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ABSTRACT  ARTICLE INFO 

Carmustine and lomustine nitrosoureas disintegrate to produce reactive intermediates 
that serve as classic alkylating agents in the body. Carmustine is given intravenously, 
while lomustine is administered orally. They both act as anti-cancer drugs; both could 
be used to treat brain tumors. To know the correct synthesis and reactivity of the 
molecules, structural analysis is very important. This research indicates the 
characterization of carmustine and lomustine drugs by quantum chemical 
measurements. The aforementioned compounds were optimized, and the bandgap 
energies were calculated using DFT and HF methods at various basis sets. For all 
calculations, the B3LYP/6-311++G level has been chosen. For the two molecules, 
some parameters such as bond length, bond angle, and dihedral angle were 
calculated. Also, HOMO – LUMO energies were calculated to predict the more 
reactive molecule; the calculations included ionization potential, electron affinity, 
electronegativity, dipole moment properties, chemical hardness, and chemical 
softness. Moreover, electrostatic molecular potentials and Mulliken atomic charges 
were also described. All calculation results showed that lomustine is more reactive 
compared to carmustine 
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Introduction 

Both carmustine and lomustine nitrosoureas decompose in 
the body to produce reactive intermediates that act as classic 
alkylating agents [1], therefore they cause strand breaks and 
cross-links in DNA. Additionally, they produce isocyanates, 
which inhibits DNA repair and the synthesis of RNA [2]. 
Carmustine is intravenously administered, while lomustine is 
prescribed orally. They are metabolized quickly and excreted 
gradually in the urine [3]. Since nitrosoureas are 
distinguished by their lipophilicity and ability to cross the 
boundary between blood and brain, so these properties are 
important in brain tumor [4], they are widely used in 
medicinal chemistry [5-7]. DNA-targeting anticancer drugs 
have been used in the clinic for over 60 years [8, 9]. Despite 
recent significant advances in cancer science, the process by 
which the most clinically important anticancer drugs destroy 
cells consists of replication interference, which can most 
easily be accomplished through alkylation with DNA [10]. 

Alkylating agents can be defined as compounds that are able 
to attach an alkyl group covalently to a biomolecule under 
physiological conditions (aqueous solution: 37 °C, pH: 7.4). 
In any phase of the cell cycle, DNA alkylating agents 
interact with resting and proliferating cells, however, they 
are more cytotoxic during the late G1 and S phases as there 
is not enough time to repair the damage before DNA 
synthesis. Covalent bonds can usually occur from attacks of 
either nucleophilic or electrophilic species to DNA, and in 
reality, certain nucleophiles (e.g., hydrazine, hydroxylamine, 
and bisulfite) have been known to attack DNA bases under 
physiological conditions. However, all of these bases 
nitrogen and oxygen atoms are nucleophiles, except for the 
nitrogen atoms that are involved in the nucleoside bond (N9 
or N1 in purines or pyrimidines) [11]. Therapeutically useful 
drugs often behave as carbon electrophiles [10]. 

Two related but independent interactions regulate the 
attraction between nucleophiles and electrophiles, i.e., the 
electrostatic attraction between positive and negative charge 
(electrostatic control); and orbital overlap between the 
nucleophile HOMO and the electrophile LUMO (orbital 
control). These two forms of reactivity are respectively 
called "hard" and "soft". Consequently, the highly 
electronegative oxygen atoms react under electrostatic 
control and are considered to be "hard" nucleophiles, and 
hence, they react with "hard" electrophiles that are their 
cationic character. Nitrogen atoms in DNA bases are softer 
nucleophilic than oxygen atoms, therefore, many 
therapeutically useful alkylating agents are relatively "soft" 
electrophiles [12].  

Density Functional Theory (DFT) is one of the theoretical 
methods used for simulating the synthesized compounds [13-

17] . The DFT method is a significant area of interest 
because it has a  perfect analytical capacity for the structural, 
spectral, and electronic properties of many molecules and 
has a high agreement with the experimental data [15, 18-20]. 
B3LYP method is one of the DFT functions that showed an 
important precision in predicting the electronic, energetic, 
and spectral properties of various molecules; therefore, it's 
called the brain of quantum chemistry [21-24] .  

 In the present work, each of the energy bandgaps, 
molecular geometry, frontier molecular orbitals, MEP, and 
Mulliken atomic charge are scrutinized using DFT/B3LYP 
method at 6-311++G(d, p) basis set for both molecules. 

Computational Details 

The whole series of quantum calculations are performed 
using the Gaussian 09W program package. Density 
Functional Theory (DFT) and Hartree-Fock (HF) methods 
with B3LYP levels were used through the 6-311++G(d, p) 
basis set [25, 26]. Firstly, the molecules have been optimized 
at various basis sets (3-21G, 6-31G, 6-31+G, 6-31++G, 6-
311G, 6-311+G, 6-311++G), then the energy bandgaps at 
mentioned basis sets were determined and listed in Table 1. 
The B3LYP/6-311++G level was chosen for the entire 
calculations. The molecular geometry was also determined 
for the drugs. Table 2 presents the comparatively optimized 
structural parameters, such as bond length, bond angle, and 
dihedral angle. 

The electronic properties, HOMO–LUMO energies, were 
computed to estimate the more reactive molecule [27-29]. 
Additionally, some important parameters, including 
ionization potential, electron affinity, electronegativity, the 
dipole moment properties, chemical hardness, and chemical 
softness were calculated; furthermore, molecular 
electrostatic potentials and Mulliken atomic charges have 
been also presented.  

Result and Discussion 

Energy Band Gaps 

The first step of the theoretical work was to find the 
optimized molecular structure using the Gaussian 09 
software [30, 31]. Table 1 lists the energy band gaps related 
to basis sets (3-21G, 6-31G, 6-31+G, 6-31++G, 6-311G, 6-
311+G, 6-311++G). The energy bandgaps for the HF method 
have higher values compared to the DFT. The basis set of 6-
311++G(d, p) has been chosen for DFT method because they 
give a minimum energy band gap compared to the other 
known methods and sets, therefore they are more reliable 
and provide better results.  
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Table 1. The energy band gaps of various basis set using HF and DFT methods for carmustine and lomustine molecules 

Basis sets 
 

Carmustine Lomustine 

HF method 
Energy band gaps 
(eV) 

DFT method 
Energy band gaps 
(eV) 

HF method 
Energy band gaps 
(eV) 

DFT method 
Energy band gaps 
(eV) 

3-21G 13.51382 4.60284 12.64740 4.45481 
6-31G 13.42783 4.61889 12.66536 4.44936 
6-31G+ 13.13748 4.58760 12.39515 4.43576 
6-31G++ 12.40957 4.58569 11.79704 4.43077 
6-311G 13.41423 4.61944 12.64169 4.45154 
6-311G+ 13.03598 4.58787 12.36046 4.43657 
6-311G++ 12.38046 4.58542 11.77064 4.42977 

Molecular Geometry 

The optimized molecular structure of carmustine and 
lomustine is shown in Figures 1b and 2b, respectively. The 
atoms in both molecules have been labeled. The parameters 
for the geometry-optimized structures, including bond 
lengths, bond angles, and dihedral angles, for both molecules 
are listed in Table 2.  
Fun et al. recorded the bond length of C-C as 1.500 Å [32]. 
For carmustine molecule, we found that the bond length of 
C10-C9 and C3-C2 are 1.518 and 1.524 Å, respectively, 
whereas for the lomustine compound, the C-C bond length in 
the cycle is between 1.540 Å -1.543 Å. Meanwhile, the bond 
length of C16-C17 out of the cycle was recorded as 1.514 Å 
for the lomustine molecule. Also, C═O is another bond that 
appears in both compounds’ structure. This type of bond 
usually seems to have a bond length of 1.209 Å [33]. We 
found that the bond length of C6═O12 for carmustine is 1.243 
Å, while the bond length of C13═O14 in lomustine is 1.246 Å.  
The actual bond length of C-N and C═N was recorded to be 
1.468 Å and 1.380 Å, respectively [34]. From DFT 
calculations using B3LYP/6-311++G, the bond length for C-

N in the carmustine compound was estimated from 1.439 to 
1.477 Å, and the bond length of C6 ═N7 was 1.354. In 
lomustine, the single bonded C-N has bond lengths between 
1.472 and 1.483 Å; and the double bonded C═N has 1.345 
Å.  
Allen et al. obtained the bond length of C-Cl as 1.849 Å 
[35]. In the current study, the bond lengths of C10-C111 and 
C2-Cl1 are 1.890 and 1.887 Å, respectively for carmustine 
molecule; the length of the bond C17-C120 in lomustine is 
1.892 Å. It has also reported that the bond lengths of N-N 
and N═O are 1.370 Å [35] and 1.210 Å [36], respectively. 
As indicated in Table 1, in carmustine the bond length 
between N4 and N5 is 1.363 Å, and in lomustine, the N15-N18 
has bond length of 1.357 Å. The result revealed that N5═O8 
bond length is 1.255 Å in carmustine compound meanwhile 
for lomustine, the length of N18═O19 bond is 1.267 Å.  
Fig. 1 and Fig. 2. show the geometrical structure of both 
molecules. This is the reason why the bond angle and 
dihedral angle of carmustine and lomustine molecules are 
different. Table 2 displays the values for the calculated 
geometrical parameters. 
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Fig. 1 (a) Molecular structure of carmustine molecule. (b) The theoretical geometric structure of the title compound (with 
B3LYP/6-311++G(d,p) level). (c) Molecule tube layer shape of optimized carmustine compound for the B3LYP/6-311++G(d,p) 
level 
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Fig. 2. (a) Molecular structure of lomustine molecule. (b) The theoretical geometric structure of the title compound (with 
B3LYP/6-311++G(d,p) level). (c) Molecule tube layer shape of optimized lomustine compound for the B3LYP/6-311++G(d,p) 
level 

Frontier Molecular Orbitals 

The concept of the molecular orbital characteristic is the 
relationship between highest occupied molecular (HOMO) 
orbital and unoccupied molecular orbital (LUMO) with 
HOMO-1 and LUMO+1 [37, 38]. The frontier molecular 
orbital theory plays an essential role in quantum chemistry 
[20]. It can be used for clarifying the interactions, i.e., it 
helps to identify molecular attributes that is associated with 
the discrepancy between the HOMO and LUMO [39]. The 
LUMO energy is related to electrons affinity and identifies 
the sensitivity of a molecule to a nucleophilic attack. On the 
other hand, the HOMO energy is related to the ionization 

potential and determines the sensitivity of a molecule to an 
electrophilic attack [40]. The chemical activity of the 
compound is commonly argued by the energy differences 
between HOMO and LUMO, and the potential 
differences between them. The energy bandgap significantly 
related to the reactivity of a molecule. Fig. 3 illustrates the 
configuration and energy levels of carmustine and lomustine 
orbitals, including HOMO-1, HOMO, LUMO, and 
LUMO+1, which were determined by B3LYP/6-311++G. 
The result shows that carmustine has a higher energy level 
between HOMO and LUMO compared to lomustine, which 
means lomustine is more reactive than carmustine due to the 
lower energy levels. 
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Table 2: The parameters of molecular structure for carmustine and lomustine by the B3LYP/6-311++G(d,p) basis set 

 
 
Moreover, some molecular parameters can be determined according to HOMO and LUMO. The minimum amount of energy needs 
to remove an electron from the atom or molecule in a gaseous state is known as the ionization potential (I), which is defined as: 
 
 
𝐼𝐼 = −𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻                   (1) 
 
While, the amount of energy is expelled from a molecule in gaseous state by capture an electron to the molecule; this process is 
called electron affinity (𝐴𝐴):  
 
𝐴𝐴 = −𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿                   (2) 
 
Additionally, electronegativity (𝑋𝑋) represents an atom's ability to attract electrons. Chemical hardness (ղ) is a form of weight 
transfer prevention in molecules. In another word, the higher the chemical hardness values of the molecules the lower or 
unchanged the weight transfer [41, 42]. Also, the chemical softness inversely related to the molecular hardness [43-46].  The 
electronegativity, molecular hardness and softness, respectively, can be found as: 

 

Carmustine Lomustine 
Atoms Bond Length ( Å ) Atoms Bond Length ( Å ) 
Cl(1)-C(2) 1.887827 C(2)-C(1) 1.540332 
C(2)-C(3) 1.524625 C(3)-C(2) 1.541426 
C(3)-N(4) 1.477168 C(4)-C(3) 1.543191 
N(4)-N(5) 1.363894 C(5)-C(4) 1.542819 
N(4)-C(6) 1.439865 C(6)-C(4) 1.542104 
C(6)-N(7) 1.354818 C(6)-C(1) 1.540375 
N(5)-O(8) 1.255318 N(12)-C(4) 1.483569 
N(7)-C(9) 1.459565 C(13)-N(12) 1.34592 
C(9)-C(10) 1.518015 O(14)-C(13) 1.246335 
C(10)-Cl(11) 1.890142 N(15)-C(13) 1.47282 
C(6)-O(12) 1.24353 C(16)-N(15) 1.480265 
  C(17)-C(16) 1.514624 
  N(18)-N(15) 1.357429 
  O(19)-N(18) 1.26748 
  Cl(20)-C(17) 1.892018 
    
Atoms Bond Angles (0) Atoms Bond Angles (0) 
Cl(1)-C(2)-C(3) 108.5331 C(1)-C(2)-C(3) 111.618 
C(2)-C(3)-N(4) 110.8548 C(2)-C(3)-C(4) 110.7686 
C(3)-N(4)-N(5) 122.75 C(3)-C(4)-C(5) 111.7081 
C(3)-N(4)-C(6) 120.0493 C(2)-C(1)-C(6) 111.2473 
N(4)-C(6)-N(7) 115.1585 C(3)-C(4)-N(12) 112.3668 
N(4)-N(5)-O(8) 115.7134 C(4)-N(12)-C(13) 123.8034 
C(6)-N(7)-C(9) 121.7497 N(12)-C(13)-O(14) 126.3774 
N(7)-C(9)-C(10) 113.1098 N(12)-C(13)-N(15) 116.0426 
C(9)-C(10)-Cl(11) 111.4735 C(13)-N(15)-C(16) 117.4792 
N(4)-C(6)-O(12) 119.0179 N(15)-C(16)-C(17) 112.9517 
  C(13)-N(15)-N(18) 129.7387 
  N(15)-N(18)-O(19) 117.9452 
  C(16)-C(17)-Cl(20) 111.4534 
    
Atoms Dihedral Angles (0)  Atoms Dihedral Angles (o) 
Cl(1)-C(2)-C(3)-N(4) 178.9694 N(12)-C(13)-N(15)-C(16) -174.407 
C(3)-N(4)-C(6)-N(7) 115.1584 C(13)-N(15)-C(16)-C(17) 120.2897 
N(4)-C(6)-N(7)-C(9) 176.516   
C(6)-N(7)-C(9)-C(10) 113.1097   
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𝑋𝑋 = 𝐼𝐼+𝐴𝐴

2
                   (3) 

 
ղ = 𝐼𝐼−𝐴𝐴

2
                   (4) 

 
𝑆𝑆 = 1

2ղ
                   (5) 

 
Table 3 lists the parameter values of the electronic structure obtained by the B3LYP method. The results demonstrate that the 
lomustine has lower hardness and softer compared to the carmustine.  

Dipole moment happens when charging is split, e.g., it occurs between two ions in an ionic bond, or between atoms in a covalent 
bond. Dipole moments arise from the electronegativity differences. Further differences in electronegativity increase the dipole 
moment [47]. The total dipole moment of carmustine is 5.415 (C.m), which is higher than in lomustine with dipole moment value 
of 1.667 (C.m). This result indicates that carmustine has greater electron negativity than lomustine. The axial dipole moments for 
title compounds are listed in Table 3. 

 



Lana Omer Ahmed et al.  Journal of Physical Chemistry and Functional Materials 
 

90 

 

Fig. 3 Molecular orbital surfaces and energy levels for the HOMO, HOMO-1, LUMO and LUMO+1 analysis by B3LYP/6-311++G; 
a) Carmustine; b) Lomustine 
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Table 3. Electronic parameters for title molecules (carmustine & lomustine) 

At B3LYP/6-311++G basis set Equations Result of 
Carmustine 

Result of 
Lomustine 

E LUMO +1 (eV) E LUMO +1  -0.03377 -0.02273 

E LUMO (eV) E LUMO  -0.11672 -0.10787 

E HOMO (eV) E HOMO  -0.28531 -0.27088 

E HOMO -1 (eV) E HOMO -1  -0.29891 -0.27727 

Δ E = E HOMO - E LUMO (eV) HOMO –  LUMO × 27.2116 4.58542 4.42977 

Δ E = E HOMO-1- E LUMO+1 (eV) HOMO −1– LUMO+1 × 27.2116 7.21488 6.92644 

I (eV) I= - EHOMO 0.28531 0.27088 

A (eV) A= - ELUMO 0.11672 0.10787 

X (eV) X= I+A/2 0.34367 0.32481 

ղ (eV) ղ = I-A/2 0.22695 0.21694 

S (eV) S = 1/2ղ 2.20312 2.30478 

μtotal (C.m)  5.4155 1.6679 

μx (C.m)  -4.6662 -0.7254     

μy (C.m)  2.4007     0.9650     

μz (C.m)  1.3383   1.1508   

 

Molecular Electrostatic Potential 

Electrostatic potential maps display the charging 
distributions of molecules in 3D, which allow observation of 
charging differences in the various areas of a molecule. If the 
distributions of charges are known, the nature of the 
interaction between molecules can be clarified. In addition, 
the analysis and anticipation of a molecule's reactive 
behavior can be effectively carried out depending on the 
molecular electrostatic potential (ESP) map produced by the 
nuclei and electrons of the molecule, which are known as 
charging distributions, in the space surrounding the molecule 
[48-50]. Different colors represent different surface 
electrostatic potentials, with red and blue signify the most 
negative and positive potential, respectively. In accordance 
with the color spectrum, colors are assigned to intermediate 
potentials, such that red < orange < yellow < green < blue. 
The red areas on the map correspond to the molecular areas 
with the maximum electrons abundance; while the blue areas 

correspond to the molecular areas with the lowest total 
electrons [51, 52]. The MEP map's color code ranged from -
0.0659 a,u. (deepest red) to +0.0659 a.u. (deepest blue) for 
carmustine compounds, while the charge distribution for 
lomustine molecule is lower and appeared between -0.04649 
a.u (deepest red) and +0.04649 a.u. (deepest blue). The Blue 
area and red area, respectively, represent the greatest 
attraction and greatest repulsion.  

Fig. 4a and Fig. 4b illustrate the mapping of the carmustine 
potential electrostatic surface, and Fig. 5a and Fig. 5b 
represent the mapping of the lomustine potential electrostatic 
surface. The results show that the oxygen atoms exhibited 
the greatest repulsion. The compound negative areas were 
located primarily over the carbonyl (C = O) groups, as 
indicated in the MEP map, while the maximum positive 
regions were appeared over the CHNCl groups. The MEPs 
of both molecules are very similar. This result also gives 
information about which region is suitable to attach other 
molecules. 
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Fig. 4 a) Molecular electrostatic potential map calculated at B3LYP/6311++G(d,p) level for carmustine. (b) Contour shape of the 
title compound. 

 

Mulliken Atomic Charge 

Mulliken atomic charge calculation plays an important role 
in applying quantum chemical calculation to the molecular 
system because it can be utilized for obtaining the atomic 
charges effect dipole moment, molecular polarizabilities, 
electronic structure, and many other properties of molecular 
systems. The distribution of charges over the atoms suggests 
the formation of donor and acceptor pairs that involve the 
transfer of charges within the molecule [19, 53]. The 
carmustine molecular structure consists of twenty-one 
atoms: five-carbon, nine hydrogens, two chlorides, three 
nitrogens, and two oxygen atoms. Whereas the molecular 
composition of lomustine is composed of thirty-one atoms: 
nine carbons, sixteen hydrogens, one chloride, three 

nitrogens, and two oxygen atoms. Table 4 illustrates the 
Mulliken net charges determined by Gaussian 09 in the gas 
phase by using the DFT method with the 6-311++G(d, p) 
basis set for title compounds. The representation of the 
plotted atomic charges is revealed in Fig. 5 The results 
indicated that H17 has the highest positive atomic 
charge (0.48041 C) and N4 has the lowest positive charge 
(0.038007 C) in the carmustine compound. Meanwhile, the 
maximum positive charge occurred in lomustine at H21 
(0.495916 C) and the minimum positive charge at N12 was 
0.038026 C. In addition, C10 has the largest negative atomic 
charge (-1.020167 C) and O8 has the smallest value atomic 
charge (-0.061736 C) in the carmustine. The maximum 
negative charge is -1.211594 C due to C17 and the minimum 
value is -0.077639 C seemed to O19 in the lomustine 
molecule. 

 

Table 4. Atomic charge distribution for carmustine and lomustine molecules 

Carmustine Lomustine 
Atoms Charges (C) Atoms Charges (C) 
Cl(1) 0.245705 C(1) -0.571865 
C(2) -0.723745 C(2) -0.67436 
C(3) -0.632933 C(3) -0.1537 
N(4) 0.038007 C(4) -0.523925 
N(5) -0.084659 C(5) -0.186298 
C(6) 0.038136 C(6) -0.71686 
N(7) -0.218882 H(7) 0.268355 
O(8) -0.061736 H(8) 0.241933 
C(9) -0.272086 H(9) 0.318815 
C(10) -1.020167 H(10) 0.316402 
Cl(11) 0.228256 H(11) 0.24314 
O(12) -0.338915 N(12) 0.038026 
H(13) 0.310963 C(13) -0.208497 

a)  b)  

-0.0659 

 
+0.0659 
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H(14) 0.27553 O(14) -0.289864 
H(15) 0.285225 N(15) 0.214589 
H(16) 0.292455 C(16) -0.318746 
H(17) 0.48041 C(17) -1.211594 
H(18) 0.324231 N(18) -0.236056 
H(19) 0.255278 O(19) -0.077639 
H(20) 0.291757 Cl(20) 0.226689 
H(21) 0.28717 H(21) 0.495916 
  H(22) 0.325239 
  H(23) 0.293949 
  H(24) 0.338903 
  H(25) 0.301134 
  H(26) 0.258118 
  H(27) 0.271717 
  H(28) 0.23759 
  H(29) 0.270122 
  H(30) 0.255325 
  H(31) 0.253442 

 

 

Fig. 5. The Mulliken atomic charge plot at B3LYP/6-311++G level; a) Carmustine; b) Lomustine 

Conclusion 

The molecular geometry was optimized to determine the 
energy bandgaps using Gaussian 09 software. The energy 
bandgaps for the HF method were higher than the DFT. The 
6-311++G(d, p) basis set was chosen for the DFT method 
because the results are more accurate. The parameters, 
including bond length, bond angle, and dihedral angle were 
calculated for both molecules. The resulting illustration 
culminated in a clear agreement with previous literature. 
Both molecules have a various geometrical structure, so the 

bond angle and dihedral angle of the molecules were 
different. The energy bandgaps between HOMO-1, HOMO, 
LUMO, and LUMO+1 have been determined to indicate the 
molecule's reactivity and the structure properties. Carmustine 
molecule has higher energy levels. Lomustine is less hard 
and softer than carmustine, thus, lomustine is more reactive 
than carmustine due to lower energy levels and more 
softness. The electrostatic potential of both title compounds 
shows that negative regions are correlated with carbonyl 
groups and that maximum positive regions are identified in 
the CHNCl groups. The distribution of Mulliken charges was 

a) b) 
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examined to look at the higher areas of electron density as 
possible interaction sites, such as oxygen. 
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