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14 Abstract 

15 Multiple regioregular polythiophene polymers with a variety of side chains, end groups and secondary polymer chains were used as active sensing 
16 layers in a single chip chernresistor sensor array device. A custom inkjet system was used to selectively deposit the polymers onto the array of 
17 transduction electrodes. The sensor demonstrated sensitivity and selectivity for detection and discrimination of volatile organic compounds (VOCs). 
15 The conductivity responses _to VOC vapors are dependent on the chemical structure of the polymers. For ~ VOCs, conductivity increased in 
19 some polymers, while it decreased in others. Principal component analysis (PCA) of sensor responses was used to discriminate between the tested 
20 VOCs. These results are correlated to the chemical structures of the different polymers, and qualitative hypothesis of chemical sensing mechanisms 
21 are proposed. This research demonstrates the potential for using such devices in VOC detection and discrimination sensing applications. 
22 © 2006 Published by Elsevier B.V. 

23 Keywqrds: Chemresistor; Gas sensing; Inkjet printing; Polythiophene; Volatile organic compounds 

24 

25 1. Introduction 

26 The development of a low cost, low power and portable device 
27 for detection and identification of volatile organic compounds 

· 28 (VOCs) is needed for applications such as homeland security and 
29 monitoring of agriculture, medical, and manufacturing environ­
so ments [ 1-9). One of the most difficult challenges is to find sens-
31 ing materials that have good sensitivity and robust selectivity to 
32 the substances to be detected. While there has been some success 
33 in sensor development for greenhouse gases (CO2, CH4, N20, 
34 NO and CO), the technology for the detection of VOCs remains 
35 challenging due to the similarities in cherrucal composition and 
36 structure between the small VOC molecules. For one example, 
37 semiconducting metal oxide sensors, which are based on chem-
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ical oxidizing and reducing reactions between the oxygen ion 38 

and analytes at elevated temperatures (300-500 °C) [ l , 10), are 39 

limited because VOCs generally have similar reducing reaction 40 

energies. For another example, carbon black composite materi- 41 

als operate based on swelling of the polymers by the absorbed 42 

analytes, which increases the space between carbon particles, 43 

leading to a decrease in conductivity upon exposure to VOCs « 

[7,11]. This percolation-based sensing mechanism has been a 45 

limiting factor for these materials because it is restricted to a sin- 46 

gle sensing modality that has similar responses to many VOCs. 47 

Conductive conjugated polymers are a relatively new class of 48 

VOC sensing materials that show considerable promise to over- 49 

come these limitations. First, their chemical composition is sim- 50 

ilar to VOCs, which may induce physical interactions between 51 

sensing materials and analytes, leading to new sensing mecha- 52 

nisms [2] . Second, their chemical structures are readily modified, 53 

which enables custom material designs with specific selectivity 54 

to target analytes. And third, unlike the semiconducting metal ss 
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Fig. l. Schematic diagram of regioregular polythiophene based polymers. 

oxide sensors, the sensing operation occurs at room temperature, 
which lowers the power consumption requirements. 

For example, regioregular polythiophenes (rr-PTs) polymers 
have an air-stable conducting property that makes them suitable 
as chemresistive sensing materials. Their solubility in a variety 
of organic solvents also enables them to be inkjet printed for 
device fabrication [12,13]. Fig. I shows the general chemical 
structure of the regioregular polythiophenes. The backbone of 
the polymer is formed by thiophene rings. A chemical side-chain 
group can be attached on each thiophene ring along the poly­
mer and an end-group or a secondary copolymer chain can be 
added to each end of the polythiophene. This variety of possible 
structures enables a potentially broad library of candidate mate-

Table I 
Chemical structures and properties of thiophene based polymers 

Polymer 

Poly(3-hexylthiophene) (P3HT) 

Poly(3-dodecylthiophene) (POOT) 

Chemical structure 

CsH1a 

H Br 
s 

f fi]12H2s 
Hr-s,,-Br 

rials for VOC sensing. Combinatorial analysis of sensor arrays 
incorporating these multi-materials has the potential to provide 
robust and selective detection of VOCs via the 'electronic nose' 
concept [7]. 

In the work reported here, nine regioregular polythiophene­
based polymers with different side chains, end-groups and 
copolymers were characterized for their conductance responses 
to 10 different VOCs. The materials, device construction, and 
testing procedure are described, and then correlation between 
conductivity responses, analytes properties and polymer chem­
ical structures are discussed. Lastly, possible sensing mecha­
nisms involving different physical interactions between analytes 
and polymer molecules are proposed. 

2. Experimental 

2.1. Materials 

The rr-PTs polymers used in this study were synthesized 
using methods previously described [14-18]. The chemical 

Composition• Molecular weightb 

l00mol% P3HT 11600 1.2 

100 mo1% POOT 47352 l.2 

o,,,...._0 ..../'o.,,,. 
Poly(3-methoxyethoxy-ethoxymethyl)thiophene • 

(PMEEM) 

Bromoester terminated poly(3-hexylthiophene) 
(P3HT-bromoester) 

Benzyl terminated Poly(3-hexylthiophene) 
(P3HT-benzyl) 

Poly(3-hexylthiophene)-b-polystyrene) 
(P3HT-b-PS) 

Poly(3-hexylthiophene)-b-poly(methylacrylate) 
(P3HT-b-PMA) 

Poly(hexylthiophene)-b-poly(butylacrylate) 
(P3HT-PBA) 

Poly(3-dodecylthiophene-ran-3-methylthiophene) 
(POOT-r-PMT) 

~ 
n 
CsH1a 

r rl1 - '" J. -Br 
srf(5~o- 1 

CH3 

CH 

I 
n 

C5H)ru . 0 

Brf'<:.s~O~m ~, 
:::,... 

• Mole percentage of PHT composition was determined by 1 H NMR spectroscopy. 

100 mo!% PMEEM 

100 mo!% P3HT 

100 mo!% P3HT 

65mol%P3HT 

80mol% P3HT 

82mo1% P3HT 

50mol % POOT 

b Number average molecular weight and polydispersity were determined.by GPC with polystyrene as standard. 

NIA NIA 

11200 1.2 

13670 1.2 

16500 1.3 

14620 l.2 

16000 1.2 

11950 1.2 
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as structures and properti_es of these polymers are shown in 
a1 Table I. Poly(3-hexylthiophene) (P3HT) was used as a refer­
ee ence polymer since it and its properties have been d_iscussed 
a9 in the literature [19-21]. P3HT, poly(3-dodecylthiophene) 
90 (PDDT) and poly(3-methoxyethoxyethoxymethyl)thiophene 
91 (PMEEM) are polythiophene polymers with different side 
92 chains. P3HT, benzyl terminated P3HT (P3HT-benzyl), 
93 and bromoester terminated P3HT (P3HT-bromoester) 
94 are polythiophene polymers with different end groups. 
95 Poly(3-hexylthiophene)-b-polystyrene (P3HT-b-PS), poly(3-
96 hexylthiophene)-b-poly(butylacrylate) (P3HT-b-PBA), and 
91 poly(3-hexylthiophene )-b-poly(methy ]acrylate) (P3HT-b-
9a PMA) are polythiophene-based block copolymers with different 
99 secondary polymer chains. And, poly(3-dodecylthiophene-

100 ran-methylthiophene) (PDDT-r-PMT) is a random copolymer 
101 with a different secondary polymer chain randomly inserted 
102 into the primary polythiophene chain. To form inks for inkjet 
103 deposition, the polymers were dissolved in trichlorobenzene at 
104 5 mg/ml concentration and then filtered with a 0.4 µm PTFE 
105 syringe filter. 

106 2.2. Sensor array 

101 2.2.1. Sensor design 
10a The sensor array consists of 24 sensor elements in a 4 x 6 
109 matrix, as shown in Fig. 2(a). Each sensor element uses two 
110 concentric spiral electrodes (Fig. 2(b)) to measure polymer con-
111 ductance. One electrode is connected to a common power bus 
112 and the other is dedic_ated to the particular element. The gap 
113 between the electrodes forms the active sensing area. The spiral 
114 electrode geometry maximizes the sensing area per overall sen-
115 sor size. The diameter of the spiral electrodes is 200 µm; the gap 
116 is 3 µm; the width of the electrode metal is 4 µm; the total length 
111 of the electrodes is around 4 mm. Hence, each sensor element 
11a is approximately 200 µm in diameter and the overall test chip is 
119 3 mm x 3 mm in size. 

120 2.2.2. Sensor fabrication 
121 Sensors were prepared on conductive n + silicon substrates 
122 with a thermaily grown 700 nm insulating Si02 surface. The 
123 fabrication process requires two masks. A 5 nm layer of Ti 
124 covered by a 50nm layer of Au was sputter deposited and 
125 patterned as the electrodes using the first mask. The Ti layer 
125 was used to improve the adhesion of Au to the silicon dioxide 
121 layer. The Au layer was used as the contact layer to inter-
12a face to the polythiophene polymers. The work function of 
129 Au matches the ionization potential of polythiophenes; there-
130 fore, it tends to form an ohmic contact between electrodes and 
131 polymers [22]. The second mask was used to deposit an addi-
132 tional l µm of Au onto the bonding pad area to make it more 
133 robust. 
134 There are several requirements for polymer deposition. First, 
135 multiple polymer solutions must be selectively deposited onto a 
135 single sensor chip to provide combinatorial sensing responses. 
131 Second, due to the small size of each sensor element, the 
13a deposition process must be able to control picoliter solution 
139 volumes. Third, the targeting accuracy for depositing the poly-

Fig. 2. Optical micrograph of sensor arrays. (a) Completed, wire bonded, 
test chip showing 24 electrode patterns with ink-jetted polymers on 20 of 
these. The sensors in the first column were used for reference. The rest of the 

· electrodes have one type polymer jetted on each column. From left to right, the 
polymers are poly(3-hexylthiophene)-b-polystyrene), poly(hexylthiophene)­
b-poly(butylacrylate), poly(3-methoxyethoxyethoxymethyl)thiophene, 
poly(3-dodecylthiophene-ran-3-methylthiophene), poly(3-hexylthiophene)­
b-poly(methylacrylate). (b) Enlarge view of the gold spiral electrodes with 
no polymer. (c) Spiral electrodes with jetted poly(3-hexylthiophene) polymer 
formed from IO drops of 5 ing/mL polymer concentration dissolved in 
trichlorobenzene. · 

mer onto each element must be within a few microns. Inkjet 140 

deposition satisfies these requirements. It is a versatile, cost- 141 

effective, and programmable approach that has been used for a 142 

range of other organic electronic manufacturing applications, 143 

including organic thin-film transistors, organic light-emitting 144 

diodes, and other sensors [23,24]. A custom inkjet deposition 145 

system was designed and constructed in order to have com- 146 

plete control over the jetting parameters, deposition sequence, 141 

anp targeting accuracy. With the aid of computer vision- 14a 

based calibration, a targeting accuracy of ±4 µm or less was 149 

achieved. The inkjet system can deposit 50 pL droplets using 150 

an OEM drop-on-demand printhead with a 30 µm diameter 151 

nozzle (Microfab, Inc. , Plano, TX). The details of our inkjet 152 

system and the deposition process are described in detail in 153 

[25] . For example, Fig. 2(a) shows a fabricated sensor inte- 154 

grating multiple deposited polymers on the electrode site array. 155 

Fig. 2(b) and (c) show a sensor element before and after poly- 156 

mer deposition, respectively. Sensor data in the results section 151 

are given for devices printed with IO sequential drops on 15a 

each element. After polymer jetting, the sensors were vacuum 159 

annealed at 100 °C for 12 h to drive off any remaining sol- 150 

vent. 

Please cite this article in press as: B. Li et al., Inkjet printed chemical sensor array based on polythiophene conductive polymers, Sens. Actuators 
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Fig. 3. Block diagram of computer controlled chemical vapor testing system. 
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Fig. 3 shows a schematic of the computer-controlled testing 
system. A nitrogen gas supply is split into two gas branches. 
One is the carrier gas stream. The other branch flows through an 
analyte bubbler and generates saturated analyte vapor, which is 
later mixed with the carrier nitrogen stream to achieve the desired 
analyte concentration. Two mass flow controllers are used to 
control the gas flow of these branches. The carrier gas stream is 
set at 1 L/min, and the analyte vapor flow can be adjusted from 0 
to 10 mL/min for different analyte concentrations. The analyte 
vapor is directed to either the sensor test chamber or an exhaust 
by a three-way solenoid valve. The time delay for analyte vapor 
arriving at the test vessel is around 20 s for the lowest analyte 
vapor flow. All the solenoid valves and mass flow controllers 
are controlled by a Keithley 7706 DAQ card installed inside the 
Keithley 2700 digital multimeter. 

Fabricated sensors were mounted in 40-pin DIP packages and 
then plugged into a custom printed circuit board (PCB) mounted 
inside of an aluminum test chamber with a volume of less than 
5 in. 3. The PCB contains signal amplification and multiplexing 
electronics. An Agilent E3647A dual output DC power supply 
supplies the proper DC voltages to the PCB electronics and sen­
sor electrodes. The amplified sensor signals are acquired by the 
Keithley 2700 multimeter. The entire system is controlled over 
an IEEE 488 control bus using a custom Labview program. 

In this study, six polar VOC vapors (methanol, ethanol, iso-
181 propanol, acetone, methylene chloride, and acetonitrile) and four 

non-polar vapors (hexane, cyclohexane, toluene and benzene) 
were tested. The analytes were introduced into the continuous 
carrier gas flow to the sensor test chamber with a schedule of 
IO min on and IO min off. Care was taken to ensure that the total 

188 

189 

190 

191 

192 gas flow rate during testing was a constant. Sequential pulses of 
193 five or six concentrations were tested for each VOC vapor by 
194 ramping up from a low analyte concentration to a high analyte 
195 concentration. The concentration of each vapor at a fixed flow 
196 rate depends on its vapor pressure. The concentration of each 
191 analyte at each flow rate was accurately measured using a gas 
195 chromatography system (Model 8610, SRI Instruments, Inc.). 
199 During each test run, the currents flowing through six individ-
200 ual chemresistor sensors were recorded simultaneously at 5 s 

sampling intervals. 

3. Results 201 

3.1. Polymer characterization 202 

Film morphology has an important role in determining the 203 

material's sensing properties [26). This is especially true when 204 

comparing the crystalline structures to those of a totally amor- 205 

phous structure. These variations, such as lattice parameters, 205 

porosity, nanostructure geometry, and grain boundary geome- 201 

try, alter the electrical conduction mechanisms and thus alter 208 

the sensitivity, selectivity, and response time for a given ana- 209 

lyte. 210 

Prior to using ink jetting to deposit polymers, we used atomic 211 

force microscopy (AFM) to investigate the morphology of poly- 212 

mers drop cast from a slowly evaporating solvent onto an 213 

oxidized silicon substrate. Our polymers generally showed poly- 214 

crystalline morphologies. As examples of the observed possible 215 

nanostructures, Fig. 4 shows four polymer AFM tapping mode 216 

images illustrating nanofibriles and nano-size grains . Other 211 

reports [ 12,27] indicate that, due to the interchain stacking of 210 

the polythiophene molecules, dense crystalline nanofibrile struc- 219 

tures form from the P3HT homopolymer, and that the electronic 220 

properties are correlated to the molecular weight and microstruc- 221 

ture. It is reasonable to believe that rr-PTs with different side 222 

chains and end groups have different lattice spacing down the 223 

length of the nanofibriles, as well as, a varied polycrystalline 224 

structure. It is highly likely that the differences in microstruc- 225 

ture between these polymers could lead to different VOC sensing 226 

behaviors. 221 

Surfaces of deposited inkjetted drops are rougher. It is well 228 

known from other inkjet studies that during the fast drying 229 

process there is considerable fluid motion [28,29]. In some 230 

cases this is so severe that a coffee ring appearance results. 231 

Perhaps these dynamics cause th~ drop roughness and the 232 

appearance of an amorphous structure. Hence, the AFM images 233 

are less well defined and observation of any distinctive crys- 234 

talline microstructure is difficult. However, it is conjectured that 235 

molecular ordering may exist at least over shorter distances. The 235 

relationship between jetting parameters, polymer morphology, 231 

and sensing response is currently being investigated and will 230 

be discussed in the future. For the remainder of this work all 239 

polymers discussed were prepared by ink jetting. 

Please cite this article in press as: B. Li et al., Inkjet printed chemical sensor array based on polythiophene conductive polymers, Sens. Actuators 
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Fig. 4. Tapping mode AFM phase images illustrate the various nanostructures of polymer films made by slow evaporation of the solvent. (a) Poly(3-hexylthiophene). 
(b) Poly(3-hexylthiophene)-b-polystyrene. (c) Poly(hexylthiophene)-b-poly(butylacrylate). (d) Poly(3-dodecylthiophene-ran-3-methylthiophene). 

3.2. Sensor array response 

Fig. 5 shows the normalized conductance responses over time 
of different polymers to acetone, methylene chloride, toluene 
and cyclohexane. Normalization is used to analyze polymer sen­
sor data so that sensors with different base resistances can be 
compared. The baseline of the sensors also showed drift over 
long periods of time due to temperature variations. A custom 
Labview program was used to do the normalization and base­
line calibration during the measurement. The normalization is 
based on Eq. (1) in which sensor response is given by 

Gsens - Go 
Gresponse = Go (1) 

where Gsens is the sensor conductance during vapor exposure, 
and Go is the initial conductance. A spline fitting is performed on 
the baseline data and subtracted to obtain the response curves in 
Fig. 5. Response sensitivities measured in conductance change 
per ppm of all tested polymers to JO voe vapors are shown in 
Table 2. 

There are several interesting observations from Fig. 5: (I) 
almost all of the polymers demonstrated a fast chemical response 
time, with typical rise-times less than 30 s (0-90% of final 
value); (2) the sensors recovered completely to their baseline 

after the voe exposure was removed; (3) with the exception of 
exposure of P3HT-benzyl to toluene, the sensor responses were 
nearly linear with analyte concentration; (4) different polymers 
showed different sensitivity amplitudes; (5) the conductance 
responses of different polymers can have different signs. For 
acetone, which is a polar analyte and not a solvent for rr-PTs, 
both positive and negative responses were found for the different 
tested polymers; PMEEM gave the strongest positive response 
and PDDT-r-PMT gave the strongest negative response. For 
methylene chloride, which is a polar analyte and strong sol­
vent for rr-PTs, all tested polymers showed positive responses, 
with P3HT being the strongest. For toluene, which is a non-polar 
analyte and solvent for rr-PTs, results again showed both pos­
itive and negative responses. However, the response pattern is 
very different from acetone. For toluene, P3HT-benzyl showed 
the largest positive response. PDDT and PDDT-r-PMT showed 
the largest negative responses. For cyclohexane, which is a non­
polar analyte and not a solvent for rr-PTs, all tested polymers 
showed negative responses, except PMEEM which gave a very 
small positive response. Here, PDDT showed the strongest neg­
ative response. 

The complete set of responses of tested polymers, which is 
shown in Table 2, further illustrates the variety of responses, 
with different polymers clearly showing a different response 

Please cite this article in press as: B. Li et al., Inkjet printed chemical sensor array based on polythiophene conductive polymers, Sens. Actuators 
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. Fig. 5. Sensor responses for various polymers and various VOC vapors. The left column of figures is time response curves while the right column of figures shows 
the response to concentration. The analytes corresponding to the figures are (a-b) acetone, (c-<l) methylene chloride, (e-f) toluene, and (g-h) cyclohexane. 

205 pattern. The conductance response amplitude per ppm is on the 
206 order of 10-6 to 10-5 , which is relatively small compared to 
201 semiconducting metal oxides [l]; however, it is consistent with 
200 other reported sensing results for conductive polymers [3 ,20] . 

209 3.3. Principal component analysis 

290 Principal component analysis (PeA) was used to reduce the 
291 highly dimensional sensor data into a few uncorrelated dimen-
292 sions. PeA requires that the exposing analyte concentration for 
293 each polymer tested be the same. While our exposure concentra-
29• tions varied due to the experimental conditions, we can see.from 
295 Fig. 5, with the possible exception of P3HT-benzyl exposure to 
296 toluene, the responses were highly linear with analyte concen-

tration. Hence, we used a linear fit of this data to extrapolate 291 

response values of 9 polymers for IO voes at analyte concen- 290 

tration of 200, 400, 600, 800, and 1000 ppm. These response 299 

values were then employed in the PeA analysis using XLStat 300 

7.5 (Addinsoft Inc.). The first two principal components Fl and 301 

F2 are used as classification vectors. Fig. 6 shows the PeA score 302 

plot of IO analytes. 303 

It can be seen from Fig. 6 that the sensor array response dis- 304 

criminates quite well between some of the voes. As anticipated, 3o5 

the score magnitudes linearly increase with analyte concentra- 306 

tion. The deviation of the score plots freffl erigiHliH:,xat the origin 301 

is most likely due to the experimental inaccuracy at very low con- 300 

centrations. However, for low concentrations the scores for the 309 

polar voes tend to be clustered in the I st quadrant, which makes 310 
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them harder to be identified. The scores for the non-polar vapors 
are all on the negative half of the Fl ~ It is of interest that the 
non-polar benzene and toluene, which contain the double bond 
in the benzene ring, have a positive F2 score while the non-polar 
non-double bonded ring vapors, hexane and cyclohexane, show 
a negative F2 score. This leads to a clear discrimination of these 
analytes. 

4. Discussion 

The response of this family of rr-PT-based polymers is selec­
tive for the range of the VOCs tested. It is inferred that the 
film microstructure and the molecular structure of these poly­
·mers resulting from different side and end groups have a strong 
influence on their sensing properties. In general, the sensing 
behaviors of polymers are related to molecular interactions such 
as bonding, chemical reactions, dipole interaction and the van 
der Waals force between the analytes and polymer molecules. 
For polycrystalline films the behaviors are also related to the 
microstructure of the material. These interactions possibly mod­
ify the charge transportation inside the polymer molecules, or 
inside the grains, or at the grain boundaries of the_ nanostruc­
tures. At room temperature, phonon-assisted polaron hopping 
has been proposed to be the conduction mechanism for both 
inter- and intx:a-grain charge transportation inside conductive 
polymers [30]. At the material microstructure level, parame­
ters like film morphology, density and height of grain boundary 
barrier [31 ], and density and distribution of delocalized hop­
ping states may determine the current density. At the polymer 
molecule level, parameters like polymer backbone planarity, side 
chain length, conjugation length, and reorganization energies 
[32] may eetefffliHe the ettffeHl eeHsit}11 The interactions between 
analytes and polymers most likely modulate one or more of these 
parameters, thus modulating the current density through the thin 
film polymers. This implies the possibility of multiple sensing 
mechanisms acting at the same time. Upon exposure of a specific 
polymer to a particular analyte, one mechanism possibly dom­
inates the others, resulting in either a conductivity increase or 
decrease. As the microstructure is changed, by choice of polymer 
chemical construction or even by film processing conditions, the 
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349 potential dominant sensing mechanism may change. In the fol-
350 lowing we propose some specific sensing mechanisms for the 
351 rr-PT polymers resulting from their different molecular struc-
352 tures. 

353 4.1. Side chain effects 

354 The response patterns of P3HT, PDDT and PMEEM poly-
355 mers, which have different side chains, are s,hown in Fig. 7(a). 
356 P3HT and PDDT both have an alkyl side chain, and corre-
351 spondingly they show similar response patterns. Both polymers 
358 produce a positive response to polar analytes and a negative 
359 · response to non-polar analytes. One possible explanation is that 
360 the dipole-dipole electrostatic force between polar analytes with 
351 certain dipole moments and polymer dipolar alkyl side chains 
362 can push the polymer molecules closer together, thus reducing 
363 the hopping distances and energy. This would result in a conduc-
364 tance increase. In contrast, non-polar analytes such as toluene 

and benzene, which are actually solvents for these polymers, 365 

dissolve into the polymer and separate the polymer molecules 366 

and film microstructures. Hence, the carrier hopping distance 367 

and barrier energy increase and conductivity decreases. This 368 

' swelling' effect is also observed in other types of polymer sen- 369 

sors such as carbon black composites [ I I] . Also, PDDT showed 310 

a much stronger response to non-polar analytes than did P3HT. 311 

This is probably because a longer side chain could result in a 312 

more open structure, and hence, more room for analyte absorp- 373 

tion. 374 

PMEEM, which has a side chain containing oxygen atoms, 375 

showed a positive response to all voes. Due to the oxygen atoms 376 

in PMEEM, the side chain of PMEEM has a much higher dipole m 

moment than the alkyl side chains in P3HT and PDDT. There- 310 

fore, stronger electrostatic interactions occurred when PMEEM 319 

polymer was exposed to all tested analytes. It is plausible this 360 

is why PMEEM generally shows a positive response to the 361 

voes. 382 

4.2. End group effects 383 

The respons·e patterns of P3HT, P3HT-benzyl, and P3HT- 384 

bromoester polymers, which have different end groups, are 385 

shown in Fig. 7(b). While the P3HT-bromoester and P3HT 386 

showed a small response to toluene and benzene, P3HT-benzyl 387 

showed a large positive response te teltteHe !IH6 beH:teHe. 388 

Toluene and benzene are non-polar molecules with a very small 389 

or zero dipole moment. This means the previously described 390 

dipole interaction does not apply. Since the benzyl end group 391 

has a benzene ring, it is plausible that the induced van der Waals 392 

force is the main interaction between analytes and end groups 393 

withA'imilar structure to the analytes. This interaction is attrac- 394 

tive; thus, it brings the polymer molecules closer together and 395 

reduces the charge hopping distance. Therefore, the conductivity 396 

in P3HT-benzyl increases upon exposure to toluene and benzene. 391 

For the other two non-polar analytes, hexane and cyclohexane, 398 

the polymer showed no response. 399 

4.3. Copolymers 400 

The sensing properties of copolymers depend on the structure 401 

of the secondary polymer chain as well as the primary chain. For 402 

example, PHT-b-PS shows a strong positive response to toluene 403 

and benzene, which are solvents for polystyrene and also have 404 

a similar chemical structure to the side chain of polystyrene. 405 

Again, it is likely that the induced van der Waals force tends 406 

to bring the similar chemical structures closer together, which 401 

reduces the charge carrier hopping distance and energy, causing 400 

an increase in conductivity. 409 

The PDDT-r-PMT polymer, in which the secondary chain 410 

was inserted inside the primary polymer in random segment 411 

lengths, showed a negative response for most voes. This sug- 412 

gests that the interaction of the analyte molecules and alternating 413 

side groups might twist the copolymer molecules and reduce the 414 

polymer chain conjugation length. Thus, the electronic coupling 415 

between adjacent monomer units is interfered with and the cur- 416 

rent density alongATiolecule chain decreases [33]. 
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411 5. Conclusion 

418 Sensors based on arrays of rr-PT chemresistors were demon-
419 strated to be viable options for detection and discrimination 
420 of voes. The family of rr-PT-based conductive polymers and 
421 copolymers with various side chains and end groups were syn-
422 thesized and tested. Their responses showed a variety of distinct 
423 new patterns that might significantly enhance sensor discrimi-
424 nation capability between voes. Possible sensing mechanisms 
425 and interactions between the voe vapors and the variety of rr-
426 PT chemistries that might account for the observed electrical 
421 property changes were described. This work provides the foun-
428 dation for further research and development to design chemical . 
429 structures to optimally respond to a given analyte. Also, while 
430 we anticipate the sensor response to be both humidity and tem-
431 perature dependent this analysis represents a significant effort. 
432 We have just begun this and hope to present these results in a 
433 later publication. 
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