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a  b  s  t  r  a  c  t

A  multiscale  bottom  up  procedure,  based  on  an  atomistic  description,  able  to  model  the  sensing  mecha-
nism of  devices  based  on intrinsic  conductive  polymers  (ICP)  is described.  The  proposed  procedure  has
been  successfully  applied  to describe  the  response  of  devices  based  on  polyaniline  (PANI),  the  most  widely
used  material  for this  application.  In particular,  using  a recently  developed  Monte  Carlo  technique,  atom-
istic PANI  structures  at different  doping  levels  have  been  modeled.  Thermodynamic  and  conductivity
properties  obtained  from  atomistic  simulations  have  been  bridged  to  a  macroscopic  modeling  scheme,
eywords:
as sensors
onducting polymers
odeling

esponse

describing  diffusion  and  reaction  processes  and,  finally,  the  time  dependent  sensor  response  in good
agreement  with  experiments.  A similar  scheme  has  been  then  adopted  in  order  to  understand  at  molec-
ular  level  the  effect  of  humidity  in the  sensor  response.  The  proposed  approach  is  general  and  can  be
extended  to  different  or more  complex  systems  giving  a  useful  connection  between  the  microscopic
structure  of  the  sensing  material  and  the  sensor  behavior.
. Introduction

The electrical conductivity of intrinsically conducting polymers
ICP) is affected by exposure to various gases and it makes them
seful for gas sensing application [1–4]. Sensors based on ICP are
ble to operate at room temperature, furthermore, ICP can be syn-
hesized through easy chemical or electrochemical processes and

odified conveniently by copolymerization or structural deriva-
ions [1–5]. On the other hand, micro- and nano-patterning of these
ensing materials and formation of ultrathin sensing films facilitate
nhanced vapor diffusion and response speed when compared to
onventional polymeric films.

Doping and undoping processes play key roles in the sensing
echanism of ICP based sensors [5,6]. ICP can be doped by redox
r protonation reactions. In the case of redox reaction some elec-
rons are added or removed from ICP chains and charge carriers
re formed. Differently, in the case of protonation reactions, the
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number of electrons does not change, but due to addition or
removal of protons, the energy levels of ICP chains are rearranged.
This doping type is observed in polyaniline (PANI) (see Fig. 1b).
During the doping process conductivity of ICP can increase by up
to 10 order of magnitudes. The conductivity may  be also changed
by modifying dopant type and material preparation method, how-
ever the effect of these structure modification is less strong and the
resulting conductivity change of doped PANI is usually less than
2 orders of magnitudes [7,8]. Polyaniline in its forms (see Fig. 1)
emeraldine base (PANI EB) or salt (PANI ES) are most widely used
ICPs because of its ease of synthesis, high chemical and environ-
mental stability and tunable properties [6,9–14].

Modeling the response of sensor to analyte gases at atomic level
is particularly relevant to improve the development of devices [15].
Despite large interest in the potential applications of conducting
polymer as gas sensors, a detailed molecular picture of the sensing
mechanism of PANI (and more in general ICP) based devices is still
under debate [5,6,16]. For example though importance of humid-
ity in the PANI sensing mechanism [5], molecular understanding
of response of PANI to humidity is not well established and sev-

eral different mechanisms have been proposed: polymer swelling,
increase in the interchain electron transfer and enhancement of
dopant ions mobility [17,18]. Last but not least, there is no com-
monly accepted model for the charge transport in ICP [19].

dx.doi.org/10.1016/j.snb.2015.01.039
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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The steady state response is basically controlled by interaction
f gas molecules with sensing material, while the time-dependent
esponse depends also on transport of gas molecules inside sensing
aterial. Several macroscopic phenomenological approaches have

een used to model the time dependent response of sensors based
n ICP. In particular, chemisorption and diffusion reaction mod-
ls are usually used for modeling the time dependent response of
onducting polymers. Chemisorption model [20] assumes that the
ensing properties are completely defined by dynamics of surface
dsorption and is proposed for very thin films. Diffusion reaction
odel [16] assumes that the guest molecules go quickly to the sur-

ace, but the limiting step for sensing is the diffusion of gaseous
pecies into the polymer bulk. Although these approaches are very
seful to understand the effects of macroscopic variables (film
hickness, transport properties, material conductivity) they have
everal limitations. In particular, the large number of parameters
eeded to fit the model results to experimental sensor response
akes a molecular interpretation of the behavior very difficult. For

his reason, from this kind of modeling, clear indications about
ossible chemical or morphological alterations aimed to modify
r improve the performances in a given direction are difficult to
btain. Furthermore, these approaches need several strong and
ometimes oversimplifying assumptions on important aspects such
s the behavior of electrical conductivity during the sensing exper-
ments [16,20].

On the other hand, for a microscopic modeling, atomistic sim-
lations are very useful for a detailed understanding of several
henomena and, in particular, for structure properties relationship
f polymeric materials these studies have been performed since a
ong time [21,22]. However, these simulations usually limited on
anosecond and nanometer scales are not applicable to study pro-
esses involved in the sensor response occurring on macroscopic
ime (>s) and length scales (>�m).  Therefore, in order to bridge this
ap, computational schemes aimed to connect the microscopic and
acroscopic descriptions in a bottom to up fashion would be very

seful.
In this paper we propose a combination of molecular and finite

lement simulations to model PANI based gas sensor behavior start-
ng from atomic structure and its modifications during the doping
rocess. In particular, to model the microscopic scale, we propose

 scheme based on combination of a recently developed Grand
anonical Monte Carlo technique (UEMC) [23] and the calculation

f electrical conductivity from atomistic PANI structures at differ-
nt doping levels. These results are casted in a diffusion reaction
cheme giving a connection between microscopic structures and
he response of ICP sensors to analyte gases.

ig. 1. Schematization of the working scheme of a sensing device. (a) PANI film exposed
c)  gas concentration (C(x,t)) and doped level (�(x,t)) density profiles, and (d) typical resp
tuators B 211 (2015) 42–51 43

The paper is organized as follows. The method for modeling the
electrical conductivity of atomistic ICP structures is proposed in
Section 2 and strategy for sensor response modeling is described
in Section 3. In particular in Section 3.1 atomistic models of PANI
and their electrical behavior are discussed. Finite element method
(FEM) simulations of the sensor behaviors are presented in Section
3.2 (response to acidic gases) and analytical expressions for the
sensor response to nonacidic gases are proposed in Section 3.3.

2. Methods and models

The electrical conductivity of ICP may  be studied by atomistic
simulation [24,25]. Once the atomistic structure is obtained, the
conjugated segments (hopping sites) are defined, the parameters of
Marcus equation [26] for charge hopping rate are estimated by dif-
ferent models and the time evolution of charge is modeled. Though
the determination of conjugated segment is often empirical, the
simulation of charge transport by these models is too time con-
suming to study the effect of doping level on ICP conductivity. Here
we propose a more simple model, based on existing charge trans-
port models. The existing models are: (1D) variable range hopping
(VRH) with interchain coupling [27,28], 3D VRH [29,30], charging
energy limited tunneling (CELT) model [31] and others. For detailed
reviews see [7,32]. Usually these models suppose that there are
conducting regions with insulating separation. The size of PANI
conducting regions was  estimated to have size 4.98 nm [32] and
8 nm [33] with separation distance 2.8 nm [32] and 1.6 nm [33].
Taking into account that size of PANI unit is about 2 nm (see Fig. 1b),
we assume that doped PANI units may  be considered as conjugated
segment.

The details of atomistic simulation of PANI are given in supple-
mentary material. Both the effect of doping level and the effect
of structure modifications, e.g. swelling or chain conformations,
on conductivity are included using this molecular description. The
scheme proposed here is based on the description provided by the
Miller–Abrahams equation, which is a popular charge transport
model in disordered organic materials [34,35],

ω = �0 exp
[
−�E

kT

]
· exp

[
−2s

L

]
(1)
ω is the probability of charge transfer, s is the distance between
two conductive units and L is the model parameter which is often
called the localization length. When temperature T is constant we
can assume that the temperature dependent term �E/kT is constant

 to an incoming gas, (b) PANI doping reaction with HCl leading to EB and ES forms,
onse of a sensing device.
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nd the hopping rate can be written as a function of the distance s
etween hopping centers,

ij = A exp
(

− sij

L

)
(2)

here A is a conductivity scaling constant.
Charge transfer processes can be modeled, for instance, using

inetic MC  approaches [24,36]. Instead of modeling time evolution
f charge transfer, we used Landauer formula to transfer the prob-
bilities ωij of electron hopping between pairs of doped PANI units
2) to conductivities Gij between these units [37]:

ij = 2e2

h
ωij (3)

here 2e2/h = 1/12.905 k� is quantized conductivity. In this way
ach atomic configuration can be transformed into a nonregular
etwork of sites, with resistance between sites given by Eqs. (2)
nd (3).

Releasing the periodic boundary conditions along one of axis,
he conductivity of the resistor network between two  opposite
aces of simulation cell can be calculated by generalized transfer-

atrix method introduced by one of us [38].

. Results and discussion

As already mentioned, in the frame of the reaction–diffusion
odel, the analyte gas is supposed to go quickly to the surface

nd the limiting step for sensing is the diffusion into the polymer
ulk. In this way, the effect of analyte gas on ICP sensor is basically
ontrolled by several factors: transport, reactions of this gas with
CP and effect of interactions of gas with ICP on electrical conduc-
ivity. In particular, in Fig. 1a the sensing device is schematized.
ualitative concentration profiles are shown in Fig. 1c. In the case
f PANI interacting with acidic gases like HCl a protonation reac-
ion occurs (see Fig. 1b) transforming PANI-EB units (having low
onductivities) into PANI-ES units (having much higher conductiv-
ties). For this reason, the concentration profile of HCl gives rise to

 concentration profile of doped sites. The sensor response is then
elated to the local changes in the conductivity due to doping and
ts dynamical response is related to the rate of diffusion process. In
ig. 1d the typical time behavior of the reduced resistance (R/R0) is
eported. From the figure it is clear that the typical sensor response
ime exceeds the time that can be reached by atomistic simula-
ions (order 100 ns). Furthermore, the order of magnitude of the
lm thickness is >�m well beyond the nm scale.

We propose a combination of atomistic and FEM simulations to
odel the sensor response and to give a detailed molecular descrip-

ion of the sensing process. The proposed approach is summarized
n Scheme 1. In particular, in the four panels of this scheme the pro-
edures together with the main equations are shown. The proposed
pproach can be divided in four main steps, two on the microscopic
cale (steps 1 and 2 at the bottom of the scheme) and other two
n the macroscopic scale (steps 3 and 4) on the top of Scheme 1.
n the step 1, using a recently developed reactive UEMC scheme
23], it is possible to generate reliable atomistic models of partially
oped structures having doping levels ranging from 0 (all polymer
epeating units are PANI-EB) to 1 (all polymer repeating units are
ANI-ES). These structures are used for step 2 (left panel on the
ottom of Scheme 1, in which using molecular dynamics (MD) and
raditional GCMC simulations diffusion coefficients and gas solubil-
ty are calculated. A further use of these structures is the calculation
f local conductivity as a function of doping level (right panel on

he bottom of Scheme 1), calculation of polymer conductivity G(�)
or different doping levels). As explained in a more detailed way
ater, this is a key ingredient of the proposed scheme. This impor-
ant information together with gas concentration C(x,t) and doping
tuators B 211 (2015) 42–51

level �(x,t) profiles (left panel on the top of Scheme 1) are used
to calculate the sensor conductivity as function of time i.e. sensor
response. A first example application of the proposed scheme is the
behavior of PANI based sensor for HCl detection and is considered
in the following.

3.1. Modeling conducting polymer electrical conductivity

After the initial structure of fully doped PANI-HCl was generated,
UEMC simulations have been used to generate atomic structures at
different doping levels (see supplementary material). In particular,
the value of dopant chemical potential � was decreased step by
step and the resulting doping levels are presented in Fig. 2 (filled
symbols). By decreasing the chemical potential � the doping level
of PANI structure decreased until a totally undoped PANI EB was
obtained. The typical structures obtained at three different values
of doping level (� = 0.21, 0.33 and 0.6) are shown in Fig. 2.

Using the proposed conductivity model, the electrical conduc-
tivity of obtained PANI structures was  calculated. The obtained
doping level dependence of specific conductivity is compared with
experimental results in Fig. 3. Although the strong dependence of
electrical conductivity on doping level is obviously the main fac-
tor making conducting PANI useful for chemical resistors, only few
experimental studies were done [39–41]. The possible reason is
the difficulty in the measurements of the doping level. The results
from pioneering work of Macdiarmid [40] for HCl doped PANI are
shown in Fig. 3 by empty squares. Much more recently more accu-
rate measurements were performed and smoother dependences
were obtained for picric acid doped PANI [39], shown by symbols
empty triangles. The reported values of PANI-EB specific conductiv-
ity varies in wide range from 10−8 S/m to 10−5 S/m [8] and 10−4 S/m
[42].

Neglecting the conductivity of PANI-EB, both experimental
dependences presented in Fig. 3 can be well fitted by a percolation
power law with the same exponent and threshold �th = 0.204,

G(�) = a[� − �th]3.8 (4)

having different values of prefactor a (4 × 102 and 3.2 × 104 S/m for
HCl and picric acid respectively). Calculated values (filled circles
in Fig. 3) well agree with experiments. Hence it may be concluded
that G(�) dependence for HCl and picric acid doped PANI differs by
A conductivity scaling constant of Eq. (2) only. According to this
behavior, the only parameter depending on the gas molecule is
the prefactor A that is not necessary for the calculation of rela-
tive conductivity needed for sensor response. Calculated values of
G(�) well agree in all range with the experimental points and with
the analytic power law. According to the experimental results, a
very fast increase of conductivity is observed for values of doping
level around the percolation threshold (� ———— 0·204)· In fact, small
increase of doping level from � = 0.21 to � = 0.33 corresponds to
large increase of conductivity (more than four order of magnitudes).
Significant, but less pronounced, increase can be obtained going
from � = 0.33 to � = 0.66 (less than two order of magnitudes).

A microscopic picture of the percolation behavior in doped PANI
structures can be obtained considering the tridimensional arrange-
ment of regions showing higher conductivities as can be obtained
from atomistic simulations. In particular, by making summation
between all pairs of hopping sites the local conductivities as func-
tion of position Ĝ(x, y, z) can be defined as: Ĝ ≡

∑
i,j(2e2/h)ωij .

Tridimensional structures can be visualized plotting isosurfaces of
Ĝ(x, y, z) = 0.05 · GPANI−HCL , where GPANI−HCL is the conductivity of

fully HCl doped structures. In Fig. 3b these isosurfaces are reported
for doping levels � = 0.21, 0.33 and 0.6. From the figure it is clear
that at � = 0.21, several conductive regions are present but in con-
fined regions. At � = 0.33 the conductive regions are more extended
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Scheme 1. Proposed bottom to up modeling approach. Four panels corresponding to the modeling steps and their mutual connections are depicted. On the bottom and on
the  top of the scheme the two microscopic and macroscopic steps are shown, respectively. (1) Microscopic modeling (generation of atomic structures) of the doping process
by  UEMC simulations and calculation of local conductivity from atomic configurations. (2) Microscopic modeling (calculation of thermodynamic properties) using atomic
structures coming from step 1 by MD (diffusion coefficients) and CGMC (solubility). (3) Macroscopic modeling of the diffusion reaction process (modified Fick’s equation)
using  solubility and diffusion coefficients coming from step 2. (4) Macroscopic modeling of sensor response G(t) using C(x,t) and �(x,t) coming from step 3 and conductivity
G(�)  coming from step 1.

Fig. 2. Results of UEMC simulations (step 1, see Scheme 1). Calculated dependence of equilibrium doping level on HCl chemical potential. Using UEMC simulations it is
p  0 to 

s e atom
p r is ref

a
n

t
W
a
L
m
a

ossible to generate atomic structures of PANI-HCl at different doping levels from
hown.  In the pictures for clarity reasons only one PANI chain is shown and chlorin
oints.  (For interpretation of the references to color in this figure legend, the reade

nd percolated regions appear, this feature becomes more pro-
ounced at � = 0.6.

Another remark of this section is the validation of the ini-
ial choice of a hopping site considering only double-doped units.

ith this choice of hopping site a good agreement of simulation

nd experiment is obtained with the value of localization length

 = 0.1 nm,  which can be compared with the value 0.6 nm [25], esti-
ated using Efros–Shklovskii VRH model [22]. As showed by both

b-initio and classical simulations, doped PANI units can exist in
1. Atomic structures corresponding to doping levels � = 0.21, 0.33 and � = 0.6 are
s are highlighted using green spheres. The remaining atoms are depicted as gray

erred to the web version of this article.)

two forms, with only one (1N+) or both doped nitrogen atoms (see
Fig. 1b) in partially doped PANI structures [23]. Our conductivity
model gives agreement with experiment only if the 1N+ PANI units
are not considered as conducting (hopping) centers (filled circles in
Fig. 3). If they are considered conducting the threshold doping level

�c, obtained by simulation, decreases to almost zero and experi-
mental results cannot be fitted by any realistic value of localization
length L. For example, in Fig. 3 results of conductivity calculations
performed using this assumption (reported as empty circles) show
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Fig. 3. (a) Doping level dependence of PANI electrical conductivity G(�): results of exper
by  red filled circles. If partially doped PANI units (1N+) are considered as conducting the mo
isosurfaces.

Fig. 4. Doping level dependence of conductivity of polypyrrole and poly(p-
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by [16]
henylene vinylene) at 300 K [43]. Lines are fits with (4) with �th
———— 0.204, a = 105 S/m

nd �th
———— 0.07, A = 104 S/cm, correspondingly.

hat very large conductivity values can be obtained starting from
ery low values of �.  It is interesting also to look in this case to the
D structure of conducting region being percolated already at low
oping levels (Fig. 3b).

The conductivity, doping level and density of states of PH6
oped polypyrrole and FeCl3 doped poly(p-phenylene vinylene)
ere studied in group of Mennon [43]. The reported doping

evel dependences of conductivity are shown in Fig. 4. Polyppy-
ol was considered fully doped when the monomer charge reaches
.25 [43,44] and the doping level is defined as the charge per 4
onomers. It turns out that the percolational behavior (4) describes

lso the doping level dependence of conductivity of these two  ICPs,
ith the same threshold �th

———— 0·204 for polypyrrole and smaller
hreshold �th

———— 0·07 for poly(p-phenylene vinylene).

.2. Bridging atomistic to FEM simulations.

We  consider gaseous acid species, e.g. HCl, (more in general HX),

iffusing into a homogeneous PANI-EB film and reacting with it. The
eaction is

ANI + HX → PANIH+X− (5)
iment 1 [39] and experiment 2 [40] are compared with the modeling results shown
deling (symbol ©)  and the experimental results do not agree. (b) Local conductivity

Gardner et al. [16] proposed a modified Fick’s diffusion equation
to model the diffusion/reaction process of gas inside the polymer
bulk. Assuming the planar geometry of the film, the following one-
dimensional equation can be written for the gas diffusion:

∂C(x, t)
∂t

= D
∂2

C(x, t)
∂x2

− N0
∂�(x, t)

∂t
(6)

where C is the concentration of the gas, D is the diffusion coeffi-
cient, � is the doping level and N0 is the density of reaction sites.
It was supposed that all PANI reaction sites are equivalent and the
probabilities of a reaction of HX with PANI reaction sites are the
same:

∂�(x, t)
∂t

= kf C(1 − �)  − kb� (7)

where kb and kf are the backward and forward rates of the reaction
(5) respectively.

The typical chemresistor geometry is shown in the inset of
Fig. 1a. With ICP film thickness th the initial and boundary con-
ditions are the following C(x, t = 0) = 0, 0 ≤ x < th;  C(x = th,  t) = C0;
dC/dx = 0, t = 0, x = 0; d�/dx = 0, t = 0, � = 0. Therefore, in order to
solve Eqs. (6) and (7), the concentration of gas on the surface of
PANI film C0 is also required. The solution gives C(x, t = ∞)  = C0 and
thus C0 is given by the thermodynamic equilibrium. The Henry’s
law can be used for small concentration of gas C0 = 
c, where c is
the concentration of gas vapor, supposed to be homogeneous in the
environment out of the film, and 
 is the solubility coefficient.

No closed analytical solutions can be found for Eqs. (6)
and (7) when applied to transient signals. The values of diffu-
sion coefficients D and solubility coefficient 
 for HCl in PANI
have been estimated by atomistic simulations (see supplemen-
tary material). The obtained values are D = 3 × 10−13 m2/s and

 = 7 × 10−4 mol/m3/ppm. Nonetheless, once the D, kb, kf, N0 and

 parameters are assigned, numerical solutions are calculated by
the FEM. We  have applied the finite element method (FEM) as
implemented in the COMSOL Multiphysics software [45].

The conductivity G of a chemresistor with semi-infinite thin
electrodes, thickness th and gap length L0 is approximately given
G(t) =
∫ th

0

G (x, t) · 1
�

[
(x − th)2 +

(
L0

2

)2
]−1/2

· dx (8)
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Fig. 5. Concentration C(x,t) of HCl (a) and doping level �(x,t)  (b) profiles calculated s

Fig. 6. Theoretical response of PANI-EB films to 100 ppm HCl for
k = 1.4 × 10−2 m3/mol/s, k = 3.1 × 10−3 s−1, D = 3 × 10−13 m2/s and
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diffusion in one dimension is given by the following equation
f b

 = 7 × 10−4 mol/m3/ppm compared to experimental data from [31].

Because the molecular mechanism by which conduction takes
lace in conducting polymers cannot be considered in FEM litera-
ure, it is usually assumed that G(x, t) has a linear dependence on
(x,t) [15,16]. In our case we can use the more reliable behavior

btained from atomistic simulations, given by Eq. (4).
Virji et al. [46] studied the response of conventional and

anofiber PANI sensors to different gases. The sensors were fab-
icated by casting PANI films onto interdigitated electrode sensor
ubstrate. The electrical dynamic response of sensor with con-
entional PANI-EB film to 100 ppm HCl was reported. We  use
qs. (4)–(8) to model the response and compare experimental
nd theoretical behaviors. By performing FEM simulation Eqs. (6)
nd (7) were solved and profiles of HCl concentration C(x,t) and
ANI doping level �(x,t) were obtained. They are presented in
ig. 5. The profiles result from the trade-off between the diffu-
ion process and the reaction rate. In our case there is a significant
umber of reaction sites that adsorbs the diffusing gas and slows
own the diffusion process. Using Eqs. (4) and (8) the response
xpressed as R/R0 was obtained and is compared with the exper-
mental results in Fig. 6. We  assume the density of reaction sites
n PANI as N0 = 7100 mol/m3 consistently with microscopic simu-
ations data. The geometrical parameters of the chemresistor from
eference [31] are the diffusive film thickness th = 0.7 �m and elec-
rode distance L0 = 10 �m.  The nonzero conductivity of PANI EB
as set to G = 10−8 S/m [8]. The reaction rates describing the
PANIEB
ynamics of reaction (5) are fitted as kf = 1.4 × 10−2 m3/mol/s and

b = 3.1 × 10−3 s−1.
olving Eqs. (8) and (9) for PANI-EB films (th = 0.7 �m) exposed to 100 ppm HCl.

3.3. Modeling the response to nonacidic gases

The interaction of water vapor with PANI, its role on PANI con-
ductivity and in turn on sensor response is an important aspect still
under debate [5]. Due to the ubiquity of water vapor in usual con-
ditions of use of sensors a molecular understanding of this aspect
is very important.

As shown in Fig. 2 atomistic simulation provides a relation
between HCl chemical potential and PANI doping level �(�). In
order to understand the effect of humidity on doping level the
dependence of doping level on chemical potential �H(�) was  also
obtained for PANI structure with adsorbed water [23]. It turns out
that both dependences can be well described by cumulative distri-
bution function of Gaussian distribution. Furthermore the humidity
modifies this dependence so that �H(�) = �(� + Egas), where Egas is
the effect of adsorbed vapor. The value of Egas is given by energy
of interaction of PANI reaction sites with adsorbed gas molecules
(see supplementary material for more details), and hence is propor-
tional to the concentration of adsorbed gas C, Egas = egas · C. Thus the
relation between PANI doping level and concentration of adsorbed
vapor is obtained:

�(C) = 0.5
(

1 + erf
(

� − B + egas · C√
2�2

))
(9a)

With Henry’s law C = 
 · c we obtain

�(c) = 0.5

(
1 + erf

(
� − B + egas · 
 · c√

2�2

))
(9b)

where c is the concentration of analyte gas above gas sensor. Tak-
ing into account the strong dependence of polymers conductivity
on doping level �(�) and neglecting other possible effects of ana-
lyte gas on polymer conductivity, Eqs. (4) and (9b) may be used to
model the steady state response of PANI to change of concentra-
tion c of analyte gas vapor. The values of � and egas can be obtained
by means of atomistic simulation (see supplementary material).
We consider � − B as a parameter that depends on many features
such as polymer doping level, preparation method, dopant type,
dissociation level, pH, etc.

Assuming that diffusion of analyte gas in ICP film may  be
described by Fick’s law, the analytical expression for time-
dependent sensor response can also be obtained. The Fick’s
C(x, t) = C(x = 0) · erfc
(

x

2
√

D · t

)
(10a)
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Fig. 7. (a) Experimental steady state responses of HCl and D-CSA doped PANI sensor [45,46] to humidity in comparison with modeling results (solid and dashed lines). The
fi SA respectively. The corresponding chemresistor electrical resistivity is given in the inset.
( ling results. The response of D-CSA doped PANI to change of RH from 45 to 90% [46] is in
t 5] is given in the inset.
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Fig. 8. Experimental steady state response (filled symbols) of 2-layer D-CSA doped
tting  parameter is � − B = −1.4 and � − B = 1.1 kcal/mol for PANI-HCl and PANI-D-C
b)  Experimental time dependent PANI sensor responses in comparison with mode
he  main plot and the response of HCl doped PANI to change of RH from 98 to 0% [4

Substituting it to (9a) and using Henry’s law C(x = 0) = 
 · c, we
btain analytical expression for local doping level

(x, t) = 0.5

(
1 + erf

(
� − B + egas · 
 · c · erfc(x/2

√
D · t)√

2�2

))

(10b)

Substituting it to (4) and (8), the analytical expression for chem-
esistor conductivity G is obtained. Results are independent from
he conductivity constant a if relative chemresistor resistance G0/G
r sensor response is calculated.

We  use the experimental results of other research groups and
how how these results can be modeled by Eqs. (4) and (9). The most
ecent papers where the responses of PANI sensor to humidity are
eported in [47,48]. HCl doped PANI was fabricated directly onto
he screen-printed electrodes using chemical deposition method
47]. Camphorsulfonic acid (D-CSA) doped PANI was prepared on
nterdigitated transducers by self-assembly process with different
umber of layers [48]. The response to humidity was  defined as

(RH) = RRH − R98%

R98%
· 100% (11)

here RRH is the sensor resistance at relative humidity RH. The
eported experimental responses s and resistivity RRH of PANI-HCl
nd PANI-D-CSA are given in Fig. 7a.

We  now use Eq. (9b) to model the response of PANI to humid-
ty. The values of egas = 0.5 and � = 4.4 kcal/mol are obtained from
esults of atomistic simulation (see supplementary material), and
olubility 
 = C100/100%, where C100 is mass fraction of water
dsorbed at relative humidity RH = 100%. In the experimental work
f Ostwal et al. [49] it was shown that the C100 is about 5% for
ANIEB and 10% for fully doped PANI-HCl. Thus only the value of

 − B is unknown and is fitted to experimental result. Using Eq.
4) for R−1(�) and (9b) for �(RH)  the response s(RH) of PANI-HCl
s obtained and is shown in Fig. 7a by solid line. For simplicity

e used C100(�) = 5% for all doping levels, however even the use
f constant C100 value gives excellent results: by fitting the only
arameter value � − B a good agreement of theory with experiment

s obtained.
The response of D-CSA doped PANI (Fig. 7a) is somewhat dif-
erent. Indeed the strength of binding between dopant and PANI
nd the effect of water on this strength depend on type of dopant.
he solubility of water in PANI depends on type of dopant too
49]. As UEMC study of D-CSA doped PANI was not performed,
PANI to humidity [46] in comparison with modeling results (solid lines). The fitted
values of � − B and egas · C100 are −0.4,17.5; −0.2, 21 and 0.3,22 kcal/mol for PANI
sensors fabricated at D-CSA/aniline molar fraction 1:1; 0.75:1 and 0.5:1 respectively.

the estimation of egas · C100 value for this system was not done
and we  considered this value as another free parameter to fit
the experimental response. It turns out that a good agreement
between theoretical and experimental humidity responses of D-
CSA doped PANI is obtained with the value egas · C100 = 16 kcal/mol,
4 times higher than that for PANI-HCl. Higher egas · C100 value can be
explained by either higher water solubility in D-CSA doped PANI or
by stronger effect of water on equilibrium constant of protonation
reaction. In inset of Fig. 7a the resistance values are also reported
and compared with results obtained by Eqs. (4) and (9b).

More details concerning the sensors fabrications can be found in
[47,48]. The PANI-D-CSA responses presented in Fig. 7 correspond
to 6 layer PANI film prepared by self-assembly in solution of aniline
and D-CSA with molar fraction 1:1. However different responses to
humidity of sensors with thinner 2-layer PANI films fabricated at
different solution of PANI and D-CSA were also reported in [48].
In Fig. 8 we compare reported experimental results (filled sym-
bols) with modeling results (solid lines). One can see that all the
responses to water are well described by proposed equations.

The experimental time-dependent response of PANI to change

of humidity was  also reported in papers [47,48] and is shown
in Fig. 7b. It is possible to check if the time-dependent response
can be modeled by Fick’s diffusion using Eq. (10). The results
obtained by Eqs. (4), (8) and (10b) are presented in Fig. 7b. All the
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Fig. 9. Experimental time dependent response of PANI sensor to methanol [44] in
comparison with the modeling results given by Eqs. (4) and (8)–(10). The fitted
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Fig. 10. The resistance change of polypyrrol sensor due to exposure to ethylbenzene
arameters are egas · C100 = 0.48 and � − B = −1.4 Kcal/mol and diffusion coefficient
 = 4 × 10−15 m2/s.

alues of parameters � − B, egas, �, and C100 are those already used
or the steady state response R(RH), shown in Fig. 7a. The value of
oefficient D of water diffusion in PANI is 3 × 10−13 m2/s [49]. The
alues of electrode gap distance L0 were reported as 20 �m [48] and
25 �m [47], but the thickness of PANI films th was not reported
nfortunately and we had to fit its value. The fitted values of film
hickness are 4.5 �m and 17 �m correspondingly, and are close to
ypical PANI sensor film thickness. We  can see that though the Fick’s
iffusion can be used to model the time-dependent response to
umidity, a visible difference between experiment and modeling

s observed at small time. This difference may  be easily explained.
ndeed the transport of gas molecules in thin subsurface layer of
ANI film is given by gas sorption kinetics and is not limited by
iffusion. The roughness of the film surface can increase the thick-
ess of the layer where the response is fast. At larger time however
he gas transport is moderated by diffusion and good agreement of

odeling with experiment is observed.
We  finally show that proposed methodology can be used to

odel response of different ICPs to different gases. In the exper-
mental work of Virji et al. [46] response of PANI sensor to
0,000 ppm methanol is reported. This response was explained
y chain conformational changes. The approach we have pro-
osed, that includes atomistic simulation, can be used to model
he effect of analyte gas on both doping level, chain conformations
nd swelling, but performing the atomistic study is time consum-
ng. Instead we evidence that the reported response of PANI to

ethanol can be well fitted by the same analytical equation that
as used to model the response to humidity. This is shown in Fig. 9
here the reduced resistivity (filled symbols) from reference [46]

s compared with modeling results (solid line). The reported sensor
iffusive film thickness and electrode distance are th = 0.3 �m and
0 = 10 �m,  respectively.

It was reported that Cl−-doped polypyrrole increase the doping
evel and electrical conductivity under exposure to such gases as
enzene, toluene, ethylbenzene, and xylene (BTEX) compounds
50]. The polypyrrol sensor was prepared by deposition of interdig-
tated screen-printed gold electrode with polypyrrole thin film. The
eported sensor resistance changes [50] due to exposure to o-xylen
nd ethylbenzene vapors are shown in Fig. 10 by symbols. Using the
oping level dependence of polypyrrole conductivity �(�) shown

n Fig. 4 together with (9b) we have function that can fit the reported
xperimental responses. The fitted results are shown in Fig. 10a by

ines. The reported resistance change was not normalized and we
ad to consider conductivity normalization constant A as unknown
arameter depending on sensor geometry. The fitted parameters

 = 5 × 10−4 Ohm−1 and � − B = 2 kcal/mol characterize the sensor
and  o-xylene vapors. The steady state response (a) and time dependent response
(b,c). The symbols are results of experiment [50] and lines are results of proposed
analytical equations with corresponding concentration c of gas vapor.

and should not depend on type of analyte gas, and the response
to different gases can be obtained by varying egas · 
 constant only.
The obtained values of egas · 
 are 0.0037 kcal/mol/ppm for o-xylene
and 0.002 kcal/mol/ppm for ethylbenzene. The higher sensitivity to
o-xylene is explained by higher solubility constant 
 of o-xylene.
The constant 
 of solubility of gases in polymer increase with gas
boiling temperature [50,51].

The obtained parameters are then used to model time depend-
ent response using (4), (8) and (10b). The sensor parameters th and
L0 were not reported and we have 2 fitting parameters: L/th and
D/th2. It turns out that Eqs. (4), (8) and (10b) well describe the time
dependent responses to vapors of both o-xylene and ethylbenzene
with different vapor concentration c (solid lines in Fig. 10b and c).
The same parameter values L0/th = 0.23 and D/th2 = 0.031 s−1 were
used for all the time-dependent responses, shown in Fig. 10.

4. Conclusions

In this manuscript using a bottom to up modeling approach we

described the sensing mechanism of PANI based sensor devices at
atomic level of details. In particular, using a recently developed
Monte Carlo technique we  modeled PANI structures at different
doping levels ranging from that of PANI EB to that of fully doped
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ANI ES. Using an empirical model for the calculation of electri-
al conductivity of these structures a very good agreement with
xperimental data has been obtained. Thermodynamic and conduc-
ivity data obtained from atomistic simulations have been used in

 macroscopic modeling scheme describing diffusion and reaction
rocesses and finally the time dependent sensor response giving

 good agreement with experimental data. The same scheme has
een then adopted in order to understand the effect of humid-

ty in the sensor response. According to Monte Carlo simulation
esults, we followed the hypothesis, that for a given value of gas
hemical potential, the main effect of water molecules in PANI
tructures is to enhance the doping level with respect to dry struc-
ures. An analytical expression for the calculation of steady state
nd dynamic responses of the sensor to analyte gas has been pro-
osed. The steady state response of PANI to humidity obtained
y this expression agrees well with the experimental results. The
ynamic response of PANI sensor to the change of relative humidity,
btained by this expression, agrees well with experimental results
t all time, excluding small time values, where some deviations are
bserved and discussed.

The proposed simulation approach, able to describe at atomic
evel the sensing experiment, provides a molecular interpretation
f the sensing mechanism in PANI based sensors. According to
he simulation results, the main feature characterizing the sensing

echanism is the behavior of the doping level as function of the
hemical potential. Using an accurate calculation of this behavior,
t has been possible to accurately reproduce conductivity behav-
or and sensor response. Another important aspect is the correct
eproduction of the effect of relative humidity on steady state and
ynamic response of the sensor. It is worth noting that the proposed
odel gives a good reproduction in all range of relative humid-

ty reported for experiments involving detection of HCl and D-CSA
cids (for RH going from 0 to about 90%) assuming the same depend-
ncy of conductivity G(�) of Eq. (4) obtained for systems without
ater molecules. This indicates that the main effect of water in

he sensing mechanism is the enhancement of doping level due to
tabilization of protonated sites.

Finally it has been shown that responses of polypyrrole sensor
o ethylbenzene and o-xylene, reported in literature, are also well
escribed by the proposed model. These results suggest that the
roposed scheme, that can be extended with suitable modifications
lso to other sensing materials, would allow to understand the basic
hysic-chemical underlying mechanisms of sensing and to address
ossible materials modifications and improvements.
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