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Templated Crosslinked Imidazolyl Acrylate for Electronic 
Detection of Nitroaromatic Explosives
 A low-voltage operable, highly sensitive, and selectively responsive polymer 
for the detection of nitroaromatic explosives is investigated. Resistive devices 
are fabricated by simple spin-coating on fl exible and transparent substrates 
in addition to silicon substrates and are stable under ambient temperature 
and oxygen levels before exposure to the nitroaromatics. After exposure to 
2,4,6-trinitrotoluene (TNT), the devices show increased conductance, even 
with picogram (pg) quantities of TNT, accompanied by a confi rming color 
change from colorless to deep red. The relative conductance increase per 
unit exposure is the highest yet reported for TNT. Aromatic anion salts, 
on the other hand, do not induce any electronic responses.  1 H NMR and 
microscopic analyses show chemical interactions and morphological changes 
correlated with the electronic responses, some of which are specifi c to TNT in 
relation to other nitroaromatics. The binding constant for the imidazole rings 
and TNT is on the order of tens of  M   − 1 . The materials are promising for rapid 
indication of exposure to nitroaromatic compounds. 
  1. Introduction 

 Sensors for trace detection of explosives have been investigated 
for environmental remediation and military and homeland 
defense applications because of terrorist threats. [  1  ,  2  ]  Among 
various nitroaromatic explosives, 2,4,6,-trinitrotoluene (TNT) is 
the most commonly used. [  3  ,  4  ]  In addition, TNT is a poisonous 
compound that can cause skin irritation and abnormal liver 
function. [  5  ,  6  ]  

 Several techniques for detecting TNT have been reported, 
including mass spectrometry coupled with gas chromatography 
(GC-MS), ion mobility spectrometry (IMS), [  7  ]  microcantilevers, [  8  ]  
Raman spectroscopy, [  5  ,  9  ,  10  ]  X-ray imaging, surface acoustic wave 
devices, [  11  ]  and polymer fl uorescence changes. [  12  ]  Some of these 
techniques are very expensive and have limited selectivity, sen-
sitivity, and portability, or require exacting nanofabrication. [  13  ]  
There are also numerous examples of electrochemical sensing 
of TNT. [  14  ,  15  ]  These demonstrations generally involve highly 
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nanostructured electrodes, rare biomate-
rials, and/or fl uidic electrochemical cells. 

 Templating, also known in more spe-
cifi c cases as molecular imprinting, has 
become a widely used method for the 
preparation of polymeric materials that 
have the ability to bind a specifi c chemical 
species in pores left behind when the tem-
plate is removed. Three of the above elec-
trochemical examples claim an advantage 
from templating. [  15  ]  In some cases, there 
have been claims of enhanced geometric 
specifi city to the binding. [  2  ,  3  ,  5  ,  9  ,  16  ,  17  ]  Tem-
plated polymers are robust, inexpensive, 
easy to prepare, and have specifi city suit-
able for use in various sensor applica-
tions. [  17  ,  18  ]  In this work, a commercially 
derived, lightly crosslinked templated 
polymer with imidazolyl side chains was 
found to interact with explosive nitroaro-
matic compounds such as TNT and 
1,3,5-trinitrobenzene (TNB), as well as 2,4- or 2,6-dinitrotoluene 
(DNT), in a way that leads to increased electrical conductance. 
While the templating may help ensure that crosslinks could 
conformationally accommodate guest binding, shape specifi city 
could be limited because of the softness and solubility of the 
polymer. Regardless of the binding mechanism, responses as 
a function of time were different for different nitroaromatics, 
and were easily distinguishable from responses to negatively 
charged non-nitroaromatic compounds and small molecule sol-
vents, including the aromatic solvent toluene. The active elec-
tronic fi lms were fabricated by simple spin coating, and current 
changes obtained in simple two-terminal tests were hundreds 
of microamps applying 1–3 V, the highest conductance change 
yet reported per unit of nitroaromatic exposure. The interac-
tion of the imidazole rings with TNT was characterized by  1 H 
NMR [  19  ]  to have a binding constant on the order of tens of M  − 1  in 
methanol solution. The activity is promising for the detection of 
nitroaromatic compounds when transferred from nonaqueous 
or nonpolar platforms, as opposed to electrolyte solutions, and 
where an electronic signal is particularly desired.   

 2. Results and Discussion 

  2.1. Materials and Testing Procedures 

   Scheme 1   shows the synthesis, structure, and function of 
the polymer. The polymer synthesis was carried out using 
91wileyonlinelibrary.com
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     Scheme  1 .     The reaction scheme and operational principle of the template polymer material.  
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two different reversible addition fragmentation chain transfer 
(RAFT) reagents, fi rstly as reported in a published patent [  20  ]  
application (trimethylolpropane tris[3-dithiobenzoyloxypro-
pionate] (TMPTDBP)) and secondly using 2-cyanoprop-2-
yl-dithiobenzoate (CPDB) as the RAFT reagent in order to 
verify the generality of the response towards TNT. Monomers 
undergo copolymerization in the presence of a cross-linker 
(polyethyleneglycol dimethacrylate (PEGDMA)) and TNT 
template. Subsequently, the TNT template and low molecular 
weight compounds are extracted by dialysis. Higher molecular 
weight, partially networked polymer remains, with free volume 
and functional groups compatible with nitroaromatics. The 
polymer was characterized by  1 H NMR (see Experimental Sec-
tion). The  M  w  for the CPDB polymer was about 3  ×  10 5  g/mol, 
and the TMPTDBP M w  was about an order of magnitude lower. 
The differential scanning calorimetry (DSC) thermograms for 
the polymers did not show any clear peaks indicative of phase 
transitions from room temperature to 300  ° C (Supporting 
Information Figure S1). UV-vis absorption spectra of the 
polymer (TMPTDBP) were recorded both in solution and in the 
fi lm (Supporting Information Figure S2). The UV-vis absorp-
tion maxima of the polymer is 227 nm in solution and at even 
higher energy in fi lm form, essentially transparent in the near 
UV-vis range. After exposure to some amount of TNT com-
pound, the UV-vis absorption spectra of both polymer solution 
and fi lm showed newly formed shoulder peaks at 508 nm and 
460 nm, respectively.  

 Polymer fi lms were spin-coated on substrates including 
stainless steel, Kapton polyimide, and polyethylene terephtha-
late (PET), in addition to oxide-coated silicon (Si) substrates, 
and tested with 0.1 to 3 V applied between vapor-deposited 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
interdigitated gold electrodes of total length 
2.1 cm, spaced 0.25 mm apart. Polymer fi lms 
were stable at least on the month time scale 
(Supporting Information Figure S3). Data 
were taken with the TMPTDBP polymer, 
except for comparative data obtained on the 
CPDB polymer as noted. 

 The probe station for current–voltage 
( I – V ) measurement was arranged in a rela-
tive humidity (RH)-adjustable and temper-
ature-monitored chamber. The baseline 
current level was RH dependent as shown 
in  Figure    1  , but stable at any given RH and 
recoverable on restoration of a prior RH. 
Sensitivity was greatest at the lowest RH, 
where the baseline current was lowest. We 
also found that the hardness and morphology 
of the polymer fi lm are RH-dependent.  

 When polar solvents were applied, cur-
rents increased: methanol (MeOH)  >>  ethanol 
(EtOH)  >  acetonitrile  =  water  >>  acetone  =  iso-
propyl alcohol (IPA)  >>  ethyl acetate  >  toluene  =  
hexane (Figure  1 f). Again, original currents 
were recovered after solvent evaporation, 
and these current changes were readily dis-
tinguished from those induced by nitroaro-
matics. We utilized IPA as a solvent vehicle 
for nitroaromatics because of the modest 
induced current change by that solvent and the ready miscibility 
of TNT and the compatibility of the polyacrylate therewith. 
Responses were essentially instantaneous following analyte 
application.   

 2.2. Exposures to Nitroaromatics 

 The current changes of the polymer (synthesized by using TMP-
TDBP RAFT reagent) devices after exposure to the TNT in IPA 
solution and to IPA solvent alone were investigated at various 
RH ( Figure    2  ). The measurements began after stabilization of 
the RH level. After 1.2 min, 2.5  μ L of 1.0 mg TNT/mL IPA 
solution or IPA itself was dropped on the channel area of the 
polymer fi lm. In all experiments, the devices exposed to the TNT 
solution showed much stronger response than those exposed to 
the pure solvent. Before and after exposure to the TNT, devices 
measured at higher RH showed much higher absolute current 
level. Although the absolute current of the devices measured at 
lower RH was lower, the relative current increase (current after 
exposure ( I )/baseline current before exposure ( I  0 )) was much 
larger at lower RH than for those of the devices measured at 
higher RH, which means the TNT sensitivity is much higher. 
At very low RH near 1.0%, as soon as the TNT solution was 
dropped, the current was very rapidly increased from –0.032  μ A 
to –115  μ A (about 4000 times), a far greater change than that 
associated with the solvent. To the best of our knowledge, this 
is the highest conductance change yet reported in response to 
a given exposure to an explosive. At RH  >  40.4%, immediately 
when the TNT solution was dropped, the currents were briefl y 
decreased, perhaps because of the lowered water activity, but 
eim Adv. Funct. Mater. 2013, 23, 91–99
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     Figure  1 .     a) Schematic representation for the humidity adjustable probe station setup. b) Constant temperature and relative humidity (RH) changed 
between 0 and 100% by dry N 2  gas and wet air fl ow. c) The instant current change of the polymer device from the RH change. d) Enlarged graph of 
(c) to show near zero current level at 0% RH. e) RH and temperature change for f) the current changes of the devices exposed to various polar and 
non-polar solvents after 1.0 min and g) enlarged graph of (f).  
between 40.0 and 73.0 RH, the TNT-induced current increase 
was then observed. In addition, the device of the polymer syn-
thesized by using CPDB RAFT reagent also showed similar 
and reproducible current response to the TNT analyte solution 
(Supporting Information Figure S4).  

 We investigated the sensitivity of the TMPTDBP polymer 
devices using various concentrations of the TNT solutions 
( Figure    3  a). Consistent current changes were observed. At 
higher TNT concentrations, the initial current change was 
much larger. In contrast, at lower TNT concentrations, although 
the initial current signal was much lower, the current was even-
tually increased over a longer time.  

 Devices exposed to TNT were investigated at various voltages 
from –3.0 to –0.1 V versus a grounded electrode (Figure  3 b,c). 
Detection was accomplished at all voltages in the range, and at 
lower voltage, the time of elevated current was longer. 

 We tested the fi lms on fl exible or transparent substrates such 
as stainless steel, PET fi lm, and Kapton fi lm (Figure  3 d). The 
substrates were used without any surface treatments or special 
cleaning except for air blowing for removing dust. All devices 
showed current changes similar to what was observed on Si 
substrates. The PET fi lm with polymer layer was fl exible and 
transparent. After exposure to the TNT analyte, the transparent 
PET fi lm became obviously red. 

 To investigate how long the polymer devices can be stored 
before attempting TNT detection, we fabricated multiple 
devices at the same time, and measured each device exposed to 
the TNT analyte after different storage times at 17% RH. The 
current change after exposure to the TNT analyte was reproduc-
ible (Supporting Information Figure S5). 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 91–99
 The reactivity of the devices to a series of nitroaromatics 
including TNT, 1,3,5-TNB, 2,4-DNT, 2,6-DNT, and 4-amino-
2,6-DNT, were investigated (Figure  3 e–g). The apparent mor-
phological change of the polymer fi lm was observed by optical 
microscopy only with TNT exposure. In addition, we investi-
gated the electrical changes using solution concentration levels 
of 1.0 and 0.01 mg nitroaromatics/mL IPA. TNT gave one 
of the strongest initial responses, with other nitroaromatics 
showing similar or less initial response. Devices exposed to 
TNT showed more sharply dropped current after the peaks at 
the higher concentration. Thus, the polymer detects nitroaro-
matics in general, with TNT giving a distinct current evolu-
tion at the higher concentration. The polymer devices exposed 
to negatively charged aromatic salts such as sodium benzoate 
and sodium benzenesulfonate were also investigated. Although 
these aromatic anions have similar molecular shape and size 
compared to nitroaromatic explosives, there was no distinct cur-
rent response, and no morphological or color changes when the 
polymer devices were exposed to the non-nitroaromatic com-
pounds, in contrast to that observed for nitroaromatic explo-
sives (Supporting Information Figure S6). 

 To investigate the effect of the polymer thickness on the TNT 
sensitivity, many devices with a variety of thicknesses (0.9 to 
24.1  μ m) were prepared with different casting methods (spin 
or drop) using different concentration of the polymer solution 
(5 to 30%) (Supporting Information Figure S7). The device with 
thinner polymer fi lm showed larger relative current increase 
after exposure to TNT analyte. The polymer device with 
0.9  μ m thickness fi lm exposed to 2.5  μ L of 1.0 mg TNT/mL IPA 
showed 83 000 times increased current. 
93wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     a) The current change of the polymer device caused by RH changes. b–f) Current changes of the devices exposed to 2.5  μ L of 1.0 mg TNT/
mL IPA solution and pure IPA solvent after 1.2 min at near b) 1.0%, c) 25.0%, d) 40.0%, e) 73.0%, and f) 100.0% RH conditions. Note different  y -axes. 
In all panels the top panels show the RH and temperature and the bottom panels show the current changes.  
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 We repeatedly dropped TNT solution of various concentra-
tions four times on the same probed area of each polymer 
device ( Figure    4  ). The device exposed to higher concentration 
TNT solution showed much more increased current from the 
fi rst drop of TNT solution than from subsequent drops. On the 
other hand, when the IPA solvent was dropped several times 
on the same channel area, very similar current changes were 
reproduced. When the much lower-concentration TNT solution 
was dropped, the repeated similar current change was observed 
as for the IPA drop. These results show that the binding of 
TNT is stable and saturable, even inhibiting the response to the 
solvent alone. The decreased response for later TNT drops does 
not refl ect a lack of polymer response, but simply the existence 
of a fi nite number of active sites that eventually become occu-
pied. This is a possible consequence of the template-induced 
arrangement of the polymer crosslinks.    
94 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 2.3. TNT-Induced Morphology Changes 

   Figure 5   shows the surface images of films, which had been 
previously tested electrically, exposed to TNT solution or IPA 
solvent. The film morphology from a device exposed to the 
IPA solvent was not changed compared to the initial film. 
In contrast, when the film was exposed to TNT solution, 
clearly changed surface images were observed, caused by the 
reaction mentioned above. In addition, the surface images 
of the film over time after exposure to the TNT solution or 
IPA solvent were observed for 10 min (Supporting Informa-
tion Figure S8). In the case of the IPA drop, there was no 
change except for solvent evaporation. However, in the case 
of the TNT solution drop, we can see the clear formation 
and movement of domains which were reacted with TNT 
analyte.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 91–99
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     Figure  3 .     a) Sensitivity of the polymer devices using TNT solutions of various concentrations near 0% RH: current changes of devices exposed to the 
various concentrations. b) Very low-voltage (–0.1 V) operable devices and c) an enlarged graph of (b). d) Devices on the fl exible or transparent sub-
strates such as stainless steel, PET, and Kapton fi lm. e) 1.0 and f) 0.01 mg nitroaromatics/mL IPA after 1.2 min. g) Upper panels: optical microscopy 
images and lower panels: pictures of devices that were used for (e).  
 To obtain atomic force microscopy (AFM) images, 5.0  μ L 
TNT solution or IPA solvent was dropped on the polymer fi lm 
which had been spincast on a silicon substrate (Supporting 
Information Figure S9,S10). The sample exposed to the IPA 
© 2013 WILEY-VCH Verlag Gm

     Figure  4 .     Current responses to 2.5  μ L TNT solutions of various concentratio
4 times on the same probed area of each polymer device. f) The constant 0
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solvent showed very similar surface morphology to that of the 
initial fi lm, including very large crystal domains. However, after 
exposure to the TNT solution, the fi lm showed a periodic wavy 
structure with average depth about 4 nm. 
95wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     a,b,d,e) Scanning electron microscopy (SEM) and c,f) optical microscopy images of the polymer devices exposed to the IPA (a–c) and TNT 
solutions (d–f).  
 We additionally measured the X-ray diffraction (XRD) of the 
polymer fi lms before and after dropping TNT solution or IPA 
alone in order to see the changes in the microstructure. We con-
fi rmed that the same crystalline peaks were retained after drop-
ping IPA alone, but, after exposure to the TNT analyte, the fi lm 
became nearly amorphous (Supporting Information Figure S11).   

 2.4. NMR Studies and Reaction Mechanism 

 There are two possible types of reactions that could cause these 
various physical changes. The imidazole groups may interact 
with TNT through various types of non-covalent bonding 
mechanisms, including hydrophilic/hydrophobic, electrostatic, 
hydrogen bonding, and van der Waals forces. Covalent chem-
istry is also possible (Supporting Information Figure S12): the 
imidazole functional groups have pKa values in the range of 
6.0–9.0, basic enough to deprotonate the methyl group of TNT 
or form a Meisenheimer complex with nitroaromatics. 

 Evidence of these reactions was obtained from  1 H NMR of 
polymer solutions before and after adding some amount of the 
TNT analyte ( Figure    6  ). We dissolved the solid polymer resin 
and TNT in CD 3 OD. Before TNT addition, the imidazole peaks 
clearly split and the solution color was transparent. As soon as 
a very small amount of TNT solution (0.01 mL, at the threshold 
for observation of a distinct TNT peak) was added, the color 
was very rapidly changed to dark red, the 7.8 ppm imidazole 
peak was slightly broadened, and all peaks were shifted upfi eld. 
When 0.1 mL of TNT solution was added, a broad TNT peak 
was observed. As more TNT solution was added to the polymer 
solution, the imidazole peaks were much more broadened and 
diminished, and shifted further upfi eld. When a small amount 
of polymer solution was added to a TNT solution, very similar 
peak changes were observed. These results verify the strong 
chemical interactions hypothesized between imidazole groups 
and TNT in the material.  

 We quantifi ed these interactions by  1 H NMR titration as fol-
lows. We added increasing amounts of predissolved TNT to 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
achieve a range of concentrations of 0 to 0.092  M  in a second 
solution that originally contained 300 mg of polymer in 
0.6 mL of CD 3 OD. The concentration of imidazole groups in 
the solution was calculated by relative integration of the imida-
zole protons compared to the TNT protons, whose concentra-
tion was known. The total concentration of free plus complexed 
imidazole groups decreased as more and more TNT solution 
was added. The complexation-induced shifts (�  δ  ) of the TNT 
aryl proton ( Figure    7  ) were monitored and the binding constant 
for the interaction between the host and analyte was calcu-
lated, [  19  ]  assuming that there is a 1:1 binding isotherm, using 
 Equation 1 .

 K = [C]/([T][M])  (1)     

 where [T]  =  [T] t – [C] and [C]  =  [T] t  [(  δ  –  δ   t )/(  δ   c –  δ   t )]. [T] t  is the total 
concentration of added TNT, [C] is the concentration of the 
complex after equilibration, [T] is the concentration of the free 
TNT after equilibration, [M] is the concentration of free imida-
zole moieties in the polymer at equilibrium,   δ   is the observed 
TNT  1 H chemical shift, and   δ   t  and   δ   c  are the chemical shifts of 
TNT in free and totally complexed forms, respectively.   δ   c  was 
observed either as the onset of the left side of the aryl proton 
(H T ) peak on TNT, or by extrapolation to a single value at zero 
TNT concentration. With the increase in the concentration of 
TNT,   δ   moves upfi eld; this shielding of H T  leads us to conclude 
that the imidazole forms an adduct with TNT molecule, which 
is plausibly a Meisenheimer complex, as shown in Figure 7A 
(inset). Further addition of TNT makes   δ   move more towards 
pure TNT, which is presumably due to the increased weighting 
of the concentration of free TNT. 

 The binding constant  K  for the interaction between the imi-
dazole on the polymer and the TNT was found to be 53  M   − 1  
with a standard deviation of 8  M   − 1  arising from nonsystematic 
uncertainty, when the “onset” method was used to calculate   δ   c . 
When various extrapolations to a single value of   δ   c  were used,  K  
between 20 and 60 was obtained, but the error was systematic; 
higher values were obtained at the lowest TNT concentrations. 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 91–99
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     Figure  6 .     NMR spectroscopy ( 1 H aromatic region) of a) TNT and b) polymer solution. c) 0.01, d) 0.1, e) 0.5, and f) 1.0 mL TNT solution added to the 
polymer solution of (b) and g) 1.0 mL polymer solution added to TNT solution of (a).  
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The listing of data on which these calculations are based is given 
in the Supporting Information. If an extrapolation method is 
deemed more appropriate, then the data would indicate a sup-
pression of TNT activity at higher concentrations, perhaps from 
self- or nonspecifi c aggregation. The “onset” method seems 
to internally correct for these effects. The binding constant, 
while modest for dilute solutions, is ample for TNT-imidazole 
binding and response when little or no solvent is present in 
an imidazole-rich (0.1  M ), low-volume (0.1  μ L  =  1  μ m  ×  1 cm 2 ) 
polymer fi lm, in which case the TNT and imidazole groups are 
each approximately 50% complexed under the conditions of our 
experiment.    

 3. Conclusions 

 The interaction between TNT and imidazole groups bound to 
a crosslinked acrylate polymer was found for the fi rst time to 
cause an increase in conductivity of the polymer, along with the 
expected color change. Other nitroaromatics also caused related 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 91–99
but distinct time-dependent conductivity changes in contrast to 
that observed for negatively charged non-nitroaromatic com-
pounds. Morphological changes in the polymer were observed 
as well. The TNT-imidazole binding phenomenon was observed 
for a concentrated solution of the polymer in CD 3 OD using 
NMR spectroscopy, and an equilibrium binding constant on the 
order of 20–60  M   − 1  was determined, showing the favorability of 
the association.   

 4. Experimental Section 
  Synthetic Procedures : Acrylate polymers were prepared according to 

a reported procedure, [  20  ]  which is summarized here. The preparation 
used  N -vinylimidazole (25 mg, 5%) as a preformed salt with TNT, 
trimethylammonium ethylmethacrylate chloride (TMAMA,  ≈ 400 mg) 
to increase solubility in polar solvents, and poly(ethylene glycol) 
dimethacrylate (PEGDMA) (MW 550, 25 mg, 5%) as a cross-linker in 
the presence of the RAFT reagents (TMPTDBP or CPDB) (20 mg). The 
polymerization reaction was carried in a sealed tube with dimethylsulfoxide 
(DMSO, 2 mL) as solvent and 2,2 ′ -azobisisobutyronitrile (AIBN) (1%) 
97wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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      Figure  7 .     a)  1 H NMR titration spectra showing TNT (0–0.092  M ) aryl 
proton (H T ) shift on increasing its concentration in polymer solution 
in CD 3 OD. Inset: Proposed complex formation of TNT with imidazoles 
attached to the polymer. Note the assigned chemical shift changes on 
complexation, consistent with our NMR observations. b) Expanded view 
of  1 H NMR titration spectra.  
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as catalyst. The mixture was heated at 70–80  ° C for 4 h to promote 
polymerization. For purifi cation of the polymer, the reaction mixture 
was dialyzed (MW cutoff of 3500) against water. For template removal, 
the polymer solution was further dialyzed against a sodium bicarbonate 
buffer and aqueous ammonium solutions.  1 H NMR of the polymer using 
TMPTDBP (CD 3 OD,   δ   ppm): 1.25, 1.67, 1.88, 2.29, 3.38, 3.44, 3.59, 3.66, 
4.02, 4.12, 7.02, 7.27, 7.62, 7.80, 7.93. 

  1 H NMR of the polymer using CPDB (CD 3 CN,   δ   ppm): 0.88, 1.27, 
1.53, 1.62, 1.76, 3.02, 3.55, 3.68, 4.18, 4.23, 5.6, 6.02, 6.8, 7.14, 7.56, 
7.62, 7.71, 7.94. 

  Measurements :  1 H NMR spectra were recorded on a Bruker AVANCE 
400 MHz spectrometer, with Me 4 Si as an internal reference. The weight 
average molar mass ( M  w ) of the MIPs was determined using SLS 
(DAWN-HELEOS-II, Wyatt Technology) equipped with a laser operating 
at 658 nm. The measurements were carried out in water or acetonitrile 
at 22  ° C. The d n /d c  were determined using Optilab T-rex at 658 nm. 
DSC measurement was performed using a TA Q20 instrument under 
a nitrogen atmosphere at a heating rate of 5  ° C/min. The UV-vis 
spectra were recorded using a Cary 50 UV-vis spectrometer. The AFM 
measurements were performed in tapping mode with a Pico Plus 
98 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
scanning probe microscope. XRD measurements were carried out on a 
Phillips X-pert pro X-ray diffraction system. The polymer fi lm thickness 
was measured by using SLOAN DEKTAK II. 

  Fabrication and Characterization of Chemoresistors : Heavily n-type doped 
silicon wafers with 100 nm of thermally grown silicon dioxide layers were 
used as substrates. Wafers were cleaned by sonication in acetone and 
IPA. In addition, we also used fl exible or transparent substrates such 
as stainless steel, PET, and Kapton fi lms after air-blowing to remove 
dust. Gold electrodes were evaporated through a shadow mask. Polymer 
solution was spin coated at 1500 rpm for 60 s on the substrates with 
gold electrodes. Films were annealed at 60  ° C for removing methanol 
solvent. All the current–voltage ( I – V ) curves of devices were measured 
with an Agilent 4155C. The polymer devices were measured at –3 to 
 + 3 V, and the current at –3 V was extracted and plotted to show the 
current change (before and after exposure to analytes) versus time. For 
measuring, the temperature was maintained at constant values and the 
humidity was controlled by a humidifi er and dry N 2  gas fl ow.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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