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a b s t r a c t

Mechanistic understanding of the active intermediates of 2,6-diaminopyridine (DAP) dinitration in the
concentrated nitric-sulfuric acid system is of crucial importance for the selectivity control of target pro-
duct, i.e., 2,6-diamino-3,5-dinitropyridine (DADNP). The active intermediates determining the product
selectivity are theoretically studied. The HSO4

�-NO2
+ complex is proposed as the dominant active nitrating

intermediate for the first time, which shows low energy barrier (i.e., 10.19 kcal�mol�1,1 kcal = 4.186 kJ) for
direct dinitration of DAP to DADNP. The formed water during the reaction results in not only the forma-
tion of less active SO4

2�-NO2
+ complex, but also the occurance of DAP sulfonation (DAP-SO3H intermediate)

to facilitate the formation of mononitration byproduct. Meanwhile, the accompanied thermal effects
cause the generation of undesirable pyridine-NHNO2 intermediate, which is difficult to be rearranged
to yield DADNP, inhibiting the reaction and thus giving low DAP conversion. The insights reported here
elucidates the importance of thermal effects elimination and water content control, confirmed experi-
mentally in the batch- and micro-reaction systems.
� 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Poly 2,5-dihydroxy-1,4-phenylenepyridodiimidazole (PIPD),
also known as M5, is a high-performance synthetic fiber [1,2]. It
has an exceptional fire protection property and the highest com-
pressive strength among all the polymeric fibers, e.g., PBO, Twaron,
Kevlar and Nomex fibers [3–6]. The PIPD is synthesized by poly-
condensation of 2,5-dihydroxy terephthalic acid with 2,3,5,6-
tetraaminopyridine (TAP), where the TAP is mainly obtained by
hydrogenation of 2,6-diamino-3,5-dinitropyridine (DADNP) [7].
Typically, conventional nitric-sulfuric mixed acids are used for
the dinitration of DAP to the target product DADNP [8], whose
yield is less than 70% due to side reactions caused by the strong
exothermic process or inhibition by the increased water content
with the reaction. To address these issues, an extremely concen-
trated acid system, i.e., 100% nitric acid/20% oleum without other
solvents, is required to reduce negative water effects, and the strict
safety operation with slowly and intermittently dropwise addition
of DAP should be adopted to ensure <5 �C of temperature runaway,

achieving the 90.3% yiled of DADNP from DAP dinitration [9,10].
Nevertheless, it remains a challenge in industrial operation which
expects a safe and mild system for continuous synthesis of DADNP
with high selectivity [11,12].

Notably, only concentrated nitric acid fails to generate DADNP
by nitrating DAP, demonstrating the activated role of the mixed
acid system in promoting DAP dinitration [13]. Wang et al. [14]
considered that the existing acid group (HSO4

� and/or NO3
�) induces

the triazol-3-one nitration with nitronium (NO2
+) which is in incon-

formity to typical electrophilic substitution mechanism according
to DFT calculation results, and proposed that the relatively dilute
acids system is favorable for the formation of inducing species,
and thereby yields the considerable target product, i.e., 5-nitro-2,
4-dihydro-1,2,4-triazol-3-one (NTO). Moreover, the active role of
HSO4

� on nitration process was confirmed by random combination
of wet Mg(HSO4)2/NaHSO4/ionic liquids [M]HSO4 with NaNO3/
HNO3 as mild agents for nitration of phenols and aromatics [15–
17], but the concrete mechanism also fails to elucidate. Dindi
et al. [18] proposed the assisted nitration of DAP to obtain 2,6-
diamino-3-nitro-5-sulfonic acid pyridine (DANSP) in concentrated
nitric acid, which prioritizes to sulphontion of DAP by dissolving it
into oleum before nitration [19]. However, it needs to overcome
the higher energy barrier of sulphonation, and necessitates further
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hydrolysis of DANSP in considerable hydrous system to produce
mononitriation product, 2,6-diamino-3-nitro-pyridine (DANP).
Preferably, the indirect nitration of DAP probably occurs according
to the nitration principle of 2-amino-6-methypyridine toward the
2-amino-3-nitro-6-methypyridine, which receives the most
approval that the NO2

+ dissociated from the nitric-sulfuric acid sys-
tem was suggested as an active intermediate and the amino group
was replaced by NO2

+ to generate NHNO2 group followed by the
NO2 arrangement [20–24].

The aforementioned nitration mechanisms in nitric-sulfuric
acid system are generally applied in the nitration system that is
used for producing mononitration products. Unclear mechanism
of DAP dinitration disorients the high selectivity control of the tar-
get product DADNP. To this end, several nitration paths of DAP in
the nitric-sulfuric acid system were systematically explored in this
study using density functional theory (DFT) calculations, which
supports a direct DAP dinitration as optimal path with nitric-
hydrogen-sulfate complex (HSO4

�-NO2
+) coordination. Meanwhile,

the evolution of nitration paths affected by the water formation
and accompanied thermal effects was suggested, and the reasons
for low DAP conversion and DADNP selectivity were clarified. The
mechanistic insights into DAP nitration give the comprehensive
understanding for the high selectivity control of DADNP, and pro-
pose the importance of water content limitation and thermal
effects elimination during the reaction, futher confirmed in the
batch- and micro-reaction systems.

2. Experimental

2.1. Chemical materials

2,6-Diaminopyridine (DAP, 98%) and dimethyl sulfoxide (DMSO,
AR purity) were purchased byMacklin Biochemical Technology Co.,
Ltd. 65% Nitric acid (65% HNO3, AR purity), 95% nitric acid (95%
HNO3, AR purity), 98% sulfuric acid (98% H2SO4, AR purity), 20%
oleum (AR purity), and 50% oleum (AR purity) were purchased by
Sinopharm Chemical Reagent Co., Ltd.

2.2. Synthesis of DADNP in the batch reactor and microreactor

DAP/DMSO solution (0.5 mol�L�1, 2–5 ml) was added drop-
wisely with a feeding rate of 1 ml�min�1 into the sulfuric acid/
oleum (10–35 ml) in a 100 ml volume three-necked flask with a

water jacket at a temperature range of 10–60 �C. After an hour,
nitric acid (0.4–1 ml) was added to the reaction solution with a
feed rate of 0.5 ml�min�1 for nitration. The stirring rate was main-
tained at 400 r�min�1 during the feeding and reaction. Heat trans-
fer fluid flowed around the reactor’s external jacket for
temperature control. The reaction was terminated after 2 h by add-
ing the proper amount of NaOH to consume the residue acid to
ensure pH = 7. For comparison, DADNP was also synthesized in a
continuous-flow microreactor to illustrate the side reactions dom-
inated by the thermal effects (Fig. 1) [25,26]. The product analysis
was performed using ultraperformance liquid chromatography
(UPLC) system (Acquity UPLC; Waters Co., Ltd) using a ZORBAX
SB-C18 column. The volume ratio of acetonitrile and water
(0.05 mol�L�1 NaH2PO4, pH = 2.10) in the mobile phase was
40:60. In this study, all yields refer to the UPLC yield, which was
calculated by an external standard method. The water content
was measured using the Karl Fischer water meter (WKT-C9; Vic-
oMeter Co., Ltd).

2.3. Computational details

All calculations were performed using the Gaussian 09 software
package [27]. The geometries of reactant complexes, transition
states, and products were optimized using the DFT-M062Xmethod
combined with the 6–31 g (d) basis set [28], which has been widely
used in a similar system. At the same theoretical levels, vibrational
frequencies were calculated on all obtained structures to verify
whether they are transition structures or local minima, to provide
the zero-point vibrational energy (ZPE), and determine the ther-
modynamic contributions to enthalpy and free energy. Further-
more, to ensure that the desired reactant and product are
connected to the transition structure obtained, an intrinsic reaction
coordinate (IRC) [29] analysis was conducted for each transition
state. The single-point energies of all stationary points were fur-
ther calculated at the M06-2X level to obtain more accurate rela-
tive energies.

3. Results and Discussion

3.1. Direct nitration of DAP

Synthesis of DADNP via the nitration of DAP in the nitric-
sulfuric acid system was suggested with NO2

+ being the active

Fig. 1. Continuous-flow microreactor system for DAP dinitration.
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phase due to its excellent electrophile compared to the nitric acid
system [30]. Typically, the formation of NO2

+ was considered as the
protonation process of H2NO3

+ in a strong protonic acid system and
then dehydrated to form NO2

+ (Eq. (1)) [31,32]. In the nitric-sulfuric
acid system, sulfuric acid acted as an activator to promote the basic
ionization of nitric acid, thus increasing the concentration of NO2

+

and enhancing the nitration capacity. Notably, the formation of
water in the mixed acids system changes the complex environ-
ment of NO2

+ from HSO4
�-NO2

+ to SO4
2�-NO2

+ (Eqs. (2) and (3)), which
inevitably reduces the nitration capacity. Therefore, in such cases,
oleum was prioritized for use in the mixed acids system due to the
easy absorption of water by SO3 in oleum and the formation of
favorable HSO4

�-NO2
+ complex (Eq. (4)). Despite the harsh operation

in the oleum/concentrated nitric acid system, a considerable
amount of water was generated as the reaction proceeds (Fig. 2),
which probably changed the active phase of NO2

+.

2HNO3 � NO3
�+H2NO3

þ � NO3
�+NO2

þ+H2O ð1Þ

HNO3+H2SO4 � HSO4
�-NO2

þ+H2O ð2Þ

HNO3+H2SO4 � SO4
2�-NO2

þ+H3Oþ ð3Þ

SO3+HNO3 � HSO4
�-NO2

þ ð4Þ

3.1.1. HNO3 and NO2
+ direct nitration

The general mechanism of aromatic nitration using concen-
trated nitric acid is an electrophilic substitution [8,31–33]. How-
ever, the weak pyridine reactivity in electrophilic substitution
ascribes to their protonation. Because of their positioning effects,
the amino group, as the a-bit (2-, 6-) positioning group in DAP, is
preferred to make the b (3- and 5-) substituted product other than
the 4-bit nitration due to the inter-NO2-bit positioning effect. The
calculation results (Fig. 3) show that NO2

+ from HNO3 directly
attacks the C3 atoms (Path A), requiring a high energy barrier
(49.08 kcal�mol�1) that would be impossible to achieve at ambient
temperature. Furthermore, only the NO2

+ structure fails to perform
the nitration process theoretically (Path B) due to the solitary pro-
ton structure in spite of a low energy barrier (19.41 kcal�mol�1).
Therefore, DAP nitration in the presence of only concentrated nitric
acid is unlikely, which suggests that a proton neutralization com-
plex would stabilize the NO2

+ structure to promote the nitration
process.

3.1.2. HSO4
�-NO2

+ and SO4
2�-NO2

+ complexes direct nitration
Fig. 4 shows that the nitration paths C and D involve the forma-

tion of HSO4
�-NO2

+ and SO4
2�-NO2

+ complexes as the active phase,
respectively. According to the water formation trend during DAP
nitration (Fig. 2), the active phase of the HSO4

�-NO2
+ complex grad-

ually changes to SO4
2�-NO2

+ complex under the influence of water.
Path C shows that the HSO4

�-NO2
+ complex directly attacks the C3

position of DAP with a low energy barrier (10.19 kcal�mol�1), fol-
lowed by the hydrogen transfer (H13) to HSO4

� (O19). Typically,
H2SO4 from the IM2 state continues to combine with nitric acid
to form HSO4

�-NO2
+ complex that further nitrifies the mononitration

product (DANP, 2,6-diamino-3-nitro-pyridine) to DADNP with an
energy barrier of 17.76 kcal�mol�1 (TS3). The nitration path from
IM2 to the final state (FS) was similar to that from the initial state
to IM2. Notably, the calculations reveal a strongly exothermic pro-
cess (�54.98 kcal�mol�1) for mononitration, which is sufficient to
activate dinitration following the theoretical adiabatic tempera-
ture rise (347.26 �C, Table S1 in Supplementary Material), confirm-
ing the benefit of the low-temperature operation. In other words, it
only needs to overcome 10.19 kcal�mol�1 energy barrier of TS1 for
dinitration process in the relative adiabatic system, while
17.76 kcal�mol�1 energy barrier of TS3 for the final dinitration in
the better heat-exchange system. For path D, SO4

2�-NO2
+ complex

also directly attacks the C3 position of DAP as similar to the path
C, while the strong electronegativity of SO4

2� intimately attracts
the NO2

+, requiring a small attack distance (0.205 nm between C3
and N16) and thus a high energy barrier of TS1 (59.25 kcal�mol�1).

Fig. 2. Water content change in DAP nitration in 50% oleum�65% HNO3 mixed
system.

Δ Δ

_

_ _

_

Fig. 3. Schematic energy diagram for the potential energy surface of the (Path A) HNO3 and (Path B) NO2
+ direct nitration of DAP in concentrated nitric acid (bond lengths are

in nanometer, 1 kcal=4.186 kJ).
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Noticeably, the easy hydrogen transfer (H8) in amino group of DAP
caused by the strong electronegativity of SO4

2� contributes to the
extreme energy barrier of TS1, which significantly exceeds the
energy barrier of HNO3 direct nitration (49.08 kcal�mol�1, Fig. 3
Path A). Following the mononitration, the reversible hydrogen
transfer (H8) occurs with ease, overcoming the 7.8 kcal�mol�1

energy barrier from IM1 to TS2. The dinitration path from IM2 to
FS follows the same trend as the mononitration path, which still
overcomes the energy barrier of 58.79 kcal�mol�1. The above
results indicate the significance of HSO4

� in promoting DAP nitra-
tion to form DADNP.

3.2. Indirect nitration of DAP

The nitration of 2-aminopyridine (AP) is reported to be divided
into two parts: the formation of NHNO2 intermediates and the nitro
rearrangement [9]. Therefore, we further considered this indirect
nitration mechanism of DAP induced by HSO4

�. In the presence of
HSO4

�, the hydrogen transfer on the amino group (H8 on N7) easily
occurred and was attracted by HSO4

�, making the N7 position vul-
nerable to NHNO2 intermediate formation with the attachment of
NO2

+ to the target N7 atom (Fig. 5). Concurrently, the protonation

of HSO4
� as the medium easily releases the hydrogen proton for

transfering to the pyridine-nitrogen. The formation of one NHNO2

structure only overcomes an energy barrier of 11.37 kcal�mol�1,
making it difficult to distinguish the best path compared with path
C (direct nitration). Nevertheless, the next nitration step has two
paths: one is the continuous formation of two NHNO2 structures
(Path E) and the other is nitro rearrangement once one NHNO2

intermediate is formed (Path F). The significant difference in the
energy barriers of TS2 for both paths (8.14 kcal�mol�1 and
33.14 kcal�mol�1) confirms that two NHNO2 structures can be
formed rather than nitro rearrangement. However, it has a high
energy barrier for further nitro rearrangement (70.13 kcal�mol�1,
TS3 in Path E), inhibiting DADNP formation. Alternatively, 2,6-
dinitraminopyridine (pyridine-2NHNO2) is the FS of the indirect
DAP nitration in terms of calculation results. Notably, hydrogen
transfer in DAP indirect nitration frequently necessitates the use
of pyridine-nitrogen as a releasing medium to the proton acceptor
(SO4

2�), which only overcomes a 7.97 kcal�mol�1 energy barrier
(IM2 to IM3 in Path F). Comparably, without the proton-releasing
medium of pyridine-nitrogen, the formation of the second NHNO2

structure and subsequent nitro rearrangement must overcome
energy barriers of 16.49 kcal�mol�1 and 81.43 kcal�mol�1, respec-
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Fig. 4. Schematic energy diagram for the potential energy surface of induced direct nitration of DAP. Path C refers to HSO4
�-NO2

+ complex direct nitration. Path D refers to
SO4

2�-NO2
+ complex direct nitration (bond lengths are in nanometer, 1 kcal=4.186 kJ).
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tively (Path G in Fig. S1). From the energetic perspective, DAP’s indi-
rect nitration path easily converts DAP to pyridine-NHNO2 but fails
to obtain the target product, DADNP.

3.3. Assisted nitration of DAP

The priority of DAP sulfonation by oleum to create DAP-SO3H
intermediate, followed by subsequent nitration, has been
described in the oleum/concentrated nitric acid system [17]. Typi-
cally, SO3 in the oleum is the active phase to sulfonate the aromat-
ics. Consequently, DAP sulfonation by SO3 should overcome the
energy barrier of 34.96 kcal�mol�1 (TS1 in Fig. 6). The subsequent
nitration presents the energy barriers of 51.35, 40.36, and
15.08 kcal�mol�1 if the nitrating active phases are HNO3, SO4

2�-
NO2

+, and HSO4
�-NO2

+ complexes, respectively. This assisted nitra-
tion path indicates the accessibility of SO4

2�-NO2
+ complexes that

reduces the energy barrier compared with the direct nitration of
SO4

2�-NO2
+ complexes (59.25 kcal�mol�1 in Fig. 4 Path D). However,

the mononitration product from the assisted nitration path is
difficult to continue nitration to obtain the target product, since

the hydrolysis removal of the sulfonic acid group requires a sub-
stantial amount of water. Therefore, this assisted nitration path
results in the stability of the mononitration product, DANP.
Because the HSO4

�-NO2
+ complex is more likely to transform into

the SO4
2�-NO2

+ complex as water content increases during the reac-
tion, direct nitration fails. Thus, the assisted nitration of DAP by
SO4

2�-NO2
+ complexes may occur if there is sufficient heat accumu-

lation in the mixed acid system to activate DAP sulfonation.
Various nitration systems with different water contents were

used to confirm the aforementioned DAP nitration mechanism.
Table 1 shows that concentrated nitric acid (65%) does not activate
the nitration process at ambient temperature (entry 1), whereas
95% nitric acid only contributes to a low DAP conversion (4.7%,
entry 2), corresponding to the high energy barrier from calculation
results (Path A in Fig. 3). Both entries 3 and 4 achieve similar DAP
conversion and DADNP selectivity with a sequence change of 98%
sulfuric acid and 65% nitric acid in the mixed system, indicating
the same nitration mechanisms free from the sulfonic group’s con-
trol before the reaction. However, the low DAP conversion and
DADNP selectivity (about 80%) are attributed to the sharp increase
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Fig. 5. Schematic energy diagram for potential energy surface of HSO4
�-NO2

+ indirect nitration of DAP. Path E refers to nitro rearrangement after two NHNO2 intermediate
formations, Path F refers to nitro rearrangement with one NHNO2 intermediate formation (bond lengths are in nanometer, 1 kcal=4.186 kJ).
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of water content in the system from 3.01% (mass) to 21.78% (mass).
Comparably, DAP conversion and DADNP selectivity rapidly reduce
to 59.54% and 57.63%, respectively, if 4.5% (mass) water is added to
the mixed acid system before the reaction (entry 5). Accordingly,
replacing 98% H2SO4 with oleum could further improve DAP con-
version and DADNP selectivity due to the small water content in
the acid system (entries 6–8). However, the water content limit
reduces to 2.46% in the high concentration of oleum and nitric acid
systems (50% oleum/95% HNO3), which achieves 89.15% DAP con-
version and 90.87% DADNP selectivity. No further improvement
in DAP reaction performance was attributed to the water tolerance
in the system, which inevitably generates at least 10% (mass) water
content and thus changes the nitration mechanism by tuning the
nitrating active phase and triggering various side reactions. In view
of the strict requirement for water tolerance in acids system, the
reported mild sulfonation reagent, NaHSO4 [15–17], fails to induce
the DAP nitration compared with same acids system (entry 9 vs.
entry 4) due to the non-free HSO4

� in water-limited system that
is unable to generate the favorable HSO4

�-NO2
+ complex.

3.4. Experiential verification of DAP nitration

Given the above-proposed nitration mechanisms for DAP, the
optimal synthesis parameters were further confirmed by experien-

tial verification, including reaction temperature, molar ratios of
oleum and nitric acid to DAP, and reaction time. The unexpected
trends in the reaction performance reveal the tunable nitration
mechanism as the reaction proceeds. Fig. 7(a) shows that DAP con-
version increased from 70.34% to a maximum of 90.44% as the
reaction temperature increased from 10 �C to 40 �C, followed by
a decrease as the temperature further increased. Meanwhile, the
DADNP selectivity was also reduced at temperatures between
40 �C and 60 �C. This indicates that the high reaction temperature
easily activates the assisted and indirect nitrations as heat accu-
mulation and water formation increase. Assisted nitration pro-
duces the mononitration product (DANP) with lower DADNP
selectivity, whereas indirect nitration results in low DAP conver-
sion due to the difficult rearrangement of pyridine-NHNO2 to
DADNP at high reaction temperatures. Fig. S2 demonstrates the
reversible change of pyridine-NHNO2 and DAP in terms of the
energy barrier (40.14 kcal�mol�1) if the assisted nitration occurs
in the system (41.13 kcal�mol�1). This unstable pyridine-NHNO2

was difficult to detect from the experimental attempts even at�5 �C
careful operation. However, DANP-SO3H intermediate was
detected by LC-MS (Fig. S3) without neutralization treatment,
and it easily transfers into DANP after solution neutralization,
demonstrating the role of assisted nitration on the production of
DANP. Increased oleum consumption in the system can lower

Δ
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Fig. 6. Schematic energy diagram for the potential energy surface of assisted nitration of DAP-SO3H in HNO3, SO4
2�-NO2

+, and HSO4
�-NO2

+ complex system (bond lengths are in
nanometer, 1 kcal=4.186 kJ).

Table 1
Effects of different nitration systems on the nitration of DAP

Entry Nitration system DAP conver./% DADNP select. ①/% H2O content before reaction② /%(mass) H2O content after reaction /%(mass)

1 65% HNO3 0 0 7.59 8.01
2 95% HNO3 4.80 15.21 6.03 7.21
3 65% HNO3/98% H2SO4

③ 80.75 80.17 7.42 20.97
4 98% H2SO4/65% HNO3 82.68 79.54 3.01 21.78
5 98% H2SO4/65% HNO3/H2O ④ 59.54 57.63 7.54 26.03
6 20% Oleum/65% HNO3 84.15 84.92 2.64 13.54
7 50% Oleum/65% HNO3 84.07 85.53 2.51 13.39
8 50% Oleum/95% HNO3 89.15 90.87 2.46 12.89
9 NaHSO4/65% HNO3

⑤ 0 0 - -

Note: Reaction temperature = 30 �C, reaction time = 2 h, molar ratio of H2SO4 (oleum) and HNO3 to DAP = 250:2.2:1. The concentration of DAP in the DMSO solution was
0.5 mol�L�1.
① The total selectivity of DANDP and DANP is 100%.
② The H2O content before the reaction was measured after mixing DAP and oleum (H2SO4).
③ In entry 3, HNO3 was added before H2SO4. The H2O content before the reaction was measured after mixing DAP and HNO3.
④ The additional H2O content in entry 5 was 4.5% (mass).
⑤ NaHSO4/CH2Cl2 solution, the equivalent molar amount of NaHSO4 to 98% H2SO4 in entry 4.
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water tolerance, which improves the DAP reaction performance to
some extent. However, Fig. 7(b) shows that the optimal DAP reac-
tion performance was achieved at oleum to DAP mole ratio of
250:1. Similarly, the DAP conversion and DADNP selectivity were
both reduced at a higher ratio (>250:1) because the abundant
SO3 in the oleum activates the assisted nitration when the water
content achieves a low equilibrium limit by SO3 adsorption.

Comparably, the optimal performance is achieved at an HNO3 to
DAP mole ratio of 2.2 (Fig. 7(c)), and it also maintains a stable per-
formance at higher ratios (>2.2:1), showing that the nitration
mechanism does not change when the usage of HNO3 is increased.
Furthermore, it confirms that the nitration duration should be
more than 2 h to accomplish nitration given the complicated nitra-
tion paths (Fig. 7(d)).

Fig. 7. Effects of (a) temperature, (b) molar ratio of oleum to DAP, (c) molar ratio of HNO3 to DAP, and (d) reaction time on the DAP nitration. Conditions: (a) molar ratios of
oleum and HNO3 to DAP = 250:2.2:1, reaction time = 2 h; (b) temperature = 30 �C, molar ratio of HNO3 to DAP = 2.2:1, reaction time = 2 h; (c) temperature = 30 �C, and molar
ratio of oleum to DAP = 250:1; (d) temperature = 30 �C, molar ratios of oleum and HNO3 to DAP = 250:2.2:1.

_

Fig. 8. (a) Temperature rise as DAP nitration progresses, (b) comparison of DAP nitration performance conducted in the batch and microreactors. Conditions in the batch
reactor are as follows: molar ratios of 98% H2SO4 and 65% HNO3 to DAP = 250:20:1, DAP concentration in DMSO solution is 0.5 mol�L�1, temperature = 30 �C; Conditions in the
microreactor are as follows: flow rates of DAP/DMSO solution (first stream) and 98% H2SO4/65% HNO3 solution (second stream) are 2 and 0.25 ml�min�1, respectively, molar
ratios of 98% H2SO4 and 65% HNO3 to DAP = 250:20:1, DAP concentration in DMSO solution is 0.5 mol�L�1, temperature = 30 �C, the microchannel of the microreactor system is
a 1/16-inch pipe.
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The temperature increase was measured due to the negative
effects of temperature out-of-control on the DAP nitration in a
batch reactor. Fig. 8(a) shows that the maximum temperature rise
is 282 �C per mole of DAP (the theoretical adiabatic temperature
rise is 347.26 �C, Table S1), implying that the side reaction and
assisted nitration are easily caused by high thermal effects. The
DAP nitration performance was evaluated in a continuous-flow
microreactor for comparison, where the thermal effects were min-
imized due to the excellent mass and heat transfer capacity (the
calculated temperature rise is 0.47 �C, Table S2). Fig. 8(b) shows
that the DAP conversion and DADNP selectivity achieved 78% and
94%, respectively, in 30 min in the microreactor, whereas they
achieved 50% and 63%, respectively, in the batch reactor under
the same conditions, demonstrating the thermal effects on DADNP
selectivity.

Overall, DAP nitration allows for various paths if the system is
out of temperature control, converting direct nitration to indirect
nitration based on their approximate energy barriers (10.19 and
11.37 kcal�mol�1), thus limiting the DAP conversion. Furthermore,
the assisted nitration was easily initiated with the water forma-
tion, generating mononitration byproducts and decreasing DADNP
selectivity. Therefore, designing a reactor with precise temperature
control and good mass/heat transfer effects would significantly
improve the DAP reaction performance, as it follows the direct
nitration mechanism (Fig. 9), in which the favorable HSO4

�-NO2
+

complex is maintained as the active phase throughout the reaction.

4. Conclusions

The mechanistic insights into the DAP nitration is beneficial for
the high selectivity control of DADNP. Various DAP nitration paths
in the nitric-sulfuric acid system were identified using DFT with
the M06-2X functional. The results show that the favorable HSO4

�-
NO2

+ complex initiates the direct nitration via the optimal path with
low energy barrier (i.e., 10.19 kcal�mol�1). The formed water during
the reaction leads to the formation of less active SO4

�-NO2
+ complex

and the assisted nitration path through which the mononitration
byproducts were generated after DAP sulfonation (DAP-SO3H

intermediate), thus decreasing DADNP selectivity. Meanwhile, the
accompanied thermal effects easily initiate indirect nitration via
amino-nitration (pyridine-NHNO2 intermediate) which is difficult
to be rearranged to DADNP, inhibiting the reaction and thus result-
ing in low DAP conversion. This mechanistic understanding of the
DAP nitration elucidates the importance of thermal effects elimina-
tion and water content control for high DAP conversion and
DADNP selectivity.
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