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Nitration of primary alcohols or of primary alcoholic groups in polyhydric alcohols at 20~ takes 
place if nitric acid with concentrations between i00 and 60% is used, i.e., in the concentration range where 
free unionized nitric acid is detected spectroscopically [i, 2]. This coincidence suggests that the O-~aitrat- 
ing agent in the HNO 3 -H20 system is evidently not the nitronium ion, as suggested by Ingold and his co- 
workers [3-5], but the molcule of free unionized acid HONe 2. It is natural to suppose that this nitrating 
agent must also exist under certain other O-nitration conditions, particularly in nitration by the HNO 3 
-H2SO 4 -H20 system. The idea that nitric acid nitrates alcohols in the unionized form was put forward by 
Sapozhnikov [6]. The same conclusion was reached somewhat later in [7] and, in recent years, in [8.-10]o 
Numerous authors, while investigating the formation of cellulose and starch nitrates [II, 12], have at one 
time made an enormous contribution to the theory and technology of both nitrates, which are extremely 
valuable chemical products. 

Both of the investigated starting materials (cellulose and starch) are highly polymerized compounds 
which contain primary and secondary alcohol groups. They do not dissolve in the majority of nitrating mix- 
tures, and therefore the formation of their nitrates takes place in other ways thanby homogeneous O-nitration 
of the monomeric alcohols. Thus, for example, in the production of cellulose nitrates, the degree of O- 
nitration depends not only on the reactivity of the nitrating mixture and the hydroxyl group but is sometimes 
determined mainly by the ability of the nitrating mixture to penetrate into the cellulose fiber. This also 
applies to a considerable degree to the grains of starch. In spite of the detailed investigation of their O- 
nitration by nitrating mixtures and although they retain the general features of the process, the speciM 
characteristics of the structure of cellulose and starch do not allow a parallel to be drawn between them 
and other alcohols in reactions to form nitrates. These peculiarities do not allow full use to be made of the 
vast experimental material on the production of cellulose and starch nitrates in the desire to predict the 
behavior of the monomeric alcohol in the nitrating mixtures. 

This is why the present work has been carried out to determine the nature of the nitrating agent in 
O-nitration of alcohols by nitrating mixtures and to investigate the formation of pentaerythritol tetranitrate 
over a wide range of compositions in the mixtures. 

Pentaerythritol was chosen for investigation for three reasons: I) high reactivity of all four stericaHy 
unhindered methyl groups; 2) the final product (the tetranitrate) is a crystalline substance, practically in- 
soluble in the nitrating mixtures, which allows an extremely reliable gravimetric method to be used with 
confidence for determining the yield; 3) pentaerythritol tetranitrate can be purified exceptionally well. by 
recrystallization. It should be expected that maximum nitrating ability will occur in mixtures with lower 
water contents if the nitrating agent is the nitr0nium cation. In this case, as proposed in [4, 5], O-nitra- 
tion takes place irreversibly according to Eqs. (I) and (2): 

H 

~OH + X~O~--~ RO * /  (1) 
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"}- H,S O] .-> RONQ - I -  II2SO~ RO+\  
NO2 

and the ni t ronium cation fo rms  in react ions (3) and (4), depending on the rat io between the nitr ic  and sul-  
furic acids [13]: 

H:N03 ~- 2E2S04 ~ NO2 -~ H30+ -~ 2HS04- (3) 

3HN03 -~ H2S04 ~- NO2" ~- HS04- .~ 2HN03. lifO (4) 

If, on the other hand, the nitrating agent is the free unionized nitric acid molecule, maximum O-nitra- 
tion will be shifted towards nitrating mixtures with a specific water content giving the largest amount of 
HONO 2 in the system. 

In. order to make a quantitative evaluation of the position we used data in [8, 13-15], where HNO 3 
-H2SO 4 -H20 systems were represented in the form of a phase diagram (Fig. i). On this diagram the line 
A LC represents the geometrical positions of points for compositions where the frequency of the nitronium 
cation (A u = 1400 cm -I) completely disappears with further addition of water and the ~ ~ T line corresponds 
to mixtures where the nitric acid is in the form of 100% HNO 3. The area bounded by the line EDC and the 
coordinate axes represents nitrating mixtures in which all the nitric acid is ionized to nitro nium cation. 
Thus, in O-nitration by the nitronium cation, it should be expected that compositions possessing nitrating 
ability will lie to the left of the line A LC. With nitrating mixtures containing, for example, 10% nitric acid, 
maximum nitrating ability should occur at a water content of ~0-2%, and the nitrating ability should be at 
a minimum or completely absent when the water content is increased to more than 14.6%. 

Practically the opposite effect should be observed in O-nitration of the alcohol by molecules of free 
unionized nitric acid in the same mixtures containing 10% nitric acid; the nitrate should not form when the 
mixtures contain ~0"2% water, and the yield of tetranitrate should be at a maximum when the water Content 
reaches ~ 15%. 

The second assumption was verified experimentally. In O-nitration of pentaerythritol by nitrating 
mixtures containing a constant amount of nitric acid (10%), it was found that the tetranitrate was absent 
from nonaqueous mixtures and that maximum yield was obtained with water contents between 17 and 25% 
(Fig. 2). A similar type of dependence of pentaerythritol tetranitrate yield on the water content, and con- 
sequently on the nitronium cation content, was also found with other concentrations of nitric acid (Fig. 3). 
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Fig. 1. Areas  of HNO 3 - II2SO 4 - H20 nitrat ing system with full 
(EDC region) and part ia l  (to the left of ALC) ionization of the 
ni tr ic  acid to ni tronium cation according to data f rom [8, 14]. 

Fig. 2. Tetrani t ra te  yield during O-nitrat ion of pentaerythr i tol  
by nitrat ing mixtures  containing 10% nitric acid. A) Yield of 
te t rani t ra te ;  ]3) water  content in original ni trat ing mixture.  
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Te t ran i t r a t e  yield during O-ni t ra t ion  of pen tae ry th r i to l  by ni trat ing mix -  
tures containing 20-80% nitric acid. The amount of nitric acid is indicated by the 
figures on the curves. A) Yield of tetranitrate; B) water content in original nitrat- 
ing mixture. 

Fig. 4. Nitration region for pentaerythritol in HNO 3 -H2SO 4 -H20 system (between 
curves BF and OK). 

We will examine O,ni t rat ion by ni trat ing m i x t u r e s  containg 60% HNO3, for  example ,  in r a t h e r  m o r e  detail .  
As seen  f r o m  Fig. 3, such ni t ra t ing m i x t u r e s  secure  the m a x i m u m  equi l ibr ium yield of t e t r an i t r a t e  at c e r -  
ta in wa te r  contents (between 13 and 21%). When the amount of wa te r  in the ni t rat ing mix ture  is d e c r e a s e d  
the yield drops  sharp ly  and is accompanied  by oxidative p r o c e s s e s  with abundant evolution of ni t rogen oxide. 
The t e t r an i t r a t e  yield also d e c r e a s e s  and oxidation is also obse rved  if the wa te r  content of the or iginal  
mix tu re  is g r e a t e r  than 21%, although to a cons iderab ly  l e s s e r  degree  than on the left  hand branch  of the 
curve .  The beginning of the inflection on the r ight  hand branch  is de te rmined  not by the composi t ion of the 
or ig inal  n i t ra t ing mix tu re  but by the composi t ion  of the spent  acid and t he re fo re  depends on the or ig inal  
ra t io  between ni t r ic  acid and pentaery thr i to l .  (In our expe r imen t s  this ra t io  was six for  all the ni t ra t ing 
s y s t e m s .  ) The posi t ion of the left  inflection is de te rmined  by the composi t ion  of the or iginal  mix tu re  and 
by the nature  of the alcohol. With ni t ra t ion by mix tu re s  lying on the hor izontal  pa r t  of the curve  ve ry  pure  
O-ni t ra t ion,  comple te ly  f ree  f r o m  oxidative side p r o c e s s e s ,  is observed.  The m a x i m u m  equi l ibr ium yield 
of t e t r a n i t r a t e  s tays  constant  for  each s e r i e s  of nitrat ing mix tu r e s  with identical  n i t r ic  acid contents ,  but 
its value depends apprec iab ly  on the amount of n i t r ic  acid in the s y s t e m  (Fig. 3). 

F o r  the sake of c la r i ty ,  on the Chedin d i ag ram {Fig. 4) we give points which define the region of acid 
m ix tu r e s  cor responding  to m a x i m u m  equi l ibr ium yield f r o m  O--nitration. The curve  BF e m b r a c e s  c o m -  
posi t ions of original nitrating mixtures corresponding to the left-hand inflections on the curves in Fig. 3, 
while the curve OK represents the corresponding compositions of the spent acid. It is seen from this com- 
parison that the region of acid mixtures BFOK which interests us lies considerably to the right of the line 
ALC and, moreover, the line EDC (the region corresponding to complete ionization of nitric acid to nitro- 
nium ion). in other words, the experimental results confirm fairly clearly the supposition that the nitrat- 
ing agent in acid mixtures containing HNO3, I12SO4, and H20 is evidently the free unionized nitric acid mole- 
cule. 

At the end of the ni t ra t ion p r o c e s s ,  apar t  f rom other  equi l ibr ia  which also take p lace  to a g r e a t e r  or  
l e s s e r  degree ,  equi l ibr ium is es tab l i shed  in the s y s t e m  between the O-ni t ra t ing  agent and the alcohol. As 
known, the equi l ibr ium state  does not depend on the n i t ra te  fo rmat ion  m e c h a n i s m  but is de te rmined  by the 
composi t ion  of the spent  acid. There fo re ,  in the genera l  case ,  th ree  main  reac t ions  take place s imul t a -  
neously at the equi l ibr ium point: 

I~CII2OIi -~- HOSQOH ~- BCtI~OSO20H @ H~O (5) 

RCH20t[ + H.OXO2 ~• RCH2()N02 -) tt20 (6) 
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TABLE I. Dependence  of 
E q u i l i b r i u m  T e t r a n i t r a t e  
Yie ld  on Conten t  of N i t r i c  
and Su l fu r i c  A c i d s  in Spent  

A c i d  
Composition of 

, spent acid,% 
ttNOa I-I~ S04 I~O 

58,0 13,0 29,0 
40,0 30,9 29,1 
23,0 48,0 29,0 
6,2 66,7 28,1 

Yield of pen- 
taerythritol tet- 
ranitrate, % of 
theoretic al 

97,5 
96,5 
94,5 
91,5 

T A B L E  3. C o m p a r i s o n  of C a l -  
c u l a t e d  M i n i m u m  Modulus  M wi th  
P r a c t i c a l  M o d u l u s  
Composition of ni-iValue of minimum 
trating rnixture,% . [ m o d u l u s  

| prac- Dalcula- 
HNO~ H~SO4 Ho0 ~ . . Bed f r o m  

| t l c a l  [ e q u a t i o n  (8)  

80,0 4,0 16,0 7,6 7,4 
70,0 12,0 18,0 8,7 8, 5 
60,0 20,0 20,0 10,0 10,0 
50,0 28,0 22,0 12,0 12,2 
40,0 36,0 24,0 15,0 15,5 
30,0 44,5 25,5 20,0 19,2 
29,0 52,8 27,2 30,0 26,5 

Note: The appreciable difference in 
the values of the modulus in original 
mixtures poor in nitric acid is ex- 
plained by the fact that an approxi- 
mate equation for the material bal- 
ance of the reaction, which does not 
take account of the drop in the equi- 
librium tetranitrate yield, was used for 
the calculation. 

T A B L E  2. E q u i l i b r i u m  T e t r a n i t r a t e  Yie ld  
and Amoun t  of C o m b i n e d  Su l fu r i c  Ac id  (in 
f o r m  of su l f a t e  e s t e r s )  in O - N i t r a t i o n  of 
P e n t a e r y t h r i t o l  by  N i t r a t i n g  ~ r e  

Composition of 
original nitrating 
mixture, % 

I 
t tNO, ] H2SO4 t{20 

10,0 90,0 0,0 
10,0 87,0 3,0 
10,0 80,0 10,0 
10,0 72,0 18,0 

* Calculated on 
C(CHzOSO$oH)4. 

Content of eorn~vield o r ~ n  
bined sulfuric |~ ~ ~ " 
laeid at end of Itaerythritol 
process (r = 30 . . . . .  }etramtrate, % 
~ITlZn), ~/e or rneo- 1 . _ 
Iretical. p t  ttleoreticat 

86,4 0,0 
71,7 17,2 
17,7 63,2 
3,5 91,0 

pent aer ythritoltetrasulfonic acid 

[ICHfON02 @ HOS020H ~- RCH2OSOfOH -1- HNO3 (7) 

As  m e n t i o n e d  e a r l i e r ,  the  e q u i l i b r i u m  y i e l d  of t e t r a n i t r a t e  
depends  on the  n i t r i c  ac id  con ten t  (with c o n s t a n t  w a t e r  content)  of 
the  spen t  ac id .  As  the s u l f u r i c  ac id  i n c r e a s e s  i t s  c o m p e t i n g  e f fec t  
a l s o  i n c r e a s e s  and r e a c t i o n s  (5) and (7) b e c o m e  a p p r e c i a b l e ,  due to 
which  the t e t r a n i t r a t e  y i e l d  d e c r e a s e s  (Tab le  1). C o m p l e t e  d i s s o -  
c i a t i o n  of HONO 2 to n i t r o n i u m  c a t i o n  l e a d s  to p r e d o m i n a n c e  of Eq. 
(5) in  the s y s t e m ,  and wi th  add i t i on  of w a t e r  to the  o r i g i n a l  n i t r a t i n g  
m i x t u r e  a l a r g e r  amoun t  of f r e e  un ion ized  n i t r i c  a c i d  a p p e a r s  and 
the  e q u i l i b r i u m  i s  d i s p l a c e d  t o w a r d s  n i t r a t e  f o r m a t i o n  in a c c o r d a n c e  
with  E q. (6). Such a s t a t e  i s  c l e a r l y  i l l u s t r a t e d  by the  da t a  in  Tab le  2. 

The v a l i d i t y  of  th i s  d e t e r m i n a t i o n  of the  n a t u r e  of the  O - n i t r a t -  
ing  agen t  is  a l s o  c o n f i r m e d  f a i r l y  r e l i a b l y  on the b a s i s  of t h e r m o -  
d y n a m i c  c o n s i d e r a t i o n s .  The O - n i t r a t i o n  p r o c e s s  beg in s  to s top  
when the c o n c e n t r a t i o n  of f r e e  un ion ized  n i t r i c  a c i d  b e c o m e s  i m -  
m e a s u r a b l y  s m a l l  ( un l e s s  the  a l c oho l  i s  p r e v i o u s l y  ox id ized)  o r ,  
wh i l e  a p p r o a c h i n g  th i s  l i m i t ,  r e a c h e s  s o m e  m e a s u r a b l e  va lue ,  but  
ox ida t i on  of the  a l coho l  (as a c o m p e t i n g  r eac t ion )  t a k e s  p l a c e  so 
qu i ck ly  tha t  i t  c o m p l e t e l y  s u p p r e s s e s  the  O - n i t r a t i o n  r e a c t i o n .  
D u r i n g  O - n i t r a t i o n  by the  HNO 3 - H 2 0  s y s t e m  (at  30~ p e n t a e r y t h -  
r i t o l  b e g i n s  to be  o x i d i z e d  b y  7270 n i t r i c  ac id .  In th i s  c a s e  the 

m o l a r  r a t i o  of w a t e r  to n i t r i c  a c id  is  1.36, which  is  a c h a r a c t e r i s t i c  vMue fo r  th i s  a l coho l  and d e t e r m i n e s  
the  t e c h n o l o g i c a l  l i m i t  of O - n i t r a t i o n  f o r  the  s y s t e m .  

S t a r t i n g  f r o m  the i d e a s  in [15] on the d i s t r i b u t i o n  of w a t e r  in the ac id  m i x t u r e s ,  we wi l l  d e t e r m i n e  the 
m o l a r  r a t i o  b e t w e e n  w a t e r  and s u l f u r i c  a c id  at  which  o x i d a t i v e  p r o c e s s e s  beg in  to a p p e a r  and w h e r e  f u r t h e r  
add i t i on  of r e a c t i o n  w a t e r  no l o n g e r  i n c r e a s e s  the  amoun t  of w a t e r  in the h y d r a t e  1.36 HfO.HNO 3 but  i s  c o m -  
p l e t e l y  he ld  by the s u l f u r i c  a c id  in the  f o r m  of the  h y d r a t e  xH20.H2SO 4. F r o m  the  e q u a l i t y  of the  e n e r g e t i c  
p o s s i b i l i t i e s  fo r  o c c u r r e n c e  of h y d r a t i o n  r e a c t i o n s  in both a c i d s  i t  is  c l e a r  tha t  the  d e s i r e d  s t a t e  s t a r t s  wi th  
a s i ng l e  and su f f i c i en t  cond i t i on  (equa l i ty  in the  d i f f e r e n t i a l  h e a t s  of both  p r o c e s s e s )  and the  so lu t i on  of the  
p r o b l e m  then  r e d u c e s  to d e t e r m i n a t i o n  of the  s u l f u r i c  a c i d  c o n c e n t r a t i o n  at  which  the d i f f e r e n t i a l  hea t  e f f ec t  
of d i lu t ion  with  w a t e r  is  the  s a m e  as  wi th  72% n i t r i c  ac id .  

We s o l v e d  the p r o b l e m  g r a p h i c a l l y  by  m e a n s  of the  r e l a t i o n s h i p  fo r  the i n t e g r a l  hea t  of  d i lu t ion  of 
a c i d s  wi th  w a t e r  (Lc)  u s i n g  da t a  f r o m  [16]. In e s s e n c e  the m e t h o d  i s  e x t r e m e l y  s i m p l e .  On the L C =f(C) 
c u r v e s  fo r  n i t r i c  and s u l f u r i c  a c i d s  (p lo t t ed  in the  s a m e  c o o r d i n a t e  s y s t e m  with  hea t  e f f ec t  a g a i n s t  a c id  
c o n c e n t r a t i o n )  two p a r a l l e l  t a n g e n t s  a r e  d r a w n  with  one of t h e m  touch ing  the  L C =f(C)HNO3 c u r v e  at  a po in t  
c o r r e s p o n d i n g  to 72% n i t r i c  a c id  c o n c e n t r a t i o n .  The s o l u t i o n  to the p r o b l e m  is  g iven  by the  c on t a c t  po in t  
of the  s e c o n d  t angen t  to the  L C = f(C)H2SO 4 c u r v e ,  s i n c e  i t  d e t e r m i n e s  the d e s i r e d  s u l f u r i c  a c id  c o n c e n t r a -  
t ion ,  which  in  o u r  s p e c i a l  c a s e  c o r r e s p o n d s  to the  c o m p o s i t i o n  of the  h y d r a t e  2.46 H20.H2SO 4. The d i s t r i -  
bu t ion  of w a t e r  found  be tween  n i t r i c  and s u l f u r i c  a c i d s  in the  spen t  a c i d  now m a k e s  i t  p o s s i b l e  to d e t e r m i n e  
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a very  important  quantity for pract ica l  work, namely the minimal  modulus M = k / p  for  an original mixture 
of composit ion s% H2S Q ,  a % HNO a, w% H20, if use is made of the approximate equation for  the mater ia l  
balance:  

i.36.[ ak 252p '~ 2.46 sk t / wk 72p ~, 
63 \ t00 ~ J ~ 9~- t00 = " i - g ( , ~  + ~36 / 

where k is the amount of the original nitrat ing mixture,  g; p is the amount of pentaerythr i tol ,  g. 

By solving the equation with r e spec t  to k/p = iV[, we obtain 

89.89 M = (8) 
a ~- t.048s --  72 

The data in Table 3 demonstrate ,  for O-nitrat ion of pentaerythri tol ,  good agreement  between the cal-  
culated and experimental  values of the modulus, which in turn conf i rms and verif ies  exper imental ly  the 
accuracy  of the nature found for the O-nitrat ing agent. 

E X P E  R I M E  NTA L 

The pentaerythr i tol  used in the work melted at 257-258~ and consis ted of c rys ta l s  which passed 
through sieve No. 14 but were  retained on sieveNo. 27. It had the following cha rac te r i s t i c s  and impuri ty  con- 
tents:  0.09% mois ture ,  0.03% ash, 0.00% acidity, 0.10% sugar  compounds. 

For  prepara t ion  of the nitrat ing mixture 94% sulfuric acid, 98% nitr ic  acid, and 114% oleum were 
used, and all these acids were cp. The original acids and also acids of var ious dilution with water  p repared  
f rom them were analyzed by the usual methods [17-19] and formed the set  f rom which the nitrating mixtures  
were prepared.  The mixtures  were prepared  20-30 rain before the work was commenced.  

Nitration was only ca r r i ed  out with mixtures  where the difference between the calculated overal l  
acidity and that obtained by experimental  means did not exceed • 0.2% (converted to sulfuric acid). 

Procedure  for O-Nitration of Pentaerythr i tol .  The amount of acid mixture  taken for  O-nitrat ion of 
pentaerythr i to l  was chosen so that the weight rat io of HNO 3 to pentaerythr i tol  was 6. The calculated amount 
of the mixture was weighed in the react ion vessel  with an accuracy  up to 0.01 g and was heated to 30~ with 
the s t i r r e r  running. As soon as the tempera ture  reached this l imit the heating was stopped, and 5.00 g 
pentaerythr i tol  was added. The tempera ture  of the react ion mixture was kept at 30 • 0.5~ by cooling the 
react ion vessel  with cold water .  The time taken for  addition of the pentaerythr i tol  in the experimenl~s var ied 
between 1 and 3 rain. At the end of the addition the react ion mixture was kept at 30~ for  0.5 h (with the 
s t i r r e r  in operation) and then cooled to 20~ The cooled mixture was weighed, af ter  which it was diluted 
with water  so that the diluted spent acid had a total acidity of ~20-30%, converted to H2S Q .  

The pentaerythr i to l  te t rani t ra te  which separated on dilution, together  with the solid products f rom the 
side react ions ,  was separa ted  f rom the spent acid on a glass vacuum fi l ter  funnel, where it was washed with 
cold water ,  twice with hot water  (70-80~ with hot 2% soda solution, and once more  with hot water .  Each 
washing operation took a 20-ml portion of the washing liquid. 

To determined the yield of pure te t rani t ra te  a sample (~3 g) was taken f rom the washed and dr ied 
product  and was careful ly t rea ted  with 30 ml 85% HNO 3. All the impuri t ies  dissolved, and the pure t e t r a -  
ni trate was washed as before,  dried, and weighed. A quantity of 0.224 g was added to the weight obtained 
to allow for  the amount of te t rani t ra te  which passed into solution during the 0.5-h washing with 85% HNO3, 
and the yield was determined.  

Analysis  of Spent Acid. The total acidity, sulfuric acid content, and nitrogen oxide content were de- 
termined.  The analysis  was only pe r fo rmed  in cases  where the competing action of sulfuric acid could ar ise  
and this could give acid sulfates of pentaerythri tol .  The main purpose of the analysis  was therefore  to de- 
termine the amount of f ree  sulfuric acid, f rom which it would be possible to judge whether rees te r i f iea t ion  
had taken place. Our method for  determinat ion of sulfuric acid differed somewhat f rom the method genera l -  
ly used in analytical chemis t ry .  We reduced the period for  matura t ion of the bar ium sulfate precipi tate  to 
20 rain and did not heat the solution above 25~ which a lmost  completely prevented hydrolysis  of the acid 
sulfates of pentaerythri tol .  All the other  operations in the analysis were the same as descr ibed in [19]. In 
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o r d e r  to take account of the effect  of n i t r ic  acid sorbed  in the fo rm of n i t ra te  ion on the ba r ium sulfate 
p rec ip i ta te  on the r e su l t s  f r o m  the analys is ,  we obtained an empi r i ca l  coefficient  (0.953) to allow for  this 
effect  in mix tu re s  containing between 5 and 80% ni tr ic  acid. 

The content of n i t rogen oxides was de te rmined  by oxidation with a s tandard  solution of po tass ium p e r -  
manganate .  

CONCLUSIONS 

It was shown exper imenta l ly  that the ni t ra t ing agent  in the O-ni t ra t ion  of pen taery thr i to l  by HNO 3 
-H2SO 4 - H 2 0  ni t ra t ing mix tu re s  is not the n i t ronium cation but evidently the f ree  unionized ni t r ic  acid 
molecule .  
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