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Several new optically clear polymer blends have been formulated for selectively incorporat-
ing solution-phase anions and cations. In all of the blends poly(vinyl alcohol) was the host
matrix and it was cross-linked with glutaraldehyde to entrap polyelectrolytes including poly-
(acrylic acid), Nafion, poly(diallyldimethylammonium chloride), poly(vinylbenzyltrimethyl-
ammonium chloride), and poly(styrenesulfonic acid). [Ru(BiPy)s]** and Fe(CN)e®~ were used
as prototypical analytes to study the ion-exchange properties of the new blends. The
thicknesses of spin-coated thin films of the blends were variable over a wide range (0.70 um
being typical), as determined by an optical interference method. Thin film coatings of three
of the blends were optimized for single-step covalent coating on activated oxide surfaces.
Two silane coupling agents, 3-glycidoxypropyltrimethoxysilane and 3-aminopropyltriethox-
ysilane, were used to covalently attach these three blends to glass and ITO-coated glass
surfaces. The potential use of these materials for chemical sensing has been demonstrated
by applying them to multiple internal reflection and spectroelectrochemical devices as thin
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films.

Introduction

Optically clear polymers have played an important
role in chemical sensing as surface-modifying materi-
als.}2 A variety of formulations have been used includ-
ing pure polymers,3~10 dye-doped polymers,11-16 and
polymer blends.1”18 For example, Grate et al.” reported
the synthesis of hybrid organic/inorganic copolymers for
acoustic wave and optical sensors. The copolymers were
prepared by incorporating fluoroalkyl-substituted bisphe-
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nol groups linked with oligosiloxane spacers. It was
demonstrated that these materials had a suitable
viscosity and refractive index to be used as claddings
on silica optical fibers. Song et al.1* described a method
to entrap the fluorescent dye 5-(and 6-)carboxynaph-
thofluorescein (CNF) in a polyacrylamide gel matrix by
photopolymerization at the silanized end of an optical
fiber to make a fiber optic pH sensors for physiological
measurements. In work closely related to the chemistry
discussed in this paper, Somasundrum and Bannister!”
described depositing mixtures of Nafion and poly(vinyl
alcohol) (PVA) on electrodes followed by in situ cross-
linking of the blend with glutaraldehyde to form an ion-
exchange/hydrogel composite film. These authors de-
scribe in detail the electrochemistry of selected analytes
in these membranes but did not report on any of the
optical properties or on any optimization of the Nafion—
PVA mixtures.

There are three common ways to modify sensor
surfaces with polymers:*® (1) strong chemisorption, (2)
covalent attachment, and (3) polymer layering. Al-
though chemisorption certainly involves bondlike in-
teractions, in only a few instances are such interactions
sufficiently stable for usage in sensor applications.?0
Covalent attachment is an attractive way of surface
modification because of the strong link between the
modifier and the sensor surface. However, not all
appropriate polymers have a chemical group which can
be used to covalently bond with the sensor surface. A
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commonly used method for “covalent” coating of sensor
surfaces functionalizes the surface with a silane cou-
pling agent which provides sites for the covalent at-
tachment of the polymer. Silane coupling agents are
bifunctional silicon-containing organic molecules that
are able to form covalent bonds with glass or other oxide
surfaces bearing free hydroxyl groups,?21=3! and this
includes indium tin oxide surfaces.32-36

Polymer layering may be the easiest way to modify
sensor surfaces, but the polyelectrolytes suitable for this
kind of modification are limited, because those com-
monly available are either too soluble or undergo rapid
ion exchange, resulting in a rapid loss of species
absorbed within such coatings.?” In addition, poor
adhesion of the polymer coating to the sensor surface
is another problem for most of the available polyelec-
trolytes. The commonly used polyelectrolytes for layer-
ing include Nafion3® and poly(4-vinylpyridine) (PVP).3°

In an interesting alternative approach, Bergbreiter
and co-workers*>4! have modified the surfaces of more
reactive polymer films and were able to introduce
functional groups onto these surfaces. It therefore
appears possible to use their technique to directly
modify certain polymer-coated sensor surfaces and to
achieve sensor surface characteristics which would be
of direct use. In the first part of this research we
demonstrated!® an evanescent wave sensing application
of a polymer blend which consisted of poly(acrylic acid)
(PAA) entrapped in cross-linked PVA deposited on the
core of a fiber optic. Recently, we very briefly sum-
marized our work on chemically selective optical ma-
terials.*2 In this work, the detailed formulations of
cross-linked PVA-based polymer blends containing sev-
eral polyelectrolytes, i.e., Nafion, poly(diallyldimethyl-
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ammonium chloride) (PDMDAAC), poly(vinylbenzyl-
trimethylammonium chloride) (PVTAC), and poly(sty-
renesulfonic acid) (PSSA), are described. Compared
with the sol—gel matrix which is not compatible with
such polyelectrolytes as PAA and NaPSS,*? the PVA
matrix offers two advantages: it is compatible with all
of the polyelectrolytes we have studied, thus providing
more optically clear polymer blends, and the films are
crack-free, even as thick films.

Experimental Section

Chemicals and Materials. Nafion perfluorinated ion-
exchange material (5 wt % in a mixture of lower aliphatic
alcohol and 10% water; hydrogen ion form; equiv wt 1100),
PVA (MW 85 000—146 000, 98—99% hydrolyzed), PDMDAAC
(20 wt % in water, MW 250 000—350 000), tris(2,2'-bipyridyl)-
ruthenium(ll) chloride hexahydrate, 3-aminopropyltriethoxy-
silane (APTS), and 3-glycidoxypropyltrimethoxysilane (GPTS)
were purchased from Aldrich. Glutaraldehyde (reagent grade,
50% wi/w), hydrochloric acid (ACS Reagent), buffers (pH 4, 7,
and 10), sodium hydroxide, and sodium acetate were supplied
by Fisher Scientific. PAA (25% solids in water, MW 150 000)
and PSSA (30% in water, MW 500 000) were purchased from
Polyscience, Inc. PVTAC (30 wt % in water, MW 400 000) was
purchased from Scientific Polymer Products. Stock solutions
for polymer blending were prepared by either dilution of
commercial solutions or by dissolution of solid polymer in
deionized water. All chemical reagents were used as received
without further purification.

Microscope glass slides were obtained from Fisher Scientific.
Indium tin oxide (ITO)-coated glass (11—50 Q/sqg, 150 nm thick
ITO layer over tin float or 7059 glass) was purchased from
Thin Film Devices and cut into 1 in. x 3 in. slides.

Formulation of Blends. All blends with polyelectrolytes
discussed in this paper are based on additions to a 10% PVA
stock solution. A typical preparation of the blended polymer
film is as follows: all of the components (PVA, polyelectrolyte,
glutaraldehyde, HCI) were put into a beaker and stirred until
homogeneous. The mixture was then immediately poured into
a cylindrical Teflon form (thick films) or spin-coated onto
substrates (thin films). After casting or spinning, the blend
was cured in the air at ambient temperature for at least 1
day before use. All cured blends were hydrated by soaking in
water or supporting electrolyte solution for at least 1 day
before use.

Covalent Attachment of Blends onto Planar Glass and
ITO—-Glass Substrates. Two methods of functionalization
of glass and ITO—glass surfaces were used: epoxysilanization
and aminosilanization. Glass or ITO—glass slides were soaked
in 2 M NaOH overnight and then rinsed with deionized water.
Freshly cleaned slides were then heated in 5% (v/v) APTS or
1% (v/v) GPTS in a buffer solution at 90 °C for 5 h. Silane
coupling reagent solutions were made in 0.1 M sodium acetate
buffer whose pH was adjusted to 5.5 with 1 M HCI. The
functionalized slides were rinsed with deionized water to get
rid of unreacted silane coupling reagent. In some cases, both
ends of the slides were masked with tape prior to spin-coating,
leaving small sections of the surface uncoated for prism
coupling. Slides were first spun at 2000 rpm for a few seconds
to ensure a clean and dry surface for polymer bonding. Then
about 0.30 mL of freshly formulated polymer blend was
pipetted onto the surface of the slide, which was then spun at
2000 rpm (except as noted) for 1 min to coat the slide surface.
The curing of the coating simultaneously resulted in covalent
attachment to the functionalized oxide surface through reac-
tion of the bifunctional cross-linking reagent (glutaraldehyde)
with the OH groups of PVA and the exposed groups (OH or
NH>) on the surface.

Film Characterization Measurements. Refractive in-
dices were obtained for both dry and hydrated films using the
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Table 1. Formulations for Blends

base film mixture

remaining additives

monomer ratio?

Thick Films
3.00 mL of 10% PVA, 1.20 mL of 25% PAA (for PVA—PAA) 0.63
0.30 mL of 5% glutaraldehyde, 0.80 mL of 5% Nafion (for PVA—Nafion) 0.0047
0.30 mL of 0.5 M HCI, and 1.00 mL of 30% PSSA (for PVA—PSSA) 0.26
1.2 mL of H,0 0.50 mL of 15% PVTAC (forPVA—PVTAC) 0.051
0.20 mL of 20% PDMDAAC (for PVA—PDMDAAC) 0.037
Thin Films
2.50 mL of 10% PVA and 0.50 mL of 25% PAA, 0.50 mL of 5% glutaraldehyde, 0.31
0.20 mL of 0.50 M HCI and 1.0 mL of H2O (for PVA—PAA)
1.0 mL of 5% Nafion, 0.50 mL of 5% glutaraldehyde, 0.0070
and 0.50 mL of H,O (for PVA—Nafion)
0.50 mL of 15% PVTAC and 1.50 mL of 5% glutaraldehyde 0.061

(for PVA—PVTAC)

a The ratio of polyelectrolyte to PVA.

double-image method of Schulz.#* Values reported are aver-
ages of three measurements made at different film positions.
For thick films, the swelling index was defined as the ratio of
the volume of the hydrated film to the volume of the dry film.
Film volume was calculated from the diameter and thickness
measured with a caliper. For spin-coated thin films that were
covalently bonded to a substrate surface, no expansion on
hydration of the film in the plane of the glass or ITO—glass
was found by optical microscopy. Thus, all of the film swelling
on hydration appeared to occur normal to the plane of the
coating surface. In this case the swelling index was calculated
as the ratio of the hydrated film thickness to the thickness of
the dry film, as measured by an interference fringe method
(see below).

UV-visible absorbance spectra were determined with a
Hewlett-Packard 8425A or 8453 diode array spectrophotom-
eter. For such measurements the glass substrate or free-
standing film was positioned at normal incidence to the light
path of the instrument. Thicknesses of films on glass sub-
strates were determined using the optical interference fringe
method described by Goodman.*®

Scanning electron microscopy (SEM) of polymer blend films
spin-coated on glass substrates was performed on a Stereoscan
90 microscope (Cambridge Instruments) operated at 25 kV and
a 25° degree tilt angle. Both dry and wet specimens were
prepared for each polymer blend. The wet specimen was
prepared by soaking a dry film in water for 1 day before the
measurement. To obtain the information about the micro-
structure of the inner bulk film and the thickness of the film,
a portion of each film specimen was removed with a razor
blade, leaving a step for cross-section examination. Film
specimens were sputter-coated with ~300 A of gold prior to
examination.

Spectroelectrochemical Measurements. Spectroelec-
trochemical measurements were performed on the instrument
previously described.? Very briefly, light from a source (blue
LED, Panasonic) was launched into a 600 um silica step-index
optical fiber (Fiberguide Superguide G, NA = 0.22) which was
coupled to the glass or ITO—glass slide with a Schott SF6
coupling prism (Karl Lambrecht, Chicago, IL) using a micro-
scope objective. A high viscosity refractive index standard
fluid (Cargille, n = 1.517) was used to span the prism/glass
gap. Light propagating through the glass slide was decoupled
by using another SF6 coupling prism, detected by a phototube,
digitized, and stored on a personal computer. Computer data
acquisition was done at a rate of one point per second. Data
records were manipulated and analyzed using standard per-
sonal computer spreadsheet programs. The angle of the light
into the prism and the alignment of the cell were adjusted to
maximize the attenuated total internal reflection throughput,
as determined by measuring the intensity of the decoupled
light. All electrochemistry was performed with the sample cell
that has been described previously.#? Sensor absorbance

(44) Schulz, L. G. J. Chem. Phys. 1949, 17, 1153.
(45) Goodman, A. M. Appl. Opt. 1978, 17, 2779.

values were obtained by recording the light intensity through
the prism-coupled slide when exposed to pure deionized water
or supporting electrolyte (l,) and the intensity after being
exposed to an analyte solution (I). Absorbance in the multiple
reflection arrangement was defined as A = log(l,/1).

Results and Discussion

Blend Formulations. The polymer blends, as we
prepare them, are all formed from aqueous stock solu-
tions of polyelectrolytes and 10% PVA. The PVA—
polyelectrolyte blend is then cross-linked with glutaral-
dehyde in the presence of HCI to form an optically clear
matrix. The cross-linking reaction of glutaraldehyde
with PVA entraps the polyelectrolyte in the PVA
network. The ratio of PVA to polyelectrolyte can be
varied over a considerably wide range while the trans-
parency of the material is maintained. Through use,
however, we have fine-tuned these compositions for
sensing purposes by selecting PVA—polyelectrolyte ra-
tios and curing conditions that produce thin and thick
films of these materials that are robust and have
acceptable ion-exchange rates. Several different poly-
electrolytes, the structures of which have been given
previously,*® have been entrapped in PVA: Nafion,
PVTAC, PDMDAAC, PSSA, and PAA. We have devel-
oped two specific formulations for use in sensing. One
formulation is designed for making free-standing, thick
films, the second for thin-film coatings on glass and
ITO—glass surfaces with covalent attachment.

A typical preparation for the casting of thick, free-
standing films of the blends consisted of mixing PVA,
glutaraldehyde, HCI, and the polyelectrolyte in ap-
propriate proportions (see Table 1 and ref 18 for details).
The mixture was then quickly poured into a mold and
cured at room temperature. Comparison of this formu-
lation with those for thin films (see below) shows that
this formulation is leaner in glutaraldenyde. As a
result, free-standing films were less highly cross-linked
and cured into transparent elastic materials.

To make coatings on planar substrates, the blends
need to be covalently bonded to glass or ITO—glass
substrates; without such bonding the films immediately
detached from the substrates on hydration of the films.
As a result, all coatings described in this paper have
been covalently attached to glass or ITO substrates. By
optimizing the amounts of the components in the blends
we have obtained three covalently attached coatings
(PVA—Nafion, PVA—PVTAC, and PVA—PAA) that are
well-adhered, optically clear, and rapidly ion-exchange-
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able, as shown in the following sections of this paper.
The formulations for these three coatings are given in
Table 1. Optimization of the content of glutaraldehyde
was crucial for these coatings, because it works both for
the formation of the blend network and for the covalent
linking of the blend to the substrate. Qualitatively, a
higher content of glutaraldehyde produced a lower
swelling index and a better linked coating (see below).
However, if the glutaraldehyde content was too high, a
slower ion-exchange rate resulted, presumably because
of a reduction in the network’s pore size. The type and
the amount of the polyelectrolyte in the blends were also
important factors affecting the quality and the ion-
exchange capacity of the film coatings. The optical
clarity of the blends can also be influenced by the
amount of the polyelectrolyte. The lower the content
of the polyelectrolyte, the clearer and tougher the blend
films were, but this is achieved with a reduction in the
ion-exchanging capacity of the material. Thus, the
formulations given in Table 1 for thin films on glass or
ITO—glass represent compromises between adequate
film (covalent) attachment to the substrate and accept-
able rate of and capacity for ion-exchange.

The formulations for the coatings of PVA—Nafion,
PVA—-PAA, and PVA—-PVTAC blends were optimized
to give acceptable simultaneous linking to functionalized
(surface activated) glass or ITO—glass surfaces. How-
ever, we have not been able to find suitable formulations
for a one-step surface linking and cross-linking of the
PVA—PDMDAAC and PVA—PSSA blends. The PVA—
PDMDAAC and PVA—PSSA films have comparatively
higher swelling indices and in thick film form are more
fragile. Increasing the glutaraldehyde contents in these
curing blends did not result in simultaneous linking to
activated oxide surfaces. Leaching of PSSA from the
PVA—PSSA blend was found by UV—visible absorbance
spectroscopy of the solutions exposed to the blend for a
period of time (24—48 h). No leaching of polyelectrolyte
was found for any of the other blends. The reasons for
the increased leaching of PSSA from the cross-linked
PVA host are not totally clear but may be related to the
following factors. First, to make up for the fact that
the sulfonate group in PSSA has a low binding constant
for the cations of interest to us, we have made the PVA—
PSSA blend relatively rich in PSSA. In turn this may
have reduced the efficiency of the cross-linking of the
host PVA by glutaraldehyde and increased the leaching
of PSSA. Second, PSSA is quite hydrophilic as, for
example, compared to Nafion, and this might directly
result in more leaching of PSSA in comparison with the
other polyelectrolytes used in the blends.

A series of thick films was made with the same
formulations as those of the thin films for the purpose
of measuring the swelling index, refractive index, and
spectroscopic properties of these particular formula-
tions. All of these freshly prepared wet films are
optically clear, except PVA—PAA, which only became
clear after the first drying and rehydration of the cross-
linked blend.

Coating of Thin Film Formulation on Planar
Oxide Surfaces. The bifunctional reagents GPTS and
APTS can be used to modify the surface of glass or ITO—
glass by making use of the reaction between the silanol
group of the reagent and the OH groups of the clean
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Figure 1. The absorbance spectra of hydrated thick films of
five polymer blends and pure cross-linked PVA measured at
normal incidence over the range 200—800 nm are shown. The
film thickness in each case was about 0.65 mm. The blends
are indicated by listing the entrapped polyelectrolyte.

oxide surface. We have modified Jiang's®?> method of
using an acetate buffer as the medium for surface
modification. In turn, APTS and GPTS, possessing an
amine and an epoxide functional group, respectively,
react with glutaraldehyde in the acid-catalyzed curing
polymer blend. In the case of APTS, glutaraldehyde
reacts to form a Schiff base linkage; in the case of GPTS,
upon acid-catalyzed ring opening of the epoxide, glut-
araldehyde forms a hemiacetal or an acetal linkage. HCI
is a catalyst for all three of these reactions, and thus,
the curing of the polymer blend and its covalent attach-
ment to APTS- or GPTS-activated glass or ITO—glass
can be achieved in one step. The coated glass or ITO—
glass slides can be stored in air for months without any
observable deterioration; the optical and electrochemical
performance of rehydrated stored slides is identical to
those of newly coated slides.

A greater the degree of surface modification with
GPTS or APTS gave better adhesion. But there was a
maximum content for APTS or GPTS in the reaction
buffer (2% v/v for GPTS and 6% v/v for APTS). Self-
gelation begins at higher concentrations than these at
this temperature. To avoid self-gelation, we have
routinely used 1% v/v GPTS and 5% v/v APTS. The
adhesion of the blend film to the substrate is better for
the APTS-derived surfaces because of the higher con-
centration of silane coupler.

Generally speaking, the coatings are very stable in
neutral or acid aqueous solutions, usually going for
weeks without peeling from the substrate. In strongly
basic solutions (for example, pH 10), only PVA—Nafion
and PVA—PAA coatings stand up for weeks at a time.
It is probable that the silyl ether linkage between the
oxide surface of glass or ITO—glass and GPTS or APTS
is more easily cleaved by base than by acid. Perhaps
this is the reason the covalently bonded coatings re-
sisted much higher concentrations of acid than of base.

Optical Properties of Blends: UV—Vis Trans-
mission and Refractive Index. Typical absorbance
spectra of thick hydrated films are shown in Figure 1.
As the spectra show, the PAA, Nafion, and PDMDAAC
blends can be used directly for spectroscopic measure-
ment down to about 250 nm. Both PVTAC and PSSA
blend films have strong absorbances in the near-UV
region which stem from the z-conjugated structures of
the polyelectrolytes themselves.

We have measured the refractive indices of both dry
and wet films and these values are listed in Table 2.
Although all of the hydrated forms gave clear second
images under Abbe refractometry, dry PVA—Nafion
blend did not because of its mottled surface. The
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Table 2. Refractive Indices for Blends

refractive index

material dry hydrated
PVA 1.512 1.442
PVA—PAA 1.515 1.440
PVA—Nafion a 1.445
PVA—-PVTAC 1.507 1.447
mean value 1.511 1.443

a Refractive index of dry PVA—Nafion immeasured by Abbe
refractometry.

refractive indices of the dry films are about 1.51 (except
possibly for the PVA—Nafion blend), which may be
attributed to the dominance of the host PVA. The
refractive index of all the wet films is about 1.44, which
is essentially that of wetted cross-linked PVA. From
the above results we conclude that all of the wetted
blends are suitable as optical claddings for both crown
glass waveguide (base glass Rl = 1.51) and silica-core
fiber optic (core Rl = 1.46) sensors.

Thin Film Thickness and Swelling Index. To
make films of differing thickness, the spin speed of the
spin-coating was varied for a given polymer formulation.
The thickness can also be varied by changing the total
concentration of the coating solution. For example, by
diluting the coating mixture with water, the coating
thickness was made as thin as 0.25 um. Examination
of thin films over a wide area of coated slides typically
gave similar fringe patterns, suggesting that the coating
was quite uniform in thickness. The edges of coated
slides typically show thicker regions, as expected for the
spin-coating method.

For the calculation of the film thickness by the
interference fringe method, the effect of any small
difference in the refractive index value was not very
significant. For example, the spectrum of the dry PVA—
Nafion coating spun at 1500 rpm shows three fringes
within the range 325—600 nm. Since no refractive index
is available for this particular material in the dry state
(vide supra), we were forced to approximate the index.
The thickness of this film calculated from the fringes
was 0.70 um when calculated with the highest refractive
index value measured for any film (1.52, PVA—PAA).
The thickness was calculated to be 0.71 um when the
lowest refractive index value measured for any film
(2.51, PVA—PVTAC) was used. As a result, we have
chosen the value based on an assumed index of the dry
film of 1.51; we then calculated the thickness and
swelling indices of a series of PVA—Nafion films pre-
pared by spin-coating. Table 3 shows the results for
PVA—Nafion thin films bonded to glass and prepared
at different spin speeds. The wet thin films are thicker
than the corresponding dry films because of swelling on
hydration of the film. Even after days of hydration in
water, no lateral expansion of the coating from the edges
of the slide was found. In turn, this suggested that the
width and length of the film was held approximately
fixed by the covalent attachment to the surface. On the
other hand, thickness measurements clearly showed
that the film expanded normal to the surface. Assuming
no expansion of the film in a plane parallel to the
surface, the swelling index of the film was calculated
as the ratio of the film thicknesses, and these results
are also shown in Table 3. The mean value of the
swelling index was found to be 1.18.
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Table 3. Thicknesses and Swelling Indices for
Blend Films

Thin Films Spun at 2000 rpm
film thickness, um

polymer blend dry hydrated swelling index
PVA 0.39 0.53 1.36
PVA—PAA 0.68 0.72 1.06
PVA—Nafion 0.53 0.68 1.28
PVA—PVTAC 0.62 0.78 1.26
mean value: 1.20°
PVA—Nafion
spin-speed film thickness, um
(rpm) dry hydrated swelling index
800 1.22 1.43 1.17
1000 0.99 1.19 1.20
1300 0.85 0.89 1.04
1500 0.59 0.74 1.25
1800 0.57 0.68 1.19
2000 0.53 0.68 1.28
3000 0.53 0.61 1.15
mean value: 1.18

a Swelling index calculated as ratio of thicknesses of swollen
film and dry film. ® Mean value does not include pure PVA value

Table 4. Swelling Indices of Thin Film Formulation in
Free-Standing Thick Films

swelling index2

material pure H,O 1 M KNO3 3 M KNO;3
PVA 2.14 1.94 1.56
PVA—PAA 1.71 1.83 1.63
PVA—Nafion 1.76 1.89 1.51
PVA—-PVTAC 1.58 1.40 1.22

a Swelling index calculated as ratio of volumes of swollen film
and dry film.

In an effort to evaluate the effect of covalent attach-
ment on the thin film swelling index, we made thick
films with the thin film formulation and measured
swelling indices in water and salt solutions (Table 4).
Overall, the results show that the free-standing blend
films have swelling indices which are about 40% higher
in pure water than the corresponding covalently an-
chored films (compare Tables 3 and 4). Thus, itis clear
that covalent attachment of the blend to an oxide
surface reduces the ability of the blend to expand on
hydration. The free-standing PVA film has an index
which is about 60% larger, suggesting that the added
polyelectrolyte tends to reduce the ability of the network
to swell on hydration. The effect of increasing salt
concentration on the swelling index is more complicated.
For the cation exchangers (PVA—PAA and PVA-
Nafion), addition of salt first expands the network and
then at higher concentration shrinks the network. For
the anion exchanger (PVA—PVTAC), the addition of salt
reduces the swelling index, and this behavior is also
found for the pure PVA network. The overall trend for
both cation and anion exchangers to shrink with in-
creasing salt concentration may be attributed to a
decrease in blend hydration or the “salting out” of water.
However, the reasons for the more complicated behavior
of the cation exchangers at low salt concentrations are
not clear and remain to be determined.

Thin Film Surface Morphology. Scanning elec-
tron microscopy (SEM) was used to examine the mor-
phology of the blends covalently bonded to the surface
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Figure 2. SEM photographs of (a) cross-linked pure PVA, (b) PVA—Nafion, and (c) PVA—PVTAC are shown. The dry film surfaces
(a1, b1, c1) are compared with the partially hydrated film surfaces (az, b2, ¢2). Photographs are of a step (cut down to the glass
substrate) through each material made with a razor blade. The designations as, a, etc., are positioned on the film surface in each
photograph. The large fragments which are seen on the glass substrate (see especially a; and b,) are remnants of the blend left
after making the gash and scraping a portion of the film off of the glass substrate.

of glass. SEM photographs of air-dried samples were
compared to those of samples which had been equili-
brated in water before surface coating with gold under
vacuum. In this way it was found that the partially
hydrated samples could be compared to those which had
been thoroughly air-dried. This comparison is shown
in Figure 2 for pure PVA, PVA—Nafion, and PVA—
PVTAC bonded to glass. Two inferences can be made
from comparisons of these images. First, there does not
appear to be any evidence at SEM resolution (~0.1 um)
for phase-separation in the bulk phase (see exposed
edges) of the blends. Second, the surfaces of both the
dry and the hydrated films show some mottling. This
mottling is exaggerated by hydration and film swelling.
The degree of surface mottling is greater for the blends
than for the parent PVA material. Whether or not this

mottled surface corresponds to irregular cross-linking
in the surface of the film or a partial segregation of the
polyelectrolyte into clusters in the surface is not known
at this time. In the formation of silica—polyelectrolyte
composites we found*?® SEM evidence for the exclusion
of polyelectrolyte during the curing and shrinking of the
glassy matrix. It may be that the curing (cross-linking)
of the PVA is also accompanied by partial segregation
of the polyelectrolyte in the film surface, leaving a
somewhat irregular surface. Further detailed examina-
tions of these surfaces need to be done to resolve this
point.

Optical and Electrochemical Sensing Applica-
tions of the Blends. All of the blends described can
be made into free-standing thick films for direct sensing
of charged analytes. We have previously described!® the
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Figure 3. The absorbance spectra of a thick free-standing film
of PVA—PDMDAAC exposed to 5 x 104 M Fe(CN)*~ mea-
sured at normal incidence. The spectra are labeled with times
after first exposure (0 and 10 min, 1, 2, 3, 5, 6 h) to a solution
containing Fe(CN)e®~. The inset shows the preconcentration
ratio as a function of time for the same film. The solid line
drawn through the data points represents a least-squares fit
(fixed zero intercept, R? = 0.96).

use of a thick film of the PVA—PAA blend for sensing
of cations. A similar approach can be used with PVA—
PDMDAAC for the sensing of anions. For studies of
thick film uptake of selected analytes, a “preconcentra-
tion ratio” was defined as the ratio of the concentration
of the analyte in the film divided by that in the ambient
solution. Figure 3 shows the uptake of the Fe(CN)g3~
anion and the preconcentration ratio achieved with a
free-standing film (thick film formulation).

One goal of this work was to develop new polymer
blends for applications that include use as chemically
selective optical materials in fiber optic, planar wave-
guide, and spectroelectrochemical sensors. The applica-
tion of a PVA—PAA blend directly to a fiber optic sensor
(without covalent surface attachment) has been dem-
onstrated previously.’® In that work one of the disad-
vantages encountered was the lack of a method to
produce a uniform, ruggedly attached fiber optic clad-
ding with the PVA—PAA blend. In this paper we
demonstrate the feasibility of using thin highly uniform
films of these blends for both planar optical sensors and
spectroelectrochemical sensors. Representative results
for cation and anion exchange films are presented below.

Performance of Cation-Exchange Thin Films on
Glass. PVA—PAA blend coated planar glass substrates
were evaluated using prism coupling to determine their
ion-exchange performance with Ru(BiPy)s2". The re-
fractive index of the base glass (soda lime glass) is 1.512
and 1.440 for the hydrated PVA—PAA film. Thus, the
combination of this base glass and the PVA—PAA film
forms an appropriate optical configuration for evanes-
cent wave sensing under multiple internal reflection of
light in the glass substrate. Because Ru(BiPy)s2" has
an optical absorbance peak at 450 nm in the PVA—PAA
matrix, light at 450 nm was used to monitor the
dynamics of exchange of this cation by evanescent wave
spectroscopy. For comparison, eight separate, equiva-
lently made PVA—PAA-coated glass slides were exposed
to aqueous solutions of varying concentrations of Ru-
(BiPy)s2*t and the changes in absorbance with time of
exposure were measured (Figure 4). For each curve, Ru-
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Figure 4. The absorbance of Ru(BiPy)s?* at 450 nm versus
time recorded using attenuated total internal reflection optics
and a soda lime glass microscope slide covalently coated with
a thin film (thickness, 0.70 um) of the PVA—PAA blend. The
figure shows curves for eight different concentrations of Ru-
(BiPy)s?* in aqueous solution measured with eight different,
but similarly coated, slides. The time of injection of Ru-
(BiPy)s?" was at 30 s, which is marked by a vertical arrow.
The concentrations are: a, 1 x 107%;b, 2 x 1075 ¢, 3 x 1075,
d, 4 x107%e,5x 1076 f, 6 x 107% ¢, 8 x 107% and, h, 1 x
1075 M.
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Figure 5. The calibration curves (absorbance vs concentra-
tion) for the detection of Ru(BiPy)s?* using PVA—PAA (a) and
PVA—Nafion (b) covalently coated glass slides as described for
PVA—PAA in Figure 4. Calibration points (solid squares) were
determined at 70 s of exposure of the coatings to Ru(BiPy)s?*
standards. The solid line in Figure 5a represents a linear
regression fit to the experimental data points with R? = 0.99.
The dashed line in Figure 5b represents a least-squares fit to
the first six data points with R? = 0.95.

(BiPy)32™ was injected into the system after 30 s of
recording the background signal (defining the zero of
absorbance). Ru(BiPy)3;2" partitioned into the thin film
by ion-exchange and interacted with the evanescent
field at each position of total internal reflection. In turn,
this interaction produced an attenuation of the light
propagating by multiple reflection within the base glass.
Thus, the curves in Figure 4 represent the time-
dependent uptake of the cation by the thin film.

The curves for different concentrations in Figure 4
have similar shapes but different amplitudes. At any
specific time, the absorbance values are directly pro-
portional to the concentration of Ru(BiPy)s2" in the
initial solution. For example, at 100 s (70 s after sample
injection), a working curve for the sensing can be
constructed, and this is shown in Figure 5a. The
working curve is a linear relationship within the range
from 0.001 to 0.01 mM with R2 = 0.992. At lower
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concentrations the film does not accumulate enough
cation to give an adequate absorbance at 100 s of
exposure.

PVA—Nafion thin films were evaluated in the same
way as those with the PVA—PAA blend. The time
responses of eight separate, equivalently made slides
that were exposed to aqueous Ru(BiPy)s2" were mea-
sured, and a working curve was constructed. This curve
is also shown Figure 5b. Although not linear overall,
the curve has an acceptably linear range (R? = 0.95) at
low concentrations down to 0.001 mM and deviates
negatively at higher concentrations. The overall profile
fits the character of ion-exchange partitioning, where
the ion-exchanger approaches saturation at the higher
concentrations.

It is interesting to compare the behavior of the PVA—
PAA and PVA—Nafion materials. The PVA—PAA thin
film has a larger linear calibration range than the PVA—
Nafion thin film. Evaluation of the initial rate of uptake
by these two blends shows that the PVA—PAA blend
incorporates Ru(BiPy)3?" at a rate which is up to three
times faster than PVA—Nafion. The concentrations of
ion-exchange groups inside these hydrated films have
been estimated to be 5.0 M for PVA—PAA blend and
0.15 M for PVA—Nafion blend. Thus, the concentration
of the ion-exchange group COO~ in the PVA—PAA film
is about 34 times that of the SO3~ in the PVA—Nafion
film. (Similarly, from Table 1, the monomer ratios are
0.31 and 0.0070, respectively, leading to a ratio of 44,
which does not account for the volume of the film.) On
this basis it is not surprising that the PVA—PAA film
shows a larger linear range and a faster uptake rate
than the PVA—Nafion film.

Spectroelectrochemical Modulation with PVA—
PVTAC-Coated ITO—Glass. The incorporation of the
anion ferricyanide, Fe(CN)g®~, into PVA—PVTAC occurs
by ion exchange at the quaternary ammonium functions
of the polyelectrolyte. Since ferricyanide absorbs at 430
nm, the use of the prism-coupling technique allows
sensitive detection of this anion by multiple internal
reflection evanescent wave spectroscopy.*® In addition,
the ferri/ferrocyanide redox couple allows measurement
of the incorporation of ferricyanide into the thin film
using the ITO layer on the glass surface as an electrode.
Figure 6a shows the cyclic voltammograms for the
incorporation of ferricyanide into the PVA—PVTAC thin
film as monitored by cyclic voltammetry. It is important
to note that the voltammograms are obtained using the
ITO layer as the electrode and thus any signal must*6
originate from ferricyanide which has permeated the
film and has diffused to the electrode (ITO) surface. The
voltammograms displayed well-defined oxidation and
reduction waves corresponding to the Fe(CN)e3 4~ redox
couple located at about 0.170 V. The increasing peak
currents with each scan clearly show the time-depend-
ent incorporation of ferricyanide into the thin film.
After about 23 cycles (about 30 min after initial expo-
sure of the film to the ferricyanide solution) the peak
current became relatively constant (i, = 1.10 mA, i =
0.80 mA), suggesting equilibration of the ferricyanide
in the film with the ferricyanide which remained in the
bulk solution.

(46) Shi, Y.; Slaterbeck, A. F.; Seliskar, C. J.; Heineman, W. R. Anal.
Chem. 1997, 69, 3679—3686.
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Figure 6. Cyclic voltammograms recorded for a PVA—PVTAC
thin film covalently coated onto ITO—glass exposed to aqueous
1 x 10* M Fe(CN)g®~ as a function of time following initial
exposure are shown in the top portion of the figure. The
potential (E/V vs Ag/AgCl) was scanned between + 0.55 and
—0.25 V at a scan rate of 20 mV/s (80 s/cycle) and 0.1 M KNOg3
was used as the supporting electrolyte. The associated modu-
lation of the absorbance at 430 nm with multiple internal
reflection optics recorded at the same time as the cyclic
voltammograms is shown in the bottom portion of the figure.

At the same time the ferri/ferrocyanide couple cycled
in response to changing the potential, the absorbance
at 430 nm modulated in-phase, and this is also shown
in Figure 6b. Since ferrocyanide does not absorb at 430
nm, the points in the waveform of minimum absorbance
correspond to ferrocyanide, Fe(CN)g*~; each maximum
corresponds to ferricyanide, Fe(CN)e3~. After about five
cycles, a trough begins to develop at the bottom of the
modulation that becomes more prominent with increas-
ing time (incorporation). Examination of this effect
showed that within the first five or six cycles, all of the
ferricyanide/ferrocyanide at the 1TO surface was reduced/
oxidized as the potential was cycled. However, after six
cycles, not all of the ferricyanide/ferrocyanide was
reduced/oxidized during each cycle, leaving the mini-
mum absorbance value greater than zero (all ferrocya-
nide). This incomplete electrochemical cycling became
more prevalent as the uptake of ferricyanide continued
at a scan rate of 20 mV/s. It is interesting to note by
comparing the cyclic voltammograms and the electro-
modulation of the absorbance (top and bottom portions
of Figure 6, respectively) that the absorbance modula-
tion does not indicate that the film is approaching
steady state at the same time the voltammograms do.
It, therefore, appears that the evanescent field penetra-
tion depth and the depth to which electrochemical
modulation occurs are different. We are currently
examining this interesting behavior in such film-coated
devices.

Electrochemical modulation of the optical properties
of the ferricyanide-loaded film was conditioned by the
potential scan rate used. This is illustrated in Figure
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Figure 7. The modulation of the absorbance at 430 nm for a
PVA—-PVTAC thin film covalently coated on ITO—glass at
steady-state film loading in 1 x 10~ M Fe(CN)¢®~ (0.1 M KNO3
supporting electrolyte) while cycling the potential between
+0.55 and —0.25 V at varying scan rates. The potential scan
(triangular wave) rate in mV/s is marked over each portion of
the time trace. The inset shows the modulation transfer ratio
(see text) vs scan rate for this same system.

7, where the modulation of the absorbance for a series
of different scan rates is shown. At low scan rate (<20
mV/s) the modulation faithfully traces out the absor-
bance changes for the complete reduction/oxidation of
the incorporated ferricyanide. At higher scan rates (=20
mV/s) the modulation of the absorbance was attenuated
as the chemical redox cycle for ferri/ferrocyanide lagged
behind the potential modulation. Thus, at these scan
rates not all of the ions in the film in the proximity of
the ITO surface were cycled through the redox process.
The inability of the electrochemistry to keep pace with
higher scan rates limits these materials to relatively
slow electromodulation. Analogous to the modulation
transfer function in imaging optics,*” we define a simple
ratio of the absorbance modulation amplitude (AAmod)
to that at zero scan rate (AAg), mtr = AAmod/AAo, which
serves to characterize the polymer blend—analyte sys-
tem’s ability to respond optically to electrochemical

(47) Smith, W. J. Modern Optical Engineering; McGraw-Hill: New
York, 1990; p 345 ff.
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modulation. The modulation transfer ratio for the
PVA—PVTAC thin film covalently bonded to ITO—glass
is also shown in Figure 7 (inset).

Conclusions

We have formulated a series of optically transparent
and ion-exchangeable polymer blends based on a glut-
araldehyde cross-linked PVA host material. The com-
positions of the new blends were optimized for clarity,
ion exchangeability, and the coating of oxide surfaces
with covalent attachment. These materials readily
concentrate cations and anions from aqueous solutions
into a medium which has a suitable refractive index for
an optical cladding on glass or silica surfaces. Evalu-
ation of the physical properties of these blends showed
that three of them were directly suitable for both planar
waveguide and fiber optic sensors. These three, PVA—
Nafion, PVA—PAA, and PVA—PVTAC, could be co-
valently attached to planar glass and ITO—glass sur-
faces using silane coupling reagents, i.e., APTS or GPTS.
Such covalently attached thin films remained well-
adhered to oxide surfaces, even in solutions of low pH.
The overall strategy of anchoring the blends to oxide
surfaces employs a simple one-step process. This tech-
nique should be applicable to a wide variety of planar
oxide surfaces, including tantalum oxide. A suitable
change of the coupling agent to a bifunctional thiol
should permit the covalent attachment of these blends
to semitransparent gold surfaces. Our continuing work
in this area includes developing more new blends and
their applications to new spectroelectrochemical and
planar waveguide sensors.

Acknowledgment. The authors gratefully acknowl-
edge support from the US Department of Energy under
grant DE-FG07-96ER62311 and helpful discussions
with Professor William R. Heineman and other mem-
bers of the Sensors Group. We thank A. F. Slaterbeck
for use of the optical instrument system which he made
(see ref 42).

CM980200Y



