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Abstract
The intermolecular interactions between the insensitive explosives 3-nitro-1,2,4-triazol-5-one (NTO) and 2,6-diamino-
3,5-dinitropyrazine-1-oxide (LLM-105) in the TNT-based melt cast explosive were theoretically investigated with the den-
sity functional theory method (DFT). The structures of NTO/LLM-105 complexes were optimized. Five stable structures 
were optimized using molten 2,4,6-trinitrotoluene (TNT) as an implicit solvent for correction. The types and distribution of 
intermolecular interactions were analyzed using reduced density gradient (RDG) analysis, and the hydrogen bond strengths 
were studied by core-valence bifurcation (CVB). The results are shown that the intermolecular interactions between NTO and 
LLM-105 were dominated by N–H…O type hydrogen bonds, and the strongest hydrogen bonds were between the hydrogen 
atom (H6) in the molecular of NTO and the oxygen atom (O13) in the molecule of LLM-105. The intermolecular hydrogen 
bond strength is ranked as Structure I > Structure II > Structure IV > Structure III > Structure V, which determines the stability 
of the structure. It is obvious that Structure I is the stablest. The results contribute to the investigation of the performance 
for melt cast explosives as well as provide guidance for explosive formulation design.

Keywords Intermolecular interactions · NTO · LLM-105 · Hydrogen bonding

Introduction

The key driving force in modern energetic materials research 
is the development of high energy, low sensitivity materials 
for future applications in insensitive munitions (IMs). Melt 
cast explosives have played a significant role in IMs due 
to the simplicity of forming the charges (Ravi et al. 2011). 
Conventional melt cast explosives are formed by casting 
2,4,6-trinitrotoluene (TNT) or its mixtures with 1,3,5-trini-
tro-1,3,5-triazine (RDX) or 1,3,5,7-tetranitro-1,3,5,7-tetra-
zocine (HMX) (Badgujar and Talawar 2018; Li et al. 2019). 

With the increasing demand for melt cast explosives, the 
replacement for RDX and HMX in TNT melt cast explo-
sive has attracted much attention from both experimentalists 
and theoreticians (Badgujar and Talawar 2017, 2018; Mishra 
et al. 2017; Sarangapani et al. 2015).

3-Nitro-1,2,4-triazol-5-one (NTO) is a high energy, insensi-
tive energetic material with a crystal density of 1.93 g/cm3. Its 
theoretical explosive velocity is 8670 m/s, which is comparable 
to RDX (Lee et al. 1987; Smith and Cliff 1999; Powala et al. 
2006; Hang et al. 2018). However, the impact sensitivities of 
NTO are significantly superior to those of HMX and RDX (Liu 
et al. 2019). Therefore, NTO may serve as a series of promising 
alternatives to RDX and HMX (Vijayalakshmi et al. 2015). A 
series of NTO-based melt cast explosives had been reported 
(Trzcinski et al. 2016; Trzcinski 2020). Though it has high deto-
nation performance and excellent safety, NTO exhibits a high 
level of acidity (pKa = 3.76) which has substantially limited 
its application (Wu et al. 2015). NTO also has a high viscos-
ity during processing due to its needle-like crystal structure. 
2,6-Diamino-3,5-dinitropyrazine-l-oxide (LLM-105) is studied 
as a highly promising alternative due to its remarkable thermal 
stability and insensitivity to spark, friction, and shock (Li et al. 
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2016; Wang et al. 2018; Jun et al. 2021). The sensitivities and 
performance parameters of RDX, HMX, NTO and LLM-105 
are presented in Table 1 (Klapötke 2021; Badgujar et al. 2008; 
Peterson et al. 2007). The advantage of LLM-105 compared 
to other insensitive explosives is its superior thermal stabil-
ity. The thermal decomposition temperature is 354 °C. It is 
150 °C higher than RDX’s. Moreover, it is compatibility with 
TNT, 2,4,6,8,10,12-Hexanitrohexaazaisowurtzitane (CL-20), 
1,1-Diamino-2,2-Dinitroethene (FOX-7), HMX et al. (Li et al. 
2017; Zhang et al. 2020). Therefore, it is suitable to add into 
melt cast explosives. In addition, in the structure of LLM-105, 
the triazole ring shows good planarity, bonding an extra oxygen 
atom (Mason et al. 2019). This particular structure provides 
the opportunities to form hydrogen bonds with NTO, which 
decreases the acidity of the NTO. Therefore, NTO/LLM-105 
complexes are wished to improve the performance of NTO-
based melt cast explosives.

During the last few decades, with the development of 
quantum chemistry (Firme 2021), density functional the-
ory with dispersion correction (DFT-D3) is often used to 
study intermolecular interactions (Alipour and Taravat 
2018; Grimme et al. 2010; Grimme 2011). The degradation 
mechanism of NTO in water was studied in the 6-311 + (g, 
d) basis using the M06-2X functional. The results suggest 
that hydroxide ions accelerate the degradation of NTO in 
water (Wang and Shukla 2021). The crystal structure, elec-
tronic properties, intermolecular interactions and dynamic 
properties of β-NTO crystals were investigated using density 
functional tight binding (DFTB) and DFTB-based molecu-
lar dynamics (DFTB-MD). The introduction of impurities 
enhances O⋯H and O⋯O interactions but decrease N⋯O 
interactions (Ji et al. 2021). NTO dimers were studied at the 

DFT-B3LYP level by the Berny method with 6-311++G** 
basis set. Atomic charges and natural bond orbital analyses 
on the dimers were also performed to probe the origin of the 
interactions (Xiao et al. 2004). Researchers investigate the 
type, strength and distribution of intermolecular interactions 
by calculating binding energies, non-covalent interaction 
maps, electron cloud density and other analytical methods 
(Zhu et al. 2017; Duarte et al. 2019; Li et al. 2021; Kaur 
and Khanna 2011; Pina et al. 2021; Hammami et al. 2021; 
Gopalakrishnan et al. 2018). However, investigations of the 
interaction mechanism between NTO molecules and LLM-
105 molecules are rare. Therefore, in this work, the DFT-D3 
was used to investigate the interaction between NTO mol-
ecules and LLM-105 molecules in molten TNT, in order to 
provide the helpful for the design and production of higher 
performance melt cast explosives.

Simulation method

All calculations were carried out with the Gaussian 09 pack-
age (Frisch et al. 2009). The initial structures of NTO and 
LLM-105 were extracted from the Cambridge Crystallo-
graphic Data Center (CCDC) database (Bolotina et al. 2003; 
Averkiev et al. 2002). Molecular structures of NTO and LLM-
105 monomer had been optimized at the B3LYP-D3 levels 
with the 6-311++G(d, p) basis sets using the molten TNT as 
an implicit solvent for correction. Then, the Genmer pack-
age (Lu Version1.9.9) was used to generate 50 structures of 
NTO/LLM-105 complex. In addition, the Molclus package 
was used to invoke the quantum chemistry program. Mini-
mum energy structures were selected by geometric optimiza-
tion and energy calculation, respectively, and minima were 
verified as having no imaginary vibrational frequencies. The 
five minimum energy structures of NTO and LLM-105 were 
selected as the subjects for analysis by using molten TNT as 
the implicit solvent for correction. Interaction energy was ana-
lyzed based on these structures. In addition to, atoms in mol-
ecules (AIM) topological analysis of electron density at the 
bond critical point, reduced density gradient (RDG) analysis, 
nitro group charge analysis, electrostatic potential analysis and 
hydrogen bond core-valence bifurcation (CVB) index analysis 
were studied by the Mutiwfn package (Lu and Chen 2012). 
These analytical methods were used to study the type, location 
and strength of weak intermolecular interactions.

The intermolecular interaction energy E(int.) is calculated 
by the basis set superposition error (BSSE), which uses the 
counterpoise correction (CP) to correct. The interaction energy 
of the system is calculated by Eq. (1).

(1)
E(int) = E(NTO∕LLM − 105) − E(NTO)

− E(LLM − 105) + E(BSSE)

Table 1  Performance parameters

a Heat of formation
b Density
c Oxygen balance
d Detonation pressure
e Detonation velocity
f The thermal decomposition temperature
g Impact sensitivity
h Friction sensitivity

NTO LLM-105 RDX HMX

ΔH
f
 a (kJ/mol)  − 96.7  − 12.97 86.3 75

ρb (g/cm3) 1.93 1.913 1.816 1.91
O.B.c (%)  − 24.60  − 37.02  − 21.61  − 21.61
Dd (GPa) 31.2 35 33.92 38.39
VODe (m/s) 8670 8560 8600 9100
T
dec

 f (°C) 258 354 208 276
H

50% g (cm) 93 117 71 65
F.S.h (kg)  > 36  > 36 12 13.8
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where E(NTO/LLM-105) is the total energy of the com-
plexes, E(NTO) is the energy of single molecule of NTO, 
E(LLM-105) is the energy of single molecule of LLM-105, 
and E(BSSE) is the CP correction energy.

Restrained electrostatic potential (RESP) charge, which 
is arguably the most suitable atomic charge of flexible small 
molecules for molecular simulations. It uses the analysis of the 
difference in electron density and the amount of change in nitro 
group charge to explain the effect of intermolecular interac-
tions. The nitro group charge Eq. (2) is

where Q(NO2) is the nitro group charge; Q(N) is the nitrogen 
atom charge; and Q(O1) and Q(O2) are each two oxygen 
atom charges on the nitro group.

Results and discussion

Structures

The stable structures of NTO and LLM-105 monomer 
were optimized at the B3LYP-D3/6-311++G (d, p) basis 

(2)Q(NO
2
) = Q(N) + Q(O1) − Q(O2)

sets as shown in Fig. 1. The major bond lengths are com-
pared with the experimental data. It is found that the error 
between calculated and experimental values is 3.6% for 
the NTO molecule, 0.67% for the LLM-105 molecule 
(Table 2), which are basically consistent with the experi-
mental data and verify the feasibility of the calculated 
structures.

The stable structures of the five minimum energy NTO 
and LLM-105 complexes were optimized with the implicit 
solvent TNT, as shown in Fig. 2. We can find that the 
intermolecular interaction between NTO and LLM-105 
exists mainly between hydrogen and oxygen atoms, and the 
distance between H…O ranges from 1.6826 to 2.0163 Å, 
as shown in Table 3. The sum of the radii of the hydro-
gen and oxygen atoms is 2.75 Å, and it falls within the 
range of atomic distances for hydrogen bonding interac-
tions. Therefore, it is concluded that there are probably 
hydrogen bonds between molecules. From Fig. 3, it can be 
shown that among the five structures, the H(6) in the NTO 
molecular is tend to form a hydrogen bond with the oxygen 
atom in the LLM-105 molecule. But the hydrogen bond 
cannot be observed in Structure IV. This means that H(6) 
in NTO is more active, which facilitates the formation of 
hydrogen bonds between NTO and LLM-105 to decrease 
the acidity of the NTO.

It was found that the hydrogen bonds in the structure I 
and II are formed between H(6) in the NTO molecule and 
O(13) in the LLM-105 molecule. The hydrogen bonds in 
Structure III and V are formed between H(6) and the oxy-
gen atom on the nitro group in the LLM-105. The hydro-
gen bonding distance of H6…O13 is significantly shorter 
than the hydrogen bonding distance of H(6)…O(17) and 
H(6)…O(24), indicating H(6)…O(13) interaction is more 
powerful than H(6)…O(17) and H(6)…O(24). It is also 
shown that the hydrogen bonding interaction of Structure 
I and Structure II is more powerful than that of Structure 
III and Structure V.

In order to compare with the dimer of NTO and the 
dimer of LLM-105, the five minimum energy structures of 

Fig. 1  Molecular structure graph of NTO and LLM-105

Table 2  Main bond length for 
molecules NTO and LLM-105

NTO Exp Cal LLM-105 Exp Cal

N(1)–H(2) 0.862 1.0082 (16.9) N(1)–O(2) 1.308 1.3002 (0.60)
N(5)–H(6) 0.904 1.0086 (11.6) C(3)–N(7) 1.320 1.3274 (0.56)
C(3)–O(7) 1.235 1.2043 (− 2.5) C(12)–N(14) 1.308 1.3274 (1.48)
C(11)–O(10) 1.444 1.4496 (0.4) C(5)–N(18) 1.458 1.4720 (0.96)
N(10)–O(8) 1.231 1.2302 (− 0.1) N(18)–O(6) 1.216 1.2104 (0.46)
N(10)–O(9) 1.222 1.2149 (− 0.6) N(18)–O(10) 1.237 1.2393 (0.18)
N(1)–N(4) 1.370 1.3584 (− 0.8) C(5)–O(4) 1.314 1.3071 (0.52)

C(11)–O(4) 1.315 1.3071 (0.60)
Average deviation /% 3.6 Average deviation /% 0.67
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Fig. 2  Five structures of NTO 
and LLM-105 complex; calcu-
lated at B3LYP-D3/6-311++G 
(d, p) basis sets

Table 3  Hydrogen bonds length NTO/LLM-105 NTO dimer

Structure Interaction Length (Å) Structure Interaction Length (Å)

I H(6)…O(13) 1.6826 VI H(13)…O(3) 1.7884
H(3)…O(19) 1.9715 H(6)…O(14) 1.7648

II H(6)…O(13) 1.7577 VII H(2)…O(14) 1.7960
III H(6)…O(17) 1.9351 H(13)…O(3) 1.7960
IV H(2)…O(13) 1.8061 VIII H(13)…O(3) 1.8649
V H(6)…O(24) 2.0163 IX H(2)…O(19) 1.9655

H(17)…O(3) 1.7676
X H(6)…O(14) 1.7664

H(17)…O(8) 1.9601
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Fig. 3  Structures of NTO dimer 
and LLM-105 dimer at B3LYP-
D3/6-311++G (d, p) basis sets
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NTO (Structure VI, Structure VII, Structure VIII, Structure 
IX, Structure X) and the five minimum energy structures 
of LLM-105 (Structure XI, Structure XII, Structure XIII, 
Structure XIV, Structure XV) were optimized at B3LYP-
D3/6-311++G (d, p) basis sets by the same method (Fig. 3). 
Hydrogen bonds are formed between NTO dimer molecules 
(Table 3). The LLM-105 dimer is arranged in a laminar 
pattern with π-stacking interactions, and hydrogen bond-
ing cannot be observed. It is obvious that the H(6)…O(13) 
hydrogen bond lengths in Structure I are shorter than any 
hydrogen bond lengths between the NTO dimer molecules. 
Therefore, the interaction between NTO and LLM-105 mol-
ecules is stronger than NTO dimer also stronger than LLM-
105 dimer.

Interaction energy analysis

To further investigate the stability of the structures, with the 
implicit solvent TNT, the intermolecular interaction energy 
E(int.) was calculated at the B3LYP-D3/6-311++G (d, p) 
basis set level (Table 4). The intermolecular interaction ener-
gies of NTO /LLM-105 complex were ordered as: Structure I 
(− 69.41 kJ/mol) < Structure II (− 57.95 kJ/mol) < Structure 
IV (− 55.56 kJ/mol) < Structure III (− 54.64 kJ/mol) < Struc-
ture V (− 53.64 kJ/mol). Generally, the interaction energy of 
hydrogen bond is in the range of − 160 ~ − 16 kJ/mol (Steiner 
2010). The lower the energy, the more stable the structure is. 
Therefore, the hydrogen bonds dominate the intermolecular 
interactions in the NTO/LLM-105 complex. By comparing 
the intermolecular interaction energy of the NTO/ LLM-105 
complex with the NTO dimer and the LLM-105 dimer, it 
was found that Structure I has the smallest interaction energy 
and thus the most stable structures. It indicates the existence 
of a more stable structure of NTO/LLM-105 complex than 
that of the dimers.

The interaction energies of NTO/LLM-105 complex 
were also calculated at M062X-D3/6-311++G (d, p) basis 
set level. The two different levels of interaction energy are 
shown in Fig. 4. It can be shown that the interaction energies 
were calculated at M062X-D3/6-311++G (d, p) levels are 
slightly higher than those were calculated at the B3LYP-
D3/6-311++G (d, p) level. However, the same trend was 
observed at both levels. Therefore, the stability ranking 

of the 5 structures is: Structure I > Structure II > Structure 
IV > Structure III > Structure V. It is obvious that Structure 
I is the stablest.

Electron density topology analysis

The AIM electron density topology analysis at the bond 
critical point can effectively study the intermolecular inter-
actions and analyze the essence of the interactions (Bader 
and Stephens 1975; Lu and Chen 2013). The total electron 
density ρ(r) at 0.002 ~ 0.04 a.u., which shows the hydrogen 
bonding. The closer its value is to 0.04, the better interaction 
performance it demonstrates (Waller and Yang 2013). Lapla-
cian of the electron density ∇2ρ(r) and the energy density 
H(r) represents the type of intermolecular interactions. The 
H(r) is calculated by Eq. (3).

where the V(r) is the potential energy density, and G(r) is 
Lagrangian kinetic energy.

(3)H(r) = V(r) + G(r)

Table 4  Interaction energies 
E(int.)

Structure NTO/LLM-105 complex NTO dimer LLM-105 dimer

E(int.) (kJ/mol)  − 69.41 (I)  − 65.60 (VI)  − 65.56 (XI)
 − 57.95 (II)  − 63.84 (VII)  − 65.56 (XII)
 − 54.64 (III)  − 57.36 (VIII)  − 54.18 (XIII)
 − 55.56 (IV)  − 56.94 (IX)  − 47.53 (XIV)
 − 53.64 (V)  − 56.27 (X)  − 46.74 (XV)

Fig. 4  Interaction energy of NTO/LLM-105 complexes at the 
B3LYP-D3/6-311++G (d, p) basis sets and the M062X-D3/6-
311++G(d, p) basis sets
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The negative value of the ∇2ρ(r) represents covalent 
bonding interactions, and the positive value of the ∇2ρ(r) 
represents hydrogen bonding and van der Waals interac-
tions (Cremer and Kraka 1984). From Table 5, ρ(r) of the 
NTO/LLM-105 complexes ranged from 0.00191 to 0.0437 
a.u. Values of ∇2ρ(r) are positive. Therefore, NTO/LLM-
105 complexes exhibit stable hydrogen bonding and van der 
Waals interactions. The maximum ρ(r) values for the five 
complexes in the NTO/LLM-105 structures are 0.0457 a.u. 
(Structure I H(6)…O(13)) > 0.0390 a.u. (Structure II H(6)…
O(13)) > 0.0364 a.u. (Structure IV H(2)…O(13)) > 0.0236 
a.u. (Structure I H(3)…O(19)) = 0.0236 a.u. (Structure III 
H(6)…O(17)) > 0.0202 a.u. (Structure V H(6)…O(24)). It 
is shown that the dominating intermolecular interactions 
between NTO and LLM-105 are H(6)…O(13) and H(2)…
O(13). The stronger hydrogen bonds were observed in Struc-
ture I, II and IV (Table 6).

Reduced density gradient analysis

Weak interacting regions can be visualized using reduced 
density gradient (RDG) analysis. This method is an exten-
sion of the atoms in molecules (AIM) method. In order to 
distinguish numerically between regions of the system with 
different characteristics, a time–space function (4) is defined.

Combining the RDG(r) function and the ρ(r) function 
determines those regions in the molecule that are implicated 
in weak interactions. The RDG closed equivalence surface 
generally encloses the corresponding critical point, and the 
larger the value of ρ(r), the stronger the interaction. Each 
point in the scatter plot represents a single grid, and the 
density of the points indicates a higher electron density and 

(4)RDG(r) =
1

2 ×
(
3 × �2

)1∕3 ×

|
|∇

2
�(r)||

�(r)
4∕3

Table 5  Topological parameters 
of electron density at the bond 
critical point for NTO/LLM-105 
complex (a.u.)

a The density of all electrons
b Laplacian of the electron density
c The potential energy density
d Lagrangian kinetic energy
e The energy density

Structure Interaction ρ(r)a ∇2ρ(r)b V(r)c G(r)d H(r)e

I H(6)…O(13) 0.0457 0.1434  − 0.0438 0.0398  − 0.0040
H(3)…O(19) 0.0236 0.0844  − 0.0168 0.0189 0.0022

II H(6)…O(13) 0.0390 0.01189  − 0.0334 0.0316  − 0.0019
III H(6)…O(17) 0.0236 0.0902  − 0.0174 0.0199 0.0026
IV H(2)…O(13) 0.0364 0.1141  − 0.0303 0.0294  − 0.0009
V H(6)…O(24) 0.0202 0.0779  − 0.0142 0.0168 0.0027

Table 6  Nitro group charge of 
NTO/LLM-105 complexes

Structure Molecule Parameter Charge/e

Monomer Complex Δ(M-C)

I NTO O(8)–N(10)–O(9)  − 0.10727  − 0.11714 0.0099
LLM-105 O(17)–N(29)–O(21)  − 0.11666  − 0.12323 0.0066

O(24)–N(30)–O(28)  − 0.11786  − 0.12451 0.0066
II NTO O(8)–N(10)–O(9)  − 0.10727  − 0.11522 0.0079

LLM-105 O(17)–N(29)–O(21)  − 0.11666  − 0.11254  − 0.0041
O(24)–N(30)–O(28)  − 0.11786  − 0.11254  − 0.0053

III NTO O(8)–N(10)–O(9)  − 0.10727  − 0.11345 0.0062
LLM-105 O(17)–N(29)–O(21)  − 0.11666  − 0.07973  − 0.0369

O(24)–N(30)–O(28)  − 0.11786  − 0.10181  − 0.0160
IV NTO O(8)–N(10)–O(9)  − 0.10727  − 0.13602 0.0287

LLM-105 O(17)–N(29)–O(21)  − 0.11666  − 0.11167  − 0.0050
O(24)–N(30)–O(28)  − 0.11786  − 0.11165  − 0.0062

V NTO O(8)–N(10)–O(9)  − 0.10727  − 0.09131  − 0.0160
LLM-105 O(17)–N(29)–O(21)  − 0.11666  − 0.10312  − 0.0135

O(24)–N(30)–O(28)  − 0.11786  − 0.07045  − 0.0474
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stronger interactions. In Fig. 5, the position of hydrogen 
bonds can be observed, and the colors represent the type 
of interaction. The blue region (sign(λ2) < 0) represents the 
stronger interactions (hydrogen bonds). The green region 
represents a weaker interaction (van der Waals). The red 
region (sign(λ2) > 0) represents the repulsive interactions.

As can be observed in the scatter plot (Fig. 5), when 
sign(λ2) < − 0.01 a.u., a clear blue wave peak appears. It indi-
cates that hydrogen bonding exists in five structures of NTO/
LLM-105 complex, and the denser the point the stronger the 
hydrogen bonding effect. In contrast, the sign(λ2) ρ value 
in Structure I is at − 0.01. ~ 0 a.u., and there is no obvious 
wave; therefore, van der Waals interaction is small. The 
intermolecular interactions in Structure I are mainly hydro-
gen bonds. In other structures, sign(λ2) ρ values at − 0.01. ~ 0 
a.u., green wave peaks appear, indicating that NTO/LLM-
105 complexes exhibit hydrogen bonding and van der Waals 
interactions. The conclusions drawn are consistent with the 
AIM electron density topology analysis.

Nitro group charge analysis

Atomic charge is the most common model to describe the 
charge distribution of the interaction. The more negative the 
nitro group charge of the energetic material, the lower its 
impact sensitivity. It has been shown that there is a rela-
tionship between the  H50 and the charge of the nitro group: 
When the nitro group has a charge of less than − 0.23e, the 
 H50 is less than 0.4 m (Zhang et al. 2005). The restrained 
electrostatic potential (RESP) is used to describe the nitro 
group charge in the NTO/LLM-105 complexes.

It was found that compared with the single-molecule nitro 
group charges, the nitro group charges of NTO in Structure 
I, II, III and IV decreased by 0.0099e, 0.0079e, 0.0062e and 
0.0287e, respectively. All the nitro group charges in Struc-
ture I decreased; therefore, it has the lowest sensitivity. The 
analysis was shown that when intermolecular interactions 
were formed between NTO and LLM-105. There is a gen-
eral decrease in the charge of nitro group within the NTO 
molecule. Therefore, the sensitivity of NTO is decreased.

Analysis of molecular surface electrostatic potential

The electrostatic potential is important for interactions due 
to its crucial influence on predicting reaction sites and pre-
dicting molecular properties. By drawing the diagram, the 
electrostatic potential of each monomer is colored into a 
molecular surface map. From it, the location of interpenetra-
tion on the van der Waals surface can be clearly seen. The 
strength of the interactions can be observed. The positive 
phase is shown in red, while the negative one is shown in 
blue. Figure 6 shows the electrostatic potential on the surface 
of single molecules of NTO and LLM-105. From the figure, 

it can be found that the NTO single-molecule electrostatic 
potential diagram has electrostatic potential maxima on the 
surface of hydrogen.

However, the nitro group and carbonyl groups in the 
geometry of NTO molecule have a strong electrostatic attrac-
tion effect, and there is an electrostatic potential minimum 
(− 123.34 kJ/mol) on the surface of the molecule located 
near the oxygen on the nitro group. Since both electron-
attraction groups are in the neighboring position of N(5) and 
have a strong electron-attraction effect on it at the same time, 
the density of electron cloud on the N(5) is decreased. The 
H(6) is more easily ionized. The value of the electrostatic 
potential on the molecular surface near the hydrogen atom 
is higher, which verifies the reason for the acidic nature of 
the NTO.

The electrostatic potential on the surface of the LLM-
105 molecule shows that the point of minimal value of the 
electrostatic potential is near the N(13) atom (− 147.28 kJ/
mol). It is easier to form an electrostatic attraction with the 
hydrogen atoms on the NTO molecule.

The region of hydrogen bond can be observed from Fig. 7. 
The red and blue colors penetrate each other, reflecting the 
complementary characteristics of the electrostatic potential. 
This indicates that there is a strong attraction between NTO 
and LLM-105 molecules, which is conducive to the forma-
tion of stable complexes. The hydrogen bonding interactions 
formed by H(6)…O(13) in Structure I, II and IV, with the 
red and blue electrostatic potentials penetrating each other. 
It is shown that the hydrogen bond between NTO and LLM-
105 is easily formed.

Hydrogen bond core‑valence bifurcation (CVB) 
index analysis

The CVB index is another important value which can 
evaluate the strength of hydrogen bonds. The CVB index 
of relatively strong hydrogen bonds is generally signifi-
cantly negative; very strong hydrogen bonds with distinct 
covalent characteristics can reach very negative values; the 
CVB index of strong hydrogen bonds is generally around 
0; and the CVB index of weaker hydrogen bonds is gener-
ally positive. The CVB indices of hydrogen bonds in the 
five structures of NTO/LLM-105 complexes are shown in 
Fig. 8. It can be clearly observed that the CVB index values 
are in order of magnitude: Structure I < Structure II < Struc-
ture IV < Structure III < Structure V. Then, the strength of 
the intermolecular hydrogen bond is ranked as Structure 
I > Structure II > Structure IV > Structure III > Structure V. 
The positive CVB of Structure III and Structure V shows 
that the interaction is weak hydrogen bonding in these two 
structures, and the negative CVB indices of the remaining 
structures indicate stronger hydrogen bonding. The strong 
hydrogen bonding interaction can be formed between NTO 
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Fig. 5  The scatter diagram, iso-
surface graph of RDG and AIM 
for structures of NTO/LLM-105 
complex
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and LLM-105 molecules, which is consistent with the results 
of the above study.

Conclusions

Based on DFT, the intermolecular interaction between NTO 
and LLM-105 was studied using molten TNT as an implicit 
solvent for correction. The type, strength, and location of the 
interaction were discussed. The sensitivity changes of NTO/
LLM-105 complexes were investigated. The main conclu-
sions are as follows:

The intermolecular interactions between NTO and LLM-
105 are mainly based on N–H…O type intermolecular 
hydrogen bonds and van der Waals, with H…O bond lengths 
ranging from 1.6826 to 2.0163 Å. The dominating intermo-
lecular interactions between NTO and LLM-105 are H(6)…
O(13) and H(2)…O(13). The interaction energies of the 

five NTO/LLM-105 structures are ranging from − 69.41 to 
− 53.64 kJ/mol. The stability of the five structures is ranked 
as follows: Structure I > Structure II > Structure IV > Struc-
ture III > Structure V. Moreover, Structure I is more stable 
than the NTO dimer or the LLM-105 dimer. The intermolec-
ular hydrogen bond between NTO and LLM-105 contributes 
to the decrease in the acidity of NTO and the sensitivity of 
NTO/LLM-105 complexes. These desirable results indicated 
that the intermolecular interaction between NTO and LLM-
105 provides an efficient guidance to explore more stable 
and safer melt cast explosives.
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