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Piezoelectric AT-cut quartz resonators immersed 
in aqueous media, coated with cross-linked films 
of the random copolymer -([CH2cH(CO2H)Ia-[CHr 

NMe2)],), (l), exhibit large frequency changes 
when the pH is changed in the vicinity of the 
isoelectric point of the polymer film. The fre- 
quency changes are attributed to changes in the 
viscoelastic properties of the films that occur 
during phase transitions between the isoelectric 
form and the cationic polymer (l-NMezH+) present 
at low pH or the anionic polymer (l-CO23 present 
at high pH. These phase transitions are accom- 
panied by dramatic changes in acoustic energy 
attenuation, film thickness changes, and film 
surface energy, as indicated by acoustic impedance 
analysis, phase measurement interferometric mi- 
croscopy, and contact angle measurements. The 
results are consistent with pH-dependent segre- 
gation of the isolectric and ionic phases within 
the bulk and between the bulk and the surface. 
The unique pH-sensing capabilities of the coated 
resonators, combined with their robustness, ease 
of fabrication, and low cost, provide a convenient 
approach for the measurement of “threshold” pH 
changes. Real-time measurements of enzymatic 
activity and microbe metabolism are demonstrated 
as examples of potential applications of these 
sensors. 

C(CHS)(CO~CH~)]~-[CH~C(CH~)(CO~CH~CH~- 

INTRODUCTION 
The ability of piezoelectric acoustic wave devices to respond 

to small changes in mass a t  their surfaces while immersed in 
liquids has led to numerous fundamental investigations of 

* Authors to whom correspondence should be addressed. 

interfacial phenomena with these devices.’ The technological 
significance of these devices is also becoming increasingly 
appreciated in that sensors can be readily designed by 
appropriate modification of the transducer surfaces with a 
chemically active film. For example, different acoustic wave 
sensors (shear? surface acoustic,3 flexure: and shear-hori- 
zontal acoustic plate modes devices) have been reported for 
the detection of biologically significant analytes,S metal ions: 
and nerve toxin analogs.’ These devices generally rely on 
interfacial chemical events that result in mass changes, which 
alter the frequency of the acoustic wave that propagates 
through the transducer and the chemically active film. 

The most extensively studied transducer in this regard has 
been the shear mode AT-cut quartz resonator, commonly 
referred to as the quartz crystal microbalance (QCM), which 
comprises an AT-cut crystal sandwiched between two metal 
excitation electrodes that generate a standing shear wave 
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across the thickness of the quartz crystal. The shear acoustic 
wave experiences an antinode at the surface of the quartz 
crystal and therefore can propagate into a film immobilized 
on the surface of the crystal. The thickness (or mass per unit 
area) of the film and the nature of the shear wave propagation 
in the film determine the frequency response. The mass 
change is generally determined from the frequency response 
according to the Sauerbrey relationship* (eq l), where Af is 

Af = - 2f~Am/A(p,p,)'i2 

the measured frequency shift, fo  the initial (resonant) 
frequency of the quartz crystal, Am the mass change, A the 
piezoelectrically active area defined by the two excitation 
electrodes, ps the density of quartz (2.648 g/cm3), and pq the 
shear modulus (2.947 X 10" dyn cm-2 for AT-cut quartz). 

Sensor design based solely on mass changes, however, can 
be somewhat limiting if the analytes have low molecular mass. 
For example, the mass increase associated with binding of a 
protein to an active surface of a shear mode AT-cut quartz 
crystal may not be sufficient to achieve a frequency response 
of practical significance.M While other piezoelectric trans- 
ducers may provide somewhat greater sensitivity to mass 
changes, detection of analytes with low molecular mass 
remains difficult, practicularly at low coverages. Other 
considerations include the rigidity of the bound analyte; for 
example, cell layers that bind to the surface of a QCM give 
frequency shifts that are much smaller than predicted by eq 
1, suggesting that these films behave more like fluids than 
rigid masses when attached to the resonator surface.9 Under 
these conditions, the acoustic wave propagation and the 
resonant frequency of piezoelectric resonators can be sensitive 
to the viscosity and density of materials in contact with the 
resonator.10 In the case of thin films immobilized on the 
quartz resonator, it is becoming increasingly apparent that 
the viscoelastic properties of the films can play a large role 
in the frequency response of piezoelectric transducers.IlJ2 
The suggestion that thin films whose viscoelastic properties 
change dramatically upon interaction with an analyte could 
serve as a basis for the design of piezoelectric sensors prompted 
us to examine this approach for the detection of low molecular 
weight analytes. We have been particularly interested in 
developing piezoelectric sensors for pH measurements that 
are economical, robust to hostile environments, and amenable 
to miniaturization and small sample volumes. The need for 
a pH measurement system with these qualities is embodied 
in recent reports describing a light-addressable pH sensor 
which can be utilized for small-volume microbiological and 
cytotoxicity applications13J4 and optical fibers modified with 
pH indicator dyes.15 We describe herein a unique, highly 
sensitive, piezoelectric pH sensor based on composite reso- 
nators fabricated from AT-cut quartz resonators coated with 
cross-linked films of the amphoteric polymer 1. The phase 
behavior and viscoelasticity of these composite resonators 
are strongly dependent upon pH, and this behavior is 
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manifested as dramatic changes in the resonant frequency 
and electrical characteristica of the composite resonator during 
phase transitions between ionic and isoelectric forms of 1. 
The sensors are capable of detecting "threshold" pH changes 
in which significantly large frequency changes are observed 
over very small pH changes. These studies also provide insight 
into the unique fundamental properties of this polymer and 
illustrate the sensitivity of the QCM to factors other than 
mass changes. We also provide some illustrative examples 
of applications of these sensors which demonstrate their 
utility, namely, measurement of the rates of an enzymatic 
reaction and microbial metabolism. While our studies have 
employed a QCM as the piezoelectric element, the concepts 
can be transferred readily to other piezoelectric transducers 
capable of operating in liquids. 

EXPERIMENTAL SECTION 
Apparatus. The pH sensor comprises a 1-in. diameter 5-MHz 

AT-cut quartz crystal coated with a cross-linked polymer film of 
1 and an oscillator circuit designed to drive the cryr tal at its 
resonant frequencyasdescribedrecentl .16 Gold electrodes (2000 

sides of the crystal by electron beam evaporation. The quartz 
crystal is inserted into the feedback loop of a broad-band rf 
amplifier via the two gold electrodes, and an alternating potential 
field across the crystal induces oscillation in the shear mode 
(displacement parallel to the electrodes) at the series resonant 
frequency. The quartz crystal was mounted between two 9-mm 
O-rings confined by standard 18/9 glass O-ring fittings, such that 
the upper glass joint comprised the sample chamber. The gold 
electrode facing the solution is at hard ground. The output of 
the oscillator circuit is connected to a Hewlett-Packard 5384A 
frequency counter, which is interfaced to a Macintosh personal 
computer for data collecton. The sensitivity of a 5-MHz QCM 
as given by eq 1 is 0.057 Hz cm2 ngl. An asymmetric electrode 
format was employed in which the side having the larger gold 
pad is coated with the polymer f i  and faces the solution (A = 
0.35 cm2 polymer side, A,- = 0.18 cm2 on opposite side). 

Impedance analysis was performed with a Hewlett-Packard 
4194A impedance/gain-phase analyzer capable of performing 
measurementa over a frequency range of 100 Hz-40 MHz in the 
impedance mode. Data collection was accompliihed via an HPIB 
interface with a Macintosh personal computer. Programs were 
configured to measure impedance (Z), susceptance (B) ,  conduc- 
tance (G), and phase angle (8 )  over the entire frequency range 
at an appropriate resolution or to measure key parameters related 
to the properties of the composite resonator (that is, the quartz 
crystal and polymer film). These parameters included the 
maximum conductance (G& and the frequency of that value 
(f~,), minimum and maximum impedance (&,, Z,,& and the 
frequencies of those values (fh, f ~ ) ,  the frequencies of the 
half-power points VI, f a ) ,  minimum and maximum susceptance 
(B-, B,) and the frequencies of those values (fh, f ~ ) .  
Equivalent circuit values based on the Butterworth-van Dyke 
model" were determined using the internal simulation program 

A thick) on titanium underlayers (500 d ) were deposited on both 
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of the HP4194A. Quality factors were calculated using the 
relationship Q = f~,,,,/(fi - f1). 

Measurements of pH were made simultaneously with frequency 
measurementa or network analysis with a Beckman Model a32 
pH meter. The analog output of the pH meter was connected 
to an IO/Tech analog-digital converter which was interfaced to 
the HPIB bus, enabling automatic measurement of pH. 
Film thicknesses in aqueous solutions were measured directly 

with a phase measurement interferometric microscope (Zygo, 
Inc.). Cross-linked films of 1 were coated on evaporated gold 
f i i  on quartz substratas according to the procedure described 
below and were immersed under a thin f i i  (ca. 1 mm) of water 
contained over the sample with a glase cover slip. The pH of the 
solution was changed by replacing the water between the sample 
and the cover slip with water adjusted to the desired pH value. 
This replacement was performed with a syringe so that the sample 
compartment and optical path length was not disturbed. A 
reference height difference for calibration was provided by the 
edge of the gold f i i ,  whose thickness was established from the 
frequency shift of the quartz crystal microbalance during electron 
beam evaporation. Sessile contact angle measurements were 
performed with a h e - H a r t  contact angle goniometer using a 
10-pL water droplet. 

Polymer Preparation and Film Immobilization. The 
polymer 1 (with a = b = c = 1) was synthesized according to a 
previously reported procedure.la Under a nitrogen atmosphere, 
an emulsifier solution consisting of 1000 mL of distilled water, 
10 g of Triton QS-30 surfactant (Rohm & Haas), and 10 g of 
(NJV-dimethylamino)ethanol was heated to 60 "C. Then a 
mixture containingOd8mol of methyl acrylate, 0.58 mol of methyl 
methacrylate, and 0.58 mol of (dimethylamin0)ethyl methacrylate 
was added at 4 mL/min. When the solution became saturated 
(saturation is evident when the solution begins to exhibit 
translucency), addition of an initiator solution containing 5 g of 
ammonium persulfate in 260 mL of distilled water was started 
at 0.75 mL/min while the monomer addition was continued 
simultaneously. Addition of the initiator resulta in immediate 
polymerization, as evidenced by a temperature increase. After 
all the monomer was added, the mixture was stirred for an 
additional 15 min and then poured into 2-L polyethylene beaker. 
Acetone was added until the product coagulated. The product 
was then collected by filtration and washed with water to remove 
remaining emulsifier and other impurities. The polymer was 
transferred to a flask equipped with a high-shear blade stirrer, 
ethanol added, and the mixture heated to 80 "C. After the 
polymer had dissolved, a solution of 32.65 g of KOH in 100 mL 
of distilled water was added via an addition funnel to selectively 
convert the methyl acrylate to the potassium salt of acrylic acid. 
The addition rate should be controlled so that polymer does not 
precipitate during this step. After the addition was complete, 
the mixture was stirred for an additional 30 min at 80 "C. The 
product either can be retained in the ethanol solution in this 
basic form or can be neutralized by addition of an amount of acid 
equivalent to the amount of base added during the hydrolysis 
step. The product was isolated by isoelectric precipitation by 
transferring the ethanol solution of the polymer to a large excess 
of distilled water and then adding acid to precipitate the isoelectric 
polymer. The polymer was isolated by centrifugation, washed 
with water, and then redissolved in water at a pH either above 
or below ita isoelectric point. It is important to store the polymer 
as a solution because redieeolution of the dried polymer is difficult. 
Films of 1 were cross-linked with a multifunctional aziridine 

(Xama-7; Virginia Chemical Co.) according to the procedure 
depicted in Scheme I. Xama-7 is the pentaerythritol-tris(@- 
aziridiny1)propionat.e 3 which is prepared by the reaction of 
ethyleneimine with 2, the ester of pentaerythritol and acrylic 
acid. Cross-linked f i i  of 1 were prepared by spin coating a 
basic solution (NKOH) containing 5.44% 1 and a required 
amount of 3, followed by heating for 5 min at 100 "C. It was 
found that generally a 60:l molar ratio of 1:3 gave the best resulta. 
The heating step eliminatas NHs, thereby acidifying the coating 
and enabling cross-linking the polymer via a proton-assisted ring- 
openingreactionbetwaentheaziridinegroupsandasmallnumber 
of the COaH groups of 1. The f i b  thickness was controlled by 

(18) F m ,  R. P. U. S. Patent 4,749,762,1988. 
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spin-coating rotational speeds, which ranged from loo0 to 4000 
rpm. Film thicknesses were determined independently with a 
Sloan Dektak IIA stylus profilometer. 

Enzyme Activity Measurements. The response to pH 
changes induced by urease-catalyzed hydrolysis of urea was 
measured in 2 mL of a buffer solution in which the resonator 
coated with cross-linked 1 was immersed. The buffer solution 
was prepared from 1.48 mL of 1.0 mM NaOH, 8 mL of 0.2 mM 
EDTA, and 100 mL of deionized water adjusted to a pH of 5.5. 
Determinations of the response dependence upon urease con- 
centration were performed by adding known amounts of a urease 
solution (1 mg of urease in 100 mL of deionized water) to the 
buffer solution containing 0.25 M urea while the reaonator was 
immersed in the solution. Conversely, the response dependence 
upon urea was determined by adding known amounta of a urea 
solution to the buffer solution containing 0.1 pg/mL urease. 

Microbe Metabolism. The aqueous growth medium (pH = 
7.4) for microbe metabolism measurementa contained 1.0% (w/ 
v) protease peptone No. 3 (Difco), 0.1% beef extract (Bacto), 
0.002% Bromo Cresol Purple, 0.5 % NaC1, and 0.1 % 1-Cor. The 
base medium was supplemented with carbohydrates (1 % w/v) 
where required and filtered through a 0.2-pm Corning sterilization 
filter. Response of the piezoelectric sensor to bacterial metab- 
olism was investigated using reference strains obtained from the 
American Type Culture Collection (ATCC). Escherichia coli 
(ATCC 25922) was first grown overnight in a 3 % tyrpticase soy 
broth (TSB) medium at 37 "C to a cell density of - 100 cells/mL. 
Just before use, the cells were diluted to minimal media composed 
of 1 part in 20 in Difco Bacto Purple broth (BPB) containing no 
carbohydrates. The cell density was determined microscopically 
in a hemocytometer using a light microscope. Portions of the 
diluted culture are then used as a starting inoculum for the 
piezoelectric sensor experiments. Cell numbers determined on 
aliquota removed from the QCM growth chamber were obtained 
by first arresting the cell growth of the aliquot by addition of a 
0.1% sodium azide solution. The samples were vortexed and 
counted visually in a Petroff Hauser counting chamber. In some 
cases the cell concentrations were counted automatically using 
an Olympus 6 2  image analyzer equipped with a Compaq 386/26 
computer. 

RESULTS AND DISCUSSION 

We recently reported an approach to pH sensing employing 
AT-cut quartz resonators and an acrylate-based polymer 
derivatized with NMez and COzH functionalities (1) whose 
solubility was dependent upon the pH of the medium (Scheme 
II1.U As the pH of the medium approached the isoelectric 
point of the polymer, deposition of the isoelectric insoluble 
polymer onto the surface of the resonator resulted in a 
corresponding shift in the resonant frequency of the resonator. 

(19) Ebersole, R. C.; F w ,  R. P.; Ward, M. D. BiolTechnohgy 1991, 
9,450454. 
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This approach was employed successfully for the measure- 
ment of microbe metabolism. 

The polymer 1 can be prepared readily from acrylate 
monomers so that the (dimethy1amino)ethyl methacrylate, 
methyl methacrylate, and acrylic acid groups are present in 
controlled amounts (see Experimental Section). The exper- 
iments described herein were all performed with the polymer 
formulation a = b = c = 1. Light scattering studies suggested 
that PI = 6.1 for this composition; a t  this value the optical 
density of aqueous solutions of this polymer was maximum 
due to scattering by the insoluble polymer. At pH values 
below or above the pl, however, the polymer was very soluble 
owing to its high degree of ionicity under these conditions. 
For pH > PI values, the polymer can be considered as 
consisting of neutral NMez and anionic COZ- groups, whereas 
for pH < PI the polymer can be considered as consisting of 
neutral COzH and cationic NMeZH+ groups. Accordingly, 
the ionic forms of the polymer are herein referred to as l-COz- 
(pH > pl) and l-NMeZH+ (pH C PI). Light scattering and 
buffering capacity studies of non-cross-linked 1 indicated that 
the width of the isoelectric region was approximately 1 pH 
unit. In this region the polymer's buffering capacity is 
reduced, presumably owing to its decreased solubility and 
lower activity of the acid and base centers resulting from 
hydrogen bonding or electrostatic bonding of zwitterionic 
pairs. The buffering capacity studies actually suggested that 
PI = 5.5; this value may be more accurate because the light 
scattering studies are susceptible to errors associated with 
the size of the polymer particles and their agglomeration. 
The p I  and the width of the isoelectric region can be adjusted 
synthetically by altering the molecular weight and/or the ratio 
of the monomers. For example, the width of the isoelectric 
region would be decreased by increasing polymer uniformity 
(Le,, minimizing the variability of a ,  b, and c among different 
chains). 

The utility of the aforementioned sensing approach that 
relies on polymer precipitation is limited because it requires 
the presence of the pH-sensitive polymer in the medium. We 
therefore pursued a strategy employing polymer films im- 
mobilized on the AT-cut quartz resonator; wherein mass and 
viscoelastic properties were sensitive to pH changes. We 
surmised that the mass and viscoelastic properties of polymer 
films of 1 would depend upon pH for several reasons. At pH 
values below and above the isoelectric point the polymer film 
is positively and negatively charged, respectively. Under these 
conditions it was expected that the film would swell with 
solvent and electrolyte to minimize the repulsion between 
the charged centers. At the isoelectric point, however, the 
polymer can be considered as either neutral or zwitterionic. 
Hydrogen bonding between functional groups, the absence 
of charge repulsion, and hydrophobic effects were expected 
to reduce the swelling of the polymer. Such dimensional 

changes would presumably be accompanied by large changes 
in viscoelasticity and surface energy (i.e., hydrophobicity)20 
of the polymer that could be manifested in large QCM 
frequency shifts. Changes in mass due to exchange of 
electrolyte ions and solvent between the film and solution 
are also to be expected. Indeed, impedance analysis indicated 
that precipitated films of un-cross-linked 1 on an AT-cut 
quartz resonator exhibited large bandwidths in the conduc- 
tance spectrum and a corresponding decrease in the quality 
factor, suggesting energy dissipation associated with vis- 
coelastic behavior. 

Preparation of Cross-Linked Polymer Films. Com- 
posite resonators comprising the AT-cut quartz crystals with 
immobilized films of 1 were prepared by a procedure in which 
an esterified pentaerythritol reagent containing reactive 
aziridine groups served to cross-link 1 by an acid-assisted 
ring-opening reaction between the aziridine groups and asmall 
number of COzH functionalities of 1. Films were prepared 
by spin coating a mixture of 1 and the cross-linking agent 3 
onto a 1-in. AT-cut quartz crystal from a solution basified 
with NHIOH, the basic medium supressing the cross-linking 
step. Cross-linking in the film was then induced by gentle 
heating a t  100 "C for -10 min, which eliminated NH3 and 
decreased the basicity of the film. We have found that, for 
our purposes, films with a 501  ratio of 1:3 gave optimum 
combination of negligible solubility and large frequency 
responses to pH changes. Smaller amounts of cross-linking 
agent resulted in films that were either soluble or very tacky, 
with significant instability in the composite resonator. 
Conversely, large amounts of cross-linking agent resulted in 
films that are highly cross-linked and rigid and are not 
responsive to pH changes. 

Frequency Response to pH. Composite resonators with 
the coated side of the crystal immersed in aqueous solution 
exhibited stable oscillation provided the film thickness did 
not exceed 1 pm. Films with thicknesses exceeding this value 
resulted in severe acoustic losses, as indicated by the low 
quality factors of the resonator. These losses likely result 
from viscous damping associated with coupling between 
polymer chains and between polymer chains and solvent. 
Stable oscillation in air was achieved when these films were 
dry, corroborating the participation of solvent in the energy 
loss mechanism. 

The series resonant frequency (f&, measured with the 
composite resonator in the feedback loop of a broad-band rf 
amplifier, and the frequency of maximum conductance UG,) 
measured by impedance analysis, were found to depend 
significantly upon the pH of the solution in contact with the 
resonator (we will assume throughout that the difference 
between fs and f~, is negligiblezl). When the pH of an 
aqueous solution, previously acidified with H3P04, was 
gradually increased from pH = 3 the onset of an abrupt 
frequency decrease a t  pH = 4.6 was observed (Figure 1). The 
magnitude of the frequency shift increased with polymer film 
thickness, giving exceptionally large shifts approaching -6OOO 

(20) (a) Thompson, M.; Arthur, C. L.; Dhaliwal, G. K. Anal. Chem. 
1986,58,1206-1209. (b) Rajakovic, L. V.; Cavic-Vlasak, B. A.; Ghaem- 
maghami, V.; Kallury, K. M. R.; Kipling, A. L.; Thompson, M. Anal. 
Chem. 1991,63,615-621. (c) Duncan-Hewitt, W. C.;Thompson, M. Anal. 
Chem. 1992, 64, 94. 

(21) The values off. and f ~ ,  are rigorously different for the quartz 
resonator owing to the dielectric contribution of the quartz crystal, which 
effectively adds a capacitance in parallel to the aeries "motional branch" 
of the oscillator, in accord with the Butterwork-van Dyke electrical 
equivalent representation. In the feedback mode, f. is actually meaaured 
since this mode requires oscillation at 8 = Oo, where the reactance of the 
series branch is zero and the actual conductance is less than G,. 
Impedance analysis, however, gives G ,  and fo, explicitly, the latter 
occurring at a slightly lower frequency that f,. In practice, the difference 
between the two is negligible, and factors that result in a shift in f, will 
give a corresponding shift in f~,. 
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Flgure 1. (a) Comparison of fp at different pH values for a 5-MHz 
AT-cut quartz resonator coated with cross-linked polymer films of 1 
with the buffering capacity (e) of a solution of non-cross-linked 1. (b) 
Comparison of f p  at different pH values for a 5 4 H z  AT-cut quartz 
resonator coated with a cross-linked polymer film of 1 with the optical 
density (e ) of a solution of non-cross-linked 1. The pH was adjusted 
by addition of NaOH to an aqueous solution previously acidified with 
H3P04: thickness, 0.4 (W) and 0.8 pm (0). Below: Schematic 
representation of the dimensional changes in the film and segregated 
domain structure when both ionic and isoelectric phases are present. 
No spatial ordering of the domains is implied by this representation. 
Key for the lower portion of the figure that identifies these phases: 
l-NMe2H' (m); l(iSoeleCtriC) (0); 1 4 0 2 -  (a). 
Hz for an 0.8pm-thick polymer film. The frequency exhibited 
a slight maximum at pH = 5.5, followed by an abrupt increase 
when the pH 6.1. The width and pH range of this isoelectric 
region was similar to that indicated by the buffering capacity 
studies of soluble 1. These data strongly suggested that the 
observed frequency changes were related to the changes 
accompanying the transitions between the ionic and isoelectric 
forms of 1. The small maximum in the center of the isoelectric 
region at pH = 5.5 was more apparent for the thinner films, 
which also exhibited a broader isoelectric region based on the 
frequency changes. 

Under ideal rigid-layer conditions the frequency changes 
of the composite resonator would correspond only to mass 
changes in the polymer film that result from exchange of 
electrolyte required to maintain electroneutrality in the film. 
Electrolyte ion pairs and solvent exchange, which would 
contribute to the degree of swelling of the polymer, are also 
likely. For example, the egress of H2PO4- or HP04% coun- 
terions from the film (depending on the actual pH; PKal = 
2.12; pKa2 = 7.21) can provide electroneutrality during the 
transition from l-NMe2H+ to isoelectric 1 upon increasing 
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the pH, resulting in a mass decrease and a corresponding 
frequency increase (Scheme 111). When pH > PI, electro- 
neutrality could be provided by insertion of Na+, which would 
result in a frequency decrease. This mechanism, however, is 
contrary to observation. It is also feasible that upon entering 
the isoelectric region from the low-pH side electroneutrality 
is preserved by loss of H+ with concomitant insertion of Na+ 
and retention of phosphate ions, which would give a net 
decrease in frequency. Leaving the isoelectric region on the 
high-pH side the frequency increase may then correspond to 
loss of anions from the film with retention of the Na+ ions. 
While this latter scheme corresponds qualitatively to the 
observed behavior, the frequency of the composite resonator 
on opposite sides of the isoelectric region, however, were 
identical. In addition, the frequency changes for the 0.4- and 
0.8-pm-thick films correspond to mass changes of approxi- 
mately 20 and 90 pglcm2, respectively. These mass changes 
are not proportional to film thickness and are comparable 
the total areal mass (AmlA) of these films after spin coating 
(estimated as 40 and 80 pg/cm2 based on a film density of 1 
glcm3). These observations strongly suggest that the fre- 
quency changes are due to factors other than mass changes. 

Phase measurement interferometric microscopy (PMIMP 
provides further evidence that factors other than mass changes 
contribute to the observed frequency decreases. PMIM relies 
on the measurement of a change in the phase angle of a H e  
Ne laser reflected from the surface of the polymer film 
immersed under a thin film (in this case 1 mm) of the aqueous 
solution. The change in phase angle with respect to a reference 
beam is used to calculate the actual height changes, provided 
the refractive indices of the solution and the film are known 
and constant. BMIM clearly revealed a rather dramatic 
decrease in the thickness of the cross-linked polymer film of 
1 upon formation of the isoelectric phase. Typically, the film 
thickness at  the center of the isoelectric region at  pH = 5.5 
was half that of the thickness at  the pH extremes. Topo- 
graphical maps of the film obtained with PMIM over large 
areas (200 pm X 200 pm) indicated that the thickness change 
was uniform across the entire film. The thickness change is 
fairly abrupt and mirrors the observed frequency dependence 
upon pH. The significant film compaction argues against 
an increase in film mass as the source of the frequency 
decrease during the transition to the isoelectric phase, 
strongly suggesting an important role for changes in the 
viscoelastic properties of the film. 

In order to determine whether stress effects were respon- 
sible for the observed frequency response, we employed the 
double-resonator technique, in which AT-cut and BT-cut 
quartz crystals are used as piezoelectric substrates simulta- 
neously or under identical conditions.23 The stress coefficients 
for these crystals are nearly equal in magnitude but are 
opposite in sign (KAT = 2.75 X 10-12 cm2 dyn-1; PT = -2.65 
~~ 

(22) Biegen, J. F.; Smythe, R. A. R o c .  SOC. Photo-Opt. Imtrum. Eng. 
1988,897,207. (b) Smith, C. P.; Fritz, D. C.; Tirrell, M.; White, H. S .  
Thin Solid Films 1991,198,369. 

(23) (a) EerNiase, E. P. J. Appl. Phys. 1973, 44, 4482-4485. (b) 
EerNisse, E. P. J.  Appl. Phys. 1972,43, 1330-1337. (c) Cheek, G. T.; 
OGrady, W. E. J. Electroanal. Chem. 1990,277,341. 
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Flgure 2. (a) The contact angle, 8, of the polymer films measured with 
water drops of dlfferent pH values. (b)The bandwidth f, - f,  at different 
pH values for a 5-MHr AT-cut quartz resonator coated wlth a cross- 
linked polymer film of 1: thickness, 0.4 (.) and 0.8 pm (0). (c) The 
equivalent resistance, R, for a 5 - M k  AT-cut quartz resonator coated 
wlth a cross-linked polymer film of 1: thickness 0.4 (m) and 0.8 pm 
(0). 

X 10-l2 cm2 dyn-I), enabling isolation of the stress contri- 
butions from other contributions such as mass changes. The 
stress can be directly measured using eq 2, where tqAT and 
tqBT are the thicknesses of the AT-cut and BT-cut quartz 
crystals, respectively. However, these experiments indicated 
identical frequency response for AT- and BT-cut crystals in 
the entire pH range, indicating that A S  = 0. 

Sessile contact angle measurement using water drops of 
different pH demonstrated that the polymer is very hydro- 
philic at the pH extrema where the polymer is ionic (Figure 
2a). As the pH of the drop was increased from pH = 3, the 
contact angle sequentially increased from 0 = 35" to a 
maximum of 62O at pH = 5, decreased to 40' at the isoelectric 
point, increased again to 65O at pH = 6.5, and then decreased 
to 35O at pH > 8. 

Impedance Analysis. The shear vibration of the quartz 
crystal results in mechanical interactions between the crystal 
and the polymer film on its surface. The mechanical 
properties of the film therefore influence the mechanical 
properties of the resonator, which because of piezoelectric 
coupling results in correponding changes in the electrical 

Scheme IV 

-'---'I- 
J-I Cl Rl 

properties of the QCM. These changes can be examined 
readily by impedance analysis methods in which current across 
the quartz crystal is measured at constant voltage over a 
specified range of frequencies. The electrical characteristics 
of an unperturbed QCM are generally analyzed in terms of 
the Butterworth-Van Dyke equivalent circuit (Scheme IV), 
which comprises a LCR series branch corresponding to the 
mechanical motion of the crystal and a parallel capacitance 
associated with the static dielectric properties of the quartz 
crystal. The electrical properties of this circuit result in a 
maximum current at the resonant frequency where the 
capacitive and inductive reactances (XC aqd X L ,  respectively) 
cancel and the circuit becomes purely resistive in the series 
branch. When operating the crystal is operating in a feedback 
loop of an rf amplifier, the series resonant frequency is 
measured directly because the feedback loop operates at the 
highest value of the conductance at zero phase angle, which 
occurs when X L  = Xc. Impedance analysis, however, provides 
other parameters that can be used to evaluate the changes 
in mechanical properties occurring in the polymer film. The 
Butterworth-Van Dyke equivalent circuit values obtained 
with impedance analysis represent the mechanical properties 
of the composite resonator, in that L corresponds to the inertial 
mass, C the energy stored during oscillation, and R the energy 
dissipation during 0scillation.2~ The latter term is especially 
significant as it reflects the energy attenuation of the acoustic 
wave by the film. 

In principle, the Butterworth-Van Dyke equivalent circuit 
is applicable only when the QCM does not experience losses 
due to viscous coupling resulting from contact with a fluid. 
It has been noted, however, that near the resonant frequency, 
the electrical characteristics can be used to evaluate this 
perturbed QCM with reasonable accuracy, thus enabling 
measurement of the energy loss and mass loading associated 
with viscous coupliig.1k Several reports have used this model 
to interpret QCM data.26 Particularly useful is the electrical 
conductance (G) spectrum, which reaches a maximum atfo,, 
where the real part of the electrical admittance reaches a 
maximum value. 

The bandwidth, f2 - f1, where f1 and f 2  are the frequencies 
at GJ2 (-3 dB below G-1, is proportional to the damping 
of the acoustic wave energy in the composite resonator. 
Impedance analysis of a 5-MHz uncoated AT-cut quartz 
crystal revealed that f 2  - f1 typically has values of - 100 Hz 
in air and -3000 Hz in water. Significant increases in f 2  - 
f~ are observed when the crystal is coated with the cross- 
linked films of 1, typically with values of 3000 Hz in air and 
values in water that depended on the solution pH (vide infra). 
The values of f 2  - fl increase with polymer film thickness. 
This indicates appreciable attenuation of the acoustic energy 
due to the damping of the shear wave by viscous coupling to 
the polymer. Notably, the bandwidth decreases with in- 

(24) (a) Buttry, D. A.; Ward, M. D. Chem. Rev. 1992, 92, 1355. (b) 
Buttry, D. A. In Electroanalytical Chemistry; Bard, A. J., Ed.; Marcel 
Dekker: New York, 1990; Vol. 17. 

(25) Muramatau, H.; Tamiya, E.; Karube, I. Anal. Chem. 1988, 60, 
2142. (b) Beck, R.; Pitterman, U.; Weil, K. G. Ber. Bunsen-Ges. Phys. 
Chem. 1988, 92, 1363. (c) Kipling, A. L.; Thompson, M. Anal. Chem. 
1990,62,1514-1519. (d)Tiean,Z.;Liehua,N.; Shouzhou,Y.J.Electroanal. 
Chem. Interfacial Electrochem. 1990, 293, 1. 
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complicated manner. Based on our previous experiments 
with soluble 1, it is reasonable to suggest that for pH << pZ 
and pH >> p1 the polymer is highly ionized. Under these 
conditions the tendency of the f i i  to minimize Coulombic 
repulsion by solvent incorporation can result in swelling that 
leads to the observed dimensional changes. Alternatively, 
the expulsion of water and accompanying deswelling upon 
transformation to the isoelectric form of the polymer may be 
driven by entropic effects associated with the release of bound 
water molecules from the increasingly hydrophobic polymer, 
as has been postulated for temperature- and pH-sensitive 
hydrogels.26 

The contact angle behavior corroborates complicated phase 
transitions in the polymer film. The low contact angles 
observed at the pH extremes were expected, based on the 
ionicity of the polymer in these regions, similar to contact 
angle behavior a t  low pH reported for polyethylene modified 
with surface carboxylic acid functi0nality.n The increase in 
contact angle to the maximum values at A f d 2  is consistent 
with decreasing ionicity or the emergence of hydrophobic 
methyl methacrylate regions on the surface. Upon ap- 
proaching the center of the isoelectric region from these 
maxima resegregation of the hydrophobic and hydrophilic 
regions of the polymer is suggested by the decrease in contact 
angle, with the hydrophobic withdrawing to the interior of 
the polymer film. The similar pH dependence of the energy 
dissipation strongly suggests that these two phenomena are 
related to the same phase transitions involving the formation 
of ionic and isoelectric phases throughout the pH range. At 
the pH extremes and at  the isoelectric point, a single phase 
exists and energy dissipation will depend upon viscous losses 
associated with interfacial friction between polymer chains, 
and between polymer chains and solvent. In contrast, a t  pH 
values approaching the isoelectric region, the polymer will 
consist of isoelectric and ionic phases whose relative amounts 
will depend upon pH. If 4- is assumed to be proportional 
to the fraction of the ionic and isoelectric phases, the 
observation of maximum energy attenuation when Af = 
AfJ2 suggests that the maximum energy attenuation occurs 
when these phases are present in equal amounts. It is 
reasonable to suggest that this energy dissipation is a 
consequence of scattering of the acoustic wave off phase 
domains formed from segregation of ionic and isoelectric 
regions (or the interfacial regions between the phase domains), 
as scattering would be most significant when the isoelectric 
and ionic phases are present in equal amounts. The viscous 
loss is apparently much more significant between the iso- 
electric and ionic phases than between polymer chains and 
solvent in the single-phase regions. Further examination of 
the data suggests that the energy attenuation is greater for 
the isoelectric phase than for the ionic phase. We emphasize 
that the postulate of phase domains is speculative, as we have 
no independent corroboration of their existence. Measure- 
menta of thin cross-linked films of 1 with PMIM did not 
indicate any evidence of phase segregation, which would have 
been observable because of the difference in experimentally 
measured refractive indices of the ionic (VD = 1.37) and 
isoelectric forms (VD = 1.42). However, the limited lateral 

(26) (a) Franks, F. In Chemistry and Technology of Water Soluble 
Polymers; Finch, C. A., Ed.; Plenum Press: New York, 1983; Chapter 9. 
(b) Hoffman, A. S. J. Controlled Release 1987,6,297. (c) Affrawiabi, A.; 
Hoffman, A. S.;Cadwell,L. A. J.  Membr. Sci. 1987,33,191. (d) Schneider, 
M. Reversibly Precipitable Immobilized Enzyme Complex and a Method 
for ita Use. US .  Patent 4,088,538, 1978. (e) Tauaka, T.; Hirokawa, Y. 
Reversible Discontinuous Volume Changea of Ionized Iaopropylacrylamide 
Cells. U.S. Patent 4,732,930,1988. (0 Tanaka, T. Phys. Rev. Lett. 1978, 
40,820. (g) Tanaka, T.; et al. Phys. Reo. Lett. 1977,38,771. (h) Tanaka, 
T.; et al. Phys. Reu. Lett. 1980,46,1636. (i) Ilavsky, M. Macromolecules 
1982, 15, 782. ti) Hrouz, J.; Ilawky, M.; Ulbrich, K.; Kopecek, J. Eur. 
Polym. J .  1981, 17, 361. 

(27) Bain, Colin D.; Whitesides, G. M. Langmuir 1989,5, 1370. 
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Flgure 3. Equhralent reslstance, R, vs Af,  for 5-MHz AT-cut quartz 
resonators coated wlth cross-llnked polymer fllms of 1: (a) thickness 
0.4 pm, (b) thickness 0.8 pm. 

creasing amount of cross-linking agent during film prepa- 
ration, suggesting that increased rigidity provided by greater 
number of cross-links reduces the viscous damping, in accord 
with expectations. 

Impedance analysis reveals that f 2  - f 1  exhibits a "double- 
peak" dependence upon pH, with two maxima at  pH values 
of 5.0 and 6.4 (Figure 2b). These maxima occur a t  pH values 
corresponding to A f d 2  (Figure 1). The value of f 2  - f 1  in 
the center of the isoelectric region at  pH = 5.5 approached 
the values observed at the pH extrema. The equivalent 
resistance, R, which is related to the bandwidth because both 
are a measure of the acoustic energy loss in the coated 
resonator, exhibits the same dependency (Figure 2c). Re- 
markably, this double-peak behavior mimics the contact angle 
dependence upon pH, indicating that the energy dissipation 
and contact angles are manifestations of the same phase 
transition behavior. 

The correspondence between R and Afc, is depicted in 
Figure 3 for polymer films of two different thicknesses. As 
the pH is increased from an initial value of pH = 3, Afc, 
decreases with a concomitant increase in R, with R reaching 
a maximum near AfJ2.  Further pH increases into the 
isoelectric region result in a decrease in R while Afc, still 
decreases. The slight increase in 40, in the center of the 
isoelectric region is evident here for the thin film by the short- 
lived shift to less negative Afc, values. The data then 
essentially retrace themselves with R now increasing with 
more positive values of Afc, to AfcJ2, followed by a decrease 
in R until pH = 9, where the value of (AfG-, R )  is identical 
to the value obtained at  pH = 3. We note that these data are 
functionally equivalent to traces of Aalk vs AuIvo reported 
recently to describe the glassy transitions in polymer films 
immobilized on surface acoustic wave devices, where Aulk is 
the attenuation per wavenumber and AvIvo is the fractional 
velocity change." 

The frequency changes, network analysis data, and physical 
characterization clearly indicate that the chemical, physical, 
and rheological properties of 1 depend upon pH in a rather 
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resolution of PMIM would prevent detection of domains 
smaller than -2 pm. 

The pH-induced dimensional changes occurring in the 
polymer suggest changes in the viscoelasticity and density of 
the polymer film; these changes are expected to result in 
frequency shifts because of changes in the propagation 
characteristics of the shear acoustic wave in the polymer film. 
The double-resonator experiments indicated that there are 
negligible contributions from stress changes in the polymer 
film during the phase transitions; that is, contributions from 
changes in the film modulus are negligible. This behavior is 
not entirely unexpected because the elasticity of the film is 
associated with the restoring force of the chains after 
application of a shear stress. This property is affected 
primarily by the polymer network structure (i.e., cross-linking 
density and polymer chain configuration), which does not 
necessarily change during phase transitions.28 Indeed, it has 
been shown that the shear modulus of gels does not change 
substantially during a phase transition, when normalized for 
the polymer network concentration.29 The frequency changes 
clearly are not consistent with mass changes alone, as it is 
unlikely that film mass would double during deswelling or 
that the mass of the film would be identical at  both pH 
extremes. 

If changes in the polymer film modulus are ignored, the 
changes in the properties of the composite resonator may 
best be understood by considering contributions from changes 
in the viscosity of the polymer film. This can be accomplished 
by treating the film as a viscous Newtonian fluid, in which 
the shear wave amplitude decreases with distance from the 
resonator surface as an exponentially damped cosine function 
given by eq 3, where Vx(z,t)  is the instantaneous velocity of 

Vx(z,t) = Ae-k” cos(kz - ut) (3) 

(4) 

the shear wave parallel to the surface of the quartz resonator 
at a distance z from the resonator surface at  time t ,  A is the 
maximum amplitude of the shear wave, and w the resonant 
frequency.10ab The solution of this equation indicates that 
increases in the viscosity and density give corresponding 
decreases in the resonant frequency according to eq 4, where 
qL and p~ are the absolute viscosity and density of the liquid, 
respectively. This dependence stems from the increase in 
the decay length of the shear wave (6) with increasing VL and 
decreasing p~ (eq 5) ,  the decay length representing the distance 
from the resonator surface over which the acoustic wave 
amplitude decreases to l /e  of its original value. Compaction 
of the film during transformation to the isoelectric phase 
results in a higher viscosity film confined closer to the 
resonator surface where the amplitude of the shear wave is 
greater, the higher viscosity increasing the amplitude and 
decay length of the shear wave (Figure 4). Under these 
conditions, the shear wave will also extend further into the 
solution above the polymer film as well. The enhanced 
coupling of the acoustic wave with the film during compaction 
thereby increases the effective mass detected by the prop- 
agating shear wave. The decay length of the shear wave in 
water for a 5-MHz QCM is -0.25 pm. The R values for the 
polymer film at  pH > p1 and pH < p1 are not much greater 
that those for a bare resonator (ca. 700 Q), suggesting similar 
damping characteristics and decay lengths for these two cases. 

(28) Ullman, R. In Elastomers and Rubber Elasticity; Mark, J. E., 
Lal, J., Eds.; ACS Symposium Series 193; American Chemical Society: 
Washington, DC, 1982; p 257. 
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Figure 4. Schematic representation of the velocity profile of a shear 
wave, and the effect on shear wave propagation of compaction and 
increasing viscosity of the polymer film resulting from the phase transition 
between the ionic and isoelectric forms. The thick line represents the 
decay of the acoustic wave in water at room temperature, where the 
decay length for a 5-MHz shear wave is 6 = 250 nm. The dashed lines 
represent the thickness of the ionic phase (& = 0.8 pm) and shear 
wave propagation in this phase. The thin solid lines represent the 
thickness of the higher viscosity, compacted isoelectric phase ($0 = 
0.4 pm). Compaction of the film during transformation to the isoelectric 
phase results in a higher viscosity film confined closer to the resonator 
surface where the amplitude of the shear wave is greater, the higher 
viscosity increasing the amplitude and decay length of the shear wave. 
Under these conditions, the shear wave will also extend further into 
the solution above the polymer film. The enhanced coupling of the 
acoustic wave with the film during compaction thereby increases the 
effective mass detected by the propagating shear wave. 

s s 

Therefore, the thicknesses of the films (0.4-0.8 hm) and the 
dimensional changes (ca. 0.2-0.4 pm) are of the same 
magnitude as the shear wave decay length. It is not surprising 
that substantial frequency decreases would be observed upon 
compaction under these conditions. We therefore attribute 
the frequency decrease in the isoelectric region to viscosity 
effects and corresponding changes in the shear wave prop- 
agation during the dimensional changes of polymer film. 

Interfacial viscosities and the corresponding surface en- 
ergies a t  the polymer film-water interface may also play a 
role in the observed behavior, particularly if the films are 
rigid enough so that the shear wave has significant amplitude 
at  this interface. An increase in the surface energy of the 
polymer film interface is equivalent to an increase in the 
interfacial viscosity, which would favor the “no-slip” condition 
that is generally assumed for shear mode AT-cut resonators 
in liquid media. When slip occurs, the mass of the liquid 
layer above the interface will effectively “decouple” from the 
shear motion, resulting in an apparent mass decrease and a 
corresponding frequency increase. The data, however, cannot 
be interpreted on the basis of changes in the slip condition 
because Af does not correspond to the contact angle behavior. 
Indeed, the resonator frequency is highest a t  the pH extremes 
where the contact angle is largest and the no-slip condition 
is expected to be most applicable. We conclude that, while 
interfacial viscosity effects may be present, their contribution 
is not sufficient to dominate the frequency of the composite 
resonator. 

Piezoelectric Measurement of Enzymatic Reactions 
Rates. In order to demonstrate the possible utility of cross- 
linked films of 1 in sensing applications, we have examined 
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enzymatically catalyzed reaction occurring at  the maximum 
velocity, V-. Under these conditions T a: V-, as indicated 
by the linear dependence of T on [urease]. Similarly, ex- 
periments in which [ureal is varied at constant urease 
concentration (but not at  saturation of the enzymesubstrate 
complex) indicate that T increases with urea concentration. 

Piezoelectric Measurement of Microbe Metabolic and 
Growth Rates. The growth of microorganisms and cells 
alters the composition of their growth medium as nutrients 
are consumed and converted into metabolic end products. 
During this process, the pH of a medium is altered by 
conversion of carbohydrates into smaller molecules, such as 
lactic acid, succinic acid, and acetic acid, or through the 
conversion of amino acids to ammonia and bicarbonate. The 
production of metabolic acids has long been recognized as a 
useful and broadly applicable indicator of cell metabolism 
and growth. For example, acid production has been used to 
monitor changes in cellular metabolism due to environmental 
influences, toxins, and chemicals.13J4 We previouslyreported 
that the metabolic and growth rates of Escherichia coli could 
be determined by measuring the frequency changes due to 
pH-induced deposition of soluble 1 resulting from E. coli 
metabolism of carbohydrates.19 Our results and previous 
workso indicate that E.  coli readily metabolizes carbohydrate 
with a concomitant decrease in the pH of its medium; at 37 
"C the population doubling rate is -11800 s. 

The pH-dependent frequency of AT-cut quartz resonators 
coated with cross-linked polymer films of 1 provides a unique 
and convenient approach for evaluating metabolism and 
growth rates. Cell metabolism rates were measured with the 
coated side of the composite resonator submerged in a growth 
medium (pH = 7.5; 37 OC) containing acarbohydrate nutrient. 
The medium was then inoculated with E. coli and covered 
with type A immersion oil to exclude air. Under these 
conditions the bacteria metabolize carbohydrates to organic 
acids and carbon dioxide, thus lowering the pH of the medium. 
After an induction time required for the medium to reach the 
pH of the upper end of the isoelectric region of the polymer 
film, the decreasing pH results in a gradual decrease in 
frequency due to  formation of the isoelectric phase (Figure 
6). This is followed by a gradual increase in the frequency 
to the initial frequency as the pH of the medium decreases 
through the isoelectric region. The time of the frequency 
minimum is inversely proportional to the metabolic and 
growthrate. The inverse of this time, T ,  therefore corresponds 
to the rate. The value of T varies for different carbohydrate 
nutrients. Smaller values of T are accompanied by a broader 
minimum and a slower approach to the minimum frequency, 
behavior which is internally consistent with slower metabolic 
rates. The observed nutrient profiles were consistent with 
the known metabolic requirements of this strain with lactose 
> mannitol > arabinose. Experiments performed in carbo- 
hydrate-deficient media did not afford a significant response. 
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Flgure 5. (upper) Frequency response of a 5-MHz A T t u t  quartz 
resonator coated wlth a cross-linked polymer flim of 1 to the urease- 
catalyzed hydrolysis of urea at three dlfferent urease concentrations: 
0.83(m,0.43(0), and0.22pglmL(+). Conditlons: phosphate buffer 
solutlon contalnlng 0.015 M NaOH, 0.016 M EDTA, and 0.25 M urea 
adjusted to a pH of 5.5 with H3P04. Inset: Dependence of T ,  the time 
of minimum frequency on urease concentration. (lower) Frequency 
response of a 5-MHz AT-cut quartz resonator coated wlth a cross- 
ilnked polymer fllm of 1 to the urease-catalyzed hydrolysis of urea at 
threedlfferent ureaconcentrations: 3.4 X 10-3M (+), 6.8 X lo3 mM 
(O), 13.6 X lo4 mM (B). Conditions: phosphate buffer solution 
contalnlng 0.015 M NaOH, 0.016 M EDTA, and 0.1 FglmL urease 
adJusted to a pH of 5.5 with HsP04. Inset: Dependence of T ,  the time 
of mlnimum frequency on urea concentration. 

the frequency response of the composite resonator to the 
urease-catalyzed hydrolysis of urea. This reaction results in 
the formation of NH8 with a corresponding increase in the 
pH of the medium. Accordingly, when urea is added to a 
phosphate buffer solution (initial pH = 4.0) containing urease 
a monotonic frequency decrease is observed after a short time, 
followed by a monotonic increase until the original frequency 
is attained (Figure 5). The rates of frequency change in both 
branches are essentially identical. The time at which the 
frequency reaches the minimum shifts to longer values with 
decreasing urease concentration. These data are consistent 
with the pH-dependent frequency of the composite resonator: 
urease-catalyzed hydrolysis increases the pH of the medium, 
resulting in conversion of the 1-NMezH+ polymer film to its 
isoelectric form where the frequency decreases. Further 
urease-catalyzed increases in pH result in conversion from 
the isoelectric form to the l-COz- film with a concomitant 
increase in frequency. The relative rates for different urease 
concentrations can be discerned from the inverse of the time 
of the frequency minimum, T .  The experiments were per- 
formed at large urea concentrations to ensure a saturated 
concentration of the enzyme-substrate complex and an 

CONCLUSIONS 

The resonant frequency of composite resonators fabricated 
from AT-cut quartz crystals and cross-linked films of the 
amphoteric polymer 1 is very sensitive to the pH of the 
medium in which the resonator is immersed. While the 
frequency changes are not linear across the entire pH range, 

(29) Ilavsky, M.; Hrouz, J. Polym. Bull. (Berlin) 1983, 9, 159. 
(30) (a) Ingaham, J. L. In Escherichia Coli and Salmonella Typh- 

imurium Cellular and Molecular Biology; Neidhardt, F. C.,  Ingraham, 
J. L., Brooks, K., Magamnik, M., Schaechter, M., Umbarger, H. E., NE.; 
American Society for Miuobiolw. Waehhgton, DC, 1987. (b) Gottechalk, 
G. Bacterial Metabolism; Verlag-Springer: New York, 1987. 

(31)Ricco, A. J.; Martin, S. J.; Niemczyk, T. M.; Frye, G. C. ACS 
Symp. Ser. 1989, No. 403, 191. 
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Figure 6. (upper) Frequency response of a 5-MHz AT-cut quartz 
resonator coated with a cross-linked polymer film of 1 to E. coll In 
different carbohydrates: lactose (-), mannitol (-), arabinose (- - -), 
no carbohydrate (--); polymer film thickness 0.8 Fm; cell concentratlon 
10’ cells/mL; 1 % carbohydrate nutrient In Bacto beef broth with beef 
extract. (lower) Relative frequency responses of the sensor In different 
carbohydrate nutrients based on T, the Inverse of the time for the 
response curve to reach the minimum value of f,. 

they are very large within two very narrow ranges, exceeding 
5000 Hz for a change of 0.1 pH unit. Assuming a reasonable 
signal-to-noise requirement of 2.5 and a minimum detectable 
frequency change of 1 Hz, this sensor is capable of detecting 

pH changes of 0.001 unit in this region. This property suggests 
that pH sensors based on this design are particularly well 
suited for detecting “threshold” pH changes that may be 
especially useful in process control such as fermentation, 
enzyme-based sensors, or microbiological applications. These 
films are very robust, exhibiting reproducible pH response to 
at least 25 cycles through the isoelectric region. The ability 
to shift the isoelectric region, and accordingly the threshold 
pH, by chemically altering the acid/base ratio in the polymer 
enables the sensor to be tailored for a particular application 
and pH range. Moreover, these studies illustrate that the 
resonant frequency of composite resonators comprising AT- 
cut quartz crystals and swellable polymer films can be very 
sensitive to effects other than mass changes. In these cases 
caution must be exercized when the QCM response is 
interpreted so that viscoelasticeffects are taken into account. 

The unique properties of these polymer films suggest that 
modification of the polymer with specific receptors such as 
antibodies can provide composite resonators capable of 
specific binding to antigens. Phase transitions and corre- 
sponding changes in the viscoelastic properties of the polymer 
upon binding can afford frequency responses that are 
substantially greater than those expected from mass changes 
alone. In addition, the behavior described here for AT-cut 
quartz resonators is transferable to other piezoelectric trans- 
ducers, such as shear horizontal plate mode31 and flexure 
mode devices.32 These strategies are likely to lead to 
piezoelectric sensors that are economical, robust, and widely 
applicable toward various applications. 
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