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Abstract 

A relationship has been derived between the activation energies E a of low-temperature 
non-autocatalyzed thermolysis of nitroparaffins and their oxygen balances. An analogous 
relationship has also been found for pre-exponents of log A of this thermolysis. The direct 
relationship existing between E a values and the impact sensitivity of the nitrocompounds in 
a condensed state is confirmed by the first relationship. From these two relationships, the 
molecular-structural dependences of the thermal reactivity of nitroparaffins in both gaseous and 
liquid states are discussed. For the thermolysis ofmononitromethane in the liquid state, primary 
homolytic pseudo-monomolecular fragmentation decomposition is hypothesized. 
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1. Introduction 

As early as twenty years ago, the thermal reactivity of nitroparaflins and their 
derivatives was studied from the point of view of the influence exercised by the 
molecular structure [1-7].  The results obtained, however, correspond almost exclus- 
ively to thermolysis in the gaseous state. Data on the thermal reactivity of these 
nitrocompounds in a condensed state are rare in the literature (see for example, Refs. [4, 
8-10]). 

Some of the kinetic data concerning thermolysis of polynitroparaffins obtained by 
Nazin et al. [4, 5] were applied by Kamlet in the interpretation of his relationship 
[11, 12] between the impact sensitivity and the molecular structure of polynitro- 
aliphatic compounds. This relationship has the form [11, 12] 

log hso % -- 1.372 - 0.1681 (OBloo) (1) 
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where hso % is the height at which 50% of all fall-hammer (weight 2.5 kg) tests were 
positive, and (OBloo) is the oxygen balance of the given polynitrocompound (the 
balance is defined [11, 12] by the relation (OBloo)= 100(2n o -  n n - 2 n c ) ( M w  ) t, 
where n o is the number of oxygen atoms, n H the hydrogen atoms, n c the carbon atoms, 
and (Mw) is the molecular weight). 

Kamlet [11, 12] states that a correlation of this type must unconditionally include 
the chemical reactivity of the nitrocompounds as determined by classical methods. This 
was confirmed in our previous communications [13, 14] in which we presented and 
interpreted a new relationship for nitramines, nitrosamines and nitroesters of general 
form 

lnE a = a + b(OBloo) (2) 

where E a is the activation energy of low-temperature non-autocatalyzed thermolysis. It 
was pointed out in Ref. [13] that Eq. (2) is indirect evidence of the identity of the 
primary fragmentation in the detonation conversion of the polynitrocompounds with 
the primary fragmentation in their thermolysis (for more detail, see Refs. [15, 16]). 
Ref. [ 14], in particular, also presents relationship (2) as a quantitative dependence of E a 
values upon molecular structure. 

Considering the facts presented in Refs. [8-16], relationship (2) should also hold for 
nitroparaffins. In order to confirm this hypothesis, results are applied to the study of 
kinetics thermolysis of the above-mentioned group ofnitrocompounds using the Soviet 
manometric method (SMM) [1-5, 7, 9], modified differential thermal analysis (DTA) 
[10], and also, in one case, infrared spectroscopy (IR) [8]. At the same time, increased 
attention has been paid to molecular-structural dependences of the kinetic parameters 
of the thermolysis of nitroparaffins. 

Analogously, as in previous communications [13, 14], marginally attention has been 
paid to the compensation effect of the Arrhenius parameters, the effect being presented 
by the isokinetic relationship [17-19] 

E, = e o + 2.303Rfllog A (3) 

where 3 is the isokinetic temperature. 

2. Results 

Table 1 lists the studied nitroparaffins, the corresponding Arrhenius parameters 
E and log A of non-autocatalyzed thermolysis, and calculated values of oxygen balance 
OB1o o given in Refs. [11, 12]: E a values are here given with the same number of decimal 
points as in the original papers. 

Analysis of the mutual relationship between E a and OBlo o revealed that, in the sense 
of Eq. (2), the data from Table 1 could be broken down into a number of sub-sets as 
presented in Figs. 1 and 2 where individual results for Eq. (2) are plotted. 

Considering the existence of the isokinetic relationship (3), an equation of the 
following general shape was found 

In(In A) = a I q- b 1 (OBloo) (4) 
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The competency of the compounds under study to the individual forms of this equation 
is similar to their competency to the individual forms of Eq. (2) and is obvious from 
Figs. 3 and 4. 

Specification of the individual forms of Eqs. (2) and (4) for thermolysis of nitro- 
methanes 1.2 and 4.2 in the liquid state was carried out by simple interpolation of the 
straight line by two points. This procedure is justified from the results presented so far 
(see lines in Figs. 1 and 2). From the individual forms of these equations which were 
formalized in this way (see lines V and VII in Figs. 1 and 2) as well as from the forms 
confirmed for the remaining sub-groups of nitroparaffins being studied, Arrhenius 
parameters were calculated a posteriori (also presented in Table 1). 

Verification of the results obtained in this way for methane nitrodervatives was 
carried out by comparing them with the results of quantum-chemical Schlyapoch- 
nikov-Gagarin calculations [21] which were carried out using the Hoffmann method 
[22]: it was shown [23] that charges on the carbon atoms of nitromethanes are in linear 
correlation with activation energies of thermolysis E a of these nitrocompounds ob- 
tained experimentally in a gaseous state using the equation 

E a = a 2 q- b2q  c (5) 

where qc is the charge on the carbon atom. Values ofqc are presented in Table 2 which 
also includes values of the dissociation energies of the C N bond in nitromethanes 
determined by thermochemical calculation [24]. Fig. 5 is a graphic representation of 
Eq. (5). 

In the sense of Eq. (3), the set of studied nitroparaffins from Table 1 is broken down 
into three sub-groups, none of which is correlated with the data for 2.1, 2.2, 8.1, 11.2 or 
15.1. Fig. 6 presents the structures of the sub-groups. 

3. Discussion 

The results obtained testify the validity of Eq. (2) for nitroparaffins thermolysis in the 
gaseous state. Lines I-IV in Fig. 1 confirm that increasing E a values corresponds to 
increasing length of the n-alkyl group. These lines, together with lines VI-IX in Fig. 2, 
also confirm the well-known cumulative negative influence exercised by the nitro- 
groups within a nitroparaffin molecule (here on the a-carbon) upon its thermal stability 
[24, 25]. The relationships in Fig. 4 (lines VI VIII) reveal that the increase in the 
activation entropy of thermolysis in the gaseous state corresponds to the cumulative 
effect of the nitro groups. Line VIII in Fig. 2 confirms the well-known fact [2] that the 
length of the n-alkyl chain has a negligible influence upon the value of the activation 
energy of gem-trinitroparaffin thermolysis in the gaseous state: the activation entropy 
of thermolysis in this group is quite distinct in this sense (see line VIII in Fig. 4). 

The validity of Eq.(2) for polynitroparaffin thermolysis in a condensed state 
confirms the existence of a direct relationship between their impact sensitivity and the 
activation energy of their non-autocatalyzed thermolysis. The significance of this 
knowledge for the study of the micromechanism of detonation initiation for polynitro- 
aliphates need not be discussed in greater detail (see Refs. [13, 14]). 
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Fig. h Activation energies E of polynitroparaflin thermolysis as a function of their oxygen balance OBloo: 
©, line I for methane derivatives; [[], line I1 for ethane derivatives; II, line III for propane derivatives; @, line 
ill-liq, for thermolysis of nitropropanes in the liquid state (data 13.1 do not correlate); O, line IV for butane 
derivatives; A, line V for thermolysis of nitromethanes in the liquid state. 
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Fig. 2. ActivationenergiesEofpolynitroparaffinthermolysisasa functionoftheiroxygenbalanceOB~oo:V , 

line VI for mononitromethyl derivatives; I-I, line VII for dinitromethyl derivatives; ©, line VIII for trinitro- 
methyl derivatives; A, line IX for trinitromethyl derivatives which were thermolyzed in the liquid state. 
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Table 2 
Survey of the charges on the carbon atoms of nitromethanes and their 
C-N bond dissociation energies 

Substance Charge on Dissociation 
carbon energy of C-N 
atom [21] bond/(kJ tool 1) [24] 

Nitromethane 0.085 252.3 
Dinitromethane 0.385 225.5 
Trinitromethane 0.743 191.2 
Tetranitromethane 0.994 164.4 

25O 

20J 

150 

1 
_ @ 

[] @_ 

! . 2  O 

- -  4 . 2  

f i i I l i l x i [ 

9 0.5 1.0 

qe it, 

Fig. 5. Graphic representation of Eq. (5): ©, dependence for dissociation energies of C-N bonds (by 
thermochemical calculation [21]); U, dependence for experimental and calculated values of activation 
energies of nitromethane thermolysis in the gaseous state; O, dependence for experimental and calculated 
values of activation energies of nitromethane thermolysis in the liquid state. 

Some polyni t roparaf f ins ,  e.g. t e t ran i t romethane ,  1,1,1-tr ini troethane and 1,1,1- 
t r in i t ropropane ,  see Table  1, have close values for the kinetic  pa rame te r s  of thermolys is  
in gaseous  and  l iquid states (see also lines VII I  and  IX in Fig. 4). A l though  this has no 
general  validity,  the hypothes is  was conf i rmed by this homoly t i c  p r imary  f ragmenta-  
t ion dur ing  thermal  decompos i t i on  of the above -men t ioned  p o l y n i t r o c o m p o u n d s  in 
the l iquid state [4]. 
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Fig. 6. Graphic representation of the isokinetic relationship (3): O, dependence for group A (ct-mono- 
nitroparaffins); [S], dependence for group B (derivatives with the "acid" hydrogen on the or-carbon atom); 
@, dependence for group C (trinitromethyl derivatives). 

In methane nitroderivatives, an increase in the difference of the E, values of 
thermolysis of individual derivatives in gaseous and liquid states corresponds to 
a decreasing number of nitrogroups within their molecules (see lines I and V in Fig. 1). 
The same is valid for nitroderivatives of propane (see lines III and III-liq. in Fig. 1). In 
this connection, it is, however, necessary to draw attention to the good correlation of 
the E a values of nitromethane thermolysis, in the sense of Eq. (5), for the separate 
decomposition in gaseous and liquid states: the facts as presented in Fig. 5 indicate the 
identity of the primary fragmentation on thermolysis of all nitromethanes in gaseous 
and liquid states. 

Also, the activation entropies of thermolysis of methane nitroderivatives in the liquid 
state, like the corresponding activation energies E a, have unambiguously lower values 
than during thermal fission in the gaseous state (compare lines I and V in Fig. 3 and also 
footnotes a and b to Table 1). This is ascribed [10] to association of the corresponding 
molecules in the condensed state. Because the IR spectra of gaseous, liquid or solid 
mononitromethane are mutually identical [26], it is necessary to see this association, 
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above all, as direct electrostatic intermolecular interaction of its molecules (orientation 
interaction). 

In connection with this molecular association, the initial stage of mononitro- 
methane thermal fission in a condensed state is interpreted [10, 27-30] as a hetero- 
lyric biomlecular reaction. This interpretation is also supported by quantum 
chemical calculations [10, 28] of the kinetic parameters. Considering the correlations 
in sense of Eq. (5) (see also Fig. 5), the hypothesis of pseudo-monomolecular homo- 
lytic fragmentation should be considered, as presented by Zeman [16] demon- 
strating nitramine thermolysis in dinitrobenzene solution. This hypothesis [16] 
is based upon knowledge gained by Urbanski and Buzniak [31 33] on the retard- 
ing effect of nitrocompounds on radical polymerization. In order to apply this 
hypothesis to the case of mononitromethane, the following facts should be taken into 
consideration: 

1. Depending upon pressure, mononitromethane thermolysis in the condensed state 
can follow two reaction mechanisms [26] which have not yet been specified, one 
mechanism changing to the other [27] at 5 GPa pressure or at 4 GPa pressure at 
a temperature higher than 130°C (the latter mechanism has a negative activation 
volume [29, 30]); 

2. Among the thermolysis products of mononitromethane in the gaseous state [32] 
are methane, hydrogen cyanide, methyl cyanide, ethylene, nitrogen and carbon oxides, 
water and other products; during thermolysis in the condensed state [27], ammonium 
formate, oxalate salts, water and a dark brown solid appear; 

3. Due to the pressure effect, the enol- (aci-) form [35] is formed in mononitro- 
methane; this form, e.g. in detonation change, exhibits higher reactivity 1-31]. 

From the above, primary pseudo-monomolecular homolytic fragmentation in 
mononitromethane thermolysis, under pressures lower than 4 GPa, could be represent- 
ed by Scheme 1. 

H "NO 2 

. ;- . - \ ~  
H -- C~ + -~qN - CH 3 ) H2C + NO 2 + _ O/ -- CH~ 

Io / H / 

H /'NO 2 ,_ 

. -  ~ /  _ , , ,~  
H- C / + -- CH 3 ) CHt~ + NO 2 + N -- CH 3 

H 

(II) 

Scheme 1. Primary pseudo-monomolecular homolytic fragmentation ofmononitromethane in its thermoly- 
sis in the liquid state under pressures lower than 4 GPa: carbonaceous products of this process are carbene (1) 
and methane (II). 
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+ 0 -- H 
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Scheme 2. Primary pseudo-monomolecular homolytic fragmentation of mononitromethanein its thermoly- 
sis in the liquid state under pressures above 5 GPa: carbonaceous products of this process are fulminic acid 
(III) and "nitroso methane" (IV). 

Reactive carbene (I) dimers forming ethylene, with hydrogen cyanide yields methyl 
cyanide, but carbene can also attack nitromethane molecules. This carbene could also 
be the reason for the formation of the enol- (aci-) form in thermolysed nitromethane 
and, at the same time, it could cause the mechanism participation in the overall fission 
according to Scheme 2. 

The thermolysis of mononitromethane under pressures above 5 GPa or in the 
presence of agents causing the formation of its enol- (aci-) form, pseudo-monomolecu- 
lar fragmentation could be represented by Scheme 2. 

Through further decomposition and hydrolysis, "nitrosomethane" (IV) and highly 
unstable fulminic acid (III) yield ammonium formate, ammonia, oxalates and amor- 
phous polymer products. 

It is well known that induction and steric effects are primarily reflected in the thermal 
reactivity of polynitroparaffins (see, for example, Ref. [36]). This may be connected 
with the division of the nitroparaffins under study into three groups in the sense of 
Eq. (3) (see Fig. 6): here group A includes, almost exculsively, ~-mononitroparaffins; 
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group  B includes,  near ly  exclusively, po lyni t roparaf f ins  with the "acid"  hydrogen  on 
the a -ca rbon  a tom;  and g roup  C includes t r in i t romethyl  derivatives.  

4. Conclusion 

The re la t ionship  found between the ac t iva t ion  energies E a of l ow- tempera tu re  non- 
au toca ta lyzed  ni t roparaff in  thermolys is  and  their  oxygen ba lance  conf i rms the exist- 
ence of a direct  re la t ionship  between E a values and  impac t  sensit ivity of  the above-  
ment ioned  n i t r o c o m p o u n d s  in the condensed  state. This re la t ionship,  a long with the 
ana logous  re la t ionship  for pre-exponents ,  i.e. log A, quant i ta t ive ly  describes,  to a cer- 
tain extent,  the thermal  react ivi ty of a l iphat ic  p o l y n i t r o c o m p o u n d s  from the po in t  of 
view of  their  molecu la r  structure.  

This quant i t a t ive  descr ip t ion  could  also be one of  the s tar t ing poin ts  for the 
in te rp re ta t ion  of the p r imary  process  of n i t roa l ipha t i c  c o m p o u n d  thermolys is  in the 
l iquid state, e.g. dur ing  n i t rome thane  thermolys is  in the l iquid state its n i t rog roup  
might  exercise an ana logous  influence on the homolys i s  of  the in terac t ing  molecule  in 
the same way as on the t e rmina t ion  of radical  po lymer iza t ion  (for the case of poly-  
nitroarenes~ see Ref. [-16]). 
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