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Abstract  In order to clarify the solvent effect on the thermal decomposition of explosive, the 

N–NO2 trigger-bond strengths and ring strains of RDX (cyclotrimethylenetrinitramine) in its 

H-bonded complexes with solvent molecules (i.e., tetrahydrofuran, acetone, toluene and benzene), 

and the activation energies of the intermolecular hydrogen exchanges between the solvent 

molecules and C3H8O2N4 or CH4O2N2, as the model molecule of RDX, were investigated by the 

BHandHLYP, B3LYP, MP2(full) and M06-2X methods with the 6-311++G(2df,2p) basis set, 

accompanied by a comparison with the calculations by the integral equation formalism polarized 

continuum model. The solvent effects ignore the ring strain while strengthen the N–NO2 bond, 

leading to a decreased sensitivity, as is opposite to the experimental results. However, the 

activation energies are in the order of C3H8O2N4/CH4O2N2∙∙∙acetone < C3H8O2N4/CH4O2N2∙∙∙THF 

< C3H8O2N4/CH4O2N2∙∙∙toluene < C3H8O2N4/CH4O2N2∙∙∙benzene < C3H8O2N4/CH4O2N2, 

suggesting that the order of the critical explosion temperatures should be RDX∙∙∙acetone < 

RDX∙∙∙THF < RDX∙∙∙toluene < RDX∙∙∙benzene < RDX, as is roughly consistent with the 

experimental results. Therefore, the intermolecular hydrogen exchange with the HONO 

elimination is the essence of the solvent effect on the thermal decomposition of RDX. The solvent 

effect is confirmed by reduced density gradient, atoms in molecules and surface electrostatic 

potentials.  
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Introduction  

With the development of science and military technology, both belligerents always 

strive to destroy each other's military powers with the most advanced equipments. The 

safety of the weapon and ammunition is seriously threatened by the stability of 

explosives. The nitramine explosives containing the polynitro groups are the main 

components of the ammunition in service, and exploring the mechanism of the 

thermal decomposition of them is the key to improve their stabilities and reduce 

thermal sensitivities [1,2].  

RDX (cyclotrimethylenetrinitramine, see Fig. 1) is one of the important 

nitroamine explosives. It has been shown from the experiments that the gas-phase 

reaction mechanism of the initial thermal decomposition of RDX may be the N‒NO2 

bond dissociation [3], loss of the mono-oxygen atom of the nitro group [4], 

rearrangement reaction of the nitro group [5] or ring-opening reaction [6,7]. In 

theoretical investigations, these four mechanisms have also attracted great attention. 

Melius et al. [8] investigated the gas-phase thermal decomposition of RDX by ab 

initio calculation for the first time, and found that the N‒NO2 bond was broken at high 

temperature while the HONO elimination occurred at low temperature. With the 

B3LYP/6-311G(d,p) and G2 methods, Harris et al. [9] drew a conclusion that the 

N‒NO2 bond dissociation was the initial reaction, and then the decomposition reaction 

occurred through the hydrogen transfer. According to the results from the calculations 

with the MP2、G2 and CBS-Q methods, Dorset et al. [10] predicated that the C‒N 

bond fracture was impossible. By ab initio and density functional theory (DFT) 

methods, Habibollahzadeh et al. [11] found that a competitive reaction occurred 

between the symmetrical ring-opening reaction and N‒NO2 bond dissociation, with 

the formation of three methylene nitramines, which was consistent with the 



experimental result by Liu et al. [3]. Wu et al. [12] calculated the bond dissociation 

energy (BDE) of the N‒NO2 bond and the ring-opening energy of the symmetric 

ring-breaking by DFT, and concluded that the dissociation pathway of the N‒NO2 

bond was the main pathway of the decomposition reaction, which was consistent with 

the semi-empirical PM3 calculation by Pivina et al. [13]. Chakraborty et al. [14] 

studied the N‒NO2 bond dissociation, HONO elimination and symmetrical 

ring-opening by using the B3LYP/6-31G (d) method, and found that the BDE of the 

N‒NO2 bond and activation energy of the HONO elimination reaction were 39.0 and 

39.2 kcal/mol respectively. A conclusion was drawn that, although the BDE of the 

N‒NO2 bond was lower, the large amount of the energies were required for the further 

reactions, and thus the HONO elimination was the dominant decomposition pathway.  

Solvent has a significant effect on the thermal decomposition. Although the 

solvent effect on the initial thermal decomposition of RDX have aroused great interest 

in experiments for more than 30 years [15], the reaction mechanism is still unclear. 

According to the phenomenon that the activation volume of the thermal 

decomposition of RDX in tetrahydrofuran (THF) under high pressure was negative, 

which was just contrary to the fact that the activation volume of the homolytic 

reaction of the N‒NO2 bond should be positive, Wang et al. [1] proposed the 

mechanism of eliminating HONO through a five-membered-ring transition state. 

Hoffsommer et al [15] observed the effect of the solvent isotopes for the thermal 

decomposition of RDX in benzene. Shu et al. [16] investigated the solvent effects on 

the thermal decomposition of RDX by a Bourdon manometer with the concentration 

in the range of 0.1% ‒ 2% of RDX. The results showed that benzene, isooctane and 

naphthalene did not affect the decomposition rate of RDX, while it was increased in 

the aliphatic-aromatic solvents, such as ketones, alcohols, ethers and esters, etc., and 



inhibited in the solvents with the large viscosity. Furthermore, the solvent effect was 

explained on basis of the N‒NO2 bond dissociation with a secondary reaction [17].  

There may be, in essence, two kinds of mechanisms for the solvent effects on the 

chemical reactions. One is that the molecular conformation or structure is changed by 

the solvent effect originated from the intermolecular interaction between the solute 

and solvents molecules, resulting in the strength change of the activative bond, and 

thus the change of the activation energy or the reaction path of the thermal 

decomposition. For example, it has been confirmed that the “trigger bonds”, which 

are broken to initiate explosive decomposition [18], could be changed by the solvent 

effects in experiments [19,20]. It is firstly reported in the theoretical investigation by 

our group that the strength of the C–NO2 trigger bond was strengthened upon the 

formation of the intermolecular H-bonding interaction between HF with CH3NO2, 

nitrotriazole or its methyl derivatives [21,22], and due to the solvent effect of H2O and 

formamide, the N–NO2 trigger bond of HMX (cyclotetramethylenetetranitramine) 

was strengthened [23]. We also found that, for nitrocyclopropane, nitrocyclobutane, 

nitrocyclopentane and nitrocyclohexane, the ring strain energy was decreased upon 

the formation of the complex with the solvent molecule [24]. The other is that the 

solvent molecule could participate in the chemical reactions with the solute molecule, 

leading to the change of the activation energy or reaction path.  

Thus, there may be two kinds of the initial reaction mechanisms for the solvent 

effects on the thermal decomposition of RDX. One is that the trigger-bond strength of 

the N–NO2 bond or the tension strength of the ring are changed induced by the 

intermolecular interaction between the solvent and RDX molecules. The other is that 

the solvent reacts with RDX, leading to the change of pathway or barrier. To our 

knowledge, however, although a lot of investigations have been carried out to reveal 



the essence of the initial reaction mechanisms of the thermal decomposition of RDX 

in solution in experiments, the solvent effect, i.e., the effect of the intermolecular 

interaction between the solvent and RDX molecules or the chemical reaction 

involving the solvent molecule, on the initial thermal decomposition of RDX is rarely 

reported in theory.  

In order to reveal the essence of the solvent effect on the initial thermal 

decomposition of RDX, in this work, the changes of the N–NO2 bond strengths and 

ring strains upon the formation of the intermolecular interactions between RDX and 

solvent molecules THF, acetone, toluene or benzene, as well as the activation energies 

of the intermolecular hydrogen exchange reactions (leading to the possible HONO 

elimination) between the model molecule of RDX and above solvent molecules were 

investigated. This investigation is important to choose the solvents to reduce thermal 

sensitivities and expand the applications of the high energetic explosives.  

Computational details  

All calculations were performed with Gaussian 03 programs [25]. The monomers and 

complexes were fully optimized at the BHandHLYP/6-311++G(2df,2p) level, and the 

stable structures (NImag=0) were obtained, accompanied by a comparison with the 

calculations by the integral equation formalism polarized continuum model (IEFPCM) 

based on the self-consistent-reaction-field (SCRF) [26] with THF (ε=7.58), acetone 

(ε=20.7), toluene (ε=2.568) and benzene (ε=2.275). The intermolecular interactions 

were calculated at the BHandHLYP/6-311++G(2df,2p), B3LYP/6-311++G(2df,2p), 

MP2(full)/6-311++G(2df,2p) and  M06-2X/6-311++G(2df,2p) levels, respectively, 

and corrected with the basis set superposition error (BSSE) [27,28]. The BDEs of the 

N–NO2 bonds involving the intermolecular interactions were calculated:  

BDE = E(R·)+ E(·NO2) – ERDX                for RDX monomer            (1)  



BDE = E(R·)+ E(·NO2∙∙∙solvent) – E(RDX∙∙∙solvent)        for complex        (2)  

R· and “RDX∙∙∙solvent” mean the radical that RDX or RDX∙∙∙solvent lose a ·NO2 

radical, and the RDX complex with the solvent molecule, respectively.  

According to the designed hyperhomodesmotic reactions [29–31], i.e., (3) and 

(4), the ring strain energies (ERS) were calculated by the equation ERS = ∑ER − ∑EP, 

where ER and EP mean the energy of the reactant and product, respectively. 
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For the dynamic calculations, C3H8O2N4 (see Fig. 1) was selected as a model 

compound of RDX with one axial −NO2 group. All the reactants (R), transition states 

(TS) and products (P) were optimized using the BHandHLYP method with the 

compound basis set, where the elements O and H involving the intermolecular 

hydrogen exchange were used the 6-311++G(2df,2p) basis set while the 6-311+G(d) 

was employed to the elements C and N. In most cases, it is very difficult to obtain the 

TS structures at the molecular energy hypersurfaces with the tight SCF convergence 

of 10-8, the loose SCF convergence had to be used. As a comparison, the dynamic 

calculations involving the reactions of CH4O2N2 (as another model molecule of RDX 

with one −NO2 group, see Fig. 1) with the solvent molecules were also carried out, 

and the TS was confirmed by the imaginary frequency at the 

BHandHLYP/6-311++G(2df,2p) level of theory. The activation energies were 

obtained at the BHandHLYP/6-311++G(2df,2p), B3LYP/6-311++G(2df,2p), 

MP2(full)/6-311++G(2df,2p) and M06-2X/6-311++G(2df,2p) levels of theory.  

The rate constants were calculated at the BHandHLYP/6-311++G(2df,2p) level 

by the conventional transition state theory (CTST) [32,33] as following:  
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where kB, T, h, ΔG≠, and R are the Boltzmann constant, absolute temperature, Planck,s 

constant, Gibbs energy of activation and the universal gas constant, respectively. 

Wigner tunneling correction factor (T) [34] was calculated according to the 

deviations from CTST from the tunneling effect [35]: 
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where Im(v≠) is the imaginary frequency corresponding to the transition state.  

The analyses of the AIM (atoms in molecules) [36], reduced density gradient 

(RDG) [37] and surface electrostatic potentials [38] were carried out by the Multiwfn 

programs [39] at the BHandHLYP/6-311++G(2df,2p) level.  

Results and discussion     

Intermolecular interaction, BDE of the N–NO2 bond and ring strain  

Structure of the complex  

Since the RDX conformation, in which the six-membered ring is a chair form with 

two axial and one equatorial −NO2 groups (signed as “AAE” RDX), is the most stable 

[40], it is considered to build the complex with THF, acetone, toluene and benzene, 

respectively. For each of the systems, the most stable intermolecular H-bonded 

complex is obtained (see Fig. 1). In RDX∙∙∙THF, the H atom of the methylene group 

of THF points to the axial −NO2 group, and in RDX∙∙∙acetone the H atom of the 

methyl group of acetone points to the axial −NO2 group. In these two complexes, the 

O atom points to the H atom of RDX. In RDX∙∙∙toluene and RDX∙∙∙benzene, the H 

atom of the methyl group of toluene and that on the benzene ring point to the axial 

−NO2 group, respectively. The most shortest distances of the H∙∙∙O H-bonds are in the 



order of RDX∙∙∙acetone < RDX∙∙∙THF < RDX∙∙∙toluene < RDX∙∙∙benzene.  

From Fig. 1, except for RDX∙∙∙benzene, the bond lengths of the N–NO2 trigger 

bond in complexes are all shorter than that in the isolated RDX, suggesting that the 

N–NO2 bond turns strong upon the complex formation. The decrease in 

RDX∙∙∙acetone or RDX∙∙∙THF is the most notable, up to about 0.022 and 0.038 Å, 

respectively. In RDX∙∙∙toluene, the decrease is only 0.006 Å, while it is almost not 

changed in RDX∙∙∙benzene. These results are in agreement with those from the 

IEFPCM, with the decrease of 0.018, 0.026, 0.011 or –0.003 Å in the RDX complex 

with THF, acetone, toluene or benzene.  

Intermolecular interaction and BDE of the N–NO2 bond  

From Table 1, in most cases, the intermolecular interaction energies calculated using 

the BHandHLYP and B3LYP methods are larger than those obtained from the 

MP2(full) and M06-2X methods. Due to the consideration of the dispersion 

corrections [41−43], the intermolecular H-bonding interaction energies at the 

M06-2X/6-311++G(2df,2p) level are close to those with the 

MP2(full)/6-311++G(2df,2p) method. At four levels of theory, the interaction 

energies decrease in magnitude in the same order of RDX∙∙∙acetone > RDX∙∙∙THF > 

RDX∙∙∙toluene > RDX∙∙∙benzene, as is in accordance with the results from the 

structures.  

From Table 2, the BDEs calculated using the B3LYP method are close to those 

obtained from the M06-2X. According to the literatures [44,45], B3LYP is suitable to 

estimate the BDEs since the serious spin contamination can be negligible, with the 

<S
2> value of 0.75 in this work. At four levels of theory, the orders of the BDEs of the 

N–NO2 bond are RDX∙∙∙acetone > RDX∙∙∙THF > RDX∙∙∙toluene > RDX∙∙∙benzene ≈ 

RDX. The BDEs of the N–NO2 bond in complexes are all larger than that of the 



isolated (pure) RDX, indicating that the N–NO2 bond is strengthened upon the 

formation of intermolecular interaction, as is similar to the previous investigations 

[21,22,46]. From Table 2, although the values of BDEs from the IEFPCM based on 

the IEFPCM are larger than those from the intermolecular H-bonded explexes, and 

the order of the intermolecular interactions from two methods is inconsistent, the fact 

that the N–NO2 bond is strengthened in the presence of the solvent molecule is 

confirmed. Thus, it is more difficult for the N–NO2 bond of RDX to be broken in the 

presence of the solvent molecule.  

Ring strain  

In order to clarify the solvent effect on the ring-opening reaction, the ring perimeters 

and ring strain energies of the RDX complexes with the different solvent molecules 

were investigated.  

The ring perimeter means the sum of the bond lengths of six C–N bonds of ring. 

From Fig. 1, the ring perimeter changes very slightly, no more than 0.010 Å upon the 

formation of the complex. Furthermore, the changes of six bond angles in ring (i.e., 

∠(CNC)) are also slight, no more than 2.0o upon the complex formation.  

The ring strain energies (ERS) at four levels of theory are in Table 3. The ERS 

values of pure RDX (monomer) are in the range of 90.8~100.9 kJ/mol (88.2 kJ/mol 

with the BLYP/DNP method [47]). At each of the levels of theory, the ring strain 

energies of RDX in the complexes are very close to that of the RDX monomer, no 

more than 15.0 kJ/mol.  

The ignorable changes of the ring perimeters, bond angles in ring and ring strain 

energies upon the complex formations indicate that the solvent effect on the ring 

strain can be negligible, and there is almost no the solvent effect on the ring-opening 

reaction.  



RDG, AIM and Surface electrostatic potentials   

In order to obtain the deeper insight into the solvent effect on the thermal 

decomposition of RDX, the analyses of RDG, AIM and surface electrostatic potentials 

were carried out.  

RDG is a fundamental dimensionless quantity which can be used to detect 

non-covalent interactions in real space based on the electron density [37]. The plots of 

RDG versus sign(λ2)ρ of the complexes are shown Fig. 2. There is obvious difference 

between the complexes RDX∙∙∙acetone/THF and RDX∙∙∙RDX in the shape and 

quantity of spikes or troughs of the low-density and low-gradient negative regions of 

sign(λ2)ρ (attraction interaction). Therefore, according to the Hohenberg−Kohn 

theorem [48], there is essential difference in the type of the interaction between the 

complexes RDX∙∙∙acetone/THF and RDX∙∙∙RDX. In RDX∙∙∙RDX, RDX∙∙∙benzene and 

RDX∙∙∙toluene, the low-density and low-gradient regions correspond to the 

C–H∙∙∙O–N H-bonding interactions, while in RDX∙∙∙acetone and RDX∙∙∙THF, the 

low-density and low-gradient regions mainly correspond to the C–H∙∙∙O=C, 

C–H∙∙∙O–C and C–H∙∙∙O–N H-bonding interactions.  

According to the AIM results, in each of the complexes, there is always a bond 

path linking the O atom of the –NO2 group with the H atom of the –CH group, 

accompanied by a bond critical point (BCP) (3, -1) (see Fig. 3). The electron densities 

ρBCP are within the range of 0.0029 ~ 0.0113 a.u., and their laplacians▽2ρCCP are 

positive, suggesting the closed-shell H-bonding C–H∙∙∙O–N interactions. In 

RDX∙∙∙acetone and RDX∙∙∙THF, the C–H∙∙∙O=C and C–H∙∙∙O–C interactions are also 

confirmed according to the bond critical points (BCP) (3, -1) and the corresponding 

positive laplacians. The larger the electron density ρ at the bond saddle point, the 

stronger the interaction is. For RDX∙∙∙acetone, RDX∙∙∙THF, RDX∙∙∙toluene and 



RDX∙∙∙benzene, the values of the electron densities ρ involving the C–H∙∙∙O=C, 

C–H∙∙∙O–C and C–H∙∙∙O–N interactions are 0.0152, 0.0128, 0.0103, 0.0052 a.u., 

respectively, indicating that the intermolecular interactions are in the order of 

RDX∙∙∙acetone > RDX∙∙∙THF > RDX∙∙∙toluene > RDX∙∙∙benzene, as is in agreement 

with the result from the structure and interaction energy.  

Particular attention is the AIM results in six C–N bonds of RDX and N–NO2 

trigger bonds. Compared with the RDX monomer, for each of the complexes there is 

almost no obvious change in the ρ value of the C–N bond, suggesting that the solvent 

effect on the ring strain can be negligible, and the solvent has almost no effect on the 

ring-opening reaction. However, except for RDX∙∙∙benzene, the ρ values of the 

N–NO2 bond in complexes (0.3640 ~ 0.3812 a.u.) are larger than that of the RDX 

monomer (0.3625 a.u.), suggesting that the strength of the N–NO2 bond is enhanced 

upon the formation of the complexes RDX∙∙∙acetone, RDX∙∙∙THF or RDX∙∙∙toluene. 

Thus, the explosive sensitivity of RDX is decreased in solution.  

In order to obtain the deeper insight into the solvent effect on the strength of the 

N–NO2 bond and ring strain, the surface electrostatic potentials on the 0.001 a.u. 

molecular surface of the RDX and its complexes were investigated (see Fig. 4). Most 

of the surface minima (VS,min) are associated with the O atom or the –NO2 π-electron 

group, and the surface maxima (VS,max) are located near to the H atom.  

For the energetic compounds with the ring, Politzer, Murray, Rice and Klapötke 

et al. have predicted theoretically that, the more positive the electrostatic potential in 

the central region of ring, the high the sensitivity [49–53]. For example for the 

CL-20/TNT complex, the positive electrostatic potential in the cage of CL-20 was 

diminished, and thus the sensitivity of complex was decreased [54]. From Fig. 4, 

compared with the RDX monomer, there is almost no obvious change in the positive 



electrostatic potential in the central region of ring, suggesting that the solvent effect 

on the ring strain could be ignored, as is in agreement with the result from the 

structure and strain energy.  

Politzer et al. have found that, the more positive the electrostatic potential above 

the N−NO2 trigger-bond, the weaker the bond becomes and the higher the explosive 

sensitivity is [50,51]. The local maxima above the axial N−NO2 bonds (Vs,max(N−NO2)) 

are 18.25 and 19.71 kcal/mol in RDX monomer, while for the N−NO2 bonds 

involving the intermolecular interactions, they are in range of 8.27 ~ 15.62 kcal/mol 

in the RDX frameworks of the complexes. The values of Vs,max(N−NO2) in the RDX 

frameworks are less than those in RDX monomer, indicating that the N−NO2 bond 

strength is enhanced upon the formation of the complex. Thus, the explosive 

sensitivity is reduced in complex.  

In sum, upon the formation of the RDX complex with the solvent molecule, 

although the ring strain is almost not changed, the N−NO2 bond is strengthened due to 

the solvent effect. The larger energy has to be consumed to counteract the BDE of the 

N–NO2 bond and break the N–NO2 bond during the initiation process, leading to the 

decreased thermal sensitivity. Thus, upon the formation of the RDX complex with the 

solvent molecule, the critical explosion temperature should be increased, as is just 

opposite to the result of the experimental critical explosion temperatures of RDX in 

the presence of above four solvent [55]. The critical explosion temperature of the pure 

RDX is 213.7 oC, while those of RDX in THF, acetone, toluene and benzene are 193.8, 

195.7, 205.5 and 212.9 oC, respectively. Therefore, the changes of the BDEs of the 

N–NO2 bond or the ring strains induced by the solvent effect can not be used to 

explain the experimental critical explosion temperatures of RDX in solution. In other 

words, the mechanism of the initial thermal decomposition of RDX in solution is not 



the N‒NO2 bond dissociation or ring-opening reaction.  

Intermolecular hydrogen exchange  

As mentioned above, the mechanism of the initial thermal decomposition of RDX in 

solutions is not the N‒NO2 bond dissociation or ring-opening reaction. In order to 

determine whether the mechanism is the HONO elimination induced by the solvent 

effect or not, the intermolecular hydrogen exchanges between the solvent molecule 

and C3H8O2N4 or CH4N2O2 were investigated.  

Chakraborty et al. [14] carried out a theoretical investigation into the thermal 

decomposition of RDX, and the intramolecular hydrogen transference was determined. 

They found that the H atom of the axial C−H bond could be transferred to the axial 

−NO2 group through a five-membered-ring TSRDX, and then a HONO elimination 

reaction occurred (see Fig. 5). Similar to the intramolecular hydrogen transference, 

the intermolecular hydrogen exchanges between solvent molecule and C3H8O2N4 or 

CH4N2O2 were studied.  

For the intermolecular hydrogen exchange between C3H8O2N4 and THF, the 

H-bonded complex C3H8O2N4∙∙∙THF was considered as the reactant. The H atom of 

the axial C−H bond in C3H8O2N4 is transferred to the C atom of the –CH2 group in the 

ortho position of the O atom of THF, and simultaneously the H atom of this group in 

THF is transferred to the O atom of the axial −NO2 group in C3H8O2N4 via a 

transition state TSC3H8O2N4∙∙∙THF (see Fig. 5). At four levels of theory, the barriers of 

TSRDX∙∙∙THF are lower than the BDEs of the N–NO2 bond in the C3H8O2N4∙∙∙THF 

complex (see Table 4), indicating that the intermolecular hydrogen exchange occurs 

preferentially in the initial decomposition process, as is similar to the decomposition 

of CH3NO2 in the CH3NO2∙∙∙H2O system [56]. The similar preferential intermolecular 

hydrogen exchange also occurs in C3H8O2N4∙∙∙toluene system, in which the H atom of 



the axial C−H bond in C3H8O2N4 is transferred to the C atom of the –CH3 group in 

toluene, and simultaneously the H atom of the –CH3 group in toluene is transferred to 

the axial −NO2 group of C3H8O2N4. Unfortunately, the TS of the intramolecular 

hydrogen transference of C3H8O2N4 was not found despite the great efforts. By the 

potential energy scanning at the BHandHLYP/6-311++G(2df,2p) level, the barrier of 

the intramolecular hydrogen transference is about 185.0 kJ/mol, larger than that of 

intermolecular hydrogen exchange in C3H8O2N4∙∙∙THF or C3H8O2N4∙∙∙toluene system, 

confirming again that intermolecular hydrogen exchange occurs preferentially.  

It is well known that the keto-enol tautomerism exists in ketones. The transition 

state of the keto-enol tautomerism for acetone was found, with a low barrier of 138.7 

kJ/mol at the BHandHLYP/6-311++G(2df,2p) level. Thus, for the intermolecular 

hydrogen exchange between C3H8O2N4 and acetone, the enol structure was 

considered. The axial H atom in C3H8O2N4 is transferred to the C atom of the =CH2 

group in the enol acetone, and simultaneously the H atom of the –OH group in 

acetone is transferred to the axial −NO2 group of C3H8O2N4. At four levels of theory, 

the barriers involving TSC3H8O2N4∙∙∙acetone are also lower than the BDEs of the N–NO2 

bond or the barrier of the intramolecular hydrogen transference of C3H8O2N4, 

indicating the preferential intermolecular hydrogen exchange.  

For C3H8O2N4∙∙∙benzene, the TS of the intermolecular hydrogen exchange was 

not found. By the potential energy scanning, the barrier of the similar intermolecular 

hydrogen exchange between C3H8O2N4 and benzene was obtained to be about 280.0 

kJ/mol at the BHandHLYP/6-311++G(2df,2p) level.   

From Table 4, at four levels of theory, the barriers involving the hydrogen 

exchanges are in the order of C3H8O2N4∙∙∙acetone < C3H8O2N4∙∙∙THF < 

C3H8O2N4∙∙∙toluene < C3H8O2N4∙∙∙benzene, suggesting that order of the barriers are 



RDX∙∙∙acetone < RDX∙∙∙THF < RDX∙∙∙toluene < RDX∙∙∙benzene. Thus, the order of 

the sensitivities should be RDX∙∙∙acetone > RDX∙∙∙THF > RDX∙∙∙toluene > 

RDX∙∙∙benzene and that of the critical explosion temperatures should be 

RDX∙∙∙acetone < RDX∙∙∙THF < RDX∙∙∙toluene < RDX∙∙∙benzene, as is roughly in 

accordance with that of the experimental results (i.e., RDX∙∙∙acetone ≈ RDX∙∙∙THF < 

RDX∙∙∙toluene < RDX∙∙∙benzene [55]). Furthermore, except for C3H8O2N4∙∙∙benzene, 

the barrier of the hydrogen exchange between C3H8O2N4 and the solvent molecule is 

lower than that of the intramolecular hydrogen transference of C3H8O2N4, suggesting 

that the sensitivity of RDX is increased and the critical explosion temperature is 

decreased in the presence of solvent acetone, THF or toluene, as is also in accordance 

with the experimental result [55]. Therefore, the intermolecular hydrogen exchange 

between RDX and the solvent molecule, accompanied by the next step of the HONO 

elimination, is the mechanism of the thermal decomposition of RDX in solution. The 

same conclusion can also be drawn from the the dynamic calculations of the CH4N2O2 

systems with above four solvent molecules, shown by the fact that the barriers 

involving the hydrogen exchanges are in the order of CH4N2O2∙∙∙acetone < 

CH4N2O2∙∙∙THF < CH4N2O2∙∙∙toluene < CH4N2O2∙∙∙benzene (see Fig. 5 and Table 4). 

These explain the experimental results that benzene did not affect the decomposition 

rate of RDX while it was increased in ketones, alcohols and ethers, etc. [16].  

Conclusions  

In order to clarify the solvent effect on the thermal decomposition of explosive, the 

changes of the N–NO2 bond strengths and ring strains upon the formation of the 

intermolecular H-bonding interactions between RDX and solvent molecules, as well 

as the activation energies of the intermolecular hydrogen exchange reactions between 

the model molecule of RDX and solvent molecules were investigated, accompanied 



by a comparison with the calculations by the IEFPCM based on the SCRF method.  

Upon the formation of the RDX complex with the solvent molecule, although the 

ring strain is almost not changed, the N−NO2 bond is strengthened due to the solvent 

effect. The larger energy has to be consumed to counteract the BDE of the N–NO2 

bond and break the N–NO2 bond during the initiation process, leading to the 

decreased thermal sensitivity, as is just opposite to the experimental results. Therefore, 

the changes of the BDEs of the N–NO2 bond or the ring strains induced by the solvent 

effect can not be used to explain the experimental critical explosion temperatures of 

RDX in solution. The mechanism of the initial thermal decomposition of RDX in 

solution is not the N‒NO2 bond dissociation or ring-opening reaction.  

However, the activation energies of the intermolecular hydrogen exchanges are 

in the order of C3H8O2N4/CH4O2N2∙∙∙acetone < C3H8O2N4/CH4O2N2∙∙∙THF < 

C3H8O2N4/CH4O2N2∙∙∙toluene < C3H8O2N4/CH4O2N2∙∙∙benzene < 

C3H8O2N4/CH4O2N2, suggesting that the order of the critical explosion temperatures 

should be RDX∙∙∙acetone < RDX∙∙∙THF < RDX∙∙∙toluene < RDX∙∙∙benzene < RDX, as 

is roughly consistent with the experimental results. Therefore, the intermolecular 

hydrogen exchange, accompanied by the next step of the HONO elimination, is the 

essence of the solvent effect on the thermal decomposition of RDX, by which some 

experimental results could be explained.  

This investigation is important to choose the solvents to reduce thermal 

sensitivities and expand the applications of the high energetic explosives. 
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Figures:  

 

Fig. 1  Structures of RDX and its compexes as well as model molecule of RDX 

Fig. 2  Plots of RDG versus sign(λ2)ρ of the complexes. 

Fig. 3  Bond paths and critical points of AIM for RDX and complex. 

Fig. 4  Surface electrostatic potentials of RDX and its complexes. 

Fig. 5  Structures of the transition states for RDX and its complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 1  Intermolecular hydrogen-bonding interaction energy (Eint.(kJ/mol)) in RDX∙∙∙THF, 

RDX∙∙∙acetone, RDX∙∙∙toluene and RDX∙∙∙benzene a 

 RDX∙∙∙THF RDX∙∙∙acetone RDX∙∙∙toluene RDX∙∙∙benzene 

BHandHLYP/6-311++G(2df,2p) –15.6 (–12.9) –19.2 (–16.8) –7.5 (–5.8) –3.7 (–1.5) 
B3LYP/6-311++G(2df,2p) –19.5 (–16.3) –21.8 (–17.5) –8.3 (–6.5) –2.3 (–1.8) 
MP2(full)/6-311++G(2df,2p) –13.7 (–11.3) –22.0 (–19.1) –7.2 (–6.0) –2.6 (–2.1) 
M06-2X/6-311++G(2df,2p) –12.5 (–10.8) –20.6 (–18.2) –6.9 (–3.3) –2.4 (–2.0) 

  a The values in the parenthesis are BSSE-corrected (Eint.(BSSE)).
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 2  Bond dissociation energy (BDE (kJ/mol)) in the N–NO2 bond 

 RDX∙∙∙THF RDX∙∙∙acetone RDX∙∙∙toluene RDX∙∙∙benzene RDX 

BHandHLYP/6-311++G(2df,2p) –235.8 

(–283.5)a 

–242.1 

(–289.1)a 

–233.6 

(–260.1)a 

–232.0 

(–267.6)a 

–227.5 

B3LYP/6-311++G(2df,2p) –197.2 –203.5 –189.5 –186.3 –185.7 

MP2(full)/6-311++G(2df,2p) –277.1 –282.2 –269.6 –267.2 –260.4 

M06-2X/6-311++G(2df,2p) –205.8 –211.0 –198.3 –194.1 –192.7 

a From the monomer RDX with the IEFPCM method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 3  Ring strain energy (ESE (kJ/mol))  

 RDX∙∙∙THF RDX∙∙∙acetone RDX∙∙∙toluene RDX∙∙∙benzene RDX 

BHandHLYP/6-311++G(2df,2p) 97.2 99.5 102.5 95.7 96.3 

B3LYP/6-311++G(2df,2p) 108.3 103.1 103.0 102.5 100.9 

MP2(full)/6-311++G(2df,2p) 101.5 105.2 96.5 93.1 90.8 

M06-2X/6-311++G(2df,2p) 90.7 102.1 98.7 91.6 92.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Table 4  Barriers (Ea, kJ/mol) and corrected reaction rate constants (k298.15 K,C, s-1, in parenthesis) 

as well as the BDEs at the BHandHLYP/6-311++G(2df,2p), B3LYP/6-311++G(2df,2p), 

MP2(full)/6-311++G(2df,2p) and M06-2X/6-311++G(2df,2p) levels of theory.  

 BHandHLYP B3LYP MP2(full) M06-2X 

C3H8O2N4∙∙∙THF 155.3(3.35×10–14) 148.8 141.6 161.7 

C3H8O2N4∙∙∙acetone 146.1(5.21×10–13) 142.3 136.7 141.3 

C3H8O2N4∙∙∙toluene 160.5(5.95×10–17) 161.5 168.0 172.6 

BDE (C3H8O2N4) 173.6 168.7 179.2 178.7 

CH4N2O2∙∙∙THF 170.5(3.01×10–18) 160.1 188.0 173.5 

CH4N2O2∙∙∙acetone 169.3(6.72×10–17) 163.2 175.9 159.8 

CH4N2O2∙∙∙toluene 182.3(6.52×10–20) 181.5 197.5 192.8 

BDE (CH4N2O2) 209.1 208.1 258.0 249.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

     
RDX (pr=8.878Å)   C3H8O2N4    CH4O2N2   RDX∙∙∙THF (pr=8.881Å)   

 
RDX∙∙∙acetone (pr=8.875Å)  RDX∙∙∙toluene (pr=8.870Å)  RDX∙∙∙benzene (pr=8.882Å)  

Fig. 1  Structures of RDX and its compexes (pr means the perimeter of the RDX ring) as well as 

model molecule of RDX at the BHandHLYP/6-311++G(2df,2p) level.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

     
RDX∙∙∙THF                         RDX∙∙∙acetone 

     
RDX∙∙∙toluene                       RDX∙∙∙benzene 

 
RDX∙∙∙RDX  

Fig. 2  Plots of RDG versus sign(λ2)ρ of the complexes 

 

 

 

 

 

 



 

 

 

 

 

 

 
RDX∙∙∙THF                RDX∙∙∙acetone 

 

    
RDX∙∙∙toluene                    RDX∙∙∙benzene  

Fig. 3  Bond paths and critical points of AIM for RDX and complexes 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
RDX     RDX∙∙∙THF    RDX∙∙∙acetone   RDX∙∙∙toluene   RDX∙∙∙benzene  

Fig. 4  Surface electrostatic potentials of RDX and its complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

     

TSC3H8N4O2∙∙∙THF          TSacetone           TS C3H8N4O2∙∙∙acetone(enol) 

        

TS C3H8N4O2∙∙∙toluene                          TSRDX 

     

TSCH4N2O2∙∙∙THF        TSCH4N2O2∙∙∙acetone(enol)       TSCH4N2O2∙∙∙toluene 

Fig. 5  Structures of the transition states for the reactions of C3H8N4O2 or CH4N2O2 and THF, 
acetone, toluene(enol), as well as the intramolecular hydrogen transfer reaction of RDX.  
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