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Abstract

DFT calculations were performed to study the nanostructures obtained by the
multifunctionalization of one and two acetylsalicylic acid radicals on fullerene ylide. The
increase in the number of aspirin molecules functionalized on fullerene ylide increases the
energy stability of the formed nanostructures. The analysis of the vibrational spectra of these
nanostructures shows that the formed systems are stable and present some vibrational modes in
accordance with the experimental data. The degree of solubility and polarity of these
nanostructures increases with the number of functionalized molecules. Multifunctionalization
considerably improves the nonlinear optical properties of the modeled nanostructures. With
functionalization of isolated aspirin molecule, the electronic properties are very improved, not
too much passing to multifunctionalization. The formed nanostructures are soft, more
electrophilic and more reactive than the aspirin molecule, but with multifunctionalization the
charge transfer decreases.
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1. Introduction

Fullerenes as well as carbon nanotubes, graphenes, sp-sp2 graphynes and many other
synthetic allotropic forms are the latest discoveries in the family of carbonaceous elements
All these carbon nanotropes are now widely used and have opened up a wide range of
applications in the field of nanotechnology and nanomedicine. Experimental techniques such
as chemical vapor deposition and high-temperature combustion have been developed for the
synthesis of these nanotropes [2]. In recent work, these nanomaterials have had multiple
applications, such as targeted drug delivery, magnetic resonance imaging (MRI), optical
imaging, photodynamic therapy and miniaturization of electronic components . For
example, non-steroidal anti-inflammatory drugs (NSAIDs) are widely used in therapy for their
antipyretic, analgesic or anti-inflammatory effects [6]; excessive use can cause gastrointestinal
problems, including irritation, bleeding and ulceration [7]. Mainly for acetylsalicylic acid
(ASA), better known as aspirin, which is one of the most widely used drugs in the world.
Although many pharmaceutical investigations show that aspirin can be used as an
antithrombotic agent, it may help treat coronary heart and Alzheimer’s diseases, and possibly
have cancer prevention properties . Therefore, further studies on targeting acetylsalicylic
acid are required to avoid his bad effects in the body, why we think of transport of it by
fullerenes as nanovectors. In order to improve the stability, solubility and load-bearing capacity
of the drug, we have chosen to multifunctionalize acetylsalicylic acid molecules on fullerene
ylide, as demonstrated by recent studies. Gallo et al. have reported on research in which
they showed the DFT study of functionalized carbon nanotubes and fullerenes as nanovectors
for drug delivery of antitubercular compounds. Prow et al. have worked on nano- and
micro-particles for skin drug delivery. Zhang et al. have experimentally showed the
synthesis of C60 fullerene with the end-capped polystyrene, while Wang et al. have
investigated the novel cycloaddition reaction of fullerene C60 with carbonyl ylides generated
from epoxides.

For this work, we used the Bingel reaction , which consists in the deprotonation by NaH
of a a-bromomalonate on the carbon sphere of the fullerene. Then, the anion generated on the
fullerene will perform an intramolecular nucleophilic substitution to give cyclopropane and the
mono-additional fullerene ylide derivative. After synthesis of the nanovectors, covalent
functionalization of aspirin drug molecules can be performed experimentally by grafting,
hydrogenolysis or cyclopropriation

The aim of this work is to improve the targeted transfer of acetylsalicylic acid and to form
new nanostructures for nanotechnology applications. To do so, the global reactivity descriptors,
structural, nonlinear, electronic and optical properties of these molecular systems have been
studied. All this research was carried out by DFT studies.

2. Methodology

Our systems were consisted of fullerene (FULL) C60 previously functionalized to
carbonyl ylide (C3H204) by 1,3-dipolar cycloaddition to give fullerene ylide
(FULL(C60)fC3H204) as a nanovector. They were then bonded to the radicals of one aspirin
molecule (C9H804) and two aspirin molecules (C18H1608) to form respectively
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nanostructure A (FULL(C60)fC3HO4-C9H704) and nanostructure B (FULL(C60)fC304-
C18H1408) according to equations (1) and (2) :

ASA(C9H804) + FULL(C60)fC3H204 — A (FULL(C60)fC3HO4 — C9H704) + Ha (1)
ASA(C9H804) + A (FULL(C60)fC3HO4 — C9H704) — B (FULL(C60)fC304 — C18H1408) + Ho  (2)

All these systems were previously optimized using the Becke's three-parameter exchange
functional and the Lee, Yang and Parr functional (B3LYP) [17.18] with the 6-31G base
implemented in Gaussian code 09W |[19]. This level of theory was chosen because in previous
work on nanomaterials, its results are very similar to experimental results [20]. The systems
were visualized with GaussView 5 [21]. From the results, the binding energies (Ey) between
the ASA molecule and the nanovectors have been calculated from equations (3) and (4) as
follows [22-25]:

Ef = E(FULL(C60)fC3H04 — C9H704) — E(FULL(C60)fC3H04) — E(C9H704) + E(BSSE) (3)
EB = E(FULL(C60)fC304 — C18H1408) — E(FULL(C60)fC304) — 2E(C9H704) + E(BSSE) 4)

where  E(FULL(C60)fC3HO4-C9H704) and E(FULL(C60)fC304-C18H1408) are
respectively the electronic energies of fullerene ylide functionalized to one radical of the aspirin
molecule and fullerene ylide functionalized to two radicals of the aspirin molecules.
E(FULL(C60)fC3HO4) and E(FULL(C60)fC304) are the electronic energies of the radicals of
fullerene ylide. E(CO9H704) is the electronic energy of a radical of the aspirin molecule.
Calculations of the binding energy have been corrected by the basis set superposition error
E(BSSE), calculated from the counterpoise method of Boys and Bernardi [26]. Due to the
insufficiency of gas phase results to describe the influence of solvents, the solvation effect was
studied using water (¢ = 78.4) with the formalism of the Integral Equation Polarized Continuum
Model (IEFPCM) [27]. The SMD continuum model of Marenich et al [28] was used to correct
the total energies in water, based on the corrections of the polarized continuum model (EESY) ;
from which we determined Gibbs free energies of solvation (AGsol).

Non-linear optics (NLO) parameters, such as mean polarisability, first-order static
hyperpolarizability and dipole moment, were calculated using equations found in the literature
[29,30]. The molecular orbital data used to plot the density of states (DOS) were obtained using
GaussSum 2.2 software [31]. Electronegativity (y) and hardness (1) are respectively related to
chemical potential (i) and softness (S). The electrophilicity index (o) is derived from the values
of wand n. All these global descriptors of molecular reactivity were calculated from ionization
potential (IP) and electronic affinity (EA) using the equations reported in the literature [32].
The fractional number of electrons transferred from system X (aspirin molecule) to system Y
(one of the two nanostructures A or B) was calculated by the parameter AN [33] using equation

5):
AN = (py - px)2(Mx+1y) &)

where puy and py are the chemical potentials of X and Y systems, while ny and ny are
hardnesses of X and Y systems. The parameter AN shows the overall interaction between X
and Y molecular systems. X acts as an electron acceptor if AN is positive and charges flow
from Y to X; inversely, X acts as an electron donor if AN is negative and charges flow from X
toY.



3. Results and discussions

3.1. Optimized molecular structures, binding energies, vibrational analyses and Gibbs free
energy of the studied molecular structures

The optimized geometries of the aspirin molecule, fullerene ylide, nanostructures A and B
are shown graphically in Figure 1. Some bond lengths and angles of the aspirin radicals of the
studied molecular structures are shown in Table 1 below.

(c) Nanostructure A (d) Nanostructure B

Figure 1: Optimized geometries of (a) Acetylsalicylic acid (ASA), (oxygen atoms are colored
red, carbon grey, and hydrogen white); (b) FULL(C60)fC3H204 (Fullerene ylide); (c)
FULL(C60)fC3HO4 — C9H704 (nanostructure A); and (d) FULL(C60)fC304 —C18H1408
(nanostructure B) in gas phase.

The results of bond lengths and angles of the simulated aspirin radical are slightly
different from the experimental values given by the work of Yunfeng Ye et al [34]. These
differences are due to the fact that the simulations are carried out on isolated molecules, whereas
the experimental work is carried out on package of molecules in solid phase. During the first



functionalization on nanostructure A, the maximum change between the bond lengths of the
isolated aspirin molecule and the aspirin radical on nanostructure A is about 0.036 A and
corresponds to the O1-C12 bond. For the bond angles, the maximum change between the
isolated aspirin molecule and the aspirin radical on the nanostructure A is about 4.737° and is
found on the C6-C5-O1 bond angle. These differences are due to the functionalization of a
foreign system (fullerene ylide) and the system is trying to stabilize itself. During the second
functionalization on nanostructure B, the differences between the lengths and bond angles of
the first aspirin radical on nanostructure A and the second aspirin radical on nanostructure B
are reduced, due to the equivalent sharing charges provided by the nanovector. Fullerene (C60)
undergoes a slight distortion of the lengths of the C-C bonds at the site of covalent
functionalization with the carbonyl ylide functional group. This distortion is due to the pole of
functionalization and is coherent with the results presented by Veloso et al The change in
hybridization from sp2 to sp3 at the site of functionalization leads to a change in the length of
the C-C bond [6-6] (hexagonal bond) of the fullerene from 1.38 A to 1.58 A for both
nanostructures.

Table 1: Molecular geometrical parameters in gas phase of the studied molecule of
acetylsalicylic acid and radicals of acetylsalicylic acid functionalized on nanostructures.

ASA Nanostructure A Nanostructure B ASA
(B3LYP 6-31G) (B3LYP 6-31G) (B3LYP 6-31G) Experimental

Bond lengths (A)
C6-C11 1.490 1.494 1.491 1.493 1.498
C11-03 1.229 1.231 1.241 1.244 1.235
C11-02 1.390 1.379 1.385 1.355 1.287
C5-01 1.396 1.414 1.414 1.411 1.402
01-C12 1.418 1.382 1.385 1.401 1.364
C12-04 1.218 1.224 1.224 1.217 1.183

Bond angles (°)

C5-C6-C11 121.952 122.409 123.537 121.968 124.6
C5-C6-C8 117.658 118.004 118.119 117.382 117.7
C11-Ce6-C8 120.350 119.585 118.342 120.614 117.7
C6-C5-01 124.381 119.644 119.987 124.418 121.6
C7-C5-01 114.954 118.731 118.650 114.312 117.3
C6-C11-03 125.275 125.139 124.788 122.216 119.1
C6-C11-02 116.645 115.096 116.008 118.569 118.1
03-C11-02 118.076 119.735 119.025 119.164 122.9
C5-01-C12 127.851 126.494 124.925 125.452 115.7
01-C12-04 116.921 119.315 119.643 119.938 122.9
01-C12-C13 117.838 121.098 120.063 114.858 110.7
04-C12-C13 125.199 119.541 120.248 124.057 126.4

The stability of nanostructures A and B is determined by calculating the binding
energies between the radical of the aspirin molecule, the radicals of the fullerene ylide and the
two nanovectors as presented in equations (3) and (4). shows the binding energies (Eb)
of nanostructures A and B in the gas phase and in aqueous solution. As shown in , all
values of the binding energies are negative, which means that the functionalizations of the
aspirin radicals on the nanostructures are energetically favorable. The binding energies of



nanostructures A and B in the gas phase are -63.346 and -111.587 kcal/mol, respectively, while
in aqueous solution these values are -50.236 and -98.628 kcal/mol, respectively. The order of
the BSSE corrections on the binding energies of nanostructures A and B is respectively about
8.249 and 16.776 kcal/mol and this is very significant during the formation process of our
nanostructures. From these results it can be concluded that the formation process of
nanostructure B is energetically more favorable than that of nanostructure A. The increase in
the number of functionalized aspirin molecules on the nanovector increases the energy stability
of the formed nanostructures.

Table 2: Binding energies (Eb) of covalent attachment of radical of acetylsalicylic acid to the
nanovector in gas phase and aqueous solution.

Nanostructure A Nanostructure B
Gas phase Aqueous Gas phase Aqueous
solution solution
Binding energy, -63.346 -50.236 -111.587 -98.628

Eb (in kcal/mol)

In order to confirm the stability of the nanostructures, calculations of vibrational
frequencies were performed. shows the IR and Raman vibrational spectra of the aspirin
molecules and the nanostructures A and B. From the vibrational spectra no imaginary frequency
appears, which proves that the nanostructures are stable and that the minima found are local
minima. Some vibrational modes of these nanostructures have been studied and compared to
experimental values listed in the literature, as shown in . The O-H stretching vibration
is experimentally observed at 3480 cm™ in the literature In the vibrational spectra of the
aspirin molecule and of the nanostructures A and B, the peaks at 3654 cm™, 3605 cm™! and 3454
cm™! correspond respectively to those of the O-H vibration. The C-H stretching vibration is
experimentally observed at 3090 cm™ in the literature This C-H stretching vibration is
observed at 3154 cm’!, 3112 cm™ and 3110 cm™! respectively on the aspirin molecule and the
nanostructures A and B. It is reported in the literature that the experimental value of the C=0
stretching vibration is in the range [1658.4-1748.4] cm’! The C=0 stretching vibrations
are theoretically observed in the regions [1753.3-1793.8] cm’!, [1749.1-1760.2] cm™' and
[1664.1-1730.4] cm™ in the aspirin molecule and nanostructures A and B, respectively. The
C=C stretching vibrations are experimentally observed at 1606 cm™ in the literature This
C=C stretching vibration is theoretically observed at 1658 cm™, 1635 cm™ and 1631 cm
respectively for the aspirin molecule and nanostructures A and B. All these values are in
agreement with the experimental values if one takes into account the scale factor of 0.9613
appropriate for vibrational analysis with the B3LYP/6-31G(d) method

The degree of solubility of a substance can be predicted by the Gibbs free energy of
solvation (AGsor). The degree of solubility increases with decreasing AGsol and the molecular
system is more soluble if AGsol iS more negative The calculated values of the total
energies EPSM after correction are -648.5067, -3349.1619 and -3996.4493 Hartree for the
aspirin molecule, and nanostructures A and B, respectively. The AGsol values are -23.65, -40.14
and -56.45 kcal/mol for the aspirin molecule and nanostructures A and B, respectively.
According to the work of Zafar et al good therapeutic molecules should have a value of
AGsor below -12 kcal/mol. According to , all these systems are good candidates for
therapeutic effect. Furthermore, by passing from the aspirin molecule to the nanostructure A,
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AGsol decreases by about -16.49 kcal/mol; this reflects the fact that functionalization increases
the solubility of a molecule. Also, when moving from nanostructure A to nanostructure B, AGsol
decreases by about -16.31 kcal/mol; this reflects the fact that multifunctionalization makes
molecules more soluble.

100 -

150 -

200

250

IR Intensity (km/mol)

300 -

350 -

— ASA

400 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency (cm'1)

180

160 -

140

120

100

80

60

Raman Activity [A4,'AMU]

40 -

S AW

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (cm 1 )




200

—————_"

400

e e T e

600 -

800 -

IR Intensity (km/mol)

1000

Nanostructure A
= = Nanostructure B

1200 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency (cm'1)

700

Nanostructure A
= = Nanostructure B

Raman Activity (A*/AMU)
w ey (3, [=2]
o (=] o o
o o o o
T T T T

N
o
o

-
[=]
o

1 1 1 \ J
0 500 1000 1500 2000 2500 3000 3500 4000

Frequency (cm'1)

Figure 2: Vibrational IR and Raman spectra of the molecules of acetylsalicylic acid, nanostructures
A and B.



Table 3: Vibrational frequencies and assignments of some modes of the studied molecular
structures.

Computed vibrational frequencies (cm™) Experimentals Assignments
vibrational
frequencies (cm™)

ASA Nanostructure A Nanostructure B

3654 3605 3454 3480° O-H stretching

3154 3112 3110 3090° C-H stretching
1753.3-1793.8  1749.1 - 1760.2 1664.1 — 1730.4 1658.4 -1748.4°  C=0 stretching

1658 1635 1631 1606 C=C stretching

aFrom Ref. [36]
"From Ref. [37]
‘From Ref. [38]
dFrom Ref. [39]

Table 4: Gibbs free energy of solvation of the studied molecular structures.

ASA Nanostructure A Nanostructure B
Total energy after -648.5067 -3349.1619 -3996.4493
PCM correction,
EPCM (in Hartree)
Gibbs free energy -23.65 -40.14 -56.45

of solvation,
AGsol (in kcal/mol)

3.2.  Non-linear optical and electronic properties of molecular structures

According to , all non-linear electronic and optical properties of molecular systems
increase more in aqueous solution than in the gas phase. As the data in clearly show,
when aspirin is adsorbed on the surface of the fullerene ylide, the dipole moment increases from
11.855 to 12.500 D for nanostructures A and from 11.855 to 20.536 D for nanostructures B in
aqueous solution. Therefore, the solubility and bioavailability of aspirin increases significantly
when adsorbed on the surface of fullerene ylide According to , the theoretical
values of the first-order static hyperpolarizability of nanostructures A and B are 1881.4889x10
33 and 1899.6860x107>3 C>m?J?in gas phase, 4980.0293x107* and 6435.6970x10°> C®m?J? in
aqueous solution, respectively. The first-order static hyperpolarizabilities of nanostructures A
and B are respectively of the order of 2.267 and 2.289 times greater than those of the aspirin
molecule in the gas phase and 3.404 and 4.399 times greater in aqueous solution.

Urea is an organic molecule generally considered as a reference for the comparison of good
nonlinear optical properties The first-order static hyperpolarizability of nanostructures A
and B in aqueous solution is respectively 35.991 and 46.512 times greater than that of urea
(B,=138.365 x 1073 C*m?J?). This shows that these nanostructures are good candidates as
materials for applications in nonlinear optics. In addition, multifunctionalization significantly
improves the nonlinear optical properties of nanomaterials.



Table 5: Non-linear optical and electronic properties (dipole moment po (x 10° Cm), mean
polarizability oo (x 10*' C?m?J!), static first-order hyperpolarizability Bo (x 107 C’m’J?),
HOMO and LUMO energy Enomo and ELumo (eV) and energy gap Egap (€V) of the studied
systems in gas phase and aqueous solution.

ASA Nanostructure A Nanostructure B

Properties  Gas phase ~ Aqueous Gas phase Aqueous Gas phase Aqueous
solution solution solution
Ko 8.4705 11.8552 8.8634 12.5004 9.3671 20.5360

a 164.6637  209.7628 1014.4105 1640.3100 1199.7148 1881.9907

B, 829.7745  1462.7841 1881.4889 4980.0293 1899.6860 6435.6970
Enomo -7.2640 -7.2981 -6.2618 -6.0199 -6.1114 -6.0134
ELumo -2.0996 -1.9214 -3.5619 -3.3097 -3.4188 -3.3078
Egap 5.1643 5.3707 2.6999 2.7101 2.6925 2.7056

The total densities of states (DOS), HOMO and LUMO orbitals of the simulated gas
phase molecular structures are shown in Figures 3 and 4. The molecular orbitals of
nanostructures A and B are mainly distributed on fullerenes (see Figure 4). This region is
therefore more active for electrophilic and nucleophilic sites. Similarly, functionalization
improves the electronic gap (Egap) of the aspirin molecule from 5.1643 eV to 2.6999 eV for
nanostructure A and 2.6925 eV for nanostructure B in the gas phase (see Table 5). In aqueous
solution, the band gap (Egap) increases from 5.3707 eV for the aspirin molecule to 2.7101 eV
for nanostructure A and 2.7056 eV for nanostructure B. Consequently, the solvation effect
slightly increases the electronic gaps of the studied molecules. The passage of the
functionalization of one aspirin molecule (nanostructure A) and two aspirin molecules
(nanostructure B) slightly varies the electronic gap. Multifunctionalization makes the electronic
properties of the modeled nanostructures vary very slightly. Moreover, the calculated band gap
values of nanostructures A and B are slightly better than those of the pristine fullerene (2.77
eV), as published by Shukla and Leszcynski [44].

10

Nanostructure A - ?}ib;ﬂ = Nanostructure B = ?ﬁ'&
3 ’ ] - s
| |\ (n\ ‘ ‘I‘ | || ||||||L1 ‘ F
“L~| rlfl J )\ ‘ E,=2.699 H fl f\ \U}U dfn\lr \/ ||v“ ‘| E,=2.692 M i
1 Eha| A TR
| H|b\_}b | . VY

Figure 3: Densities of states of the studied nanostructures in gas phase.
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Figure 4: HOMO and LUMO molecular orbital diagrams of the studied molecular structures.

3.3.  Quantum molecular descriptors of the studied molecular structures

According to Table 6, all the values of the global reactivity descriptors EA, 1P, y, u, n.
and o of the aspirin molecule are in agreement with the results published in the literature by
Kayadibi et al. [45] using the same method. Nanostructures A and B have high EA and IP
values, which means that they are good electron acceptors and donors. A soft molecule is more
reactive than a hard molecule because the hard molecule has a large energy difference [46].
According to Table 6, nanostructures A and B are softer than the aspirin molecule because their
chemical hardness (n) is lower and their softness (S) is greater, and therefore they are more
reactive. The electrophilic index () indicates the stabilization energy of a molecular system at
the time of reception of electrons from the environment, and a high or low value of ® means a
good electrophilic or nucleophilic compound, respectively [47]. Nanostructures A and B have
a higher electrophilicity index (w) than the aspirin molecule and are therefore more
electrophilic. In nanostructures A and B, the values of AN are negative, so the radicals of the
aspirin molecule act as electron donors to the nanovector, and the charges are transferred from
the radical of the aspirin molecule to the nanovector. When switching from nanostructure A to
nanostructure B through multifunctionalization, the amount of charges transferred decreases
because instead of one radical in the aspirin molecule, there are now two radicals that transmit
the charges.

11



Table 6: Quantum molecular descriptors of the studied molecular structures in gas phase and
aqueous solution.

Nanostructure A Nanostructure B ASA ASA
(Theoretical)
[45]
Quantum Gas Aqueous Gas Aqueous Gas Aqueous Gas phase
molecular phase solution phase solution phase solution
Descriptors
EA/eV 3.5619 3.3097 3.4188 3.3078 2.0996 1.9214 1.380
IP/eV 6.2618 6.0199 6.1114 6.0134 7.2640 7.2981 7.052
x/eVvV 4.9118 4.6648 4.7651 4.6606 4.6818 4.6097 4.216
u/eV -49118  -4.6648 -4.7651  -4.6606  -4.6818  -4.6097 -
n/eV 1.3499 1.3551 1.3463 1.3528 2.5822 2.6883 2.836
S/eV! 0.7407 0.7379 0.7427 0.7392 0.3872 0.3719 0.353
w/eV 8.9361 8.0290 8.4328 8.0282 4.2443 3.9521 3.13
AN/e -0.0292  -0.0068  -0.0106  -0.0062 - - -

Figure 5 shows the distribution over the surface of the total electron density represented
with the electrostatic potential of nanostructures A and B. The potential increases in the
following order: red < orange < yellow < green < blue. Atoms located in the red region are
negative potential sites and participate in electrophilic reactions, while atoms located in the blue
regions are positive and participate in nucleophilic reactions. Oxygen atoms are sites with a
more negative potential and participate in electrophilic reactions. Carbon and hydrogen atoms
are positive potential sites and participate in nucleophilic reactions. Thus, the functionalization
reaction was carried out on two suitable sites namely: oxygen (electrophilic for the fullerene
ylide) with the carbon of the methyl group (nucleophilic for the aspirin radical).

Nanostructure A Nanostructure B

Figure 5: Total electron densities mapped with electrostatic potential of modeled
nanostructures
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4. Conclusion

We have performed DFT calculations on nanostructures A and B obtained respectively
by the functionalization on fullerene ylide of an acetylsalicylic acid (ASA) or aspirin molecule
and two aspirin molecules. The results show us that the process of formation of these
nanostructures is energetically favorable. The increase in the number of aspirin molecules
functionalized on fullerene ylide increases the energy stability of the formed nanostructures.
The analysis of the vibrational spectra of these nanostructures shows the inexistence of
imaginary frequencies. Thus, the formed systems are stable and present some vibrational modes
in accordance with the experimental data. The process of solvation in water of these systems
is spontaneous. Moreover, the degree of solubility of these nanostructures increases with the
number of functionalized molecules. Multifunctionalization considerably improves the
nonlinear optical properties and allows to obtain nanostructures that can be good candidates as
materials for nonlinear optical applications. By functionalizing an isolated aspirin molecule for
nanostructure A, the electronic gap is considerably reduced, but by passing to
multifunctionalization, the electronic properties of nanostructure B vary very slightly compared
to nanostructure A. Nanostructures A and B are soft, more electrophilic and more reactive than
the aspirin molecule. During the functionalization of nanostructures A and B, charges are
transferred from the radical of the aspirin molecule to the nanovector. However, the amount of
charges transferred decreases when multifunctionalization is performed because instead of one
radical in the aspirin molecule, there are now two radicals that transmit the charges. The sites
of the oxygen atoms are electrophilic, while the sites of the carbon and hydrogen atoms are
nucleophilic.
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Figures

(a) Acetylsalicylic acid

(c) Nanostructure A (d) Nanostructure B

Figure 1

Optimized geometries of (a) Acetylsalicylic acid (ASA), (oxygen atoms are colored red, carbon grey, and
hydrogen white); (b) FULL(C60)fC3H204 (Fullerene ylide) ; (c) FULL(C60)fC3H04-C9H704 (nanostructure
A) ; and (d) FULL(C60)fC304-C18H1408 (nanostructure B) in gas phase.
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Figure 2

Vibrational IR and Raman spectra of the molecules of acetylsalicylic acid, nanostructures A and B.
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Figure 3

Densities of states of the studied nanostructures in gas phase.
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Figure 4

HOMO and LUMO molecular orbital diagrams of the studied molecular structures.
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Figure 5

Total electron densities mapped with electrostatic potential of modeled nanostructures



