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and antioxidant activity of
polyaniline–fullerene hybrid nanomaterials:
a theoretical investigation†

Nguyen Minh Thong, *a Quan V. Vo, *b Trinh Le Huyen, cd Mai Van Bay,e

Nguyen Nho Dung,f Pham Thi Thu Thaodg and Pham Cam Nam *d

Functionalized fullerene is one of the most advantageous nanotechnologies to develop novel materials for

potential biomedical applications. In this study, we applied the ONIOM-GD3 approach to explore the

nucleophilic addition reaction mechanism between polyaniline (emeraldine and leucoemeraldine forms)

and fullerene. Potential energy surfaces were also analyzed to predict the predominantly formed

products of the functionalized reaction. The themoparameters, such as bond dissociation enthalpy

(BDE), ionization energy (IE), and electron affinity (EA), characterized by two mechanisms HAT and SET,

were used to evaluate the antioxidant activities of the selected compounds. Moreover, the calculated

HOMO, LUMO, and DOS results indicate that the electronic structures of polyaniline–fullerene were

significantly affected by the presence of fullerene. The computational results show that C60-L1 seems to

be the best antioxidant following the SET mechanism.
1. Introduction

Nowadays, hybrid nanomaterials formed between conjugated
polymers and carbon nanomaterials have been attracting
considerable attention from experimental and theoretical
researchers because of their important role in developing
science and technologies.1–4

Polyaniline belong to the family of p-conjugated polymers
and its low cost as well as high application potential has
attracted signicant attention. Recently, the antioxidant activity
of polyaniline has attracted substantial interest in biomedical
applications. Polyaniline can be combined with carbon nano-
materials such as fullerenes,5,6 carbon nanotubes,7 and gra-
phene.8,9 Among them, [60]fullerene has raisedmuch interest in
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the eld of biomedical applications and materials science10–14

due to their attractive chemical–physical characteristics. In fact,
fullerene has been regarded as ‘radical sponges’ to trapmultiple
radicals per molecule.15,16 Functionalization of fullerene is well
known as a worthy way to develop the new fullerene based
nanomaterials. In fact, the nucleophilic addition reactions
between aromatic amines and fullerene by using solvent-free
gas phase have been one of the most widely used functionali-
zation approaches because this technique helps to prevent the
contamination by impurities and organic solvents, which is
important for biomedical applications.17

For the large molecular systems such as fullerene derivatives,
in order to determine accurately the reaction mechanism of
fullerene functionalization, the ONIOM method developed by
Morokuma and coworkers is one of the suitable choices.18 In
fact, numerous previous studies applied the two-layered
ONIOM approach for the investigation of chemical reactions
involving fullerene.19–22 To get an accurate description of the
energy prole for the study of the reaction of fullerene func-
tionalization,21 the GD3 empirical dispersion correction,
according to Grimme,23 was also taken into account in the
ONIOM approach (ONIOM-GD3).

Based on the experimental reaction,17 the reaction mecha-
nism between aniline and fullerene (Fig. 1) was reproduced and
studied in detail via the ONIOM-GD3 method. Then, we
systematically explored the possible reaction paths for fullerene
functionalization based on the reactions of polyaniline in the
RSC Adv., 2020, 10, 14595–14605 | 14595
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Fig. 2 Possible reaction paths between [60]fullerene with emeraldine and leucoemeraldine.

Fig. 1 Possible product in the reaction between [60]fullerene and aniline.
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View Article Online
form of emeraldine (E) and leucoemeraldine (L) using the same
ONIOM-GD3 method (Fig. 2). A question was raised about what
kind of these products is preferably formed. To solve this
problem, the potential energy surface (PES) was investigated to
clarify the mechanism of these reactions.

To date, numerous studies on antioxidant activity of poly-
aniline24,25 and fullerene26 have been reported. For aromatic
amine antioxidants, the reaction mechanism and rate depend
on the hydrogen atom's donating ability to peroxyl radicals.
Moreover, the characteristics of fullerenes have an extended p-
bond system, and their electron affinity is higher than that of
primary antioxidants. Thus, the question is whether the deriv-
atization of fullerenes with polyaniline is expected to increase
their antioxidant capacity. However, theoretical approaches on
the radical scavenging activity of new polyaniline–fullerene
have not been realized in the literature yet. Therefore, we aim to
predict the antioxidant activities of polyaniline–fullerene via
single electron transfer (SET) and hydrogen atom transfer (HAT)
mechanisms along with the important thermal-parameters
such as ionization energy (IE), electron affinity (EA), and bond
dissociation enthalpy (BDE) parameters.
14596 | RSC Adv., 2020, 10, 14595–14605
In this study, we focus on studying the mechanism for the
reaction of fullerene with the two forms of polyaniline as well as
to evaluate the antioxidant ability of polyaniline–fullerene
hybrid nanomaterials using the ONIOM-GD3 (B3LYP/6-
31G(d):PM6) and hybrid density functional theory (DFT)
methods.
2. Computational methods

All the electronic structures of species involved in the title
reaction as reactants, intermediates, transition states, and
products were optimized using the two-layered ONIOM-GD3
(B3LYP/6-31G(d):PM6) method including Grimme's dispersion
corrections.23 The transition states were rst obtained and then
conrmed by the presence of one imaginary frequency.
Furthermore, the intrinsic reaction coordinate (IRC) was also
performed for analyzing the connection between the transition
states (TS) and two related local minimum structures.

The geometry and the vibrational frequency of the compos-
ited polyaniline–fullerene and the related neutral, cationic, and
anionic radicals were carried out at the B3LYP/6-31G(d)
method.27,28 From these optimized structures, the single-point
This journal is © The Royal Society of Chemistry 2020
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energy calculations were employed at the level of B3LYP/6-
311++G(d,p).

Moreover, the full-electron donor–acceptor map (FEDAM)
was established to analyze the radical scavenging activity of the
studied compounds via the electron acceptance (REA) and
electron donation (RIE) indices, which were dened according
to the equations:

RIE ¼ IEAnti

IENa

REA ¼ EAAnti

EAF

where Anti, Na, and F represent the antioxidant molecule,
sodium, and uorum, respectively.

The calculations for this study were performed using the
Gaussian 09 soware.29
3. Results and discussion
3.1. Functionalized fullerene using the ONIOM method

First, the reliability of themodel of fullerene and aniline using the
ONIOM-GD3 (B3LYP/6-31G(d):PM6) method in this study was
tested by comparing the optimized structures and
Table 1 The optimized structures and thermodynamic parameters of all

Species ONIOM-GD3 (B3LYP/6-31G(

Optimized structures (bond distance)a

Fullerene C1–C2 1.401
C2–C3 1.458

TS(5,6) C1–C2 1.486
C2–C3 1.610
C2–C6 1.529
C2–N 1.580

TS(6,6) C1–C2 1.574
C1–C4 1.523
C1–C5 1.525
C1–N 1.582

P(5,6) C1–C2 1.537
C2–C3 1.640
C2–C6 1.547
C2–N 1.467

P(6,6) C1–C2 1.627
C1–C5 1.544
C1–C4 1.556
C1–N 1.465

Relative energiesb

Reactants 0.0
Int �4.0
TS(5,6) 44.1
TS(6,6) 32.8
P(5,6) 9.9
P(6,6) �4.9

a Distance is in angstroms Å. b Relative energy in kcal mol�1 (zero-point en
GD3 (B3LYP/6-31G(d):PM6)). d Ref. 30.

This journal is © The Royal Society of Chemistry 2020
thermodynamic parameters of reactants, transition states, and
products with the computed values using B3LYP-GD3/6-31+G(d)
for all atoms in this system. The results are shown in Table 1. For
convenience, the intermediates, transition states, and products
are marked as “Int”, “TS”, and “P” acronyms, respectively.

As can be seen in Table 1, the optimized bond distances of
fullerene using the ONIOM-GD3 (B3LYP/6-31G(d):PM6) method
agree well with the experimental data. Indeed, the calculated/
experimental [5-6] (C2–C3) and [6-6] (C1–C2) bonds were
1.458/1.458 Å and 1.401/1.401 Å, respectively.30 The calculated
data at the ONIOM-GD3 (B3LYP/6-31G(d):PM6) and B3LYP-
GD3/6-31+G(d) levels of theory in Table 1 show that the
geometrical parameters of the transition states and products
have a very small deviation in the range of�0.028 to 0.028 Å. For
the thermodynamic parameters, the deviation between the two
methods is in the range of 0.9 to 5.3 kcal mol�1. It can be
observed that the calculated values obtained in the proposed
ONIOM-GD3 model were in very good agreement with the cor-
responding data obtained using the B3LYP-GD3/6-31+G(d)
method for the whole system. Thus, this ONIOM-GD3 partition
is recommended as a reliable and computationally affordable
approach to be exploited in this study.

In the initial step, the association of fullerene and aniline
formed an intermediate (Int) with a binding energy of
�4.0 kcal mol�1 lower than the reactants (see Fig. 3). This
species related to the reaction of aniline and fullerene in the gas phase

d):PM6) B3LYP-GD3/6-31+G(d) Deviationc

1.396 (1.401)d �0.005 (0.000)
1.454 (1.458)d �0.004 (0.000)
1.483 �0.003
1.582 �0.028
1.525 �0.004
1.608 0.028
1.555 �0.019
1.521 �0.002
1.523 �0.002
1.590 0.008
1.527 �0.010
1.624 �0.016
1.543 �0.004
1.473 0.006
1.601 �0.026
1.544 0.000
1.553 �0.003
1.472 0.007

0.0 0.0
�3.1 0.9
48.4 4.3
36.4 3.6
15.2 5.3
�2.4 2.5

ergies were included). c Values (B3LYP-GD3/6-31+G(d)) – values (ONIOM-

RSC Adv., 2020, 10, 14595–14605 | 14597
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Fig. 3 PES of the functionalized reaction between fullerene and aniline.
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View Article Online
intermediate can proceed through two channels for the
abstraction process of fullerene. The rst one was a process at
the (6,6)–bond to yield TS(6,6), whose energy barrier was
36.8 kcal mol�1. The second one occurs to form P(5,6) at the
(5,6)�bond via the transition state TS(5,6) during the reaction,
as conrmed by one imaginary vibrational frequency and IRC
analysis presented in Table S1 and Fig. S1 of ESI.† As shown in
Fig. 3, the energy barrier of TS(5,6) was higher than that of
TS(6,6) by 11.3 kcal mol�1. Therefore, a conclusion can be
drawn that the process for the P(6,6) product was energetically
favored than that for P(5,6) product. It is clear that the
14598 | RSC Adv., 2020, 10, 14595–14605
theoretical results obtained from this section are also similar to
the experimental procedures in order to synthesize aniline–
fullerene.17

Thus, the PES of the reaction between fullerene and poly-
aniline (PANI) focus only on the (6-6)–bond, which is illustrated
in Fig. 3. Depending on the environment, the structure of PANI
consists of three forms, including leucoemeraldine (PANI-L),
pernigraniline (PANI-P), and emeraldine (PANI-E). However, in
this context, we chose two forms, namely PANI-L and PANI-E, to
investigate the functionalized reaction of fullerene with
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 PES of the functionalized reaction between fullerene and two forms of polyaniline.
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View Article Online
polyaniline because the structure of pernigraniline does not
possess the –NH group to perform the amination reaction.

Fig. 4 shows that all the obtained reactions of two forms of
polyaniline with fullerene have tended to be quite similar.
Energies of all the species and energy barriers for the reaction
between fullerene and two forms of polyaniline using the
ONIOM-GD3 (B3LYP/6-31G(d):PM6) method are summarized in
Tables S1 and S2 (ESI†). The intermediates being a local
minimum on the potential energy surface were formed from the
reactants, without transition states. The relative energies to the
corresponding intermediates Int-C60-E1, Int-C60-E2, Int-C60-L1,
and Int-C60-L2 were �3.7, �3.6,�4.8, and �4.3 kcal mol�1,
respectively. The reaction pathway diagram shows that the
energy barriers of TS-C60-E1, TS-C60-E2, TS-C60-L1, and TS-C60-
L2 were 35.8, 38.5, 35.0, and 35.4 kcal mol�1, respectively. The
relative energies of products, namely P-C60-E1, P-C60-E2, P-C60-
L1, and P-C60-L2, were predicted to be �3.7, �1.3, �4.8, and
�4.2 kcal mol�1, respectively, in comparison to the reactants.
Thus, this obtained result suggests that P-C60-E1, P-C60-L1, and
P-C60-L2 products were predominantly formed from a thermo-
dynamic point of view.
This journal is © The Royal Society of Chemistry 2020
3.2. Antioxidant mechanisms

The structure of polyaniline–fullerene consists of two typical
segments: polyaniline known as chain-breaking antioxidants25,31

and fullerene known as an extended p-bond system and a high
electron affinity.32 For this reason, both HAT and SET mecha-
nisms were used to analyze the radical quenching capacity of the
products of reactions between fullerene and the two forms of
polyaniline. The structures of C60-L1, C60-L2, C60-E1, and C60-E2
are shown in Fig. 5. The thermochemical parameters character-
ized by antioxidant activity (BDE, IE, and EA) were calculated
using the B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) model. More-
over, the Grimme's dispersion corrections23 were included to
evaluate the effects of dispersion interactions on the thermo-
chemical parameters. As can be seen in Tables S3 and S4 (ESI†),
the deviation between BDE, IE, and EA calculated at the B3LYP-
GD3 and B3LYP levels were very small (<1.0 kcal mol�1). There-
fore, the effects of dispersion interactions on the thermochemical
parameters are insignicant.

Hydrogen atom transfer mechanisms (HAT). The free radical
scavenging activity via the H-atom transfer mechanism was
mainly characterized by the BDE value. In amine compounds,
the N–H bond dissociation enthalpy (hydrogen abstraction) is
the key parameter to evaluate the abilities to donate hydrogen
RSC Adv., 2020, 10, 14595–14605 | 14599
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Fig. 5 The structures of C60-L1, C60-L2, C60-E1, and C60-E2.
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atom and form a stable radical form. The molecules with lower
BDE values had higher antioxidant activity. As can be seen in
Table 2 that the difference of BDE(N–H)s between the
Table 2 Calculated BDE(N–H) at B3LYP/6-311++G(d,p)//B3LYP/6-
31G(d) level of theory

Compounds
BDE(N–H)
(kcal mol�1) Compounds

BDE(N–H)
(kcal mol�1)

PANI-L C60-L2
N1–H 85.09 N1–H 89.78
N2–H 78.04 N3–H 79.75
N3–H 78.10 N4–H 81.14
N4–H 79.92
PANI-E C60-E1
N1–H 86.83 N1–H 83.86
N2–H 78.66 N2–H 78.93
C60-L1 C60-E2
N1–H 81.85 N1–H 90.88
N2–H 78.14
N3–H 78.31
N4–H 80.21

14600 | RSC Adv., 2020, 10, 14595–14605
polyanilines (PANI-L, PANI-E) and the polyaniline–fullerene
hybrid nanomaterials (C60-L1, C60-L2, C60-E1) was insigni-
cant (<2 kcal mol�1). This result leads to a suggestion that the
antioxidant activity of the hybrid materials following the HAT
mechanism may not be higher than that of the polyanilines.
Thus, the effects of the fullerene on the BDE(N–H)s as well as
the hydrogen abstraction of PANI-L or PANI-E have been
unnoticeable.
Table 3 Calculated IE and EA at B3LYP/6-311++G(d,p)//B3LYP/6-
31G(d) level of theory

Compounds
Adiabatic IE
(kcal mol�1)

Adiabatic EA
(kcal mol�1)

PANI-L 130.36 0.58
PANI-E 140.74 45.62
C60-L1 130.98 65.10
C60-L2 133.97 61.74
C60-E1 140.56 66.46
C60-E2 143.84 65.18

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 FEDAM of the studied compound in the gas phase.
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Single electron transfer (SET). The electron transfer mecha-
nism (SET) involves an electron-donating/-accepting process.
Thus, when evaluating the antioxidant activity of the selected
compounds according to the SET mechanism, we have investi-
gated based on both their electron-donor and electron-acceptor
capacities, which are characterized by the ionization energy (IE)
and electron affinity (EA) quantity.33 It is generally observed that
the lower the IE value, the easier the electron transfer, and the
higher the EA value represents the stronger electron acceptor
capacity. In this study, the IEs and EAs were calculated in
adiabatic states using the same calculating method and are
presented in Table 3.

It was found that the IE values of the materials (130.98–
143.84 kcal mol�1) were larger than those of the polyanilines
(130.36–140.74 kcal mol�1). This suggests that the polyaniline–
fullerene hybrid nanomaterials hardly transferred an electron
compared with the initial polyanilines. However, it is worth
noticing that the EAs of the materials were signicantly higher
than those of the polyanilines (averaged about
29.83 kcal mol�1). Thus, the accepting-electron process seems
to be the main mechanism responsible for the antioxidant
activity of the polyaniline–fullerenes.

Based on FEDAM shown in Fig. 6, it can be seen that C60-L1
belongs to the best antioxidant sector. It demonstrates that C60-
L1 simultaneously plays the two roles as a good electron
donator and a good electron acceptor.

Frontier molecular orbitals. The frontier orbital distributions
and energies calculated in the gas phase at the level of B3LYP/6-
311++G(d,p)//B3LYP/6-31G(d) are shown in Fig. 7, and density of
state (DOS) spectra are also indicated in Fig. 8. These are also
important parameters as they correlate with the antioxidative
activity of the studied compounds. The highest occupied molec-
ular orbital (HOMO) of the polyaniline–fullerene is mainly
distributed in polyaniline, while the lowest unoccupied molecular
orbital (LUMO) is allocated in fullerene (Fig. 7). According to the
This journal is © The Royal Society of Chemistry 2020
frontier orbital theory, the energy of the HOMO and LUMO
provides a quantitative measure of the electron-donating and
accepting ability of the antioxidants. The higher energy of the
HOMO corresponds with an easier electron-donating ability. On
the contrary, the lower energy of the LUMO corresponds to
a stronger electron accepting abilities. As shown in Fig. 6, the
HOMO energy increases in the following order: C60-E2 < C60-E1 <
PANI-E < C60-L2 < C60-L1 < PANI-L, while the LUMO energy
decreases in the following order: PANI-L > PANI-E > C60-L2 > C60-
L1 > C60-E2 > C60-E1. By comparison, according to HOMO and
LUMO energies, the predicted electron-donating and accepting
ability sequence was found to be the same as that for the IE and
EA. Another important parameter of the investigated compounds
is the HOMO–LUMO energy gaps (Egap). The lower the Egap, the
easier the electron inspires, and the more powerful is the antiox-
idant ability.34 The different energy of Egap in polyaniline–fullerene
hybrid nanomaterials is nicely demonstrated in the DOS spectra
(Fig. 8). It clearly shows that C60-L has the strongest antioxidant
ability among the selected compounds.
3.3. Reaction between CH3OOc, O2c
�and polyaniline–

fullerene

The interaction between polyaniline–fullerene and CH3OOc and
O2c

� was evaluated through an electron transfer mechanism in
the gas phase to provide more insight into their free radical
quenching capacity following the reaction equations:

Anti + Rc / Anti+c+ R� (1)

Anti + Rc / Anti�c + R+ (2)

As can be seen in Table 4, the reactions Anti + CH3OOc
following (1) and (2) are unspontaneous with the high positive
thermal barriers of DH and DG (DH¼ 111.2O 266.6 kcal mol�1,
DG ¼ 114.7 O 265.6 kcal mol�1). The trend was similar in the
RSC Adv., 2020, 10, 14595–14605 | 14601

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00903b


Fig. 7 The HOMO, LUMO distributions and energies of the studied compound.
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electron-donating process of the Anti + O2c
� reaction. However,

it is worth noticing that the electron-accepting process of the
Anti + O2c

� reaction following (2) was spontaneous (DH¼�15.2
O�20.8 kcal mol�1, DG¼�16.7O�20.7 kcal mol�1), whereas
14602 | RSC Adv., 2020, 10, 14595–14605
that for the initial polymers was unspontaneous (DG > 0). This
affirms that the polyaniline–fullerene materials are good in
O2c

� scavenging following the electron-accepting mechanism.
This is a good agreement with the previous studies.35
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 DOS spectra of fullerene, polyaniline and polyaniline–fullerene hybrid nanomaterials.
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Table 4 The calculated thermal properties (in kcal mol�1) of the reaction between CH3OOc, O2c
�and polyaniline–fullerene

Compounds

Anti + CH3OOc Anti + O2c
�

Reaction (1) Reaction (2) Reaction (1) Reaction (2)

DH DG DH DG DH DG DH DG

C60-L1 113.4 114.7 190.1 190.3 339.9 340.6 �19.0 �18.9
C60-L2 115.7 117.3 193.9 192.5 342.2 343.2 �15.2 �16.7
C60-E1 123.6 124.6 188.3 188.5 350.0 350.5 �20.8 �20.7
C60-E2 126.4 127.8 190.3 190.4 352.8 353.7 �18.8 �18.8
PANI-L 111.2 113.0 266.6 265.6 337.6 338.9 57.5 56.4
PANI-E 122.1 123.2 213.8 212.9 348.6 349.1 4.7 3.7
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4. Conclusion

In this study, some conclusions in investigating the character-
istics of new polyaniline–fullerene materials can be drawn as:

- Potential energy surfaces of the reaction between fullerene
and polyaniline (PANI) were analyzed via the ONIOM method.
The obtained result suggests that P-C60-E1and P-C60-L1 prod-
ucts were predominantly formed.

- Evaluating the antioxidant activity of polyaniline–fullerene
materials using these themoparameters (BDE, IE, and EA)
established the HAT and SET mechanism and found that the
favoredmechanism is the electron-accepting one. In addition to
the calculated HOMO, LUMO, DOS, and FEDAM results show
that C60-L has the strongest antioxidant activity among the new
polyaniline–fullerene materials.
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