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Some peculiarities of the effect of molecular structure 
on the activation energy of radical gas-phase decay of aromatic 
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The relation of parameters of geometric and electronic structures to the activation 
energies of the radical gas-phase decomposition of nitro compounds is shown. A sufficiently 
simple and precise method for calculation of the activation energy is suggested. 
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Presently the kinetics of thermal decomposition of 
aromatic nitro compounds are sufficiently well stud- 
ied. 1-4 Some important specific features of the reac- 
tion mechanism have been elucidated. 5-7 At the same 
time, the use of only experimental data does not allow 
one to follow fine details of the effect of the molecular 
structure, to elucidate the changes in kinetic param- 
eters in the series of nitro compounds, and to justify 
one or another mechanism of the primary act. 

Poorly studied geometry, electronic structures, and 
vibrational spectra of nitro compounds were for a long 
time one of the main reasons that prevented under- 
standing the main regularities of the effects of molecu- 
lar structures on kinetic parameters of thermal decom- 
position. Recently the situation has changed substan- 
tially. In addition to experimental studies, different 
classes of nitro compounds have been studied by the 
methods of quantum chemistry and molecular mechan- 
ics. However, despite great possibilities of these meth- 
ods in the comparative analysis of reactivity of various 
organic compounds, as a rule they were not systemati- 
cally used for consideration of problems of chemical 
stability. 

The kinetics of thermal decomposition was studied 
in the majority of cases without taking into account the 
results obtained in the studies of molecular structures. 
We attempted to compensate in part for this deficiency 
by the example of aliphatic nitro compounds. 8 In this 
work, the analogous approach was used to consider the 
peculiarities of the effect of molecular structure on the 
activation energy of the radical gas-phase decomposi- 
tion of aromatic nitro compounds. 

The systematic study of geometry of aromatic nitro 
compounds was begun in sixties. 9 Presently, geometric 

parameters for more than 100 molecular crystals have 
been determined by X-ray analysis) ~ The number of 
compounds studied in the gas-phase state is signifi- 
cantly smaller, l~ Considerable errors of experimental 
values of length of valence bonds and angles preclude 
identification of the structures of nitro compounds on 
the geometric parameters of the C- -NO 2 group. Addi- 
tional difficulties arise in the analysis of experimental 
data because the geometry of nitrobenzene was deter- 
mined by microwave spectroscopy while other mol- 
ecules were studied by gas electronography (GE), 1~ and 
divergences in the values of lengths of C - - N  bonds 
determined by different methods exceed errors of ex- 
perimental measurements. 

In order to obtain comparable data on molecular 
geometry in the gaseous state, which can be useful for 
the further consideration of the effect of the molecular 
structure on the change in kinetic parameters of the 
primary act of the radical gas-phase decomposition, we 
determined equilibrium values of bond lengths and 
valence angles for 15 of the simplest aromatic nitro 
compounds by the MINDO/3 method. In particular, 
we studied the compounds for which experimental data 
on the kinetics of the radical decomposition are ob- 
tained in the gaseous statO -4  (except chloro- and 
bromonitrobenzenes, because MINDO/3  has no corre- 
sponding reliable parametrization). 

The calculations were performed with complete op- 
timization of geometric parameters, and accuracy for 
C- -N bond lengths was _+0.05 pm. Ionization potentials 
were calculated by the same method based on the 
Koupmans theorem. The distribution of the electronic 
density for equilibrium conformations of molecules was 
studied using the CNDO/2 approach, which, compared 
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Table 1. Geometric parameters of aromatic nitro compounds 

Compound r(C--N) r(N=O) r(C--H) 

/pm 

Angle 
ONO 
/deg 

Nitrobenzene 143.8 1 2 2 . 8  1 1 0 . 5  128.6 
o- Dinitrobenzene 144.6 1 2 2 . 4  110 .6  133.1 
m-Dinitrobenzene 144.4 1 2 2 . 5  1 1 0 . 5  130.8 
p-Dinitrobenzene 144.3 122 .7  110 .3  129.9 
1,2,3-Trinitrobenzene 144.8 ;  122 .4  1 1 0 . 6  133.4 

145 .1  

1,2,4-Trinitrobenzene 144.6 ;  122 .4  110 .6  133.1 
144.9 

1,3,5-Trinitrobenzene 144.6 1 2 2 . 4  110 .6  130.6 
m-Fluoronitrobenzene 1 4 3 . 8  1 2 2 . 8  1 1 0 . 4  130.0 
p- Fluoronitrobenzene 143.6 1 2 2 . 8  1 1 0 . 8  129.4 
m-Nitrotoluene 143.8 122 .8  1 1 0 . 6  129.4 
p-Nitrotoluene 143.7 122 .8  110 .6  129.4 
m-Nitroaniline 143.6 1 2 2 . 9  110 .5  129.3 
p-Nitroaniline 143.2 1 2 2 . 9  110 .6  129.6 
m-Nitrophenol 143.7 122 .5  1 1 0 . 2  129.7 
p-Nitrophenol t43.5 1 2 2 . 5  110 .3  129.6 

with MINDO/3,  better reflects the charge distribution 
over atoms and population densities of bonds. 

Some of the results are presented in Table 1. The 
calculations show that the changes in geometric param- 
eters in the nitrobenzene series are comparatively small, 
at least, they are considerably lower than those ob- 
served for the accumulat ion of NO 2 groups in 
nitroalkanes, for example, in the series nitromethane, 
dinitromethane, and trinitromethane. 8 

At the same time, on the basis of the resulting data, 
one can establish some regularities in the change in 
bond lengths and valence angles of the C- -NO 2 group. 
The C- -NO 2 bond lengthens when the hydrogen atom 
is replaced by the NO 2 group in nitrobenzene. In this 
case, the r(NO) value slightly decreases. Unlike 
polynitroalkanes, the r(C--H) values are almost un- 
changed in the series considered. No clear tendency is 
observed for the changes in other valence bonds. As for 
valence angles, a monotonic increase in the ONO angle 
as NO 2 groups are accumulated in the molecule is 
observed. 

The results of the calculation allow one to observe 
the changes in r(C--N) depending on the mutual ar- 
rangement of NO 2 groups in the molecule for the 
example of isomeric dinitro- and trinitrobenzenes. The 
maximum r(C--N) are observed for the compounds 
with the 1,2-arrangement of nitro groups (o-dinitroben- 
zene, 1,2,3-, and 1,2,4-trinitrobenzenes). The calcula- 
tion predicts different values of r(C---N) in the same 
molecule depending on positions of NO 2 groups. For 
example, the value of r(C--N) is higher for the central 
(for C(2)) C- -N  bond in 1,2,3-trinitrobenzene than in 
C- -NO 2 groups for C(1) and C(3). A similar effect is 
observed for 1,2,4-trinitrobenzene. 
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F i g .  1. Dependence of the logarithm of the activation energy of 
the thermal decomposition (E/kJ mo1-1) on the C--N bond 
length (r(C--N)/pm) for nitrobenzene (1), m-dinitrobenzene 
(2), p-dinitrobenzene (3), 1,3,5-trinitrobenzene (4), 
m-nitrophenol (5), m-nitroaniline (6), p-nitroaniline (7), 
p-nitrotoluene (8), and m-nitrotoluene (9). 

The observed changes in geometric parameters in 
the series of nitrobenzenes can be explained by two 
main factors: the electron-acceptor character of the 
NO 2 group and steric effects. An increase in r(C--N) in 
the series nitrobenzene, m-dinitrobenzene, and 1,3,5- 
trinitrobenzene is related to the appearance of acceptor 
properties of nitro groups. At the same time, there is an 
additional increase in r(C--N) caused by steric strains 
for molecules with 1,2-arrangement of NO 2 groups) 2 

The effect of donor substituents on geometric pa- 
rameters of the C- -NO 2 group was studied by the 
examples of nitroalkanes, nitrotoluenes, nitrophenols, 
and fluoronitrobenzenes. The substitution of the hydro- 
gen atom in nitrobenzene by the NH 2 or OH group or 
by the fluorine atom results, as should be expected, in a 
small decrease in r(C--N). This effect is expressed 
relatively stronger for p-isomers, which can be related 
to the manifestation of the direct polar conjugation 
impossible for the m-arrangement of the NO 2 group 
and the donor acceptor. Geometric parameters of iso- 
meric nitrotoluenes are almost the same as those of 
nitrobenzene, which corresponds to the weakest donor 
properties of the CH 3 group. 13 

It is interesting to compare the changes in geometry 
of the NO 2 group with the values of the activation 
energy of the radical gas-phase decomposition. In the 
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series of  nitroalkanes, a decrease in this energy is 
shown 8 to be symbatic with an increase in r(C--N).  It 
follows from the data presented in Fig. I that a similar 
dependence is also observed for the majority of aro- 
matic nitro compounds studied. The experimental val- 
ues of the activation energies 1,2,4 are determined under 
the conditions when thermal decomposition of aro- 
matic nitro compounds in the gaseous phase was ho- 
mogeneous and monomolecular,  and the kinetics was 
determined by the rate of its first elementary stage. The 
error of  the values obtained ranged from +4 to _+12 
kJ tool -1. 

As has been already mentioned, the C- -N  bond 
length increases and the activation energy of the radical 
decomposition decreases, when the hydrogen atom is 
replaced in nitrobenzene by the NO 2 group. At the 
same time, the introduction of the donor substituents 
F, NH2, and OH results in a decrease in r{C--N) with a 
corresponding increase in the activation energy. The 
activation energy almost coincides with the dissociation 
energy of the cleaved bond for the radical mechanism 
of the primary act of  the thermal decomposition. In 
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Fig. 2. Dependence of the logarithm of the activation energy of 
the thermal decomposition (E/kJ mol -l) on the ionization po- 
tential (I /eV) for nitrobenzene and its derivatives. See Fig. 1 

P . 
for numeranon of points. 

particular, the following correlation is valid for nitro 
compounds: 

D(C--N) = E -  RT.  (1) 

Therefore, the change in the activation energy in the 
series considered is explained by the influence of donor 
or acceptor substituents on the strength of the C - - N  
bond. 

It has been established previously14A s that the 
changes in the activation energy of the radical gas- 
phase decomposition are symbatic with the population 
density of the C - - N  bond. The validity of  this depen- 
dence is confirmed for the majority of the compounds 
studied. In addition, the changes in lengths and popula- 
tion densities of bonds are symbatic for all 15 com- 
pounds. As for nitroalkanes, the changes in the activa- 
tion energy and ionization potential are monotonic for 
aromatic nitro compounds studied. The introduction of 
the nitro group to the molecule results in an increase in 
the ionization potential. The substituents, which exhibit 
donor properties in the aromatic system (NH> OH, F, 
and CH3), decrease the ionization potential. The linear 
dependence lgE vs. Ip (Fig. 2) is observed in the semi- 
logarithmic coordinates. The character of the depen- 
dence is almost unchanged, if calculated values of Ip 
are used instead of experimental values. (Experimental 
and published data 16 for the values of Ip are presented in 
Fig. 2.) 

Nitrotoluenes drop out of the dependences presented 
in Figs. 1 and 2. We believe that this may be related to 
the lowered experimental values of the activation energy 
of the gas-phase decomposition. The experimental acti- 
vation energy for p-nitrotoluene (275 kJ tool - I )  is lower 
than those for m- and p-dinitrobenzenes and 1,3,5- 
trinitrobenzene. 

It is very difficult to explain the substantial decrease 
in the activation energy of the radical decomposi t ion 
for the substitution of the hydrogen atom in nitroben- 
zone by the methyl group. It has been reliably estab- 
lished by many independent methods that in the aro- 
matic series, the CH 3 group manifests weak donor 
properties. 1sAT Therefore, it should be expected that 
the activation energy of the radical decomposition is 
somewhat higher for p-nitrotoluene than for nitroben- 
zone. 

Using the calculated value of r (C--N)  and the de- 
pendence presented in Fig. 1 and interpolating, we 
obtain an estimate for p-nitrotoluene within 292--295 
kJ tool - l  that almost coincides with that from the de- 
pendence lgE vs. L (see Fig. 2). For m-nitrotoluene one 
can expect a smal~ (by 2--4 kJ mo1-1) decrease in the 
activation energy as compared with the p-isomer. 

The results of the quantum chemical calculation of 
D(C--N) in nitrotoluenes agree well with the estimates 
presented) z It should be mentioned that there is a 
monotonic dependence between changes in length and 
the Mulliken population density of the C - - N  bond for 
all of the aromatic nitro compounds studied. In this 
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case, m- and p- to luenes  do not  drop out of the general 
dependence.  On the basis of analysis of all data avail- 
able, we believe that the experimental  values of the 
activation energy of the radical decomposit ion are low- 
ered for m- and p-toluenes.  This can be caused by 
unstable admixtures in the compounds,  by the contri-  
but ion of secondary reactions or faster heterogeneous 
processes on the walls of the reaction vessel, or by other 
things. 18 

Taking into account  the results obtained, let us 
consider the problem of the theoretical estimation of 
the activation energy for the radical decomposi t ion of 
aromatic nitro compounds.  The analysis of the experi- 
mental  data shows that, in the case of the gas-phase 
decomposi t ion  of these compounds ,  pre-exponent ia l  
factors are de termined with relatively low accuracy. In 
any case, the presented 1-4 errors in determinat ion of 
lg A in some cases exceed the changes observed. Diffi- 
culties in describing rate constants of the thermal de- 
composi t ion based on correlation dependences may be 
associated with this fact. The question arises as to whether 
linearity in the change  in the activation enthaply is 
observed for the radical decomposit ion.  The latter con-  
dition is considerably less rigid than the principle of 
linearity of the free energy underlying the H a m m e t t - -  
Taft equa t ions )  3,18 It is shown below that the experi- 
mental  values of the activation energies of the radical 
decomposi t ion reactions of aromatic nitro compounds 
fall sufficiently well within the terms of the dependence 
of the activation enthalpies on constants of substitu- 
ents, which makes it possible to perform rather simple 
theoretical est imation of E. 

We have already ment ioned  that there are three 
factors for aromatic  nitro compounds,  which affect 
geometric parameters ( r (C- -N)) ,  electronic structures 
(Pc--N, Ip), and activation energies of the radical gas- 
phase decomposi t ion:  1) conjugat ion of substituents 
with the phenyl  ring, 2) direct polar conjugation of the 
NO 2 group with donor  substituents at o- and p-posi-  
tions, and 3) steric effects in the case of the 1,2- 
arrangement  of the nitro group and bulk substituents. 
Resonance constants of substituents ~r R can serve 13 as a 
measure of conjugat ion with the reaction center for 
derivatives of ni t robenzene.  The values of ~+R reflect 
donor  properties of +R-subst i tuents .  All ~+R are less 
than zero; their absolute values increase as donor prop- 
erties increase. The ~-R constants,  which characterize 
acceptor properties of -R-subs t i tuen t s ,  are represented 
by positive numbers  increasing as these properties en-  
hance. It is natural  to take the difference ~+R -- Cr-R as 
a measure of the direct polar conjugation. In  the case of 
steric strains, as has been shown for the example of 
nitroalkanes, 8 it is most convenient  to use Act = ct -- %,  
where ct = 100AUs/AHat is the ratio of the energy of 
strain to the enthalpy of atomizat ion of the molecule,  
and ct0 is the corresponding value for the first represen- 
tative of the series, ni t robenzene.  The energy of strain 
and the enthalpy of a tomizat ion are easily calculated by 

the methods of molecular  mechanics.  
Taking into account the above, we can write the 

equation for the activation energy of the radical gas- 
phase decomposit ion in the form: 

E = E 0 -  A err - B(er+R -- er-NO2 ) -- C~a , (2) 

where E 0 is the activation energy of the gas-phase 
decomposit ion of ni trobenzene.  

The values of ~+R and ~-R determined previously 13 
were used for the calculations, and the values of Act 
were estimated from the published data. 12 The empiri-  
cal constants A, B, and C found from the experimental  
data on the kinetics of the thermal decomposit ion are 
equal to 12.5, 7.0, and 29.0 kJ mol - l ,  with accuracy of 
+0.1 kJ mo1-1. 

The results are presented in Table 2. The compari-  
son of the calculated and experimental activation ener- 
gies of the radical gas-phase decomposit ion shows that 
they agree rather well. The mean square deviation (7.3 
kJ mo1-1) is comparable with the error of the experi- 
mental  determination.  

The ag reemen t  is improved  if we exclude 
nitrotoluenes, whose great divergences are related, in 
our opinion,  to a considerable unders ta tement  of ex- 

Table 2. Calculated and experimental values of the activation 
energy of the radical decomposition of aromatic nitro compounds 
(E/kJ mo1-1) 

Compound er R Ao* Act Eex~* Ecalc AE*** 

Nitrobenzene -- -- -- 291 -- -- 
m-Nitrotoluene -0.17 -- -- 284 293 - 9  
p-Nitrotoluene -0.17-0.61 -- 275 297 -22  
m-Nitrophenol -0.8 -- -- 298 301 -3  
p-Nitrophenol -0.8 -1.24 -- - 310 -- 
m-Nitroaniline -1.0 -- -- 301 303 - 2  
p-Nitroaniline -1.0 -1.44 -- 308 314 -6  
m-Fluoronitrobenzene -0.24 -- -- -- 294 -- 
p-Fluoronitrobenzene -0 .24-0 .68  -- -- 299 -- 
o-Fluoronitrobenzene -0 .24-0 .68 -- -- 299 -- 
m-Chloronitrobenzene -0.15 -- -- 293 293 0 
p-Chloronitrobenzene -0.15 -0.59 -- 300 297 3 
o-Chloronitrobenzene -0 .15-0 .59  0.55 281 28t 0 
m-Bromonitrobenzene - 0 . l l  -- -- 297 292 5 
p-Bromonitrobenzene -0.11 -0.55 -- 302 296 6 
o-Bromonitrobenzene -0.11 -0.55 0.59 -- 279 -- 
m-Iodonitrobenzene -0.13 -- -- 299 293 6 
p-Iodonitrobenzene -0.13 -0.57 -- - 297 -- 
o-Iodonitrobenzene -0.13 -0.57 0.62 -- 279 -- 
m-Dinitrobenzene +0.44 -- -- 284 285 -1 
p-Dinitrobenzene +0.44 -- -- 286 285 1 
o-Dinitrobenzene +0.44 -- 0.50 -- 271 -- 
1,2, 5-Trinitrobenzene 0.88 -- -- 281 280 1 
1,2,3-Trinitrobenzene 0.88 -- 1.25 -- 244 -- 
1,2,4-Trinitrobenzene 0.88 -- 1.04 -- 250 -- 

* A o ' = e r  + - - 1 3 " -  . 

** See R~s. 1, ~, and 4. 
*** AE = Eex p - Ecalc. 
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perimental values. In this case, the mean square devia- 
tion of the calculated values of E from the experimental 
values is 3.7 kJ mo1-1. Using formula (2), it is easy to 
calculate the activation energy of the thermal decom- 
position via the radical mechanism for any compound. 
The theoretical estimation of E for compounds decom- 
posing via the molecular mechanism is of definite inter- 
est. For these compounds it is easy to find D(C--N) 
and to use the values obtained for discussion about the 
competition of different routes of the primary act of 
decomposition. The values used in the calculation of 
the activation energy have a sufficiently clear physical 
meaning and are related to electronic and steric effects 
in molecules of aromatic nitro compounds. All of  the 
data necessary for the calculations are available. 

Thus, on the basis of theoretical analysis of the 
substituent effects, one can find a correlation between 
the activation energy of the radical decomposition and 
geometry and electronic structures of aromatic nitro 
compounds. Using the resulting data, one can explain 
the observed changes in the activation energy and for 
some compounds, e.g., for m- and p-nitrotoluenes, to 
improve the experimental estimates of E. 
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