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Abstract

Conjugated organic polymers represent an important class of materials for varied technological applications including in
active layers of chemical sensors. In this context, polyaniline (PANI) derivatives are promising candidates, mainly due to
their high chemical stability, good processability, versatility of synthesis, polymerization, and doping, as well as relative
low cost. In this study, electronic structure calculations were carried out for varied N-substituted PANI derivatives in order
to investigate the potential sensory properties of these materials. The opto-electronic properties of nine distinct compounds
were evaluated and discussed in terms of the employed substituents. Preliminary reactivity studies were performed in
order to identify adsorption centers on the oligomer structures via condensed-to-atoms Fukui indexes (CAFI). Finally,
adsorption studies were carried out for selected derivatives considering five distinct gaseous analytes. The influence of
the analytes on the oligomer properties were investigated via the evaluation of average binding energies and changes on
the structural features, optical absorption spectra, frontier orbitals distribution, and total density of states in relation to the
isolated oligomers. The obtained results indicate the derivatives PANI-NO, and PANI-CgHs as promising materials for the
development of improved chemical sensors.

Keywords Chemical sensors - N-substituted polyaniline derivatives - Electronic structure calculations - Reactivity
indexes - Adsorption study

Introduction as promising materials for applications in active layers of

chemical sensors [3]. In this context, polyaniline (PANI)

The monitoring and control of gaseous compounds are relevant
activities in varied areas of the economy, such as industrial
production, automobile industry, medical applications, air qua-
lity monitoring, and environmental studies [1, 2]. Such activi-
ties are usually carried out with the aid of chemical sensors.
Given their high sensitivity and short typical response
times, conductive organic polymers have been considered
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derivatives have been identified as very interesting candi-
dates and they have already been successfully employed in
this area [4—11]. This conjugated polymer presents a basic
structure composed of a varied ratio of reduced (amines)
and oxidized (imines) subunits that confers unique electrical
properties to this material [12—14]. Besides their interest-
ing opto-electronic properties, PANI derivatives also present
high chemical stability, good processability, ease of poly-
merization/doping, and low relative cost, which enable their
use in varied technological applications [15, 16].

Over the years, distinct PANI derivatives have been pro-
posed in order to obtain materials with improved solubility
and modified opto-electronic responses [17-19]. In this
context, the incorporation of substituents into the PANI
structure by N-substitution have proven to be an efficient
approach to the production of soluble/processable deriva-
tives with varied properties [19-28].

In these materials, the presence of side groups attached
to the nitrogen atom of the PANI basic structure hinders
the characteristic salt-base transition of the unmodified
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polymer, leading to significant changes in the reactivity,
stability, as well as in the opto-electronic properties of the
compounds [27-29]. Given the profound influence of N—
H bonds in the polymer properties, N-substituted PANI
derivatives are particularly expected to present quite distinct
responses to changes on the polymer environment, which
can be interesting for applications in chemical sensors.

In this study, the opto-electronic properties and local
reactivity of distinct N-substituted PANI derivatives were
evaluated in order to identify new promising materials
for applications in chemical sensors. The influence of the
distinct side groups on the opto-electronic properties of the
systems was firstly investigated. Pre-evaluations of the local
reactivities were then carried out to select relevant systems
for subsequent adsorption studies. Finally, details regarding
analyte—polymer interactions as well as the influence of the
analytes on the optoelectronic properties of the oligomers
were investigated for the most promising systems. The
results point out the derivatives PANI-NO, and PANI-CgHs
as interesting materials for the design of chemical sensors
with improved responses.

Materials and methods

Figure 1 shows the basic units of N-substituted PANI
derivatives considered in the present study (PANI-R).
The R groups were chosen according to their Hammet
indexes, which indicate the effect of the insertion of
side groups on resonant systems [30]. In general, these
indexes describe the tendency of a given substituent to
insert (or remove) electrons in (of) a given resonant
systems by inductive (o7) or resonant (og) effects. Positive
values of ox (for X = R or I) suggest that the
substituent acts as an electron-withdrawing group (EWG)
while negative values are associated with electron-releasing
groups (ERG). Table 1 shows the substituents employed and
their Hammet parameters. Only neutral unmodified PANI
(R=H, leucoemeraldine base) was employed in this study
aiming to facilitate the comparison with the other systems.
Based on a preliminary study on the saturation of
opto-electronic properties of the unmodified PANI, struc-
tures with ten units were considered for all the systems.

Fig.1 Basic structure of the N-substituted PANI derivatives (PANI-R)
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Table 1 N-substituents employed (see Fig. 1) and associated Hammet
parameters for inductive (o) and resonant effects (og) [30]

D R oy OR

1 H 0 0

2 OH 0.24 —0.62
3 NO, 0.67 0.1

4 CeHs 0.12 —0.11
5 C(CH3)3 —0.01 —0.18
6 NH; 0.17 —-0.8
7 CHj3 —0.01 —-0.16
8 C=CH 0.29 —0.04
9 F 0.54 —0.48

For reactivity study, isolated structures of the derivatives
were fully optimized in vacuo in a Hartree—Fock (HF)
approach, by using the PM6 semi-empirical method [31]
implemented in the MOPAC2016 computational package
[32, 33]. The choice of a semi-empirical method for geom-
etry optimization was based on the number of distinct
structures evaluated and their relative large size, aiming to
minimize the computational cost. We do not consider that
this approach is a severe limitation since a number of works
show that a reasonable description of opto-electronic prop-
erties of similar systems can be obtained by considering
geometries coming from semi-empirical calculations in con-
junction more sophisticated ab initio or density functional
theory (DFT)-based methods [34-36].

Local reactivities were evaluated via condensed-to-atoms
Fukui indexes (CAFI) [37]. In an adiabatic approach,
such descriptors indicate how the frontier orbitals are
modified when small changes are performed on the
number of electrons present in the system, and have
been successfully employed in the study of molecules
and polymers reactivities [38-42]. Given the way they
are defined, it is possible to obtain three distinct CAFIs:
ft, f~,and f 0 associated with local reactivities towards
nucleophilic, electrophilic, or free-radical chemical species,
respectively.

i = qe(N + 1) — gk (N) (1
i = q(N) —qe(N — 1) 2
1

f,?=5[qk<N+1>—qk<N—1>] 3)

where gir(N + 1), gx(N), and gr(N — 1) represent,
respectively, the electronic populations on the k-th atom
of the anionic, neutral, and cationic configurations of the
system under study.

It is important to highlight that in this study we are not
interested in the evaluation of chemical reactions between
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the oligomeric structures and the gaseous compounds, but
only in identifying relevant sites for subsequent adsorption
studies.

The CAFIs were calculated in a DFT approach by
using the B3LYP exchange-correlation functional and 6-
31G basis set on all the atoms, with the aid of the Gaussian
09 computational package [43]. Hirshfeld partition charge
method was employed in order to avoid negative CAFI
values [44, 45].

Aiming to evaluate the interaction between analytes
and PANI derivatives, adsorption studies were carried
out for four systems, which were pre-selected from the
reactivity study (PANI, PANI-NO,, PANI-C¢Hs and PANI-
C=CH). The gaseous chemical species, considered as
analytes, were: Hp, H>S, H,O, NH3, and SO, [9, 46—
48]. In order to simulate the adsorption on the oligomers,
these analytes were placed close to the most reactive sites
of the derivatives and the resulting structures were then
fully optimized in a restricted HF/PM6 approach. Different
relative densities (dy = 5 and d» = 9 molecules per
oligomer) were considered for comparison, and to evaluate
possible quantitative effects.

The influence of the analytes on the polymer electronic
structure was evaluated via the analysis of average binding
energies and changes on the structural features, optical
absorption spectra, frontier orbitals distribution, and total
density of states in relation to the non-adsorbed systems.

The changes induced on the oligomer geometries were
estimated via the calculation of root mean square deviations
of the atomic positions (RMSD-AP) considering the
isolated oligomers (structures that were fully optimized
without the presence of the analytes) in relation to the
adsorbed systems, with the aid of VMD and Qmol
computational packages [49, 50]. Given the different atoms
numbering on the considered structures (isolated and
adsorbed systems), only nitrogen atoms were considered for
the alignment and RMSD-AP evaluation.

The average binding energies associated with each
derivative/analyte system (BEpani— x/v) were estimated
from the arithmetic mean of the binding energies evaluated
for each relative density (d; and d;) (Egs. 4 and 5).

BEY)

1 [ )
PANI— X/Y

() (d)
N@ |FPANI=X/Y ~ (EPAleX +Ey )]

“

— 1 d1) d2
BEpani-x/y = 5 I:BE;’;N] x/;v BEpin, X/Y] &)

where N represents the number of analyte molecules
(Y) in the system that defines the relative density, d.
E;,/i NI—x/y Tepresents the total energy of the system
composed by the derivative PANI-X and N molecules of

Y analyte, after optimization. E;,dj‘ Ni_x and E ;d) represent

the total energy of the isolated PANI-X derivatives and
the distribution of Y analytes, respectively, coming from
single-point calculations on the optimized geometries (and
spatial distributions) of the adsorbed systems (see Electronic
Supplementary Material for details). Since the geometries
were optimized in a HF/PM6 approach, the BE panI—x /Y
values were estimated via the energies coming from this
semiempirical method (and for this reason no correction for
BSSE were considered). Indeed, similar approaches have
proven to provide reasonable estimation of binding energies
in more complex systems [51, 52]. In addition, at the present
study we are more interested in a comparative evaluation of
the binding energies than obtaining their precise values, so
the BE values are considered only as qualitative descriptors
of the oligomer/analyte interaction.

The theoretical absorption spectra of the systems were
calculated in a time-dependent DFT (TD-DFT) approach,
employing the B3LYP exchange-correlation functional and
6-31G basis set, with the aid of Gaussian 09 computational
package. Five transitions were evaluated, considering only
single excitations.

Results and discussion
Derivatives properties

Since most of the proposed derivatives have not been
previously synthesized, we have firstly evaluated the
influence of the distinct R groups on the opto-electronic
properties of the compounds in order to guide the
search for new promising PANI-based materials for varied
applications.

Figure 2 represents the energies of the highest occupied
and lowest unoccupied molecular levels (Egoyo and
Ervmo) of all the isolated oligomers. The variations
observed in the electronic gap (AEg,, where Egyp =
Ervmo — Egomo) in relation to the unmodified PANI are
also presented (gray bars).

A reduction on the HOMO energy level is often
associated with an improvement on the chemical stability of
the compounds [53]. In this context, it can be noticed that
the presence of OH, NO,, C=CH, and F side groups leads
to a significant improvement on the chemical stabilities
of the resulting systems, reducing the HOMO level to
values around or lower than 5 eV, which is considered an
interesting level to hinder the system oxidation [53]. On the
other hand, the most prominent changes on the electronic
gap are associated with OH, F, and CgHjs groups, with larger
gaps for R = OH and F and a reduced one for C¢Hs.

Figure 3 presents the HOMO and LUMO spatial
distributions on the derivatives structures. Note that the

@ Springer
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Fig.2 Changes induced by the presence of the side groups on the frontier energy levels and electronic gap of the N-substituted PANI derivatives

presence of NO, and CgHs substituents leads to a
significant enhancement on the HOMO-LUMO spatial
overlap in relation to the unmodified PANI. In general, such
overlap is reduced in the other derivatives.

Figure 4 presents the theoretical absorption spectra of
the systems. Note that the obtained main peak position of
unmodified oligomer is compatible with the experimental
values [34, 54], indicating the plausibility of the methods
employed in the description of structural and opto-
electronic properties of the oligomers.

As can be noted, the spectra of the derivatives PANI-
CeHs and PANI-NO, are red shifted in relation to the
unmodified PANI, while all the others systems present
hypsochromic shifts (blue-shifts). In particular OH and
CeHs groups lead to the larger displacements. PANI, PANI-
CeHs, and PANI-OH derivatives show the more intense
relative absorption amplitudes, while very small oscillator
strengths are observed for PANI-NH,, PANI-CH3, and
PANI-C(CH3)3;. Intermediary amplitudes are noticed for
PANI-C=CH, PANI-NO,, and PANI-F. It is interesting to
note that despite of increasing the overall HOMO-LUMO
overlap (see Fig. 3), the presence of NO;, groups does not
promote an increase in the relative absorption amplitude,
just leading to a red-shift in the spectrum.

In order to evaluate if the opto-electronic properties of
the derivatives follow some predictable trend that could
guide the synthesis of new compounds, possible correlations
between the HOMO and LUMO energy levels, electronic
gap (Egap = Eruvmo — Enomo), optical gap (first
singlet excitation energy), and the Hammet parameters
of the R groups were evaluated. Figure 5 illustrates
the most relevant relationships obtained (see Electronic
Supplementary Material for addition evaluations).

@ Springer

From the fittings, it is possible to note a clear dependence
of the HOMO and LUMO energy levels with o7 descriptors.
In general, the presence of strong EWGs (by inductive effect
- o7) leads to significant reductions on HOMO and LUMO
energies in a linear and exponential way, respectively. In this
sense, at the same time that the attachment of EWGs to the
PANI nitrogen lead to more stable systems, it also reduces
the electronic gaps, since the changes promoted in E7 70
are larger than those promoted in Egoyo. Some influence
of og on the electronic and optical gaps is also observed,
however it is not so clear (see Electronic Supplementary
Material).

Reactivity studies

Figures 6, 7 and 8 present the results obtained from the
CAFI study. Blue and red colors indicate, respectively, the
minimum and maximum CAFI values for each derivative.
Blue regions are associated with inert sites while red
regions indicate the position of the most reactive ones. The
other colors represent sites with intermediate reactivities,
following the increasing order: blue, green, yellow, orange,
and red. Different color scales are defined for each compound.

In general, based on the position of the most reactive
sites on the oligomers structures it is possible to define three
distinct subgroups:

i. Systems with reduced reactivity (inert oligomers):
R=C(CH3)3 and CH3 (Fig. 6);
ii. Systems with intermediate reactivity: unmodified
PANI and PANI-R for R=F, OH and NH; (Fig. 7);
iii. Systems with high reactivity in more accessible
regions: R=NO;, C¢Hs5 and C=CH (Fig. 8).
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Fig.3 Spatial distribution of the

frontier orbitals on the structure PANI
of the N-substituted PANI

derivatives. H and L represent,

respectively, the HOMO and

LUMO

PANI-OH

PANI-NO,

PANI-CH;

PANI-C(CH,),

PANI-NH,

PANI-C=CH

Inert derivatives present higher reactivities on steri-
cally protected sites and/or on the terminal regions of the
oligomer structure (a kind of border effect). The inter-
mediate group presents higher reactivities on the central
nitrogens and terminal regions, however, reactive sites are
also observed on the side branches. Finally, in the third
group, the highest reactivities are found on the side lig-
ands. In particular, this last feature is quite interesting for
the design of chemical sensors, since these regions are sup-
posed to be more exposed in the polymer-based devices and

they can effectively interact with external chemical species
(analytes).

The reduced reactivities of CH3 and C(CHj3)3 based
compounds are indeed compatible with experimental
studies that indicate the lower susceptibility of N-alkyl
PANI derivatives to interact with external chemical species
[23, 27].

In order to evaluate if the obtained results follow some
trend, the reactivities were analyzed in terms of the Hammet
parameters of the employed R groups. Figure 9 illustrates

@ Springer
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these parameters for all the substituents (Table 1). The most
promising groups identified from the CAFIs analyses are
highlighted.

Note that the three substituents associated with the
most promising derivatives (NO,, C¢Hs, and C=CH) are
generally classified as inductive EWGs, with a weak
resonant effect. Inert systems are associated with ERGs
by resonance, with weak polar effect. Finally, intermediate
systems are associated with ERGs (by both resonant and
polar effects). In this context, we can conclude that, despite
the o7 descriptor being strongly correlated with the opto-
electronic properties of the N-substituted PANI derivatives
(see Section 1), the most relevant information regarding the
reactivity of the systems is associated with the weakness
of the resonant effects induced by the R groups (small or
absolute values). Thus, an appropriated balance between
these descriptors is necessary in order to obtain good
candidates for N-substituted PANI-based gas sensors.
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Adsorption studies

Adsorption studies were carried out only for the most
promising systems, that were pre-selected from the reac-
tivity study: PANI-NO,, PANI-C¢Hs, and PANI-C=CH.
Unmodified PANI was also considered for comparisons.

Since it is known that in some cases structural changes
on the polymer conformation can play a relevant role in
electrical response of PANI-based systems [9, 55, 56],
structural modifications induced by the presence of the
chemical species on each one of the derivatives were
evaluated. Figure 10 shows the influence of the analytes on
the structural properties of the oligomers illustrated by the
RMSD-AP values (all the optimized structures are presented
in the Electronic Supplementary Material).

For unmodified PANI the presence of the NH3 and SO»
species leads to the most significant distortions on the oligomer
main chains, no significant modifications are induced by

054 & log(-ELumo)= - 0.727 + 2.120 &
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Fig.5 Epomo and Epypo dependence with o; Hammet parameters of the R groups present in the PANI derivatives
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Structure

PANI-CH,

fO

Fig.6 Color representation of CAFI on the structure of PANI-C(CH3)3 and PANI-CH3

the presence of H;, H,O and H,S. For PANI-NO,,
expressive structural distortions are observed for most of
the analytes, except for H,. Finally, constant changes were
observed for PANI-CgHs and PANI-C=CH, independently
of the adsorbent molecule, which suggest that the side
ramifications of these systems protect the oligomer main
chains from the action of the analytes. In addition to the
changes presented in Fig. 10, effective interactions between
the HoO oxygen atoms and the side hydrogens of the
oligomer derivatives (hydrogen bridges) are also observed,
which is a well-known mechanism of interaction between
water molecules and doped PANI [57, 58] and is supposed
to be less prominent in our non-doped systems.

Figure 11 shows the average binding energies between
analytes and derivatives. The error bars define the standard
deviations associated with the different densities (for details
regarding the calculation of BE pani—x v see Electronic
Supplementary Material).

As can be noticed, the average analyte/oligomer binding
energies vary appreciably in the different systems. For
unmodified PANI, the analytes SO,, H,O and NHj3 present
the highest binding energies (higher than 0.15 eV). This
result is compatible with the higher RMSD-AP values
obtained for SO, and NH3. On the other hand, the high
BEpa N1/H,0 value suggest that, despite of the low RMSD-
AP value associated with these systems, there is an effective
interaction between the analytes and the oligomer, probably
due to the above-mentioned O-H interactions. Reduced

binding energies are also observed in the PANI/H,S, which
is compatible with experimental results that indicates a
weak direct interaction between PANI and this analyte
[47]. The highest average binding energies are associated
with PANI-NO; based systems, with BE pani— NOyJY >
0.225eV, except for Hy molecules (which is also compatible
with the RMSD-AP results). In particular, this derivative
presents more significant results than unmodified PANI,
which suggests that it could be considered an optimized
material for chemical sensors. In general, PANI-CgHjs based
systems do not exhibit high binding energies, especially
in relation to Hp, for which the obtained values are
lower than the thermal energy at room temperature. The
highest binding energies are associated with H,O analytes,
which can be linked to the effective interaction between
these molecules and the side chains of the derivative
(see Fig. S4 in the Electronic Supplementary Material).
PANI-C=CH based systems present the less-promising
results, with average binding energies lower than 0.10eV
(ﬁPAN[_C;CH/Y < 4kT at room temperature).

Despite of the interesting results coming from the
BE analyses, it is important to stress that they must
be considered only as qualitative descriptors of the
oligomer—analyte interactions, mainly due to the simplified
methodology employed in their estimation. Additional
evaluations employing long-range, counterpoise and other
similar corrections must be employed in order to obtain
precise absolute values, however it is not in the scope

@ Springer
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Fig.7 Color representation of CAFI on the structure of PANI, PANI-F, PANI-OH, and PANI-NH;

of this report. Nevertheless, it is interesting to highlight
that, despite of the simple approach employed to estimate
the BE, the obtained values are still of the same order
of magnitude as those estimated via more sophisticated
methods, for example for PANI/SO,; and PANI/NH;3
systems [54, 59].

In order to better identify the changes induced in the
electronic structure of the PANI derivatives by the presence
of the analytes, the theoretical optical absorption spectra of
the systems were evaluated. Figure 12 presents the spectra
of isolated oligomers and adsorbed systems with different
relative densities (d; and dy). The normalized and non-
normalized spectra are presented in order to provide more
information regarding the changes induced in the relative
positions of the peaks as well as their amplitudes.

For unmodified PANI, a significant red-shift induced
by the presence of NHj3 analytes (AA ~ +16nm) is
observed, which does not depend on the relative density

@ Springer

of analytes in the system. This result is in opposition
with the effect promoted by NH3 in positively charged
PANI (emeraldine salt) [59], suggesting the existence of
a different optical response of leucoemeraldine PANI to
the presence of this analyte, which could be explored in
more detail experimentally. A small blue-shift is induced
by H>O molecules (AL ~ —6nm), with the formation
of an small shoulder in d;. Very intense displacements
were observed for the PANI/SO;, systems (with Apqx >
2000nm) while no significant effects were observed for
PANI-H; and PANI-H;S. In general, the main peak shifts
are not dependent on the relative densities (d; and dj),
suggesting that leucoemeraldine PANI does not present
quantitative responses. Regarding the changes observed in
the relative amplitudes (oscillator strengths), it is noticed
that the systems PANI/H,O and PANI/H,S with d density
present a significant quenching of the absorption in relation
to the non-adsorbed system (and systems with d; density),
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Fig.8 Color representation of CAFI on the structure of PANI-NO;, PANI-C¢Hs, and PANI-C=CH

which suggests a possible quantitative effect. Such feature
is also observed in PANI/NH3 system, however it is not so
evident.

For PANI-NO,, significant changes in the main peak
positions are observed for most of the systems, except for
PANI-NO;,/H,. A red shift of about ~ 5nm is observed for
PANI-NO,/H5S in dj, while a very significant variation of
the spectrum is identified for the higher density, dy (Ajqx ~
610nm). It can be attributed to the higher proximity between
the oligomer chain and analytes observed in this system
after geometry optimization (see Fig. S3 in the Electronic
Supplementary Material). A very intense red shift is again
observed for SO analytes for both the densities (with
Amax > 600nm). Blue shifts are induced by the presence
of NH3 (AA ~ —15am) and H>O analytes (AL ~ —9nm).
Apparently, the main peak displacement in PANI-NO2/NH3
system is sensitive to the number of adsorbed species. In

addition to the observed shifts, PANI-NO,/NH3 and PANI-
NO»/H,0 systems present a quenching in the amplitude of
the absorption main peak for higher densities of analytes
(d2).

Analyzing the PANI-CgHs-based systems (Fig. 12e—f), it
is possible to note that most of the analytes lead to a blue
shift in the spectra, followed by a reduction on the amplitude
of the main peak. The most prominent effect is induced
by the presence of HoO molecules (green curves), while
H; analytes (red curves) lead to less significant changes,
which are compatible with the results obtained for the
binding energies (Fig. 11). Similarly to the other derivatives,
the presence of SO, molecules leads to a marked change
in the main peak position (inset of Fig. 12). In general,
the observed responses are sensitive to the number of
analytes, with larger effects for higher densities (main peak
displacements and amplitudes), with the exception of Hj

@ Springer
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Fig. 9 Representation of Hammet parameters of the R groups. Red
points define the most promising substituents

and SO,. Such results indicate the derivative PANI-CgHs
as a promising material for quantitative determination of
analytes via optical properties.

For PANI-C=CH, non-predictable changes on the optical
properties are observed. In general, it is noticed that HpS
analytes lead to a small blue shift, while NH3 are associated
with red shifts of the absorption main peak. The amplitudes
associated with the adsorbed systems are higher than the
non-adsorbed ones. There is also no pattern regarding the
relative densities.

Based on the results presented above, the following
conclusions can be drawn regarding the optical responses
of the systems: i) unmodified PANI presents interesting
(non-quantitative) sensory optical properties with respect to
H>0 and NH3; ii) PANI-NO; derivative shows quantitative

sensory properties regarding HyO and NH3, (especially for
NH3); iii) PANI-CgHs derivative demonstrates promising
sensory properties for all the analytes, especially for H,O,
H»S and NHj3; iv) the PANI-C=CH derivative presents very
anomalous results, with no clear patterns in the optical
responses; v) all the derivatives show intense changes in the
optical responses due to the presence of SO; analytes, which
are compatible with recently reported theoretical results that
indicate PANI-based systems as relevant detectors of SO,
compounds [54].

Aiming to better interpret the changes in the opto-
electronic properties of the systems, the effects on the total
density of states (DOS) around the frontier levels (HOMO
and LUMO) are presented in Fig. 13. The gray regions
represent the DOS of isolated oligomers, with the vertical
dashed lines illustrating the HOMO and LUMO positions.
Dashed and full color lines represent systems with distinct
relative densities, d and dj, respectively.

Regarding unmodified PANI, no visible changes are
observed around the energy gap for Hj. Indeed, one of
the more accepted mechanism proposed for the interaction
between H, molecules and PANI is mainly associated with
local reactions on charged amine nitrogen sites, which are
not present in our undoped PANI model (leucoemeraldine
base) [46]. More prominent changes are observed for
NH3 and SO, as already identified in the absorption
spectra. In particular, the presence of SO, molecules leads
to the formation of energy levels in the middle of the
polymer gap that explains the significant effect on the
optical spectra. The results also allow to estimate the
influence of the analytes in the electrical response of
the undoped PANI based on the changes induced in the
frontier levels: i) improved transport of intrinsic holes in the
presence of HyO and NH3, ii) improved electron transport
properties for H,S, and iii) virtually no gap material for
SO,. Such considerations, however, must be very carefully

Fig.10 Average RMSD-AP
values for each evaluated 3.0
system. The error bars represent
the standard deviation values
coming from the two distinct
densities

RMSD-AP (&)

—_
(e}
|
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evaluated when compared with experimental results, since
the electrical response of PANI (our unmodified derivative)
is more linked to extrinsic charge carriers (coming from
varied doping mechanisms) than intrinsic ones. This effect
is evident for PANI/NH3 systems, which present a reduced
conductivity induced by PANI deprotonation [46, 48]
and PANI/H,S, which electrical response depends on
the functionalization/substrate employed [9, 47, 48, 60].
Nevertheless, given the absence of the typical salt/base
transitions, this dependence must be reduced in our N-
substituted derivatives.

Similarly to unmodified PANI, PANI-NO; presents no
visible changes induced by the presence H, analytes. The
most significant modifications are observed for HO, NHj3,
and SOj. It is possible to note that for HyO and NHj3
species the changes on the optical spectra are associated
with (a density dependent) change on the LUMO levels. The
presence of SO, molecules also promotes the formation of
new levels in the middle of the gap. Regarding the electrical
response of the systems, it is expected a reduced electronic
transport for PANI-NO, derivatives exposed to HoO and
NH3, and a strong influence of electron-trap mechanisms in
polymers exposed to SO». The anomalous result observed
in PANI-NO,/H;S(d») system can be associated with an
oligomer-analyte chemical bond generated after geometry
optimization (see Fig. S3 in the Electronic Supplementary
Material).

Very subtle variations are observed in PANI-CgHs-
based systems, however, since these changes are mainly
associated with the frontier orbitals, they lead to quantitative
displacements in the absorption main peaks. It is more
evident for H>S and H>O, where more significant changes
are observed around the LUMO level. Similar effects are
noticed for PANI-C=CH in relation to H>O and NHs:
increase in the energy of HOMO and LUMO levels.
Changes in the LUMO (energy decrease) are noticed for

Analytes:

Il H,

N H,0
[ H,S
I NH3
[ 50,

PANI-NO, PANI-C¢Hs PANI-C=CH

H»S and SO; and no significant changes are observed for
H;. In particular, the formation of new levels in the polymer
gap are again observed for SO5.

In general, most of the above-discussed changes in
the total DOS are linked to small modifications on
the spatial distribution of the HOMO and LUMO on
the structure of the adsorbed systems, presented in the
Electronic Supplementary Material. In general, only slight
changes regarding the isolated systems are observed with
an interesting exception for SO,. For this analyte, the new
LUMOs are located on the gaseous compounds instead
of on the oligomers, suggesting that despite of promoting
significant changes in the electronic gaps, the charge
transport in these systems must be dominated by hopping
processes between localized states instead of band-like
charge transport mechanisms.

Finally, based on the results presented in this report, it
is possible to summarize that all the systems present no
responses for Hy while the most significant changes on the
opto-electronic properties are linked to SO;. Specially, the
results obtained for SO, are quite compatible with those
reported by Shokuhi Rad and collaborators [54], which
indicate the existence of significant sensory properties of
PANI-based oligomers in relation to these analytes. Our data
reinforce this observation, suggesting that N-substituted
derivatives can also be employed for the detection of
such compounds. Our results also point out the plausibil-
ity of the detection of H,S, H»O and NH3 molecules via
unmodified and N-substituted PANI derivatives as already
proposed in the literature for functionalized, doped and
nanostructured PANI [8—11]. In particular, the most promis-
ing results are observed for PANI-NO, and PANI-Cg¢Hs in
relation to the electrical and optical responses, respectively,
which indicate these materials as interesting candidates
for the development of improved PANI-based chemical
Sensors.
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Fig. 12 Non-normalized and normalized absorption spectra of PANI (a, b), PANI-NO, (c, d), PANI-CgHj (e, ), and PANI-C=CH (g, h) before
and after the adsorption of distinct analytes at the densities d; (dotted lines) and d; (full lines)
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Fig. 13 Normalized DOS for a PANI, b PANI-NO,, ¢ PANI-CgHs, and d PANI-C=CH systems at densities d; (dotted lines) and d; (full lines)
for different analytes. The gray shadows represent the DOS of isolated systems for comparison

Conclusions

In the present work, we have evaluated the local reactivities
and the influence of adsorbent species on the electronic
structure of N-substituted PANI derivatives for applications
in chemical sensors.

The analysis of the influence the R groups on the opto-
electronic properties of the derivatives indicates that the use
of EWGs attached to the PANI nitrogen leads to materials
with improved chemical stabilities and lower electronic
gaps. It was also shown that other properties of interest
can also be adjusted by an appropriated choice of the side
N-substituents by considering the inductive and resonant
Hammet parameters.

The reactivity study indicates that the incorporation of
specific ramifications can lead to significant changes in
the spatial distribution of the most reactive sites on the
polymer chain, leading to possible improvements on the
sensory properties of the resulting systems. Specially, the
results show that the attachment of inductive EWGs with
weak resonant effects into the PANI structures leads to
derivatives with higher reactivities on more accessible side
branches, which is an interesting feature for the application
of polymeric systems in active layers of chemical sensors.

Finally, adsorption studies were carried out for the
most promising derivatives. The compounds PANI-NO,

and PANI-CgH;s presented the most significant (and quan-
titative) changes on the electronic and optical properties
induced by varied adsorbents. In particular PANI-NO; has
presented the highest average binding energies, while PANI-
CgHs showed the most promising optical responses. All the
evaluated systems presented high sensitivity to SO, species
and very low sensory properties in relation to H.
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