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a b s t r a c t

Methyl salicylate (MeS) is used as a chemical warfare agent simulant to test chemical protective gar-
ments and other individual personal protective gear. The accurate and real-time detection of this analyte
is advantageous for various testing regimes. This paper reports the results of MeS vapor exposures on
polymer-filled capacitance-based sensors at temperatures ranging from 15 ◦C to 50 ◦C under dry and
humid conditions. Multiple capacitors were arranged in an array on a silicon chip each having a different
sorptive polymer. The sensors used parallel-plate electrode geometry to measure the dielectric permittiv-
ity changes of each polymer when exposed to water and MeS vapor. Of the four polymers tested against
MeS, the optimal polymer displayed near or sub-parts-per-million detection limits at 35 ◦C (0–80%RH).

© 2008 Published by Elsevier B.V.

1. Introduction

The United States Departments of Homeland Security (DHS) and
Defense (DOD) are testing next generation personal protection sys-
tems to protect U.S. military personnel from chemical threats. Some
of these programs focus on Man-in-Simulant Testing (MIST), where
methyl salicylate (MeS) is used to test the effectiveness of chemi-
cal suits [1,2]. Currently, the suits are tested with passive absorbent
pads to collect samples while soldiers or mannequins wear the suits
during MeS exposure [3]. To identify the weaknesses in the sys-
tem, i.e. chemical break-through sites; small, unobtrusive and light
weight sensors are needed to collect real-time data as the suits are
used during tests.

A key requirement of this application is that proposed sensors
do not interfere with air-flow through the suit or with the wearer’s
mobility. This significantly restricts the size and power of a viable
sensor system. Furthermore, the sensors must operate in high rel-
ative humidity and elevated temperature environment proximate
to the skin of a warfighter or first responder performing their tasks.
Microfabricated sensor arrays have the potential to address this
need.

Microsensors using sorbent materials are promising for this
niche application since they can operate at ambient temperature
and can be miniaturized. Such sensors measure changes in the
sorbent material when a vapor or gas is absorbed. Reported tech-

∗ Corresponding author. Tel.: +1 760 268 0083; fax: +1 760 268 0662.
E-mail address: sanjay@seacoastscience.com (S.V. Patel).

nology platforms include: resistive sensors [4,5] and cantilever 44

stress sensors [6] to measure swelling of polymers; resonating can- 45

tilevers [7], surface acoustic wave (SAW) devices [8], and flexural 46

plate wave (FPW) devices [9] to measure mass and viscoelasticity 47

changes; and capacitive sensors [10,11] to measure changes in poly- 48

mer permittivity. Multi-transducer arrays, systems with multiple 49

different technologies, have also been reported for vapor detection 50

[12]. 51

Presented herein are the results from the exposure of four 52

chemicapacitors, each filled with a different semi-selectively MeS 53

absorbing dielectric polymers. As chemicals sorb into the dielectric, 54

they alter its permittivity and thereby raise or lower the capacitance 55

of the sensor. The four polymers have functional groups of varied 56

polarity, acidity, and dielectric constant (∼2–10). 57

2. Experimental 58

2.1. Sensor structure 59

The sensor structures used in this study were fabricated using 60

the Multi-User MEMS Process (MUMPs) [13] from MEMSCAP, Inc. 61

(Durham, NC). Fig. 1 shows a top-view photograph and a side-view 62

cross-section diagram of one of these structures. In the present 63

work, two chips were used, each having multiple parallel-plate 64

capacitor structures spaced approximately 300–500 �m apart, on 65

a 2 mm × 5 mm chip [14]. The structures are made from polycrys- 66

talline silicon deposited on an insulating silicon nitride layer. Each 67

parallel-plate capacitor is square-shaped, approximately 285 �m 68

on a side, with a 0.75 �m vertical gap between the plates. The top 69

0039-9140/$ – see front matter © 2008 Published by Elsevier B.V.
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literature [14,20,21]. In comparison, MeS has a reported dielectric 96

constant of 9 at 20 ◦C and 9.41 at 30 ◦C [22]. 97

2.3. Sensor testing 98

Sensor chips were wire-bonded in low volume ceramic packages 99

with capacitance measurement circuits [14,23]. The capacitance 100

measurement circuit used in these tests had a range of 0.01–350 pF 101

with a resolution of 0.001 pF. The circuit uses a square wave to 102

charge each capacitor, which is then discharged to a reference 103

capacitor whose potential is measured. A microprocessor and other 104

related circuitry on a printed circuit board are used to control 105

the timing and applied voltages, and to measure the capacitances. 106

Three modifications were made to the previous circuit [23]; (1) 107

the range of measurements was increased to over 350 pF, (2) the 108

measurement circuit operated at 3.3 V, reduced from 5 V, and (3) 109

the applied voltage was centered to prevent charging across the 110

polymer. 111

Noise in the system ranged from 0.001 pF to 0.7 pF, and was 112

dependant on the capacitance being measured, the resolution of 113

the analog to digital converters, and the applied oscillator voltage 114

(0.012–3.2 V). The highest noise levels occurred at high mea- 115

sured capacitances that were typically encountered at high relative 116

humidity. 117

A computer controlled gas delivery system, consisting of mass- 118

flow controllers (MKS Instruments, Andover, MA), was used to 119

deliver and dilute the chemical vapors with compressed and dried 120

laboratory air. The sensors were tested under continuous air-flow. 121

The MeS vapors were generated by bubbling air through the liq- 122

uid in a fritted glass gas-washing bottle (ACE Glass, Inc., Vineland, 123

NJ) that was temperature-controlled in a chilled water bath. Humid 124
Fig. 1. Seacoast science parallel-plate chemicapacitor element: (a) top-view photo-
graph showing square capacitor and wirebond pad and (b) cross-sectional diagram
(not to scale).

plate is perforated forming a waffle pattern, with silicon beams
of 2.5 �m and holes of 5 �m. The drive circuit [14,15] applies a
square wave to the bottom plate, and the top plate is used to sense
the capacitance of the structure. The 16 larger squares are sup-
port posts, which together with the outer edge of the square (also
perforated) keep the top plate from flexing.
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2.2. Sensitive materials

The dielectric gap between the plates of each capacitor was
filled with a dilute polymer solution (<1 wt% in chloroform, toluene,
or acetone) injected through holes in the top plate using a
piezoelectric-driven ink-jet from MicroFab Technologies, Inc. [16].
The residual solvent was allowed to evaporate, leaving the neat
polymer in the capacitor.

The same two chips were used for all of the sensor testing. Each
chip contained four chemicapacitors, and each chemicapacitor was
coated with one of the four polymers listed in Table 1 [17,18]. All
data presented are averaged responses from the same polymer on
both chips, and all error bars represent ±1 S.D. of the responses for
multiple (typically 3–5) chemical exposures. The error bars provide
a measure of chip-to-chip repeatability and exposure-to-exposure
repeatability.

PEVA and PECH were purchased from Sigma–Aldrich Corp. (St.
Louis, MO), PIB from Polysciences, Inc. (Warrington, PA), and ADIOL
[19] was received from Dr. McGill at the U.S. Naval Research Labora-
tories. The values for the dielectric constants were measured on the
two chips at 20 ◦C in dry air, and match well with values found in the

air was mixed by adding a stream of air bubbled through deionized 125

water also in a temperature-controlled chilled water bath. Two sen- 126

sor chips were tested simultaneously in a silcosteel® passivated 127

(Restek, Corp., Bellefonte, PA) stainless steel chamber (approxi- 128

mately 10.8 cm × 2.4 cm × 0.6 cm, internal wetted volume). To keep 129

the exposed volumes low, only the sensor chips and ceramic pack- 130

ages were exposed to chemicals, while the remaining circuit board 131

was connected using a feed-through to outside of the test chamber. 132

The test chamber was temperature controlled to ±0.1 ◦C. 133

Vapor pressures were extrapolated from Antoine coefficients 134

in Lange’s Handbook of Chemistry [22] and compared to extrap- 135

olations from the NIST Webbook [24]. From these data the vapor 136

pressure of MeS was estimated to be 0.1 Torr at 25 ◦C and 0.35 Torr 137

at 40 ◦C. 138

3. Results and discussion 139

All four polymers responded to MeS vapor in a monotonic fash- 140

ion, over the range of temperatures and concentrations tested. Fig. 2 141

shows the raw response of a PECH- and a PIB-filled chemicapacitor 142

to three concentrations of MeS. PECH-filled chemicapacitors pro- 143

Table 1
Polymers tested and their nominal capacitance measured at 20 ◦C in dry air with microcapacitors

Polymer Functionality and properties Starting capacitance (pF) Dielectric constant

Polyisobutylene (PIB); MW = 1350 Low-polarity hydrocarbon; viscous liquid 2.4 2.4
Poly(ethylene-co-vinyl acetate)
(40% acetate content) (PEVA)

Low-polarity, solid, semi-crystalline [17] 4.2 4.0

Bis[(E)-1,1,1-trifluoro-2-
(trifluoromethyl)pent-4-en-2-
ol]siloxane
(ADIOL)

Polar; hydrogen-bond acidic; greasy liquid 5.4 5.3

Polyepichlorohydrin (PECH);
MW = 700,000

Moderate hydrogen bonding [18]; polar; solid 10.2 9.8

dx.doi.org/10.1016/j.talanta.2008.04.035
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Fig. 2. Sensor responses to MeS in 50% relative humidity at 25 C. MeS concentra-
tions (top), PECH chemicapacitor (middle), PIB chemicapacitor (bottom).

duced negative capacitance shifts when exposed to MeS, whereas
the other polymer-filled chemicapacitors produced positive capac-
itance changes upon MeS exposure. This discrepancy has been
discussed in the literature and is associated with the balance
between swelling effects versus the increase in number and density
of dipoles in the bulk polymer [10]. If swelling dominates and the
analyte has a lower dielectric constant than the polymer, as with
PECH, the MeS causes the bulk permittivity to decrease. Other work
on parallel-plate chemicapacitors showed that both PIB and PEVA
provided decreasing permittivity upon sorption of analytes with
low dielectric constants, including some aromatic compounds and
alkanes [10,14].

The capacitance and dielectric permittivity of all four polymers
increase when exposed to water vapor, but to varying degrees
(Table 2). PIB- and PEVA-filled chemicapacitors were the least sen-
sitive, followed by PECH and ADIOL, which was the most sensitive
to water vapor. Note that water vapor equilibrated faster than

Fig. 3. Isotherms for the PECH-filled chemicapacitors, (a) under 50% relative humidity an
are only meant to guide the eye. The dashed horizontal line in each figure represents the
are ±1 S.D. of the responses for multiple (typically 3–5) chemical exposures.
 PRESS
xx (2008) xxx–xxx 3

Table 2
Average capacitance change (�C) for a 0–20% relative humidity step at each
temperature

At 35 ◦C (pF) At 25 ◦C (pF) At 15 ◦C (pF)

PIB 0.002 0.002 0.002
PEVA 0.024 0.022 0.022
PECH 0.110 0.089 0.076
ADIOL 0.665 0.463 0.338

MeS in the test system. These devices have previously demon-
strated response times in the order of 200 ms to 1 s [23]. The
measured capacitance of the PECH, PIB and PEVA chemicapaci-
tors all decreased upon heating in both dry air and 50% relative
humidity. In contrast, the capacitance of the ADIOL-filled sensors
increased in both environments.

Fig. 3 contains graphs of the response of the PECH chemica-
pacitors at temperatures ranging from 15 ◦C to 50 ◦C. At lower
temperatures (<30 ◦C), sub-ppmV (parts-per-million by volume)
concentrations of MeS were detectable in both dry and 50% rel-
ative humidity. The dashed horizontal line denotes the “noise”
16/j.talanta.2008.04.035

increases drastically at higher temperatures consistent with the 173

proposed physisorption-based sensing mechanism [25]. In addi- 174

tion, the slope of the response curves becomes shallower, i.e. the 175

sensitivity decreases as temperature increases. This is primarily due 176

to the vapor–liquid equilibrium favoring the vapor phase at the 177

higher temperatures. 178

Similarly, PIB- and PEVA-filled chemicapacitors provide sensi- 179

tivity profiles (Figs. 4 and 5) that exhibit decreased sensitivity at 180

higher temperature; however, their lowest detectable concentra- 181

tions are better than PECH. ADIOL-filled chemicapacitors were most 182

sensitive to MeS at all temperatures (Fig. 6), although their response 183

speed was significantly slower at 15 ◦C. Due to the slow equilibra- 184

tion 15 ◦C ADIOL response data is presented in the inset graphs. 185

This extremely slow equilibration causes the measured response at 186

15 ◦C to be much smaller than at 20 ◦C, behavior that is not observed 187

on the other polymers at 15 ◦C. PECH and PEVA are solids at this 188

temperature and PEVA is semi-crystalline [17], although PECH is 189

well above its glass transition temperature (−22.5 ◦C). One possi- 190

ble explanation for this response speed is that ADIOL is approaching 191

its glass transition temperature (Tg), drastically slowing the diffu- 192

d (b) in dry air, for MeS concentrations between 300 ppbV and 100 ppmV. The lines
peak-to-peak noise. Each point represents the average response and the error bars

dx.doi.org/10.1016/j.talanta.2008.04.035
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Fig. 4. Isotherms for the PIB-filled chemicapacitors: (a) under 50% relative humidity and (b) in dry air, for MeS concentrations between 300 ppbV and 100 ppmV.

Fig. 5. Isotherms for the PEVA-filled chemicapacitors: (a) under 50% relative humidity and (b) in dry air, for MeS concentrations between 300 ppbV and 100 ppmV.

Fig. 6. Isotherms for the ADIOL-filled chemicapacitors: (a) under 50% relative humidity and (b) in dry air, for MeS concentrations between 300 ppbV and 100 ppmV. Inset
graphs show the 15 ◦C and 20 ◦C isotherms with the same y-axis scale.

dx.doi.org/10.1016/j.talanta.2008.04.035
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35 ◦C, one sees a very mild decrease in sensitivity at highest humid- 211

ity levels, although not nearly as pronounced as the influence of 212

water on the ADIOL response. 213

One explanation for the observed sensor behavior is that the 214

PECH/water bulk matrix has a higher overall polarity at high humid- 215

ity, leading to a less soluble matrix than when dry. That is, the 216

water-laden matrix rejects or lessens the amount of MeS absorbed. 217

Furthermore, for PECH the dominant mechanism is swelling, for 218

which the incremental change in dielectric constant is less when 219

preloaded with water vapor and a lower permittivity analyte is 220

added. In either case, the effect is not significant. For ADIOL, the 221

water vapor helps to sorb more MeS, likely because the hydrated 222

polymer chains have an apparent higher polarity increasing the 223

MeS/ADIOL interaction. At higher temperatures the humidity- 224

enhanced sensitivity diminishes for the ADIOL sensors, where less 225

water is sorbed. 226

Theoretical limits of detection (LOD) are estimated from the 227

lowest concentration exposures (Figs. 3–6) at dry and 50% rela- 228

tive humidity conditions. These values are conservatively estimated 229

using three times the peak-to-peak noise as the figure of merit. 230

Fig. 9 shows the dry and wet LODs estimated at various temper- 231

atures for the four polymer-filled chemicapacitors. For ADIOL, in 232
Fig. 7. Affect of humidity on response of all four polymer-filled chemicapacitors
to 1 ppmV MeS, exposures at 25 ◦C. Note: PIB and PEVA responses overlap on all
exposures.
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sion of MeS into the polymer. Another possibility is that at lower
temperatures, the ADIOL response is able to accumulate significant
amounts of MeS by very strong hydrogen-bonding interactions [26].
Whereas the other polymers equilibrated with MeS in 1 h at 15 ◦C,
ADIOL did not equilibrate even after 3 h except at the highest con-
centrations. Albeit faster, the ADIOL response was still slow at 20 ◦C
and 25 ◦C, therefore the equilibrated response after 1 h of exposure
is presented in all graphs.

To compare the sensors’ sensitivity to MeS under various con-
ditions, sensor responses to 1 ppmV MeS exposures at 15 ◦C, 25 ◦C,
and 35 ◦C were measured. 1 ppmV exposures at 25 ◦C show that
PECH, PIB and PEVA are unaffected by the background humid-
ity (Fig. 7). This is true for PIB and PEVA at 15 ◦C and 35 ◦C also.
In contrast ADIOL’s sensitivity to MeS improves at higher relative
humidity levels at 25 ◦C, but does not continue this trend at 35 ◦C
(Fig. 8a). As seen in Fig. 6 at 15 ◦C the ADIOL response is significantly
increased at higher humidity levels when compared to dry condi-
tions. Comparing the behavior of PECH (Fig. 8b) at 15 ◦C, 25 ◦C, and

humid conditions, the LOD was ∼300 ppbV at 25 ◦C and ∼1 ppmV 233

at 40 ◦C. This provides a basis for development of a system to be 234

used by chemical suit manufacturers for product testing or poten- 235

tially even warfighters for real-time use. The trade-off will be size 236

(few cm3) versus ppb-level sensitivity that has been achieved with 237

mass spectrometry [27]. 238

4. Summary and conclusions 239

The capacitive sensing method provides near or sub-ppmV level 240

limits of detection for MeS over the temperature range tested. Of the 241

four polymers tested, ADIOL was most sensitive to MeS; however, 242

the current formulation’s response speed decreases at lower tem- 243

peratures, which may limit its effectiveness. At elevated humidity, 244

the ADIOL coated sensors’ response to MeS improved, possibly due 245

to a cosolvency effect [28]. PECH provided some basis for selec- 246

tivity as its response to MeS was negative; however its response 247

diminishes at higher temperatures. Although their chemical struc- 248

ture is quite different, PIB and PEVA provided little discernable 249

difference in response. Since sensitivity of all of the polymers was 250

Fig. 8. Responses to 1 ppmV MeS exposures from (a) ADIOL chemicapacitors at 25 ◦C and 35 ◦C, and (b) PECH chemicapacitors at 15 ◦C, 25 ◦C and 35 ◦C. 15 ◦C data for ADIOL
are not presented in due to slow equilibration.

dx.doi.org/10.1016/j.talanta.2008.04.035
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Fig. 9. Calculated limits of detection (LOD) in ppmV at various temperatures in (a) 50% relative humidity and (b) dry air. The lines are only intended to guide the eye.

temperature-dependent, the sensors must be temperature con-251

trolled or the data processed using artificial intelligence algorithms252

to take into account temperature related changes.253
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