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Geometry optimization was conducted on a series of emeraldine salt (ES) oligoanilines (2x +2)-ES* (x=0,
1, 2, 3), alcohols and complexes composed of oligoanilines and alcohols by density functional theory
(DFT) method at UB3LYP/6-31g (d) level. Electronic properties of complexes composed by (2x+2)-
ES* oligoanilines with methanol, ethanol, propanol and isopropanol were investigated at higher level
UB3LYP/6-311++g (d, p) to model the response of polyaniline (PANI) to alcohols. Influences of oligoani-
line chain length and alcohols on the binding properties of the complexes were discussed based on the
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1. Introduction

Conducting polymers (CPs) including polyacetylene [1], polypy-
role [2], polythiophene [3] and polyaniline [4,5] (PANI) have been
widely studied in the fields of organic batteries, optical displays,
microelectronics and sensors because of their excellent electrical
conductivity, electrochemical activity, environmental stability
and etc. [6-9]. Among them, PANI is fascinating because it can be
easily synthesized and can favorably respond to guest molecule
at room temperature [10-12]. In addition, PANI can be shaped
into various nanostructures and so possesses of high surface area
to get good contact with guest molecules. Consequently, PANI
has been investigated for nanofiber gas sensors in recent years.
The gas response mechanisms of PANI have been studied as well
[10,13-16]. In 2004, Kaner and Weiller adopted interfacial poly-
merization method for the synthesis of polyaniline nanofibers and
then developed nanofiber sensors [10]. Five response mechanisms
corresponding to five kinds of guest gas molecules were proposed
by the authors, such as acid doping mechanism for HCI, base
dedoping mechanism for NH3, reduction mechanism for NyHy,
swelling mechanism for CHCl3, and polymer chain conformation
change mechanism for CH30H [10]. However, there has been no
theoretical study of response mechanisms of PANI to gas molecules
although some groups tried to give some explanations from exper-
imental point of view [10,14-16]. Recently, Pinto et al. fabricated a
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single nanofiber sensor from an electrospun PANI nanofiber doped
by camphor sulfonic acid and then tested its electric response to
various alcohol vapors, providing a good chance for theoretical
study of gas sensing mechanism [16].

In recent years, quantum chemistry methods have made great
progresses in studies of electronic and structural properties of
CPs [17-26]. In the beginning, semi-empirical methods were the
dominant theoretical tool to study PANI polymer [17,18,27]. The
modified neglect of differential overlap (MNDO) technique and the
Austin model 1 (AM1) method were used to simulate geometries,
electronic and optical properties of three base forms of PAN], i.e.,
leucoemeraldine base (LEB), pernigraniline base (PB) and emeral-
dine base (EB). Geometries of EB chains were described as an
alternated “copolymer” of LEB and PB, in which the LEB units
were interconnected by quinoid moieties [27]. It was predicted
through geometrical optimizations, energies and proton affinity
calculations that the p-aminodiphenylamine was preferably proto-
nated on the amine nitrogen between the phenyl rings. Brédas and
coworkers elucidated that the optical transitions of three neutral
aniline oligomers involving LEB, PB and EB were not significantly
modified by the increases of chain length, due to the decrease of
delocalization of the molecular orbitals induced by steric effects
and by the incorporation of nitrogen atoms interconnecting the
adjacent phenylene rings [27].

Recently, more and more theoretical papers have been pub-
lished concerning oligonanilines and/or PANI by means of ab initio
or density functional theory (DFT) methods [24,28-33]. Geometric
and electronic structures of various neutral aniline oligomers were
studied by Lim et al. by Restricted Hartree-Fock (RHF) and DFT
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Scheme 1. Theinteraction between (2x+2)-ES* (x=0,1,2,3)and AOH (A = methanol
(Me), ethanol (Et), propanol (Pr) and isopropanol (iPr)).

calculations [32]. The energies of DFT-optimized structures are all
lower than those of RHF-optimized ones, while the DFT calculated
results are in good agreement with experimental observations. A
comprehensive theoretical study by Aleman and Casanovas et al.
provided an insight into different forms of oligonanilines and found
that the EB form was built by repeating units containing amine and
imine nitrogen [26]. In addition, the molecular structures and band
gaps of LEB, PB and EB forms of PANI were simulated based on their
differences in the conjugation of the CgHy4 rings.

More recently, theoretical chemists were interested in the struc-
ture and electronic properties of PANI doped by guest molecules
or substituents on backbone of polymer [34-39]. Sein made great
efforts to explain effects of substituents in aniline oligomers. They
studied the effects of replacing terminal amino groups by hydroxyl
groups and found that the hydroxyl terminated aniline trimer had
a larger calculated electron affinity than the corresponding amino
terminated aniline trimer [39]. Because a larger electron affinity in
the salt form of PANI is in favor of good corrosion inhibition, these
calculations suggested a new and superior material for anticorro-
sion. A fascinating work concerning DFT-based electronic structure
calculations on a series of PANI complexes to model the hydrogen
bonding present in sulfonic acid-doped PANI were performed by
Casanovas et al. [40]. Both the geometry and electronic configura-
tion were rearranged, which indicated that a hydrogen bond was
constructed between the N—H group in the PANI and the O—S group
in the sulfonic acid.

Despite profound theoretical work and publications of excel-
lent papers concerning structural and electronic properties of PANI
and/or doped PANI, the exact nature of PANI response mechanism
for alcohol molecules is still not completely understood. There-
fore, it is necessary to elucidate the PANI response mechanism for
alcohol molecules from theoretical point of view. Herein, we pre-
formed a DFT study on a series of complexes designed to model the
interaction between individual oligoanilines and different alcohol
molecules. Based on calculations we attempted to explain the PANI
response mechanism for alcohols.

2. Methods
2.1. Molecular description

According to oxidation states, PANI exists in three forms: LEB
denotes fully reduced form, PB represents fully oxidized form and
EB is half oxidized form [8]. When doped with acids, nitrogen in
PANI-EB chain can be protonated to afford conducting emeraldine
salt (ES) form which shows high conductivity because of extensive
T conjugation in the polymer chain. In this work, we mainly inves-
tigated electronic and structural properties of ES, and effect of
interacted alcohol molecules. Radical cation ES oligoanilines with
two, four, six and eight benzene rings ended by nitrogen atoms
are represent by (2x+2)-ES* (x=0, 1, 2, 3) (in Scheme 1). Alcohol
molecules used in this work were methanol (Me), ethanol (Et),
propanol (Pr) and isopropanol (iPr), which correspond to A=Me,
Et, Pr, iPr in Scheme 1, respectively. The response mechanism of
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Fig. 1. Optimized geometry of 2-ES* oligoaniline calculated at UB3LYP/6-31G (d)
(bond lengths in A). C and N atoms are labeled in the molecule.

alcohols to PANI was considered by approaching alcohols to the
center of radical cation ES oligoanilines and then full geometry
optimizations were carried out. Herein, ES oligoanilines with one
reactive center were adopted to simplify the calculated model.

2.2. Computational methods

All geometries were optimized with DFT, Becke’s three-
parameter exchange functional with the correlation functional
of Lee-Yang-Parr (UB3LYP) along with standard 6-31g (d) basis
set [41,42]. No imaginary frequencies were found for all opti-
mized structures, which indicated that the calculated structures
for (2x+2)-ES* oligoanilines and alcohol-(2x +2)-ES* (x=0, 1, 2, 3)
complexes are stable. To further investigate molecular properties,
we preformed interaction energies and atomic charges calculations
at higher level UB3LYP/6-311++g (d, p) on the basis of optimized
geometries mentioned above. In quantum chemistry, calculations
of molecular properties are susceptible to basis set superposition
error (BSSE) if finite basis sets are used. As atoms of interacting
molecules approach one another, their basis functions overlap. In
the counterpoise method [43] (CP), the BSSE is calculated by re-
performing all the calculations using the mixed basis sets, and the
error is then subtracted a posteriori from the uncorrected energy.
Based on optimized structures, natural bond order (NBO) [44-46]
analysis was carried out to investigate charge distribution between
ES oligoanilines chain and alcohol molecules. In NBO analysis, the
input atomic orbital basis set is transformed via natural atomic
orbitals (NAOs) and natural hybrid orbitals (NHOs) into natural
bond orbitals (NBOs). All the quantum chemical calculations were
performed with Gaussian 09 suite [47].

3. Results and discussion
3.1. Geometric properties of emeraldine salt

Geometry optimizations of oligoanilines (2x +2)-ES* (x=0, 1, 2,
3)were carried out at the UB3LYP/6-31g(d) level. Typical optimized
structure (2-ES*) is shown in Fig. 1. Optimized geometric parame-
ters (bond lengths in A and bond angles in deg) are summarized in
Table 1.

Table 1

Geometric parameters of (2x+2)-ES* (x=0, 1, 2, 3) including dn,,..u in A, the angle
2/ C19N23Cs, the dihedral angle Z C;C3N23Cy0 and the torsion angle of two adjacent
phenyl rings T in deg, respectively. Refer to Fig. 1 for atomic labels.

X gy / CyoN23Cs 2 CC3N23Cy0 T

0 1.015 130.9 —-22.47 37.83
1 1.013 130.7 —22.57 38.03
2 1.012 130.3 -23.19 39.02
3 1.011 129.9 —-24.17 40.68
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Fig. 2. Optimized molecule geometries of (a) methanol-2-ES*, (b) ethanol-2-ES*, (c) propanol-2-ES* and (d) isopropanol-2-ES* complexes calculated at UB3LYP/6-31G (d)

level. C, N and O atoms are labeled in (a).

As can be seen in Table 1, geometric parameters vary with the
increase of phenyl ring in (2x +2)-ES* (x=0, 1, 2, 3). The bond length
dn,;..n and the angle £ CgN33C3 gradually decrease along with the
increase of phenyl ring number. The bond length dx,,..4 decreases
0.004 A when the phenyl ring number increases from 2 in 2-ES*
to 8 in 8-ES*. The angle # C1oN,3C3 decreases 1° from 2-ES* to 8-
ES*. However, the dihedral angle £ C,C3N»3Cqg gradually increases
from —22.47° to —24.17° as phenyl ring number in oligoaniline
increases from 2 to 8. The torsion angle T, which is described the
torsion degree of two adjacent phenyl rings in center of (2x +2)-ES*
(x=0,1,2,3)chain, greatly increases as oligoaniline chain increases.
The torsion angle T increases 2.85° from 2-ES* to 8-ES*, which
result in hindrance for electron transfer along the oligoanilines.
The conjugation is weakened along with the increase of oligoani-
line chain due to the increase in torsion angle T and dihedral angle
/ C3C3N,3Cqg, and so results in the decrease in No3—H bond length.

3.2. Structural and electronic properties of alcohol-2-ES*
complexes

To investigate the response of 2-ES* to alcohols, we studied
the structural and electronic properties of complexes built by
2-ES* and methanol, ethanol, 1-propanol, and isopropanol, respec-
tively. All geometries of alcohol-2-ES* complexes were optimized
at UB3LYP/6-31g (d) level and shown in Fig. 2. The intramolec-
ular and intermolecular geometric parameters do.. g, ZNH...0
and / C;C3N,3Cq0, and data of the interaction energies, AE;,; and
AEj p arelisted in Table 2. Herein, interaction energies and atomic
charges were calculated at UB3LYP/6-311++g (d, p) level.

An ion-dipole force is an attractive force that results from the
electrostatic attraction between an ion and a neutral molecule
that has a dipole [48-50]. In Me-2-ES* complex, a cation

oligoaniline 2-ES* attracts the partially negative end of a neutral
polar methanol. The binding energy is —29.7 kcal/mol for Me-
2-ES* complex, indicating the ion-dipole interaction is formed
between oligoaniline and methanol. This is further supported by
the values of do i (1.845A) and ZNH...O (180°) in the com-
plex. As a result of ion-dipole interaction, the bond lengths of
N—H in 2-ES* and O—C in methanol increase 0.014 A and 0.006 A,
respectively. Due to the ion-dipole interaction, the dihedral angle
between two phenyl rings decreases about 0.9°, which will influ-
ence the electronic property of the oligoaniline. Charge transfer
between methanol and 2-ES* was investigated by Mulliken charges
distribution (Qmuruken) and NBO atomic charges (Qngo) in Me-
2-ES* complex (see Table 2). It can be seen from Table 2 that
the ion-dipole interaction involves a net charge transfer from
methanol to 2-ES* of 0.034 e~ based on Qngo and 0.020 e~ based
on QMuLLIKEN-

The size effect of alcohols on their complexes with 2-ES* were
considered involving methanol, ethanol and 1-propanol (n=0,
1, 2 in Scheme 1) and the results are summarized in Table 2.
From Table 2, /NH...O decreases from 180° as hydrocarbon H in
methanol is replaced by alkyl. Although the bond length dg. . y is
not obviously influenced by the increase of chain length in alco-
hol, the Mulliken charges distribution (Qpmuriken) and NBO atomic
charges (Qnpo) increase from Me-2ES* to Et-2ES* and Pr-2ES* due
to the electron donating of alkyl group.

The structural and binding properties of iPr-2-ES* complex
are obviously different from those linear chain alcohol coun-
terpart Pr-2-ES* complex (see Table 2). The iPr-2-ES* complex
has a shorter bond dg...y and is more stable (dg...q=1.837A,
AEjy =—12.2 kcal/mol and AE;py¢ ¢, =—11.5 kcal/mol) than Pr-2-ES*
complex due to the appearance of two methyl groups in iso-
propanol molecule. As known, the net electrostatics effect of alkyl
is controlled by the competition of hyperconjugation and inductive
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Table 2

Optimized geometric parameters between alcohol and 2-ES* (do...; in A, ZN—H...0, the dihedral angle ~ C;C3N»3Cyo and the torsion angle T in deg, respectively) obtained
at UB3LYP/6-31g (d) level, noncorrected and couterpoise corrected interaction energies (AEj,; and AEjq,, in kcal/mol), NBO and ESP charges of compounds obtained at

UB3LYP/6-311++g (d, p) level. Refer to Fig. 2(a) for atomic labels.

do.n ZNH...0 AEine AEintcp Qngo QmiLLken £C3C3N23Ch0 T
Methanol 1.845 180.0 -30.6 —-29.7 0.034 0.020 —-21.58 35.24
Ethanol 1.847 178.5 -11.6 -10.8 0.036 0.022 —22.32 35.30
1-Propanol 1.845 177.7 -11.8 -11.0 0.039 0.023 -21.74 34.83
2-Propanol 1.837 178.8 —-12.2 -11.5 0.036 0.011 —-22.34 35.45

effects. When there is an increase of one methyl group in the alkyl
chain, the electron cloud is delocalized by forming o-m or o-p
hyperconjugation. Therefore, two methyl groups in isopropanol act
as electron donor. On the other hand, methyl group should be elec-
tron acceptor in isopropanol from the inductive effect perspective.
However, the hyperconjugation effect should be dominant when
one more methyl group is substituted for hydrogen atom in ethanol
to produce isopropanol. Shorter bond dg. ..y establishes between
2-ES* and the isopropanol and more stable complex forms. This
is also supported by both of Mulliken and NBO charge analyses.
The charge transference from isopropanol to 2-ES* oligoanilines
increases along with one more methyl group added into ethanol
molecule. Therefore, the hyperconjugation effect of two methyl
side chains is prior to one alkyl chain from electron donor view.

The dihedral angel 2 C,C3N»3Cqg and the torsion angle T in 2-ES*
change slightly upon forming complexes with alcohols. The values
of dihedral angle # C,C3N53Cqg decrease 0.13 to 0.89° while those
of the torsion angle T decrease 2.38 to 3.00° when 2-ES* oligoani-
lines form complexes with the alcohols, indicating that the adjacent
phenyl rings in 2-ES* are more coplanar. So the electron transport
is easier along the 2-ES* chain. This is consistent with the experi-
mental results obtained by Pinto et al. that the resistance of a single
nanofiber of PANI oligoanilines decreases upon exposure to alcohol
molecules [16].

3.3. Influence of oligoanilines chain length on
alcohol-(2x +2)-ES* complexes

In order to investigate the influence of oligoanilines chain length
on interactions of methanol, ethanol, propanol and isopropanol
with (2x+2)-ES*, a series of Me-(2x+2)-ES*, Et-(2x+2)-ES*, Pr-
(2x+2)-ES* and iPr-(2x+2)-ES*, complexes are calculated at
UB3LYP/6-31g (d) level. Molecular properties, such as interaction
energies or atomic charges are calculated at UB3LYP/6-311++g (d,
p) level.

Binding properties of Me-2-ES*, Me-4-ES*, Me-6-ES* and Me-8-
ES* are summarized in Table 3 and the optimized structure of Me-
8-ES* is shown in Fig. 3. Based on the calculated results (Table 3),
the bond length dg. . .y is the parameter which is significantly influ-
enced by the chain length. The bond length dg. . .y increase 0.034,
0.057 and 0.075 A for Me-4-ES*, Me-6-ES* and Me-8-ES*, respec-
tively, compared to that of Me-2-ES*. Due to increase in bond length
do. . .H, the charge transfer between the methanol and oligoanilines
reduce 0.004, 0.008 and 0.009 units of electron for Me-4-ES*, Me-
6-ES* and Me-8-ES*, respectively, based on Qngo (Table 3). Note
that, Mulliken charge distribution is following the same trends with

Table 3

NBO distribution and the concordance between QuurLiken and Qngo
is very remarkable. The energetic stability of complexes obviously
decreases due to the enlargement of dg...4. The values of AE;,;
(AEjpi,cp) are 2kcal/mol (2 kcal/mol), 3.3 kcal/mol (3.3 kcal/mol)
and 4.2kcal/mol (4.2kcal/mol) larger than that of Me-2-ES*
complex for Me-4-ES*, Me -6-ES* and Me-8-ES* complexes, respec-
tively. These results reflect that the bond length dg. . .y gradually
increases while binding energy AE;y; (AEinccp) and charge trans-
fer QuuLLiken (Qngo ) decrease from Me-2-ES* complex to Me-8-ES*
complex. However, the change of these binding properties caused
by increasing 2 phenyl rings are less significant when starting from
complexes with more phenyl ring in the oligoaniline, for example,
the difference between bond length dg. . .y of Me-8-ES* and Me-6-
ES* is 0.018 A which is less significant than that of Me-6-ES* and
Me-4-ES* (0.023 A), which is again less significant than that of Me-
4-ES* and Me-2-ES* (0.034A), implying that the increase in chain
length has less effect in long chain complexes. A comprehensive
theoretical investigation on properties of PANI n-ES* with different
chain length was reported [26]. The authors concluded that n-ES*
with seven building blocks can be used to describe the cationic
defects in the polymer. Considering computational time, we think
the cationic oligoaniline containing 8 repeating units can be used to
model single PANI fiber to study its response mechanism to alcohol.

Both of the dihedral angle ~ C;C3N,3C;¢ and torsion angle T in
Me-8-ES*, as well as all of the other Me-n-ES* (n=2,4, 6) complexes,
are smaller than those in the corresponding oligoanilines, revealing
that the adjacent phenyl rings in oligoaniline are more copla-
nar when exposing to methanol. So the transference of electrons
along the oligoaniline chain becomes easier, resulting in resistance
reduce in PANI. This is consistent with the experimental results
of single PANI nanofiber sensor [16] and proposed mechanism for
response of PANI to methanol [10].

Optimized geometries (Fig. 1S, 2S and 3S) and interactions
between oligoanilines and ethanol, propanol as well as isopropanol
are summarized in Support information (Tables 1S, 2S and 3S),
respectively. Based on results listed in Tables 1S, 2S and 3S, the
increase in oligoaniline chain length of Et-(2x +2)-ES*, Pr-(2x +2)-
ES* and iPr-(2x + 2)-ES* complexes has similar influence as that of
their methanol counterpart Me-(2x + 2)-ES* on the binding proper-
ties of the complexes, including dg. . . bond length, charge transfer
and energy. For example, in a series of Et-(2x+2)-ES*, Pr-(2x+2)-
ES* and iPr-(2x + 2)-ES* complexes (x=0, 1, 2, 3), the bond lengths
do. ..y gradually increases when the number of phenyl rings in
oligoaniline increases from 2 to 4, 6 and 8 (corresponding tox=0, 1,
2, and 3), while both the Mulliken and the NBO charge distribution
gradually decrease. The values of both of energetic stabilities AE;,¢

Intermolecular parameters of methanol-(2x +2)-ES* complex (do...1; in A, ZN—H...0 and the dihedral angle Z C;C3N,3Cyg in deg, respectively) obtained at UB3LYP/6-31g
(d) level, noncorrected and couterpoise corrected interaction energies (AEj,; and AEiyp in kcal/mol), NBO and ESP charges of Me-(2x+2)-ES* complexes obtained at
UB3LYP/6-311++g (d, p) level. The first column x refers to the length of the PANI-ES. Refer to Fig. 2(a) for atomic labels.

X do..n ZNH..0 AEjnt AEintcp Qneo QMILLKEN ZC3C3N23Ch0

0 1.845 180.0 -30.6 —-29.7 0.034 0.020 —21.58(-22.41)
1 1.879 179.7 -28.6 -27.7 0.030 0.019 -21.67(-22.63)
2 1.902 174.4 -27.3 —-26.4 0.026 0.015 —22.35(-23.22)
3 1.920 179.3 —-26.4 —-25.5 0.025 0.011 —22.57(-24.20)
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Fig. 3. Optimized geometry of methanol-8-ES* complex calculated at UB3LYP/6-31G (d) level. Refer to Fig. 2(a) for atomic labels.

and AE;y ¢, greatly reduce as well. Again, the change of the binding
properties caused by increasing 2 phenyl rings is less significant
when starting from the complexes with more phenyl ring in the
oligoaniline. Therefore, cationic oligoaniline containing 8 repeat-
ing units can also be used to model single PANI fiber response
mechanism for ethanol, propanol and isopropanol.

Both of the dihedral angle / C;C3N33C and torsion angle T of
8-ES* decrease upon complexing with ethanol, propanol and iso-
propanol, indicating that the adjacent phenyl rings in oligoaniline
are more coplanar when exposing to the alcohols. That is, the trans-
ference of electrons along the oligoaniline chain is facilitated and
the resistance of PANIreduces. The decrease in resistance of the sin-
gle PANI nanofiber sensor was detected when it exposed to ethanol
and isopropanol [16]. The resistance reducing was explained by
the authors to be due to the interaction of the alcohol with nitro-
gen atoms of PANI, resulting in an extended chain conformation
which facilitating charge transport [16]. An response mechanism
of PANI to small size alcohols can be proposed consequently that
due toion-dipole interaction forming O...H bond between polymer
and small alcohols, the coplanarity of two adjacent phenyl rings in
the polymer obviously increase, which facilitates electron trans-
fer along the polymer chain and is responsible for the reduction of
resistance of the polymer.

4. Conclusions

Binding properties of complexes of oligoanilines (2x+2)-ES*
with methanol, ethanol, propanol and isopropanol were not obvi-
ously influent when oligoanilines chain length increase from 2 to
8. So to save computational time, cationic oligoaniline containing 8
repeating units can be used to model single PANI fiber to study
its response mechanism to the alcohols. Upon complexing with
methanol, ethanol, propanol and isopropanol, the ion-dipole inter-
action forms and result in the torsion of two adjacent phenyl rings
in oligoaniline decreases. A response mechanism of PANI to small
size alcohols can be proposed consequently that the high degree
in coplanarity of two adjacent phenyl rings in the polymer caused
by the alcohols is responsible for the reduction of resistance of the
polymer as electron transfer along the polymer chain are facilitated.
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