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1. Introduction 

      Procarbazine (PC) which its optimized structure is 

given in the Figure 1, is a cytotoxic chemotherapeutic 

medicine that is prescribed orally for the treatment of 

lymphomas and brain tumors. PC was approved for the 

first time in 1969 and it is on the WHO list of essential 

medicines [1-5]. PC has high toxicity and severe adverse 

effects like bloody vomit, fever, unusual bleeding or 

bruising, hallucinations, fainting, nervousness, 

depression, lethargy and liver malfunction. In this regard, 

finding a new nanocarrier and detection method for PC is 

very important [6-8]. On the other hand, single-walled 

carbon nanotube (SWCN) is an allotrope of carbon. This 

nanostructure consists of a cylindrical graphene sheet 

with a length of about a few microns and a diameter of 

0.4 to 2 nanometers (Figure 1). SWCN has unique 

features, including high surface-to-volume ratio, high 

thermal conductivity, medium electrical conductivity and 

high tensile strength [9-13]. And these outstanding 

properties have led to the application of this nanomaterial 

in various fields such as biosensors and sensors, removal 

of environmental contaminants, drug delivery, super-

capacitors and the development of new extraction 

methods [14-17]. In this regard, it was decided to 

investigate the performance of SWCN as a novel 

nanocarrier and sensor for drug delivery and 

determination of PC for the first time by IR, NBO and 

FMO computations. 

 
Figure 1. Optimized structures of PC and SWCN 
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In this research, the performance of single-walled carbon nanotube (SWCN) as a 

sensor and nanocarrier for procarbazine (PC) was investigated by infra-red (IR), 

natural bond orbital (NBO), frontier molecular orbital (FMO) computations. All of 

the computations were done using the density functional theory method in the 

B3LYP/6-31G (d) level of theory The calculated negative values of adsorption 

energy, enthalpy changes, Gibbs free energy changes showed the PC interaction 

with SWCN is exothermic, spontaneous and experimentally possible. The increasing 

of specific heat capacity (CV) of SWCN after adsorption of PC showed the thermal 

conductivity improved during the interaction process and this nanostructure is an 

excellent sensing material for the detection of PC. The NBO results demonstrate in 

all of the evaluated conformers a chemical bond with SP3 hybridization is formed 

between the medicine and SWCN. The great values of thermodynamic constants 

showed the adsorption process is irreversible and SWCN is not a suitable 

nanocarrier for delivery of PC. The density of states (DOS) spectrums showed the 

bandgap of SWCN decreased sharply after the adsorption of PC and this 

nanomaterial can be used as a sensor for electrochemical detection of PC. 
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2. Structural and NBO Analysis 

The initial and optimized structures of PC-SWCN 

complexes are provided in Figure 2. As it is clear, the PC 

interaction with the nanostructure was investigated at two 

different modes. In A-Conformer, the PC molecule was 

inserted in a parallel form on the surface of carbon 

nanotube but in B-conformer, the PC approaches the 

adsorbent surface towards its methyl group. After the 

geometrical optimizations were performed on the 

structures the structures of PC and SWCN deformed on 

some interacting sites which can be due to the formation 

of some chemical bonds between them. In this respect, 

for obtaining more information about the adsorption 

mechanism the adsorption energy values of both 

conformers were calculated and NBO computations were 

also done on them and the results are tabulated in Table 

1. As can be seen, the adsorption energy values of A and 

B conformers are -291.909 and -310.288 kJ/mol 

respectively, indicating the adsorption process is 

experimentally possible and B-Conformer is more 

energetically stable than A-Conformer [18-120]. 

The NBO results showed in both configurations a 

covalent (two electrons containing) bond with SP3 

hybridization and bond order of 1 is created between the 

PC and SWCN. Therefore, PC interaction with the 

nanotube is chemisorption. Hence, it can be concluded 

that SWCN cannot be a suitable nanocarrier for drug 

delivery of PC. The dipole moment of the studied 

structures was also calculated. As can be seen from Table 

1, the PC-SWCN complexes have higher dipole moment 

values than pure PC which implies the solubility and 

bioavailability of PC improved after its adsorption on the 

surface of SWCN.  It should be noted that according to 

the performed IR computations no negative vibrational 

frequency was observed for the studied structures which 

indicate all of the investigated structures are a true local 

minimum [21-24].  

 

Figure 2. The initial and optimized structures of PC-SWCN 

complexes 

Table 1. The calculated structural and NBO parameters of 

PC, SWCN and their complexes 

 

 3. Thermodynamic parameters 
The calculated adsorption enthalpy changes (ΔHad) and 

specific heat capacity (CV) are reported in Table 2. As 

the provided data in Table 2 reveal clearly, the PC 

interaction with the nanotube is exothermic because of 

the obtained highly negative ΔHad values. Besides, the 

CV of the nanostructure and the PC increases sharply 

when PC adsorbs on the surface of SWCN which 

indicates the thermal conductivity enhances remarkably 

in the adsorption process. Therefore, it can be concluded 

that SWCN is an appropriate sensing material for the 

construction of a thermal sensor for the detection of PC. 

In thermal sensors, the analyte should have a highly 

exothermic or endothermic interaction with the 

immobilized recognition element on the sensor surface 

(here SWCN) then the carried out variation in the 

temperature of the sensor microenvironment will be 

measured by a sensitive thermistor and it will be used as 

a signal for detection of the analyte [25]. 

Table 2. The calculated values of adsorption enthalpy changes 

and specific heat capacity in temperature range of 298-398 K. 

 

The calculated values of Gibbs free energy variations 

(ΔGad) and thermodynamic equilibrium constants (Kth) 

are presented in Table 3. As it is obvious, the PC 

adsorption process is spontaneous and irreversible 

because of the highly negative values of ΔGad and great 

values of Kth. The effect of temperature on both 

parameters was also investigated. As the results showed 

clearly by increasing temperature the ΔGad and Kth 

experience a tangible increase and decrease which 

indicates the adsorption process is more favorable in 

lower temperatures [26-28]. 

PC SWCN A-Conformer B-Conformer 
--- --- N3-C C10-C 

Dipole moment(Deby) 3.48 0 7.88 9.91 
The lowest frequency (cm-1) 33.464 89.411 23.246 37.891 
Adsorption energy (kJ/mol) --- --- -291.909 -310.288 
Total electronic energy (a.u) -1123.631 -1353.143 -2476.924 -2476.931 
Bond energy (a.u.) --- --- -0.382 -0.41 
Hybridization --- --- Sp2.98 Sp3.01 
Occupancy --- --- 1.98 1.96 
Bond order --- --- 1 1 
Bond length (Å) --- --- 1.72 1.61 
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Table 3. The calculated values of Gibbs free energy changes 

and thermodynamic equilibrium constants in the temperature 

range of 298-398 K. 

 

 4. FMO Analysis 
The electrical conductance of a compound has an inverse 

relationship with its bandgap (Eg) which is defined as the 

energy difference between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO). In order to evaluate the 

performance of SWCN as an electrochemical sensing 

material for detection of PC, the DOS spectrum of each 

structure was computed and the obtained results is 

presented in Figure 3. As can be observed, the bandgap 

of the nanostructure is 6.896 eV but when PC adsorbs on 

its surface the Eg decreased to 5.218 and 6.304 eV in A 

and B conformers respectively. This phenomenon 

indicates the electrical conductivity of SWCN improved 

significantly in the PC adsorption process. Hence, it can 

be deduced that this nanomaterial is an excellent 

electroactive sensing material for the development of new 

electrochemical sensors for the determination of PC [29]. 

Other important frontier molecular orbital parameters 

like chemical hardness (η), chemical potential (µ), 

electrophilicity (ω) and maximum charge capacity 

(ΔNmax) were also calculated and the results are given in 

Table 4. The chemical hardness and chemical potential 

have an obvious relationship with the reactivity of a 

material. Indeed, the molecules with lower amounts of η 

and higher values of µ are more reactive because the 

important electron transmissions that are necessary for 

the implementation of a chemical reaction is done in them 

easier [30-32]. As can be seen, when PC interacts with 

the SWCN, η and µ decline and increase respectively 

which indicates PC-SWCN complexes are more reactive 

than pure PC. ω and ΔNmax are good parameters for 

estimating the affinity of a molecule towards an electron. 

In other words, the compounds with higher values of ω 

and lower amounts of ΔNmax have more tendency to 

absorb electron. As it is clear from Table 4, the 

electrophilicity of PC and maximum transferred charge 

capacity experience a meaningful increase and decrease 

respectively which implies PC complexes with carbon 

nanotube are more electrophile in comparison to pure PC 

without the adsorbent [33, 34]. 

 

Figure 3. The DOS spectrums of PC, SWCN and their 

complexes 

Table 4. The calculated frontier molecular orbital parameters 

for PC, SWCN and their complexes 

 

5. Computational Details 

The structures of SWCN, PC and their complexes at 

two different configurations were designed by Nanotube 

modeler 1.3.0.3 and GuassView 6 softwares [21, 22]. 

After the geometrical optimization of structures, IR, NBO 

and FMO computations were implemented on them using 

the density functional theory method in the B3LYP/6-

31G (d) level of theory [23]. This level of theory was 

selected because in former reports about nanomaterials its 

results bear a lot of resemblance with the experimental 

findings. GuassSum 3.0 software was used for obtaining 

the density of states (DOS) spectrums [24]. All of the 

computations were done in the aqueous phase in the 

temperature range of 298-398 at 10˚ intervals.  

 

  

SWCN PC 

 

 

B-Conformer A-Conformer 

Eg= 13.271 eV Eg= 6.896 eV 

Eg= 6.304 eV 

Eg= 5.218 eV 
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The studied processes were as follows: 

PC + SWCN ⟶ PC-SWCN               (1) 

The values of adsorption energy values (Ead) and 

thermodynamic parameters including adsorption 

enthalpy changes (ΔHad), Gibbs free energy changes 

(ΔGad) thermodynamic equilibrium constants (Kth) and 

entropy changes (ΔSad) were calculated by Equations 2-5 

respectively.   

 

𝐸𝑎𝑑 = (𝐸(PC-SWCN) − (𝐸(PC) + 𝐸(𝑆𝑊𝐶𝑁) + 𝐸(𝐵𝑆𝑆𝐸)))  (2) 

𝛥𝐻𝑎𝑑 = (𝐻(PC-SWCN) − (𝐻(PC) + 𝐻(𝑆𝑊𝐶𝑁))) (3) 

𝛥𝐺𝑎𝑑 = (𝐺(PC-SWCN) − (𝐺(PC) + 𝐺(𝑆𝑊𝐶𝑁))) (4) 

𝐾𝑡ℎ = exp⁡(−
Δ𝐺𝑎𝑑
𝑅𝑇

) (5) 

 

In the referred equations, E is the total electronic 

energy of each structure, EBSSE denotes the basis set 

superposition correction, H stands for the enthalpy of the 

evaluated materials. The G denotes Gibbs free energy of 

the studied structures. R is the ideal gas constants and T 

denotes the temperature [18, 19]. 

Frontier molecular orbital parameters including bandgap 

(Eg), chemical hardness (η), chemical potential (µ), 

electrophilicity (ω) and the maximum charge capacity 

(ΔNmax) were calculated by equations 6-10 [10].  

 

Eg = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂 (6) 

η =
(𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂)

2
⁄  

(7) 

μ =
(𝐸𝐿𝑈𝑀𝑂 + 𝐸𝐻𝑂𝑀𝑂)

2
⁄  

(8) 

ω =
𝜇2

2𝜂⁄  
(9) 

Δ𝑁𝑚𝑎𝑥 = −
𝜇
𝜂⁄  (10) 

 

ELUMO and EHOMO in equations 6 to 11 are the energy 

of the lowest unoccupied molecular orbital and the 

energy of the highest occupied molecular orbital 

respectively [14].  

 

6. Conclusion 

Developing a new effective nanocarrier and sensor for 

delivery and detection of PC is of great importance. On 

the other hand, SWCN has special properties that make it 

a suitable nanocarrier and sensor for various 

pharmaceutical compounds. İn this respect, the 

performance of SWCN as nanocarrier and a 

thermal/electrochemical sensor for detection of 

procarbazine was evaluated in this research by DFT 

calculations. Owing to the fact that the NBO results and 

thermodynamic constants showed the PC interaction with 

SWCN is chemisorption and irreversible. Hence, SWCN 

is not an appropriate nanocarrier for drug delivery of PC. 

But the values of specific heat capacity and bandgap 

showed the electrical and thermal conductivity of SWCN 

is a suitable sensing material for the construction of new 

thermal and electrochemical sensors for the detection of 

PC.  
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