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Abstract

Density functional theory (DFT) was used to investigate the adsorption of lactic acid
(LA) molecule on the surface of (4,4), (5,5), (6,6) and (7,7) single-walled carbon nanotubes
(SWCNTs). A hybrid DFT method with the inclusion of dispersion correction was employed and
the results compared to those obtained from the non-corrected DFT method. The energies and
optimum distances for two different configurations were obtained after relaxation of the entire
system. The calculations showed that the adsorption of lactic acid onto outer wall of carbon
nanotubes was thermodynamically favored. The adsorption of lactic acid outside the CNT with
(4,4) chirality and via a vertical orientation to the tube axis above the center of a hexagon surface
and through its hydroxyl group was the most stable state of physisorption with the adsorption
energy of -13.39 kcal/mol. Total density of states (TDOS) and projected density of states
(PDOS) analysis in the vicinity of Fermi level region suggested that the electronic states to be
contributed from SWCNT rather than lactic acid. The DFT calculations also showed that non-
covalent functionalization of SWCNTs with lactic acid could give rise to new impurity states in
the DOS of pristine CNTs and suggested possible carrier doping of carbon nanotubes via
selective adsorption of molecule. The global reactivity descriptors in the gas phase and solvent

calculated.
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1. Introduction

Since the last two decades, carbon nanotubes (CNTs) have attracted enormous practical and
scientific attention due to their physical, optical, electronic, magnetic, and thermodynamic
properties with potential applications in nanoelectronics, energy storage, chemical processes,
biosensors, field emission displays and medical diagnostics and therapy. '™'' It has been pointed

12,13

out that the electronic properties of CNTs can be moderated by vacancy defects, electronic

field, ' filling some species inside the CNTs >’

and physical or chemical adsorptions on the
side wall of the tubes. '*%* In the other hands, non-covalent modification of CNTs has been
developed for various types of applications such as drug delivery, biochemical sensors, gene

delivery and therapeutic applications. 2>

Lactic acid (LA) or 2-hydroxypropanoic acid is a chiral organic acid of biological

significance. *"

The biological importance of lactic acid is mainly due to its function as
metabolite. LA is the main final product of lactic acid bacteria (LAB) metabolism. In addition, it
is made in eukaryotic cells, after glucose anaerobic metabolism. ¥ In the other hands, LA has
particularly interested for its use in producing biodegradable LA polymers, solvents, metal

pickling and food additives. ***

Because of its widespread influence, LA has been subjected of
many theoretical and experimental studies. Conformational analysis of LA using microwave
spectroscopy studied by van Eijck in the gas phase and it was found that an intramolecular
hydrogen bond from the proton of hydroxyl group to the carbonyl oxygen atom is formed. ** The
van Eijck results were also confirmed by Borba er. al. through the study of conformational
analysis of LA by matrix-isolation FT-IR spectroscopy and theoretical calculations. ** Schouten
et. al. determined the structure of LA at 100 K and found that carboxylic group at the side of the

carbonyl oxygen atom is almost planar with the oxygen atom of aliphatic hydroxyl group. *°

3
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Cassanas and co-workers, using IR and Raman spectroscopy, showed that LA forms dimers via
intermolecular association compounds connected by hydrogen bonds in the aqueous solution. *°
Protonation of LA was studied in the gas phase by Berruyer-Penaud and his co-workers and
they showed that the protonation of LA leads to decomposition and CO losing. *” Pecul et al.
studied conformers of LA , theoretically, at the HF and MP2 levels of theory and found only
two stable conformers . *® In a recent study, Smaga and Sadlej calculated the energy and
geometrical parameters of 1:1 and 1:2 chiral LA:water complexes at the MP2/aug-cc-pVDZ level
of theory and found that the stabilization of complexes dominated by exchange and induction

effects. >’

Determination of LA is critical in food industry, clinical diagnosis and sports medicine.
Its determination in medicine is useful for monitoring respiratory insufficiency, shocks, heart
failure and metabolic disorders. In this paper, our aim is the evaluation of the ability of SWCNTSs
as a candidate for the detection of LA in the gas phase and aqueous medium. For this propose,
the most stable conformation of LA, where there is an internal hydrogen bond between proton of
hydroxyl group and oxygen of carbonyl group of carboxylic acid moiety, is considered. In
continuum with our previous studies on the interaction of biologically important molecules with

40,41

nanotubes, our aim is the investigation of the non-covalent functionalization of pristine (4,4)

(5,5), (6,6) and (7,7) SWCNTs with lactic acid molecule.

2. Computational details

A SWCNT is classified into three types, namely, armchair nanotubes (n, n), zigzag nanotubes

(n, 0), and chiral nanotubes (n, m) with n#m. In this paper, the armchair CNTs with (4,4), (5,5),
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(6,6), and (7,7) chiralities were selected. All calculations were performed on the DMol3 module
of Materials Studio. ** * The generalized gradient approximation (GGA) method proposed by
Perdew and Wang (PW91) was used to deal with the exchange and correlation functional. ** All-
electron Kohn—Sham wave functions are expanded in a double numerical basis with polarized
orbital (DNP), in which the 2s and 2p orbital are used for carbon. The (DNP) function,
equivalent to 6-31 G (d,p) basis set of Gaussian basis set. It is well known that LDA cannot
explain properly the dispersion forces between molecules, which severely act in the limit of
negligible overlap between electron densities. Therefore, the LDA function tends to overestimate
the interaction energy between two molecules. The GGA corrects these errors, and GGA
functional provides a better overall description of the electronic subsystem than the LDA
functional. ** The energy tolerance accuracy, maximum force, and displacement were set as 10~
Ha, 2 x 10~ Ha/A, and 5 x 10 A, respectively. In order to accurately describe the van der
Waals (vdW) interaction, the dispersion-corrected DFT (DFT-D) scheme put forward by
Ortmann, Bechstedt, and Schmidt (OBS) *° was used. Solvation calculations on pristine nanotube
and CNTs/LA complexes were performed with the aid of conductor like screening model

(COSMO) as implemented in DMol3 program at the LDA/DNP (fine) level of theory. **
The quantum molecular descriptors for nanotubes were determined as follows:

1
= g il
7 % 2(+)
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where I (—Egomo) is the energy of the Fermi level and A (—Erymo) is the first given value of the
conduction band. The electronegativity () is determined as the negative of chemical potential
(n), as follows: y = —u. In addition, hardness (n) can be approximated using the Koopmans’
theorem.

The effect of solvent was modeled by the conductor-like screening model (COSMO), *°
where water has been used as solvents. COSMO is a considerable simplification of the
continuum solvation model (CSM) without significant loss of accuracy. °' For solvation studies,
water which has the highest dielectric constant (78.4) is taken as solvating media as it mimics
human biological system to recognize the behavior of CNT/LA complexes in the body. In the
continuum solvation models such as COSMO, solvation occurs by insertion of the solute in a
cavity which bounded by a dielectric continuum. The charge distribution of the solute polarizes
the dielectric medium which is described by the generation of screening charges in the cavity.
Unlike other continuum models, COSMO allows geometry optimization within the continuum
and thus gives a good description of the electrostatic interactions at the cavity. The free energy of
solvation is defined as the free energy of transfer of one mole of solute from an ideal gas state to
an infinitely dilute solution. This free energy is calculated by Dmol3 software based on the

following formula:
AGSQIV = (E+ AC;nonelectrostatic )'EO (1)

where E° is the total DMol energy of the molecule in gas phase, E is the total DMol/COSMO
energy of molecule in the solvent, and AGhonelectrostatic 1S the nonelectrostatic due to dispersion and

cavity formation effect.
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DMol3 uses numerical functions on an atom centered grid as its atomic basis. These basis sets
were constructed specifically for use in DFT calculations. Their high quality minimizes or even

removes basis set superposition error (BSSE) effects. >

Inada and Orita by using the
numerical basis sets like DNP have shown that the BSSE for the binding energies are very small.

Therefore, in the present study the interaction energies were calculated without the correction of

BSSE. >*

For accurately comparing the energies, GGA/TNP (triple numeric with polarization) single-point

energies were performed on the structure optimized with DNP.

3. Results and discussion
3.1. Structures

The structures of the of SWCNTSs (n, n) n=4-7 armchairs were optimized in the gas
phase. The structures were allowed to relax until the forces were smaller than 0.002 Ha/A at
DFT-D/GGA level of theory. The calculated C—C bond lengths for (4, 4), (5, 5), (6, 6), and (7, 7)
armchair CNTs were 1.432, 1.430, 1.429 and 1.426 A, respectively which were in good

agreement with previously reported values. > >°

The calculated diameters of pristine SWCNTs
were 5.600, 6.948, 8.367, and 9.747 A, respectively. The corresponding calculated diameter
values agrees well with previously reported values of 5.386, 6.732, 8.079, 9.425 A for (4, 4),
(5,5), (6, 6) and (7, 7) CNTs, respectively. >’ (See Table 1).

The LA molecule was placed on the outer wall of CNTs and the system was allowed to

relax with respect to all degrees of freedom without additional constraints. For the study of
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adsorption, LA molecule was placed on the top of the proper CNT (over on C atom) at a distance

of 2.5 A.

Table 1
Diameters and optimum distances of nanotubes in different chiralities after optimization at DFT-D/GGA
Level of theory

CNT diameter Optimum distance
pure nnLA1 nnLA2 nnLA1 nnLA2

Gas phase

4.4) 5.600 5.598 5.594 2.380 2.342
(5,9 6.948 6.937 6.941 2.262 2.941
(6,6) 8.367 8.264 8.378 2.186 2.916
(7,7) 9.747 9.742 9.737 2.483 2.907
Water

(4.4) 5.585 5.587 5.590 2.519 2.294
(5.5 6.942 6.956 6.934 2.213 2.942
(6,6) 8.346 8.344 8.368 2.200 2914
(7,7) 9.744 9.725 9.739 2.219 2.499

All geometrical parameters are in A

Two different modes were considered for the interaction of LA with CNT including adsorption
through carboxylic (mode 1: LA1l) and hydroxyl (mode 2: LA2) groups. The results indicated
that the adsorption of target molecule can alter the diameter of nanotube. Table 1 shows that after
adsorption of LA through carboxylic acid or hydroxyl group, the diameter of CNTs decreased
(except adsorption of LA on CNT with (6,6) chirality via hydroxyl group). For example,
adsorption of LA via its COOH functional group decreased the diameter of CNTs with (4,4),
(5,5), (6,6), (7,7) chiralities to 5.598, 6.937, 8.264, and 9.725 A, respectively. The optimum
distances of LA after optimization on exterior surface of each SWCNT in two possible modes
have been presented in Table 1 and Fig. 1. The shortest distance was observed when LA
adsorbed on CNT with (6, 6) chirality through mode 1 (2.186 A). The effect of solvent on the

diameter of pristine CNTs is interesting. With going from gas phase to water, a regular decrease
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in diameter of CNTs was observed. For example for the CNTs with (4,4) and (7,7) chirality, the

diameters values decreased from 5.600 and 9.747 to 5.585 and 9.744 A, respectively.

66LA1 66LA2 77LA1 7TLA2

Fig.1. The optimized structures of complexes of armchair SWCNTs with LA molecule in the gas phase
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A closer look at the Table 1 indicates water as a solvent has considerable effect on geometrical
parameters such as optimum distances. For example, while in the gas phase lactic acid oriented
via its carboxylic group in an optimum distance of 2.262 and 2.483 A from CNT with (5,5) and

(7,7) chirality, its distance shortened to 2.213 and 2.219 A due to solvent effect.
3. 2. Adsorption and solvation energies

One of the important applications of chemical functionalization of nanotubes by various
groups is to modify their electronic structures, and thus widen their potential applications. In this
section, the interaction energies of LA on the exterior surface of each SWCNT in two
possibilities are investigated. The adsorption energy (E.qs), indicating the intensity of interaction
between the LA and each carbon nanotube surface, is derived according to the following

equation:

Eadgs =Ecnt-La - ELa - Eont 3)

where Eja cnt, ELa, and Ecny represent the total energy of the system, the energy of the lactic
acid molecule, and the energy of the corresponding SWCNT, respectively. A negative adsorption
energy value corresponds to stable adsorption. In addition, the more negative is the more stable
the adsorbed structure is. Table 2 represents adsorption energies of eight cases of interaction of
LA and SWCNTs which calculated at DFT and DFT-D levels of theory. It should be mentioned
that the calculated values of the interaction energies obtained using the DFT-D method in this
work should be higher than the corresponding ab initio, although ab initio calculations has not
performed in our work. For this purpose, the readers are referred to Table XX of ref. 46 that the
interaction energy between two benzene molecules has been calculated using DFT-D method

(GGA+vdW) and compared with the other DFT methods and ab initio methods.

10
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A closer look at the Table 2 indicates all results are negative, which indicates that LA molecule
adsorption on CNTs is energetically favored in all cases. The adsorption energy of LA on
SWCNT with (4,4) chirality calculated at the DFT-D/GGA level of theory is the most negative
value (-13.39 kcal/mol), which reveals that the most stable system is gained when LA through
hydroxyl group approach the CNT outer surface. In addition, the adsorption of LA via carboxylic
acid functional group to CNT with (4,4) chirality is strong with -8.96 kcal/mol interaction
energy. The second important interaction observed for the adsorption of LA on SWCNT with
(6,6) chirality with -9.76 kcal/mol, where LA approach via its carboxylic acid group to CNT

surface.

Table 2
Calculated adsorption and gap energies of two configurations of lactic acid molecule on various armchair (n,n)
single walled carbon nanotubes

System Ead (DFT-]))a Ed_d (DFT-D)b Eg (HOMO-LUMO)b E&ds (DFT) Eg (HOMO-LUMO)
Gas Phase

(4,4) - 0.476 - 0.505
44LA1 -8.96 -6.13 0.477 -2.41 0.513
44LA2 -13.39 -10.22 0.473 -1.32 0.513
(5,5) ; 0215 ; 0.292
55LALl -8.59 -9.80 0.220 -0.55 0.200
(55LA2 -8.08 -9.35 0.213 -1.14 0.200
(6,6) ; 0.326 ; 0316
66LAl -8.76 -8.59 0.321 -2.38 0.313
(66LA2 -6.57 -6.79 0.323 -0.02 0.313
(7,7) - 0.329 - 0.386
77LAL1 -8.27 -9.69 0.392 -1.43 0.386
TTLA2 -6.71 -7.39 0.389 -1.99 0.387
Solvent (COSMO)

(4.4) ; 0.458 ; 0.462
44LA1 -5.40 -9.88 0.458 -0.66 0.466
44LA2 -11.13 -17.22 0.455 -0.88 0.455
(5,5) 0.225 ; 0213
55LALl -5.45 -9.36 0.238 -1.12 0.203
(55LA2 -6.39 -10.23 0.323 -0.69 0.211
(6,6) - 0.330 - 0.422
66LAl -6.12 -9.09 0.334 -0.10 0.323
(66LA2 -4.84 -7.50 0.330 -0.06 0.322
(7,7) - 0.399 - 0.394
77LA1 -5.63 -9.15 0.401 -0.57 0.394
77LA2 -4.54 -7.98 0.396 -0.19 0.395

* Adsorption energies in kcal/mol, ° energy gaps in eV.

® Adsorption energies calculated at GGA/TNP level (single point energies)

11
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It is notable that except for CNT with (4,4) chirality that adsorb LA more effective through its
hydroxyl group, for the other CNTs interaction favor through carboxylic acid adsorption.
Considering the obtained results, it can be concluded that the adsorption of LA on outer walls of
CNTs is possible from the energetic point of view. Table 2 compares the dispersion corrected
interaction energies obtained from DFT-D/GGA calculations with those obtained based on
DFT/GGA calculations. As seen, DFT/GGA results are significantly underestimated and do not
show any regular trend. This means that the DFT/GGA method implemented in Dmol3 is not
appropriate for calculating the interaction energies ** > but, it is a good starting point to do a
subsequent relaxation including the vdW forces. For more accurate evaluation of stabilities of
complexes, single-point calculations at GGA/TNP level of theory was carried out. A closer look
at the Table 2 indicates the stabilities are in line with GGA/DNP results but the values are more
negative.

Table 2 reports the calculated interaction energies of LA with SWCNTs in the solvent.
Similar to the gas phase, the adsorption energies are negative, which indicates that LA molecule
adsorption on CNTs is energetically favored but the interaction energies in comparison with the
gas phase have been significantly decreased. Again, it is seen that the adsorption of LA on the
surface of CNT with (4,4) chirality takes place from its hydroxyl group in water. The results
suggest concluding that conduction electrons have been polarized as an effect of solvation giving
rise to dispersion. For more evaluation of solvent effect on physic-chemical properties of
complexes, solvation energies of pristine and modified CNTs calculated and results presented in

Table 3.

12
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Table 3
Calculated solvation energies (kcal/mol) for pristine complexes of SWCNTs with LA
SWCNT (4,4) SWCNT (5,5)
Pristine 44LAl 44LA2 Pristine  55LA1 55LA2
DFT -17.16  -26.03 -25.05 -21.56 -28.25 -31.66
DFT-D -17.61  -25.82 -27.02 -21.74 -31.53 -29.89
SWCNT (4,4) SWCNT (4,4)
Pristine 66LAl 66LA2 Pristine  77LAl 77LA2
DFT -25.14  -31.93 -33.07 -29.24 -35.53 -39.81
DFT-D -25.13  -34.36 -34.43 -29.12 -38.47 -38.47

Study of solvation of biologically important molecules gives us a generalized understanding of
the solubility and dissolution of modified nanotubes in aqueous media as a proxy for the
biological environment. The results indicating after modification, CNTs have a higher solubility
compared to pristine ones. In addition, it was observed that with the increase of diameter of

CNTs, solvation energies increased regularly.

3.3. Analysis of HOMO, LUMO and electron densities

The calculated values of HOMO-LUMO energy gaps (Eg) calculated for pristine and modified
carbon nanotubes with different chirality have been presented in Table 2. Carbon nanotubes with
metallic behavior are expected to have a small but finite DOS near the Fermi level and the
apparent gap is related to DOS peaks at the band edges of the next one-dimensional modes. It
should be noted that all the AErumo-momos of three systems (including CNTs, and their
complexes in LAl and LA2 modes) are below 0.5 eV. As it was known, the gap of

semiconductors is higher than 3 eV.

The results indicate the conductor activity of CNTs remains while the energy gap changed
slightly after adsorption of LA on outer surface of CNTs. For example, after adsorption of LA on
the surface of (5,5) SWCNT through its carboxylic and hydroxyl groups, the Eg value of

13
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nanotube is changed from 0.215 eV in pristine tube to 0.220 and 0.213 eV in the LA/CNT
complexes, respectively. Since the conductivity is exponentially correlated with negative value
of Eg, * it is expected that the adsorption of LA on CNT surface causes a significant change in

its electrical conductivity.

In addition, the values of HOMO-LUMO gaps calculated using dispersion corrected version of
DFT method (DFT-D/GGA) with those obtained based on DFT/GGA calculations were also
compared in Table 2. A closer look at the Table 2 indicates that for the pristine CNTs with (4,4),
(5,5), and (7,7) chiralities, DFT/GGA method predicts greater HOMO-LUMO gaps relative to
the values calculated at DFT-D/GGA level. On the other hands, the results illustrated that for the
modified CNTs in the gas phase, the calculated HOMO-LUMO gaps by DFT-D/GGA method
for the CNT with (5,5), (6,6), and (7,7) chiralities are greater than values obtained by DFT/GGA

method, showing the influence of the inclusion of vdW forces in the system.

The adsorption configurations of the lactic acid in two different modes can be qualitatively
understood based on the electron distribution on the model CNTs. The HOMOs and LUMOs of
pristine SWCNTs considered in present study and their complexes with lactic acid in two
mentioned modes in the gas phase are plotted in Figure S1. In pristine SWCNTs, the HOMOs are
delocalized uniformly on the nanotube sidewall and LUMOs are uniformly delocalized onto the
alternate rings of carbon atoms in the nanotube sidewalls. This indicates that in armchair
SWCNTs, the frontier orbital contribution from HOMO and LUMO are delocalized along
nanotube sidewalls because of metallic armchair nanotubes are more polarizable compared to
zigzag counterparts. On the other hands, after LA adsorption onto CNTs, no major alterations in
the location of HOMO and LUMO orbitals are observed which point to this fact that the weak

physisorption of LA does not modify the frontier orbital distribution of the SWCNTs and the

14
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contribution to electronic state is basically from the SWCNTs. Moreover, a closer look at the
Fig. S1 indicates LA molecule does not show significant contribution either toward the HOMO
or LUMO. This trend in the observed frontier orbital distribution verifies that weakly adsorbed

LA does not perturb the electronic levels of SWCNTs.

The calculated molecular electrostatic potential (MEP) on the molecular surfaces is
illustrated in Figure S2. Generally, MEP on the molecular surface was calculated to find
intermolecular properties such as the charge distribution, which showed the reactivity of the
target aggregates. Figure S2 shows that the MEP changes for the charge distribution after a
molecule is approaching to the carbon nanotubes. Generally, the negative electrostatic potential
is related to the HOMO orbital and positive ones related to the LUMO orbitals. In addition, the
isovalues shows regions that indicate the electronegativity and the partial charges on the different
atoms of the molecule along with the total electron density. In the optimized geometries, the
adsorption of the lactic acid molecule onto the pristine nanotube displays charge transfer
between the oxygen atoms of LA and the nanotube surfaces at the adsorption sites which is due
to an electrostatic interaction. In some case a strong coupling is observed that maybe responsible

for structural alterations such as diameter change in CNTs.

3.4 Density of states

To further elucidate the electronic properties of the SWCNTs and modified SWCNTs, total
electronic density of states (TDOS) and local DOS of CNTs (LDOS) are studied. Fig. 2
illustrates total density of state (TDOS) of free lactic acid and projected density of state (PDOS)

of LA in (CNT+LA) system, respectively. The DOS and PDOS of all species are drawn in the —1

15
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to 0.6 Hartree ranges, in order to show the electronic structures near the Fermi level. From Fig. 2,
we found that the DOS of an isolated lactic acid have distinct peaks corresponding to separate
energy levels, which belongs to an insulator, due to the extensive energy gap near the Fermi
level. On the other hands, after adsorption of lactic acid on SWCNTSs with different chirality,
their PDOS demonstrates alteration and the peaks move to the low energy level near Fermi level
of LA, and the energy gaps change narrower and as a result, the LA molecule becomes

conductive.
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Fig. 2. The calculated total density of states (TDOS) of free lactic acid (top) and adsorbed lactic acid on SWCNTs in
(CNT+LA) systems in the gas phase at DFT-D/GGA level of theory
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The calculated density of states (DOS) for pure and modified SWCNTs with lactic acid in mode
1 and mode 2 are shown in Fig. 3a, 3b, and 3c, respectively. For the pristine CNTs the important
peaks are appeared as follows. For the carbon nanotube with (4,4) chirality, the dominated peaks
are observed at -0.68, -0.64, -0.53, -0.47, -0.38, -0.33, -0.31, -0.27, -0.16, -0.11 and -0.07 (Ha)
which are below the Fermi level. Also, a peak at 0.06 Ha was observed above the Fermi level.
For the SWCNT with (5,5) chirality important peaks below the Fermi level appeared at -0.68, -
0.64, -0.54, -0.47, -0.41, -0.34, -0.31, -0.26, -0.23, -0.17 and -0.09 (Ha). On the other hands, with
comparison to CNT with (5,5) chirality, the pristine CNTs with (6,6) and (7,7) chirality,
corresponding important peaks slightly shifts to greater values. For example, two dominate peaks
appeared at -0.27 and -0.23 Ha in CNT with (5,5) chirality, observed at -0.26 and -0.22 Ha for
the CNT with (7,7) chirality. The results of calculated PDOSs of CNTs in complexes are
presented in Fig. 3. The variations in the total DOS of CNTs in (CNT+LA) system show the
interaction between the lactic acid molecule and carbon nanotube surface. The dominate peaks
for the CNT with (4,4) chirality after adsorption of lactic acid through its carboxylic acid group
(mode 1) appeared at -0.71, -0.66, -0.58, -0.51, -0.47, -0.39, -0.28, -0.16 (Ha) which are below
the Fermi level, and in compare with pristine CNT, are shifted to negative values. Similar results
observed for LA adsorption on CNT with (5,5) chirality where peaks shifted to -0.70, -0.65, -
0.58, -0.53, -0.46, -0.41, -0.32, -0.26, -0.20, and -0.07 (Ha), respectively. On the other hands,
adsorption of lactic acid through its hydroxyl group changed peaks in DOS diagram. For
example, after adsorption of LA on CNT with (6,6) chirality, the important peaks shifted from -
0.65, -0.61, -0.55, -0.54, -0.46, -0.42, -0.63, -0.25, -0.19, -0.14, -0.08, -0.04 (Ha) below the
Fermi level to -0.66, -0.62, -0.57, -0.53, -0.46, -0.43, -0.36, -0.26, -0.19, and -0.07 (Ha),

respectively. The results of DOS calculation also shows that non-covalent functionalization of

17
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nanotubes can act as selective sensors for LA molecule. As plotted in Fig. 3, the DOS of

modified SWCNTs continuous at Fermi level, which suggests functionalized SWCNTs, are

conductor.
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Fig. 3. The calculated total density of states (TDOS) of pristine carbon nanotubes (top), and projected density of

state of modified CNTs in mode 1 (middle) and modified CNTs in mode 2 (below) in the (CNT+LA) system

The more detailed insight on the role of frontier orbitals in modulation of nanotube electronic
properties and its contribution toward the DOS can be obtained with the analysis of PDOS. Since
in SWCNTs the s and p orbitals are of major importance, the PDOS of them considered and
plotted in Fig. 4. The trend in PDOS suggests that in the vicinity of Fermi region, only the 2p
orbitals have contribution while s orbitals have insignificant contribution toward PDOS.
Therefore and with respect to Fig. 2, it is evident that the orbital contribution towards PDOS is
basically from the p-orbitals of SWCNTs in the vicinity of Fermi level with LA having

negligible contribution.
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Fig. 4. The calculated projected density of states (PDOS) of aggregates of SWCNTs and LA in the gas phase at

DFT-D/GGA level of theory

3.5 Global reactivity descriptors

The global indices of reactivity for the adsorption of LA on SWCNTs in the gas phase and water
as the solvent are presented in Table 4. The results in Table 4 indicate the global hardness (1))
values of pristine CNTs in some cases vary after modification with LA. For example, with
approaching of LA through its carboxylic acid and hydroxyl groups to pristine (4,4) SWCNT, the
n value increased from 0.234 to 0.238 and 0.236 eV, respectively. Therefore, one can conclude
that modification of CNT with (4,4) chirality, decrease its reactivity. In the other hands, while
approaching of lactic acid via its carboxylic group exhibits a drastic increasing of n value (0.002
eV), interaction through its hydroxyl group decrease the hardness value (0.001 eV) compared
with pristine nanotube counterpart. On the other hands, one can study the size effect of CNTs on
their reactivity after adsorption of lactic acid. With respect to the adsorption through its
carboxylic group (mode 1), the global hardness for the CNTs with (4,4) and (5,5) chiralities

increased but for larger rings remained unchanged.

The p parameter shows the escaping tendency of electrons from a molecular system in its
equilibrium state. The greater the p value less stable or more reactive is the species. The
calculated p values for the pristine and modified SWCNTs indicates after functionalization of
CNT with (4,4) chirality with LA by approaching through its carboxylic or hydroxyl groups, the

chemical potential increased from -3.614 to -3.893 and -3.949 eV, respectively. Similar behavior
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observed for the CNT with (5,5) chirality, where p value after adsorption of lactic acid increased
from -3.668 to -3.721 eV. In addition, adsorption of LA on CNT with (6,6) chirality caused
reactivity of nanotube increased from -3.684 to -3.871 eV. In overall, it is concluded that
adsorption of LA through both hydroxyl or carboxylic groups increase chemical potential of
nanotubes. Interestingly, when complexes studied in water as the solvent variation of chemical

potential changed.

Table 4
Calculated global reactivity descriptors (eV) for the pristine and modified SWCNTs in the gas phase at DFT-
D/GGA level of theory

System Gas phase Solvent phase
p n o p n o

(4.4) -3,614 0,234 27,960 -3,967 0,229 34,360
(4,4)CNT-LAI -3,893 0,238 31,839  -3,978 0,229 34,551
(4,4)CNT-LA2 -3,949 0,236 33,039 -3,992 0,228 35,016
(5.5 -3,668 0,108 62,561 -4,014 0,113 71,592
(5,5)CNT-LAI -3,721 0,110 62,936 -4,032 0,114 71,303
(5,5)CNT-LA2 -3,636 0,107 62,051  -3,995 0,112 71,552
(6,6) -3,684 0,162 41,888  -4,039 0,165 49,435
(6,6)CNT-LAI -3,871 0,162 46,380  -4,057 0,167 49,279
(6,6)CNT-LA2 -3,942 0,161 48,259  -4,024 0,165 49,068
(7,7) -3,703 0,196 34980 -4,057 0,200 41,241
(7,7)CNT-LAI -3,738 0,196 35,645 -4,068 0,201 41,258
(7,7)CNT-LA2 -3,698 0,195 35,145  -4,049 0,198 41,400

While LA adsorption through carboxylic and hydroxyl groups on CNT with (4,4) chirality
slightly increased its p value, for other CNTs only adsorption via carboxylic acid (mode 1)
increased the reactivity and approaching through hydroxyl group decreased their reactivities. The
electrophilicity index (®) proposed as a measure of energy lowering due to maximal electron
flow between donor and acceptor. ® As it can be seen from Table 4, the @ value increases with

functionalization, which illustrates the increase in electrophilic character or electrophilicity of
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modified CNTs. We investigated the effect of solvent on global reactivity descriptors. The
results of calculated global reactivity descriptors illustrated in Table 4 show while with going
from the gas phase to water, chemical hardness of pristine and modified CNTs with (4,4)
chirality decreased, this parameter for the CNTs with (5,5), (6,6), and (7,7) chiralities increased.
Moreover, the results indicate with going from the gas phase to the solvent the electrophilicity of

CNTs and modified CNTs increased.

4. Conclusion

The structure and electronic properties of non-covalent functionalization of SWCNTSs with
LA was studied using the dispersion corrected hybrid DFT method. Two different paths were
selected for approaching of LA to outer surface of CNTs: through its hydroxyl and carboxylic
acid groups. The calculations showed that the adsorption of LA onto outer wall of CNTs is
energetically favorable. The most effective interaction observed for the adsorption of LA on the
surface of SWCNT with (4,4) chirality. The adsorption process changed the geometrical
parameters of CNTs especially the diameters was investigated. The effect of solvent (water) was
also studied using COSMO model. Our results indicated that both geometrical parameters and
adsorption energies affected by solvent. The electronic properties such as HOMO-LUMO energy
gap, MEP, TDOS, and PDOS parameters analyzed. It was concluded that the E, energy values
altered after adsorption of LA on pristine SWCNTs. However, the distribution of orbitals did not
changed significantly by LA loading on CNTs. In addition, adsorption process slightly changed
the DOSs of carbon nanotubes. Global reactivity descriptors calculated in the gas phase and
water as the solvent. Interestingly, the parameters affected by water, but a regular change did not

observed.
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