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In this study, the adsorption of alanine on pristine, functionalized, and boron and/or nitrogen doped functionalized Cg, fullerenes was
studied by theoretical methods. The structures of alanine, Cgy fullerenes derivatives and complexes (Cg-alanine) were optimized at the
M062X/6-31G* level of theory. Then, the adsorption energies, global DFT reactivity indices, the atomic charges and the global electron
density transfer (GEDT) were calculated. The results showed that the maximum adsorption energy occurs for the adsorption of alanine on
CgoH-OH derivatives in both gaseous and aqueous phases. In addition, the doping of three nitrogen/boron atoms with the functionalized
carbon atom in C4H-OH increases the adsorption energy significantly. The results were confirmed by global DFT reactivity indices such
as chemical potential and electrophilicity indices. In addition, analysis of the GEDT values showed that the charge transfer occurs from
alanine toward CqH-OH fullerene in both phases upon adsorption. The AIM results indicated that the interaction between alanine and

CgoH-OH in both gaseous and aqueous phases is non-covalent and hydrogen bonding in nature.
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INTTRODUCTION

Proteins are the living polymers catalyzing most of the
reactions in living cells, and also, they control practically all
cellular processes. They have made up of building blocks
called amino acids. Amino acids contain both carboxyl and
amino groups whose carboxyl group is more acidic than the
carboxylic acid. The biological activity of the proteins is
determined through the chemical properties of the amino
acids [1,2].

Based on the molecular structure, alanine or 2-
aminopropanoic acid (Ala or A) is one of the simplest
amino acids and is classified as an aliphatic amino acid. Its
chemical formula is HOOCCH(NH;)CH;, with the molar
mass of 89.09 g mol™ and the density of 1.424 g cm™. The
non-reactive methyl group in alanine almost never directly
participates in protein function. It can be produced by the
human body and it is not necessary to enter the body
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through the diet. Anyway, alanine is found in a wide variety
of foods especially meats and it can compensate for its
deficiency in the body. It boosts the immune system by
producing antibodies, and provides the required energy for
muscles tissues, brain, and the central nervous system [1,2].

Cg fullerene is an interesting adsorbent that has been
used to the adsorption of many compounds. It is the first
example of a spherical aromatic molecule, but it is more
similar to reactive alkene molecules than aromatic systems
with respect to the chemical properties [3]. Cq as an
electron-deficient alkene exhibits a significant variety of
thermal and photochemical reactions [4-7]. The low
solubility of fullerenes in common organic solvents restricts
the preparation of their derivatives in the solutions.
Therefore, it has been explored alternative synthetic
methods for fullerene functionalization such as solvent-free
mechanochemical reactions [8,9].

The adsorption of some amino acids by pristine
fullerenes, Cqp and Cgy, has been investigated using a
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computer simulation and theoretical calculations [10,11].
Herein, in continuation of our previous theoretical studies
on the fullerenes [12-14], adsorption of alanine on pristine
C¢o and its functionalized derivatives as well as boron
and/or nitrogen doped OH-functionalized Cg, fullerene has
been studied by using density functional theory (DFT) in
both gaseous and aqueous phases.

COMPUTATIONAL METHODS

All calculations were performed by using the Gaussian
09 chemical quantum package [15]. At first, the structures
of adsorbents (Cg derivatives), adsorbate (alanine) and
complex (Cgo-alanine) were optimized at the M062X/6-
31G* level of theory [16]. The geometrical minima were
confirmed by the absence of any imaginary frequencies. The
conductor-like polarizable continuum model (CPCM) was
used to calculate the solvation effects on the studied
molecules in the aqueous phase [17].
The adsorption energy (E.i) of alanine on Cg was
calculated using the following equation:

Eads: Ecomp]ex - (Ealanine + Efu]]erene) + EBSSE (1)
where Ejpnines Efulierenes Ecomplex and Eggsg refer to the energies
of alanine, fullerene, complex (alanine + Cg) and basis set
superposition error, respectively.

The global electrophilicity index (w) [18] was given by the
following expression:

@)

where p is the electronic chemical potential and n is the
electronic chemical hardness. The global nucleophilicity
index (N) [19] is obtained as follows:

3)

N=E HOMO(Nu) — E HOMO(TCE)

where Nu denotes the given Since

tetracyanoethylene (TCE) has the lowest HOMO energy

nucleophile.

among molecules already investigated in the context of
polar organic reactions, it is taken as the reference.
The natural bond orbital (NBO) calculations were
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performed to analyze the electrical charge of atoms in all
structures [20,21].

RESALTS AND DISCUSSION

Optimized Structures

At the first step, the structures of the pristine Cg
fullerene and  some  experimentally  synthesized
functionalized derivatives of the fullerene [22-29] were
optimized. Figure 1 shows the optimized structures for
pristine Cg and its functionalized derivatives. Functional
groups on Cg contain CH,  H-CH;, NH,
CH,COCHOHCH,, H-NH,, CHCOOH, (NH),, H-OH, H;-
(OH); and (OH)s. In addition, Fig. 2 illustrates the
optimized structures for doped CgH-OH (9) functionalized
derivatives. In some 9 derivatives, the atom adjacent
functionalized carbon atom was replaced with nitrogen or
boron atom. In the other 9 derivatives, three atoms adjacent
functionalized carbon atom were replaced with three
nitrogen or three boron atoms. Also, in two structures, six
positions adjacent functionalized carbon atom were replaced
with three nitrogen and three boron atoms. Figure 3 shows
the optimized structures of fullerene-alanine complexes

along with some selected bond lengths and bond orders.

Adsorption Energies

The calculated adsorption energy (E.4) values in gas
phase for the complex Cgp-alanine are given in Tables 1 and
2. The E,q4 values calculated are found to be negative for all
pristine and doped functionalized Cq, fullerenes.

The E. value is the least (the weakest adsorption) for
adsorption of alanine on pristine Cgy whereas maximum E,g
values (stronger adsorption) are observed for 9, 10 and 11 in
both gaseous and aqueous phases. 9 is a one-functionalized
Ceo and 10 and 11 are multi-functionalized Cg. If we ignore
the effect of many substituents on the adsorption in 10 and
11, the maximum E,4 value is related to 9. Thus, we
consider this one-functionalized Cg for the effect of doping
on the adsorption.

When fullerene 9 is doped with nitrogen and boron
atoms in the gaseous phase, the E,4 value varies. Changes
in E,4 values are found to be significant in most cases. On
doping N atom on OH-functionalized carbon in 9, E.4
decreases for 12 in which H atom is bound to C atom but it
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CoH-OH

Cagth(OH), Col OH),

Fig. 1. The optimized structures of pristine and functionalized Cs, fullerene along with some selected bond lengths

(in A).
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Co BN H-OH

Fig. 2. The optimized structures of C4H-OH fullerene and doped with one, two or three nitrogen or boron atoms as well
as six atoms (three nitrogens and three borons) along with some selected bond lengths (in A).

increases for 13 in which H atom is bound to N atom
significantly. In 13, the adsorption of alanine can be taken
place by two interactions with hydrogen atoms attached to
oxygen and nitrogen of the fullerene through formation of
hydrogen bonding. On the other hand, in 12, alanine can
interact only with one hydrogen atom attached to oxygen. In
the solution phase, the interaction of the water molecules
with the polar functionalized fullerene can compete with
adsorption of alanine and thus, it candecrease the
adsorption energies, proportionally.
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On doping three N atoms in 14, E, increases
vigorously (from -44.62 to -67.46). There is a weaker effect
for similar doping in the aqueous phase. On doping one B
atom, E,4 increases for both 16 and 17, but the effect is
stronger for 17. On doping three B atoms in 18, E,
increases vigorously (from -44.62 to -65.45). Also, it can be
doped every six positions around functionalized carbon in 9
(15 and 19). In the case, E,4 decreases if there are three N
atoms in the position nearer to functionalized carbon (15),
but in the presence of three B atoms in the position nearer
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Fig. 3. The optimized structures of fullerene-alanine complexes along with some selected bond lengths (in A) and bond

orders given in parenthesis.

to functionalized carbon (19), E,s increases vigorously
(from -44.62 to -59.15). Again, the effect of similar doping
in the aqueous phase is weaker.

Figures 4 and 5 show the effect of the functionalized Cg

and the doped fullerenes 9 on the adsorption of alanine on
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them in both gaseous and aqueous phases, respectively. As
can be seen in the figures, the E.4 values are larger in
gaseous phase than those in aqueous phase. Probably, in the
aqueous phase, alanine can be hydrated and can form
hydrogen bond with the water molecules. Thus, it decreases
its tendency to adsorb on fullerene.
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Table 1. Calculated Energies (in kJ mol™) for Adsorption of Alanine on Pristine Fullerenes
in both Gaseous and Aqueous Phases

Complex No. Fullerene derivative Gas phase Aqueous phase
1 Ceo -5.63 -6.50
2 CsoCH, -6.45 -6.67
3 CeoHCH; -20.23 -6.58
4 CeoNH -39.55 -36.27
5 C¢CH,COCHOHCH, -33.86 -28.26
6 CeH-NH, -39.25 -27.03
7 CeoCHCOOH -41.98 -27.87
8 Ceo(NH), -43.42 -34.36
9 CgH-OH -44.62 -38.70
10 CeoH3(OH); -52.49 -39.21
11 Ceo(OH)s -61.23 -47.39

Table 2. Calculated Energies (in kJ mol™) for Adsorption of Alanine on Doped Fullerenes
in both Gaseous and Aqueous Phases

Complex No. Fullerene derivative Gas phase Aqueous phase
9 CgH-OH -44.62 -38.70
12 CsoNH-OH-1 -33.64 -30.89
13 CsyNH-OH-2 -47.67 -34.48
14 Cs7;NsH-OH -67.46 -43.03
15 CsN;3;B;H-OH -35.64 -20.65
16 CsoBH-OH-1 -45.09 -42.87
17 CsoBH-OH-2 -54.96 -44.92
18 Cs;B;H-OH -65.45 -55.10
19 Cs4B3N;H-OH -59.15 -54.17
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Fig. 4. The effect of the functionalized Cg, fullerenes on the adsorption of alanine in both gaseous and aqueous

phases.
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Fig. 5. The effect of the doped CsH-OH fullerenes on the adsorption of alanine in both gaseous and aqueous phases.

Analysis of the Global DFT Reactivity Indices
Global DFT reactivity indices containing chemical
potential (u), chemical hardness (#), electrophilicity index
(w) and nucleophilicity index (V) are the useful tools for
studying the reactivity of the reactants [30]. Therefore, the
global DFT reactivity indices were calculated for the
structures in both gaseous and aqueous phases. The results
given in Table 3, show that chemical potential of pristine
Cso and functionalized Cgy fullerenes are more negative
than that of alanine. Thus, pristine C¢ and functionalized
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Ceo fullerenes accept the electron and act as the electron
acceptor and alanine donates the electron and acts as an
electron donor. The considerable increasing electrophilicity
index for pristine Cq and functionalized Cg fullerenes
relative to alanine confirms the results and shows that
pristine Cgp and functionalized Cg fullerenes are the strong
electrophile against alanine. Since there is a higher
electrophilicity difference between Cgq fullerenes and
alanine compared their nucleophilicity difference,

the former is a more important factor, thus, pristine Ceo

to
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Table 3. The Electronic Chemical Potential (), Chemical Hardness (17), Electrophilicity Index
(w) and Global Nucleophilicity (N), in eV, for Alanine, Pristine and Various

Functionalized Cg4, Fullerenes in both Gas and Aqueous Phases, Computed at the

MO062X/6-31G* Level

Gas phase Aqueous phase
Species
p n N © p n N ©

Alanine 344 532 184 1.11 354 526 143 1.19
Ceo 497 227 335 544 486 227 309 520
CsoCH, 477 216 366 527 471 215 337 514
CeoHCH; 466 213 344 510 473 214 373 522
CeoNH 489 2.18 353 548 478 218 327 525
C¢CH,COCHOHCH, 479 214 367 536 470 213 339 519
CgoH-NH, 477 215 368 529 469 214 340 5.14
CsCHCOOH 489 225 345 533 483 225 315 519
Ceo(NH), 488 2.18 353 547 479 218 326 525
CsH-OH 482 215 362 541 473 215 336 5.19
CgoH3(OH); 458 214 387 489 451 214 358 474
Cso(OH)s 475 210 374 537 467 210 346 5.18

fullerenes and alanine act as the electron acceptor and the
electron donor, respectively, while alanine is a moderate
nucleophile.

As can be seen in Table 4, in 9 doped functionalized
derivatives, chemical potential of 17, 18 and 19 are more
negative than the other functionalized Cg, fullerenes, thus,
they accept the electron more than the other functionalized
Cgo fullerenes in both gaseous and aqueous phases. The
electrophilicity index for the derivatives is high, too. The
E.4s values confirm the present results.

Study of Charge Transfer in the Adsorption
Process
Global electron density transfer (GEDT) is an important
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factor for charge transfer in the adsorption process and can
show the path of electron transfer [31]. Therefore, to study
the charge transfer in the adsorption of alanine on fullerene
9, the GEDT value was calculated in both gaseous and
aqueous phases. Figure 6 depicts the calculated values of
GEDTs along with its molecular electrostatic potential map
(MESP). In the MESP map, the greenish regions are more
negative (relatively high electron density) and the bluish
ones are more positive (relatively low electron density).
Thus, analysis of the GEDT values reveals that the electron
transfer takes place from alanine toward fullerene 9 in both
gaseous and aqueous phases upon adsorption. Meanwhile, it
was found that less electron transfer in the aqueous phase
(0.020 e against 0.023 e) is due to the hydration of alanine
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Table 4. The Electronic Chemical Potential (z), Chemical Hardness (77), Electrophilicity
Index (w) and Global Nucleophilicity (N), in eV, for Alanine and Doped
CgH-OH Fullerene in both Gas and Aqueous Phases, Computed at the
MO062X/6-31G* Level

Gas phase Aqueous phase
Species
n n N ® n n N ®
Alanine 344 532 184 1.11 -354 526 143 1.19
CgH-OH 482 215 3.62 541 -473 215 336 519
CsNH-OH-1 -4.07 140 513 590 -395 138 490 5.64
CsNH-OH-2 361 101 598 647 -353  1.04 566 599
CsN;H-OH 409 154 496 542 396 150 478 523
CsN;B;H-OH 444 192 423 515 -439 193 392 499
C5BH-OH-1 469 201 390 548 -458 2.00 365 525
CsyBH-OH-2 495 203 362 6.04 -482 205 337 567
Cs;B;H-OH -5.19 127 414 10.61 -6.06 129 388 994
Cs4B3N;H-OH 497 194 368 636 480 196 347 589
-0.082 ¢ +0.082 ¢ -0.099 e +0.099 e

Gas Phase, GEDT=0.023 ¢ Aqueous Phase, GEDT=0.020 ¢

Fig. 6. The molecular electrostatic potential maps and the global electron density transfer (GEDT) values obtained
for the adsorption of alanine on CqgH-OH in both gaseous and aqueous phases.
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and its stability. Figures S1 and S2 in the Supplementary
Information file show the molecular electrostatic potential
maps for the adsorption of alanine on the Cg fullerene and
its functionalized forms and the doped Cg fullerenes,
respectively.

AIM Study in the Adsorption Process

The theory of atoms in molecules (AIM) has been
widely applied to study the atom-atom interactions in
covalent and non-covalent interactions in molecules. In the
theory, the electron density of molecules is used to
determine the nature of bonding in molecular systems. The
topological properties of electron density and its derivatives
are found to be useful in determining the concept of the
bonding through bond paths and bond critical points
(BCPs). The topological parameters in BCPs contain
electron density (pscp),
(V2pscp), electronic kinetic energy density (Ggep), electronic
potential energy density (Vgcp), electronic energy density
(Hgcp) and estimated interaction energy (Ei,) [32-35].

laplacian of electron density

The molecular graph for the adsorption of alanine on 9
obtained from AIM calculations is shown in Fig. 7 and the
topological parameters in BCPs are given in Table 5. As
seen, there are two bond critical points (A and B) between
the fullerene and alanine molecules, with BCPs higher than
those of the other points. In these points, the interatomic
distances between the interacting atoms (d) are found to be
2.17, and 1.97 A, respectively. Since these distances are
smaller than summation of the van der Waals radii for
interacting atoms (2.72 A), it can be concluded that the
hydrogen bonding can be formed between alanine and 9.

In the bond critical point A, hydrogen atom attached to
amine nitrogen interacts with oxygen atom of hydroxyl
group in Fullerene by hydrogen bonding. The interaction
decreases in aqueous phase probably due to interaction with
water molecules.

In addition, in the bond critical point B, oxygen atom of
carboxyl group in alanine has interacted with hydrogen
atom of hydroxyl group in Fullerene by hydrogen bonding.
The interaction increases in aqueous phase probably due to
creation of zwitterionic form through acid dissociation. In
the zwitterionic form, oxygen atom of carboxyl group has
more negative charge and it establishes the stronger
interaction with hydrogen atom of hydroxyl group in
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Fullerene. The NBO charges support this trend because the
charge of oxygen atom in carboxyl group in gaseous phase,
-0.619, is less than that in aqueous phase, -0.662. There are
also some other interactions between alanine and fullerene
whose energies are less than the hydrogen bonding energy
(the bond critical points C, D and E).

The ratio of Vpep to Gpep can be considered as a
criterion for the nature of interaction. The value close to the
unit for the ratio shows that the interaction is non-covalent
(such as hydrogen bonding) [36]. Here, the ratio is close to
the unit for the whole interactions, and therefore, they are
non-covalent and hydrogen bonding in nature. The results of
all
Supplementary Information.

AIM calculations for compounds are given in
with  the
adsorption energies presented in Tables 1 and 2, these

results show that the weakest and strongest adsorptions take

In agreement

place for compounds 1 and 14 (as well as 18), respectively.
CONCLUSIONS

The computational methods at B3LYP/6-311G** and
M062X/6-311G** levels of theory were used to study the
adsorption of alanine on pristine and boron and/or
nitrogen doped functionalized C¢ fullerenes. The structures
of adsorbent (Cg derivatives), adsorbate (alanine) and
complex were optimized and their frequencies were
calculated. The adsorption energies for the adsorption of
alanine on the pristine, functionalized and the doped
functionalized Cg, fullerenes were also calculated. The least
adsorption energy was found for the adsorption of alanine
on pristine Cg, and the maximum adsorption was found for
the derivative 9 in both gaseous and aqueous phases, among
In addition, the
doping nitrogen/boron atoms with the functionalized carbon

one-functionalized derivatives of Cg.

atom in 9 affect the adsorption energy. On doping N and B
atoms on OH-functionalized carbon in 9, the adsorption
energy increases for 13 and 17 significantly, respectively.
On doping three N atoms in 14 or three B atoms in 18, the
adsorption energy increases vigorously. Also, the adsorption
energy increases on doping every six positions around
functionalized carbon in 9, so that there are three B atoms in
the position nearer to functionalized carbon. The results are
confirmed by the global DFT reactivity indices such as
chemical potential and electrophilicity index. Therefore,
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Gas Phase

Aqueous Phase

Fig. 7. Molecular graphs for the adsorption of alanine on CsH-OH in both gaseous and aqueous phases obtained
by AIM calculations. The bond critical points and bond paths are presented by red spheres and pink lines,
respectively.

Table 5. Topological Parameters in the Bond Critical Points between Alanine and C¢H-OH in both Gaseous and
Aqueous Phases Obtained by AIM Calculations®

Phase Gas phase Aqueous phase

Critical point A B C D A B C D E
PBCP 0.018 0.024 0.011 0.008 0.015 0.031 0.009 0.007 0.007
Vpger 0.056  0.083 0.037 0.023 0.050 0.107  0.031 0.022  0.025
Ggcp 0.015  0.021 0.008 0.005 0.012 0.027 0.006 0.004  0.005
Vaep 0.015  0.021 0.006 0.004 0.012 0.028 0.005 0.003 0.004
Hpcp 0.030 0.042 0.014 0.009 0.024 0.055 0.011 0.007  0.009
Ein 1969  27.57 7.88 525 1575  36.76 6.56 3.94 525
d® 2.17 1.97 3.01 2.76 2.26 1.85 3.12 291 2.71

peP, VzpBCp, Gacp, Viep, Hpep in a.u. and E;y in kJ mol ™. ®The distance between interacting atoms in Angstrom.

among the studied Cg fullerene derivatives, 14 and 18 are
the most appropriate adsorbents for the adsorption of
alanine. In addition, analysis of the GEDT wvalues reveals
that the electron transfer takes place from alanine toward
fullerene 9 in both phases upon adsorption, and also, less
electron transfer occurs in the aqueous phase due to
hydration of alanine and its stability. Finally, topological
parameters in AIM show that the interaction between
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alanine and 9 in the bond critical points A and B, in both
gaseous and aqueous phases, is non-covalent and hydrogen
bonding in nature.
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