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The influence of substituent nature and position on the unimolecular decomposition of nitroaromatic compounds
was investigated using the density functional theory at a PBEO#6=Zd,p) level. As the starting point, the

two main reaction paths for the decomposition of nitrobenzene were analyzed: the direct carbon nitrogen
dissociation (GHs + NO,) and a two step mechanism leading to the formation of phenoxyl and nitro radicals
(CsHsO + NO). The dissociation energy of the former reaction was calculated to be 7.5 kcal/mol lower than
the activation energy of the second reaction. Then the Gibbs free energies were computed for 15 nitrobenzene
derivatives characterized by different substituents (nitro, methyl, amino, carboxylic acid, and hydroxyl) in
the ortho, meta, and para positions. In meta position, no significant changes appeared in the reaction energy
profiles whereas ortho and para substitutions led to significant deviations in energies on the decomposition
mechanisms due to the resonance effect of the nitro group without changing the competition between these
mechanisms. In the case of para and meta substitutions, the carbon-nitro bond dissociation energy has been
directly related to the Hammett constant as an indicator of the electron-danceptor effect of substituents.

1. Introduction SCHEME 1

The lack of knowledge on the chemical properties and CHNO, > CoH s+ NO, M
reactivity of energetic materials has always been the conse- CHNO, > CH0+ NO @
quence of many incidentg It is not surprising that different CHNO, > CH, + HONO &)
approaches have been developed for the full understanding and CeHNO, > CHNO+O ®

the prediction of chemical hazards, at least in simple chemical tjoy paths in thermal or photodissociatidig3 2reaction 4 has
species”® The main aim of such studies was to understand peen only observed in photodissociation, and it is negligible in
the detailed mechanism of the decomposition process in order,tharmal decompositio?? The same primary channels are widely
not only to explain experimental observations, but to open new jngicated to be the initiation channel of decomposition for
perspectives in chemical hazard prevenfioff. In fact, the  piroaromatic compounds in the absence of ortho substitdnts.
knowledge of the (thermal) decomposition mechanisms for an | gych last case, the decomposition reaction could be more
explosive or potentially explosive chemical substance could complex, because the interaction of the Ngoup with the
guide systematic predictions about new explosive molecules, ortho substituent must be considefed®
influence the feasibility of large-scale synthesis, predict long- 1t must be noted that one of the paradigms in the prediction
term stability for purposes of storage, and predict sensitivity t0 of the explosibility properties is that the weakest bond in the
various external stimuli, such as heat and mechanical impétt.  5romatic nitro compounds is the-®lO,, and it is mainly
Nevertheless, although safety (and explosive performance) iSresponsibIe for the heat liberated during the explod%#.
intimately connected to the decomposition mechanism, its  gome theoretical studies have been devoted to the study of
knowledge does not automatically lead to improvement in safety thermal decomposition of nitrobenzene. While a large part of
and performance. However, without mechanistic information g,ch works was focused on the dissociation of the catbon
the behavior of explosives remains disconcertingly empfiitat’ nitro-group bond-32only recently the kinetics and mechanism
This is particularly true also because experimental conditions for the unimolecular decomposition of nitrobenzene have been
are often dramatically different from one laboratory to another, geeply investigatedlin particular, resting on accurate electronic
which complicates the comparison of the déita. correlated calculation, the four reaction mechanisms of Scheme
Nitroaromatic compounds are, in particular, currently con- 1 have been characterized. These theoretical results suggest that
sidered in the class of explosive substanies)d nitrobenzene  reaction channels 3 and 4 could be negligible between 500 and
is a prototypical molecule for studying the decomposition gop K, whereas reaction path 2 is in competition with the
behavior of energetic materials. Among the numerous decom- gissociation reaction 1. Furthermore, the reaction path 3, not
position channels deeply investigated at the experimental experimentally observed, has been evidenced.
level?0-2% three out of the four reported in Scheme 1 are the  The relative weight of these major decomposition paths seems
most important. Reaction 1 and 2 are the principal decomposi- 1o pe significantly determined by the substitutents to the aromatic
ring. This influence has been experimentally observed, for
* To whom correspondence should be addressed. E-mail: carlo-adamo@instance, in para-substituted nitrobenzenes in a mass spectro-
e”?%’,{gcp_ metric analysi$’ Also, the destabilizing effect of hydroxyl
*INERIS. groups on nitroaromatic molecules has been investigéted.
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O 02 corresponding dissociation energy for the last step of this
N R=H pathway (calculated as the difference between the products and
C|:1 NO; the phenyl nitrite energies) is 18.5 kcal/mol, slightly higher than
c; Sc, CHs the 22.5 kcal/mol already reported in literatdine. general our
| J NH; results are in good agreement with those obtained with more
/\/ COOCH refined ab initio calculationsHowever, it must be noticed that
R OH the activation energies for the isomerization at phenylnitrite are
Figure 1. Sketch of the considered ortho-, meta-, and para-substituted lower than those needed to break theNXlO, bond (63.7 versus
nitrobenzenes. 71.2 kcal/mol). This last result is in contradiction with the

experimental assumption that the heat released during the
In this context, we present a detailed theoretical investigation explosion is to be mainly ascribed to the last pro¢8$8In
on the substituent effect on the competition between channelsTaple 1, the enthalpies and the Gibbs free energies for the two
1 and 2 in nitroaromatic molecules using quantum chemical processes are also reported. As can be seen from these values,
methods. To this end, nitrobenzene and 15 other derivatives,poth reactions are slightly affected by vibrational and thermal
obtained by changing the substituent groups (nitro, methyl, ¢ontributions. However, the computed enthalpies for reactions
amino, carboxylic acid, and hydroxyl, shown in Figure 1) in 1 gnq 2, 71.8 and 19.1 kcal/mol, respectively, are in good

the ortho, meta, and para positions to the nitro group, have bee”agreement with the experimental estimates, 71.9 and 20.8 kcal/
considered. For each of the systems, the reacUon_channeIs (l)‘nol, respectively39 These findings support well the quality
and (2) have been analyzed through the characterization of the f our protocol. More important, if the entropic effects are

stationary points (reactar!ts, transition states, and products) an ncluded, the resulting free energies show the expected behav-
the corresponding energies. o . o .
ior: the dissociation free energy is lower than the free energy

for the isomerization reactions, thus confirming the experimental
postulate.

Starting from these results, only the Gibbs free energies will

2. Computational Details

All calculations have been carried out using the Gaussian 03
pack_agé4 and the de_nsny functional theory (DFT) both in the be discussed in the following.
restricted and unrestricted KohSham approach. The parameter- ) ) .
free PBEO hybrid functiona? has been considered for all the _ 3-2- Effects of the Substituents in Para Position.To
cases. Structure optimizations were performed with a-6G4 investigate the effects of lateral groups on the two considered
(d,p) basis set and vibrational frequencies were obtained at thedecomposition ch_annels of nltroberjzene, five dlf_ferem substit-
same level of theory. The nature of the stationary points was Uents, namely nitro, methyl, amino, carboxylic acid, and
then checked by counting no imaginary frequency for stable hydroxyl (~NO;, —CHs, —NH;, —COOH, —OH), have been
species and a single for transition states. Starting from the considered. Their different electron donor or acceptor properties
harmonic frequencies, thermal corrections, enthalpies and Gibbscan be nicely summarized in terms of the Hammet constant
free energies have been computed using standard statistica(0),*° one of the most widely used means for the study and
approaches, as implemented in the Gaussian progftam. interpretation of reactions mechanisms and properties of organic

Al calculations of the open shell molecules were performed compound$!4? Its success was so large that a series of
within a spin-unrestricted formalism and spin contamination, Hammett-like equations have been derived using different
monitored by the expectation value of, Svas found to be molecular descriptor® A positive value ofr indicates that the
negligible. substituent group is electron withdrawing in nature and the

Finally, the electronic structure of these molecules has beenreactivity of the nitro-derivative is expected to be high; on the
investigated using the natural bond orbital (NBO) approach and other hand a negative value implies the electron-donating nature
the related natural population analysis (NPAJ! of the substituent and the reactivity of the molecule is thus lower.

The experimental values for the para and meta positions, taken
from ref 42 are collected in Table 2. We recall that the Hammett

3.1. Reference Reaction: Nitrobenzene Decomposition.  equation breaks down for ortho substituents, which exert
The energy variations for the two principal decomposition significant “proximity” effects that may be polar as well as steric
channels of nitrobenzene are presented in Figure 2, togetherin origin, and therefore more difficultly represented by a very
with sketches of the structures of the stationary points (minima simple relationship such as the Hammett equation.
or TS). These energies, as well as enthalpies and Gibbs free ¢ expected, the nitro group is the most electron
energies are collected in Table 1 and have been obtained usin !
the optimized structural parameters given in Supporting Infor-
mation, Table S1.

The first reaction path is the direct breaking of the carbon
nitrogen bond, leading to the formation of theHg and NQ
radicals. The second reaction is characterized by a two-step
mechanism: nitrobenzene {@sNO,) first isomerizes to phe-

3. Results and Discussion

-withdrawing
%roup (0.71), and the amino substituent is the most electron-
donating group £0.16). Thus, ther-values suggest a higher
reactivity in the first case than in the second. The donor/acceptor
properties of the different lateral substituents are also reflected
in the total charge beard by the nitro group. These charges,
obtained by a NPA technique, are reported in Table 3 and they

nylnitrite (CsHsONO), then the oxygennitrogen bond is broken are very close_ to those obtained using the Mglliker_l d_efin‘h‘ion _
to give the phenoxyl (§4s0) and nitric oxide (NO) radicals. (not reported in th_e table). Neverthgless, their variations are in
Relative EnergiesAE) obtained with the PBE0/6-31G(d,p) & narmow range with the charges being betwe@r23 (-NO,)

are closed to those obtained by sophisticated post-HF methods, and —0.30 (-NH) [e"].

as can be seen from the data reported in Table 1. For the the The electronic structure is related to the geometrical rear-
second reaction channel, the activation energy correspondingrangements so that longer carbartitrogen distances are found

to the isomerization to phenylnitrite is 63.7 kcal/mol, and for the nitrobenzenes substituted with the strongest electron
phenylnitrite is 4.0 kcal/mol less stable than nitrobenzene. The attractor groups. The variation range (between 1.448 and 1.472
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Figure 2. The relative energiesAE, green) and Gibbs free energiesQ, red) for the nitrobenzene decomposition pathways calculated at the

PBE0/6-31#G(d,p) level.

TABLE 1: Relative Energies (AE), Enthalpies (AH), and
Gibbs Free Energies AG) in kcal/mol for the Dissociation
Reactions to NO and NQ of Nitrobenzene at

PBE0/6-31-G(d,p)

TABLE 4: Relative Gibbs Free Energies (kcal/mol) for the
Dissociation Reactions to NO and N®@ of Substituted
Nitroaromatic Compounds (for Comparison Purpose Also
the Nitrobenzene Energies Are Reported (column -H))

AE AH AG —H —NO, —CH; —NH, —COOH —OH
PBEO G2M  PBEO PBEO para
CeHsNO, 0.0 0.0 0.0 0.0 CoHsNO, 00 00 00 00 00 00
TS 63.7 61.1 63.7 63.2 TS 632 607 643 669 6l4 659
CeHsONO 4.0 11 4.0 2.8 CeHsONO 28 04 39 66 14 51
CeHsO + NO 225 236 23.1 105 CHOX)+NO 105 101 91 7.6 102 9.0
CeHs + NO, 71.2 74.1 71.8 58.2 CeHdX) +NO, 582 562 59.4 630 569 610
2 From ref 7, G2M(RCC,MP2)//B3LYP/6-311G(d,p) level. meta
CeHsNO, 00 00 00 00 00 00
TABLE 2: Experimental Hammett Constants from TS 632 629 635 634 634 630
Reference 42 CsHsONO 2.8 1.3 3.2 3.5 2.4 2.7
CHO(X)+NO 105 105 111 107 109  10.9
Om 9p CeHa(X) + NO, 58.2 55.9 584 59.0 575 58.0
—H 0.00 0.00 ortho
o ol ek CeHsNO, 00 00 00 00 00 00
s : : TS 632 546 589 644 559 688
e e o8 CeHsONO 28 —34 03 63 -17 70
0 o3 iy CH.O(X)+NO 105 57 60 40 68 118
: : CeHa(X) +NO, 58.2 47.8 551 630 501 621

TABLE 3: Atomic Charge (|e7|) of the NO, Group
Computed from a Natural Population Analysis

para meta ortho
—H —0.26 -0.26 -0.26
—NO; -0.23 -0.23 —0.20
—CH; —-0.26 —0.26 -0.26
—NH, —0.30 —0.26 —0.33
—COOH —0.24 —0.24 —0.22
—OH —0.28 -0.25 —-0.25

A) is relatively important in the para-substituted

reaction 2 with the difference being an average of 4 kcal/mol.
Electron-withdrawing groups have a significant effect on the
barrier from the 63 kcal/mol for the reference nitrobenzene to
the 61 kcal/mol for the 1,4-dinitrobenzene or for the 4-nitroben-
zoic acid. Larger barriers are found for the electron-donating
groups with the amino substituent showing the larger value (67
kcal/mol). The same trend is found for the relative stability of
the phenylnitrite: more electron doreacceptor is the sub-
stituent, lower is the energy difference with respect to the

molecules, as nitrobenzene (see Table 4). In contrast, the dissociation of the

can be seen from the data collected in Supporting Information, O—N bond leading to the phenoxy radicalgfdO), which is

Table S1.

the last step of this reaction channel, requires around 10 kcal/

The Gibbs free energies for the two decomposition reactions mol, and the effect of the substituent is limited.

are collected in Table 4 and summarized in Figure 3. From a

Larger substituent effects are found also on the direct breaking

general point of view, the dissociation channel is slightly lower of the C-=NO; bond (reaction 1): the corresponding Gibbs free
in energy than the TS for the isomerization to phenylnitrite of energies range between 56 (By@nd 63 kcal/mol (NH). Once
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Figure 4. Computed Gibbs free energy variations as a function of the
experimental Hammett constant for the dissociation of thé\O, bond
for meta- and para-substituted nitrobenzenes.

again, the energy is directly related to the electron attraction
power of the lateral group. It is therefore interesting to note the
linear relation R? = 0.94) between the Gibbs free energies for
the C-NO, bond dissociations and the Hammett parameters
(Figure 4). A similar linear relation can be found for thevith
the AG for the relative stabilities of the different phenylnitrites.
A breakdown of the Hammett relation is observed for the barrier
heights of the isomerization. A similar failure of the predictive
power of the Hammett equation has been already found for
activation energies of conformational equilibtfa.

A direct comparison of the ratio between the rate-controlling

age product as much as the nitrite intermediate so that the
mechanistic competition does not change significantly. In other
words, the electron donewcceptor characteristics of the
substituent in para position to the M@roup do not strongly
influence the balance of reaction 1 and 2. The competition
between the two channels is an intrinsic property of the parent
system (nitrobenzene) only slightly tuned by the para-substituent.
These results are somewhat in contrast with the experimental
data obtained, using other substituents, by mass spectrofhetry.

3.3. Influence of Meta-SubstituentsThe same analysis was
conducted for the meta-substituted nitrobenzenes. The optimized
structures are reported in Supporting Information, Table S2,
whereas NPA charges are collected in Table 3. In this case only
a small effect of the substitution in meta position is observed
for both geometrical and electronic parameters. In fact, the
C—NO, distance does not depend upon the substituent (varia-
tions of less than 0.004 A in Supporting Information, Table S2)
and the charge of the nitro group is always arowr@24 |e|.

Minor variations are also found on the decomposition paths,
as can be seen from the plot of Figure 5 and the data reported
in Table 4. The TS energies for the isomerization are all about
63.0 kcal/mol. A larger dispersion is observed for the relative
stability of the phenylnitrite product\G between 1 and 3 kcal/
mol). Concerning the final products (phenoxy radical and nitric
oxide) they are about 10 kcal/mol less stable than the original
nitrobenzene.

A larger deviation (3 kcal/mol) is also found between the
Gibbs free energies for the-NO, dissociations: they range
between 56 (N@ and 59 (NH) kcal/mol, following the

barriers for the isomerization and the cleavage energy of the electronic properties of the substituent. In fact, there is a linear
C—NO; bond shows that it does not change for the different dependencyR? = 0.96) of such energies upon the Hammett
substituents. Electron-withdrawing substituents weaken thd C ~ parameters (Table 3), as can be seen from the plot of Figure 4.
bond and stabilize the nitrite intermediate. At the same time, As for the para-substituents, the same holds for the energy of
electron-donating substituents destabilize theNCbond cleav- the phenylnitrite but not for the energies of the corresponding
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Figure 5. Relative Gibbs free energy diagram for dissociation reactions to NO andoN®substituted nitrobenzenes calculated at the PBEO/
6-31+G(d,p) level.

TSs. It is interesting also to note that the reactivity of the the ortho substitution leads to phenylnitrite derivatives that are
substituted nitrobenzenes is not affected by the positions of themore stable than the parent nitrobenzene for, ld@d COOH,
two most electron-withdrawing groups (NOCOOH), while both showing the lowest barriers for the isomerizatierb%
significant variations are found for the most electron-donating and —56 kcal/mol, respectively).
substituents (CH NHy). In the middle, the Hammett constant Even lower energies are found for the dissociation channel,
of the hydroxyl group changes sign from the para to the meta thus showing the strong stabilizing effects of the ortho sub-
position. These observations can be explained by the resonancetituent on the resulting phenyl radical. This last reaction is
effect of the hydroxyl group on the aromatic molecules, which always favored over the isomerization the difference\ @&
concern only the para (and ortho) position, not meta. ranging between 4 (CHiand 7 kcal/mol (N@, OH). The only
Finally, the energy difference between the TS and théNO, exception is the amino derivative for which a small difference
bond breaking, as an indicator of the competition between the (1 kcal/mol) is found between the isomerization TS and the
two channels, slightly increases with respect to the meta- decomposition energy.
substituted nitrobenzene. Nevertheless, bond breaking is still  Nevertheless, it must be indicated that other and more

the process lower in energy. complex reaction channels have been postulated to be major
3.4. Influence of Ortho-Substituents.The electron donor for ortho-substituted nitroaromatic molecules, involving the
acceptor properties of ortho-substituents are more difficult to gjrect interaction of N@ with the ortho substituerf. Such

interpret because of the interaction between the nitro group andreaction channels have been calculated for the 2-nitrotofuene
the close substituent. Geometric structures (in Supporting and the 2,4,6-trinitoluene (TNP).

Information, Table S3) and N&zharges (Table 3) are influenced
by the nature of the ortho-substituent but such effects cannot
be straightforward classified as for the para and meta positions.
For example, the €N distance is smaller for-CHs; than for A theoretical study on the influence of substituent nature and
—OH whereas it was the opposite in the para position. Still the position on the unimolecular decomposition of nitroaromatic
most electron attractor groups (M@&nd COOH) show the larger  compounds has been carried out using density functional theory
bond lengths and the smaller charges on the nitro group. at the PBEO0/6-31G(d,p) level. In particular, two major
This observation is also in agreement with the decomposition decomposition channels of nitrobenzene and several derivatives
channels. Some differences in Gibbs free energies appear inwere analyzed, corresponding to direct carbon nitrogen dis-
Figure 5 according to the substituents but the decomposition sociation (GHs + NO,) and a two step mechanism leading to
behavior is difficultly connected to the electron doraicceptor the formation of phenoxyl nitro radicals {850 + NO). The
abilities. In particular, for nitro, methyl, and carboxyl groups Gibbs free energies were computed for 15 nitrobenzene deriva-
the energy barriers to phenylnitrite are lower than for the para- tives characterized by different substituents (nitro, methyl,
or meta-substituted systems, whereas it is higher for hydroxyl amino, carboxylic acid, and hydroxyl) in the ortho, meta, and
group. The amino substituent presents an intermediate behavpara positions to the nitro group. In meta position, no significant
ior: the barrier for the ortho position is higher than for the meta changes appeared in the reaction energy profile, whereas ortho
one, but lower than for the para substitution. More interesting, and para derivatives show significant deviations for the decom-

4. Conclusion
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position mechanisms, thus bringing to light the mesomeric effect
of the nitro group. In the case of para and meta substitution, 9
the carbor-nitro bond dissociation energy has been directly p,
related to the Hammett constant as an indicator of the electron
donor-acceptor effect of substituents.

These results confirm the experimental assumption that the g;
direct breaking of the €N bond is responsible for the heat
generated at the explosion. However, isomerization to phenylni-
trite could be not too far in energy for electron donor groups
(as NH) to be considered as competitive, especially at high
temperature.

Ph
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