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ABSTRACT
Non-covalent interactions of N-(4-carboxyphenyl)phthalimide
(CPP) with carbon nanotubes (CNTs) have been investigated to see
the effects of interactions on the properties of CPP, which is a
medicinal compound. Two models of (3,3) armchair and (6,0) zigzag
CNTs have been considered in this work. All structures have been
optimized by density functional theory (DFT) calculations to
evaluate the corresponding properties. Moreover, quadrupole
coupling constants (CQ) have been evaluated at the atomic scale for
the optimized structures. The results yielded stabilized CPP@CNT
hybrids by effects of hybridization on the properties of both of CPP
and CNT counterparts. The CQ parameters also indicate that the
carbon atoms are very much important to detect the type of CNT
whereas other atoms showed almost the same effects at the same
situations. As a result, the CPP could be very well hybridized with
the CNT through non-covalent interacting system.
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Introduction
Since the early days of carbon nanotubes (CNTs)
discovery, they have been employed in various
situations to explore their properties for specific
applications [1-3]. In addition to the original CNT,
several types of nanostructures have been
developed for different purposes [4-11]. Covalent
and non-covalent hybridizations of nanostructures
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have been done by other bioorganic, organic and
inorganic counterparts to explore the effects on
the properties of both hybridized sides [12-15].
One of the important roles of nanostructures is
their expected applications in therapeutics, in
which drug delivery purposes are among the most
favorable ones [16-20]. To this aim, the properties
of nanostructures should be carefully
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characterized prior to assigning them for the
application in living systems [21]. Besides
experiments, computational chemistry
approaches provide insightful methodologies to
investigate the characteristics of complicated
nanostructures [22]. These computations could be
very much important to recognize differences in
the properties of CNT tubular systems [23]. In this
work, the computational chemistry approach has
been used to explore the properties of non-
covalent N-(4-carboxyphenyl)phthalimide (CPP)
and CNTs interacting systems of (Fig. 1).
CPP has anticonvulsant effects in the living
systems but should still be improved to have
higher efficacy during pharmacotherapy [24-29].
Since the mood disorders and mental diseases are
very much common for the people of modern
societies, careful attentions should be paid to
improve the efficacy of such drugs for the related
patients [30]. Therefore, hybridization with CNTs,
as possible carriers for drug delivery processes,
could be considered as one of the ways in this
case. However, prior to any judgment, the
properties of CPP@CNT hybrids should be
recognized in order to see the effects of non-
covalent interactions on the original properties of
CPP. To this aim, this work has been done to
recognize the mentioned properties at the
atomic/molecular scales employing the
computational chemistry approaches (Tables 1
and 2, Fig. 1). It is important to mention that
theories and computers provided in silico
environment to carefully characterize the
properties of matters at the atomic/molecular
scales besides the already well known in vitro and
in vivo environments [31-35].

Materials and Methods
Within this work, we have calculated the minimal
energies and properties for the investigated
structures using the B3LYP exchange-correlation
functional and the 6-31G* standard basis set as
implemented in the Gaussian 98 package [36].

Fig. 1. a) The individual CPP, b) the hybrid of
CPP@(3,3) CNT and c) the hybrid of CPP@(6,0)
CNT.

The models of this work are N-(4-
carboxyphenyl)phthalimide (CPP) and
representative (3,3) armchair and (6,0) zigzag
carbon nanotubes (CNTs), in which their non-
covalent interactions are investigated between
CPP and CNTs;  CPP@(3,3) and CPP@(6,0). The
tubular tips of representative CNT models are
saturated with hydrogen atoms to avoid any
dangling effects to the structures [37, 38]. First,
the isolated models have been allowed to fully
relax during the optimization processes to achieve
the structures corresponding to minimal energies.
Afterwards, the optimized models have been
combined together to make the hybrid structures
of CPP@(3,3) and CPP@(6,0). For the hybrids, the
pre-optimized geometries of CNT counterparts
have been kept frozen to mimic the infinite-length
nanotubes whereas those of CPP have been
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allowed to fully re-relax at the tubular surfaces.
The results of optimizations indicated the final
hybrid structures of CPP and CNTs according to the
calculated minimal energies. In addition to the
optimized structures, molecular properties have
been also evaluated for both of isolated and
hybrid systems including total energy (ET), binding
energy (EB), energies for the highest occupied and
the lowest unoccupied molecular orbitals (HOMO
and LUMO), and dipole moment (DM) (Table 1). To
clarify effects of CNTs on the properties of CPP,
quadrupole coupling constants (CQ) have been
evaluated for the atoms of optimized structures
(Table 2). The effects to original electronic

properties of atomic sites of interacting CPP in the
hybrid structures are investigated by comparing
the values of CQ in the isolated and hybrid systems.
It is noted that CQ parameters indicate the
electronic properties of individual atomic sites,
which are helpful for atomic scale investigations of
matters [39]. The exact magnitudes of CQ could be
experimentally measured by nuclear quadrupole
resonance (NQR) spectroscopy as an important
technique in the category of nuclear magnetic
resonance (NMR) [40]. Moreover, quantum
chemical calculations could yield reliable atomic
scale CQ properties for the investigating systems
[41-50].

Table 1: The evaluated optimized properties*

Model Formula ET /keV EB /eV EHOMO /eV ELUMO /eV DM /Debye
CPP
(3,3)
CPP@(3,3)
(6,0)
CPP@(6,0)

C15H9NO4

C96H12

C111H21NO4

C96H12

C111H21NO4

-25.381
-99.721
-126.104
-99.728
-126.115

—
—
1002
—
1006

-6.691
-4.263
-4.253
-3.802
-3.805

-2.469
-2.622
-2.618
-3.152
-3.168

4.702
0
3.960
0
3.210

* See Fig. 1 for details.

Results and Discussion
The results of this work are divided into two parts
based on the optimized properties (Table 1) and
the CQ parameters (Table 2). The major question
of this work is to investigate the effects of
interactions on the properties of CPP at the
surface of representative CNTs. This trend is aimed
to see the effects of hybridizations on the initial
properties of the loaded medicine on the CNT. As
an important expected role for CNTs, they are
willing to be used for drug deliveries but they
showed so many unanswered questions for the
purpose up to now [21]. In the current research,
we would like to better clarify the possible
interactions of CPP with CNTs through
atomic/molecular scale quantum chemical
calculations. As an advantage of computational
chemistry, the chemical structures could be
significantly investigated at the smallest sizes of

one molecule or one atom, which are not easily
achieved by experiments. Herein, the effort on this
work has been dedicated to atomic/molecular
scale investigations of properties for the
CPP@CNT non-covalent interacting hybrid
structures.
The structural models have been prepared in two
sets of individual and hybrid systems in current
work. For the individual system, there are three
structures including CPP, (3,3) and (6,0) CNTs. The
criterion of choosing the CNTs was the equality of
atoms numbers in molecular formula, in which
both CNTs have the same C96H12 stoichiometry.
The optimization processes yielded the stable
structures of individual systems showing that the
(6,0) CNT is slightly more stable than (3,3) CNT
with a difference magnitude of 7 eV for total
energies (Table 1 and Fig. 1). Studying ultra-small
size nanotubes is an advantage of computational
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chemistry, which could not be easily done through
experiments. After singular optimizations, the
new structures have been combined together to
make hybrid structures. The new optimization
processes have been performed by fixing the
geometries of CNT counterpart but re-relaxing the
geometries of CPP at the surface of nanotube. It is
important to note that fixing the geometries of
CNTs is done to mimic the infinite-length
nanotubes in the real states. Interestingly, the
CPP@(6,0) has been viewed slightly more stable
than CPP@(3,3) hybrid structure. Moreover, the
binding energy for CPP@(6,0) is also better than
CPP@(3,3) hybrid. To calculate the binding
energies, the energy differences between the
hybrid structure and its individual counterparts
participating in the hybrid system have been
considered. The energies for HOMO and LUMO

levels reveal that the effects of hybridizations are
detected by these electronic properties. From the
singular to hybrid forms, the HOMO/LUMO levels
will significantly change for the CPP but the
changes for CNTs are in lower magnitudes. The
HOMO/LUMO levels are different for the
individual CNTs, in which their corresponding
hybrids also show different values. The values of
DM are zero for both of individual CNTs; however,
non-zero values for hybrids show the importance
of biomolecular functionalization of CNTs for
better dispersions in water media [21]. The value
of DM for individual CPP undergoes to lower values
in the hybrids. As a concluding remark of this part,
the optimization processes yielded the stabilized
structures of non-covalent interacting CPP@CNT
hybrids, in which both of (3,3) and (6,0) CNTs could
be seen useful for the purpose.

Table 2: The evaluated CQ /MHz parameters for CPP counterpart*

Atom CPP CPP@(3,3) CPP@(6,0) Atom CPP CPP@(3,3) CPP@(6,0)
1 C
2 C
3 C
4 C
5 C
6 C
7 C
8 C
9 C
10 C
11 C
12 C
13 C
14 C
15 C

2.364
2.294
2.293
2.362
1.883
1.885
2.608
2.610
2.356
1.957
2.501
1.471
2.406
1.941
2.812

2.396
2.298
2.280
2.349
1.875
1.877
2.618
2.614
2.339
1.955
2.495
1.488
2.416
1.949
2.664

2.412
2.286
2.259
2.331
1.871
1.878
2.604
2.622
2.341
1.958
2.485
1.413
2.406
1.957
2.858

16 N
17 O
18 O
19 O
20 O
21 H
22 H
23 H
24 H
25 H
26 H
27 H
28 H
29 H

3.466
9.862
9.857
8.836
8.818
0.199
0.199
0.199
0.199
0.202
0.198
0.199
0.202
0.278

3.478
9.849
9.849
8.863
8.739
0.199
0.199
0.199
0.199
0.202
0.198
0.199
0.202
0.278

3.492
9.868
9.828
8.782
8.811
0.199
0.199
0.199
0.199
0.202
0.199
0.200
0.201
0.279

* See Fig. 1 for details.

The atomic scale properties of CPP in the
individual and hybrid forms are investigated by the
values of CQ parameters to see the effects of
interactions on the electronic properties of CPP at
the CNTs surfaces. The results are discussed in the
atomic types as listed in Table 2. The results

indicate that the carbon atoms detect different
electronic environments at the surfaces of (3,3)
and (6,0) CNTs. This trend is very much important
because of advantage of evaluating CQ atomic
scale properties in addition to the molecular
properties from the optimization processes. As
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could be seen by the panels b and c of Fig. 1, the
position of CPP is slightly different at the surfaces
of the (3,3) and (6,0) CNTs. Therefore, the CQ

atomic scale properties indicate different
parameters for the CPP at two hybrid forms. There
is only one nitrogen atom in CPP, in which it still
shows effects of CNT types at its electronic
environment. Moreover, the effects of
interactions could be seen by comparing the
results of nitrogen atom of CPP individual and
hybrid systems. These effects are also seen for the
oxygen atoms of CPP from the individual system to
the hybrid system. It is worth noting that the
magnitude of CQ is dependent on the atomic
number, in which the oxygen atom shows the
largest magnitude of CQ among the investigated
atoms. Since the hydrogen atom has the smallest
number of electrons, its changes are at the lowest
level in comparison with the other atoms. As a
concluding remark of this part, the CQ atomic scale
parameters could very well shoe details of
investigating systems to clarify what is happening
inside the molecular structures.

Conclusion
The effects of non-covalent interactions on the
properties of CPP have been investigated at the
surfaces of (3,3) and (6,0) CNTs based on
computational chemistry approaches. By
examining the obtained results, some trends could

be concluded. First, the CPP could be very well
stabilized at the surface of CNTs, in which both of
(3,3) and (6,0) models could work for this purpose.
Second, the molecular properties could show the
effects of interactions on the properties of CPP
from individual to hybrid system, in which the
HOMO/LUMO properties could be seen as useful
parameters. Third, the values of DM could show
the importance of biomolecular functionalization
of CNTs for better dispersion properties in water
media. Fourth, the CQ atomic scale properties
indicated significant effects of CNT types on the
electronic properties of carbon atoms of CPP
whereas this trend was not seen for the nitrogen
and oxygen atoms. Fifth, all the CQ atomic scale
properties shoed the effects of non-covalent
interactions on the properties of CPP, in which
higher and lower changes have been seen based
on the CNT types or the atomic types. Finally, the
hybrid models of CPP@CNT could be considered
as the non-covalent interacting systems for
different purposes of applications, especially for
the living systems.
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