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ABSTRACT
Several orders of magnitude of change in resistance are observed upon chemical doping and dedoping of the 
conducting polymer polyaniline. This large conductivity range can be utilized to make sensitive chemical 
sensors. Polyaniline, in its nanofi ber form, has even greater sensing capabilities due to the small fi ber diameters, 
high surface area, and porous nanofiber network that enhances gas diffusion into the fibers. Polyaniline 
nanofi bers have been synthesized using a rapid mixing method and dispersed in water allowing them to be 
easily modifi ed with water soluble agents, making new composite materials. Polyaniline nanofi ber composite 
materials can be used to enhance detection of analytes that unmodifi ed polyaniline would not otherwise be 
able to detect. The detection mechanism involves the reaction of an additive with the analyte to generate a 
strong acid that is easily detected by polyaniline, resulting in orders of magnitude changes in resistance. The 
reaction of the additive alone with the analyte produces no electrical response, however. In this paper, an 
array of amine-polyaniline nanofiber composite materials is investigated for the detection of phosgene gas. 
The infl uence of environmental conditions such as humidity and temperature are examined and a detection 
mechanism is presented. 
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Introduction

Polyaniline is a widely used conducting polymer 
for many applications including chemical sensors 
[1], anti-corrosion coatings [2], light emitting diodes 
[3], actuators [4], and electrochromic windows [5] 
due to its wide range in conductivity resulting from 

chemical doping and dedoping. The oxidation state 
of polyaniline can be reversibly changed from the 
insulating emeraldine base form (σ<10 10 S/cm) to 
the conducting emeraldine salt form (σ>1 S/cm) by 
simple acid and base doping and dedoping [6].  Here, 
this large conductivity change is utilized to develop 
polyaniline sensors to detect phosgene, a toxic 
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industrial chemical. 
Polyaniline nanofibers possess all the useful 

properties of conventional polyaniline with the added 
advantage of having a high surface area due to their 
small fi ber diameters (~50 nm) that allows for better 
gas diffusion leading to enhanced sensor response 
[1]. Polyaniline nanofibers can be readily obtained 
using several synthetic approaches including a rapid 
mixing process [7], interfacial polymerization [8], 
seeded growth [9, 10], dilute polymerization [11], use 
of structure directing agents [12], templated growth 
[13] and use of new oxidizers [14, 15].  Here we use 
the rapid mixing method, so that pure nanofibers 
are obtained that do not need to be separated from a 
substrate, structure directing agent or surfactant. This 
method produces polyaniline nanofi bers that readily 
disperse in water. The nanofi ber diameter can also be 
tuned from 30 120 nm depending on the acid used in 
the synthesis.  

Since water is used as the solvent to disperse the 
polyaniline nanofi bers, different water soluble agents 
can be used to create new composite materials. We 
have previously shown that metal salt modified 
polyaniline nanofi bers detect hydrogen sulfi de with 
orders of magnitude change in resistance [16] but 
the unmodified polyaniline nanofibers do not. The 
metal salt modified polyaniline nanofibers react 
with hydrogen sulfide to generate a metal sulfide 
and a strong acid that in turn dopes the polyaniline 
nanofi bers resulting in large conductivity changes. In 
addition to inorganic salts as additives for hydrogen 
sulfide sensors, we have also shown that organic 
additives such as hexafl uoroisopropanol can be used 
for hydrazine sensing. This reaction utilizes a unique 
chemical reaction of hexafluoroisopropanol with 
hydrazine to generate hydrofluoric acid (HF) that 
dopes polyaniline, resulting in orders of magnitude 
changes in resistance [17]. Using this strategy, new 
composite materials can be synthesized to detect 
other toxic chemicals such as phosgene. 

Phosgene (COCl2) is a highly toxic industrial 
chemical that has a low permissible exposure limit 
of 0.1 ppm [18]. It is currently used in industry to 
make plastics and pesticides and was used as a 
chemical weapon during World War I. Phosgene is 
colorless, exhibits the odor of freshly cut hay or green 

corn that is not easily noticed, and exposure causes 
severe lung injuries [18]. Various methods have been 
examined to detect phosgene including spectroscopic 
[19] and optical techniques [20]. In this paper, 
polyaniline nanofi ber–amine composite materials are 
used to detect phosgene. These sensors operate at 
room temperature, are easy to fabricate, and detect 
phosgene with over two orders of magnitude change 
in resistance. The sensing mechanism, as well as the 
effects of environmental factors such as humidity and 
temperature are presented and discussed.     

1. Experimental

All  reagents  except  NaOH and ammonium 
peroxydisulfate (APS) were purchased from Aldrich.  
NaOH and APS were purchased from Fisher 
Scientifi c. All chemicals were of ACS grade and used 
as received except for aniline which was distilled 
prior to use.

Polyaniline nanofibers were synthesized using a 
rapid mixing method [7].  A typical synthesis consists 
of combining 10.0 mL of an aqueous camphorsulfonic 
acid (CSA) solution (1.0 mol/L) containing 0.200 mL 
of aniline (2.20 mmol) with 10.0 mL of an aqueous 
CSA solution (1.0 mol/L) containing 0.125 g of APS 
(0.55 mmol). The two solutions were rapidly mixed 
and then allowed to react overnight. The resulting 
emeraldine salt polyaniline nanofibers were then 
dedoped with an equal volume of aqueous 1 mol/L 
NaOH and purifi ed by centrifugation. The resulting 
nanofi ber suspension in water was diluted to obtain 
a fi nal concentration of 2 g/L.  

Using water as the solvent for the nanofiber 
suspension al lows easy modif icat ion of  the 
polyaniline nanofibers with water soluble agents.  
In particular, water soluble amines can be used to 
modify polyaniline to allow detection of analytes 
that unmodifi ed polyaniline cannot detect. A typical 
synthesis of such a composite material involves 
addition of a 0.005 mol/L  solution of a water 
soluble amine to 1.6 g/L polyaniline nanofibers 
suspended in water. The amines used include 
ethylenediamine, phenylenediamine and metanilic 
acid (3-aminobenzenesulfonic acid), and the amine 
salts phenylenediamine dihydrochloride and 



137Nano Res (2009) 2: 135 142

ethylenediamine dihydrochloride (Scheme I).  Films of 
these composite materials were made by drop-casting 
using disposable microliter pipettes and drying in air.    

The sensor array substrate contains 18 sensors 
with each sensor having 35 pairs of fingers with 
20 μm electrode gaps. Two of these packaged sensor 
arrays sit in the cell, giving 36 sensors in total. 
The sensor arrays were fabricated in house using 
standard photolithography. Nitrogen was used as 
the buffer gas. Mass-flow controllers were used to 
meter separate flows of nitrogen buffer gas and the 
calibrated gas mixture.  The total fl ow rate remained 
constant throughout each experiment with a nitrogen 
buffer balance flow when the valve was off and 
no analyte gas was flowing. A permeation tube of 
phosgene (KinTek) was used to generate phosgene 
gas. The gas concentrations were verified using 
Dräger tubes. A bubbler filled with water and a 
humidity sensor (Visala) were used to generate and 
measure humidity. In order to keep the toxic gas 
confi ned and the experiment safe, all measurements 
were performed in a fume hood with a scrubber in 
place to scavenge all exhaust gases. 

A programmable electrometer (Keithley 2002) was 
used to measure electrical resistance. A scanner card 
and switch system (Keithley 7011S/7001) was used 
to multiplex measurements over the 36 sensors in 
the two packaged sensor elements. All instruments 
were controlled and read by computer using a GPIB 
interface and Labview software.

Scanning electron microscope images were taken 
on a JEOL ,model JSM-6460LV scanning electron 
microscope. A Nicolet Magna 550-IR spectrometer 
with a Nic-Plan IR microscope and a mercury 
cadmium telluride detector was used to obtain the 
Fourier transform infrared (FT-IR) spectra.

2. Results and discussion

Figure 1 shows the scanning electron microscope 
image of the polyaniline nanofibers cast on sensor 
electrode substrates. As can be seen from the fi gure, 
the films are completely nanofibrous, with fiber 
diameters ranging from 30 to 50 nm, and fiber 
lengths varying from 500 nm to a few microns. The 
porosity and high surface area of the nanofi bers are 
evident and enable enhanced sensor performance 
due to better gas diffusion than that observed with 
conventional polyaniline [21, 22].  

Figure 1    Scanning electron microscope image of polyaniline 
nanofi bers

Scheme 1    Structures of the amines used

Ethylenediamine Phenylenediamine Metanilic acid

Phosgene has a permissible exposure limit (PEL) 
of 0.1 ppm and an immediate danger to health 
and life (IDLH) limit of 2 ppm [18]. Unmodified 
polyaniline cannot detect phosgene at these low 
exposure concentrations. We have previously shown 
that metal salt polyaniline nanofiber composite 
materials can detect gases such as hydrogen sulfide 
using chemical reactions that generate a strong 
acid [16]. However, there are no known metal salt 
reactions with acid chlorides that generate any acidic 
byproduct that can react with polyaniline. Therefore, 
another additive is needed that reacts with phosgene 
to produce a product that can dope the polyaniline 
nanofi bers.    

We have found that composites of polyaniline 
nanofibers with amines respond well to phosgene 
at concentrations lower than 0.01 ppm. Figure 2 
shows the response curves of different polyaniline 
nanofiber composite f i lms to phosgene.  The 
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amines and amine salts used are ethylenediamine, 
ethylenediamine dihydrochloride, phenylenediamine, 
phenylenediamine dihydrochloride, and metanilic 
acid (Scheme 1). The left axis is the normalized 
resistance which is the resistance at a given time 
divided by the initial resistance, the x-axis is the 
time, and the right axis shows the valve state. As 
seen in the figure, different amine-polyaniline 
nanofi ber composite materials interact with phosgene 
differently. In each case there is a doping response 
suggesting formation of an acid product, similar to 
the response of the metal salt–polyaniline nanofi ber 
fi lms to hydrogen sulfi de [16].  

Amines are known to react with phosgene in a 
nucleophilic substitution reaction to form carbamoyl 
chlorides which can be readily dehydrohalogenated 
to form isocyanates (Scheme 2) [23]. In this reaction 
hydrochloric acid is formed, which can dope the 
polyaniline converting it from the emeraldine base 
oxidation state to the emeraldine salt oxidation state. 
This results in two orders of magnitude decrease in 
resistance (Fig. 2). 

Figure 2    Response of polyaniline nanofi ber amine composites to phosgene.  
The concentration of phosgene is 2 ppm at room temperature with 50% relative 
humidity.  The amines used are phenylene diamine dihydrochloride (······), ethylene 
diamine dihydrochloride (·-·-·-·), metanilic acid (-----), ethylene diamine (-··-··-··), 
and phenylene diamine (____). Also, shown is the response of an unmodified 
polyaniline nanofi ber fi lm (- · - · -).  The valve state is shown on the right axis

Scheme 2    Reaction of phosgene with amines

There is a large difference in response to 
phosgene depending on the particular amine 
used. Here both the neat amine and amine 
salts were used. The response is dramatically 
different for the neat amines compared to the 
amine salts. The amine–polyaniline nanofi ber 
composite materials are synthesized in 
aqueous solution by addition of the amine 
solution to an aqueous suspension of 
polyaniline nanofibers. When the amine 
salts are dissolved in water they dissociate to 
create an acidic solution together with free 
amines. The addition of this slightly acidic 
solution to the aqueous polyaniline nanofi ber 
suspension partially dopes the polyaniline 
nanofibers. This partial doping results in a 
decrease in the initial resistance and a smaller 
dynamic range over which the polyaniline 
nanofibers can respond to the fully doped 

state. As a result, the response of the amine salt 
composite materials is much smaller than that for 
the neat amine composites as can be seen in Fig. 2 for 
ethylenediamine and phenylenediamine compared 
with their dihydrochloride salts.     

The difference in the response levels for the 
different amines may also be due to their different 
acid dissociation constants (pKa) that affects their 
interaction with the polyaniline nanofi bers. The pKa 
values for ethylenediamine, phenylenediamine, and 
metanilic acid are 9.92, 5.11, and 3.74, respectively 
[24]. Polyaniline is known to be doped by acids that 
have pKa values below 4.75 [25]. Therefore, metanilic 
acid is able to partially dope polyaniline in the same 
way as the dihydrochloride salts of ethylenediamine 
and phenylenediamine. This partial doping decreases 
the initial resistance and results in a smaller resistance 
range over which the polyaniline nanofibers can be 
fully doped and these composites have the lowest 
response to phosgene. Both phenylenediamine and 
ethylenediamine have pKa values >4.75 and will not 
dope polyaniline; these composites have the greatest 
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response to phosgene. 
In addition to affecting the doping level of 

polyaniline, the different pKa values give the amines 
different nucleophilicities. Phosgene undergoes 
a nucleophilic substitution reaction with amines 
as indicated in Scheme 1 which is affected by the 
nucleophilicity of the amines.  The more basic the 
amine (i.e., the higher the pKa), the more reactive 
it is as a nucleophile.  As the amine becomes more 
nucleophilic, its rate of reaction with phosgene 
(Scheme 2) increases.  This is seen in Fig. 2 when 
comparing the response of the ethylenediamine 
composites and the phenylenediamine 
composites. For the dihydrochloride 
salts, the ethylenediamine composites 
h a v e  a  g re a t e r  re s p o n s e  t h a n  t h e 
phenylenediamine composites.  Although 
the composite with free ethylenediamine 
can be used to detect phosgene, since 
ethylenediamine is a liquid it is likely 
to vaporize and the amount present in 
the film can change over time causing a 
variable response to phosgene. Although 
the composite with ethylenediamine 
can be used to detect phosgene, since it 
is a liquid it is more likely to vaporize 
and the amount present in the film can 
change over time affecting its response to 
phosgene.

As shown in Fig. 3, these materials are 
able to detect phosgene well below the 
PEL of 0.1 ppm. Even at the PEL level, the 
phenylenediamine–polyaniline nanofi ber 
composite material can detect phosgene 
with orders of magnitude change in 
resistance.

The infl uence of environmental factors 
such as humidity and temperature on the 
response of the amine composites with 
polyaniline nanofibers was also studied. 
Figure 4 shows the response of the 
phenylenediamine and phenylenediamine 
dihydrochloride composite films to 
phosgene at room temperature under 
varying relative humidity levels. Moisture 
is known to increase the conductivity of 

polyaniline due to enhanced charge transfer along 
the polyaniline chain [26]. As a result, in the presence 
of a humid environment the polyaniline nanofibers 
become more conducting, leading to enhanced charge 
propagation along the chain upon acid doping. As the 
relative humidity increases, the response to phosgene 
improves as can be seen in Fig. 4. Similar effects 
are observed in simple acid doping of polyaniline 
nanofibers. Note that the scale for the hydrochloride 
salt in Fig. 4 is greatly expanded and gives the 
impression of larger baseline change at 0% than for the 
free amine. As the humidity decreases, the response 

Figure 3    Concentration dependence of the response of polyaniline nanofi ber amine 
composite materials to phosgene. The amines used were phenylene diamine and 
phenylene diamine dihydrochloride, the phosgene concentrations were 0.1 and 2 ppm 
phosgene at room temperature with 50% relative humidity. The valve state (dashed 
line) is show on the right axis
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is inhibited, as can also be seen with the decrease in 
response at increased temperature (Fig. 5). In these 
experiments the absolute water vapor concentration 
was held constant so as the temperature increases, the 
amount of water in the film decreases, and therefore 
charge propagation along the fi bers decreases.

In  order  to  further  examine the  react ion 
mechanism, the FT-IR spectra of an ethylenediamine–
polyaniline nanofiber composite material were 
examined before and after exposure to phosgene 
(Fig. 6). The FT-IR spectra were obtained from 
refl ectance measurements of the fi lms directly on the 
sensor electrodes by using an IR microscope. The 
polyaniline nanofi ber composite material was drop-
cast onto the sensor, air dried and its reflectance IR 

Figure 4    Humidity dependence of the response of polyaniline 
nanofiber amine composites to phosgene. The amines used are 
phenylene diamine (a) and phenylene diamine dihydrochloride (b) 
exposed to 2 ppm phosgene at room temperature with 0%, 25%, 
and 50% relative humidity.  In this case the exposure is continuous.  
Note that the scale for the lower fi gure is greatly expanded

Figure 5    Temperature dependence of the response of polyaniline 
nanofiber amine composites to phosgene. The amines used were 
phenylene diamine and phenylene diamine dihydrochloride and the 
concentration was 2 ppm phosgene at 22 °C and 50 °C with 50% 
relative humidity. The valve state (dashed line) is shown on the right 
axis

spectrum was recorded. The film was then exposed 
to phosgene and the spectrum after exposure was 
recorded using the same method. Table 1 shows the 
FT-IR peak assignments for the emeraldine base and 
emeraldine salt oxidation state of polyaniline [17], 
neat ethylenediamine [27], gaseous phosgene [28], 
and the ethylenediamine–polyaniline nanofiber 
composite material before and after phosgene 
exposure. As shown in Table 1, there is a new peak 
that forms at 1741 cm 1 indicative of a carbonyl. 
This new peak is shifted from the C=O stretch 
of phosgene at 1820 cm 1 suggesting that a new 
compound with a C=O functional group is formed 
after exposure to phosgene.  The nucleophilic 
substitution reaction proposed in Scheme 2 assumes 
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reaction mechanism is based on a 
nucleophilic substitution reaction of 
phosgene with the amine to generate 
an isocyanate and an acid. The acid 
dopes the polyaniline nanofibers 
increasing their conductivity by up 
to two orders of magnitude. Various 
amines and amine chlorides have 
been examined and the response is 
found to be dependent on several 
factors including the acidity of 
the amine and the doping level 
of  the polyanil ine.  The amine 
chlorides, when dissolved in water, 
release acid and have the ability to 
partially dope polyaniline resulting 
in a decrease in resistance. The 
acidity of  the neat amine also 
affects its nucleophilicity.  The 
more basic the amine, the more 
reactive it is as a nucleophile. Here, 
phenylenediamine is more basic 
than metanilic acid and enhances 
the  nuc leophi l i c  subst i tu t ion 
react ion  resul t ing  in  a  larger 
response to phosgene. Humidity 
and temperature affect the response 
of  the  composite  mater ia ls  to 
phosgene.  Humidity enhances 
charge propagat ion along the 
polymer chain and increases the 
response of the film to phosgene. 
Temperature, on the other hand, 

reduces the response to phosgene because on heating 
the amount of water vapor in the film decreases.  
However, these inexpensive sensors are irreversible 
dosimeters for phosgene and as such are best suited 
to single use applications.  
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that a carbamoyl chloride is formed and reacts 
further to form an isocyanate both of which have 
a C =O group. A new carbonyl peak is found in 
the FT-IR spectrum after phosgene exposure (Fig. 
6), suggesting that this reaction is occurring and is 
responsible for the sensor response. 

3. Conclusions

Phosgene can be detected well below the permissible 
exposure limit (0.1 ppm) with amine modified 
polyaniline nanofiber composite materials. The 

Figure 6    FT-IR spectra of polyaniline nanofi ber composite fi lms with ethylenediamine 
before (—) and after (---) exposure to 2 ppm phosgene at room temperature and 50% 
relative humidity.  The appearance of the carbonyl peak at 1741 cm 1 is indicative of 
the reaction of phosgene with the amine in the fi lm as in Scheme 2

Peak assignmentsa Phosgene
Ethylenediamine-composite 

(Before phosgene)

Ethylenediamine-composite 

(After phosgene)

Quinoid ring stretch 1583 1581

Quinoid ring vibration 1510 1496

Benzenoid ring C N stretch 1311 1303

Quinoid ring C N stretch 1145 1145

Quinoid ring C H bend 819 823

C H stretch 1031 1041

CH2 and NH2 vibration 1682, 856 848

C Cl2 1832 1820

C=O 1741

Table 1    Infrared peak assignments for polyaniline nanofi ber amine composite fi lm before 
and after reactions with phosgene

a Peak assignments are given in wavenumbers (cm 1).
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