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ABSTRACT: In this study, adsorption of melphalan on the surface of single walled carbon nanotube 
was studied computationally. For this purpose, the structures of carbon nanotube, melphalan and the 
derived products from the interaction of melphalan with carbon nanotube at two different configurations 
were optimized geometrically. Then, IR and frontier molecular orbital calculations were implemented on 
them in the temperature range of 298-398 K at 10˚ intervals. The obtained thermodynamic parameters 
including Gibbs free energy changes (ΔGf) and formation enthalpy alterations (ΔHf) have revealed that 
the adsorption of melphalan is exothermic, spontaneous, one-sided and experimentally feasible at the 
both evaluated configurations. The influence of temperature on the thermodynamic factors of the desired 
process was also inspected and the results indicate that 298.15 K is the best temperature for the carbon 
nanotube substitution on melphalan. The calculated specific heat capacity values have shown that the 
sensitivity of the produced carbon nanotube- melphalan derivatives to the heat and shock have declined 
significantly. Some HOMO-LUMO related parameters such as energy gap, electrophilicity, chemical 
hardness, maximum transferred charge index (ΔNmax) and chemical potential were also calculated and 
discussed in details. 
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Melphalan is a chemotherapy medication that is used 
for the treatment of multiple myeloma, ovarian cancer, 
AL amyloidosis, and occasionally malignant mela-
noma. However, it is associated with many different 
adverse effects like nausea, hair loss, bone marrow 
suppression; sever rash, itching and allergic reactions. 
Therefore, finding a nanocarrier for this medicine for 
its delivery to the target tumour tissue is very impor-

tant in order to decreasing the drug side effects and in-
creasing its efficiency [1-4]. Moreover, single-walled 
carbon nanotube (SWCNT) is one of the allotropes of 
carbon. Indeed, it is a like graphene nanosheet that be-
came cylindrical. SWCNT has several special proper-
ties that make it an ideal nanocarrier in the field of drug 
delivery such as high specific surface area, low density, 
high electrical and thermal conductivity, and excellent 
robustness. Owing to the aforementioned special traits 
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SWCNTs have been applied in different traits includ-
ing supercapacitors, electrochemical sensors, nanofil-
tration, adsorption, microextraction and drug delivery. 
In this respect, the performance of SWCNT as a nano-
carrier for the delivery of melphalan was investigated 
by DFT computations for the first time in this research 
[5]. 

COMPUTATIONAL DETAILS

At the outset, the structures of melphalan, SWCNT 
and their derived products at two various configura-
tions were designed by nanotube modeler 1.3.0.3 
and Gauss View Softwares. Afterward, the designed 
structures were optimized geometrically. In the next 
step, IR and frontier molecular orbital calculations 

were implemented on them in the temperature range 
of 298-398 K at 10˚ intervals by spartan software. The 
computations were done in the atmospheric pressure 
and gaseous phase [6-8]. Density functional theory 
method and B3LYP/631G(d) basis set were chosen 
for the calculations because, in our former studies, this 
method and basis set had produced results that were in 
an admissible accordance with the experimental find-
ings [9-13]. The evaluated reaction is as follows:

(1)

RESULTS AND DISCUSSION

In order to find the most stable configuration, melpha-
lan interaction with SWCNT was scrutinized at 2 dif-
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Melphalan SWCNT Melphalan SWCNT+ → −

Fig. 2. Optimized Structure of II-Isomer.

Fig. 1. Optimized Structure of I-Isomer.
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ferent conformers. As the provided data at Figs 1 and 
2 show clearly, in I-Isomer the drug is inserted near 
the nanostructure towards its amine functional group 
but in II-Isomer melphalan is located near SWCNT to-
wards its OH functional group. It should be noted that 
on the basis of the carried out IR computations, it was 
not seen any negative frequency at all of the studied 
structures [7, 14].

Calculation and verifying the values of adsorption 
enthalpy changes (ΔHad)
For acquiring enthalpy variations for the adsorption 
process of melphalan, the succeeding equation was 
utilized. In this formula, Hth represents the obtained 
thermal enthalpy for the reactants and products of the 
evaluated process and ΔEº is the symbol of total en-
ergy changes of the system which can be calculated by 
subtracting the total energy of the products from the 
sum of the total energy of reactants [15, 16]. 

(2)

The provided data in Table 1 clearly indicates that the 
reaction of melphalan and SWCNT is exothermic at 
both configurations because the achieved ΔHad values 
are negative for both isomers. The influence of tem-
perature on this variable was also checked out. As it 
can be seen from the Table, temperature does not have 
an obvious effect on enthalpy changes. Because there 
is not a remarkable difference between the obtained 

ΔHad values at different temperatures. Hence, 298 K 
can be selected as the best temperature for the adsorp-
tion procedure of melphalan. The next hidden point in 
the Table is that II-Isomer has lower enthalpy changes 
in comparison to I-Isomer at all temperatures. Thus, 
it can be deduced that the formation of II-Isomer is 
more exothermic and experimentally possible than the 
formation process of I-Isomer [10, 12].

Calculation and inquiring the values of Gibbs free 
energy alterations (∆Gf) 
In order to calculate the Gibbs free energy changes, 
equation 3 was applied. In this equation, Gth stands 
for the thermal Gibbs free energy that was computed 
by the software for the reactants and products of the 
desired procedure. And ΔEº is heeded as a symbol for 
the total energy changes of the system [9, 17]. 

(3)

The obtained ΔGf values are reported in Table 2. As 
it is obvious from the Table the adsorption of mel-
phalan at both configurations are spontaneous due to 
the remarkable negative calculated Gibbs free energy 
changes. Moreover, the values of Gibbs free energy 
changes for II-Isomer are more negatives than I-Iso-
mer. So, the synthesis process of II-Isomer is more 
spontaneous and experimentally feasible than the oth-
er product [18].

ad th (Melphalan SWCNT) th (Melphalan) th (SWCNT)H E (H (T H ))−∆ = ∆ °+ − +

ad th (Melphalan SWCNT) th (Melphalan) th (SWCNT)G E (G (G G ))−∆ = ∆ °+ − +

ΔH (kJ/mol)

Temperature (K) I-Isomer II-Isomer

278.15 -2437.7186 -2603.6216
281.15 -2437.7473 -2603.6543
284.15 -2437.7771 -2603.6881
287.15 -2437.8048 -2603.7218
290.15 -2437.8325 -2603.7565
293.15 -2437.8612 -2603.7922
296.15 -2437.8910 -2603.8280
299.15 -2437.9197 -2603.8637
302.15 -2437.9514 -2603.8984
305.15 -2437.9831 -2603.9331

Table 1.  The values of enthalpy changes for the adsorption 
of melphalan on the surface of SWCNT in the temperature 
range of 278.15-305.15 K.

ΔG (kJ/mol)

Temperature (K) I-Isomer II-Isomer

278.15 -3091.9094 -3256.6494
281.15 -3084.4452 -3249.1182
284.15 -3084.2140 -3248.8930
287.15 -3083.9819 -3248.6689
290.15 -3083.7529 -3248.4469
293.15 -3083.5219 -3248.2229
296.15 -3083.2909 -3247.9989
299.15 -3083.0600 -3247.7760
302.15 -3082.8321 -3247.5531
305.15 -3082.6053 -3247.3303

Table 2. The values of Gibbs free energy changes for the 
adsorption of melphalan on the surface of SWCNT in the 
temperature range of 278.15-395.15 K.
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Frontier molecular orbital and Structural analysis
Some of the chemical and structural traits of tetryl and 
its derivatives with graphene including the energy of 
HOMO and LUMO orbitals (EH and EL),  the energy 
discrepancy between HOMO and LUMO molecular 
orbitals (HLG) [15, 19, 20], the electrophilicity in-
dex (ω), maximum transferred charge index (ΔNmax), 
chemical potential (µ), zero-point energy, density, 
chemical hardness (h), dipole moment, volume and 
weight were calculated and reported in Table 3. In 
chemistry, HOMO is the highest occupied molecular 
orbital and LUMO is the lowest unoccupied molecu-
lar orbital and the energy difference between them is 
described as energy gap which is usually represented 
by HLG symbol. It should be mentioned that this vari-
able was calculated by using equation 4. The provided 
data in Table 3 demonstrate that the energy gap has de-
creased after the adsorption of melphalan on the SW-
CNT. And this decreasing is more sharply in the case 
of I-Isomer. Energy gap has a direct relationship with 
conductivity so that the compounds with low HLG 
are more conductive than compounds with high HLG 
values because a high amount of HLG implies that 
the substance needs more energy for transferring the 
electron to the excited state. Hence, it can be deduced 
that the conductivity of pure melphalan is lower than 

its derivatives with SWCNT owing to the decrement-
ing trend of HLG [14, 21]. Chemical hardness was 
the next inspected parameter which was calculated by 
equation 5. Chemical hardness shows the softness of 
a compound. In fact, the materials which have a low 
amount of chemical hardness will be more chemically 
smoother and vice versa. In addition, this parameter is 
related to the reactivity of the structure. Due to the fact 
that soft compounds can alter their electron density 
more conveniently in comparison to hard substances, 
Therefore, soft molecules can participate in chemical 
reactions more easily because the electron transmis-
sion which is necessary for the implementation of re-
actions can be done better in this type of compounds. 
As it can be seen, chemical hardness has decrement-
ed after the adsorption of melphalan on the surface 
of SWCNT. So, melphalan-SWCNT derivatives are 
more chemically softer and more reactive than pure 
melphalan. The amount of chemical potential which is 
essential for obtaining electrophilicity and maximum 
transferred charge capacity was also calculated by 
equation 6. Chemical potential experienced a tangible 
decline by binding of melphalan to the surface of SW-
CNT [22].

(4)

Synthesis of rice-like CdS nanoparticles through ...

Chemical properties Melphalan I-Isomer II-Isomer

Energy (au) -1160.6635 -2557.3182 -2557.3872
E HOMO (eV) -6.47 -4.4 -6.67
E LUMO (eV) 7 2.97 1.72
Dipole Moment (Debye) 5.97 14.93 13.25
Weight (amu) 307.221 559.024 593.469
Volume (Å3) 281.61 542.51 558.17

Area (Å2) 305.99 513.92 538.31
H° (kJ/ mol) -1660.3 -2102.8 -2556.86
G° (kJ/ mol) -1660.3 -2102.8 -2556.93
Gap Energy (eV) 13.47 7.37 8.39
Hardness (a.u.) 6.735 3.685 4.195

Chemical Potential (a.u.) -0.265 -1.73 -2.475

Electrophilicity (a.u.) 0.0052 0.3464 0.7301
ΔNmax (a.u.) -0.0393 0.4004 0.5899
ZPE (kj.mol) 1028.98 1338.6 1323.48

Table 3. The values of Calculated EH and EL, HLG, chemical hardness (h), electrophilic-
ity index (ω), the chemical potential (µ), the maximum amount of electronic charge index 
(ΔNmax), volume, weight, density, zero point energy and dipole moment

LUMO HOMOHLG E E= −
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(5)

(6)

(7)

(8)

The electrophilicity index is an admissible criterion 
for checking out the tendency of a compound for ab-
sorbing the electron. This parameter was calculated by 
equation 7. When two molecules react with each oth-
er, one of them plays the role of a nucleophile whilst 
the other one acts as an electrophile. A material with 
high electrophilicity value will be more eager to ab-
sorb electron to it. The maximum transmitted charge 
capacity (ΔNmax) can be calculated by equation 8. A 
compound with a positive amount of ΔNmax will act 
as an electron acceptor and a material with a negative 
amount of ΔNmax will behave as an electron donor. As 
it can be witnessed, the amount of the both mentioned 
parameters have increased in melphalan-SWCNT de-
rived products which substantiates that pure melpha-
lan has a lower propensity towards electron in com-
parison to its derivatives with SWCNT. 

The next evaluated parameter is dipole moment 
which has an obvious relationship with the solubility 
of the studied compound in polar solvents like water. 
At it can be seen, the dipole moment of I-Isomer is 
higher than the dipole moment of pure melphalan and 
II-Isomer. Therefore, I-Isomer has better solubility in 
polar solvents whereas the solubility of pure melpha-
lan is relatively poor in comparison to I-Isomer [23].

CONCLUSION

In this research, melphalan interaction with SWCNT 
was investigated by DFT studies. The calculated 
Gibbs free energy changes and adsorption enthalpy 
variations confirmed the nanostructure has an exother-
mic and spontaneous interaction with melphalan. The 
values of bandgap, chemical potential, chemical hard-
ness and dipole moments showed melphalan-SWCNT 
derivatives are more reactive and biocompatible in 
comparison to the pure drug molecule without nano-

structure. The theoretical results showed SWCNT can 
be a potential nanocarrier for the delivery of melpha-
lan. 
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