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ABSTRACT: In this investigation, the interaction of methotrexate anticancer drug (MTX) with single-
wall carbon nanotubes (SWNTs) and double-wall carbon nanotubes (DWNTs) was examined via 
AMBER, OPLS, CHARMM and MM+ force fields through the molecular mechanic (MM) method. The 
calculations were performed out by the Monte Carlo simulation method at different temperatures. 
Using the mentioned force fields, we investigated the effects of gas-phase and various solvent media 
with different dielectric constants, i.e., water, DMSO, methanol, ethanol and DMF at ten different 
temperatures on the interaction of MTX with DWNTs. The interaction of MTX, with SWNTs and DWNTs 
in the gas phase has been processed using the DFT calculations. Thus, by utilizing a DFT method, 
we studied the effects of different solvents on the interaction of MTX, with carbon nanoparticles within 
the Onsager self-consistent reaction field (SCRF) model, as well as the effects of temperature on the 
stability of the interaction between compounds in various solvents. Frontier molecular orbitals (FMOs), 
total density of states (DOS), thermodynamic parameters and molecular electrostatic potentials (MEP) 
of the title compounds were investigated by theoretical calculations. Molecular properties such as the 
ionization potential (I), electron affinity (A), chemical hardness (η), electronic chemical potential (μ) 
and electrophilicity (ω) were investigated for the structures. The major finding is that the Monte Carlo 
and Molecular mechanics-quantum mechanics results for thermodynamic properties and conformer 
populations are in accord.

Keywords: Double-wall carbon nanotubes (DWNTs); Force field; Methotrexate anticancer drug; Monte Carlo simulation; 
Single-wall carbon nanotubes (SWNTs).
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Carbon nanotubes (CNT) possess extraordinary prop-
erties. Hence, they are unique nano systems. In such 
nanotubes, carbon atoms are interconnected through 
covalent bonds. Carbon nanotubes (CNT) include 
single-walled nanotubes (SWNTs) and multi-walled 

nanotubes (MWNTs) [1-3]. MWNTs can only have 
semiconductor behavior, but SWNTs can act as metal-
lic or semiconductor conductors. SWNTs are consid-
ered as one of the most suitable items for being used 
in biological systems due to their appropriate size, bio-
compatibility, controllable properties and the ability to 
have reversible responses compared to biochemicals. 
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For instance, SWNTs can easily pass through the shell 
and biological barriers and enter the cell because of 
their small size; they have a diameter about half of that 
of a DNA strand [4, 5]. The applications of nanotubes 
and their use as drug nano-carriers have received 
much attention recently [6, 7]. In particular, functional 
drug-containing nanotubes (drug nano-carriers) have 
helped develop a new generation of drugs and have 
created a new chapter of treatment in medical science 
[8, 9]. Conducted investigations have proved that car-
bon nanotubes are not inherently toxic. Therefore, 
these nanotubes can be a suitable option for being 
used as carrier nanotubes and drug delivery [10, 11]. 
Research has demonstrated that due to the permeabil-
ity of veins in cancerous tissues, drug nano-carriers 
can penetrate tumor masses and increase the density 
of nano drugs in the tumor [12, 13]. Drug nano-car-
riers are capable of improving the treatment through 
controlling the drug release, increasing the half-life of 
the drug and increasing the drug density; on the other 
hand, they are able to reduce the detrimental effects of 
chemical toxicity of drugs by decreasing drug density 
in the healthy parts of the body [14]. Recently, numer-
ous instances of drug delivery systems which benefit 
from nanotechnology for treating cancer have been 
investigated [15]. 

In our case, research has focused on the molecule 
of methotrexate drug embedded in single-walled and 
double-walled nanotubes. Methotrexate (MTX), also 
known as Rheumatrex and Trexall, is a drug used to 
treat a variety of cancers, such as acute leukemia and 
to counteract a variety of tumors [16-19]. Several 
pharmacological mechanisms of methotrexate have 
been proposed, including inhibition of purine and py-
rimidine synthesis, suppression of methylation trans-
fer reactions by polyamine accumulation, reduction of 
antigen-dependent T cell proliferation, and promotion 
of adenosine release by adenosine-mediated suppres-
sion of inflammation [20]. Research has revealed that 
methotrexate affects cancer by inhibiting the enzyme 
involved in the production of tetrahydrofolate or dihy-
drofolate reductases [21-23]. It operates in a way that, 
the enzyme dihydrofolate reductase and coenzyme 
NADPH + H, restores.reduces the dihydrofolate and 
catalyzes the tetrahydrofolate, which is a major cofac-
tor in the production of thymidine, RNA and DNA 

[24-26].  
Research has demonstrated have proved that tubular 

particles are able to enter the cell faster than other par-
ticles [27]. They have also demonstrated that the con-
trolled release of MTX in non-spherical nanoparticles 
is higher and more effective and that it occurs slowly 
in treating cancer treatment. Therefore, drug nanopar-
ticles have better therapeutic efficacy in comparison 
to spherical nanoparticles with tubes [28-30]. Nowa-
days, designing and simulating medicine with the help 
of computers and specialized software have become 
particularly important [31]. Through this method, it is 
possible to save time and money on developing new 
drugs by identifying the drug molecule and the recep-
tor in the body and using techniques that evaluate the 
interaction of these compounds in the same environ-
ment [32, 33]. The use of computational methods 
plays an important role in improving the understand-
ing and optimization of laboratory processes to evalu-
ate the drug delivery capability of drug carriers. Com-
putational simulation, which employs computational 
chemistry software used in pre-laboratory research to 
produce more effective drugs with less side effects, 
can lead to faster and more cost-effective prognosis, 
diagnosis and treatment in cancer patients [34, 35].

In the present study, by using advanced software 
such as Hyper compact, structural, thermo-dynamic 
and electronic information for single-walled and dou-
ble-walled methotrexate anticancer drug complexes 
have been presented using quantum and Monte Carlo 
calculations as well as and molecular mechanics over 
a range of temperatures and solvents [36, 37]. Thus, 
by comparing the energies computed through Monte 
Carlo calculations in the CHARMM, AMBER, MM 
+ and OPLS force fields, the differences in the com-
plexes resulting from the incorporation of the metho-
trexate drug molecule into single-walled nanotubes 
(SWNTs) and double-walled nanotubes (DWNTs) are 
demonstrated [38, 39]. It should also be noted that 
in addition to investigating the interaction effects of 
methotrexate with SWNTs and DWNTs, the interac-
tion of MTX and SWNTs in the gas phase as well 
as in the solvents DMF, DMSO, water, ethanol and 
methanol has been studied using different force fields 
and Monte Carlo calculations; the same procedure 
was followed for the interaction between MTX and 
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DWNTs. It is evident that the formation of a stable 
MTX complex with SWNT and also MTX with nano-
tubes is of prime importance.

COMPUTATIONAL METHOD

In this study, the calculations related to the interaction 
between methotrexate anticancer drug and single wall 
carbon nanotubes (SWNTs) and double wall carbon 
nanotubes (DWNTs) have been carried out using each 
of the force fields (AMBER, OPLS, CHARMM and 
MM+). This method is utilized in HyperChem soft-
ware. Four different force fields are available in the 
macro model program. Choosing a force field that is 
well parameterized for the molecular system under 
study is very important [40, 41]. Monte Carlo simu-
lation is a useful tool for areas which are difficult or 
cumbersome to study using experimental approaches, 
and it simultaneously offers fundamental insights on 
the underlying physics of the simulated system on a 
micro/nanoscale [42-44]. The essential step for the 
successful use of Monte Carlo simulations is the de-
velopment of a reliable force field, which is respon-
sible for capturing relevant molecular interactions. 
Accurate force fields are required to reproduce the 
dynamic and static properties of a system. Further-
more, an important requirement for molecular studies 
of compounds in the solvent is the correct description 
by the force field.  Classical force fields contain em-
pirically based interatomic potentials to compute the 
energy between atoms based on their positions. The 
classical approximation is well-suited for noncova-
lent interactions between atoms, such as Coulombic, 
van der Waals, and angle-strain interactions [45]. In 
this investigation, differences in force fields are il-
lustrated by comparing the energies calculated using 
force fields AMBER, OPLS, CHARMM and MM+. 
In this study, HyperChem professional release 7.01 is 
used for the molecular mechanics calculations. Geom-
etry optimization as well as Monte Carlo simulation 
were performed using this software [11]. The quan-
tum chemical calculations were performed using the 
Gaussian 09W software [46]. The molecular structure 
of the title compounds in the ground state was opti-
mized using the Density Functional Theory (DFT/

B3LYP/6-31+G*) [47]. The Polarized Continuum 
Model (PCM) [48], The Frontier Molecular Orbital 
(FMO) analysis and electronic properties such as en-
ergies HOMO and LUMO orbitals, HOMO-LUMO 
energy gap (Eg), ionization potential (I), electron af-
finity (A), global hardness (η), electronegativity (χ), 
electronic chemical potential (µ), electrophilicity (ω) 
and chemical softness (S) were estimated through the 
EHOMO and ELUMO energies using the B3LYP/6-31+G* 
level of theory [49, 50].

The optimized molecular structures, Molecular 
Electrostatic Potential (MEP) maps and UV-Vis spec-
tra were visualized using GaussView 05 program [47]. 
There are three types of QMC: variation, diffusion and 
green’s functions. These methods act with an openly 
correlated wave function and calculate integrals nu-
merically, utilizing a Monte Carlo integration. These 
calculations are very time consuming, but they are the 
most accurate methods known to date. Overall, DFT 
calculations provide perfect and increasingly more ac-
curate quantitative results as the molecules under con-
sideration become smaller [51]. DFT methods are ac-
cessible in macro model programs as well. Choosing 
a level that is well-parameterized for the molecular 
system under investigation is important. Conforma-
tional interconversions are governed by precise en-
ergy parameters and geometry coordinates, which are 
vital in molecular systems, too. Low-energy structures 
found on each surface were chosen and exposed to un-
restrained quantum mechanical minimization through 
B3LYP/6-31+G* SCRF [52].

RESULTS AND DISCUSSION

In the present study, calculations related to the interac-
tion between methotrexate anticancer drug and Single 
Wall and Double Wall carbon nanotubes (SWNTs 
& MWNTs) have been carried out using AMBER, 
OPLS, CHARMM (BIO+) and MM+ force fields. 
Biomolecules are complex systems. Their structures 
are represented by multidimensional rugged energy 
landscapes with a huge number of local minima sepa-
rated by high energy barriers. Thus, any simulation 
study primarily deals with adequate description of the 
atomistic interaction or force field and convergence of 
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the configuration space sampling of such a complex 
energy landscape. Efficient sampling can be achieved 
through enhanced conformational search techniques. 
The experimental values of the properties predicted 
by a force field are signs of its quality. There are four 
predominantly used force field families for molecular 
mechanic simulations at the time, including AMBER, 
OPLS, CHARMM (BIO+) and MM+ [53, 54]. These 
classic force fields have constantly been improved and 
verified; however, given the intricacies of the energy 
landscape, the successful applications of these fields 
in many systems remain to be validated. Thus, how 
the employed force field affects the simulation results 
is a question worth investigating [55].

Among other appropriate tools for evaluating prob-
ability distributions are Monte Carlo algorithms. Due 
to their tendency to sample low energy regions of con-
formational spaces, Monte Carlo-based algorithms 
are highly useful in finding important conformations 
of flexible biomolecules. With small adjustments, a 
Monte Carlo program can calculate a histogram of a 
distance distribution for a particle in harmonic poten-
tial. Such histograms illustrate that at any given tem-
perature, the methotrexate anticancer drug atoms with 
carbon nanotube distance adopt a range of values. It 
is also observed that the range of values gets broader 
with the temperature, indicating increased amplitude 
of motion of atoms at higher temperatures [56, 57]. 
The effect of different solvents and temperatures on 
single wall carbon nanotubes (SWNTs) and double 
wall carbon nanotubes (DWNTs) were studies through 
quantum mechanics calculations and molecular me-
chanic simulation. Differences in force fields were il-
lustrated by comparing the energies calculated using 
AMBER, OPLS, CHARM (Bio+) and MM+ force 
fields. The quantum mechanics (QM) calculations 
were carried out with the GAUSSIAN98 program 
based on B3LYP/6-31+G* level. 

The Gaussian program employs a simple approxi-
mation in which the volume of the solute is used to 
compute the radius of a cavity which forms the hypo-
thetical surface of the molecule. The structures were 
calculated in gas phase and in various solvent media 
with different dielectric constants (water (ε = 78.39), 
DMSO (ε = 46.8), methanol (ε = 32.63), ethanol (ε = 
24.55), CH2Cl2 (ε = 8.93) and DMF (ε = 39.8)) at ten 

temperatures using a density functional theory method 
(DFT) at the B3LYP/6-31+G* level, the structure of 
double wall carbon nanotubes (DWNTs) and relative 
energies have has been investigated through molecu-
lar mechanics simulations and quantum mechanics 
calculations within the Onsager self-consistent re-
action field (SCRF) model; moreover, the structural 
stability of the investigated nanotube has been com-
pared and analyzed in different solvent media and 
at different temperatures (between 298K and 316K) 
[58, 59]. Since the Onsager model can conveniently 
describe the interaction between a molecule in a solu-
tion and its medium, we have assumed that the sol-
ute is placed in a spherical cavity inside the solvent. 
The latter is described as a homogeneous, polarizable 
medium of dielectric constant. The results of Onsager 
model calculations are displayed using the energy dif-
ference between these conformers, which are highly 
sensitive to the polarity of the surrounding solvent 
[60]. The solvent effect has been calculated through 
the SCRF model. Using this method, the Total (ETot), 
Potential (EPot) and Kinetic (EKin) energies (kcal/mol) 
were calculated for the native structure through Monte 
Carlo simulation in different solvents and in AMBER, 
OPLS, CHARMM (Bio+) and MM+ force fields, and 
the results have been listed in Tables 1 to 4. Tables 
1-4 & Fig. 1 show the EKin changes (kcal/mol) cal-
culated versus temperature at different dielectric con-
stants (water (ε = 78.39), DMSO (ε = 46.8), methanol 
(ε = 32.63), ethanol (ε = 24.55) and DMF (ε = 39.8) 
through Monte Carlo simulation in the four force fields 
(AMBER, OPLS, CHARMM (Bio+) and MM+). The 
results of Monte Carlo calculations (Tables 1-4 & Fig. 
1) indicate that in the gas phase, methotrexate con-
nected to SWNTs is the most stable and has the lowest 
amount of energy while in the Amber force field [53, 
61]. 

The methanol solvent displayed the lowest amount 
of energy and proved to be the most stable solvent 
for the simulation when methotrexate connected to 
SWNTs was simulated in water, DMSO, methanol, 
ethanol and DMF solvents. Similar results have been 
reported for OPLS and CHARMM force fields. The 
calculations related to the MM+ force field produced 
a notable result though. In the MM+ field, water is the 
most stable and the most suitable among the afore-
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mentioned solvents for simulation, since it has the 
lowest amount of energy. No doubt this is positively 
related to the dielectric constant of the solvents. Water 
has the highest dielectric constant; therefore, it is con-
sidered to be the most suitable solvent for methotrex-
ate connected to SWNTs (as seen Fig. 1) [62]. 

Substances with high dielectric constants are easily 
polarized. Polarization allows countercharges to be 
placed around an ion resulting in coulombic interac-
tions between the solvent and the ion, which in turn 
promote solubilization of the ion through competing 
with interionic interactions. In a similar vein, a polar 
solvent–one with a high dielectric constant – will form 
stabilizing interactions with the solute that compete 
with solute-solute interactions, thereby solubilizing 
polar molecules. The dielectric constant of the solvent 
also affects the interactions in the solution that involve 
ions and polar molecules, decreasing the intermolecu-
lar energy as the dielectric constant increases [63, 64].

Single-wall and double-wall nanotubes are quite 
similar in terms of characteristics and morphologies; 
however, DWNTs are highly more resistant to chemi-
cals. This feature proves to be extremely important 
when functionality necessitates adding new properties 
to the nanotube. Double-walled carbon nanotubes are 
coaxial nanostructures that consist of exactly two sin-
gle-walled carbon nanotubes, one nested in another. 
This distinctive structure presents opportunities for 
better understanding the carbon nanomaterials fam-
ily and for making greater use of it. Double-walled 
carbon nanotubes (DWNTs) are a new class of carbon 
nanostructures. A DWNT consists of exactly two con-
centric carbon nanotubes. This double-wall structure 
makes DWNTs the simplest system for investigating 
the effects inter-wall coupling might have on the phys-
ical properties of carbon nanotubes (CNTs). DWNTs 
have higher mechanical strength and thermal stability 
than SWNTs; in addition, they have intriguing elec-
tronic and optical features [65]. 

It is noteworthy that Fig. 2, (the results for metho-
trexate connected to DWNTs), show that the results 
are highly consistent with those related to methotrex-
ate connected to SWNTs; in the force fields AMBER, 
OPLS and CHARMM, methanol is the most stable 
solvent and in the MM+ field, water is the most stable 
solvent [66]. On the other hand, water is a biological 

solvent and acts as the main foundation for chemical 
reactions. Results of chemical calculations can be in-
fluenced by solvation, which can push the simulation 
conditions toward the most stable form. However, 
the results for methotrexate connected to DWNTs are 
very significant, since they are highly consistent with 
the behavior of SWNTs and point to methanol and 
water as the most efficient solvents for this simula-
tion. Given that performing calculations for molecular 
mechanics force fields requires selecting an appropri-
ate force field in the beginning, the specifications of 
these 4 fields were closely investigated. Our choice 
was guided by force field equation for these fields and 
finally, we found that the MM+, which is an exclusive 
force field for calculations related to macromolecules 
had the lowest amount of energy and featured the most 
stable form of connection for methotrexate connected 
to SWNTs and DWNTs [67, 68]. 

Notably, in some solvents and at certain tempera-
tures, the CHARMM force field demonstrates a similar 
behavior and puts our compound in a stable situation. 
However, since electrostatic reactions are calculated 
through bipolar junctions by using point charges in the 
MM+ field, the field managed to simulate our desired 
system in the most optimal way. Therefore, the MM+ 
force field was chosen as the most efficient field. It 
should further be noted that the results of quantum 
mechanics calculations are also consistent with the 
current findings and that DWNTs are more suitable 
carriers for methotrexate.  The results of  Monte Carlo, 
molecular mechanics and quantum mechanics calcu-
lations have been justified [69].

In macromolecules, thermodynamic parameters 
such as enthalpies, entropies, and free energies de-
pend on many conformational degrees of freedom that 
these flexible molecules can take. We typically can-
not estimate free energies of macromolecules in solu-
tions using Monte Carlo simulations, partially because 
transitions from one conformer to another occur infre-
quently. Furthermore, for macromolecules molecular 
mechanics simulations frequently offer more efficient 
sampling of conformational space [70, 71]. 

What we can do with Monte Carlo or molecular 
dynamics simulations, however, is to estimate free 
energy differences between similar systems. Such 
calculations allow, for example, to compare binding 
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affinities of similar drug molecules to the target recep-
tor, thus facilitating rational design of more potent and 

selective drugs [72]. A word of caution is due here, 
however. Monte Carlo sampling of harmonic potential 

Monte Carlo. AMBER

316K314K312K310K308K306K304K302K300K298KTemperature

421.0422418.3774415.7126413.0477410.3829407.7181405.0533402.3884399.7236397.0588EKinGas

(εr =1)
228.879321.6936461.2767691.02611151.1472184.9875667.4422806.42115283.81299774EPot

649.9212740.071876.98921104.0741561.532592.7056072.49423208.81115683.51300171ETot

1698.2981687.5491676.81666.0521655.3031644.5541633.8051623.0571612.3081601.559EKinWater

(εr =78.39)
6316.1466635.6237152.5517926.8579004.20210833.6915263.8132982.9120491.71284311EPot

8014.4448323.1728829.3529592.90910659.5112478.2416897.6134605.96120104.11285913ETot

703.6209699.1676694.7143690.261685.8077681.3544676.9011672.4478667.9945663.5412EKinMethanol

(εr =32.63)
775.7297959.69091377.0981840.0872833.4865400.77912638.1644240.94184554.11683891EPot

1479.3511658.8592011.8122530.2483519.2946082.13313315.0644913.39185222.11684555ETot

844.9102839.5627834.2151828.8676823.5201818.1725812.825807.4775802.1299796.7824EKinEthanol

(εr =24.55)
1375.4251739.0652263.5983265.0475212.9979969.07823923.0573643.34248518.22054430EPot

2220.3362578.6283097.8134093.9156036.51710787.2524735.8874450.82249320.42055227ETot

892.0066886.361880.7154875.0698869.4242863.7786858.133852.4873846.8417841.1961EKinDMSO

(εr =46.8)
2110.5652745.9153846.5835690.6549763.85821835.4956097.66139001.6391200.33234915EPot

3002.5723632.2764727.2996565.72310633.2822699.2756955.8139854.1392047.13235757ETot

931.5676925.6716919.7756913.8796907.9836902.0877896.1917890.2957884.3997878.5037EKinDMF

(εr =38.3)
1994.7132795.65742.01210820.2416393.9531793.7870387.31161572.6425782.33431728EPot

2926.2813721.2726661.78711734.1217301.9332695.8771283.5162462.9426666.73432606ETot

Table 1. Total (ETot), Potential (EPot), and Kinetic (EKin) energies (kcal/mol) calculated for the Native structure by Monte 
Carlo simulation in different solvents and AMBER force field for SWNTs with methotrexate.

Monte Carlo. OPLS

316K314K312K310K308K306K304K302K300K298KTemperature

223.2371221.8242220.4114218.9985217.5856216.1727214.7598213.3469211.934210.5211EKinGas

(εr =1)
652.1961682.9005707.5767720.3787733.1329782.4532842.7628937.09041424.5734585.843EPot

875.4332904.7247927.9881939.3771950.7185998.62591057.5231150.4371636.5074796.364ETot

1630.4791620.1591609.841599.521589.2011578.8811568.5621558.2421547.9231537.603EKinWater

 (εr

=78.39)

-867.092-680.551-488.8704-285.0799-13.73618361.7393836.19071568.4163208.03233741.44EPot

763.3863939.60831120.971314.441575.4651940.6212404.7533126.6594755.95535279.04ETot

505.8158502.6144499.4131496.2117493.0103489.809486.6076483.4062480.2049477.0035EKinMethanol

 (εr

=32.63)

11353.5611437.2811589.3511825.412221.9212780.9314609.3621769.4841566.57124099EPot

11859.3711939.8912088.7612321.6112714.9313270.7415095.9622252.8942046.77124576ETot

647.1051643.0095638.9139634.8183630.7227626.6271622.5315618.4359614.3403610.2447EKinEthanol

 (εr

=24.55)

11817.2113417.0014419.0315627.4317559.0420335.5927906.7244548.7585433.54317949.9EPot

12464.3214060.0015057.9416262.2518189.7620962.2228529.2645167.1886047.88318560.1ETot

694.2016689.8079685.4142681.0205676.6268672.2332667.8395663.4458659.0521654.6584EKinDMSO

(εr =46.8)
8132.1588328.5718564.5248992.5019667.63710908.0413435.7619157.9736942.97121998.1EPot

8826.369018.3789249.9389673.52110344.2611580.2714103.619821.4237602.02122652.8ETot

788.3945783.4046778.4148773.4249768.4351763.4453758.4554753.4656748.4757743.4859EKinDMF

(εr =38.3)
11253.1811405.7211635.4111925.2912356.6513004.0514617.5521382.4944258.07126576.2EPot

12041.5812189.1212413.8312698.7213125.0813767.51537622135.9645006.54127319.7ETot

Table 2. Total (ETot), Potential (EPot), and Kinetic (EKin) energies (kcal/mol) calculated for the Native structure by Monte 
Carlo simulation in different solvents and OPLS force field for SWNTs with methotrexate.
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gives classical probability distributions, while bond 
vibrations in the real methotrexate anticancer drug at-
oms with carbon nanotube molecules are quantized. 

Consequently, classical Monte Carlo simulations fail 
to precisely reproduce such thermodynamic properties 
as heat capacities or vibrational entropies of isolated 

Monte Carlo. CHARMM

316K314K312K310K308K306K304K302K300K298KTemperature

223.2371221.8242220.4114218.9985217.5856216.1727214.7598213.3469211.934210.5211EKinGas

(εr =1)
571.1967607.4563620.9258643.4429668.7651706.5104756.7777856.03771195.0343502.408EPot

794.4338829.2805841.3371862.4414886.3507922.6831971.53751069.3851406.9683712.929ETot

1630.4791620.1591609.841599.521589.2011578.8811568.5621558.2421547.9231537.603EKinWater

 (εr

=78.39)

-4970.701-4972.38-4932.309-4799.169-4704.273-4638.172-4507.294-4206.12-3391.0082167.736EPot

-3340.222-3352.22-3322.469-3199.648-3115.072-3059.291-2938.732-2647.878-1843.0853705.34ETot

505.8158502.6144499.4131496.2117493.0103489.809486.6076483.4062480.2049477.0035EKinMethanol

 (εr

=32.63)

8592.728932.2389127.2059362.2049787.13410510.4112003.3416778.8435008.5991945.87EPot

9098.5369434.8529626.6189858.41610280.1411000.2112489.9517262.2435488.892422.87ETot

647.1051643.0095638.9139634.8183630.7227626.6271622.5315618.4359614.3403610.2447EKinEthanol

 (εr

=24.55)

10713.211403.3512507.9513513.8614783.4316740.2821334.7335446.1870307.78265655.2EPot

11360.3112046.3613146.8614148.6815414.1617366.9121957.2636064.6170922.12266265.4ETot

694.2016689.8079685.4142681.0205676.6268672.2332667.8395663.4458659.0521654.6584EKinDMSO

(εr =46.8)
8736.9189080.5679434.3719823.25110399.4711572.6413775.9420086.0339843.12170582.2EPot

9431.129770.37510119.7910504.2711076.0912244.8814443.7820749.4840502.17171236.9ETot

788.3945783.4046778.4148773.4249768.4351763.4453758.4554753.4656748.4757743.4859EKinDMF

(εr =38.3)
10867.5711144.9811477.6211827.2512350.3413004.515074.9721019.2537293.97103249.7EPot

11655.9611928.3912256.0412600.6813118.7713767.9415833.4321772.7138042.44103993.2ETot

Monte Carlo. MM+

316K314K312K310K308K306K304K302K300K298KTemperature

223.2371221.8242220.4114218.9985217.5856216.1727214.7598213.3469211.934210.5211EKinGas

(εr =1)
556.8354555.8868569.9135577.8038601.9166634.4072712.8203761.6816901.47611500.161EPot

780.0726777.7111790.3248796.8022819.5022850.5799927.5801975.02851113.411710.682ETot

1630.4791620.1591609.841599.521589.2011578.8811568.5621558.2421547.9231537.603EKinWater

(εr =78.39)
1542.0811738.8242051.3742323.273013.8393839.6535387.4857683.59311484.0818254.24EPot

3172.563358.9833661.2143922.794603.045418.5346956.0479241.83613032.0119791.84ETot

505.8158502.6144499.4131496.2117493.0103489.809486.6076483.4062480.2049477.0035EKinMethanol

(εr =32.63)
23705.9626080.3228870.7832412.0836500.5541821.4348843.7258611.372576.5594358.97EPot

24211.7826582.9329370.1932908.2936993.5642311.2449330.3359094.7173056.7694835.98ETot

647.1051643.0095638.9139634.8183630.7227626.6271622.5315618.4359614.3403610.2447EKinEthanol

(εr =24.55)
39842.1843928.5849128.2655520.0763347.6372193.4283753.4498101.16120452.6155252.2EPot

40489.2844571.5949767.1756154.8963978.3572820.0484375.9798719.6121066.9155862.4ETot

694.2016689.8079685.4142681.0205676.6268672.2332667.8395663.4458659.0521654.6584EKinDMSO

(εr =46.8)
26215.1828733.3132008.4436085.0340828.3646937.7255302.3566509.984122.59112582.2EPot

26909.3829423.1232693.8636766.0541504.9847609.9655970.1967173.3584781.64113236.8ETot

788.3945783.4046778.4148773.4249768.4351763.4453758.4554753.4656748.4757743.4859EKinDMF

(εr =38.3)
21318.9423291.0425607.7728432.1632031.9236117.4341296.1848653.560252.7379612.04EPot

22107.3324074.4526386.1829205.5932800.3636880.8742054.6349406.9661001.280355.53ETot

Table 3. Total (ETot), Potential (EPot), and Kinetic (EKin) energies (kcal/mol) calculated for the Native structure by Monte Carlo 
simulation in different solvents and CHARMM force field for SWNTs with methotrexate.

Table 4. Total (ETot), Potential (EPot), and Kinetic (EKin) energies (kcal/mol) calculated for the Native structure by Monte 
Carlo simulation in different solvents and MM+ force field for SWNTs with methotrexate.
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molecules. Therefore, in this section we have used the 
quantum mechanics methods [73, 74].

Quantum chemical methods are important for ob-
taining information about molecular structure and 
electrochemical behavior. A frontier molecular orbit-
als (FMO) analysis was done for the compounds us-

ing the B3LYP/6-311+G(d) level [33]. FMO results 
such as EHOMO, ELUMO and the HOMO-LUMO energy 
gap (∆E) of the title compounds have been summa-
rized in Table 5. The energy of the LUMO, HOMO 
and their energy gaps reflect the chemical reactivity 
of the molecule [38]. In addition, the HOMO can act 

A Theoretical study of the effects of different solvents on the connections ...

Fig. 1. EKin, EPot and ETot changes (kcal/mol) calculated versus temperature at different dielectric constants by Monte Carlo simu-
lation in the CHARMM, AMBER and MM+ force field for SWNTs with methotrexate.

Fig. 2. EKin, EPot and ETot changes (kcal/mol) calculated versus temperature at different dielectric constants by Monte Carlo simu-
lation in the MM+ force field for MWNTs with methotrexate.
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as an electron donor and the LUMO as an electron ac-
ceptor. An increased level of HOMO energy (EHOMO) 
for the molecule points to a heightened ability to do-
nate electrons to a suitable acceptor molecule that has 
a low-energy empty molecular orbital. The EHOMO and 
ELUMO are related to the ionization potential (I=-EHOMO) 
and the electron affinity (A=-ELUMO), respectively [19, 
21]. The global hardness (η), electronegativity (χ), 
electronic chemical potential (µ) and electrophilicity 
(ω) and chemical softness (S) parameters [16] are cal-
culated with the following equations:

(1)

(2)

(3)

(4)

(5)

The values of these parameters are reported in Table 
5. The global hardness (η) parameter is related to the 
energy gap (Eg = ELUMO – EHOMO) and defined as the 
resistance of an atom or a group of atoms to charge 
transfer. As shown in Table 5, the HOMO energy of 
the compound methotrexate with (SWNTs) has the 
highest value (-0.0204eV). A large energy gap implies 
high stability for the molecule. The HOMO–LUMO 
energy gap (∆E) values calculated for the structures 
methotrexate with (SWNTs) and methotrexate with 
(DWNTs) are 0.018486 and 0.021495 eV, respec-
tively. The results show that compound methotrexate 
with (DWNTs) is more stable. DOS plots [40] also 
demonstrate the energy gaps (∆E) calculated for the 
methotrexate (see Fig. 3). Table 5 shows the specifics 
of quantum molecular descriptors of title compounds 
such as electron affinity, ionization potential, electron-
ic chemical potential, global hardness and electrophi-
licity. The chemical hardness (η) values for the com-
pounds methotrexate with (SWNTs) and methotrexate 
with (DWNTs) are 0.01927 eV and 0.022406 eV, re-
spectively. Compound methotrexate with (DWNTs) 
has the highest chemical hardness (η = 0.022406 eV); 
therefore, it is a hard, less reactive molecule with a 

high energy gap (∆E= 0.021495 eV).
A form of potential energy, electronic chemical po-

tential (µ= -(I + A)/2) has the capacity to be absorbed 
or released during chemical reactions and might also 
be modified during phase transitions. The electronic 
chemical potential of methotrexate with (DWNTs) has 
the most negative value -0.012572 eV). Electrophilic-
ity (ω) is a measure of energy stabilization for when the 
system receives an additional electronic charge from 
the environment. This index (ω= µ2/2η) holds infor-
mation about both electron transfer (chemical poten-
tial) and stability (hardness); it also describes global 
chemical reactivity more precisely. The higher value 
of electrophilicity index shows the higher capacity of 
the molecule to accept electrons. The electrophilicity 
index for the methotrexate with (SWNTs) and meth-
otrexate with (DWNTs) are 0.003032 and 0.003526 
eV, respectively. Methotrexate with (DWNTs) has the 
highest electrophilicity index; therefore its capacity for 
accepting electrons is quite high. The dipole moment 
(µD) is an appropriate measure of the asymmetric na-
ture of molecules. The composition and dimensional-
ity of the 3D structures determine its magnitude. As 
shown in Table 5, all structures have a high value of 
dipole moment and point group of C1, which reflects 
no symmetry in the structures. The dipole moment for 
the methotrexate with (SWNTs) (B3LYP/6-31+G(d) 
= 2.8990 Debye) is higher than that for methotrexate 
with (DWNTs) (2.43746 Debye, respectively).

The asymmetric character of methotrexate with 
(SWNTs) is the reason behind its high dipole moment 
value [75, 76]. As presented in Table 5, the compound 
which have the lowest energetic gap is the methotrex-
ate + (SWNTs) (Eg = 0.018486 eV). This lower gap 
allows it to be the softest molecule. The compound 
that have the highest energy gap is the methotrexate 
(Eg = 0.09243 eV). The compound that has the high-
est HOMO energy is the methotrexate (EHOMO = 
-0.10027 eV). This higher energy allows it to be the 
best electron donor. The compound that has the lowest 
LUMO energy is the methotrexate (ELUMO = -0.00784 
eV) which signifies that it can be the best electron ac-
ceptor.  

The two properties like I (potential ionization) and 
A (affinity) are so important, the determination of 
these two properties allow us to calculate the absolute 

( )I A / 2η = −

( )I A / 2χ = +

( )(I A) / 2µ = − +

( )2 / 2ω = µ η

( )s 1/ 2= η
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electro negativity (χ) and the absolute hardness (η). 
These two parameters are related to the one-electron 
orbital energies of the HOMO and LUMO respective-
ly.  Methotrexate + (SWNTs) has lowest value of the 
potential ionization (I = 0.020054 eV), so that will be 
the better electron donor. Methotrexate has the larg-
est value of the affinity (A = 0.00784eV), so it is the 
better electron acceptor. The chemical reactivity var-
ies with the structural of molecules. Chemical hard-
ness (softness) value of methotrexate (η = 0.09635 
eV, S = 5.189414 eV) is lesser (greater) among all 
the molecules. Thus, methotrexate is found to be 
more reactive than all the compounds. Methotrexate 
+ (MWNTs) possesses higher electro negativity value 
(χ = 0.024230 eV) than all compounds so; it is the best 
electron acceptor. The value of ω for methotrexate + 
(MWNTs) (ω = 0.003526 eV) indicates that it is the 
stronger electrophiles than all compounds. Compound 

3 has the smaller frontier orbital gap so, it is more po-
larizable and is associated with a high chemical reac-
tivity, low kinetic stability and is also termed as soft 
molecule.

The total energy of a molecule consists of the sum of 
translational, rotational, vibrational and electronic en-
ergies. The statistical thermochemical analysis of title 
compounds is carried out by placing the molecule at 
the room temperature of 25°C and under 1 atmospher-
ic pressure. The thermodynamic parameters, such as 
zero point vibrational energy, rotational constant, heat 
capacity (C) and entropy (S) of the title compound 
by B3LYP/6-31+G(d) level are displayed in Table 
5. According to this table, the calculated value for 
methotrexate with (DWNTs) is smaller than those for 
methotrexate with (SWNTs). The results suggest that 
compound methotrexate with (DWNTs) is more stable 
[77].

Property Methotrexate Methotrexate + (SWNTs) Methotrexate + (MWNTs)

HF (Hartree) -1569.0359759 -8375.4696343 -6832.7643987
Zero-point correction (Hartree) 0.448736 0.0897472 0.1043572

Thermal correction to Energy (Hartree) 0.478604 0.0957208 0.1113032
Thermal correction to Enthalpy (Hartree) 0.479548 0.0959096 0.1115227

Thermal correction to Gibbs Free Energy (Hartree) 0.382959 0.0765918 0.0890602
Sum of electronic and zero-point Energies (Hartree) -1568.587240 -313.717448 -364.7877302

Sum of electronic and thermal Energies (Hartree) -1568.557372 -313.7114744 -364.7807841
Sum of electronic and thermal Enthalpies (Hartree) -1568.556428 -313.7112856 -364.7805646

Sum of electronic and thermal Free Energies (Hartree) -1568.653016 -313.7306032 -364.8030269

E (Thermal) (KCal.Mol) 300.329 60.0658 69.8439
CV (Cal.Mol-Kelvi) 112.873 22.5746 26.2495
S (Cal.Mol-Kelvin) 203.288 40.6576 47.2762

Dipole moment (Debye) 10.4811 2.8990 2.43746
Point Group C1 C1 C1
EHOMO (eV) -0.10027 -0.020054 -0.023318
ELUMO (eV) -0.00784 -0.001568 -0.001823

Eg (eV) 0.09243 0.018486 0.021495
I (eV) 0.10027 0.020054 0.023318
A (eV) 0.00784 0.001568 0.001823
χ (eV) 0.10419 0.020838 0.024230
η (eV) 0.09635 0.01927 0.022406
μ (eV) -0.05406 -0.01081 -0.012572
ω (eV) 0.015163 0.003032 0.003526
S (eV) 5.189414 1.037882 1.206840

Table 5. The calculated electronic properties of the methotrexate using B3LYP/6-31+G* level of theory.

V. Khodadadi & et al.
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Molecular electrostatic potential (MEP) calculations 
display the charge distribution and sites of negative 
and positive charges. The differences in the electro-
static potential on the surface are shown by different 
colors. The colors of the MEP maps are red (elec-
tron rich), orange (partially negative charge), yellow 
(slightly electron rich site), blue (positive charge or 
electron poor), and green (neutral). The MEP surfaces 
of molecule methotrexate were calculated by theo-
retical calculations using the B3LYP/6-31+G* level 
of theory (Fig. 4) [78]. As can be seen in Fig. 4, the 
negative sites (red color) of this molecule are mostly 
focused on oxygen atoms. Also, phenyl rings at the 
end of title compounds have a yellow color, indicating 
slightly electron rich sites. The hydrogen atoms of the 
methoxy group in the molecule are pale blue, which 
demonstrate regions with weak interaction. Also, the 

regions with green color show areas with zero poten-
tial and neutral sites such as the hydrogen atoms of the 
phenyl rings and carbon chains in substituted groups 
of the methotrexate [79].

CONCLUSIONS

Monte Carlo simulations have been of significant 
value in understanding the structure and characteris-
tics of liquids. For example, Monte Carlo simulations 
with accurate energy potentials can estimate liquid 
densities and heats of vaporization with little percent 
accuracy. Monte Carlo simulations can provide infor-
mation about the structure of hydration shells around 
solutes and allow estimations of how different sol-
vents alter the energy profiles in chemical reactions. 
When methotrexate connected to SWNTs was simu-
lated in water, DMSO, methanol, ethanol and DMF 
solvents, the methanol solvent had the lowest amount 
of energy and was the most stable solvent for the sim-
ulation. Similar results have been reported for OPLS 
and CHARMM force fields. However, the calcula-
tions related to the MM+ force field yielded a notable 
result. In the MM+ field, water is the most suitable 
solvent for simulation, since it has the lowest amount 
of energy and is therefore the most stable among the 
solvents mentioned above. The results for methotrex-
ate connected to DWNTs, show that the results are 

Fig. 3. (a) Calculated Frontier molecular orbitals of methotrexate (∆E: energy gap between LUMO and HOMO), (b) Calculated 
DOS plots of the title compounds (using the B3LYP/6-31+G*).

Fig. 4. (a) The theoretical geometric structure of the metho-
trexate anticancer drug (optimized by B3LYP/6-31+G level); 
(b). MEP maps of the methotrexate calculated using the 
B3LYP/6-31+G* level of theory.



244

highly consistent with those related to methotrexate 
connected to SWNTs; in the force fields Amber, OPLS 
and CHARMM, methanol is the most stable solvent 
and in the MM+ field, water is the most stable sol-
vent. However, the results for methotrexate connected 
to DWNTs are very significant, since they are highly 
consistent with the behavior of SWNTs and point to 
methanol and water as the most efficient solvents for 
this simulation.  

Therefore, the MM+ force field was chosen as the 
most efficient field. The MM+ force field which is an 
exclusive force field for calculations related to mac-
romolecules was found to have the lowest amount of 
energy and feature the most stable form of connection 
for methotrexate connected to SWNTs and DWNTs. 
It should further be noted that the results of quantum 
mechanics calculations are also consistent with the 
current findings and that DWNTs are more suitable 
carriers for methotrexate.  

Delivering anti-cancer drugs through SWCNTs and 
MWCNTs is a considerable breakthrough in the field 
of nanotechnology. Conventional management of can-
cer with chemotherapeutic agents can have adverse 
effects on healthy tissues. Therefore, CNTs -based 
efficient drug delivery systems must be developed to 
deliver the anti-cancer drugs. Even though nano-tech-
nology is well developed, it is still far from clinical 
applications due to several challenges. However, SW-
CNTs and MWCNT-based drug delivery systems are 
promising approaches for delivering anti-cancer drugs 
in targeted organs or tissues. The observation and re-
sults of this review paper indicated that SWCNTs and 
MWCNT-based drug delivery systems might be effec-
tive and able to provide adequate scientific data for 
clinical support.
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