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Herein, an unexpected induction effect derived from the coexisted acid group (NO3
-
 and/or HSO4

-
) was 5 

proposed. The impact of the induction effect and the resulted enhanced catalytic effect on the nitration 

of TO was systematically demonstrated. 
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The nitration mechanism as well as kinetics of triazol-3-one (TO) with nitronium (NO2
+) in both a 

concentrated nitric acid and a nitric-sulfuric acids system was theoretically studied. Firstly, the density 

functional theory (DFT) with B3LYP functional was employed to investigate the mechanism of the 

mentioned reactants to the targeted product, 5-nitro-2,4-dihydro-1,2,4-triazol-3-one (NTO). An 10 

unexpected induction effect, which derived from the coexisted acid group (NO3
- and/or HSO4

-), was 

proclaimed. And the impact of the induction effect on the nitration of TO was systematically 

demonstrated. It is found that unlike the nitration of most aromatics, the nitration of TO with NO2
+ to 

form NTO does not follow the typical electrophilic substitution mechanism. Based on the results 

calculated in each acid system, the nitration mechanisms, including the NO2
+ direct nitration (path A), 15 

NO3
--induced nitration (paths Bn-Dn) and HSO4

--induced nitration (paths Bs-Ds), were proposed. It is 

indicated that the path A is unlikely or unfavorable due to the high activation barrier in the rate-

determining step, whereas paths Bn-Dn and Bs-Ds are favorable, mainly attributing to the significant 

decrease of the activation energy induced by NO3
- and HSO4

- during the nitration process, especially for 

the NTO-oriented path Bn and Bs. Secondly, the canonical variational transition (CVT) state theory with 20 

small curvature tunneling (SCT) correction was used and the rate constants of the rate-determining steps 

for all paths at different temperatures were calculated. It is shown that the nitration rate in either path Bn 

or path Bs outdistances that in path A, indicating that NO3
- and HSO4

- accelerate the nitration of TO with 

NO2
+, and ultimately favour the formation of NTO due to the proposed induction effect of each acid 

group. An enhanced catalytic effect of the nitric acid or/and sulfuric acid is thought to be embodied in not 25 

only the acceleration to the formation of NO2
+, but also the induction effects of NO3

- and HSO4
- during 

the nitration processes. Meanwhile, it is suggested that the concentration of nitric acid and sulfuric acid in 

each nitration system should be well controlled since the favourable condition to produce NO2
+ and NO3

-

/HSO4
- differs in the concentrations of the corresponding acids. 

 30 

1. Introduction 

5-Nitro-2,4-dihydro-1,2,4-triazol-3-one (NTO) has been well-
known as a potential high-performance insensitive energetic 
material since it was developed at Los Alamos National 
Laboratory in 19831. NTO was found to have high energy release 35 

on decomposition and high detonation velocity. It was also found 
to have other desirable properties, including good thermal 
stability2, regular crystalline structure3, low chemical sensitivity 
to radiation damage4, relatively low shock sensitivity, and low 
sensitivity against impact-induced ignition5,6. 40 

 Although NTO has been studied extensively and its 
decomposition mechanism has attracted much attention from both 
experimentalists7-11 and theoreticians12-17, its synthesis 
mechanism and kinetic have been seldom investigated. So far 

there is no consensus on the synthesis mechanism and kinetics. 45 

NTO can be easily synthesized by the nitration of TO in a 
dilute/concentrated nitric acid18, or in a nitric-sulfuric acids19. 
Zbarsky et al.20 investigated the nitration kinetics of TO in 70-
100% nitric acid experimentally. It was shown that the 
concentration of the nitric acid used plays an extremely important 50 

role during the nitration of TO in a concentrated nitric acid 
system. Cheng et al.21 proposed the nitration mechanism of TO in 
nitric acid and dinitrogen pentoxide (N2O5), which were used as 
the nitration reagents. Nevertheless, the nitration mechanism of 
TO in concentrated nitric acid or in nitric-sulfuric acids has never 55 

been reported so far. Klapoetke et al.22 suggested that NO2
+ may 

be the nitration reagent in concentrated nitric acid and nitric-
sulfuric acids system, in which the formation of NO2

+ was also 
studied.23-28 Since nitric acid and nitric-sulfuric acids are mostly 
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used in the nitration of TO, the nitration systems of the above 
mentioned acids are selected in our study so as to understand the 
nitration mechanism(s) of TO with NO2

+ and to improve the 
further applications of the nitration systems. 
 The nitration reaction is known as an important method to 5 

prepare energetic materials. Most nitration processes to prepare 
energetic materials are found to correspond to the electrophilic 
substitution mechanisms, particularly in the nitration of the 
aromatics29-33. However, it seems that the nitration mechanism of 
TO with NO2

+ differs dramatically in that of the aromatics, since 10 

no expected structure in which the NO2
+ directly attached to the 

target C1 atom in TO could been obtained without any co-action 
or assist with other atom(s) or group(s) in our B3LYP/6-311G(d,p) 
calculations34, as is shown in Fig. S1 in the Electronic 
Supplementary Information. When the NO2

+ attacked TO, the 15 

NO2
+ was apt to be attracted by the N8 atom instead of the C1 

atom (due to the co-action of relatively low steric hindrance and 
relatively high electronegativity of N8, thus the NO2

+ cannot be 
directly added to the C1 atom, shown in Fig. S1). The absence of 
a detailed synthesis mechanism of NTO hinders its further study 20 

and application to a large extent. 
 In the present paper, the nitration of TO with NO2

+ in both a 
concentrated nitric acid and a nitric-sulfuric acids system was 
studied by employing the DFT with the B3LYP functional. The 
detailed nitration mechanism and kinetics were specially 25 

investigated. The present paper is expected to provide a better 
understanding of the nitration mechanism of TO with NO2

+ under 
different conditions, and contribute to the optimization of the 
reaction conditions. 

2. Computational Details 30 

All calculations have been performed using the Gaussian 09 
software package35. The geometries of reactant complexes, 
transition states, and products were optimized using DFT-B3LYP 
method in conjugation with the 6-311G(d,p) basis set36,37, which 
has been widely used of in the similar system21,38-40. At the same 35 

level of theory, vibrational frequencies were calculated on all the 
obtained structures to verify whether they are transition structures 
or local minima, to provide the zero-point vibrational energy 
(ZPE) and to determine the thermodynamic contributions to the 
enthalpy and free energy. Moreover, intrinsic reaction coordinate 40 

(IRC)41 analysis was carried out for each transition state so as to 
ensure that the desired reactant and product are connected to the 
transition structure obtained. In order to obtain more accurate 
relative energies, the single-point energies of all stationary points 
were further calculated at the B3LYP/6-45 

3111++G(3df,3pd)//B3LYP/6-311G(d,p) level. The zero-point 
energies, relative energies, enthalpies, and free energies for the 
nitration of TO with NO2

+ in a concentrated nitric acid and a 
nitric-sulfuric acids are shown in Table 1. 
 To investigate the rate-determining step of every nitration 50 

reaction channel without and with NO3
- or HSO4

-, the theoretical 
rate constants at different temperatures were calculated by using 
canonical variational transition (CVT) state theory42-44 with small 
curvature tunneling (SCT) correction45,46 in the VKLab program47 
coupled with steady state approximation. The kinetic properties 55 

of the system were calculated using conventional transition state 
theory (TST), the reaction starts with the formation of an 

intermediate before the transition states and releases the products. 
The energies obtained at the B3LYP/6-311++G(3df,3pd)// 
B3LYP/6-311G(d,p) level, and other parameters computed at the 60 

B3LYP/6-311G(d,p) level, respectively, were used in the 
calculations of kinetic properties.  

3. Results and Discussions 

3.1 Mechanism for the nitration of TO 

NTO was mostly synthesized via the nitration of TO in 65 

concentrated nitric acid or nitric-sulfuric acids. It was reported 
that NO2

+ may actually act as the nitration reagent in the nitration 
systems. The formation of NO2

+ was as follows: after the nitric 
acid was protonated in concentrated acids, the protonated nitric 
acid (H2NO3

+) formed and might formed and might act as the 70 

Table 1 Zero-point energies (ZPE, kcal mol-1), relative energies (∆E and 

ZPE (∆E+ZPE), kcal mol-1), enthalpies (∆H(298 K), kcal mol-1), and free 

energies (∆G(298 K), kcal mol-1) for the nitration of TO with NO2
+ in a 

concentrated nitric acid or a nitric-sulfuric acidsa. 

System ZPE ∆E (∆E+ZPE) ∆G(298) ∆H(298) 

direct path       

TO + NO2
+ 47.7  0.0  0.0  0.0  0.0  

A-IM1 48.6  -37.1  -32.3  -26.8  -36.5  

A1-TS1 45.7  9.0  9.3  17.1  6.3  

A2-TS1 45.6  12.8  13.4  20.9  10.0  

A1-IM2 48.5  -45.8  -43.0  -34.7  -45.7  

A1-TS2 46.3  -25.7  -25.2  -16.7  -27.9  

A-IM3 49.1  -43.6  -40.2  -31.8  -42.9  

NO3
--induced path      

TO + NO2
+ + NO3

- 56.6  0.0  0.0  0.0  0.0  

Bn-IM1 59.4  -161.4  -148.2  -137.6  -159.2  

Bn-TS1 57.4  -153.4  -139.8  -130.8  -153.3  

Bn-IM2 59.4  -206.8  -194.0  -183.6  -204.2  

P + HNO3 58.4  -196.1  -185.3  -184.2  -194.9  

Cn-IM1 58.3  -175.1  -160.6  -153.7  -173.2  

Cn-TS1 54.3  -144.3  -129.7  -126.1  -146.5  

Cn-IM2 59.0  -187.1  -173.2  -164.1  -184.9  

P1 + HNO3 57.9  -176.0  -163.9  -164.8  -175.2  

Dn-IM1 58.2  -174.2  -159.8  -153.1  -172.4  

Dn-TS1 54.8  -145.8  -131.8  -126.9  -147.7  

Dn-IM2 58.2  -178.5  -164.9  -157.7  -176.6  

P2 + HNO3 57.8  -176.4  -164.3  -165.3  -175.6  

HSO4
--induced path      

TO + NO2
+ + HSO4

- 64.2  0.0  0.0  0.0  0.0  

Bs-IM1 66.8  -142.0  -133.9  -131.3  -140.1  

Bs-TS1 65.3  -139.5  -132.4  -131.4  -139.4  

Bs-IM2 66.8  -189.8  -183.3  -180.7  -187.6  

P + H2SO4 65.6  -176.2  -172.1  -170.7  -175.3  

Cs-IM1 66.2  -158.1  -149.9  -147.9  -156.1  

Cs-TS1 63.1  -138.8  -130.9  -132.0  -140.3  

Cs-IM2 66.5  -170.6  -163.5  -161.2  -168.7  

P1 + H2SO4 65.1  -156.1  -150.7  -149.8  -155.7  

Ds-IM1 66.2  -163.6  -154.9  -153.0  -161.9  

Ds-TS1 63.5  -133.5  -125.8  -126.6  -134.5  

Ds-IM2 65.8  -160.9  -154.4  -152.9  -159.3  

P2 + H2SO4 65.1  -156.4  -151.1  -150.2  -156.0  

a ZPE was obtained at the B3LYP/6-311G(d,p) level. The energy value 75 

was obtained at the B3LYP/6-311++G(3df,3pd) level, whereas the H and 

G corrections were taken from the B3LYP/6-311G(d,p) value. 
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Fig. 1 Schematic energy diagram for potential energy surface of the direct nitration of TO in a concentrated nitric acid or a nitric-sulfuric acids predicted 
at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-311G(d,p) level. Actually, NO3

- as well as HSO4
- did not participate in the nitration process in each pathway 

up to A-IM3. Here, NO3
- and HSO4

- were added into each pathway prior to A-IM3 only to keep the atomic conservation of nitration system.  5 

 
Fig. 2 Optimized geometries of species in the direct nitration of TO in a concentrated nitric acid or a nitric-sulfuric acids at the B3LYP/6-311G(d,p) level 
(bond lengths are in angstrom). 

 
source of NO2

+ by the dehydration of H2NO3
+ in the presence of a 10 

strong acid23-28. On the bases of CCSD(T) calculation with 
relatively large basis sets, Lee48 investigated protonated forms of 
H2NO3

+ and found that the lowest energy form of H2NO3
+ 

corresponds to a complex between H2O and NO2
+. This complex 

can be easily dehydrated to form NO2
+ in the presence of 15 

concentrated acid. Based on the literatures mentioned above, the 
overall reaction processes for the formation of NO2

+ in 
concentrated nitric acid and in nitric-sulfuric acids may be 
expressed as (1) and (2), respectively. 
HNO3 + 2HNO3 → 2NO3

- + NO2
+ + H3O

+                 (1) 20 

HNO3 + 2H2SO4 → 2HSO4
- + NO2

+ + H3O
+              (2) 

Meanwhile, NO2
+ is found to be a more efficient nitration reagent 

and a better electrophile than the HNO3 molecule. Based on such 
investigations, the nitration of TO in concentrated acids systems 
is simplified as that of TO and NO2

+ with/without the assist of 25 

NO3
-/HSO4

- in the present paper. 

3.1.1 NO2
+ direct nitration mechanism 

It has been reported that the most common mechanism of 
nitration reaction for aromatics is electrophilic substitution29-33. 
According to this theory, it is assumed that the TO nitration 30 

mechanism can be divided into two steps. Firstly, the NO2
+ is 

added to the target C1 atom and formed C+. Secondly, H atom 
leaves from C1 atom. However, in our B3LYP/6-311G(d,p) 
calculations34, no expected structure in which the NO2

+ directly 
attached to the target C1 atom has been obtained. Therefore, the 35 

above-mentioned NO2
+ direct nitration mechanism is not 

supported. Instead, by further considering the possible hydrogen 
transfer process, two reaction paths in concentrated nitric acids or 
nitric-sulfuric acids are proposed and verified via employing the 
quantum chemical calculations. A schematic energy diagram for 40 

the NO2
+ direct nitration reaction has been computed at the 

B3LYP/6-311++G(3df,3pd)//B3LYP/6-311G(d,p) level (shown 
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in Fig. 1). The geometrical parameters of the reactants, transition 
states, intermediates, and products in two reaction pathways in 
concentrated nitric acids and nitric-sulfuric acids are shown in 
Fig. 2. 
 As shown in Fig.1, the NO2

+ direct nitration mechanism has 5 

two possible pathways (path A1 and A2, which pass through the 
transition states of A1-TS1 and A2-TS1, respectively). Started 
from NO2

+ and TO, the same intermediate (A-IM3) can be 
obtained in both paths in the two acidic systems. Actually, 
mechanisms of the two acidic systems are roughly the same 10 

before the formation of A-IM3.  
 Firstly, TO and NO2

+ form an intermediate IM1, which is 
found in a deep potential well of -32.3 kcal mol-1. As a cation, the 
NO2

+ shows a strong tendency to bond to the TO. Then, A1-IM2 
can be produced via transition state A1-TS1 with a barrier height 15 

of 41.6 kcal mol-1 with respect to the energy of A-IM1. A1-TS1 is 
formed by NO2

+ directly attacking the target C1 atom of TO, as 
shown in Fig. 2. Consequently, the single bond of C(1)-H(2) is 
broken, and two single-bonds, H(2)-N(8) and C(1)-N(10), are 
formed simultaneously. Secondly, A1-IM2 converts to A-IM3, 20 

corresponding to an H-transfer process with the activation energy 
of 17.8 kcal mol-1. In this process, H2 atom transfers from N8 to 
O12, so the bond length of N(8)-H(2) increases, whereas O12 and 
H2 atoms become close to together. As seen in path A2 in Fig. 1, 
A-IM3 can also be directly obtained via a concerned H-transfer 25 

transition state A2-TS1 with the barrier height of 45.7 kcal mol-1 
in contrast to the energy of A-IM1. The subsequent processes 
were investigated separately in two different acidic systems. A-
IM3 can be easily transformed into An-IM4 and As-IM4 in 
concentrated nitric acid and nitric-sulfuric acids, respectively. In 30 

both acids, the H abstraction from A-IM3 takes place 
barrierlessly, owing to larger electronegativity of O atom in NO3

- 
and HSO4

- groups (as shown in Fig. S2). Moreover, An-IM4 can 
isomerize into An-IM5 through An-TS3 with a barrier height of 
38.8 kcal mol-1. As shown in Fig. 2, An-TS3 has a very 35 

interesting geometrical structure, which is formed by breaking the 
O(16)-H(2) bond, and the H2 atom is simultaneously affected by 
three O atoms. 
 From above discussions, it is seen that the reaction steps via 
transition state A1-TS1 and A2-TS1 in path A1 and A2, 40 

respectively, are predicted as the rate-determining step. In A1-
TS1, while H2 transfers to N8 atom, the influence of N8 atom to 
NO2

+ decreased, so that the NO2
+ can add to C1 atom. However, 

in A2-TS1, the transferring of H2 from C1 to O12 atom leads to 
the addition of NO2

+ to C1 atom. In contrast with A1-TS1, 45 

possibly owing to the formation of a four-membered ring, A2-
TS1 has higher activation barrier, implying that it is less likely to 
occur in path A. 

 

Fig. 3 Schematic energy diagram for potential energy surface of the NO3
--50 

induced nitration of TO predicted at the B3LYP/6-311++G(3df,3pd)// 
B3LYP/6-311G(d,p) level. 

 
Fig. 4 Optimized geometries of species in the NO3

--induced nitration 
calculated at the B3LYP/6-311G(d,p) level of theory (bond lengths are in 55 

angstrom).  

3.1.2 NO3
- induced nitration mechanism 

We suggest that the nitration of TO in concentrated nitric acid 
may follow different mechanisms. In the presence of NO3

-, the 
H2 on C1 is attracted by NO3

- and leaves from C1, which makes 60 

the NO2
+ attacking on C1 position of TO relatively easy during 

the reaction. In addition, the interaction of NO3
- with different 

positions in the nitrogen heterocyclic molecule opens different 
nitration channels for NO3

--induced reaction. In the present paper, 
three possible paths were taken into account. The paths, denoted 65 

as Bn, Cn, and Dn, respectively, as well as their schematic 
potential energy surfaces are shown in Fig. 3. The optimized 
geometries involved in NO3

--induced nitration path Bn is shown 
in Fig. 4. 
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 As seen in Fig. 3, the reactants first form complex Bn-IM2, 
which exists in the entrance of path Bn, and then produces the 
target product (NTO). The potential well depth of Bn-IM1 is 
148.2 kcal mol-1 at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-
311G(d,p) level. Starting from Bn-IM1, Bn-IM2 can be obtained 5 

via the transition state Bn-TS1 with a barrier height of 8.4 kcal 
mol-1 relative to that of Bn-IM1. As shown in Fig. 4, the six-
membered Bn-TS1 is mainly associated with the transferring of 
H2 from C1 to O14 atom and the simultaneous addition of NO2

+ 
to C1 atom, leading to the formation of the intermediate Bn-IM2 10 

in a concerted manner. In this process, the bond lengths of the 
C(1)-H(2), C(1)-N(10) and O(14)-H(2) change from 1.086, 1.583, 
and 2.324 Å to 2.962, 1.425, and 0.991 Å, respectively. 

 TO can be also transformed into 4-N-nitro-1,2,4-triazol-3-one 
(N-NTO) and 2-N-nitro-1,2,4-triazol-3-one (N`-NTO) by 15 

overcoming Cn-TS1 in path Cn and Dn-TS1 in path Dn, 
respectively. Similar to path Bn, the two paths (Cn and Dn) are 
also the NO3

--induced nitration processes. The difference is that 
the latter two paths are hardly affected by the N8, owning to the 
relatively high negative charges of N3 and N4 atoms. The details 20 

of bond lengths are shown in Fig. 4. The activation barriers 
associated with path Cn and path Dn are calculated as 40.0 and 
28.0 kcal mol-1, respectively, at the B3LYP/6-311++G(3df,3pd)// 
B3LYP/6-311G(d,p) level. 
 As is clearly seen in Fig. 3, path Bn is the most favorable one 25 

for the NO3
--induced nitration reaction among the above 

mentioned three paths. The possible reason is that Bn-TS1 is a 
six-membered transition state, in which the orbitals required for 
the bond dissociation and formation are deformed with relatively 
lower barriers.  30 

 It is of great interest whether the activation energy of path Bn 
is reduced by the induction effect of NO3

- in concentrated nitric 
acid during the nitration process. Compared with the NO2

+ direct 
nitration mechanism (in Fig. 1), the potential energy surfaces of 
the NO3

--induced nitration mechanisms become straightforward 35 

and have lower barrier height, especially in path Bn (in Fig. 3). It 
is obvious that the nitration reaction is greatly enhanced by the 
participation of the NO3

- and the resulted induction effect. From 
energetic point of view, the path Bn is much more favorable than 
others (path A, Cn and Dn), and therefore has high possibility to 40 

occur to produce the main product of NTO in the nitration of TO 
in concentrated nitric acid.  

3.1.3 HSO4
--induced nitration mechanism 

We also found that the HSO4
- can enhance the nitration of TO via 

a similar induction effect to that of NO3
- when the nitric-sulfuric 45 

acids are used. Three possible paths are taken into account in the 
HSO4

--induced nitration mechanism in nitric-sulfuric acids. The 
paths, which are denoted as Bs, Cs, and Ds, respectively, as well 
as their potential energy surfaces are shown in Fig. 5. The 
concerned bond lengths of all stationary points for the three paths 50 

are shown in Fig. 6. 
 Firstly, TO, NO2

+ and HSO4
- can form Bs-IM1 in path Bs, 

similar to that in path Bn. The activation energy associated with 
this step is calculated as 133.9 kcal mol-1 at the B3LYP/6-
311++G(3df,3pd) level. Bs-IM1 is a six-membered ring structure, 55 

and the distance between N(8) and O(16) is 1.592 Å, as shown in 
Fig. 6. The formation of such structure may contribute great to  

 

Fig. 5 Schematic energy diagram for potential energy surface of the 
HSO4

--induced nitration of TO predicted at the B3LYP/6-311++G 60 

(3df,3pd)//B3LYP/6-311G(d,p) level. 

 

Fig. 6 Optimized geometries of species in the HSO4
--induced nitration 

calculated at the B3LYP/6-311G(d,p) level (bond lengths are in 
angstrom).  65 

the decrease of the attraction between N8 and NO2
+, and promote 

the accessibility of NO2
+ to C1 atom. As seen in Fig. 5, there is a 

reactive intermediate Bs-IM1 prior to the transition state Bs-TS1. 
Bs-TS1 has a very low barrier height of 1.5 kcal mol-1, suggesting 
that the nitration of TO takes place almost spontaneously.  70 

Furthermore, energy of 47.5 kcal mol-1 (enthalpy changes) is 
released during the process from Bs-IM1 to Bs-IM2 at 298 K (as 
shown in Table 1). The results are exactly consistent with the 
experimental observations in the nitration of TO in nitric-sulfuric 
acids system19. In addition, similar to path Cn and Dn in the 75 

concentrated nitric acid system, paths Cs and Ds are HSO4
--

induced N-nitration processes of the nitrogen heterocyclic 
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molecules. As is shown in Fig. 5, Cs-IM2 (path Cs) and Ds-IM2 
(path Ds) are obtained through the transition state of Cs-TS1 and 
Ds-TS1 with the barrier heights of 18.9 and 29.1 kcal mol-1, 
respectively. 
 Compared with paths A, Cs and Ds, path Bs is the most 5 

favorable one for the nitration of TO to produce the main product 
of NTO in nitric-sulfuric acids due to its lowest barrier height 
(shown in Fig. 1 and Fig. 5). Moreover, path Bs is also more 
favorable than path Bn in view of the barrier height. In short, 
HSO4

- can dramatically reduce the nitration barrier of TO with 10 

NO2
+, and therefore remarkably promote the formation of NTO in 

nitric-sulfuric acids system. 

3.1.4 Atomic charge of the pre-reactive intermediates 

In order to further discern the reasons why the NO3
--induced 

nitration (in concentrated nitric acid) and the HSO4
--induced 15 

nitration (in nitric-sulfuric acids) are more likely to occur than the 
NO2

+ direct nitration during the formation of NTO, the pre-
reactive intermediates were investigated. The Mulliken atomic 
charges49 of the pre-reactive intermediates in every rate-
determining step were calculated at the B3LYP/6-311G(d,p) level. 20 

The calculated atomic charge of TO and some intermediates in 
the nitration of TO with NO2

+ is shown in Table 2. 
 As shown in Table 2, N8 atom in TO has an atomic charge of -
0.258 e, and can attract NO2

+ to form A-IM1. While the 
formation of A-IM1 makes it difficult to form NTO. Fortunately, 25 

it is clearly seen that NO3
- and HSO4

- can effectively decrease the 
negative atomic charge of N8 in the corresponding intermediates. 
For example, from N8 in A-IM1, to that in Bn-IM1 and in Bs-
IM1, the atomic charge of N8 is found to become more positive 
(from -0.226 to -0.131 and -0.133 e, respectively). Moreover, it is 30 

seen that NO3
- and HSO4

- can distinctly decrease the positive 
atomic charge of C1 in the corresponding intermediates. From C1 
in A-IM1, to that in Bn-IM1 and in Bs-IM1, the atomic charge of 
C1 is found to decrease from 0.369 to 0.274 and 0.262 e, 
respectively. Simultaneously, the change of the atomic charge of 35 

N10 is found to be not as regular as that of N8 and C1. From A-
IM1 to Bn-IM1, the atomic charge of N10 slightly increases from 
0.475 to 0.481e. In view of the effective decrease of the negative 
atomic charge of N8, as well as the distinct decrease of the 
positive atomic charge of C1, it is inferred that the attraction 40 

between N10 and N8 as well as the repulsion between N10 and 
C1 may both decrease to a different extent. While from A-IM1 to 
Bs-IM1, the atomic charge of N10 is found to dramatically 
decrease from 0.475 to 0.236 e. It can also be inferred that the 
attraction between N10 and N8 as well as the repulsion between 45 

N10 and C1 may both obviously decrease. Owing to such factors, 
it is concluded that Bn-IM1 and Bs-IM1 are better candidates to 
produce NTO, especially does Bs-IM1. 
 As a result of above findings, the NO3

--induced and HSO4
--

induced processes (path Bn and Bs) associated with the synthesis 50 

of NTO in concentrated nitric acid and nitric-sulfuric acids are 
much more favorable than path A due to their obviously positive 
effects on reducing the nitration barriers. Therefore, in view of 
the barrier height of 29.8 kcal mol-1 in the nitration of TO using 
HNO3 as the nitration reagent calculated at the B3LYP/6-31G(d,p) 55 

level21, and the results in the present paper, it is concluded that 
the nitration of TO in nitric-sulfuric acids is the most favorable  

Table 2 The calculated Mulliken atomic charges (e) of TO and some 
intermediates in the nitration of TO with NO2

+ at the B3LYP/6-311G(d,p) 
level.  60 

Species C(1) H(2) N(3) N(4) H(5) C(6) O(7) N(8) H(9) N(10) 

TO 0.119 0.156 -0.392 -0.295 0.267 0.466 -0.307 -0.258 0.244 — 

A-IM1 0.367 0.218 -0.373 -0.246 0.314 0.508 -0.218 -0.226 0.317 0.475 

Bn-IM1 0.274 0.193 -0.397 -0.253 0.267 0.465 -0.315 -0.131 0.256 0.481 

Bs-IM1 0.262 0.232 -0.399 -0.258 0.275 0.498 -0.303 -0.133 0.266 0.236 

one, which follows the path Bs in the HSO4
--induced nitration 

mechanism. 

3.2 Kinetics for the nitration of TO  

3.2.1 Effect of temperature on rate constants of the rate-
determining step 65 

For that the nitration of TO in concentrated nitric acid or nitric-
sulfuric acids mostly occurs at relative low temperature ranges in 
experiments, the kinetics of the elementary reactions in every 
nitration path is investigated at temperature ranges of 225-400 K. 
The rate constants are calculated at different temperatures in the 70 

rate-determining step in nitration paths without and with NO3
-

/HSO4
- by using the conventional TST, CVT and CVT with the 

SCT correction, respectively, at the B3LYP/6-311++G(3df,3pd)// 
B3LYP/6-311G(d,p) level. The relationships between the 
logarithm of TST, CVT, and CVT/SCT rate constants and 75 

temperature of path A1 are shown in Fig. S3. It is obvious that 
the SCT correction plays an important role for path A1 at the 
investigated temperature ranges (as shown in Fig. S3). The 
CVT/SCT rate constants for above mentioned paths are presented 
in Table 3. 80 

 It is clearly seen that the computed CVT/SCT rate constants in 
the rate-determining step in the NO3

--induced path Bn (k'Bn) are 
much larger than the corresponding values of the direct nitration 
path A (k'A1 and k'A2) and the NO3

--induced path Cn (k'Cn), and 
Dn (k'Dn), as shown in Table 3. It is indicated that the formation 85 

of NTO through the NO3
--induced path Bn is the dominant way 

in the nitration of TO in concentrated nitric acid system. The 
small k'A1 and k'A2 imply that the direct nitration is unlike to occur 
at the investigated temperature ranges. Moreover, it is clear that 
k'Cn and k'Dn increase much faster than k'Bn with the increase of 90 

temperature. Therefore, to suppress the side reactions and 
promote the selectivity of the targeted product of NTO, the 
nitration of TO in concentrated nitric acid should be carried out at 
relatively low temperature, which is in good agreement with the 
experimental observations18. 95 

 The effect of temperature on every rate constant of rate-
determining step for the nitration of TO in nitric-sulfuric acids is 
found to be similar to that in concentrated nitric acid system, as 
shown in Table 3. However, it is seen that the k'Bs in HSO4

--
induced path is much larger than the k'Bn in NO3

--induced path, 100 

indicating that the nitration of TO in nitric-sulfuric acids is more 
favorable than that in concentrated nitric acid. Meanwhile, with 
the increase of temperature, k'Bs increases much slower than k'Cs 
and k'Ds. Therefore, the nitration of TO in nitric-sulfuric acids 
system, prefers relatively low temperature in order to promote the 105 

selectivity of NTO, which is also consistent with the experimental 
observations19. 
 

Page 7 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  7 

Table 3 The calculated rate constants (cm3·molecule-1·s-1) of the rate-determining step for the nitration of TO at temperature ranges of 255-400 K.

T/K k'A1
a k'A2 k'Bn

b k'Bs
c k'Cn k'Cs k'Dn k'Ds 

255 1.82E-24 1.05E-26 5.09E+06 2.49E+13 1.29E-11 2.41E-02 3.43E-10 4.65E-11 

265 4.19E-23 3.12E-25 8.42E+06 2.52E+13 9.94E-11 7.94E-02 2.21E-09 3.46E-10 

270 1.84E-22 1.55E-24 1.07E+07 2.53E+13 2.61E-10 1.40E-01 5.32E-09 8.92E-10 

273 4.37E-22 3.94E-24 1.23E+07 2.54E+13 4.57E-10 1.94E-01 8.89E-09 1.55E-09 

276 1.02E-21 9.82E-24 1.40E+07 2.55E+13 7.92E-10 2.67E-01 1.47E-08 2.66E-09 

280 3.04E-21 3.22E-23 1.67E+07 2.56E+13 1.62E-09 4.06E-01 2.81E-08 5.37E-09 

285 1.15E-20 1.35E-22 2.07E+07 2.58E+13 3.84E-09 6.74E-01 6.19E-08 1.26E-08 

295 1.43E-19 2.07E-21 3.11E+07 2.60E+13 1.99E-09 1.76E+00 2.77E-07 6.32E-08 

300 4.73E-19 7.58E-21 3.77E+07 2.62E+13 4.34E-08 2.78E+00 5.64E-07 1.36E-07 

305 1.51E-18 2.66E-20 4.54E+07 2.63E+13 9.22E-08 4.32E+00 1.12E-06 2.87E-07 

310 4.62E-18 8.94E-20 5.43E+07 2.64E+13 1.92E-07 6.63E+00 2.19E-06 5.88E-07 

315 1.37E-17 2.90E-19 6.47E+07 2.65E+13 3.89E-07 1.00E+01 4.16E-06 1.18E-06 

320 3.92E-17 9.04E-19 7.66E+07 2.67E+13 7.72E-07 1.50E+01 7.78E-06 2.32E-06 

325 1.09E-16 2.73E-18 9.03E+7 2.68E+13 1.50E-06 2.21E+01 1.43E-05 4.47E-06 

330 2.91E-16 7.95E-18 1.06E+08 2.69E+13 2.86E-06 3.22E+01 2.57E-05 8.43E-06 

335 7.60E-16 2.25E-17 1.24E+08 2.70E+13 5.35E-06 4.65E+01 4.54E-05 1.56E-05 

340 1.93E-15 6.16E-17 1.44E+08 2.71E+13 9.83E-06 6.63E+01 7.89E-05 2.84E-05 

350 1.14E-14 4.24E-16 1.91E+08 2.73E+13 3.15E-05 1.31E+02 2.28E-04 8.94E-05 

360 6.15E-14 2.63E-15 2.51E+08 2.76E+13 9.44E-05 2.49E+02 6.19E-04 2.64E-04 

370 3.02E-13 1.47E-14 3.25E+08 2.78E+13 2.67E-04 4.57E+02 1.60E-03 7.36E-04 

380 1.37E-12 7.56E-14 4.14E+08 2.80E+13 7.16E-04 8.13E+02 3.91E-03 1.95E-03 

400 2.22E-11 1.56E-12 6.50E+08 2.83E+13 4.44E-03 2.36E+03 2.06E-02 1.18E-02 

a k'A1 and k'A2 denote the rate-determining step rate constant of path A1 and A2 for the NO2
+ direct nitration in concentrated nitric acid or nitric-sulfuric 

acids, respectively. b k'Bn, k'Cn and k'Dn denote the rate-determining step rate constant of path Bn, Cn and Dn for the NO3
--induced nitration in concentrated 

nitric acid, respectively. c k'Bs, k'Cs and k'Ds denote the rate-determining step rate constant of path Bs, Cs and Ds for the HSO4
--induced nitration in nitric-

sulfuric acids, respectively. 5 

3.2.2 Effect of concentration on the nitration rate  

Zbarsky et al.20 found that the rate of the synthesis of NTO in 
nitric acid significantly depends on the concentration of the nitric 
acid used. In the present paper, the overall reaction rates of the 
direct nitration, the NO3

--induced nitration, and the HSO4
--10 

induced nitration are investigated so as to explore the effects of 
concentrations of reactants on the nitration rate. When the 
nitration of TO follows the path A, the overall reaction rate in this 
direct nitration can be expressed as eqn. (3) as follows. 

                                                         (3) 15 

While the nitration of TO is carried out in concentrated nitric acid 
and the overall reaction rate for the NO3

--induced and HSO4
--

induced reactions can be expressed as eqn. (4) and (5), 
respectively.   

                                              (4)20 

                                            (5) 

where kBn and kBs are the overall rate constants of the NO3
--

induced path Bn and HSO4
--induced path Bs, respectively. The 

relative rate in each nitration system is defined as eqn. (6) and (7) 
as follows. 25 

                   (6) 

as well as 

                (7) 

It is clearly seen in eqn. (6) and (7) that both the relative rates 
depend on the corresponding rate constants. More importantly, 30 

the concentrations of NO3
- and HSO4

- impact significantly and 
positively on the nitration rates in the corresponding nitration 
systems. In this case, it is inferred that relatively dilute acids may 
be favorable to the induction effects of NO3

-/HSO4
-, since NO3

-

/HSO4
- is apt to be easily released in dilute acids. While a higher 35 

acid concentration may definitely benefit an easier formation of 
NO2

+, benefiting the nitration of TO. Therefore, the 
concentrations of both HNO3 and H2SO4 in both nitration systems 
should be well controlled as the favorable condition to produce 
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NO2
+ and NO3

-/HSO4
- differs in the concentrations of the 

corresponding acids. 

4. Conclusions 

Three nitration mechanisms of TO with NO2
+ in both 

concentrated nitric acid and nitric-sulfuric acids were investigated 5 

and proposed in the present paper at the B3LYP/6-311G(d,p) 
level, including the NO2

+ direct nitration (path An, As), NO3
--

induced nitration (paths Bn-Dn), and HSO4
--induced nitration 

(paths Bs-Ds), respectively. It is clear seen that the NO3
--induced 

and HSO4
--induced nitration paths are more favorable to occur 10 

than the NO2
+ direct nitration path, attributing to the proclaimed 

induction effects of NO3
- and HSO4

- and the resulted significant 
decrease of the activation energy during the nitration processes. 
Additionally, the decrease of energy barrier in path Bs is further 
explained by using the atomic charge calculation of pre-reactive 15 

intermediates (A-IM1, Bn-IM1, and Bs-IM1) for the synthesis of 
NTO.  
 The nitration kinetics of TO in both concentrated nitric acid 
and nitric-sulfuric acids were also investigated. The effects of 
temperature on the rate constants of rate-determining steps were 20 

explored. The calculated results of CVT/SCT rate constants show 
that NO3

- and HSO4
- effectively accelerate the nitration of TO 

with NO2
+, indicating that NO3

-/HSO4
- acts as a catalyst during 

the nitration process. It is also concluded that the nitration 
reaction of TO with NO2

+ to form NTO in concentrated nitric 25 

acid and nitric-sulfuric acids are more favourable at low 
temperatures. And the concentrations of NO3

- and/or HSO4
- 

significantly impact on the nitration rates of the corresponding 
nitration systems. Therefore, in view of the fact that a higher acid 
concentration may benefit an easier formation of NO2

+, the 30 

concentrations of both HNO3 and H2SO4 should be well 
controlled since the favourable condition to produce NO2

+ and 
NO3

-/HSO4
- differs in the concentrations of the corresponding 

acids. 
 The catalytic effects of the nitric acid and sulfuric acid are 35 

thought to be embodied in not only the acceleration to the 
formation of NO2

+, but also the proclaimed induction effects of 
NO3

- and/or HSO4
- during the nitration processes. We believe that 

it is such catalytic effects of the nitric acid and sulfuric acid, 
especially the induction effects of NO3

- and HSO4
- that make the 40 

nitration mechanism of TO differ in that of the aromatics. It is 
expected that the present study may provide a theoretical basis to 
the research and engineering amplification of the preparation of 
NTO as well as other energetic materials. 
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