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Abstract: Attenuated total internal reflectance Fourier transform infrared 

(ATR-FTIR) spectroscopy was used for the investigation of sorption of 

aqueous solutions of analytes into polymer coatings. A series of simple model 

polymers: poly(dimethylsiloxane) (PDMS), poly(epichlorhydrin) 

(PECH), and poly(isobutylene) (PIB) films and analytes: aqueous solutions of 

ethylbenzene, xylenes, toluene, and nitrobenzene were used to evaluate the 

use of ATR-FTIR spectroscopy as a screening tool for sensor development. 

The ratios of integrated infrared absorption bands provided a simple and 

efficient method for predicting trends in partition coefficients. Responses of 

polymer-coated guided shear horizontal surface acoustic wave (SH-SAW) 

sensor platforms to the series of analytes, using polymer coatings with similar 

viscoelastic properties, were consistent with ATR-FTIR predictions. Guided 

SH-SAW sensor responses were linear in all cases with respect to analyte 

concentration in the tested range. Comparison of ATR-FTIR data with guided 

SH-SAW sensor data identifies cases where mass loading is not the dominant 

contribution to the response of the acoustic wave sensor. ATR-FTIR spectra of 

nitrobenzene, coupled with computational chemistry, provided additional 

insight into analyte/polymer interactions. 

 

Keywords: Liquid Sensors, guided shear horizontal surface acoustic wave, 

attenuated total reflectance Fourier transform infrared spectroscopy 

 

Introduction 
 

Guided shear horizontal surface acoustic wave (guided SH-SAW) 

devices have been shown to be effective chemical and biochemical 

sensors in liquid environments [1]. One of the challenges in optimizing 

these devices for detection of aqueous analytes, including explosives, 

pesticide residues, and metabolites of chemical warfare agents, is the 

selection and/or development of coatings that are stable in water and 

which are also sensitive to the polar analytes common in these 

applications. The difference between gas and liquid sensing with 

respect to coating selection can be demonstrated by considering 

partition coefficients for sorption of an analyte from either the gas 

phase or from water into the polymer coating [2,3]. 

 

The partition coefficient (or equilibrium constant) K represents 

the ratio of the analyte concentration in the polymer to the analyte 

concentration in gas or liquid phase in contact with the polymer-coated 

device, CA. In the limit of only mass-loading contributions and/or for 

cases where viscoelastic contributions are low or negligible to mass 
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loading, the observed frequency shift, Δfobs, of a guided SH-SAW 

sensor exposed to an analyte can be related to K as well as the 

concentration of analyte, CA, the frequency shift of the device due to 

the polymer layer, Δfs, and the density of the polymer layer, ρs, as 

shown in eq. (1) [4, 5]. 

 

 
 

The partition coefficient is related to the free energy of solvation, 

ΔGsolv, as shown in eq. (2) where T is the temperature in Kelvin and R 

is the gas law constant. 

 

 
 

K can be modeled using regression analysis of experimental data with 

the Linear Solvation Free Energy Relationship (LSFER) [2] shown in 

eq. (3). 

 

 
 

The first parameter in each term represents a polymer parameter: c 

designates properties not included in other variables; r is the 

regression coefficient which represents the tendency of the polymer to 

interact through nonbonding (n) and -bonding electron pairs; a is the 

hydrogen bond basicity; b is the hydrogen bond acidity; and l 

represents the ability to distinguish between molecules in a 

homologous series. Parameters that are determined for specific 

analytes are R, the polarizability contribution from n and  electrons; 

H, the dipolarity; H, the hydrogen bond acidity; βH, the hydrogen 

bond basicity; and L16, the gas-liquid partition coefficient of n-

hexadecane at 298 K. The above modeling has been used extensively 

in the analysis of gas-phase sensors [2]. Partitioning of an analyte 

from water into a polymer coating can be estimated by determining 

the air/polymer partition coefficient, Kap, and the partition coefficient 

from air to water (i.e., the Henry’s Law coefficient) Kaw, using 
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literature data. The water to polymer partition coefficient, Kwp is the 

ratio Kap/Kaw [3]. 

 

In order to illustrate the importance of considering partition 

coefficients for aqueous sensing applications, Kap and Kwp can be 

compared for a series of selected analytes (toluene, xylene, 

ethylbenzene, and nitrobenzene) with three different model polymer 

coatings, poly(dimethylsiloxane) (PDMS), poly(isobutylene) (PIB), and 

poly(epichlorhydrin). Structural formulas of the analytes and polymers 

are shown in Figure 1. Note that in the partition coefficient analysis, as 

well as experimental work reported here, a mixture of all three xylene 

isomers (ortho-, meta-, and para-) will be used. Partition coefficients 

calculated using literature parameters [6 - 8] and the LSFER approach 

are shown in Table 1. The partition coefficients for the nonpolar 

analytes (toluene, ethylbenzene, and xylenes) decrease by a factor of 

approximately four to five for detection of these species in water, as 

opposed to air, for each polymer. However, the partition coefficient for 

nitrobenzene decreases by a factor of 350 when going from gas-phase 

to aqueous phase detection, demonstrating that coatings that work 

well in gas sensing applications may be substantially less-sensitive for 

detecting polar analytes in aqueous environments. The challenges thus 

associated with identifying sensitive, water-stable coatings with the 

appropriate viscoelastic properties for use with SH-SAW devices, 

require development of efficient screening methodologies to aid in the 

selection of optimal coatings. Infrared (IR) spectroscopy is an excellent 

tool for this goal since spectral features can be used to identify the 

molecular species present in a sample, determine the concentration of 

a specific analyte given appropriate calibration, and also provide 

insight into the physical and chemical interactions between analytes 

and coatings. 

 

The absorbance of infrared radiation for a sample as a function 

of infrared wavenumber  (cm-1) is determined from measurement of 

the incident IR intensity, I0, and transmitted intensity, I. Under 

conditions where the Beer-Lambert Law is valid, the absorbance, A, 

can be related to the extinction (absorption) coefficient of the sample, 

(), the concentration of the sample, c, and the path length that the 

infrared radiation passes through the sample, l, as shown in equation 

(4) [9]. 
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Traditional transmittance methods, however, are not 

appropriate for characterization of the partitioning of an analyte from 

an aqueous phase into a polymer. Attenuated total internal reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR) has been shown to 

be a useful technique for analysis of aqueous solutions where the 

strong infrared absorbance of water precludes transmittance 

measurements [10] and has been utilized to analyze polymer films 

[11], water diffusion into polymer films [12], and analyte sorption into 

polymers [13-15]. A number of chemical sensors have been 

implemented for direct detection of analytes in both air and water 

based on ATR-FTIR strategies [16-18]. Infrared reflection methods 

have also been applied to provide insight into the interaction between 

gas-phase analytes and sensor coatings [19, 20]. 

 

A schematic representation of a horizontal ATR-FTIR element is 

shown in Figure 2. IR radiation is internally reflected through a ZnSe 

crystal at an angle, , producing an evanescent wave at each reflection 

that penetrates slightly past the crystal surface. At each internal 

reflection the evanescent field interacts with any sample placed in 

contact with the ZnSe crystal. The depth, dp, that the evanescent field 

penetrates into the sample at each reflection depends upon  as well 

as the infrared wavelength in ZnSe, λ1, and the ratio of the refractive 

indices of the sample to ZnSe, n12 [21]. 

 

 
 

An absorption spectrum can be obtained by monitoring the intensity of 

reflected IR radiation and using a Beer-Lambert law expression similar 

to equation (4) where the path length l is replaced by an effective 

thickness, de, which is determined from the number of reflections and 

the wavelength-dependent dp [11, 15]. The depth of penetration of the 

evanescent field is ~ 1-2 m from the surface of the prism for the 

wavelength range of interest in this study. Use of a polymer film with a 
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thickness which is significantly greater than dp, as shown schematically 

in Figure 2, insures that only those analytes that partition from the 

aqueous phase into the polymer coating and diffuse to within the ~ 1-

2 m distance from the surface of the prism will be detected. 

 

While ATR-FTIR spectra can exhibit shifts in peak position 

and/or distortion of absorption band shapes when compared with 

transmission measurements, particularly in the case of strong 

absorbances where dispersion effects can be significant [11], the use 

of ratios of integrated absorption bands has been shown to be an 

appropriate strategy for making quantitative comparisons [15, 22]. 

The integrated band intensity is obtained from an assigned analyte 

transition with the lower and upper limits of the absorption band, in 

units of cm-1, designated as lower and upper. The extent of partitioning 

of an analyte from water into a polymer coating, is thus determined 

from the ratio, RIR, of the integrated band intensity of an analyte 

vibrational band when sorbed into the polymer to that of the same 

analyte band in water as shown in equation (6). 

 

 
 

The numerator of equation (6) is determined from data obtained using 

the experimental configuration shown in Figure 2 and the denominator 

is obtained from the spectrum of the aqueous analyte solution on a 

bare prism (i.e. with no polymer coating). Under the experimental 

conditions in this study, RIR provides estimates for partitioning that are 

proportional, although not identitical, to Kwp. This provides a 

convenient means for preliminary screening of new sensor coatings. In 

addition, comparison of shifts in position of analyte peaks when in 

different environments with results of computational chemistry 
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analysis provides insight into the dominant modes of interaction 

between analytes and coatings. Comparison of RIR and Kwp with 

guided SH-SAW sensor responses demonstrates the importance of also 

considering viscoelastic effects when designing coatings. 

 

Experimental 
 

All materials and reagents were supplied by Aldrich unless 

otherwise specified and were used as supplied without any further 

purification: vinyl terminated poly(dimethylsiloxane) (viscosity 1000 

cSt), poly(methylhydrosiloxane), platinum carbonyl complex (Gelest, 

3-3.5% platinum concentration in vinyl terminated PDMS), 

dichloromethane (99.6%), poly(methylmethacrylate), 2-

ethoxyethylacetate, poly(isobutylene), poly(epichlorhydrin), 

chloroform (99.8%), toluene (99.5%), ethylbenzene (99%), xylenes 

(mixed isomers, 98.5%), nitrobenzene (99%). Aqueous solutions of 

analytes were prepared using in Milli-Q deionized water (13-14 MOhm 

cm). 

 

Poly(dimethylsiloxane) (PDMS) was crosslinked via a 

hydrosilylation reaction [23, 24] to prepare a water stable elastomeric 

film. 0.05 g poly(methylhydrosiloxane) and 3.1 g vinyl terminated 

poly(dimethylsiloxane) were added, while stirring, to dichloromethane 

to obtain 5 and 12 wt% solutions. After a homogenous composition 

was obtained, 4 drops of platinum carbonyl complex were added and 

solutions were stored at room temperature until use. Poly(isobutylene) 

(PIB) and poly(epichlorhydrin) (PECH) solutions were prepared by 

dissolving the appropriate amount of each polymer in chloroform to 

make 2 wt% and 4 wt% solutions respectively. 

 

Attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) was performed using a Nicolet Magna 560 

Spectrometer equipped with a Pike horizontal ATR accessory with a 

covered sample trough. The reflectance element was a  = 45º ZnSe 

crystal with ten internal reflections. The ATR element was covered with 

sufficient volumes of each polymer solution to produce 50 m thick 

films after curing. The solvent was evaporated at room temperature 

producing a uniform film. In order to obtain a specific film thickness, 

the required mass of solid polymer was obtained by multiplying the 
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weight percent of the polymer in solution by the density of the 

polymer solution and the volume of the solution used on the prism. 

This quantity was divided by the product of the density of the solid 

polymer and area of the prism surface to obtain the film thickness. 

PDMS films were cured at 115º C for 15 minutes. The PIB and PECH 

films were not cured after solvent evaporation. 

 

ATR-FTIR spectra were obtained for the polymers (with and 

without exposure to water) and for the polymers after exposure to 

2.00 ml of ethylbenzene (1.3 mM), xylenes (1.7 mM), toluene (5.9 

mM), and nitrobenzene (13.0 mM) saturated solutions [25]. The 

system was allowed to sit for five minutes after exposure of the 

polymer to analyte solutions; this time was found to be sufficient for 

equilibration with respect to analyte diffusion into the coating, with 

spectra remaining constant. Spectra were also collected for 2.00 ml 

aliquots of the analyte solutions on the bare prism. All spectra were 

obtained using 1 cm-1 spectral resolution, averaging a minimum of 160 

scans. Spectra were corrected for wavelength dependent differences in 

penetration depth of the evanescent wave.  

 

Sensing measurements were made using guided SH-SAW 

devices with dual delay line configuration on 36 YX-LiTaO3 substrates. 

One delay line is used as the sensing line and the other serves as the 

reference line. The devices were designed and fabricated with 10/90 

nm thick Cr/Au interdigital transducers (IDTs) having a periodicity of 

40 μm, which corresponds to an operating frequency of approximately 

103 MHz for the bare devices. The use of the dual delay lines makes 

secondary interaction controls such as temperature control 

unnecessary. A metalized delay path between input and output IDTs 

was used to eliminate acousto-electric interactions with the load. The 

PDMS, PECH, and PIB solutions were spin coated onto the sensing 

lines in order to obtain uniform 0.5 - 0.8 μm thick films. Thickness 

calibration was performed using polymer films coated onto thickness-

shear-mode (TSM) resonators using identical coating conditions as for 

the SH-SAW devices. The Sauerbrey equation [26] was used to obtain 

the film thickness from the frequency shift induced by deposition of 

the polymer onto the bare TSM. Care was taken to ensure that the film 

thicknesses were in the regime where the Sauerbrey equation is valid. 
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The PDMS film was cured for 20 minutes at 120º C. The reference line 

of each device was previously coated with a 0.8 μm or 0.5 μm thick 

poly(methylmethacrylate) (PMMA) film to correspond to film thickness 

of the polymer coated on the sensing line. The PMMA films were 

obtained by spin coating PMMA in 2-ethoxyethylacetate (caution: 

reproductive hazard) and curing at 180º C for 2 hours. The PMMA 

waveguide provides a dielectric shield/passivation on metallic 

electrodes and transducer elements, therefore reducing the extent of 

the electric field and also allows for trapping of the acoustic wave at 

the device surface. The performance of PMMA for these purposes in 

liquid sensing applications has been extensively evaluated in our 

previous work [1]. 

 

The polymer-coated devices were exposed to aqueous samples 

of the analytes in Milli-Q deionized water. A specially designed flow-

through cell was used to expose each guided SHSAW delay line to the 

chemical environment Deionized water was initially pumped through 

the cell at a rate of 0.30 mL/min, after which each analyte solution 

was introduced. Between exposures to analyte solutions, the devices 

were flushed with deionized water to return the response to the 

baseline. The PECH and PDMS coated sensors were exposed to 50 ppm 

(~0.5mM) samples of toluene, ethylbenzene, xylenes, and 

nitrobenzene. To study concentration dependence using the PDMS 

coated sensor, the device was exposed to five concentrations of 

ethylbenzene ranging from 25-125 ppm (~0.2–1 mM) and four 

concentrations of nitrobenzene ranging from 200-800 ppm (~1.6-6.3 

mM). The PIB coated device was exposed to six samples of each 

analyte ranging in concentration from 10-60 ppm (~0.1-0.6 mM). 

 

A network analyzer (Agilent 8753ES) with a switch/control unit 

(Agilent 3499A) was used for the sensing experiments to allow 

continuous monitoring of the sensing and reference channels. The use 

of the switch control unit guarantees that both devices are measured 

under the same conditions. A PC-based HP VEE control program was 

used to collect the sensor data insertion loss and phase/frequency 

measurement simultaneously for both the reference and sensing lines 

every 30 seconds. The liquid sample cell and measurement collection 

protocol have been described elsewhere [1]. 
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Results and Discussion 
 

For the ATR-FTIR experimental configuration used in this work, 

the depth of penetration, dp, of the infrared radiation ranges from 1-2 

μm. Since the polymer films are 50 μm thick, only those analytes that 

diffuse through the polymer to within 1-2 μm of the prism surface will 

be detected. The tendency for a given analyte to partition from the 

aqueous phase into the polymer can thus be evaluated from the 

integrated intensities of infrared bands using equation (6), where the 

area of a peak for the analyte in the polymer is divided by the area for 

the same characteristic analyte peak in aqueous solution. Selected 

portions of typical ATR-FTIR spectra where analyte features can be 

observed without interference from the polymer spectrum are shown 

in Figures 3 and 4 for PDMS exposed to aqueous solutions of 

ethylbenzene and nitrobenzene, respectively. Spectra have been offset 

for clarity but have not been otherwise scaled. Polymer spectral 

features were not changed by exposure to the analyte solutions. 

 

Characterization of ethylbenzene partitioning utilized the 

spectral features found at 1500 and 1450 cm-1 that have previously 

been assigned as the 19a and 19b ring modes [27]. No significant 

change in peak position for these modes was observed in the spectra 

obtained for pure ethylbenzene, aqueous ethylbenzene, and 

ethylbenzene partitioned into the polymer. There are, however, 

significant changes in relative intensity of these peaks. As expected, 

the peak intensities decreased when the pure ethylbenzene sample 

was replaced by the saturated aqueous solution where a lower analyte 

concentration was in contact with the prism surface. However, after 

partitioning into the polymer, the ethylbenzene peak intensities appear 

to increase relative to the aqueous sample, as expected from the large 

partition coefficient for water to PDMS partitioning listed in Table 1 

(Kw→p = 772). Qualitatively similar results were obtained for 

ethylbenzene partitioning into PIB and PECH as well as for toluene and 

xylenes partitioning into the three polymers. 

 

Nitrobenzene partitioning, see Figure 4, was characterized using 

the asymmetric NO2 stretching mode found at ~1530 cm-1 and the 

symmetric NO2 stretching mode found at ~1350 cm-1 [28]. In aqueous 

solution these two bands were found to increase in height and become 
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sharper when compared with the neat nitrobenzene spectrum. After 

partitioning into the polymer, the peaks decreased markedly in 

intensity when compared with the aqueous solution spectrum. This 

trend is qualitatively consistent with Kw→p = 1.5 for nitrobenzene 

partitioning into PDMS. 

 

The integrated intensities were determined for analyte infrared 

bands that were selected from spectral regions with minimal 

interference from water or polymer features as shown in Figures 3 and 

4. RIR values were obtained for each analyte in each polymer by 

averaging the results obtained from two different vibrational bands 

and then compared with the calculated Kw→p values. The resulting 

trends in RIR are consistent with those listed in Table 1 for Kw→p for 

each polymer/analyte pair: ethylbenzene ≥ xylenes > toluene >> 

nitrobenzene. 

 

In order to compare the results for trends in partitioning 

obtained from RIR with sensor behavior, the sensing lines of guided 

SH-SAW devices were coated with PDMS, PECH, or PIB, and exposed 

to varying concentrations of the aqueous solutions of analytes. Typical 

sensor response data is shown in Figures 5-8. Figure 5 shows the 

observed frequency shift for a 0.8 μm PIB coated sensor to 10-60 ppm 

(~0.1-0.6 mM) concentrations of xylenes. The response of the sensor 

is returned to the baseline upon exposure to deionized water, 

demonstrating reversibility. The observed frequency shifts are linear 

with respect to concentration as shown in Figure 6 for the 

ethylbenzene, xylenes and toluene; the response to nitrobenzene is 

negligible in this concentration range. Similar results are obtained 

using a PECH-coated device. 

 

Higher concentrations of nitrobenzene were necessary in order 

to observe sensor response to nitrobenzene; a typical example is 

shown for a PDMS-coated device exposed to 200-800 ppm (~1.6-6.3 

mM) of nitrobenzene in Figure 7. However, in contrast to the PIB- and 

PECH-coated devices, use of a PDMS coating leads to a reversible 

increase in frequency when exposed to the nonpolar analytes: toluene, 

ethyl benzene, and xylenes. This can be seen in the data shown in 

Figure 8 for exposure to 25-125 ppm (~0.2-1 mM) of ethylbenzene. 

This anomalous behavior in detection of nonpolar analytes was 
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observed even when varying the film thickness and curing conditions. 

We also note that the observed frequency decreases upon exposure of 

the device to pure water. Regardless of the sign of the frequency shift, 

the response is linear in the measured concentration range, within the 

limits of experimental uncertainty. 

 

The contribution of modulus effects to SAW gas sensor response 

is well documented, demonstrating that the simple mass-loading 

model shown in eq. (1) is often insufficient for predicting the 

magnitude of sensor response [29-33]. Positive frequency shifts have 

also been observed for SAW devices coated with PDMS films and 

exposed to selected gas phase analytes [34-36]. A similar, analyte-

dependent effect has also been reported for 97 MHz SAW devices 

coated with polybutadiene/polystyrene films [37]. Observed frequency 

shifts for SAWs coated with lightly crosslinked polymers, where the 

bulk modulus is large compared with the shear modulus, can be 

characterized in terms of the relative contributions of mass loading 

and viscoelastic changes by [34, 37]: 

 

 
 

where c1 and c2 represent substrate-dependent parameters, ω is the 

SAW angular frequency, h is the film thickness, ρ is the film mass 

density, μ is the polymer dynamic shear modulus, and τ is the shear 

relaxation time of the polymer. The first term in equation (7) 

represents the massloading contribution that was shown in equation 

(2). The second term represents the viscoelastic contribution which 

can have either a net positive or a negative value depending on the 

value of ωτ. The overall sign of the observed frequency shift will be 

negative where ωτ >>1 and positive where ωτ <<1 [34]. In the region 

where ωτ ≈ 1, significant changes in the polymer relaxation time due 

to interaction of the coating with the analyte (as well as due to 

temperature changes) can lead to differences in the sign of the 

observed frequency shifts. The relationship between device angular 

frequency and the polymer shear relaxation time thus controls the sign 

of the observed frequency shift. The relaxation time can further be 
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related to the shear modulus, μ, and shear viscosity, η, of the 

polymer: τ = η/μ [37]. 

 

For a SAW device operating at 158 MHz, ωτ was reported to be 

0.7 for PDMS [34]. Assuming similar coating properties, with the 103-

MHz devices used in this work, ωτ is expected to ~ 0.5 for PDMS. The 

observed frequency shifts are consistent with significant perturbations 

in τ due to sorption of analytes into the coating. Martin and Frye [37] 

attribute temperature- and analyte-dependent changes in relaxation 

time for a polybutadiene/polystyrene block copolymer primarily to 

changes in dynamic viscosity, a plasticization effect, while Ahuja et al. 

[34] suggest that PDMS relaxation times are controlled by activation 

barriers for conformational changes in the polymer backbone. Further 

work is necessary to evaluate these, and other, possibilities in our 

system; experiments are currently in progress in our laboratory to 

evaluate the effects of analyte sorption on polymer shear modulus. In 

future studies, the ATRFTIR technique will also be extended to provide 

additional information on issues such as the mechanism of water 

diffusion and analyte sorption into the polymer, and swelling changes 

in the polymer which may be related to swelling-induced modulus 

changes in the guided SH-SAW sensor responses. 

 

Given that the frequency shifts obtained with the PDMS-coated 

devices were found to be linear with respect to analyte concentration 

(Fig. 9), the magnitude of Δf will be used for comparison between the 

different coatings. The values of RIR, │Δf │, and Kw→p are shown in 

Figure 10 for detection of xylenes. The RIR values match the general 

trend in partition coefficients, PDMS > PECH > PIB, but the absolute 

magnitude of the guided SH-SAW response is PECH > PIB > PDMS for 

a 0.5 mM solution of xylenes. The significantly decreased guided 

SH-SAW response for the PDMS coated device is consistent with 

equation (7). The first term in eq. (7), the mass loading contribution, 

is always negative. As discussed previously, the positive frequency 

shifts observed with the PDMS coated device for nonpolar analytes 

such as xylenes indicates a significant and positive contribution from 

the second term (i.e. ωτ <<1). The two terms in eq. (7) therefore 

offset each other somewhat in this case, leading to the decreased 

sensitivity when compared to the other two coatings. 
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Despite the anomalous behavior for the PDMS-coated guided 

SH-SAW, quantitative comparisons between RIR, the absolute value of 

the guided SH-SAW sensor response (│Δf │), and predicted Kw→p can 

be made for sorption of the analytes in the model series since sensor 

responses are linear with respect to concentration over the range 

examined here. In Figure 11, data are shown for each coating with 

respect to the series of analytes. The three parameters, RIR, 

│Δf │ for exposure of the device to a flowing 50 ppm (0.5 mM) 

solution of each analyte, and Kw→p are normalized to the respective 

value for toluene in order to facilitate comparison. In the case of the 

PDMS coating, the trends in RIR and │Δf │ match the trend in predicted 

partition coefficients for the four analytes. When PECH is used as the 

coating, the ATR-FTIR data have a reversed trend with respect to the 

guided SH-SAW response and partition coefficient when comparing 

ethyl benzene and xylenes but the relative response with respect to 

the other analytes is consistent. Similar behavior is observed for PIB 

where the overall trends are consistent but where the response for 

ethyl benzene and xylenes is reversed for the ATR-FTIR data compared 

with guided SH-SAW response and predicted partition coefficients. 

Typical uncertainties in RIR based on averaging two measurements are 

found to be approximately 15% and therefore the difficulty in 

discriminating between ethyl benzene and xylenes, where the partition 

coefficients differ by less than 5%, is not surprising. 

 

Minor differences between RIR and Kw→p may also arise since 

LSFER parameters are determined in the limit of infinite dilution and 

also since a static ATR sample holder was used here, leading to 

decreases in concentration of analyte in the aqueous phase as the 

analyte partitions into the polymer. In addition, it is important to note 

that potential differences in extinction (absorption) coefficient () for 

analytes in the different environments were not included in our 

analysis. Correction for these effects would be necessary if 

discrimination between similar partition coefficients was necessary. 

However, as implemented here, the ATRFTIR method is a simple and 

efficient screening tool for evaluating overall trends in partition 

coefficients for a given coating with respect to series of analytes. The 

ATR-FTIR data and partition coefficients are useful as predictors of the 

guided SH-SAW frequency response to a series of analytes when using 

a single coating. The contribution of viscoelastic effects to guided 
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SH-SAW sensor response must also be considered, however, when 

comparing different coatings. 

 

The fact that the polar analyte, nitrobenzene, leads to negative 

frequency shifts while the nonpolar analytes lead to positive frequency 

shifts while maintaining a linear concentration dependence profile also 

suggests that PDMS is a good candidate for use in a sensor array due 

to the differential response. Investigation of the response to additional 

analytes is needed to characterize the source of the apparent changes 

in polymer relaxation times with exposure to polar versus nonpolar 

analytes. 

 

In addition to its utility for screening the trends of analyte 

partitioning into a coating, the ATR-FTIR data can also be used to 

provide insight into polymer/analyte interactions. This can be 

particularly useful in systematic efforts to design new coatings, where 

LSFER data may not be available. The position of the peak of an 

analyte infrared absorption band can shift due to the changes in the 

surrounding medium. Computational chemistry can be used to assist in 

interpreting the source of the observed infrared spectral shifts. One 

possible effect is that the spectral shifts are due to changes in the 

dielectric constant of the surrounding medium [38]. This can be 

considered a nonspecific interaction that can be modeled by treating 

the surrounding medium as a bulk dielectric. In addition, specific 

intermolecular interactions such as hydrogen bonding can also cause 

shifts in infrared spectral positions. Strong intermolecular attraction 

between analyte and coating will be associated with higher partition 

coefficients. The computational studies discussed below examine the 

role of nonspecific (bulk dielectric) and specific intermolecular 

interactions on the nitrobenzene infrared spectrum. The intermolecular 

interactions identified via computational analysis are also compared 

with LSFER data for these model systems. 

 

The position of the nitrobenzene NO2 asymmetric and symmetric 

stretching modes observed in the ATR-FTIR spectra (Figure 4) are 

found to shift to higher cm-1 when the analyte partitions from water 

into any of three polymer coatings used in this study. Distortion due to 

dispersion effects in the strong absorption bands observed for the 

aqueous sample may contribute to this shift; however the change in 
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the local environment of the nitrobenzene molecules is expected to 

play a major role. The computational analysis presented here will focus 

on the shift in the asymmetric stretching mode, observed at 1518 cm-1 

for nitrobenzene in water. All calculations were carried out using 

Gaussian-98W [39]. 

 

For polar analytes, the Onsager Self Consistent Reaction Field 

(SCRF) model can be used to determine the effect of solvent/polymer 

dielectric on the position of analyte vibrational modes [38, 40]. To 

perform this calculation, the gas phase geometry of nitrobenzene was 

first optimized using density functional theory with the B3LYP 

functional [41] and 6-311++G(d,p) basis set [42], using tight 

convergence criteria [39]. Onsager SCRF calculations were then 

performed at the B3LYP/6-311++G(d,p) level, using the molecular 

volume obtained in the gas phase calculation and dielectric constants 

of 78.54 and 2.80 for water and PDMS, respectively [43]. Vibrational 

frequency calculations were performed for each optimized structure 

and the results are summarized in Table 2 for the NO2 asymmetric 

stretching mode. As expected [44], the calculated frequencies deviate 

from experimental frequencies and a scaling factor of 0.98 was 

determined by comparing gas-phase experimental [28] and 

computational data for the vibrational mode of interest here. This 

scaling factor was then used to correct the rest of the computed 

vibrational frequencies; both unscaled and scaled data are shown in 

Table 2. 

 

The scaled vibrational frequencies obtained from the B3LYP/6-

311++G(d,p) Onsager SCRF calculation show reasonable agreement 

for the nitrobenzene NO2 asymmetric stretching mode in water and in 

PDMS; clearly the surrounding dielectric plays an important role in 

determining peak positions in this system. However, a more extensive 

joint experimental/computational study of solvent effects on infrared 

spectra of nitrobenzene and other nitroaromatic compounds, that will 

be published elsewhere, indicates that the Onsager model is 

insufficient for predicting vibrational frequency shifts in a wider range 

of solvents and that there also are nitrobenzene mode-dependent 

behaviors observed within a given solvent that are not consistent with 

the Onsager results. Specific intermolecular interactions between the 
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analyte and solvent/polymer functional groups must therefore also be 

considered. 

 

The nature of these specific interactions was evaluated using a 

model system where the structure of a nitrobenzene molecule is 

optimized in the presence of an oligomeric unit of the polymer 

structure of PIB, PECH, and PDMS. These calculations were performed 

using the PM3 semi-empirical method [45] due to the size of the 

model system. In each case, the initial (preoptimized) geometry was 

constructed with the ONO moiety pointing toward the polymer chain. 

Calculations were also performed for a complex of nitrobenzene with 

one water molecule. Vibrational frequencies were computed from the 

equilibrium geometries and the values for the nitrobenzene NO2 

asymmetric stretching mode are listed in Table 2. A scaling factor of 

0.81 was used for the PM3 results. 

 

The scaled vibrational frequencies from the PM3 calculation are 

qualitatively consistent with the shift to higher cm-1 observed when 

nitrobenzene partitions from water into the polymer coatings but this 

simple model system does not exactly reproduce experimental data, 

particularly when comparing PDMS with PIB. This is to be expected 

since the model system has a truncated polymer structure that will not 

represent the analyte surrounded by polymer and the observed 

spectral shifts are within the uncertainty of the calculations. However, 

the optimized geometries, shown in Figure 12, are useful for 

identifying the nature of the intermolecular interactions. In the case of 

nitrobenzene interacting with PIB, examination of LSFER parameters 

[6-8] indicates that dispersion and cavity effects will dominate that 

partition coefficient. The PM3 optimized geometry (Fig. 12A) is 

consistent with this analysis, with the aromatic portion of the analyte 

closest to the polymer chain segment which orients itself away from 

the nitrobenzene molecule, suggesting non-specific interactions are 

dominant in this case. The LSFER parameters for PECH interacting with 

nitrobenzene suggest that while dispersion and cavity effects will be 

the strongest contributors to the partition coefficient, dipolarity, and to 

a lesser extent hydrogen bonding interactions via the bβH term, also 

playing a role. The nitrobenzene/PECH optimized structure (Fig. 12B) 

shows short range interactions indicative of dipolar and hydrogen bond 

interactions between the NO2 group and the Cl—C—H segment of the 

http://dx.doi.org/10.1109/JSEN.2005.859231
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

IEEE Sensors Journal, Vol. 5, No. 6 (December 2005): pg. 1175-1184. DOI. This article is © Institute of Electrical and 
Electronics Engineers (IEEE) and permission has been granted for this version to appear in e-Publications@Marquette. 
Institute of Electrical and Electronics Engineers (IEEE) does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Institute of Electrical and Electronics 
Engineers (IEEE). 

18 

 

polymer chain. Based on LSFER analysis, PDMS is expected to behave 

similarly to PECH. The optimized structure in Fig. 12C, where the 

polymer chain is oriented along the nitrobenzene molecule, is 

consistent with dipolar interactions. Finally, the nitrobenzene/water 

complex (Fig. 12D) clearly shows hydrogen bonding. 

 

We note that in studies of solute orientational relaxation in 

PDMS melts, [46] strong intermolecular interaction between a polar 

solute and the PDMS backbone resulted in significantly larger 

activation energies for solute reorientation when compared with a 

nonpolar solute. In addition, the intermolecular interaction was also 

postulated to perturb the physical properties of PDMS by impeding 

rotation about the Si-O bond. The structure shown in Fig. 12C is 

consistent with nitrobenzene interaction with the PDMS polymer 

backbone, which could in turn perturb conformational relaxation 

processes [34] differently from nonpolar solutes which have minimal 

dipolar interactions. Molecular dynamics simulations would be useful in 

more fully characterizing the effects of analyte/polymer interactions in 

this system [47]. 

 

ATR-FTIR spectroscopy can thus be used to quickly estimate 

partition coefficients and, when coupled with computational chemistry 

studies, can also provide insight into the nature of analyte/coating 

interactions. 

 

Conclusions 
 

ATR-FTIR spectroscopy has shown to be a simple, efficient 

means for first order analysis of the partitioning of a series of model 

analytes from aqueous solution into polymer coatings. The ratios of 

integrated infrared absorption bands are proportional to literature 

partition coefficients, within the limits of experimental uncertainty. 

Trends in magnitude of response of a polymer-coated guided SH-SAW 

sensor platform, when exposed to a series of different analytes, can be 

determined using the ATR-FTIR screening approach. The relative 

sensitivity toward a given analyte for guided SH-SAW sensor platforms 

coated with different polymers can also be predicted for polymers with 

similar viscoelastic properties such as PECH and PIB. However, the 

potential contribution of viscoelastic effects to guided SH-SAW 
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responses in liquid sensing requires further examination, particularly in 

the case of PDMS-coated sensors. The ATR-FTIR data can also be 

used, in combination with computational chemistry, to provide 

fundamental insight into the interaction of nitrobenzene with the 

surrounding solvent/polymer environment. 
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