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A united event grand canonical Monte Carlo study of partially
doped polyaniline

® CrossMark
¢

M. S. Byshkin,'? A. Correa,! F. Buonocore,? A. Di Matteo,®* and G. Milano'4-?
'Modeling Lab for Nanostructure and Catalysis, Dipartimento di Chimica e Biologia and NANOMATES,
University of Salerno, 84084, via Ponte don Melillo, Fisciano Salerno, Italy

2ENEA Casaccia Research Center, Via Anguillarese 301, 00123 Rome, Italy

3STMicroelectronics, Via Remo de Feo, 1 80022 Arzano, Naples, Italy

4IMAST Scarl Piazza Bovio 22, 80133 Naples, Italy

(Received 12 August 2013; accepted 2 December 2013; published online 26 December 2013)

A Grand Canonical Monte Carlo scheme, based on united events combining protona-
tion/deprotonation and insertion/deletion of HCl molecules is proposed for the generation of
polyaniline structures at intermediate doping levels between 0% (PANI EB) and 100% (PANI ES).
A procedure based on this scheme and subsequent structure relaxations using molecular dynamics
is described and validated. Using the proposed scheme and the corresponding procedure, atomistic
models of amorphous PANI-HCI structures were generated and studied at different doping levels.
Density, structure factors, and solubility parameters were calculated. Their values agree well with
available experimental data. The interactions of HC1 with PANI have been studied and distribution
of their energies has been analyzed. The procedure has also been extended to the generation of PANI
models including adsorbed water and the effect of inclusion of water molecules on PANI properties
has also been modeled and discussed. The protocol described here is general and the proposed
United Event Grand Canonical Monte Carlo scheme can be easily extended to similar polymeric
materials used in gas sensing and to other systems involving adsorption and chemical reactions

steps. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4848697]

. INTRODUCTION

Conjugated organic polymers are either electrical in-
sulators or semiconductors. During the doping process an
organic polymer, having a small conductivity is converted
into a polymer which is in the “metallic”” conducting regime.
Both doping and reverse undoping processes may be involved
chemically or electrochemically. By controllably adjusting
the doping level, conjugated polymers with conductivity
anywhere between that of the non-doped and that of the fully
doped may be obtained.'

Polyaniline (PANI) is one of the most widely used
conducting polymer because of its easy synthesis, high chemi-
cal and environmental stability, and tunable properties."? The
emeraldine base (EB) form of PANI is especially attractive.
It may be doped by adding compounds in desired quantity.
The maximum doping level is reached when all imine ni-
trogens (half of the total nitrogens) are protonated (Fig. 1).
This fully doped form is called emeraldine salt (PANI ES)
and the scheme of its bipoloronic state** is presented in
Fig. 1. Dopants can be removed back by interaction with a
base. As doping level changes from 0% (PANI EB) to 100%
(PANI ES) (Fig. 1) the conductivity varies*> from 107!° to
10° @~ cm™!. The strong dependence of electrical conduc-
tivity on doping rate and favorable response to guest molecule
makes PANI useful for gas sensors.®” There are many appli-
cations in which measuring gas concentration is critical. For
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example, continuous monitoring of the HCI content in flue
gas purification plants is a key issue for incineration facilities
in order to optimize process efficiency and to ensure compli-
ance with existing emission regulations. In the technological
research area for low power sensors, conductive polymers are
attractive due to their ability to operate at room temperature,
to be synthesized through easy chemical or electrochemical
processes, and modified conveniently by copolymerization or
structural derivations.” Moreover, the good mechanical prop-
erties of PANI facilitate the fabrication process of sensors. On
the other hand, micro- and nanopatterning of these sensing
materials and formation of ultrathin sensing films facilitate
enhanced vapor diffusion and response speed when compared
to conventional polymeric films. There are several reviews
and papers®’ that emphasize different aspects of gas sensors,
and some others that discuss sensing performance of certain
conducting polymers, but few of them pay special attention to
a molecular understanding of the impact of gas molecules on
the polymer matrix.

Atomistic models have already been used to study PANI.
Ab initio and DFT simulations were extensively used to
study various PANI oligomers and infinite periodic chains.
In particular, besides geometric and electronic properties of
oligomers, DFT and ab initio techniques were successfully
used to study interaction of PANI oligomers with different
dopants*® and PANI ES optical properties.” Simulation with
empirical potentials allowed to study amorphous PANI struc-
tures: water adsorption and diffusion in PANI ES,!° thermal
conductivity,!! and water adsorption in PANI EB.'? The first
simulation of partially doped PANI was recently performed

© 2013 AIP Publishing LLC
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FIG. 1. PANI doping scheme.

by Chen et al.'® In their model HCl molecules do not disso-
ciate and energies of bonds between HCl and PANI are not
calculated; these bonds are formed during MD simulation if
the distance criteria is satisfied; by modifying the amount of
HCI molecules in PANI structures and fixing the simulation
time, different doping levels could be obtained.

In this paper, we propose a Grand Canonical Monte
Carlo (GCMC) scheme, based on united events combining
protonation/deprotonation and insertion/deletion of HCI. In
particular, a procedure based on combination of MC with
reactive moves aimed to generate partially doped atomistic
models of amorphous PANI and MD simulations to relax
these structures is proposed.

Il. METHODS AND MODELS

In the present section, Subsection II A is intended to give
an introduction to the proposed United Event Grand Canon-
ical (UEGC) Monte Carlo scheme able to generate partially
doped structures. Subsections II B and II C contain a descrip-
tion of the force-field and technical details of simulations,
respectively.

A. Monte Carlo scheme for generation of partially
doped PANI structures

The use of Monte Carlo or Molecular Dynamics tech-
niques based on classical force-fields would allow to generate
only amorphous structures of PANI EB or PANI ES but not
of partially doped PANI, where partially doped PANI may be
considered as a mixture of doped and undoped PANI units.
Indeed it is evident that distribution of doped/undoped PANI
units may considerably influence PANI transport properties.
Therefore a UEGC Monte Carlo scheme is proposed here to
generate equilibrium partially doped structures. In the present
study we choose HCI as gas penetrant molecule and PANI
as polymer matrix but the proposed scheme is general and
different gas/polymer pairs may also be used.

The first step of the PANI doping process is the adsorp-
tion of HCI molecules into the PANI structure. For this reason
MC simulation in GC ensemble may be performed, where the
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MC event is insertion/deletion of a HCI molecule. The prob-
ability of acceptance of this event that satisfies the detailed
balance requirements'# may be written as

min [1, P;u], Pips = €Xp {—=B(E1—Ep) — w)},

(la)

1%
A3(M + 1)

when molecule is inserted, and

3
min [1, Pyyl, Pio =

exp {—B (—(E1 — Eo) + )},
(1b)
when it is deleted.

Here E, is the energy of structure before gas molecule
adsorption, Ej is the energy with gas molecule inserted in a
random position, M is the number of gas molecules before the
random insertion, V is volume, 8 = 1/kgT, A is thermal de
Broglie wavelength, and p is gas chemical potential.

The second step of the doping process is the protonation
of PANI, i.e., an acid base reaction of the gas molecule with
one of the repeating unit of the polymer chain. In this case, a
MC simulation in canonical ensemble may be performed. One
protonation event consists of breaking a H-Cl bond and form-
ing a N-H bond with an available nitrogen atom. The accep-
tance probability of a protonation event of a PANI repeating
unit with a neighboring HCI molecule is

min [1, P[)I’]v Ppr = eXp {_,8 (E2 — ED}, (2a)
and the acceptance probability of the deprotonation event is
min [1, Pdepr]v Pdepr = exp {_/3 (Ey — EZ)}s (2b)

here E; is the energy of structure with HCI molecule in-
serted and E, is the energy after protonation of PANI with
this molecule.

Rather than using a scheme involving two MC events
and the corresponding moves, we have just mentioned, we
propose the following united MC protonation event consti-
tuted by a simultaneous HCI molecule insertion and protona-
tion of an available nitrogen site in the polymer. In a similar
way, a united MC deprotonation event is constituted by a re-
verse protonation reaction and a HCI molecule deletion. The
energy difference associated with this event equals simply
E, — Ej. We suggest the following acceptance probabilities
of the united protonation/deprotonation events:

P(M — M+ 1)

Vv
= min [1, T TER {(=B((E2 — Ep) — M)}:|, (3a)

PM—- M-1)
,[AW

=min | 1,
\%

The probability of acceptance of the united event moves (3a)
or (3b) is related to the united event energy difference

exp {—B (—(E2 — Eo) + M)}] . (3b)

EZ - EO = AEN()nonded + AEBonded» (4)

where AEponondeq 15 the non-bonded energy change associated
with the appearance of a protonated site in the polymer ma-
trix and AEp,uqeq 1S the difference between total bond energy
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before and after a protonation event. According to the pro-
posed scheme AEp,gea = AEpona Where AEg,,, is the en-
ergy difference between H-Cl and N-H covalent bonds. It is
straightforward to verify that the acceptance probabilities (3)
satisfy the detailed balance requirement. Neglecting thermal
fluctuations, AEp,,,; may be considered constant and its value
is estimated to be —11 kcal/mol.!> We can consider AEg,q
as a parameter characterizing the chemical reaction between
the gas and the polymer. Then, once that AEg,,, is fixed, it is
possible to calculate, as in usual GC simulations, several sys-
tem properties, for example, doping level, as a function of the
chemical potential of the gas .

The method described above was implemented as a
modification of GCMC code of LAMMPS package. The im-
plementation is quite straightforward, one protonation site is
chosen randomly among the available ones, corresponding
energy differences are calculated and the event can be ac-
cepted or rejected according to probabilities of Eq. (3). The
UEGC MC method was performed using the following pro-
cedure involving a combination of an MD and UEGC MC
simulations. In particular, each 100 MD steps in NVT ensem-
ble are followed by 10° UECG attempts. Altogether we used
5 x 10* MD step and 5 x 10° MC steps for each value of .
In order to relax the densities, the structures obtained at each
value of u were equilibrated using NPT simulations.

B. Force field

The polymer-consistent force field (PCFF) was
recently used for simulation of PANL!®!:16 The potential
energy is given as a sum of bonded and nonbonded terms,
E = Eponded + Enonbondeds

Eonbonded = Z q;i + LJy_¢(rij, 0ij, &), (5)
ij Y

with the summation over all pairs of nonbonded atoms, where
r;; is the distance between atoms, g; are partial charges and
o0j, &; are parameters of LJ interaction,

Ebonded = Ebond + Eangle + Edihedml + Eoutfoffplane
+ Ecross—coupling 15 the sum of terms describing intramolecular
bonded interactions: bonds, angles between bonds, and dihe-
dral angles. The description of PCFF and more details can be
found, for example, in Pal’s paper.!' In agreement with the
results reported by Ostwal,'? we found that this FF underes-
timates both PANI-EB and PANI-ES densities by about 10%.
For this reason, we introduced a slight modification of non-
bonded parameters of this force field. In particular, the o and
¢ values we used were taken from COMPASS FF!” and from
GROMOS96'® (only for nitrogen). These values are slightly
different from PCFF ones, but give densities in better agree-
ment with experiments. More details about the employed pa-
rameters and their discussion and validation are reported in
the supplementary material.'

C. MC and MD simulation details

The hybrid particle-field (PF) method was used to gen-
erate initial PANI structure.!” The method is implemented
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in OCCAM molecular dynamics code?® and allows to gener-

ate realistic chains conformation. In the PF method the non-
bonded term is not infinite if the distance between atoms is
zero, allowing chains overlapping and conformation relax-
ations. It was shown that PF method gives a good reproduc-
tion of polymer melt structures,'” PF molecular dynamics was
used also to study other soft matter systems as phospholipids
in water.?! In our simulation we only used the PF method to
prepare the initial packing of PANI structure. The PANI struc-
ture obtained with PF method contained 8 PANI EB chains,
each consisting of 20 PANI EB repeating units (24 carbon
atoms in one unit). The PANI molecules were constructed by
replication of PANI EB repeating unit shown in Fig. 1. The
chains were terminated adding to the first and the last repeat-
ing unit hydrogen atoms to the carbon and the nitrogen atoms,
respectively.

After energy minimization of thus obtained PANI EB
structure the MD simulation in NVT ensemble was performed.
The structure was first simulated at 1000 K for 0.4 ns and then
the temperature was decreased to 300 K at a quenching rate
0.5 K/ps. At this temperature it was further simulated in NPT
ensemble at a pressure of 1 atm. The simulation time was long
enough to relax the PANI density. The density of the obtained
PANI EB structure was 1.2 g/cm?.

We used LAMMPS package for MD simulations reported
here. For all the results presented an atom pair distance cut-
off was set to 10 A to compute the Lennard-Jones and the real
space term of Coulomb interactions. Particle-particle particle-
mesh solver was used to calculate the reciprocal space term of
Coulomb interaction’” and the Nose/Hoover thermostat and
barostat were used.”> The time integration was performed
with time step ranging from 0.5 to 1 fs depending on the
temperature applied.

MC simulations in grand canonical ensemble have been
employed to study the water adsorption in PANI structures at
different doping levels. Equilibrium structures were obtained
in the following way: each 103 MC steps were followed by
100 MD step; altogether 3 x 108 GCMC steps for each doping
level were performed. We used the value of water chemical
potential j1p,0 = —5.4kcal/mol.2* After the structures with
water were obtained they were equilibrated in NVT ensemble.

In the MC simulation the interaction energy of
atom/molecules with structure was calculated. The individual
pair interactions cannot be calculated in reciprocal space. The
Coulomb term of pair interaction of atom i was calculated as

Ecoul(i) — Z % , (6)

-
j=1.Nj# Y

where N is the number of atoms in structure, while the van der
Waals term was calculated with a cutoff of 10 A.

The atom coordinates and trajectories obtained by
LAMMPS package were used to calculate the structure fac-
tors. The structure factors were calculated by ISAACS scat-
tering code using X-ray scattering atom lengths.?

The dielectric constant ¢ of obtained PANI structures was
calculated from the Clausius-Mosotti fluctuation formula

(6 — 1 (2errt ]! _(m?)— (m)?
28RF+8 n 38()VkBT

, )
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FIG. 2. The MC step dependence (a) and p + AEpyq dependence (b) of PANI doping level. The MC step dependence is obtained at i + AEponq
= —40kcal/mol. Cl ions are highlighted in red on corresponding structure snapshots.

where M is dipole moment, ¢ is dielectric constant of vacuum,
err 18 reactive field constant, kg is the Boltzmann constant,
while V and T are volume and temperature.>®

Ill. SIMULATION RESULTS
A. Pure PANI

The UEGC procedure described above has been applied
to obtain equilibrium PANI structures at different doping lev-
els starting from a relaxed PANI EB structure in which at the
beginning no protonated sites were present. As previously ex-
plained, once the value of AEg,,; is fixed structures having
different doping levels can be obtained by changing the gas
chemical potential ;. When the value of u is increased, the
Boltzmann factor exp {—B(E, — Ey — )} of the protonation
event (3a) increases and the doping level can start to grow.
By running UEGC simulations, we found that the doping
level started to increase for values of  + AEp,, larger than
—45 kcal/mol. The dependence of the doping level on the
number of MC steps at u + AEp,,q = —40kcal/mol is shown
in Fig. 2(a). By gradually increasing p the PANI doping level
was gradually increased until pure PANI ES was finally ob-
tained. The uw + AEp,,q dependence of PANI doping level
is shown in Fig. 2(b). The obtained structures with different
doping levels were further simulated by MD in NPT ensem-
ble to relax density. The resulting PANI density is presented
in Fig. 3 as a function of doping level. The obtained den-
sities of PANI EB 1.2 g/cm® and PANI ES 1.32 g/cm® are
in good agreement with experimental values 1.24 and 1.33,
respectively.® The obtained doping level dependence of PANI
density is close to linear.

Besides the polymer density, the Hildebrand’s solubility
parameter is often calculated with the use of atomistic simu-
lation in order to validate the FF and the procedure used. We
calculated the Hildebrand’s solubility as

EImermolecular
§ =4 —— ,
\%

®)

where Emtermolecular j¢ the energy of interaction between PANI
chains. The calculated value of solubility parameter of PANI
EB 22.5 MPa'? is in good agreement with the experimental
measurements 22.2 MPa'2.?7 In doped PANI it is not trivial
to define intramolecular nonbonded interaction, because Cl
ions belong rather to the whole PANI structure than to specific
PANI molecule.

Maron et al.”® performed X-ray scattering analyses of
amorphous PANI films and reported the experimental struc-
ture factors of PANI EB and PANI-HCI. To further validate
our model we have calculated the g-weighted structure fac-
tors ¢S(q) of our PANI EB and fully doped PANI-HCI struc-
tures and compare them with those obtained by X-ray scatter-
ing in Fig. 4. All the peaks of experimental structure factors
are reproduced by our model and thus a good agreement with
experiment is observed.

In order to analyze the structures coming from the
proposed procedure, we considered the radial distribution
functions (RDFs) between different atom pairs present in the

L 28

UL T T LI T LI
= Simulation *
1,324 —*— Experiment A
"r
rd
”
au
o ]
™ ™ s
E I’
- 1,264 7 -
= 7
k) p ]
5 ) .7
Q : ke 1
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-~
»*
L
1,207 -
—————r—FT—TT—7

0 10 20 30 40 50 60 70 80 90 100

Doping level, %

FIG. 3. The doping level dependence of PANI density.
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FIG. 4. PANI EB and PANI-HCI structure factors calculated (solid lines) and
obtained by X-ray scattering?® (dotted lines).

PANI structures. In particular, to analyze the interaction of
CI1™ ion with other PANI atoms we have calculated the partial
correlation functions for the following pairs CI-H, CI-Cl, and
CI-N, where the N (q < 0) and doped N (q > 0) were consid-
ered separately. The RDFs of fully doped PANI are presented
in Fig. 5. We obtained stronger correlations between Cl anion
and charged nitrogen (N*) and weaker correlations between
Cl1 with neutral nitrogen atoms (N). A strong interaction of CI
ions with H atoms bonded to both N+ and N was also found.
In Fig. 6 we compared the CI-H and CI-N+ RDFs for three
different values of doping level: 100%, 51%, and 15%. Inter-
estingly, we found that strongest correlations are observed in
PANI structures with smaller doping level. The coordination
numbers of ClI ion are calculated by counting H or N* atom
in sphere of radius 3.5 A and are presented as a function of
doping level in insets of corresponding plots. The number of
H atoms in neighborhood of CI ion can be considered as a

I L | N TR T | SIEC BT W | TN | %
204 v Doping level 100 % (a) |
| — — Doping level 15 %
| - - - Doping level 51 %
l 8,1 ; . —
15 4 | i E
| 8804 ™ -
|:| E
K, 2794
H G738 .
S 104 o] S 1 A
- y g M g
5777 o \
8 7.6 =
5+ 75 : . ——r .
0 20 40 60 80 100
Doping level, %
0

rA
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FIG. 5. Pair correlation function in PANI-HCI.

measure of the correlation between these atoms. The linear
decrease of this parameter with doping level is observed on
inset of Fig. 6(a). The number of doped N* atoms increases
with doping level and produces the increase of correspond-
ing coordination number. The smaller correlations at higher
doping level may be explained by raise of screening effect on
the Coulomb interaction between ions of opposite charges of
PANI structures with the increase of Cl ions amount. In order
to demonstrate it we have calculated using Clausius-Mosotti
equation the values of dielectric constant at different doping
levels, and plot the results in Fig. 7. The increase of the dielec-
tric constant with doping level is observed. This increase is
consistent with a weaker interaction between charges at high
doping levels.

It is shown in inset of Fig. 6(b) that in case of fully doped
PANI the number of doped N atoms in the coordination
sphere of Cl is 1.6. Some of these N atoms may belong to
different PANI chains and thus 1 CI ion may form hydrogen

80 ————————1————————7—
Doping level 100 % (b) 1
704 | — — Doping level 15 % 7
1 - - - Doping level 51 % 1
60 - h :
| h 17 .
50__ :: g 16 /. ]
E40— | 2 154 v {4 A
[=)] | =2l /'
1 S
30 54 P .
] s / ]
513
20 8 5 }
] L) "% 4@ e 8 100 |
104 "‘ \ Doping level, % 7
1 < |
04 =\ - — |
L LD LS S T (R

FIG. 6. CI-H (a) and CI-N+- (b) pair correlation functions at different doping levels. In insets the corresponding CI coordination numbers are shown as function

of doping level.
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FIG. 7. Doping level dependence of dielectric constant.

bonds with more than 1 PANI chain. We calculated the num-
ber of chains to which CI ions are bound. Indeed it turns out
that the number of Cl ions forming hydrogen bond with only
one chain is close to the number of Cl ions forming bonds
with 2 different chains with a non negligible amount of ions
forming hydrogen bonds with 3 chains. The distribution of
numbers of chains bound to Cl ion is presented in supplemen-
tary material.'> The presence of interchain bridges formed by
Cl ions was also reported by Cavazzoni et al.?

B. Water effect

In order to obtain configurations including water
molecules, MC simulation in grand canonical (17 V') ensem-
ble have been performed. The mass fraction of water adsorbed
was calculated as

MWater

Ms(%) = x 100, ©)]

PANI

16 e
14_— (a) —CI-H*pure PANI_—
| — — CI-N"pure PANI
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FIG. 8. Doping level dependence of water adsorption.

where Mpay; is the weight of pure PANI, given by mass of
all the atoms excluding those of water, and M., is the to-
tal weight of all the water molecules adsorbed. It is presented
in Fig. 8 as a function of PANI doping level. We have found
that doping level dependence of water adsorption is weak. In
particular, a slight increase of water adsorption with doping
level is observed. The obtained mass fraction of water ad-
sorbed is in the range from 7% to 10%, in reasonable agree-
ment with experimental results. Ostwal et al.”’ performed the
experimental study of water adsorption by PANI powder. The
reported values of content of water adsorbed at relative hu-
midity 80% are 5% for PANI EB and 10% for fully doped
PANI-HCI. At the same time they reported a water adsorp-
tion of 11% by internally produced PANI EB powder. Canales
et al.'? reported that content of water adsorbed by PANI EB
may reach 15%.

The pair correlation functions in fully doped PANI with
8.6% water are presented in Fig. 9. In Fig. 9(a) RDF of PANI-
HCI with water adsorbed is compared with the ones of pure
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FIG. 9. Pair correlation function in PANI-HCI: (a) Effect of water to Cl-H and CI-N+ pair correlation and (b) water-water, water-N, and water-N+ pair

correlations. Oxygen was considered as the water molecule center.



244906-7 Byshkin et al.

FIG. 10. The snapshot of PANI EB with water adsorbed. Water molecules
are highlighted (oxygen atoms in red and hydrogen in purple).

PANI-HCI. We can see that water affects the correlations
between Cl ion and doped N making them slightly weaker.
In Fig. 9(b) O-N, O-N+ and O-O pair correlation functions
are also presented. The interaction of O atom with both pos-
itively charged NT and negatively charged N does not pro-
duce strong correlations between these atoms. In contrast the
sharp peak on the O-O pair correlation function is observed
and it indicates self aggregations of water molecules. The
self aggregation of water is also observed on the snapshot of
structure of PANI with water adsorbed, presented in Fig. 10.
The organization of PANI adsorbed water in nanodrops was
recently reported by Casanovas et al."

The diffusion of water vapor in PANI-HCI was studied
by Ostwal.!® The calculated diffusion coefficient was one
order of magnitude higher than that obtained experimentally;
this was attributed to low density of their PANI-HCI struc-
tures (1.2 g/cm®). As the density of our PANI-HCI structure
(1.32 g/em?®) is higher than in Ostwal’s paper, we expected
to obtain a water diffusion coefficient closer to experimental
value. The self diffusivity of water vapor in PANI was com-
puted from the mean square displacement (MSD) of water
molecules by using D = lim & (|R() — R(0)|*). The water
diffusion depends stronglyl 0(;1o amount of water adsorbed.

We calculated the MSD of water molecules in PANI-HCI
structure with 8.6% water adsorbed. The average MSD of
water molecules is presented in Fig. 11 as a function of
time, where we see that the linear regime is reached after
about 5 ns. The estimated value of the diffusion coefficient is
D = 2.5 x 107'2m?/s. The obtained value is two times
smaller than Ostwal’s simulation result, but still higher
than the experimental results. The reported values of water
diffusion in PANI-HCI are 3 x 10~'* m?/s in hollow fiber?
and 4 x 10~'"*m?/s in PANI pellet.’! The accuracy of the
values of diffusion coefficient estimated by MD simulation
depends on the PANI density, free volume distribution and on
the force field used for PANI-water interaction. As soon as
the density of our PANI structure is close to the experimental
PANI density, we believe that the PANI-water interaction
should be refined to improve agreement with experiments.

In supplementary material'> we have reported that
the united event minimum energy difference E, — Ej in

J. Chem. Phys. 139, 244906 (2013)

o
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FIG. 11. Time dependence of MSD of water in PANI-HCI.

freestanding PANI unit calculated using the FF employed
in our simulation is about —24 kcal/mol. It was possible
to calculate the united event energy differences E; — Ey
corresponding to all the CI ions present in equilibrated
PANI separately. The distribution of E; — Ej in PANI-HCI
structures is very instructive and is presented in Fig. 12(a).
One can see that the average value of E; — Ej in amorphous
PANI structure is about twice lower than the value calculated
for freestanding PANI unit. This is not surprising for the
presence of more interaction sites in a dense bulk structure
with the respect to an isolated PANI unit. More interesting
is the wide distribution of E, — E; values going from
—70 to —30 kcal/mol found for the fully doped amorphous
PANI (black curve of Figure 12(a)). Low values E, — Ej
correspond to sites having strong binding energies, while high
values of E, — E correspond to sites having weaker binding
energies. This picture, describing a wide range of binding
sites can help with the interpretation of sensing experiments.

One interesting aspect is the role of water molecules. In
Fig. 12(a) we also present the distribution of E, — Ej calcu-
lated for a system having fully doped amorphous PANI with
8.6% water adsorbed. The effect of water in the distribution is
twofold, the distribution of E; — Ej is shifted by 10 kcal/mol
and is less wide. According to this result, the presence of wa-
ter molecules has the main effect of a stronger binding of HC1
to PANI.

In order to understand this effect the calculated £, — Ej
can be partitioned in two different contributions due to the
interaction of H, CI, and N with PANI (E, — Ey)pan; and wa-
ter molecules (E; — Eo)warer- The sum of these two terms
will give E; — Ey. The distributions of these energies are
shown in Fig. 12(b). For comparison the curve of the system
without water is also reported. The distribution obtained for
(E; — Ey)pany in the structure with water is almost coincident
with the distribution of E, — Ej calculated for the system
without water. The behavior of (Ey — Eo)wargr distribution
is very interesting. In particular, except a small positive tail
all the distribution is characterized by negative values up to
—30 kcal/mol. This result indicates that the stronger binding
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FIG. 12. Distribution of (a) E; — Ep in amorphous PANI-HCI with and without water and (b) E, — Ej energy partitioned to interaction with PANI and water

molecules.

is related mainly to the interactions of H, Cl, and N with
water molecules present in the structure.

As discussed above, we expect, in the same conditions,
an increase of doping level in the presence of water. This ef-
fect can be also studied by atomistic simulation with the use
of the proposed UEGC scheme. We compared the behavior
of doping level at different values of HCI gas chemical po-
tential u for pure PANI and for the structure with 8.6% wa-
ter adsorbed. Differently from previous simulations we started
from fully doped structures and decreasing the chemical po-
tential we obtained structures having smaller doping levels up
to 0%. As shown in Fig. 13, for the same chemical potential
a larger doping level is always obtained for the structure in-
cluding water molecules. Finally, it is worth noting that the
doping level decreases strongly when u + AEp,,; decreases
from —40 to —60 kcal/mol (see Figure 13). This energy in-
terval agrees well with the distribution presented in Fig. 12.
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FIG. 13. pu+AEp,nqs dependence of PANI doping level at pressure 1 atm in

Bond'

structure of pure PANI and PANI with 8.6% water adsorbed.

Indeed, in the case of pure PANI the distribution of E, — E
is in the range from —35 to —65 kcal/mol and in the presence
of water this range is shifted toward lower values by about
10 kcal/mol. This agreement is also an evidence of the good
convergence of the method.

IV. CONCLUSIONS

In the present paper a procedure based on a combination
of UEGC Monte Carlo and Molecular Dynamics is proposed
for the generation of partially doped PANI structures. This
procedure is general and the proposed UEGC Monte Carlo
scheme can be easily extended to similar polymeric materials
used in gas sensing and to other systems involving adsorp-
tion and chemical reactions steps. The accuracy of the empir-
ical force field used for the study of PANI is validated also
by comparison with DFT calculations and several experimen-
tal data. Starting from the configurations obtained with the
proposed procedure an atomistic study of amorphous PANI
structures at different doping levels has been performed. The
density of PANI has been computed as function of doping
level. The calculated structure factors, density and solubility
parameters values are in good agreement with experimental
results.

The adsorption of water by PANI structure has been also
studied. The calculated content of adsorbed water, in agree-
ment with experimental studies, is in the range from 8% to
10% for doping level ranging from 0% to 100%. Furthermore,
clustering of adsorbed water is observed.

From the pair correlation analysis, it is found that in-
crease of PANI doping level makes these correlations weaker.
This behavior has been rationalized by an increase of PANI
dielectric constant with doping level.

The picture emerging from the simulations describes a
wide range of binding sites having different interaction ener-
gies with the reacted HCl molecules in the PANI amorphous
structures. It is shown that adsorption of water by PANI makes
these interactions stronger and can favor the doping process.
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This picture is confirmed by the results of UECG simula-
tions: in all cases for the same chemical potential a larger dop-
ing level is always obtained for the structure including water
molecules. The PANI electrical conductivity and its response
to gas will be studied using partially doped atomistic struc-
tures, obtained using the proposed method, in future works.
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