
ORIGINAL PAPER

Spectral analysis and detailed quantum mechanical investigation
of some acetanilide analogues and their self-assemblies
with graphene and fullerene

Aljawhara H. Almuqrin1
& Jamelah S. Al-Otaibi2 & Y. SheenaMary3 & Renjith Thomas4 & Savaş Kaya5 &Dilara Özbakır Işın6

Received: 7 May 2020 /Accepted: 21 July 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Spectroscopic analysis and different quantum mechanical studies of four pharmaceutically active compounds phenacetin, p-
acetanisidide, 4′-butoxyacetanilide, and 4′-(3-chloropropoxy)acetanilide are reported in this manuscript. Simulated IR spectrum
of these compounds was compared with experimentally available data, and essential functional group assignments were made.
We also report the frontier orbital properties and other derived local energy descriptors which talks about the relative stability and
reactivity. Photovoltaic efficiency of the compounds was studied from the simulated electronic spectra. The compoundwas found
to interact with graphene and fullerene, to form molecular self-assembly. These self-assemblies showed tremendous enhance-
ment in various physicochemical properties when compared with its constituents. The nature of the interactions between studied
chemical species was discussed with the help of chemical reactivity principles. Biological activity of the compounds was
predicted using molecular docking studies. It is interesting to see that on adsorption with a graphene/fullerene surface, all
adsorbed complex shows enhancement in the Raman activity giving surface enhanced Raman spectra (SERS). This can be used
for the detection of these drugs in a pharmacological or biological sample. Interestingly the graphene/fullerene drug molecular
assembly shows enhanced biological activity when compared with individual drug molecules.
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Introduction

Benzamide derivatives have biological and pharmacologi-
cal activities such as inhibition of acetylcholinesterase, [1]
antimicrobial, antioxidant [2], inhibition of chymotrypsin
[3], antiasthmatic [4], and anti-human immunodeficiency
virus activity [5]. A number of benzamide derivatives
change the biological activity by changing substituents at
the N-aryl and N-acyl part of benzamide moieties [6]. The
benzamide derivatives, acetaminophen (paracetamol), and
phenacetin are used as pain relievers and antipyretic drugs
for the treatment of simple diseases and local issues like
headaches, muscle pain, toothache, arthritis, and fever
[7–9]. Long-period use of phenacetin can produce renal
papillary necrosis, bladder tumors in humans, and some
toxic effects [10–12]. Therefore, drugs containing phenac-
etin were withdrawn from the pharmacy in 1983 at the order
of the US Food and Drug Administration (US FDA) [13].
Also, acetaminophen (N-acetyl-p-aminophenol) is the most
widely used prescription pain medicine in the USA. Such
pharmaceutically active anthropogenic compounds are
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commonly detected in different environmental segments
such as surface water, groundwater, and soil [14].

Graphene is basically a monoatomic graphite layer, a carbon
allotrope of carbon atoms tightly attached in hexagonal lattice.
Sp2 hybridization and atomic thickness graphene of 0.3 nm
make it a quite different kind material [15]. Providing larger
surface area for adsorbing pharmaceutical contaminant mate-
rials makes graphene as desirable substrate for use in water
treatment. In literature, extensive research has been reported
on graphene membranes for water treatment [16–18]. Due to
its graphical hydrophobic surface and strong π-π interaction, it
shows high adsorption property to chemicals. Here, density
functional theory (DFT) calculations were used to examine in-
teractions of selected acetanilide derivatives, phenacetin (PHE),
p-acetanisidide (AAS), 4′-butoxyacetanilide (BAN), and 4′-(3-
chloropropoxy)acetanilide (CPA) on surface of atomic thick-
ness graphene/fullerene. The current work provides a compre-
hensive analysis on interaction of adsorbed acetanilide deriva-
tives with graphene/fullerene. Systems like fullerenes, nano-
tubes, and graphene are of immense applications in the chem-
ical industry due to their practical utilities [19–21]. Fullerene
nanostructures have been especially prevalent in scientific liter-
ature and have thus far demonstrated the capacity to be applied
to solve some of the emerging challenges facing humanity.
These systems are found to adsorb even a large variety of pol-
lutants with high binding energies [22–26]. Enhancement of
Raman spectra was also absorbed in the case of these mole-
cules, when they get adsorbed on the surface of the graphene
sheet [27]. This manuscript deals with a detailed structure and
geometry analysis of these compounds. Different spectral ob-
servations like UV, IR, and Raman were also theoretically ex-
amined using various computational tools.

Methods of calculation

The geometry of the molecules, PHE, AAS, BAN, CPA, and
their self-assemblies are optimized from an initial guess struc-
ture using various using DFTwith B3LYP functional [28, 29],
and 6–311++G(d,p) basis sets using Gaussian09 software [30]
and GaussView [31] as the user interface. The optimized
structure of PHE, AAS, BAN, and CPA is given in Fig. 1.
The electronic spectra were simulated with CAM-B3LYP
with the same basis set from the optimized geometry in sol-
vent methanol using the Integral Equation Formalism
Polarizable Continuum Model (IEFPCM) [32] in TD-DFT
formalism. The spectral data of PHE, AAS, BAN, and CPA
are derived from Spectrabase [33]. ω-B97XD, which incor-
porates dispersion correction, was selected to analyze self-
assembly of molecules with graphene and fullerene [34].

Energy descriptors and NLO properties

Highest occupied molecular orbital (HOMO)-lowest unoccu-
pied molecular orbital (LUMO) gives molecular chemical sta-
bility and gives bioactivity and charge transfer. A molecule
that has a small energy gap has high chemical reactivity [35,
36]. The HOMO-LUMO diagram is displayed in Fig. S1. For
all the molecules, HOMO is delocalized over the ring portions
and attached groups and while the LUMO is only over the ring
portions and the nature changes from HOMO to LUMO tran-
sitions. HOMO and LUMO energies are − 7.972 and −
4.545 eV for PHE, − 7.958 and − 4.545 eV for AAS, −
7.973 and − 4.545 eV for BAN, and − 7.976 and − 4.547 eV
for CPA. The band gap energy is around 3.420 eV for all
derivatives. The various quantum chemical parameters

Fig. 1 Optimized structure of a PHE, b AAS, c BAN, and d CPA
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obtained using energy gap are shown in Table 1. The low
bandgap suggests that these compounds have more bioactive
and used for disinfectant in water treatment [36]. The electro-
philicity index value around 11.400 eV suggests the biological
activity of the compounds.

Most of the organic compounds possess nonlinear optical
(NLO) properties and polarizability and hyperpolarizability
are given in Table 2 [37, 38]. First-order hyperpolarizability
(× 10−30 esu) changes in the order: BAN (10.159) > PHE
(9.044) > CPA (8.565) > AAS (6.893) which are 78, 70, 66,
and 53 times that of urea, while the second-order values are −
8.626 × 10−37, − 6.318 × 10−37, − 15.247 × 10−37, and −
19.498 × 10−37 for PHE, AAS, BAN, and CPA [39].

We used the time-dependent DFT method to simulate the
ultraviolet-visible and density of states (DOS) spectra (Fig.

S2 and Fig. S3) of the PHE, AAS, BAN, and CPA using
CAM-B3LYP/6–311++G(d,p) basis set using an implicit
solvation model with methanol solvent atmosphere.
Density of state diagrams shows that there is clear distinc-
tion between the HOMO and LUMO. Also, no overlap be-
tween the core orbitals was observed. For these compounds,
PHE, AAS, BAN, and CPA, there are three electronic exci-
tations, but the one around 234 nm is with the maximum
oscillator strengths (f) of 0.6346, 0.5742, 0.6635, and
0.6699 which belongs to the HOMO to LUMO transition
(89, 82, 89, and 88%). In these compounds, the HOMO is
located at the pi bonding orbitals of the phenyl ring and in
the side chains, and LUMO is at the pi antibonding orbitals
present in the phenyl rings. This is an excellent pi to pi
antibonding transition, which may lead to intra-molecular

Table 1 Chemical descriptors
Molecule I = − EHOMO A= − ELUMO Energy gap η = (I −A)/

2
μ = − (I + A)/
2

ω = μ2/
2η

PHE 7.972 4.545 3.427 1.713 − 6.259 11.430

AAS 7.958 4.545 3.412 1.706 − 6.252 11.453

BAN 7.973 4.545 3.428 1.714 − 6.259 11.429

CPA 7.976 4.547 3.429 1.714 − 6.262 11.434

PHE-G 7.979 5.727 1.252 1.126 − 6.853 20.852

AAS-G 7.979 5.728 2.251 1.125 − 6.853 20.869

BAN-G 7.987 5.725 2.262 1.131 − 6.856 20.783

CPA-G 7.978 5.728 2.249 1.125 − 6.853 20.879

PHE-F 7.628 6.918 0.709 0.355 − 7.273 74.564

AAS-F 7.618 6.914 0.704 0.352 − 7.266 75.006

BAN-F 7.621 6.916 0.706 0.353 − 7.269 74.877

CPA-F 7.629 6.914 0.715 0.357 − 7.272 74.000

Table 2 NLO properties
Molecule Dipole moment Polarizability first order Second order

– (Debye) – Hyperpolarizability Hyperpolarizability

– – (× 10−23 esu) (× 10−30 esu) (× 10−37 esu)

PHE 5.3628 2.047 9.044 − 8.626
AAS 5.5001 1.839 6.893 − 6.318
BAN 5.3701 2.415 10.159 − 15.247
CPA 6.4954 2.413 8.565 − 19.498
PHE-G 5.9014 6.378 7.917 − 40.732
AAS-G 6.4468 5.414 5.789 − 37.891
BAN-G 5.5773 6.695 8.522 − 46.465
CPA-G 6.1955 5.843 7.105 − 53.819
PHE-F 5.8397 4.501 29.647 − 43.766
AAS-F 6.3093 4.393 57.989 − 38.043
BAN-F 6.5156 4.899 47.432 − 56.108
CPA-F 4.5069 4.762 11.826 − 53.712
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charge transfer. Data from electronic spectra (Table S1) can
be used to model the photovoltaic efficiency of a compound.
For the title compounds, the f value, around 233 nm, is in the
range 0.5742–0.6639, and the LHE is in the range 0.7334–
0.7862. The free energy of electron injection, ΔGinject in
kcal/mol, is − 53.7999, − 54.4917, − 54.0005, and −
52.9444 for PHE, AAS, BAN and CPA, respectively, which
shows good photosensitizing property [40–43].

IR and Raman spectra

The detailed assignment of vibrations obtained from the
scaled simulated spectrum and experimental spectrum is pro-
vided in Table S2. The vibrations at 3290 cm−1 (IR),
3390 cm−1 (Raman), and 3480 cm−1 (DFT) for PHE;
3280 cm−1 (IR) and 3468 cm−1 (DFT) for AAS; 3300 cm−1

(IR) and 3480 cm−1 (DFT) for BAN; and 3290 cm−1 (IR) and
3480 cm−1 (DFT) cm−1 for CPA are the NH stretches [44]. For
all the molecules, NH deformation mode is in the range 1511–
1507 cm−1 theoretically and observed around 1510 cm−1 [44].
The υC=O is at 1620 cm−1 (Raman) and 1611 cm−1 (DFT) for
PHE, 1608 cm−1 (IR) and 1617 cm−1 (DFT) for AAS,
1565 cm−1 (IR) and 1574 cm−1 (DFT) for BAN, and
1570 cm−1 (IR) and 1575 cm−1 (DFT) for CPA [44]. The C–
O stretches are assigned at 1177 and 1013 cm−1 for PHE, 1152
and 975 cm−1 for AAS, 1177and 960 cm−1 for BAN, and
1205 and 977 cm−1 for CPA theoretically, while bands are
seen at 1185 and 1020 cm−1 for PHE, 1154 and 973 cm−1

for AAS, 1175 and 965 cm−1 for BAN, and 1205 and
970 cm−1 for CPA experimentally [44].

Adsorption behavior of molecules on the surface of
graphene/fullerene

Graphene is a 2D layer of graphite which contains carbon
atoms in sp2 hybridized fashion. It is found experimentally
that manymolecules get adsorbed over the graphene sheet and
form self-assembly. This unique property can be used for the
detection of these compounds in a condensed phase or its
removal [45–51]. Fullerene also shows the formation of a
self-assembly. The energetics of the adsorption of the two
compounds are discussed as follows. The adsorption energy
is given in Table S3 [52]. The adsorption energy is maximum
for PHE-G and BAN-G complexes, and the least is for other G
and F complexes. It is evident from the simulated electronic
spectra that, compounds with graphene complex, the oscillator
strengths (Table S4) of AAS-G and CPA-G are greater than
one, for the electronic transitions at 273.88 and 269.30 nm,
and the LHE were found to be above 92%, while for PHE-G
and BAN-G complexes, LHE is less than 75%. TheΔGinject is
high for PHE-G and BAN-G, and these derivatives can be
effectively used as a higher photosensitizer with respect to
the pristine molecules.

For graphene-molecule assembly, HOMO is located over
the drug molecules, and LUMO is over the graphene layer,
while for fullerene-molecule assembly, HOMO and LUMO
are over the fullerene with interchanging the positions.
Chemical potential (Table 1) value is more negative for ful-
lerene complex with PHE, AAS, BAN, and CPA, which
means more stability. Also, the electrophilicity indices of
graphene/fullerene self-assembly with PHE, AAS, BAN,
and CPA are increasing with respect to the pristine values.
For fullerene complexes, there is very high enhancement for
this index. Also, the hardness values decrease for graphene/
fullerene complexes.

Surface enhanced Raman scattering (SERS) data
(Table S5) demonstrates improved Raman signals for multiple
wavenumbers in both graphene and fullerene complexes.
Figures S4, S5, S6, and S7 give the Raman spectra (normal
and enhanced), UV, DOS, and HOMO-LUMO of the
graphene/fullerene assembly. For A8-graphene complex, in-
tensity multiplication is for 1319 cm−1 from 2.73 to 51.41,
with and enhancement factor of 1783, which is significant,
while this mode is not seen in PHE-fullerene complex.
Multiplication of 1061 is seen for 3053 cm−1 in PHE-G com-
plex, which corresponds to υCH with blue shift of wavenum-
ber to 3073 cm−1, and for PHE-fullerene complex, this mode
is enhanced with an enhancement factor of 122. For AAS-G,
the in-pane CH deformation at 1314 cm−1 undergoes a shift to
1332 cm−1 with an enhancement factor of 2425, while
1321 cm−1 of AAS-F undergoes a shift to 1325 cm−1 with a
lower enhancement factor of 160. In AAS-G, C=O stretch has
an enhancement of 510, while in fullerene complex, the en-
hancement for this mode is only 360. In BAN-G complex, the
ring stretching and CH stretch at 1319 cm−1 and 3052 cm−1

undergo wavenumber shift with enhancement factors 1488
and 1471. In the corresponding fullerene complex, no such
large enhancement is observed, but the CH3 bending mode at
1451 cm−1 has an enhancement factor of 1423. In CPA-G,
CH2 bending mode has an enhancement of 1602, and in ful-
lerene, the corresponding enhancement for CH2 modes are
742 and 308. This indicates that it is possible to make a
graphene or fullerene-based sensor for the detection of these
compounds using SERS [53].

Molecular docking

Prediction of activity spectra (PASS) analysis [54] gives ac-
tivities, CYP2C12 substrate, membrane integrity agonist, and
CYP2F1 substrate (activity values 0.927, 0.914 and 0.907).
5VBU, 2Y02, and 2PG5were used for docking by PatchDock
Server [55, 56] of the molecules using the selected PDB’s [57,
58]. The ligand-substrates interactions are given in Table S6.
The global energy and atomic contact energy of the graphene/
fullerene complexes are higher than that of parent molecules.
The docked ligands with the receptors and at the active site are
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shown in Fig. S8 and Fig. S9. The global energy value of
ligand (parent molecules) with CYP2C12 substrate, mem-
brane integrity agonist, and CYP2F1 substrate are − 40.22,
− 36.50, and − 22.38 kcal/mol for PHE; − 37.53, − 32.66,
and − 21.39 kcal/mol for AAS; − 37.32, − 39.38, and −
27.00 kcal/mol for BAN; and − 40.69, − 31.66, and −
28.59 kcal/mol for CPA (Table 3). Such findings indicate that
the compounds have inhibitory effect against the receptors.

Conclusion

We report all studies using the optimized geometry of the
most stable conformer. The experimental and scaled simulated
IR spectrum showed close agreement. Among the four com-
pounds, 4′-butoxyacetanilide shows highest light-harvesting
efficiency, but the free energy of electron injection is more
for p-acetanisidide. When compared with parent compounds,
self-assemblies of the compounds with graphene and fullerene
showed significant enhancement in all physical, chemical, and
biological activities. There was an enhancement in the Raman
intensity of the compounds, which enables the way for design-
ing various detection methods using SERS. The calculations
made showed that the studied molecules interact more pow-
erful with graphene compared with fullerene. Docking studies
reveal the inhibitory effect against receptors.
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