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Obstract

Firstly, this work shows the crosslinking of the Polyurethane/Single Wall Carbon Nanotube/ Polymethyl Methacrylate (PU/
SWCNT/PMMA) nanocomposite at 298.15K using the PM3 semi-empirical method (Parameterized Model number 3), 
where the reaction was spontaneous and endothermic. The log P indicated a hydrophobic character. Subsequently, the 
Monte Carlo simulation was carried out at 303.15, 313.15 and 323.15K, where the Gibbs free energy and the dipole 
moment increased. However, the reactions were spontaneous and endothermic. The log P had hydrophobic character. 
Additionally, the entropy decreased due to the increase in intermolecular forces in the nanocomposite. Furthermore, 
FTIR analysis had similar vibrational frequencies, which was verified with the electronic distribution. Thus, this 
nanocomposite would have excellent physical and thermal stability, and it does not have reactions to polar solvents 
such as water so that it could be used in the human body.
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1. Introduction

Carbon nanotubes (CNTs) were discovered in 1991. 
Structurally, CNTs are graphene sheet rolled, formed by a 
cylinder of hexagonal rings of carbon atoms[1-2]. There are 
three types of nanotubes, (1) single wall (SWCNT), these 
are a graphite sheet rolled like a cylinder and a diameter 
between 0.5 and 3 nm, (2) double layer (DWCNT), which 
are constituted by a double layer of graphene sheets with 
diameters between 1 and 4 nm and, (3) multiple walls 
(MWCNT), which are concentric cylinders with diameters 
of 3 to 40 nm[3-5].

CNTs represent one of the most important materials in 
nanotechnology due to their excellent thermal, physical, 
chemical, electronic, and mechanical properties[4,6]. Being 
used for drug delivery systems, biosensors, additives for 
materials in electronics, optics, the polymer processing 
industry[7], lithium batteries, cathodes in X-ray equipment, 
artificial muscles and detection of cancer cells[8]. The various 
applications of CNTs are attributed to the combination with 
other materials such as alloys, polymers, fibers or hybrid 
materials[9]. The introduction of CNTs as reinforcement in 
a polymer increases the mechanical, electrical, or thermal 

properties of the polymer in orders of magnitude well 
above the efficiency of traditional reinforcements due to 
a homogeneous dispersion of the CNT and an interfacial 
adhesion with the polymer[10-12]. Some organic polymers 
that have been reinforced with nanotubes are polyurethane, 
polyethylene, polypropylene, poly (methyl methacrylate) 
and polystyrene[13].

In addition, the SWCNT have been used in adsorption 
processes for the removal of different contaminants due 
to the size, diameter and distribution in the structure [14-15].

Polyurethane (PU’s) represent one of the most 
versatile materials in the world[16]. They are synthesized 
by polyaddition polymerization through the interaction 
between polyols and polyisocyanate[17-18]. PU’s contain 
many urethane groups (–HN–COO–), regardless of the 
molecular structure[16,19]. An essential characteristic of the 
PU structure is the microphase separation that arises from 
the thermodynamic incompatibility between hard and soft 
segments, so the modification of the PU allows increasing 
the mechanical properties and thermal stability through the 
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 introduction of an inorganic reinforcement in the PU matrix 
generating a composite[20].

Composite materials are a combination of specific 
properties, where the effect of temperature on the diffusion 
of humidity and environmental ageing represents the main 
practical repercussion and the influence on solubility, which 
has established thermodynamic theories.

In recent years, computational simulations using quantum 
mechanics, molecular dynamics, DFT, and Monte Carlo 
have been used to analyze the nucleation and growth of 
SWCNT[21-23]. Computational simulation is an effective area 
in the energy analysis of small molecules in the gas phase, 
however, is complicated to determine the mass-energy 
changes related to infinite structures. Using the technique 
of grouping the thermochemical properties of various 
configurations of finite size and extrapolated to an endless 
length, obtaining global values, for example, that is, there 
is a comparison of the volume of a specific SWCNT with 
equal and different chiral vector indices. Therefore, the 
thermodynamic potentials are obtained. Due to the training 
of molecular properties at 298K, the PM3 method is helpful 
in calculating quantities for the important structures[3].

On the other hand, quantitative structure-activity relationships 
(QSAR) determine the possibility of a relationship between 
a set of descriptors derived from molecular structure and 
molecular response; thus, QSAR properties can be considered 
as a computer-derived rule that describes quantitatively 
biological activity of chemical descriptors[24].

Monte Carlo simulation allows quantitative study of 
the effect of temperature on CNT dispersion in a composite 
material[25-26]. Due to the analysis of the movement of the 
electron in a random way, where, once an interaction is 
finished, it is selected by means of another random sample. 
However, interactions can cause changes in direction, decrease 
in energy, among others[27]. Although a higher computational 
cost is required to obtain greater precision in the results[28].

So, the objective was to study, using the PM3 method, 
the crosslinking of the PU/SWCNT/PMMA nanocomposite. 
Subsequently, Monte Carlo simulation was used to identify 
possible changes in the PU/SWCNT/PMMA nanocomposite 
structure at different temperatures for identifying its possible 
applications.

2. Materials and Methods

2.1 Computational details

In this study, semi-empirical methods were used to describe 
the potential energy function of the system. Optimization 
geometry was calculated using the Hyperchem 8v software 
on a DELL computer with i7 processor.

PM3 semi-empirical method (Parameterized Model 
number 3) of quantum mechanics was used applying the 
conjugate gradient method with the Polak-Ribiere algorithm, 
19,000 processing cycles, and an RMS (Root mean square) 
of 0.001 kcal/(Å-mol) as convergence criteria to obtain the 
minimum of the potential energy surface (PES) according to 
the Born-Oppenheimer approximation and the Schrodinger 
equation[29].

HyperChem software allows to analyze the CNTs[30], 
and the main physical properties of the PU/SWCNT/PMMA 
nanocomposite are calculated after Monte Carlo simulation 
at different temperatures. Thus, the energetic and structural 
properties were obtained in 20 steps in vacuum mode and 
varying the temperature.

2.2 Analysis of individual molecules

Geometry optimization is an essential part of computational 
chemistry. Theoretical research involves calculations of 
transition structures, heats of formation or vibrational 
spectra that require searching for one or more minima on a 
potential energy surface[31]. Figure 1 shows the optimization 
geometry that determined the location of the atoms in the 
different molecules[32].

Table 1 shows the energetic properties, where it was 
observed that the molecules are thermodynamically stable 
due to a negative Gibbs free energy (ΔG); besides, the 
SWCNT presented higher ΔG due to the covalent bonds of 
the sp2 hybridizations[3]. Table 1 shows that SWCNT, PU 
and PMMA presented a slight change in entropy, related 
to a slight change in the degree of molecular disorder. 
Besides was related to the reversibility of the processes 
because when there is a large molecular disorder passing 
from one state to another, its reversibility decreases due 
to heat losses towards the surroundings[33]. Moreover, the 
dipole moment is a fundamental property of molecules 
due to the formation of covalent bonds[34]. Thus, the dipole 
moment values for the SWCNT, PU and PMMA were 3.583, 
6.308 and 1.649 Debyes, respectively. This difference in 
values directly depends on the quantity, type of elements 
and spatial distribution of the bonds.

Figure 1. Optimization geometries of individual molecules where 
(a) SWCNT; (b) PMMA; and (c) PU, where black color: carbon, 
red color: oxygen, white color: hydrogen, and blue color: nitrogen 
atoms, respectively.

Table 1. Energetic properties of individual molecules.

Molecule
Gibbs free 

energy 
(kcal/mol)

Entropy 
(kcal/mol)

Dipolar 
moment 

(Debyes-D)

Heat of 
formation 
(kcal/mol)

SWCNT – 175599 0.1498 3.583 1822
PU – 95012 0.1631 6.308 – 115

PMMA – 32739 0.0919 1.649 – 106
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PU has electronegative elements such as oxygen 
and nitrogen; an irregular and asymmetric geometry was 
obtained, which produced a higher dipole moment. PMMA 
showed geometry more compact and regular; however, the 
electronic distribution presented charges smaller partials. 
Finally, the SWCNT offered a static dipole moment through 
the structure of the SWCNT; this dipole moment is inversely 
proportional to the radius of curvature of the SWCNT and 
is oriented towards the axis of the tube[35]. The partition 
coefficient (Log P) is a fundamental molecular descriptor 
that relates to the bioactivity of compounds or substances[36]; 
a molecule presents hydrophilic character when Log P<0 and 
is hydrophobic if Log P>0[37].

Table 2 shows that the three molecules presented 
hydrophobic character, that is, they are not soluble in water or 
any polar solvent. Table 2 shows the calculated polarizability 
values, which indicated that the SWCNT presented higher 
polarizability due to its molecular structure, and therefore, 
its dipoles are easily distorted due to the charge transport of 
its structure[38]. Furthermore, highly polarizable molecules 
have strong attractions with other molecules[24]. Finally, 
the surface area and volume calculated for the SWCNT 
indicated the formation of molecular interactions between 
the SWCNT with the PU and PMMA, due to the presence 
of active centers that can react and form a crosslinked.

Figure 2 shows the electronic distribution maps of SWCNT, 
PU and PMMA, respectively. The distribution of molecular 
charge obtained from the interaction energy between a unit 
of positive charge and the distribution of molecular- charge 
was observed without disturbance[39]. Figure 2a indicated 
that the SWCNT presented nucleophilic areas (blue color) 
at the ends of the molecule, and its electrophilic areas (red 
color) were located in the central part of the tube, which was 
obtained due to an asymmetry in the superposition of the p 
orbital, that is, what brings the p-orbital segments located 
inside the cavity closer together and separates the outer ones.

Therefore, the Coulomb repulsion within the cavity 
increased with curvature and generated a redistribution of 
the p orbitals to orbitals intermediate between sp2 and sp3, 
resulting in an electronic charge transfer from the concave to 
the convex region[40-41]. Figure 2b-2c show the electrophilic 
areas around the oxygen atoms, due to tends to gain higher 
electronic density, mainly a double bond, and nucleophilic 
zones, which presented a lower electron density around the 
hydrogen atoms[42].

Table 3 shows the main FTIR vibrations of the SWCNT, 
PU and PMMA using the PM3method applying a frequency 
analysis based on the time-independent Schrödinger equation 
for the stochastic description of the nuclei within the Born-
Oppenheimer approximation[43]. The characteristic vibrations 
of the SWCNT molecule were found to be in the region of 
1827 to 1028 cm–1 due to symmetric and asymmetric stress[44].

Table 3 shows the FTIR vibrations of the PU where, 
from 3465 to 3491 cm–1 was attributed to the symmetric 
stretching of the hydroxyl and amino group. A symmetric 
stretching of the O–H bond was observed at 3491 cm–1, 
the symmetric stretching of the N–H bond was located in 
a range of 3465-3449 cm–1, the symmetric stretching of the 
C–H bond was observed in the range of 3192–2999 and 
2926 to 2856 cm–1, from 2035 to 1996 cm–1 corresponded 

to the symmetric stretching of the carbonyl group (C=O), 
from 1534 to 1378 cm–1 was attributed to the symmetric 
stretching of the C-O bond[45].

Finally, Table 3 (the last column) shows the FTIR 
vibrations of PMMA where the symmetric stretching of 
the C–H bond was observed from 3155 to 3022 cm–1, the 
symmetric stretching of the carbonyl group corresponded 
of 1527 to 1301 cm–1. Finally, the C-O bond was identified 
from 1365 to 1301 cm–1[46].

Table 2. QSAR properties of individual molecules.

Molecule Log P Polarizability 
(Å3)

Surface 
area (Å2)

Volume 
(Å3)

SWCNT 9.51 107.63 630.94 1308.53
PU 1.80 33.42 574.71 937.27

PMMA 1.05 10.67 286.91 408.67

Figure 2. Electronic distribution maps of, (a) SWCNT; (b) PU; and 
(c) PMMA, where black color: carbon, red color: oxygen, white 
color: hydrogen and purple color: nitrogen, respectively.

Table 3. FTIR vibrations of SWCNT, PU and PMMA, respectively.

Bond Vibration
Wavelength (cm-1)

SWCNT PU PMMA
O–H Symmetric 

stretching
--- 3491 ---

N–H Symmetric 
stretching

--- 3465–3449 ---

C–H Symmetric 
stretching

--- 3192–2999 ---

C–H Asymmetric 
stretching

--- 3177–3003 3091–3063

C–H Symmetric 
stretching

--- 3104–3074 3155–3022

C=O Symmetric 
stretching

--- 2035–1996 2076

C–C Symmetric 
stretching

1827–1028 1786–1463 1527–1029

C–C Asymmetric 
stretching

--- 1792–1749 ---

C–N Symmetric 
stretching

--- 1704–1615 ---

C–C Asymmetric 
stretching

1690–1199 1617–1576 1440–1215

C–C Asymmetric 
stretching

--- 1576–1492 ---

C–O Symmetric 
stretching

--- 1534–1378 1365–1301



Campos-Cruz, J. R., Rangel-Vázquez, N. A., Zavala-Arce, R. E., & Márquez-Brazon, E.

Polímeros, 32(3), e2022027, 20224/8

3. Results and Discussions

3.1 Properties of the PU/SWCNT/PMMA nanocomposite

Figure 3 shows the optimized geometry of the PU/
SWCNT/PMMA nanocomposite where a crosslinking was 
observed between the carbonyl groups (PU and PMMA) 
and the carbon atoms of the central part of the SWCNT. 
The incorporation of SWCNT in polymers allow the 
manufacture of polymeric matrix compounds, which are 
characterized by high mechanical performance and excellent 
functionality[47-48]. Gibbs free energy obtained for the PU/
SWCNT/PMMA nanocomposite was –303323 kcal/mol, 
that is, there is a spontaneous reaction for the formation of 
the nanocomposite.

On the other hand, the entropy determined was 0.2826 kcal/
mol, that is, greater than that determined for each molecule; 
besides, this property indicated a decreased reversibility 
of the nanocomposite formation process, that is, the more 
energy is lost with the surroundings, the more difficult it is 
to return to the initial state. Additionally, the nanocomposite 
presented a dipole moment of 3.9 D, being lower than the 
individual molecules; that is, the nanocomposite showed 
more minor asymmetry of electrical charges in chemical 
bonds due to the best homogeneous distribution of electronic 
charges. Finally, the heat of formation of the nanocomposite 
was 1626 kcal/mol; that is, it is an endothermic reaction.

Liao et al applied molecular simulation determinated 
that in the absence of the atomic bond between the SWCNTs 
and the polymeric matrix, then electrostatic forces, van 
der Waals forces or a change in the coefficient of thermal 
expansion between the SWCNT and the matrix were present, 
in addition to the groups functional of the SWCNT increased 
the compatibility with the polymeric matrix

Table 4 shows the calculated results of the QSAR 
properties of the nanocomposite. It was observed that the 
positive Log P indicated a hydrophobic character; that is, 
there will be no tendency to solubility or miscibility in contact 
with polar substances. The polarizability obtained for the 
nanocomposite was 147.6 Å3; this indicated an increase in 
intermolecular attraction, which influenced in the formation 
of crosslinking through intermolecular forces such as van 
der Waals attraction forces.

Figure 4 shows the MESP of the PU/SWCNT/PMMA 
nanocomposite, where the electron density distribution can 
be seen. Besides, the crosslinks between PU/SWCNT and 
SWCNT/PMMA did not present the formation of molecular 
orbitals that indicated the presence of any chemical type bond 
(covalent or ionic bond); therefore the union (crosslinking) 
between these molecules is the physical type, in addition, 
when the molecules approach each other, the initial contact 
produces long-range electrostatic forces[41].

Table 5 shows the FTIR vibrations of the PU/SWCNT/
PMMA nanocomposite where, at 1849-1760 and 2058–
1755 cm-1, the symmetric stretching of the carbonyl groups 
were appreciated, the symmetric stretching of the carbonyl 
groups was appreciated of PU and PMMA, respectively. 
The symmetric stretching of the C–C bond was observed in 
the ranges of 1836–1110 and 1673–1019 cm-1. The asymmetric 
stretching of the C–C bonds corresponded at1729–1130, 
1640–1536 and 1367–1023 cm-1. Finally, PU/SWCNT and 
SWCNT/PMMA crosslinks were observed in the ranges of 
1504-1480, 1069-981 and 1069-1043 cm-1 which corresponded 
to the C-O stretching.

3.2 Analysis of the effect of temperature by Monte Carlo 
simulation

Monte Carlo simulation is a statistical method used 
to solve mathematical problems through the generation 
of random variables. Its main objective is to imitate the 
behavior of real variables to, as far as possible, analyze or 
predict how they will evolve. This modeling was used to 
determine the optimized geometries of the PU/SWCNT/
PMMA nanocomposite at different temperatures (308.15, 
310.15 and 313.15K, respectively) as shown in Figure 5. 
However, there were no significant changes observed 
in the nanocomposite’s molecular structure, due to the 
spatial orientation of the atoms and bonds that form the 
nanocomposite.

Table 6 shows that the Gibbs free energy and heat of 
formation presented a slight variation concerning the room 

Figure 3. Optimized PU/SWCNT/PMMA composite geometry 
where: white color: hydrogen, black color: carbon, red color: 
oxygen and blue color: nitrogen atoms.

Figure 4. MESP of the PU/SWCNT/PMMA nanocomposite where, 
white color: hydrogen, black color: carbon, red color: oxygen and 
blue color: nitrogen atoms. MESP = molecular electrical potential 
surfaces.

Table 4. QSAR properties of PU/SWCNT/PMMA nanocomposite.

Log P Polarizability 
(Å3)

Surface area 
(Å2) Volume (Å3)

12.14 147.6 1018 2229
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temperature (298.15K), being spontaneous and endothermic 
reactions at these temperatures. On the other hand, the entropy 
decreased because the structures presented thermodynamic 
stability attributed to the increase in intermolecular forces 
by reducing the molecular disorder. Likewise, the dipole 
moment increased slightly because the electric charge of 
the dipole moments of the nanocomposites was reorganized 
due to the orienting effect of the field and temperature.

Table 7 shows the QSAR properties t different 
temperatures where it was appreciated that there are no 
noticeable changes in the properties; that is, the difference 
in temperature will not affect the structure and biological 
activity of the composite; therefore, the composite will be 
insoluble in the polar solvent.

Figure 6 shows the electronic and nuclear distribution of 
the PU/SWCNT/PMMA nanocomposite determined by Monte 
Carlo simulation at 298.15, 308.15, 310.15 and 313.15K, 
respectively. Figure 6 showed no changes in the electronic 
distribution even with the electronic excitation produced 
by the temperatures; therefore, the PU/SWCNT/PMMA 
nanocomposite was not affected due to the intermolecular 
forces of the electrostatic and dipole-dipole type present.

The vibrational frequencies of FTIR at different temperatures 
are seen in Table 8. After the Monte Carlo simulation, the 
vibrational and rotational analysis of the nanocomposite 
was carried out at each of the analysis temperatures to 
determine if there is any change in absorption frequencies, 
which would indicate a change in the molecular structure 
of the nanocomposite since the formation of new bonds 
caused the displacement towards higher frequency bands 

Table 5. FTIR of PU/SWCNT/PMMA nanocomposite.
Wavelength (cm-1) Vibration Bond (Molecule)

3411 Symmetric 
stretching

O–H (PU)

3440–3400 Symmetric 
stretching

N–H (PU)

3191–3164 Symmetric 
stretching

C–H (PU)

3081–3052, 
3042–3009

Asymmetric 
stretching

C–H (PU, PMMA)

3157–2976, 
3106–3067

Symmetric 
stretching

C–H (PU, PMMA)

2058–1755 Symmetric 
stretching

C=O (PU, PMMA)

1836–1110, 
1673–1019

Symmetric 
stretching

C–C (PU, SWCNT, 
PMMA)

1745–1387 Asymmetric 
stretching

C–C (PU)

1819–1673 Symmetric 
stretching

C–N (PU)

1729–1130, 
1640–1536,

1367–1023

Asymmetric 
stretching

C–C (PU, SWCNT, 
PMMA)

1784–1579 Symmetric 
stretching

C–C (PU)

1675, 1446–1316 Symmetric 
stretching

C–O (PU, PMMA)

1504–1480, 
1069–981

Symmetric 
stretching

C–O (PU/SWCNT)

1069–1043 Symmetric 
stretching

C–O (PMMA/
SWCNT)

Table 6. Energetic properties of PU/SWCNT/PMMA nanocomposite 
determinate by Monte Carlo simulation.

T (K)
Gibbs free 

energy 
(kcal/mol)

Entropy 
(kcal/mol)

Dipolar 
moment 
(Debyes)

Heat of 
formation 
(kcal/mol)

298.15 – 303324 0.2868 3.657 1625
308.15 – 303221 0.0947 5.893 1728
310.15 – 303215 0.0968 5.741 1734
313.15 – 303212 0.0972 5.127 1737

Figure 5. Optimized geometry of the PU/SWCNT/PMMA 
nanocomposite where: white color: hydrogen, black color: carbon, 
red color: oxygen and blue color: nitrogen atoms.

Table 7. QSAR properties of PU/SWCNT/PMMA nanocomposite 
determinate by Monte Carlo simulation.

T (K) Log P Polarizability 
(Å3)

Surface 
area (Å2)

Volume 
(Å3)

298.15 12.14 147.51 1017.81 2228.95
308.15 12.14 147.51 1019.61 2239.35
310.15 12.14 147.51 1018.27 2237.64
313.15 12.14 147.51 1018.07 2233.28

Figure 6. MESP’s of the PU/SWCNT/PMMA nanocomposite: (a) 
298.15; (b) 308.15; (c) 310.15; and (d) 313.15K. Where: white: H, 
black: C, red: O and blue: N atoms.
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as well as the weakening of present bonds to produce band 
displacements towards lower frequencies[46-48].

4. Conclusions

The SWCNT surface allowed the PU/SWCNT/PMMA 
crosslinking due to an increase of Van der Waals forces and 
pi-pi interactions; besides, the adsorption processes were 
spontaneous and endothermic. QSAR properties indicated 
a hydrophobic PU/SWCNT/PMMA nanocomposite. FTIR 
analysis determinate that the crosslink PU/SWCNT and 
SWCNT/PMMA was due to symmetric stretching of the 
carboxylic group of the PU and PMMA, respectively.

Monte Carlo simulation indicated that the optimized 
PU/SWCNT/PMMA nanocomposite geometry was very 
similar at several temperatures due to the Gibbs free energy 
had a slight variation, but the reaction was spontaneous 
and endothermic. Dipole moment increased due to a new 
orientation of bonds.

Log P showed that the nanocomposite was insoluble in 
a polar solvent. Finally, FTIR analysis didn’t show changes 
in the absorption frequencies.
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C=O Symmetric stretching PU 1843–1739 1824–1720 1832–1731
C–C Symmetric stretching PU 1819–1156 1779–1184 1803–1239
C–C Asymmetric stretching PU 1693–1341 1724–1273 1736–1328
C–C Symmetric stretching PMMA 1583–1194 1470–1087 1486–1132
C–N Symmetric stretching PU 1835–1745 1816–1658 1844–1663
C–C Asymmetric stretching PU 1664–1489 1538–1463 1632–1443
C–C Asymmetric stretching SWCNT 1707–1218 1739–1263 1725–1246
C–C Asymmetric stretching PMMA 1428–1045 1367–1103 1379–1031
C–C Symmetric stretching PU 1761–1483 1820–1517 1753–1456
C–O Symmetric stretching PU 1410–1368 1439–1319 1446–1277
C–O Symmetric stretching PMMA 1612 1634 1618
C–O Symmetric stretching PU/SWCNT 1146–967 1128–1042 1084–976
C–O Symmetric stretching PMMA/SWCNT 1083–1010 1114–972 1073–986
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