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M etal-polymer composite sensorsfor volatile organic compounds:
Part 1. Flow-through chemi-resistors.
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Abstract.

A new type of chemi-resistor based on a novel rdimer composite is described.
The composite contains nickel particles with shapo-scale surface features, which
are intimately coated by the polymer matrix so ttiety do not come into direct
physical contact. No conductive chains of fillertgdes are formed even at loadings
above the percolation threshold and the compossteintrinsically insulating.
However, when subjected to compression the conmgdmtomes conductive, with
sample resistance falling from10*Q to < 0.1Q. The composite can be formed into
insulating granules, which display similar propestito the bulk form. A bed of
granules compressed between permeable frits pwaderous structure with a start
resistance set by the degree of compressiute the granules are free to swell when
exposed tovolatile organic compounds/QCs). The granular bed presents a large
surface area for the adsorption\@Cs from the gas stream flowing through it. The
response of this system to a variety of vaporshieas studied for two different sizes
of the granular bed and for different matrix polyme_.arge responseAR/R, = 10/,
are observed when saturated vapors are passedyhhtba chemi-resistor. Rapid
response allows real time sensing of VOCs andrthiali state is recovered in a few
seconds by purging with an inert gas stream. Th@t@n in response as a function
of VOC concentration is determined.
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1. Introduction

Composites comprising electrically conductive mdes, carbon and metal powders,
dispersed in an insulating polymer matrix have be&edied for over fifty years [1,2].
At low filler content the composite is insulatingtlvan electrical conductivity close
to that of the polymer. The resistivity falls ralgidver a narrow concentration range
to give a slowly varying resistivity at higher &l concentration. Percolation theory is
commonly used to describe the behaviour in the oregof rapidly varying
conductivity [3]. This model fails at low concenrtoa since it predicts that the
composite would have no electrical conduction. &ffe medium theories have been
developed that provide a good description of tha@wion of the conductivity across

the full range of filler concentrations [4].

Absorption of organic vapors by composites loadédraabove the percolation
threshold leads to swelling of the host polymer andncrease in sample resistance.
There have been numerous reports of the use obrdlack composites as chemi-
resistors to sense volatile organic compounds (MJOE€se ref. 5 and references
therein. While in many instances the response idasiothere are examples of very
large changes in resistance on exposure to salwafrs. Increases in resistance by
factors of more than £®ave been reported. These chemi-resistors useusdilters,
e.g. expanded graphite [6], carbon aerogel [7haamnanotubes [8], carbon black [9]
mixtures of carbon black and nanotubes [10], sp@alymer matrices, e.g. hydroxyl-
terminated polybutadiene [11], or a combinationnaddified filler and matrix, e.qg.
vapor grown carbon fibres with surface grafted pwy [12,13]. While the absolute
response is large, response times tend to be gipwally of the order of minutes. A
large response can also be obtained by operatiagséimsor close to or in the
percolation regime [14,15]. However, since closdéh® percolation threshold small
changes in filler loading have a large effect omsse resistance it is difficult to obtain
precise and reproducible devices [16]. Practicanukresistors have generally been
fabricated using commercially available polymeraded with carbon black at levels
above the percolation transition [17]. The swellofgthe polymer matrix is greatest
when there is a match between the solubility patanad the polymer and that of the

vapor [18]. Hence, chemi-resistors with differerdlymer matrices will respond



differently to a given VOC and in consequence aayaof such sensors will have a
response characteristic of the particular VOC. Thas been used, together with
suitable data analysis, as an electronic nosdi¢atiolfaction) for the qualitative and
quantitative analysis of complex vapor mixtures,p0921]. Furthermore, their low
fabrication cost, simple device architecture and pmwer consumption give chemi-
resistors a greater suitability and intrinsic sbdiy for hand-held commercial
olfactory applications, when compared to competietection technologies such as
acoustic wave sensors, metal-oxide/semiconductusoss, photoionisation or mass

spectroscopy.

The chemi-resistors described here are based ewadype of composite, which does
not conform to the conventional view outlined abovéow filler content determines
the electrical properties of the composite. Itabricated by Peratech Ltd., under the
generic trade mark QTC™, so that the metal fillartigles, which are covered with
sharp projections, remain undamaged and are irglgnabated by the host polymer
[22,23]. Because the particles are separated byhthet polymer the as-made
composite has a very high resistance, and is efédgtinsulating at filler to polymer
loading ratios of up to 10:1 by weight, which isoab the expected percolation
threshold. However, the resistance of the compomsiteextremely sensitive to
deformation. Bending, twisting, stretching and coesgion all result in a reduction in
sample resistance [24]. In compression, sampleteggie can fall by an extremely
large factor> 10" has been observed. This unusual behaviour hasdit#uted to
large electric fields produced by charge conceomatat the tips of the sharp
projections on the filler particles, which resultscharge transport by electric field
assisted tunnelling rather than by contact betwparticles [25]. The unique
sensitivity of the Peratech composites to deforomasuggest that a similar large
response should result from swelling by VOC vapworsa suitably configured
composite, which could act as a chemi-resistor. aAsecondary advantage, the
Peratech composite can also be manufactured iaraulgr form, offering new porous
sensor designs with larger active surface areaslinknary data showing large
changes in resistance of compressed granular cotf@pms exposure to saturated

organic vapors have been reported [24]. The opéitims of the construction and the



properties of porous sensors utilising a granutamfof the composites, capable of
large fast responses to VOCs, are described inl detaw.

2. Experimental

The composite granules comprising nickel powderglifferent polymer matrices
were prepared at Peratech Ltd by patented processesh involve the careful

mixing of nickel powders and liquid pre-polymers2[23]. Nickel powders were
obtained from Inco Ltd. Previous work has illustchthe unique spiky morphology of
this nickel powder, which is retained and intimgatebated after mixing with the
polymer binder [24]. The powders used in this wasdre type 123 (manufacturer’s
quoted particle size distribution measured by Fishib-sieve sizer from 3.5 to 4.5
um) and type 287 (quoted particle size in the rahgeto 3.3um). However, electron

microscope observations revealed a somewhat laigerange extending from below
1 um to above 10um. The powders were used as supplied and incogzbriat

granular powders at metal to polymer loadings oimfr88 to 94 wt%. Silicone,

urethane and butadiene based pre-polymers were U$ebe included silicones
(Alphasil 2000 (Alphas Industries Ltd.), Silcoséi31(Ambersil Ltd.), Silastic T4

(Dow Corning)),urethanes (F42 (Techsil Ltd.), Ucecoat DW5661 ab@.B (Cytec

Industries Inc.)) and butadiene (Krasol LBH2000u&&/Sartomer Europe). 18 wt%
Silastic T4 was blended with 82 wt% RTV6166 (GHcSihes) to give a softer matrix,
referred to herein as Lowmod. Granules were alepged using a polyvinyl alcohol
adhesive. The mixture was prepared, blended and ntbeomer polymerised
following the manufacturer’s instructions, to predugranules of controlled size
distribution. The composition of most samples ugsedhese studies was 10:1 by
weight (1000 phr) metal to polymer, variations frahis are noted in the figure

captions.

Two flow-through assemblies containing differentcamts of granules were used.
The larger system, Figure 1(a), consisted of ageersylinder, fitted with two hollow
aluminium pistons, Figure 1(b), with the ends cedewith a rigid coarse nickel gauze

mesh and an outer fine nickel mesh, Figure 1(ce pkermeable end-caps act as



filters, allowing gas and vapor to flow through theanules placed between the
pistons, and prevent the granules from being fldshé of the sensor unit. The lower
piston was fixed and the position of the upperaguistvas controlled by a screw
mechanism. Electrical leads were connected to e donducting pistons. 3 g of
granules were placed in the sample space and cesgareintil the resistance was in
the range from ~2 to 5@. Resistance data was taken using a Keithley 2000
multimeter. Remote data logging at a rate of 1 irgagher second was achieved
through a GPIB interface on a PC using LabViewvgaie, which also controlled gas

streams and flow rates as described below.

This larger volume sensor cell was used with theftgav apparatus shown in Figure
2. Test vapors were supplied to the sensor unitguBitered (10um in-line filter)
nitrogen, at a pressure of ~2 bar from a liquidogén boil-off source, as a carrier
gas. Two lines of carrier gas were fed through tegulating control valves. One line
was then split into two paths with remote contrbtre flow rate with Cole-Parmer
model U-32708-20 mass flow controllers (MFCs) watlilow capacity range of O to
50 ml/min. The MFCs were connected to the PC vib2abit digital to analogue
converter and flow rates were logged via a 12 b#l@egue to digital converter. The
gas from one MFC was passed through glass bubatetdiquid traps to provide a
liquid-free flow saturated with test vapor. The bldrs were immersed in a variable
temperature bath filled with Baysilone M3 silicoflaid and fitted with a Grant
LTC20-40RS low temperature circulator capable afigeratures in the range -55 to
+100 °C. The gas from the second MFC was usedlutedine saturated gas flow.
Concentration of the test vapor was controlled bByywmg bubbler temperature and

mixing ratio of the two gas streams.

The diluted gas stream was connected to one inpahdOmnifit 11500 four-way
electric solenoid rotary valve. High flow rate pergas, provided by the second
nitrogen gas line, was connected to the secondt.inpurge flow rates below
50ml/min were monitored using a Cole-Parmer U-32ZR7mass flow meter. High
pressure purging gave flow rates >50ml/min. Theaiemg two ports were connected

to an exhaust and to the sensor cell enablingehsos to be either exposed to solvent



vapor, or purged with nitrogen. Switching of thiglwe was controlled by the
LabVIEW programme.

The equipment described above was modified to astmsate smaller sensor cells
and to provide a more stable environment for thes@es. This was necessary as the
resistance of compressed granules was affectechéyges in ambient temperature
and in gas pressure when the gas flow was switcHeel.sensor cells had a similar
construction to the large cell, but were much semaliccepting 10 to 50 mg of
granules. The nickel frits were replaced by staslsteel frits that did not require
additional support. Ten of the smaller cells weraunted in parallel inside an LMS
Series 1 Model 305 cooled incubator that providedmaperature stable to + 0.2 °C.
The temperature of the test and purge gas flows vegualised with that of the
sensors by passing them through ~10 m of PTFE gulmmmersed in an oil bath
placed in the incubator. Nagano Keiki Seisakushd7Z§as pressure sensors were
inserted in the sensor and purge lines, and thieguma output from the sensor meter
was connected to the PC via the 12 bit analogudidgital converter. The purge gas
flow rates were monitored with a mass flow metethvain upper limit of 2100 ml/min
and adjusted by a flow restrictor. The temperatfréhe source bath and incubator
were measured with platinum resistance thermomatetghe temperatures of the ten
sensors monitored with thermistors. The resistantdise ten sensors were measured
using two Keithley 2701 multimeters, each fittedhwR0-channel 7710 cards and
interfaced to a PC via a 10/100 ethernet cardsd00 Mbit/s. As each resistance
measurement required 20 ms to execute, and with §ensors connected to each
multimeter, ten measurements per second were p@dsibeach of the ten sensors.
Automatic collection of temperature, flow and rémice data was realised with a

modified LabVIEW programme.

3. Results and discussion

3.1 Large volume chemi-resistors



Using the large volume sensor cell, granules pegpavith silicone (Dow Corning
Silastic T4), polyurethane (Techsil F42), PVA amalyputadiene were exposed to
ethanol, hexane, tetrahydrofuran (THF) and wat@oxsa After compression of the
granules to achieve a starting resistance, the osit@owas allowed to relax until a
stable resistance value was reached, typicallyrégjgired 15 min. The granules were
then exposed to nitrogen saturated with vapor@hrtemperature, ~20 °C, flowing at
50 ml/min. After exposure the sensor was purgedgusitrogen at an inlet pressure of
2 bar, which gave a flow rate greater than the 8thim upper limit of the flow meter.
Subsequent use of a flow meter with a larger randieated that the flow rate would
have been ~100 ml/min under these conditions. Teguences of exposure and purge
were used, (a) 1 min exposure followed by a purgé& t 5 min duration, and (b)
exposure long enough to reach a limiting valueesfssr resistance with purge long

enough to return the sensor close to its origiesistance.

The limiting responses of silicone granules expasetiexane and of polyurethane
granules exposed to THF are shown in Figures 3(@J)la) respectively. In both cases
the final resistance is the upper limit set by itieasurement range of the multimeter.
This limit was reached in ~100 s for the silicomel 2300 s for the polyurethane, see
inserts in the figures. Figure 3(c) shows the msgtaller and slower response of
silicone granules to saturated ethanol vapor. T fluring exposure was 50ml/min

and >50ml/min during purging giving recovery nodbé faster than the initial

response. After purging the sensor, subsequent éspgsures are similar to those

shown in Figure 3.

The response of polyurethane granules to repedwed exposures to 105,200 ppm
THF vapor with exposure and purge flow rates ofn@dfmin is shown in Figure 4.

The sensor was purged for 5 min between each espdduader these conditions the
initial response was faster than the recovery. Thisvident in the figure and in the
insert showing a single cycle on an expanded tialescThe response is reduced
tending towards a limiting value over thirty expomsi This is attributed to the
relaxation of the random bed of compressed granumle®sponse to the repeated
swelling and contraction until it reaches an eguilim configuration. As shown in

the insert, the sensor reacts to the vapor witiewaseconds of the onset of exposure



and has a faster response at the onset of the poifgeved by a slower recovery.
Similar asymmetric response to exposure and pgrgeserved for all the test vapors.
In contrast for short exposures of silicone graspuwigh the same exposure and purge
flow rates the purge is more rapid with the resistafalling to close to the initial
value in less than 10 s, consistent with the redalt extended exposure (Figure 3(a)).
The reduction in response of silicone granules epeated exposure occurs in less

than ten exposures and is more pronounced thahdgrolyurethane granules.

A summary of the observed responses in terms dfalegonal change in resistance is
given in Table 1. Where a range of values is qutdedhort exposure times the larger
value is for the first exposure and the smalldoisthe stable response after repeated
exposures, c.f. Figure 4. Large limiting responasesobserved for silicone granules
exposed to hexane and polyurethane granules exposéHF and ethanol. Those
observed for the PVA granules were smaller and reasurable response was
obtained for the polybutadiene granules for anyovapphe response of the silicone
granules to water vapor was very low. That for pbé/urethane granules was larger,
and a limiting value was only reached after 40 exposure, but still much smaller
than the response to the organic vapors. Long expas the PVA granules to water
vapor resulted in degradation of the composite anaisy and irreversible response.
Although a large response was observed for PVA wesnexposed to THF the

response was extremely slow, requiring 70 min &ehea limiting value of resistance.

An experiment was conducted utilising a picoammeteassess the dynamic range of
a silicone granule sensor exposed to hexane. Tlasured fractional change in the
resistanceAR/Ry) is shown in Figure 7. In this instance the initesistance was set
at the higher value of 528. The measurement limit of the picoammeter (eqeval

to 10" Q) was reached after ~90 s. The initial valué\BiR, of 5 x 10% was set by
instrumental noise as was the upper value, which I?, Figure 5. This data is
indicative of a dynamic range of ~£0This is physically reasonable given that a
change in resistance greater tharfi*t&s been observed for bulk composite under

compression [25].

3.1.1 Sensitivity to organic vapors



The responses of the granules as a function ofrveqacentration were determined
for polyurethane granules exposed to THF and fbcosie granules exposed to
hexane. Data for the former, comprising the averagponse for series of thirty 1min
exposures and the limiting response for long simyosures, are shown in Figure
6(a). The average response of the silicone grantdetexane showed greater
variation, Figure 6(b). However, the dependencessponse on vapor concentration
is similar for both matrices. The increase in resgo with increasing vapor
concentration is more marked for the long exposiata shown in Figure 6(a). This is
indicative of different underlying mechanisms at/land at high vapor concentration.
At low concentrations, filling of the nano-porestire polymer matrix will result in a
change in dielectric constant [26,27,28]. This \aitfect the field induced emission
from the sharp features on the surfaces of ther fparticles, but there will be little
swelling [29]. At high vapor concentrations, swadjiwill be the predominant factor
affecting sensor resistance. This hypothesis isigoenvestigated through more
detailed studies of the response of stand-alonsosgnwhich will be reported in a

further publication.

The differential response of chemi-resistors witiffedent polymer matrices to
different vapors is employed in sensor arrays tieiintiate chemical components in
mixtures [30,31,32]. The differential response aeft the difference in solubility
parameters between the solvents and the polyme8s Whilst the solubility
parameters of solvents and linear polymers are hknotliose of cross-linked
elastomers are less well defined [34]. Valueslieriildebrand parameter for silicone
polymers lie in the range 14 to 19 MPavith experimental and theoretical values for
poly(dimethyl siloxane) of 14.9 and 15.6 MPeespectively [35,36]. Values of the
parameter for polyurethanes are cited in the ra2@e¢o 21 MP&>? The heat of
mixing of polymer and solvent is proportional te tharameterd — d-)%, whered,
and o, are the solubility parameters for the solvent aotymer respectively. This
guantity characterises the solubility of the polynmethe solvent, i.e. it must be small
if the polymer and vapor are to be miscible overide range of volume fractions of
the components [33]d{ — J,)* and the relative responsés}/R,, for long exposures

of silicone and polyurethane granule sensors tamexTHF, ethanol and water are



listed in Table 2. Based on available détavas taken to be 15 MPdor the silicone
granules and 20.4 MPafor the polyurethane granules. Table 2 indicates t
difference in response of the two matrices and thate is a better correlation

between sensor response and the paramigtes§)” for the silicone matrix.

3.2 Small volume chemi-resistors

A greater variety of matrix polymers were studiathg the small volume sensor cell.
Fast, large responses were observed for a varigiglpmer matrices and vapors, e.g.
Figures 7-11. Both response and recovery are répedspeed and reproducibility of
responses are discussed below. In general, therset®vers to a different resistance
from that initially set by the compression of thramules. After the first exposure, this
can be either less or greater than the initialeand can either increase or decrease
gradually upon repeated exposures, c.f. Figuresd718. The response is reduced as
the vapor concentration is reduced, Figure 8, Walg the same trend seen with the
large volume cell, Figure 6(a). Both the Silastid &ilcoset matrix granules give a
larger response in the small volume cell than vess swith the Silastic matrix in the
large volume cell. For the Silcoset matfR/R, is > 10 at 104,350 ppm and ~1.5 at
525 ppm for the small volume cell, compared withuea for the Silastic matrix of
107 and 5x 10° at similar concentrations for the large volumesser(Figure 6(b)).
Similarly, the response of the Silastic matrix #7000 ppm hexane is > 1(Figure

7). Data for different polymer matrices and vapame summarised in Table 3.

Other factors that were found to affect sensorarese were the filler loading, the
mass of granules used and the initial resistancéyseompression. The results for
sensors containing Silcoset granules with a Niilogof 88 wt% and granule masses
of 10, 20 and 30 mg are shown in Figure 9. Theamrsp increases as the mass is
increased to 30 mg, the maximum quantity that coeldbaded into the small volume
cell. As the Ni loading of the granules is increhfigere is a trend towards a reduced
response. However, this is a qualitative resulabee of variability in the number of

granules in the cell at the low masses employed.
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A series of simultaneous measurements were madetent sensors prepared, with
Silcoset 88 wt% Ni granules, to be as similar assgzde and set to initial resistances
of 5.2 (x1.0), 9.9 (£1.2) and 97 (+8). The responses of three of the ten sensors to
repeated exposures to saturated hexane vapor &br @athese initial resistance
settings are shown in Figure 10. Reorganisatioth@fgranules occurs as a result of
the repeated swelling and contraction, with a cqueset change in baseline
resistance. After ten exposures and purges theureshsesistances were 4.3 (+0.8),
8.6 (x1.5) and 50.6 (x15p. The greatest change, with a widest variationatues,
was for the least compressed sensors, which woale more free space and more
freedom for reorganisation. Whilst in this instative overall baseline resistances fell,
in general both increases and reductions in resistavere seen after the initial
exposure. The rapid scanning of the ten sensorsregja short measurement time
and limited the maximum measureable resistanceM@®1This can be seen in Figure
11, which shows the overlaid responses for thefiastvapor exposures for three of
the sensors with initial resistances ~10D The overlaid data shows good
reproducibility and rise times to the upper limitresistance measurement are in the
range 4 to 12 s. As the ten sensors are subjdbietsame drop in gas pressure the
likely cause of these differences in response tilmése variation in the small mass of
granules in each sensor and the degree of compmnesghich result in differences in
the resistance to flow through them and henceaw flates. Similar rapid responses
were observed for initial resistances close to 8 40 Q. There is an initial slow
increase in resistance followed by an exponent@aith, shown by the straight lines
added to Figure 11. Similar responses of elastmadrdn black composites on
exposure to saturated vapors have been reporte®B[3This was interpreted in terms
of the swelling of the polymer matrix [38]; howeyéhis implies a uniform swelling
of the composite. While this may be possible fa $imall granules employed in this
work it seems unlikely for the bulk composite usedef. [38].

4. Conclusions

The compressed composite granules offer a largacguarea and porous medium for

the gas flowing through the chemi-resistors. Théases of the granules, in particular

the contacts between granules, will have the higt@scentration of absorbed VOCs
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and will be the most affected by them. At low vapmncentrations the sensor
response is slowly varying as the concentratiomdseased. We have attributed this
behaviour to changes in dielectric constant conseiqto pore filling by the VOC,
which affects the electric field-induced tunnelliitygm the sharp surface features on
the filler particles. This possibility is being iestigated further and will be revisited in
the following publication. At high vapor concentoat the sensor response varies
more rapidly with concentration. Comparison withet studies indicates that in this
region the response is primarily due to polymer Imge This results in a large
increase in sensor resistance as the separatitwe @fler particles increases. There is
no evidence of increased resistance to gas flomthsoswelling does not have a
significant effect on the porosity of the granutbThus, there is ample free space in
the chemi-resistor to allow unconstrained swellidihough the overall gas flow rate
is modest, that through the channels in the grabebk will be much larger. One
consequence of this is the rapid recovery obseovegurging even after exposure to
high concentrations of analyte.

As expected, the response of the chemi-resistofarggest when there is a match
between the solubility parameters of the analyte te matrix polymer. The very
large increase in resistance caused by matchingtasandicates that the degree of
swelling is also large. The granular beds are ramiggacked so there will be a
complex stress distribution within the bed. In diddi it is likely that there will be
residual internal stress within the granules. Thpid swelling and contraction
produced by saturated vapors will affect the areamgnt of the granules and the stress
distribution within the bed and the granules. Tvamsequences of these relaxation
processes are observed. The first is a changeeinnttial resistance, which can be
either an increase or decrease, and the seconddduation in response. Similar
effects have been observed in other chemi-resi§t®<44,39]. The granular chemi-
resistor responses change most rapidly for theférg exposures to the analyte vapor,

and tend towards a stable response after abouepeated exposures.
When exposed to saturated vapors the large voluramieresistors were relatively

slow to reach a limiting resistance, but measurabkponsesAR/Ry, > 1) were

obtained in less than 30 s. The small volume chesistors had much faster

12



responses, with values AR/R, > 10 being reached in a few seconds, and with a
close to exponential increase in resistance. Teahp@sponses of the order of
seconds have previously been reported for carbackhdolymer chemi-resistors by
utilising short analyte pulses with flow rates lretrange 500 to 1500 cm/sec [40]. An
exponential growth in response was also observedoted above, the localised flow
rate of the gas stream through the channels igtttweule bed will be larger than the
overall flow rate. This is probably a contributdigctor to the fast response of the

small volume chemi-resistors.

Research has continued into stand-alone sensoosporating composite granules,
which do not require the application of an exterfate to obtain a low starting
resistance, and will be reported in Part 2.

In summary, we present data for a new and highepaihg chemi-resistive vapor
detection sensor. The unique and highly sensitiggeral from which the sensors are
fabricated offer greatly improved sensitivity toalyies compared to conventional
chemi-resistor technologies. Furthermore, their opsr structure gives rise to
improvements in response and recovery times. Té&ssors are simple in design, are
air-stable, have negligible response to humidity éilicone binders), have low power
consumption, and are highly scalable for manufectdt is envisaged that such
technology will enable a new range of low-cost,talole qualitative and quantitative

chemical vapor detectors to be realised.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

(a) Large volume flow-through sensor délj,component parts of the
cell and (c) permeable piston.

Experimental apparatus used with the laohegme cell, showing gas
flow paths and electrical connections.

Response of granules in the large celld@p6ilcoset 153 matrix/Ni
123 exposed to hexane vapor, (b) Techsil F42 nmiBlir23 exposed
to THF vapor and (c) Silcoset 153 matrix/Ni 287 esgd to ethanol
vapor. 50ml/min flow of vapors saturated at roomperature. Inserts
in (a) and (b) show the increase in resistancexpnsire on an
expanded time scale.

Response of granules in the large Telthsil F42 matrix/Ni 123 for
repeated short exposures to 25 mi/min flow of THpor saturated at
10 C (105,200 ppm). Insert shows a single exposar@n expanded
time scale.

Relative response of granules in thgelaell recorded with a Keithley
Picoammeter for Silastic T4 matrix/Ni 123 expose&®mIl/min flow
of hexane vapor saturated at room temperature.

Variation in response of granules inlénge cell as a function of
vapor concentration for (a) Techsil F42 matrix/I2BIfor THF vapor
with both extended exposum)(and the average of 30 short exposures
(A) and (b) Silastic T4 matrix/Ni 123 for hexane vamveraged over
30 short exposures.

Response of granules in the small céling of Silastic T4 matrix/Ni
123 for repeated 1 min exposures to 127,000 pprarfeexapor.

Response of granules in the small cBlingy Techsil F42 matrix/Ni
123 for THF vapor at 134,000 ppm (solid line), @) Gpm (dash line)
and 26,250 ppm (dotted line).

Response to saturated acetone vagitookset granules with a Ni
123 loading of 88 wt% in the small cell with senstasses of 10 mg
(solid line), 20 mg (dashed line), and 30 mg (dbtiee).
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Figure 10.

Figure 11.

Response of sample small cell sensons fine Silcoset 88 wt% Ni
123 ten sensor arrays for exposure to hexane \saporated at 20 °C,
(a) initial resistances ~8, sensors 2, 5, and 10; (b) initial resistances
~10Q, sensors 1, 6, and 10; (c) initial resistance ~208ensors 1, 6,
and 9.

Temporal responses of sample smalkeelors from the Silcoset 88

wt% Ni 123 ten sensor array with initial resistasied00Q2, sensors 1
(O), 6 (A) and 2 ©), on exposure to saturated hexane vapor. Data from

successive exposures is overlaid.
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Tables
Table 1

Measured fractional changes in resistand®/R;) of large volume sensors for
different vapor-matrix polymer combinations.

Matrix polymer
Vapor | Exposure Silicone Polyurethane PVA Polybutadieng
Silastic T4 Techsil F42 Krasol
LBH2000
30s [1.1x10° - 4.4x10° 0.167 3x1072
Ethanoll 60s 3.6x10%-0.25 0.811 9.7x10? No respons§
Limiting 6.3 1.2x10° > 4.810°
30s 4.5-15 280 1.2x10°
Hexangd 60s 27 — 700 > 4.5¢10° 3.2x1072 No response
Limiting > 7.5¢10° >> 4.5¢10* 1.6
30s 0.19-4.7 0.12-1.7 6.2x10° - 1.8
THF 60 s 0.73-72 1.3-6.4 3.95 NO response
Limiting 6.3x10° >1x10’ > 3.3x10"
30s 0-1.510° 0 0
Water 60 s 5x10° — 9.8x103 |8.7x10° — 5.5¢10%| 1x10% —3.8<10? | No response
Limiting 3.1x102 2.15 -

16



Table2

Correlation of relative response with solubilityrgaeter difference for Silastic T4
matrix/Ni 123 granules, and Techsil F42 matrix/Ni 123 granul®, in the large

cell.

Silastic T4/Ni 123

Vapor Hexane THF Ethangl  Water
(81 - 85)° (MPA) 0.04 11.6 123 1076
AR/R, 1x 10 6300 6.3 0.03

Techsil F42/Ni 123

Vapor THF Ethanol Hexang¢  Water
(81 - 85)° (MPA) 4 325 314 751
AR/R, 1x10 | 1.2x 10 | 45000 2.2
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Table 3
Maximum values of the fractional changes in resstalAR/Ry) and times to reach
the maximum response for small volume sensors @viterent vapor-matrix polymer
combinations.

Vapor | Matrix Experimental conditions
polymer | Vapor concentratiof QTC granule massResponse tim AR/Ry
(Ppm) (mg) (s)
DW5661 45,000 24 ~ 60 > 10°
018.B 45,000 28 ~ 60 55
Ethanol| Techsil 31,000 20 ~ 60 > 5x10°
Silcoset 57,000 10 ~ 30 7
Lowmod 57,000 20 ~ 30 0.6
DW5661 127,000 10 ~120 100
018.B 127,000 20 ~30 50
Hexang Techsil 127,000 20 ~ 10 > 10
Silcoset 160,000 15 <10 > 3x10°
Lowmod 127,000 20 ~ 10 > 2.5¢10°
DW5661 135,000 18 ~10 ~10°
THF 018.B 135,000 15 <10 > 10
Techsil 135,000 15 <10 > 10
Silcoset 135,000 15 ~10 > 10
Lowmod 135,000 20 <10 > 10
DW5661 194,000 26 <10 > 10°
018.B 194,000 20 <10 > 10
Acetong Techsil 194,000 15 ~20 >10°
Silcoset 194,000 25 ~ 40 ~2x 10"
Silastic 194,000 25 <20 > 1@
Lowmod 194,000 20 ~40 ~ 4% 10
DW5661 17,130 25 ~480 0.05
018.B 17,130 15 ~120 ~0.8
Water | Techsil 17,130 15 ~600 ~1
Silcoset 17,130 18 - NoO responss
Lowmod 17,130 10 - No responsd
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8

(D) 2oue)sIsay

10 12 14 16 18 20

8

6

Time (min)

26



Fig. 9
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Fig. 11

(0) @ouelsIsay

Time (sec)

29



References

1 R.H. Norman, Conductive Rubber, Maclaren, Lond®@5%7.

2 V.E. Gul', Structure and Properties of Conducttadymer Composites, VSP,
Utrecht, 1996.

3 F. Carmona, Conducting filled polymers, Physica5X (1989) 461-469.

4 D.S. McLachlanAnalytical functions for the dc and ac conductivafyconductor-
insulator composites, J. Electrocerdn? (2000) 93-110.

5 H. Lei, W.G. Pitt, L.K. McGrath, C.K. Ho, Modelyncarbon black/polymer
composite sensors, Sens. Actuators B - Chem. & |2396-407.

6 L. Li, Y. Luo, Z. Li, The preparation and vapopea-induced response of a
conductive nanocomposite based on poly(methyl ecaglid)/expended graphite
by in situ polymerization, Smart. Mater. Struct.(2607) 1570-1574.

7 B. Zhang, X. Dong, W. Song, D. Wu, R. Fu, B. Zhslo Zhang, Electrical response
and adsorption performance of novel composites fpoiystyrene filled with
carbon aerogel in organic vapors, Sens. Actuater€Bem. 132 (2008) 60-66.

8 B. Zhang, X. Dong, R. Fu, B. Zhao, M. Zhang, Bkasibility of the composites
fabricated from polystyrene filling multi-walled ieon nanotubes for mixed
vaporvapors, Comp. Sci. Technol. 68 (2008) 13572136

9 J. Lee, J. Choi, J. Hong, D. Jung, S.E. ShimdDotive silicone/acetylene black
composite films as chemical vaporvapor sensorsthiSyietals 160 (2010) 1030-
1035.

10 B. Zhang, R. Fu, M. Zhang, X. Dong, B. ZhaoWang, C.U. Pitman Jnr, Studies
of the vaporvapor-induced sensitivity of hybrid qmments fabricated by filling
polystyrene with carbon black and carbon nanofib@mnposites: Part A 37
(2006) 1884-1889.

11 Y. Luo, Y. Li, Z. Li, Investigation of the vapapor sensing behaviour and
mechanism of a reactive hydroxyl-terminated polgbiigne liquid rubber/carbon
black conductive film, Smart. Mater. Struct. 15@8p1979-1985.

12 L. Niu, Y. Luo, Z. Li, A highly selective chenal gas sensor based on
functionalization of multi-walled carbon nanotulveish poly(ethylene glycol),
Sens. Actuators B - Chem. 126 (2007) 361-367.

30



13 G. Wei, H. Saitoh, F. Fujiki, T. Yamauchi, Nsubokawa, Grafting of branched
polymers onto the surface of vapor grown carboerfénd their electrical
properties, Polym. Bule0 (2008) 219-228.

14 M.C. Lonergan, E.J. Severin, B.J. Doleman, 8daber, R.H. Grubbs, N.S.
Lewis, Array-based vapor sensing using chemicahsgive, carbon black-
polymer resistors, Chem. Mater. 8 (1996) 2298-2312.

15 J.E. Matrtin, R.A. Anderson, J. Odinek, D. Adalf Williamson, Controlling
percolation in field structured particle composit®bservations of giant
thermoresistance, piezoiresistance and chemiraesest&hys. Rev. B 67 (2003)
094207.

16 M.B. Heaney, Measurement and interpretatiomoofuniversal critical exponents
in disordered conductor-insulator composites, PRgs. B 52 (1995) 12477-
12480.

17 B.C. Sisk, N.S. Lewis, Estimation of chemiaadl ghysical characteristics of
analyte vaporvapors through analysis of the repdata of arrays of polymer-
carbon black composite vaporvapor detectors, Sataators B- Chem 96 (2003)
268-282.

18 M. Belmaraes, M. Blanco, W.A. Goddard 1ll, REBoss, G. Caldwell, S-H. Chou,
J. Pham, P.M. Olofson, C. Thomas, Hildebrand anaskEa solubility parameters
from molecular dynamics with applications to elentc nose polymer sensors, J.
Comput. Chem. 25 (2004) 1814-1826.

19 B.C. Sisk, N.S. Lewis, Comparison of analytivethods and calibration methods
for correction of detector response drift in arrafysarbon black-polymer
composite vapor sensors, Sens. Actuators B — Ch@4n(2005) 249-268.

20 J.W. Gardner, J.A. Covington, S-L. Tan, T.Caree, Towards an artificial
olfactory mucosa for improve odour classificati®ngc. Roy. Soc. A 46@007)
1713-1728.

21 F.K. Che Harun, J.E. Taylor, J.A. CovingtohyJGardner, An electronic nose
employing dual-channel odour separation columnk laitge chemosensor arrays
for advanced odour discrimination, Sens. ActuaB¥f<hem. 141 (2009) 134-140.

22 Peratech Ltd, UK Patent, PCT/GB98/00206 (WC33823).

23 Peratech Ltd, World Patent, WO 99/38173.

31



24 D. Bloor, K. Donnelly, P.J. Hands, P. Laughln,Lussey, A metal-polymer
composite with unusual properties, J. Phys. D: APpls. 38 (2005) 2851-2860.

25 D. Bloor, A. Graham, E.J. Williams, P. Laughlih Lussey, Metal-polymer
composite with nanostructured filler particles amaplified physical properties,
Appl. Phys. Lett. 88 (2006) 102103.

26 J-P. Korb, C. Chachaty, Diffusion and nucledaxation of solvent in a
crosslinked polymer, Bull. Magn. Res. (1989) 230-237.

27 G.H. Cross, Y.T. Ren, M.J. Swann, Refractoroeliscrimination of void-space
filling and swelling during vaporvapor sorptionpolymer films, Analyst 125
(2000) 2173-2175.

28 Q-Q. Liu, L. Wang, A-N. Xiao, H-J. Yu, Q-A. TaA hyper-cross-linked
polystyrene with nano-pore structure, Eur. PolyourJ44 (2008) 2516-2522.

29 N. Krasteva, Y. Fogel, R.E. Bauer, K. Mullen,Jéseph, N. Matsuzawa, A.
Yasuda, T. Vossmeyer, Vapor sorption and eledtressponse of Au-
nanoparticle/dendrimer composites, Adv. Funct. Kdté (2007) 881-888.

30 B.J. Doleman, M.C. Lonergan, E.J. Severin, V&d, N.S. Lewis, Quantitative
study of the resolving power of arrays of CB-polyroemposites in various
vaporvapor-sensing tasks, Anal. Chem.(I7/@08) 4177-4190.

31 M.P. Eastman, R.C. Hughes, W.G. Yelton, A.dc®jS.V. Patel, M.W. Jenkins,
Application of the solubility parameter concepthe design of chemiresistor
arrays, J. Electrochem. Soc. 146 (1999) 3907-3913.

32 S.V. Patel, M.W. Jenkins, R.C. Hughes, W.G1dfelA.J. Ricco, Differentiation
of chemical components in a binary solvent vapoovapixture using
carbon/polymer composite-based chemiresistors,. Atadm 72 (2000) 1532-
1542.

33 B.A. Miller-Chou, J.L. Koenig, A review of patyer dissolution, Prog. Polym.
Sci. 28 (2003) 1223-1270.

34 A.F.M. Barton, CRC Handbook of Solubility Paeters and Other Cohesion
Parameters," Ed., CRC Press, Bocca Raton, 1991.

35 M. Roth, Solubility parameter of poly(dimetlsfloxane) as a function of
temperature and chain length, J. Polym. Sci: PBd@ym. Phys28 (1990) 2715-
2719.

32



36 L.A. Utracki, R. Simha, Statistical themodynasipredictions of the solubility
parameter, Polym. Inb3 (2004) 279-286.

37 A. Carrillo, I.R. Martin-Dominguez, A. Marquézicero, Modeling and
experimental testing of the effect of solvent apion on the electrical properties
of styrene butadiene rubber/carbon black chemaradars, Sens. Actuators B -
Chem. 113 (2006) 477-486.

38 M. Knite, K. Ozols, G. Sakale, V. Teteris, Rebprene and high structure carbon
nanoparticle composite for sensing organic solvapbrvapors, Sens. Actuators B
- Chem. 126 (2007) 209-213.

39 T Gao, E.S. Tillman, N.S. Lewis, Detection ataksification of volatile organic
amines and carboxylic acids using arrays of catidack-dendrimer composite
vapor detectors, Chem. Mater. 17 (2005) 2904-2911.

40 S-L. Tan, J.A. Covington, J.W. Gardner, Velpaptimised diffusion for ultra-
fast polymer based resistive gas sensors, IEESmcMeas. Technol. 153 (2006)
94-100.

33



