH)e**], the
differences in transport properties for the two probe molecules
to electrode will be affected only by the net charge in the film
but not the size of the pore.

Figure 8 shows cyclic voltammograms of electrodes deposited
with cross-linked PAA-BP/PAH-BP pH 3/6 (3.5 bilayers, PAH-
BP outmost layer) in an aqueous 0.5 M JS&, electrolyte
solution containing 5 mM either Fe(CN) or Ru(NH)e3"
buffered at pH 3.2 and 10 and nonbuffered at pH 7. All
measurements were conducted after 3 min of UV irradiation,
followed by immersion of the polyelectrolyte multilayer-coated
electrode in the electrolyte solution for 20 min to stabilize the
films. The shape and magnitude of voltammograms were
significantly affected by the pH of electrolyte solutions. The
peak current density resulting from Fe(GKN) reduction was
about 51uAlcm? at pH 3.2, while it decreased50-fold with
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Figure 9. Schematic illustration of the pH-switchable on/off function of
the multilayer film. At low pH the film has a net negative charge that
excludes anions but passes cations; at high pH it is positively charged and
excludes cations but passes anions.
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respect to values at pH 10. In contrast, the peak current density b 10
from Ru(NHs)e*" reduction was about 8s8A/cm? at pH 10,
while it decreased to 3dA/cm? at pH 3.2. These results clearly
demonstrate that PAA-BP/PAH-BP at pH 3/6 multilayer films
show bipolar pH-switchable permselectivity for both cationic
and anionic probe molecules. The film is permeable (on) to the
cationic probe but impermeable (off) to the anionic probe at
pH 10, that is, due to the deprotonation of free carboxylic acid
(-COO") at high pH (Figure 9). On the other hand, the film is
permeable to an anionic probe but less permeable to a cationic
probe at pH 3.2 due to the protonation of free amine NH
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at low pH. At pH 7, the film was only slightly permeable to Potential (V vs. Ag/AgCl)
both amonls(i and cationic pggbe molecules; peak current (éiensny Figure 10. Cyclic voltammograms of electrodes deposited with (a) cross-
of Fe(CN)*~ and Ru(NH)¢** was about 12 and 14A/cm?, linked PAA-BP/PAH-BP, pH 3/3 (5.5 bilayers, PAH-BP outermost layer),

respectively. At pH 7, amine and carboxylic acid groups are and (b) Cr(?SS—Iink_ed PAA-BP/PAH-BP, pH I8.5/8i5 (3.5Ibi_|ayers, PAH-BP
fully ionized; therefore, the film excludes both positively g“rtﬁ;/lmgistthgg’eg(g @‘ﬁg‘;e’gﬂ(s,\loi)gisﬁgefgzogiao tion contanng
charged and negatively charged probes. This behavior was fully ,,npyfrered at pH 7.
reversible to repetitive switching of the pH for up to at least
five cycles. It is important to point out that this bipolar or of stable swelling throughout the pH range ef B). The cross-
reversible ion selectivity in a single film is a very interesting linked structure is a key factor for bipolar ion-selective
property for the development of ion-separation membranes. membranes. Due to cross-linking, high permeability can be
Furthermore, it was possible to produce multilayer films that achieved with ultrathin films (2645 nm) and the multilayer
are only permeable to one type of probe molecule. Figure 10 film maintains its stability in a wider range of pH-30 for the
shows cyclic voltammograms of electrodes deposited with (a) solution.
cross-linked PAA-BP/PAH-BP pH 3/3 (5.5 bilayers, PAH-BP In practical applications, the ion-exchange procedure can be
outmost layer), and (b) cross-linked PAA-BP/PAH-BP pH 8.5/ conducted at neutral condition. Therefore, the permeability of
8.5 (3.5 hilayers, PAH-BP outmost layer). In the case of PAA- Fe(CN)3~ and Ru(NH)g* in unbuffered solution (pH of the
BP/PAH-BP pH 3/3, the permeability of the film to Ru(Ms#+ solution was found to be-7) were compared. Both probe
significantly increased (about 2-fold) at pH 7 and 10 due to the molecules are impermeable for the PAA-BP/PAH-BP pH 3/6
ionization of carboxylic acids at high pH range. On the other film. On the other hand, only negatively charged Fe(&N)s
hand, the membrane showed low permeability of Fe¢€Np permeable for the PAA-BP/PAH-BP pH 8.5/8.5 film, while only
the pH range of 3.210. Increased permeability of Fe(Gf) positively charged Ru(NgJe®" is permeable for the PAA-BP/
at pH 7 and 10 occurs because of swelling of films (240% at PAH-BP pH 3/3 film. Since both carboxylic acid and amine
pH 10). For PAA-BP/PAH-BP at pH 8.5/8.5 film, it is permeable are fully ionized at pH 7, ionic permselectivity in neutral
to Fe(CN)®~ at pH 3 and 7 but not permeable to Ru(N&i™ conditions can be achieved depending on whether both free
in the pH range of 3.210 due to the ionizable amine groups groups exist in the film or only one type of free ionizable group
in the multilayer film. It is important to note that even though exists.
the PAA-BP/PAH-BP pH 8.5/8.5 film swelled 2.23 times
compared to its original thickness, the current density of
Ru(NHz)®t increased only 1.6-fold compared to that at pH 7. Bipolar ion-selective multilayer membranes have been fab-
The swelling of the film affects the degree of permeability; ricated by alternating deposition of PAA and PAH modified
however, the ion-selective permeability still can be achieved with benzophenone groups. It was demonstrated that a pH-
due to the net ionic charge in the films. switchable membrane can be produced by adjusting the pH of
From these results, one important fact, for developing the dipping solution and the stability maintained by cross-
effective ion-selective membranes, is realized. That is, one mustlinking. Moreover, a highly stable film was prepared.
control the number of free ionizable groups. It should be enough  The multilayers were composed of weak polyelectrolytes that
to promote rejection of oppositely charged ions but not too much were modified with benzophenone and subsequently photo-
to induce swelling of the film. For PAA-BP/PAH-BP pH 3/6 cross-linked by irradiation with UV light in less than 5 min.
film, the most effective ion selectivity was achieved because The composition of multilayers was finely tuned by changing

Conclusion
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the pH of the dipping solution. When PAA-BP and PAH-BP well as the degree of cross-linking is important to produce
were deposited from pH 3 solution, the PAA-BP groups exist effective permselective membranes. Thus, it was possible to vary
in their uncharged, protonated COOH state, while the mem- this permselectivity performance by varying the solution pH or
branes with PAH-BP layers having uncharged, unboundeg NH the film pH (ex situ) after cross-linking. In the future it should
were fabricated by deposition from pH 8.5. When the PAA-BP be possible to have a combinatorial approach in the preparation
and PAH-BP were deposited from pH 3 and 6, respectively, of these membranes with pH, ionic group content, degree of
the film had a high degree of internal charge pairing as well as cross-linking, and thickness as parameters.

both unbounded carboxylic acid and amine groups in the layers.
Depending on the ionizable group, the multilayer films showed
pH-dependent permselectivity. In the case of multilayers of
PAA-BP/PAH-BP pH 3/6, the membranes showed pH-switch-
able ion transport selectivity or reversible ion selectivity; at low
pH, cations are excluded from the film but anions easily
penetrate, while at high pH, the opposite behavior is obtained.
It was found that the number of ionizable groups in the film as JA0484707
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