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The hydrolysis mechanism and the kinetics of using 2-dinitromethylene-5,5-dinitropyrimidine-4,6-dione
(NMP) to prepare the representative insensitive energetic material 1,1-diamino-2,2-dinitroethylene (FOX-
7) in a nitric—sulfuric acid system are systematically investigated via a density functional theory (DFT)
method. The impact of the co-existing acidic group of HSO,™ as well as the solvent effects of the mixed
acids on the hydrolysis of NMP are elucidated and discerned, and the proposed catalysis and promotion
of the hydrolysis of NMP with HSO,~ are verified. The HSO, -catalyzed hydrolysis pathway is more
favorable than the direct pathway as well as the H,O-catalyzed hydrolysis, indicating that HSO,~ may be
a promising catalyst for the preparation of FOX-7 in a mixed acid system. The present study is expected
to provide a better understanding of the hydrolysis of NMP, and will significantly help with better
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preparation of FOX-7 and other nitro-energetic materials.

1. Introduction

The special significance and importance of energetic materials in
military affairs along with their severe defects and hazards
leading to accidental casualties during production, trans-
portation, storage and application have spurred numerous
attempts to develop better substitutes, insensitive energetic
materials (IEMs), for traditional materials.’ Due to its distinctly
high threshold towards impact and friction along with its
comparable explosiveness to the traditional energetic materials
currently used, 1,1-diamino-2,2-dinitroethylene (FOX-7) has been
suggested as a promising candidate as an IEM and has been
extensively studied in recent years, including its synthesis
method,*® molecular/crystal structure,” thermodynamic proper-
ties,® performance as an explosive,” thermal decomposition'® and
other characteristics." However, the synthesis mechanism for
FOX-7 has been seldom reported. It is known that FOX-7 can be
prepared from several nitrogen-containing compounds via
a batch process in a nitric-sulfuric acid (mixed acid) system.
When 2-methyl-4,6-dihydroxypyrimidine (MDP) is used as the
reactant, the preparation process involves nitration of MDP fol-
lowed by further hydrolysis of the nitration product of 2-
dinitromethylene-5,5-dinitropyrimidine-4,6-dione (NMP).** The
preparation strategy for FOX-7 is shown in Scheme 1.

Recently, we employed a density functional theory (DFT)
method to elucidate the nitration of MDP in the mixed acids, in
which a coexisting HSO,  induced/promoted nitration mecha-
nism was presented, via which the formation of the key inter-
mediate NMP was discerned.”” Such induction/promotion of
HSO,~ was also illustrated in the nitration of triazol-3-one (TO)."*
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Scheme 1 Preparation strategy for FOX-7.

Moreover, the impact of the solvent effects of the mixed acids on
nitration was also studied.” Koleva et al.** suggested that form-
amide as well as dimethylsulfoxide (DMSO) may be used as
a model solvent for the nitration in the mixed acids system. By
comparing the calculated activation free energy (AG™) in the
formamide, DMSO, and gas phases, we found that the solvent
effects on the nitration of MDP may be inapparent/weak."” Based
on such calculations, we suppose that the coexisting HSO,  may
also assist the hydrolysis process of NMP. However, to the best of
our knowledge, no detailed understanding is available on the
hydrolysis of NMP in the mixed acid system.

The formation of NO," in mixed acids has been investigated for
years, and can be expressed as HNO; + H,SO, — NO," + HSO, ™ +
H,0." Then the hydrogen-bonding complex HSO, -H,O may
form, similar to the formation of HO-H,0,"” HO, -H,0," HNO;-
-H,0,” H,S0,-H,0?* or H,0-H,0* in their corresponding
systems, indicating that HSO, as well as H,O may participate and
play a noticeable role in the hydrolysis of NMP. The possible
hydrolysis pathways for NMP in the mixed acids are presented in
Scheme 2.

In the present work, the hydrolysis of NMP in a mixed acid
system is systematically investigated via a quantum chemistry
method. Firstly, the hydrolysis mechanism is elucidated, via
which the impact of the co-existing acidic group of HSO, as
well as the solvent effects of the mixed acids on the hydrolysis of
NMP is demonstrated and understood. Secondly, the hydrolysis
kinetics of NMP in the mixed acids are also studied, through
which the proposed special promotion of HSO, on the
hydrolysis of NMP is verified. The present study is expected to
provide a better understanding of the hydrolysis of NMP, and
will significantly help with better preparation of FOX-7 and
other nitro-energetic materials.

2. Theoretical methods

Most of the computational details in the geometry investigation
in the present work are very similar to those in our recent
report.’** The calculations were carried out using the Gaussian
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Scheme 2 Possible hydrolysis pathways of NMP in the mixed acid
system.
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09 software package.?> DFT-B3LYP/6-311G(d,p)**** has been
used in similar systems.'>**** The accuracy of this method was
evaluated and verified, as shown in the ESI (Table S1).1 Thus,
B3LYP/6-311G(d,p) was intentionally employed to optimize the
geometries of the reactant complexes, transition states, inter-
mediates and products of the hydrolysis of NMP. B3LYP/6-
311G(d,p) was also used to compute the vibrational frequency,
via which whether the obtained structures were those of the
transition states or local minima points was verified, and based
on which the zero-point vibrational energy (ZPE) was calculated.
Intrinsic reaction coordinate (IRC)* analysis was performed to
ensure that the structure of every transition state obtained does
connect the corresponding reactant and product. Additionally,
the conductor-like polarizable continuum model (CPCM)***!
was used to evaluate the solvent effect of the reaction medium.

Based on the optimized geometries, the single-point ener-
gies of the first step in the direct hydrolysis of NMP in the
formamide phase were estimated using DFT functions (B3LYP-
D3,2%  MO06-2X-D3, MO06-HF-D3, and BP86 with 6-
311++G(3df,3pd)), double hybrid function B2PLYP/aug-cc-pvdz,
and CCSD(T)/6-311G(d,p) so as to determine a suitable method
(Table S27). The accuracy of the B3LYP-D3/6-311++G(3df,3pd)//
B3LYP/6-311G(d,p) and M06-2X-D3/6-311++G(3df,3pd)//B3LYP/
6-311G(d,p) energies was gauged by comparison with the
CCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p) and B2PLYP/aug-cc-
pvdz//B3LYP/6-311G(d,p) energies of the first step in the direct
hydrolysis of NMP in the formamide phase. It was found that
the difference in the energy barrier was less than 0.5 kcal mol ™,
indicating that the accuracy as well as the reliability of the
former two methods is comparable to that of the latter two
methods. Therefore, B3LYP-D3/6-311++G(3df,3pd)//B3LYP/6-
311G(d,p) was intentionally used to calculate the single-point
energies due to its relatively high efficiency.

All the kinetic calculations were performed using the VKLab
program.** The rate coefficients of conventional transition state
theory were calculated with an asymmetric Eckart tunneling
correction (TST/Eckart)* for every elementary reaction in the
titled reaction in the temperature range of 233-400 K.

3. Results and discussion

It has been reported that solvent effects in the mixed acid
system may be fairly weak.'> Thus, the hydrolysis mechanism of
NMP in the gas phase is mainly discussed in the present work
though the solvent effect is also explored to understand the
impact of the reaction medium on the titled hydrolysis system.
Moreover, it is known that FOX-7 and 2,2-dinitromalonic acid
(C(NO,),(COOH),, DMA) may be simultaneously produced
during the hydrolysis of NMP. The experimental results*® show
that DMA may further decompose after it is produced. This
subsequent decomposition of DMA was also investigated
besides the hydrolysis of NMP in the present work.

3.1 Hydrolysis mechanism of NMP in the gas phase

Three possible reaction paths are proposed and discussed
based on the catalyst considered in the present work. The direct

This journal is © The Royal Society of Chemistry 2018
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hydrolysis mechanism, in which no catalysis was taken into
account, is denoted as path A. In view of the fact that the
addition of water in the later synthesis stages may distinctly
increase the yield of FOX-7,° water may thus play an important
role during the titled hydrolysis. The water-catalyzed hydrolysis
pathway is denoted as path B. Herein, we propose that the
coexisting acidic group of HSO, may significantly promote/
catalyze the hydrolysis of NMP. This HSO, -catalyzed hydro-
lysis pathway is denoted as path C. A schematic depiction of the
hydrolysis mechanism of NMP is shown in Scheme 3.

The relative energies (AE) and free energies (AG) for all the
possible hydrolysis paths are listed in Table 1.

3.1.1 Direct hydrolysis. The potential energy diagrams for
the internal rotation of lateral -NO, in C10 and C4 in NMP
predict that the torsional dependencies of the lateral groups
may be fairly weak during the hydrolysis of NMP (Fig. S1-S37).
The optimized geometry of NMP is used as the starting geom-
etry (Fig. S17) to elucidate the reaction mechanism. The opti-
mized geometries and corresponding potential energy profiles
(gas phase) in the direct hydrolysis pathway (path A) are shown
in Fig. S47 and 1(a).

As shown in Fig. S4,1 in the first hydrolysis step of NMP,
a complex with one NMP molecule and one H,O molecule (A-
IM1) forms after the H,O molecule approaches the C3 atom
in NMP. Clearly, the stability of A-IM1 is higher than that of the
sum of its monomers (AE = —7.95 kcal mol ™', as shown in
Table 1). Meanwhile, the free energy of A-IM1 is higher than that
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of the sum of its monomers (AG = 1.73 kecal mol ) possibly due
to the contribution of entropy to the free energy. It is seen that
though there is a distinct difference between AE and AG, AE™
and AG™ differ slightly in every elementary reaction during the
hydrolysis of NMP. In the present work, the free energy is
mainly discussed.

Starting from A-IM1, the bonds C3-N6 and O24-H26 may be
undermined and completely break via a four-membered cyclic
transition state A‘TS1 in the first hydrolysis step. The AG™ value
associated with this step is 54.93 kcal mol ™. This is followed by A-
IM2 being produced. Then A-IM2 may be transformed into A-IM3,
which can be obtained after A-IM2 complexes with a second H,O.
For the second hydrolysis step, a complex of FOX-7 and DMA,
namely A-IM4, may be produced, also via a four-membered cyclic
transition state A-TS2 with a AG™ value of 49.68 kcal mol ' (A-
IM3 — A-IM4). Eventually, FOX-7 as well as DMA forms.

3.1.2 H,O-catalyzed hydrolysis. Water may play an impor-
tant role in the hydrolysis of NMP. The potential energy surface
for the water-catalyzed hydrolysis pathway (path B) is shown in
Fig. 1(b). The corresponding optimized geometries are shown in
Fig. S5.1

As shown in Fig. S5,f after two H,O molecules approach
NMP, complex B-IM1 forms with the assistance of hydrogen
bonds. Beginning with B-IM1, the first hydrolysis step of NMP
occurs via an eight-membered cyclic transition state B-TS1 to
produce the intermediate B-IM2. The AG”™ value associated
with this step is 47.92 kcal mol ™. In this step, (one of) the O-H

0,N__NO, ON Noz OZN NOz O,N__NO, O,N__NO, #* N NO,
I —‘ I H H D: H H{ \/’E -H
s ~ / ONTNC
mw ona o H "H +H0  HN N-y <N Ney H H
_--0 —= —— o — o —= T ‘o 0 ™™ \ ’
o o H O 0 \H O 4 o-H R o-H é)’,/g&o " 0\\N//O
ON” “No, ON" "No, o,N” NO, H=0" 0N o, 7 on o, ON_ cooH
A-IM1 A-TS1 A-TM2 H o AM3 A-TS2 HOOC A M4
+H,0
B *Path A Y v on N0 @N.__NO *
O;N._NO, ON_NO, Y M ON N0 1 \ i o,N ! No,
H 2
Path B | | I ,/H\é Ny 0 N o J\i
—> gN” NH _j —= HN® N v — HN O ~H HN™ “NH,
+2H0 _--0 [— 0=V~ 0 FOX-7
o o o Ny o Q 0 £~0C ! o NOON +
ON" N0, ON” NO, ON""Nno, H 0N No, *y B g H““’\H HOOC COOH
. SNIP B-IM1 B-TS1 B-IM2 B-IM3
"
.| Path C NO:
+HSOy J— ON.__NO, NO, A DMA
0,N__ NO, NO. < I I -H0
: ] 00 R HN HN
o5 | o H
HN" NH /T T N’ ONH 0 HOOC, \ H s HOOC |y SO
o o-o 1 —-0-—-H oN 0\0 /O ON——¢ N\ 7
Ny N
oN"No, M &N NO? ) 0, H oN O H C-IM38
M1 C-TS1 B-TS2 B-IM4
NO. 0,N_ NO
OZNINOZ o 4 OzNj\i%I N N0 —r ON \ 2H ’ l ’
Na-
| s / -0 L .0 NCH o HN—~NH,
EN—Sgy 000 HN /N/H T ON=HT g HNT 5 P 0 o H’Z'O‘ 0
O‘S(ko”’ —— o= ([ O0H —— O:Ef*/(o o OMO’,O\Sb»O (N otp
N Q--H-0 N \o. \
O,N NOZ0 H ON \H oN"{ 0 Il{ / ON NO2o b % ON Nocoou H
2
C-IM2 CcIM3 C-TS2 C-IM4 C-IM5
NO,
O,N 0,N—_NO, 0,N—_-NO
N N‘H I 2 —‘ I 4 ON N o o ON._NO,
BN~y HNT “N--p_ HNT "N .0 I 3 |
R o/ ; / g—s’ ~ HNTM g o i Q oo
HOOC o~ N0  Hooc 9 0-S. HOOC, o. %o ol , A=~ s
ox34 on T e > Loned O mooe S5 A i
oN O7H-O N No, i BT ON NO, H 0N N0, 0N COOH
Cc-IM8 C-TS4 CcIM7 C-1M6 C-TS3

Scheme 3 Schematic depiction of the hydrolysis mechanism of NMP.
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Table1 Relative energies (in kcal mol™) for the hydrolysis paths A to C
of NMP in the gas, formamide, and DMSO phases”

System AE(g) AG(g) AG(f) AG(d)
Path A

NMP + 2H,0 0.00 0.00 0.00 0.00
A-IM1 + H,O —7.95 1.73 3.48 3.36
A-TS1 + H,O 45.45 56.66 55.04 55.09
A-IM2 + H,O 1.69 11.72 9.69 9.73
A-IM3 —4.69 14.80 17.59 17.54
A-TS2 42.47 63.48 62.61 62.68
A-IM4 —16.47 —0.30 —0.11 —0.04
FOX-7 + DMA —-9.35 —2.20 —-7.30 —7.24
Path B

NMP + 2H,0 + H,0 0.00 0.00 0.00 0.00
B-IM1 + H,O —16.48 2.34 10.62 10.43
B-TS1 + H,O 28.54 50.26 47.21 49.24
B-IM2 + H,O —7.03 12.23 10.76 10.61
B-IM3 —14.98 14.69 22.78 23.55
B-TS2 21.14 53.27 57.06 57.00
B-IM4 —31.32 -3.16 2.93 2.01
FOX-7 + DMA + H,0 —9.35 —2.20 —-7.30 —7.24
Path C

NMP + 2H,0 + HSO, 0.00 0.00 0.00 0.00
C-IM1 + H,0 —45.49 —22.22 4.40 4.06
C-TS1 + H,0 —36.44 —11.47 21.21 20.73
C-IM2 + H,O —36.38 —12.05 20.90 20.53
C-IM3 + H,0 —33.31 —10.40 25.02 24.52
C-TS2 + H,O —34.56 —11.02 23.79 23.27
C-IM4 + H,0 —43.47 —21.20 12.90 12.40
C-IM5 —32.41 1.37 28.16 27.82
C-TS3 —20.25 14.22 48.10 47.66
C-IM6 —44.71 —11.69 12.64 12.72
C-IM7 —33.78 1.24 38.28 37.78
C-TS4 —34.52 0.68 37.47 37.00
C-IM8 —76.12 —44.91 —12.11 —12.61
FOX-7 + DMA + HSO, —9.35 —2.20 —7.30 —7.24

“ The gas, formamide and DMSO phases are denoted as (g), (f), and (d),
respectively.

bonds in each H,0 molecule break. Synchronously, the hydroxyl
oxygen (027) and H25 add to and finally bond with C3 and N6 in
NMP, respectively. The first hydrolysis step of NMP may be
realized after the formation of a new H,O molecule, indicating
that H,O may catalyze the hydrolysis process. Then B-IM2 may
easily be transformed into B-IM3. Similar to that in B-TS1, H,O
may also catalyze the second hydrolysis step from B-IM3 to
BIMA4 via an eight-membered cyclic transition state B-TS2, in
which the hydroxyl oxygen (030) and H24 add to and bond with
C1 and N5. The AG™ value for this step is 38.58 kcal mol .
Finally, complex B-IM4, which contains FOX-7, DMA and H,O,
forms, indicating the completion of the hydrolysis.

3.1.3 HSO, -catalyzed hydrolysis. HSO, can effectively
catalyze the nitration of MDP and thus may dramatically
promote the formation of NMP." We propose that HSO,  may
also play an important role in the hydrolysis of NMP in the
present work. The optimized geometries in the HSO, -catalyzed
hydrolysis pathway (path C) are shown in Fig. S6.1 The corre-
sponding potential energy surfaces are shown in Fig. 1(c).

13304 | RSC Adv., 2018, 8, 13301-13309
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As can be clearly seen in Fig. S6t and 1(c), after H,O-HSO,
approaches and combines with NMP, complex C-IM1 sponta-
neously forms. The free energy was found to decrease by
22.22 keal mol™". In view of the steric hindrance in the first
hydrolysis step in path C, it is supposed that the addition of 025
in the hydroxyl group to C3 and that of H27 to N6 may occur
separately, differing to that of the first hydrolysis step in path B.
C-IM2 is formed via the transition state C-TS1 with a AG™ value
of 10.75 keal mol ™', in which the addition of 025 to C3 may be
aided by the H-abstracting process. After C-IM2 is transformed
to C-IM3, the addition of H27 to N6 (C-IM3 — C-IM4) occurs in
a barrierless way via an eight-membered transition state C-TS2,
resulting in the formation of C-IM4.

In the second hydrolysis process, the addition of 027 in the
hydroxyl group to C1 (C-IM5 — C-IM6) and that of H28 to N5 (C-
IM7 — C-IM8) also occur separately. The AG™ values associated
with these two elementary reactions are 12.58 and
—0.56 kcal mol™", respectively. Eventually, FOX-7 as well as
DMA is released from C-IM8.

Clearly, HSO, acts as a temporary H-acceptor in both
hydrolysis steps in path C. After the key intermediate (C-IM4/C-
IM8) forms, HSO,  is released and recycled during the hydro-
lysis process. More importantly, as shown in Fig. 1, the potential
energy surface of the HSO, -catalyzed hydrolysis (path C) is
much smoother than that of the direct hydrolysis (path A) and
that of the H,O-catalyzed hydrolysis (path B). We thus believe that
the coexisting HSO,  may effectively promote/catalyze hydrolysis
of NMP. Moreover, it can be clearly seen that the activation free
energy of the rate-determining step in path C (C-IM5 — C-IMS6,
12.85 kecal mol ') is much lower than that in path A
(54.93 keal mol ') and path B (47.92 kcal mol ). Such a dramatic
decline in the free energy barrier clearly demonstrates the effi-
ciency of the HSO,  catalyst. Here, we suppose that HSO,  may
greatly assist and accelerate the breaking of the O-H bond in the
water molecule as well as the H-transfer process, and thus
effectively catalyze and promote hydrolysis of NMP.

It was observed that the yield of FOX-7 can be distinctly
increased when water is added in the later stages of its prepa-
ration in the mixed acid system. Such an increase was also
observed by Mandal et al.®* and Latypov et al.® With the view that
the catalysis of water is minimal during hydrolysis, the observed
increase in the yield of FOX-7 may be predominantly derived
from enhanced dissociation of the concentrated H,SO, and the
resulting increase in HSO,  in the hydrolysis system, in which,
though the catalysis of water may also exist and play a role, the
catalysis of HSO,  may be of the most importance during the
hydrolysis process.

3.2 The decomposition mechanism of DMA in the gas phase

It was reported that CO, as well as CH,(NO,), was detected
during the decomposition of DMA.>® The decomposition
mechanism of DMA was investigated. We suggest that HSO, ™
may also catalyze the decomposition of DMA. The optimized
geometries and corresponding potential energy surfaces in the
gas phase are shown in Fig. S71 and 2. Meanwhile, the sche-
matic free energy diagrams of the direct decomposition in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The potential energy surfaces for the hydrolysis of NMP calculated via B3LYP-D3/6-311++G(3df,3pd)//B3LYP/6-311G(d.p) in the gas
phase: (a) direct hydrolysis, path A; (b) H,O-catalyzed hydrolysis, path B; (c) HSO,4™ -catalyzed hydrolysis, path C.

gas phase are shown in Fig. S8 and S9.7 The relative energies AE
and free energies AG for the decomposition of DMA are listed in
Table S3.}

As shown in Fig. S71 and 2, during the H-transfer process
(IM1 — IM2, H13 transfers from 012 to 07), a CO, molecule is
easily released from DMA (IM1). The AG” value for this step is
merely 15.04 kcal mol ', indicating that the breaking of C2-C3
may be assisted by H-transfer.

We supposed that after the intermediate IM7 (similar to IM1)
forms via an H-transfer process, the second CO, molecule may

be easily released. The H atom may be transferred by two means
during the formation of IM7: direct H-transfer and HSO, -
catalyzed H-transfer. It can be clearly seen that when IM7 was
produced via the direct H-transfer process (IM3' — IM4'(IM7),
shown in Fig. S81), AG” is up to 63.21 kcal mol . However,
when IM7 was obtained the AG” value was merely
15.98 kecal mol™". And the AG™ value for the release of the
second CO, molecule (IM7 — IMS8) is 19.03 kcal mol . Next,
during the HSO, -catalyzed H-transfer process (IM3 — IM6),
CH,(NO,), may be produced after the H atom is transferred.
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r
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Fig. 2 Potential energy surfaces for the decomposition of DMA calculated via B3LYP-D3/6-311++G(3df,3pd)//B3LYP/6-311G(d.p) in the gas

phase.
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Similarly, the H atom may also be transferred in two ways in the
formation of CH,(NO,),: the direct way and the HSO, -cata-
lyzed way. The AG™ value for the direct one is 44.70 kcal mol "
(IM11' — IM12/, in Fig. S97), while the AG” value for the
HSO, -catalyzed one (IM9 — IM12) is merely 7.39 kcal mol .
Such severe declines in AG™ clearly indicate that the formation
of both IM7 (IM3 — IM6) and CH,(NO,), (IM9 — IM12) may be
effectively catalyzed by the coexisting HSO, . Additionally, since
decomposition of DMA releases two molecules of CO,, we
believe that decomposition of DMA may promote hydrolysis of
NMP, and thus favor the generation of the targeted product
FOX-7.

3.3 Solvation effects on the hydrolysis of NMP

Koleva' suggested that formamide as well as DMSO can be used
as the model solvent for theoretical investigation of the bulk
solvent effects via CPCM?**>*! on the nitration of benzene in the
mixed acid system. Model solvents such as these along with the
CPCM method were employed to evaluate the solvent effects on
the hydrolysis of NMP in paths A to C. The bond lengths of the
relevant species in paths A to C in the formamide (f) and DMSO
(d) phases are shown in Fig. S10-S15.1 The relevant free ener-
gies in paths A to C in both the formamide and DMSO phases
are listed in Table 1.

As shown in Fig. S4-S6 and S10-15,f it can be clearly seen
that solvent effects impact slightly on the geometries of the
species in the hydrolysis of NMP. As shown in Table S4,7 it can
be seen that the changes in AG” in the solvent phases differ
obviously to those in the gas phase in paths A to C, though the
AG7” values are quite analogous to each other in the two solvent
phases. The formamide phase was mainly chosen as a model to
evaluate the solvent effects on the hydrolysis of NMP, in which
the dipole moments for the rate-determining steps in paths A to
C are calculated using the B3LYP/6-311G(d,p) method (as shown
in Table 2) and discussed as follows.

The dipole moment of A-IM1 is 2.4 debye, calculated via
B3LYP/6-311G(d,p). Identical dipole moments of A-IM1 were
also obtained via B3LYP-D3/6-311G(d,p), M06-2X/6-311G(d,p),
B3PW91/6-311G(d,p), and B3LYP/agu-cc-pvdz (as shown in
Table S5t). Moreover, the dipole moment of A-TS1 is 5.8 debye,
which is also similar to that obtained via the other four methods
(Table S571). This indicates that the B3LYP/6-311G(d,p) method
is reliable, and thus it was mainly employed to calculate the
dipole moments in the present work.

As shown in Table 1, the AG™ value for the rate-determining
step in the formamide phase is lower by 3.37 kcal mol~* than
that for the gas phase in path A. The B3LYP/6-311G(d,p)

Table 2 Evolution of the dipole moments (u, in debye) of the rate-
determining step for the direct hydrolysis, path A, the H,O-catalyzed
hydrolysis, path B and the HSO, ™ -catalyzed hydrolysis, path C, of NMP

Path A system Path B system  pu Path C system pu

A-IM1 2.4
A-TS1 5.8

B-IM1 4.2
B-TS1 7.2

C-IM5 9.0
C-TS3 6.4
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calculations shown in Table 2 indicate that the dipole moment
of A-TS1 is much bigger than that of A-IM1. This implies that the
solvent effect of formamide on A-TS1 is stronger than that on A-
IM1, namely, the transition state A-TS1 may be better stabilized
by formamide than A-IM1 is. Similarly, the solvent effect on B-
TS1 may also be stronger than that on B-IM1 as the dipole
moment of B-TS1 (u = 7.2 debye) is larger than that of B-IM1
(w = 4.2 debye). However, the dipole moment of C-TS3 (6.4
debye) is less than that of C-IM5 (9.0 debye), indicating that the
stabilization of the solvent on C-TS3 is inferior to that on C-IM5.
This may answer for the calculation that the AG™ value in the
formamide phase is higher by 7.06 kcal mol " than that in the
gas phase.

More importantly, as shown in Table S4,1 the AG™ values for
the rate-determining steps in formamide for paths A to C are
52.73, 38.81, and 19.84 kcal mol ', respectively. Meanwhile,
those in the gas phase are 54.93, 47.92, and 12.85 kcal mol ", It
is obvious that formamide may assist the hydrolysis process and
thus significantly impact AG”, indicating that the solvent
effects in the mixed acid system may be notable and should not
be ignored. Even so, HSO, -catalyzed path C is still much more
favorable than the other two paths (paths A and B), whenever
hydrolysis occurs in the gas or formamide phase. Fortunately,
since identical results are obtained in the gas and solvent
phases, it is believed that the calculations for the titled reaction
in the gas phase are reliable and acceptable. Interestingly, the
activation free energies and optimized geometries of the rele-
vant species for the decomposition of DMA in the gas, form-
amide, and DMSO phases are quite analogous (see Table S3 and
Fig. S7, S16 and S171). Thus calculation in the gas phase may be
reliable as is that for the kinetics of hydrolysis of NMP in the
mixed acid system.

3.4 Hydrolysis kinetics of NMP

3.4.1 Effect of temperature. The kinetics of the elementary
reactions in the hydrolysis paths A to C were investigated in the
temperature range 233-400 K as hydrolysis is mostly performed
at relatively low temperature in experiments.>® The relationship
between the logarithm of the TST/Eckart rate constants for the
rate-determining steps in paths A to C and the temperature is
shown in Fig. 3. The TST/Eckart rate constants for the paths
mentioned above are presented in Table S6.f The modified
three parameter Arrhenius expression of the rate coefficients for
every elementary reaction in the hydrolysis of NMP is summa-
rized in Table 3.

It can be clearly seen that the calculated TST/Eckart rate
constants for the rate-determining step in the HSO, -catalyzed
path C (k&7E*) are much larger than the corresponding
values in the direct hydrolysis path A (ka3""%¥™) and the H,O-
catalyzed path B (k3 %*™) as shown in Fig. 3. Thus the
HSO, -catalyzed path C may be the most dominant path for
hydrolysis of NMP in the mixed acid system, indicating that
path A as well as path B is unlikely to occur within the investi-
gated temperature range.

Moreover, it can also be seen that the rate constants for every
elementary reaction slowly increase with the increase in

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Calculated rate constants for the rate-determining steps in
paths A to C via TST/Eckart in the temperature range 233-400 K.

Table 3 Three parameter Arrhenius expression of each elementary
reaction in the hydrolysis of NMP in the temperature range 233-400 K

Reactions log A n E4/R
A-IM1 — A-IM2 1.88 2.63 23 074
A-IM3 — A-IM4 —16.06 7.20 14 528
B-IM1 — B-IM2 7.19 0.78 20974
B-IM3 — B-IM4 7.15 0.95 16 201
C-IM1 — C-IM2 9.75 0.61 3642
C-IM3 — C-IM4 13.31 —0.62 532
C-IM5 — C-IM6 9.80 0.74 4599
C-IM7 — C-IM8 13.83 —-0.31 269

temperature in path C (in Table S67), indicating that the rate
constants are slightly impacted by the temperature. Therefore,
to avoid loss of the targeted energetic material of FOX-7 and
improve the safety of the mixed acid system, it is suggested that
hydrolysis of NMP should be carried out at relatively low
temperatures. Such a prediction is in good agreement with
experimental observations.”

3.4.2 Effect of concentration. The overall reaction rates in
paths A to C were investigated so as to evaluate the effects of the
concentration of water and HSO,™ on the hydrolysis kinetics of
NMP in the mixed acid system. The overall hydrolysis rates of
paths A to C can be expressed as eqn (1), (2) and (3) as follows:

va = ka[NMP][H,OF (1)
vy = kp[NMP][H,OP (2)
ve = kc[NMPJ[HSO, J[H,OJ (3)

where k,, kg and k¢ are the overall rate constants for the direct
hydrolysis path A, H,O-catalyzed path B and HSO, -catalyzed
path C, respectively. The relative hydrolysis rates can be written
as eqn (4) and (5) as follows:

v _ ks [NMP]H,O ks

va ka [NMP|[H,O] iy T120) @
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ve ke [NMP][H,O[HSOs "] ke HSO, | )
[NMP][H,0]” )

=

VA ka

Thus the relative hydrolysis rate of NMP depends not only on
the corresponding rate constants but also on the concentrations
of H,O and HSO, . HSO, ™ is able to be easily released in diluted
acids. Based on our recent work,'? the overall formation rate of
NMP can be expressed as eqn (6).

vmp = K[MDP][NO,*]* (6)

It has been demonstrated that a higher acid concentration
favours easier formation of NO," and faster production of the
key intermediate NMP in the mixed acid system, which may
promote the nitration of MDP, benefit the subsequent hydro-
lysis of NMP, and improve the production of FOX-7. Therefore,
the acid concentration should be well balanced and optimized
throughout the experiment. Latypov et al. reported that an
appropriate concentration of H,SO, in the mixed acids should
be 93-97%.° Moreover, they also found that adding a certain
amount of water in the later reaction stages can improve the
preparation of FOX-7. This has been proven well in our pilot-
scale production of FOX-7 in the mixed acid system.

4. Conclusions

The hydrolysis of NMP in the mixed acid system was system-
atically investigated in the present work. Firstly, the hydrolysis
mechanism in gas as well as in the solvent phase was elucidated
via which the impact of the co-existing acidic group of HSO,™ on
the hydrolysis of NMP was discerned. HSO, -catalyzed hydro-
lysis is more favorable than direct and H,O-catalyzed hydrolysis
since HSO,  may dramatically decrease the free energy barrier
and effectively promote the hydrolysis of NMP. Moreover,
HSO,  can also effectively catalyze the decomposition of DMA
in the mixed acid system. This may be an additional promotion
of the hydrolysis of NMP which may be partly due to the release
of CO, shifting the chemical equilibrium of the system forward.
Secondly, the hydrolysis kinetics of NMP were studied theoret-
ically. Based on the effect of temperature on the TST/Eckart rate
constants of the elementary reaction, it can be concluded that
HSO,  may effectively accelerate the hydrolysis of NMP, and
may thus act as a promising catalyst for the titled hydrolysis.
Moreover, the concentration of HSO,  may significantly impact
the hydrolysis rates. Thus the concentration of H,SO, in the
mixed acids should be optimized effectively and strictly
controlled not only in the experimental preparation but also in
the industrial production of FOX-7.

Since the co-existing HSO,  may dramatically accelerate the
nitration of MDP to form NMP, and effectively promote the
following hydrolysis of NMP to produce FOX-7, we firmly believe
that HSO,  may be a promising catalyst for the preparation of
FOX-7 in the mixed acid system. A catalysis and promotion such
as this is also believed to be effective in other nitration systems
performed in mixed acids and thus is of especially great
significance for better production of nitro-energetic materials.
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