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thermal stability of their nitrates 

Yu. L Rubtsov* and A. L Kazakov 

Institute of Chemical Physics in Chernogolovka, Russian Academy of Sciences, 
142432 Chernogolovka, Moscow Region, Russian Federation. 

For: 007 (096) 515 3588 

The data on equilibrium constants of the nitration of polyhydric alcohols and cellulose 
were examined and generalized. Changes in values of the equilibrium constants and Gibbs's 
energy of nitration related to the position of the nitrated hydroxyl group in the molecule and 
the existence of the adjacent hydroxyl and nitrate groups were established. ,am empirical 
method for calculating rates of thermal decomposition of different nitrate groups using 
experimental equilibrium constants of nitration was suggested. 
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The ni trat ion of alcohols, including polyhydric 
alcohols, is a reversible reaction. At the same time, 
reactions of C-nitration are almost irreversible. Several 
works 1-8 on determination of the equilibrium constants 
of nitration (K~) of several potyhydric alcohols and 
cellulose are available, q'he nitration of glycerol has 
been studied in most detail. 2-4 For this reaction, the 
temperature dependences of K e of all consequent stages 
of nitration and the corresponding values of changes in 
Gibb ' s  energies, enthalpy, and entropy (AG, AH, AS) 
were obtained. For other alcohols, the K e values were 
determined only at 20--25 ~ In this work, based on 
our results and published data, we discuss a correlation 
between K~ and the structure of nitrated molecules and 
their stability. 

Results and Discussion 

The K e values of the alcohol nitration in the HNO 3 -  
H20 system, which are determined by the correlation 
K e = aRONO~aH~o/(aRoHaHN03), and the values of 
AGrt = -RT:In[(~ are presented in Table 1. 

The state of neat components was chosen as stan- 
dard, the ratio of activity coefficients of alcohol and 
nitrate was taken to be equal to unity, and the values of 
att20 and aHNO3 were determined from the vapor pres- 
sures of the components.  The Ke values for monoalkyl 
nitrates were calculated from the standard thermody- 
namic data, and the other values were obtained experi- 
mentally. In all cases, except cellulose, the K~ value was 
determined in the homogeneous liquid phase from the 
data on the amounts of alcohol and nitrate in the 
equilibrium mixture. These data were obtained mainly 
by the ~H N M R  method for both direct nitration of 
alcohols and hydrolysis of nitrates. The protonations of 

ROH and RONO 2 were taken into account in the 
calculation_ Examination of the data obtained allows 
one to establish the following regularities in changes in 
K e depending on the structure of the molecule of the 
nitrated compound: 

1. The greatest value of Ke is observed for the metha- 
nol nitration. When the carbon chain grows, Kc de- 
creases. The insertion of more complex substituents 
decreases Ke to a greater extent. The sharp decrease in 
the yield of nitrate in solutions of HNO 3 with concen- 
tration lower than 60% is related to the alcohol oxida- 
tion, whose relative contribution increases as the acid is 
diluted. 

2. The equilibrium constants of nitration to the hy- 
droxyl group at the secondary carbon atoms are 3--10 
times lower than K~ for the primary hydroxyl groups in 
the single-type compounds. The analysis of kinetic data 
showed that this difference is mainly determined by the 
difference between rates of nitration at the primary and 
secondary, hydroxyl groups, and the rate of the reverse 
reaction (hydrolysis) slightly depends on the number 
and position of nitrate groups. 9 

3. In polyhydric alcohols, the e,,dstence of the ni- 
trate group at the primary C atom increases Kr by 2--3 
times, as a rule, for the nitration of the secondary 
hydroxyl group at the adjacent atom (or at the next one) 
compared to Ke for this hydroxyl group in the initial 
alcohol. 

4. When the third and four (in mesoerythrite) nitrate 
groups are introduced, the K e values decrease succes- 
sively. This decrease is especially substantial for the 
nitration at the secondary OH group when the adjacent 
hydroxyl groups are replaced by the ONO 2 groups. 

5. For nitration of the latter hydroxyl groups in 
polyhydric alcohols, K e < I, and high degrees of the 
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T a b l e  1. K e and AG values fbr nitration of alcohols and nitrates 
and estimation values of rate constants of decomposition of 
nitrates (k) at 140 ~ 

Compound Structure K e -AG k 
(temperature) /keal tool -I /s -I 

Glycerol and OOO" 2.6 0.56 0.7 
its nitrates O" ON 9.6 [.32 0.33 
1,2,3-OOO ONO" 7.4 1.16 0.4 
(25 ~ 2) NO'  N 0.4 -0.5 2.2 

O O ' O  1.15 0.08 1.2 
OO' N 3.0 0.64 0.65 
N N O  1.3 0.16 1.1 

Mesoer'y'thrite and O ' O O O  15 1.6 0.25 
its nitrates N O ' O O  1.3 0.16 1.1 
1,2,3,4-OOOO NNO" O 0.4 -0.5 2.2 
(20 ~'C 5) N O ' N O  1.0 0.01 1.3 

O ' N N O  1.8 0.35 0.9 
N N O ' N  0.15 - I .1  4.[ 
N O O O  0.7 -0.22 1.6 
NOOO" 6.8 1.1 0.4 
NNOO" 4.5 0.9 0.5 
N O N O  9.9 1.3 0.33 
N O ' O N  0.8 -0.12 1.5 
NNNO" 1.5 0.22 1.0 

Cellulose and OOO" 7.0 1.I5 0.4 
its nitrates OO" N 0.1 - I  .3 5.1 
2 ,3 .6 -000  O NN 0.3 -0.8 2.9 
(20 ~ 8) O" ON 0.2 -0.9 3.4 

N O ' N  0.t5 -1.1 3.8 

Levoglucosan and N O  O 0.5 -0.4 2.0 
its nitrates N O O  0.6 -0.3 1.7 
2 ,3 ,4 -000  N N O '  0.25 -0.8 3.0 
(20 ~ 7) O ' N N  0.2 -0.9 3.4 

O'  NO 0.2 -0.9 2.0 
ONO" 0.7 -0.2 1.6 
NO" N 0.25 -0.8 3.0 

Carboxy- 5- OH* 
cellulose type 1 ** 0.09 - 1.4 5.5 
(20 ~ 6) type 2** 0.1 -1.35 5.1 

c~,~-OH 
type 1"* 5" [0  - 4  -4.5 125 
type 2** 2" 10 .4 --5 215 

Monohydric MeOH l - 105 6.7 I �9 10 .3 
alcohols (25 ~ PrOH 9" I03 5.3 6- 10 .3 
calculation) EtOH 2.8" 10 -4 6.0 3- 10 -3 

Note. 0 is hydroxyl, N is nitrate group, ' .... is the position in 
which a new nitrate group was introduced or from which it was 
eliminated due to thermal decomposition. 
* d-OH are hydroxyls in the c3-position with respect to the 
lactone group of carboxycellulose. ** 1st type, the terminal 
residue of the unit of the carboxycellulose oligomer contains 
four C atoms, two of which enter the composition of the 
carboxyt groups; 2rid type, the terminal residue of the unit 
contains six C atoms, two of which also enter the composition 
of the carboxyl groups. 

ni trat ion of  these groups are achieved only when  the 
aHNO3/aH~O ratio in the ni t rat ing mixture  is great. 

'6. T h e - n i t r a t i o n  of  cel lulose in the H N O 3 - - H 2 0  
system occurs  in the he t e rogeneous  system. The  Ke 

value is approximate ,  since the ac t iv i ty  of  the O N O ,  
groups are changed for their  average mola r  fractions. 
However ,  since the aRONOJaRO H ratio enters the  K. 
value, this rep lacement  is a~ceptable.  The  K. value  for 
the primary hydroxyl at the C(6)  a tom of  cel lulose is 
close to the  K e value for the p r imary  hydroxyl groups in 
glycerol molecules  and mesoerschr i to l ,  but  the /(e value  
of  the ni t rat ion of  the secondary, hydroxyls  at the C(2)  
and C(3) atoms is noticeably lower ,  and the effect o f  the 
adjacent  nitrate group is almost  absent.  At the same 
t ime,  in levoglucosan,  in which n i t ra t ion  proceeds ho-  
mogeneous ly  and all of  the three hydroxyls  are located 
at the adjacent  secondary C a toms ,  the K~ value is 
somewhat  higher for the in t roduc t ion  o f  the second 
nitrate group,  and for the third g roup ,  it is close to the 
corresponding Ke values in cel lu lose .  

7. The  O H  groups at the cz- a n d  [3-positions relative 
to the carboxyl group of  ca rboxyce l lu lose  have the 
lowest K e values. The  increase in AG in this react ion is 
4 .5--5.0 kcal tool -1, and hence,  h igh  degrees o f  ni tra-  
t ion are achieved only when a so lu t ion  of  N205 in 
H N O  3 is used as the nitrating mixture .  

At the present t ime,  it is es tabl ished that  the initial 
rate of  thermal  decompos i t ion  o f  nitroesters is de ter -  
mined by the rate of  cleavage of  the  O - - N O  2 bond.  A 
significant feature of  the t h e r m a l  decompos i t i on  of  
nitroesters is strong au toacce le ra t ion ,  which is the rea- 
son for the considerable scatter o f  different  (presented 
by different authors) expe r imen ta l  values of  the rate 
constants  of  the initial stages, t he i r  act ivat ion energies,  
and energies of  the O - - N O ?  bond,  10-t2 Therefore ,  e m -  
pirical me thods  for est imating t h e  initial rates o f  the 
process are o f  interest. 

We observed (Fig. l) that  for t h e  s tudied react ions of  
decompos i t ion  of  the secondary, and primary, ni trate 
g roups  in n i t r o c e l l u l o s e  (1) ,  13-14 in 1,4- and 
2,3-butyleneglycol  dinitrates (2) l~ and of  two seconda~" 
nitrate groups in ni t rocel lulose (3) ,  13 the log(kJkj) = 
,J'log(Ke,//Ke.i) dependence  app rox ima te ly  holds, where 
k.~, and k) are the rate constants  of  decompos i t i on  o f  the 
/th and j th  nitro groups at the t e m p e r a t u r e  (140 ~ at 
which the s e c o n d a ~  react ion of  t h e  ni t roester  hydrolysis 
can be neglected;  t3 and Ke, i and K~j  are the equi l ibr ium 
c o n s t a n t s  o f  the i r  f o r m a t i o n  i n  t he  n i t r a t i o n  at 
20--25 ~ y ~ 0.6. 

Using this empirical d e p e n d e n c e  and data in Table  I, 
we can es t imate  the ratio of  rate cons t an t s  of  d e c o m p o -  
sit ion for different nitrate groups and, i f  the absolute 
value of  at least one rate c o n s t a n t  is l~aown, we can 
estimate the absolute values of  t h e  others.  The  overall  
rate of  the nitroester d e c o m p o s i t i o n  is equal  to the sum 
of  the rates of  decompos i t ion  o f  each o f  the nitrate 
groups entering the molecule .  T h e s e  es t imat ions  were 
per formed for the compounds  p re sen t ed  in Table I, and 
the rates o f  their  decompos i t ion  a t  140 ~ were deter-  
mined.  One  of  the most reliable va lues ,  the  rate constant  
of  thermal  decompos i t ion  of  n i t roce l lu lose ,  13 was used 
as the starting value in these ca lcula t ions .  The calculated 
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Fig. 1. Dependence of log(k.i/kj) on Iog(KeJke,i). The lower 
and upper sides of  rectangles correspond to the minimum and 
maximum ratios of the rate constants of decomposition of the 
secondary and primary nitrate groups of nitroceUulose 13 (i) 
and in butyleneglyeol dinitrates 10 (2); the left and fight sides 
correspond to the minimum and maximum ratios of the equi- 
librium constants of nitration to the primary and secondary 
hydroxyl groups (1) and hydroxyl groups in mesoerythritot and 
its nitrates (~ ;  secondary, nitrate groups in nitrocellulose 13 (3). 

values of  constants  agree with the exper imental  values 
for ni t roglycerol ,  but those  for glycerol 1,3-dinitrate and 
mononi t ra tes  differ f rom the exper imental  data. n The  
divergence may  be related to exper imental  errors in the 
de te rmina t ion  o f  both equi l ibr ium constants  and rate 
constants. The  further  just i f icat ion and re f inement  o f  
the approach proposed  requires more  polynitrates to be 
exper imenta l ly  studied. 
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