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Retardation of monomolecular reactions in the solid phase 
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The rate constants of initial monomolecular stages of thermal decomposition in the solid 
phase were measured for 22 organic compounds. The ratio of rate constants of decomposi- 
tion in the melt and solid state, characterizing the reaction retardation in the cD'stal lattice, 
was determined. The retardation effect was compared to the physical properties of the crystal 
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D e c o m p o s i t i o n  of  organic  c o m p o u n d s  in the solid 
phase occurs  m u c h  more  slowly than  in the liquid 
phase,  t--~ The  r e t a rda t ion  effect of  the  crystal l ine lat t ice 
(REL) ,  which  can  be def ined as the  ratio of  rate c o n -  
s tants  of  d e c o m p o s i t i o n  in the l iquid phase to tha t  in the 
solid phase  (kliq/l,:s), is of ten the only  factor  tha t  causes 
the stabil i ty o f  the subs tance  and its sui tabi l i ty lbr  use 
after p ro long  storage.  This  s i tua t ion is charac te r i s t i c  of  
medic ines ,  explosives,  and  ini t ia tors  o f  cha in  processes.  
Exper imenta l  d e t e r m i n a t i o n  o f  REL and  d e v e l o p m e n t  
of  me thods  sui table  to pred ic t  the proper t ies  of  new 
subs tances  are an  i m p o r t a n t  aspect  of  the  genera l  theory  
of  the stabil i ty of  organic  c o m p o u n d s .  D e v e l o p m e n t  in 
this field is restr ic ted because  the data on k s values are 
l imited and  the  theore t ica l  models  of  m o n o m o l e c u l a r  
react ions  in the  solid phase  c a n n o t  be verified. 

So l id -phase  d e c o m p o s i t i o n  react ions  are usually ac-  
c o m p a n i e d  by several side processes,  such as evapora -  
t ion and  fast d e c o m p o s i t i o n  o f  c o m p o u n d s  in the gas 
phase,  mel t ing  on  admix tu res  and  products ,  au toca ta ly-  
sis at the early stages of  the  process,  effects of  pre-  
mel t ing near  poin ts  of  phase  t rans i t ions ,  and  others .  
Due to side reac t ions ,  the  observed k s values  of ten 
exceed the  t rue values by one  and  even two orders  o f  
magni tude .  The  me thods  for taking into a c c o u n t  sec- 
ondary  factors  z are qui te  s imple,  but  are used to a full 
extent  only  for several c o m p o u n d s .  

Therefore ,  the  purpose  of  this  work is to ob ta in ,  first, 
a suff iciently represen ta t ive  array of  correc t  k s and  kliq/k s 
values and,  second ,  the d e p e n d e n c e  of  R E L  on the 
physical  p roper t i es  of  the crystal  and  on  o t h e r  pa ram-  
eters used in theore t i ca l  models .  

Experimental 

Decomposition rates were measured by the manometric 
method. The reaction course was monitored at conversions of 
0.01--.I 00%. which allowed one to avoid the influence of 
autocatalytic processes and lopochemical regime of the reac- 

lion. To eliminate unstable or catalytic admixtures, the sub- 
stances were puriffted by sublimation onto a heated support or 
by recrystallization from different solvents with thorough dcy- 
ing. The purification was carried out  until a conslant decom- 
position rate was achieved. 

To increase the sensitivity of the method, wc used such 
loadings of the substance that the ratio of the sample weight to 
the volume of the reaction vessel was -0.5 g cm -3. Thus, the 
amount of substance in the vapor phase was insignificant as 
compared to the weight of the solid sample, and the reaction 
in vapor could be negiected even at the highest possible 
difference in the rates in the gas and solid phases (four orders 
of magnitude). 4 

The k s values were calculated from the time of achieve- 
ment of a degree of decomposition of  0.1%. For calculation of 
the conversion, the stoichiometric coefl'icient of gas release 
determined by the decomposition of the substance in melt was 
used. 

Results and Discussion 

The REL values for 22 c o m p o u n d s  ca lcu la ted  using 
the correc t  k s values are p r e s e n t e d  in Table  I. The  
kinet ic  data  used for c o m p o s i n g  Tab le  l are p resen ted  
in Table  2. The  rate cons t an t s  o b t a i n e d  for the  d e c o m -  
pos i t ion  in mel t  (nonca ta ly t i c  s tages)  or  in iner t  solvents  
were used as kli q. W h e n  severa l  da ta  were avai lable ,  
the m i n i n t u m  k s and kli q va lues  were taken  for the 
ca lcu la t ion  of  REL.  For c o m p o u n d s  21 and  22, the 
cons t an t s  were c h o s e n  f rom the pub l i shed  data.  2,17.t8 

The  REL values were ca l cu l a t ed  at t e m p e r a t u r e s  
20 ~ lower t han  the me l t i ng  po in t  of  the  subs tance  
when  p r e -me l t i ng  effects do not  affect  the  k s value. The  
mel t ing  points  of  the s u b s t a n c e s  and  the vo lume  c o m -  
pressibil i ty ([3) It;he p a r a m e t e r  chamcte . r i z i0g  the force of  
i n t e ra tomic  in te rac t ion  in the  crys ta l )  are  also p resen ted  
in Table  1. The  [:?, values were ca lcu la ted  by the  Rao 
m e t h o d ,  19 and  the  group  i n c r e m e n t s  were bor rowed  
from the  l i tera ture  data.  z~ 

The  m e c h a n i s m s  of  init ial  n '~onomolecu la r  stages of  
d e c o m p o s i t i o n  are known for all c o m p o u n d s  presented  
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Table I. Retardation effi:ct of the crystalline lattice and physical properties of tile substances 

Compound kliq//ks m.p./ 'C I~' 101~ l/0/cm3 tool 

[FC(NO2)2CH212NNO 2 (1) 
{ F 2 N C ( N O 2 ) 2 C t |  2 ] ~ N N O  ~ (2) 
C(NO2)3C(NO2) 3 (3) 
PhN=N--NHPh (4) 
[C(NO2)3CH 212NNO 2 (5) 
F2NC(NO2)2CH2NNO2(CH2)2C(NO2)2NF 2 (6) 
[NF2(NO2)2CCH2N(NO2)CH2] 2 (7) 

O2N-N N - N O  2 (8) 

N ,N 
O 

1,3,5-Trinitro- 2,4,6-triazidobenzene (9) 
1,3,5-Tris(trinitromethyl)benzene (I0) 
N3(CH2NNO2)aCI-{2N 3 (I 1) 
HOOCCH~COOH (12)  
[(NO2)3CCSfrl 2N (NO?)C H ~12 (13) 
2.4,6-(NO2)3C6H2N(NO2)Me (14) 
HOOC--COOH (15) 
1,4-Dinitro- 1,4-diazacyclohcxane (16) 
[MeC(NO2)2CHel2NNO 2 (17) 
C(CH2ONO2) 4 (18) 
1, 1.3,5.5,7- Hexanitro- 1,4-diazacyclohexane (19) 
1,4,6,9-Tetranitro- ! .4.6,9-tetraazadecalin (20) 
1,3,5-Trinitro- 1,3.5-triazacyclohexane (2 !) 
1,3,5,7-'Fetranitro- I, 3,5,7-tetraazacyclooctane (22) 

(13-modification) 

4 86 3.530 173.9 
4 102 -- 198.0 
6 140 5.500 169.4 
6 101 -- -- 

10 95.5 IO50 199.0 
10 120 - -  - -  
20 158 -- -0 

25 148 

28 131 . . . .  
38 113 -- -- 
87 177 -- --- 
90 135 -- -- 
92 180 1060 2545 

100 130 1.200 164.5 
122 189 -- -- 
210 213 1.3t0 107.3 
230 t77 0.968 189.5 
360 142 -- 178.5 
500 250 0.925 203.2 

1000 236 -- -- 
1400 201 0.809 122.0 
8380 277 0.547 155.8 

in "Fable 1: bond cleavage of  C - - N O  ! (2, 3, 5- -7 ,  10, 
13), N - - N O  2 ( I ,  14, 16, 17, 19--22),  O - - N O  2 (18), 
and N - - N  (4) and el iminat ion of  N 2 (11) via the 
formation of  the l inear transition state or el iminat ion of 
N 2 (9) and C O  2 (12, 15) molecules  through the cyclic 
transition state. 

The majori ty  of  reactions are characterized by a 
positive act ivat ion volume,  i.e., they occur  with a vol- 
ume increase in the transition state (AI'~). For  com-  
pounds 9 and 11, one can expect  AI "~ vahlcs close to 
zero, whereas for 12 and 15, they can even be negative. 

It is seen from the data in Table 1 that the REL 
values vary within  ve W wide limits from 4 to 104 . "Io 
explain such a broad interval of  REL variation, the 
theory of  solid phase reactions should be considered. 

Based on the  published data, t2 t -23  a generalized 
physical model  of  monomolecu la r  reactions ilt the solid 
phase can be envisaged. A reaction can proceed in the 
bulk of  the cry. stal or on its surface and on defects of  the 
cwstal l ine  lattice. The  react ion occurring on defects has 
the same act ivat ion energy (E) as in the liquid phase (or 
close to it), but the pre-exponenl ia l  factor includes the 
coe0]cient  that takes into account  the fraction of  mol- 
ect,les in disordered sites o f  the lattice. According to 
est imates I,z4.zs based on the calculat ion of  the number 
of  molecules  arranged on tile network of  dislocations 

that separate microblocks of  the crystal (the l inear sizes 
of the microblocks are 10-3--10 -5 cm),  the fraction of  
such reactive molecules  is 0 .01--1.00%. Thus,  the reac- 
tion oil defects limits the kli~'k s ratio t o  10 4, and the 
reaction in the bulk can be observed only if R E L  does 
not exceed 100. 

Reaction in tile bulk o f  the cry. stal requires additional 
energy z~E = E s - Lii q necessaw for the formation of  a 
cavity with a volume exceeding the activation vo lume 
AV #, so that the leaving group does not exper ience 
forces of  in tera tomic attraction.  The pre-exponent ia l  
factor of  the reaction occurr ing in the bulk si)ould be the 
same as that for the reaction in the liquid phase. It is 
difficult to calculate AE by the molecular  dynamics  
method,  z6 The macroscopic  approach,  2z considering the 
cwstal  as an elastic cont inuous  medium,  leads to the 
equat ion 

2.303RTlog(kliq/k s) = .,'XE = (.'\ 1/~)2/(2131/i)), ~ I ) 

where P~) is the molar  vo lume of  the substance, and 
k l-'~ is the activation volume in the solid phase. This 
vo lume is not equal to tile true value z_X 1 ,=. According to 
tile published data, 23 it can be est imated as an increase 
in tile voh,me of  the cell occupied by a molecule  due lo 
elongation (by 10--15%) of  lhe cleaving bond in the 
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Table 2. Kinetic parameter's of decomposition of organic compounds in liquid and solid states 

Corn- Medmm" T E b logA c k ~ Refer- Corn- Medium a 1 E ~' logA c k '; Refer- 
pound /~ /s -I ei'lCCS pound /~ /s -I  ences 

! Solution in TNT 170--210 40.0 
Solid phase 66 

2 Melt 105--120 38.5 
Solid phase 82 

3 Gas 90--135 35.8 
Solid phase 120 

4 Melt 100-- 160 399 
Solid phase 80 

5 Melt 110--150 36.8 
Solution in DNB 110--165 36.1 
Solid phase 75 

6 Solution in FNT 100 -- 
Solid phase 100 -- 

7 Solution in TNT 130--170 40.3 
Solid phase 100--140 42.6 

8 Solution in NB 114 -- 
Solid phase 114 -- 

9 Solution 
in xylene 70--115 260 

Solid phase 50--100 28.8 
10 Solution in TNT 95 -- 

Solid phase 95 - -  
11 Solution in DNB 120--180 36.3 

Solid phase 120-- 175 36.7 
12 Melt 136--160 32.2 

Solid phase I 15 - -  

14.92 1.3 10 - l l  
3.0 10 -12 

15.70 3.5 10 -s 
8.8 10 -~ 

16.52 4,0 10 -4 
6.6 10 -5 

17.50 7.2 10 ~ 
1.2 10 -s 

15.59 2.9" 10 -s 
15.06 2.4" I0 -s 

2.,I. 10 -9 
- -  [ . 3 "  10  - 7  

- -  1 .3  - 10 -s 
16.9 30" 10 .5 
16.4 1.5"[0 -6 

- -  3 . 3 "  lO -4 
- -  1 . 3 -  I 0  - 4  

4 
e 

e 

e 

2 
e 

5 
t" 

4 
4 
e 

e 

r 

e 

(, 

e 

e 

12.10 1.6"10 -3 6 
12.20 5.7" l0 -s e 

- -  1 . 2 "  10 -3 " 
- -  3 . 5 "  l0 -s " 

14.59 1.4-10 -4 7 
12.86 1.6- 10 .6 e 
13.50 2.3" 10 -s e 

- -  2 , 6 "  1 0  - 7  e 

13 

1 4  

15 

1 6  

Solution in DN B 130-- 180 
Solid phase 158 
Me It 140-- 160 
Melt 131--155 
Melt 150--175 
Solid phase 80-- 120 
Gas 150-- 190 
Solid phase 120-- 180 
Melt 135--200 
Solution in TNB 120--260 
Solution in NB 225--245 
Solid phase 185 

17 Solution in DNB 145--170 
Solid phase 151) 

18 Melt 
Solid phase 120-- 130 

19 Solution in TNT 170--210 
Solid phase 230 

20 Gas 216 
Solid pilase 216 
Solid phase 204--234 

21 Solution in DNB 160--200 
Solid phase 140-- 190 

22 Solution in DNB 171--215 
Solid phase 130--180 

40.7 

35.2 
36,0 
35.9 
38.9 
35.2 
38.6 
37.1 
37.9 
37.1 

39.7 

4O.O 
39 0 
38.0 

50.1 
39.7 
39.8 
44.9 
37.9 

16.80 2.6 10 m 4 
28 10 -~ e 

13.50 2.6 10 -7 8 
13.80 1.8 10 -7 9 
13.50 1.0 l0 -7 10 
13.20 1.0 10 -9 2 
13.80 2.5 10 -4 e 
13.40 2.1 10 -~ e 
13.90 1.5 [0 -s 11 
14.00 8.1 10 -s 12 
12.00 2.0 10 -6 12 

9 5  10 -9 e 
15.7 3.3 10 -5 13 

2.3 10 -7 e 
15.8 4.7 10 -7 14 
12.7 t.3 10 -9 2 
14.5 10 -2 e 

- -  2 "  1 0  - 5  

- -  2 "  I 0  - 3  e 

- -  2 . 1  �9 10 -s  e 

18.9 3.2" 10 -4 15 
14.3 1 .4"10 -5 16 
11.2 10 -'~ 17 
16.0 3,1-10 -3 16 
9.2 3.7" 10 -7 18 

a The following designations were used: DNB is m-dinitrobenzene, N B is nitrobenzene, TNB is 1,3,5-trinitrobenzene, and TNT is 
trotyl. 
t~ In kca[ moU j 
c The pre-exponential factor a is expressed in s -I 
d At 7' = re.p. - 20 ~ 
e Data of this work. 

t rans i t ion  state,  z7 i.e., approx ima te ly  by 0.2 A. Exten-  
sion o f  the  ceil by 0.2 A results  in weakening  of  inter-  
mo lecu la r  in t e rac t ions  and allows a toms  of  the  molecule  
to converge  freely, fo rming  cyclic t rans i t ion  states. Thus ,  
the &V~ value d e p e n d s  slightly on the  react ion type and  
on the  value and  sign of  the  t rue  ac t iva t ion  volume.  

The  ca lcu la t ion  of  R E L  by Eq. (1), a ssuming  that  the 
cell vo lume  is V0/(6.02 - 1023) and  its expans ion  is 0.2 A, 
gives values tha t  of ten co inc ide  by an order  of  magni -  
tude  with the  e x p e r i m e n t a l  values.  For  c o m p o u n d s  l ,  3, 
5, 13, 14, 16, 17, 19, 21, and  22, i.e., when  kinet ic  data 
for ca lcu la t ions  were avai lable ,  the  ca lcu la ted  REL value 
was 8, 3, 100, 386, 10, 453, 31, 250, 400, and  3040. 
respectively.  The  h ighes t  devia t ions  f rom tile e• 
menta l  values (see Table  t)  are observed for molecules  
with a long cha in .  In this  case,  local mot ions  of, not the 
whole  molecu le ,  but  only  of  its f ragments  con ta in ing  the  
reac t ion  c e n t e r  have a substm}tial effect on the REL 
values. 

The  absence  o f  a m e t h o d  of  exact e s t imat ion  of  kV~ 
restricts the  possibil i ty of  using Eq. (1) for practical  
ca lcula t ions ,  a l t hough  t he re  is some doubt  tha t  the 
macroscopic  model  adequa te ly  reflects the real pat tern.  

Equa t ion  (1) is i m p o r t a n t  because  it predic ts ,  first, low 
REL, i.e., the possibil i ty o f  the  r e a c t i o n  occur r ing  pure ly  
in the  bulk of  tile sample ,  and ,  s e c o n d ,  the d e p e n d e n c e  
of  REL  on the  elast ic p roper t i e s  o f  the  crystal .  Both  
pred ic t ious  agree with the  e x p e r i m e n t a l  data.  On ly  the  
n o n c o n s t a n t  cha rac t e r  of  tile /xV~s values d is turbs  the  
Imeari ty of  the  d e p e n d e n c e  o f  R E L  on  l/(131-�89 wh ich  is 
d e m o n s t r a t e d  by the data  in Tab te  1. 

The  d e p e n d e n c e  of  REL on  t h e  me l t i ng  po in t  o f  the 
subs tance ,  which  is also a g o o d  measure  of  forces of  
i n t e rmo lecu l a r  in te rac t ion ,  e spec ia l ly  for s h o r t - c h a i n  
molecu les ,  "-'8 is p resen ted  in Fig. 1. This  d e p e n d e n c e  
represents  the  curve with sa tu ra t ion .  All the  e x p e r i m e n -  
tal po in ts  are located inside the  interval  l imi ted  by two 
dashed  lines in Fig. 1, and  po in t s  for subs tances  with a 
high molecu la r  weight  lie c loser  to the  lower b o u n d a ~ '  
in Fig. 1. For  c o m p o u n d s  with m.p .  <150 ~ the  REL 
valucs arc mainly lower t han  IO0 and ,  hence ,  we may 
cons ider  that  the , react ion in tile v o l u m e  p r e d o m i n a t e s  
in this  case as well. 

For ~l~e subs tances  with h i g h e r  me l t i ng  points ,  the  
react ion in the vol t ,me is c h a n g e d  by the  decompos i t i on  
on crystal defects,  which ,  as show~+ above,  can l imit  
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Fig. 1. Dependence of the retardation effect of the crysialline 
lattice on the melting point of the substance. Numeration of 
points corresponds to the numbers of compounds in Table 1. 

REL by the interval of  102--104, which is exper imen-  
tally observed. C o m p o u n d  3 (it is not shown in Fig. I), 
which represents plastic crystals, falls out of  the general 
dependence.  For  long-chain  compounds  6 and 7, ac- 
cording to the absolute REL value, decomposi t ion in the 
bulk is also possible, despite sufficiently high melt ing 
points. 

The  exper imenta l ly  determined AE value is low and 
does not  usually exceed the measurement  error, which is 
3- -4  kcal tool - I ,  There |o re ,  it is difl icuh to use this 
value to es t imate  REL at different temperatures and to 
separate vo lume and local reactions. The latter can be 
performed using absolute values of  REL or melting 
points of  the substances. The  experimental  data in 
Table 1 agree with the macroscopic  mode] and suggest 
that for organic compounds  with m.p. -100 ~ the 
irreversible m o n o m o l e c u l a r  reaction occurs in the ideal 
part o f  the crystal lattice with REL < I0, and at m.p. 
>200 ~ the react ion proceeds on defects only. Within 
the interval m.p. = 150--200 ~ REL is equal to 102-- 
103 , and the indicated reactions compete  with each 
other.  These conclus ions  give a clear semi-quant i ta t ive 
pattern of  changing REL;  however,  they need further 
verification. It is necessary to obtain new data on REL.  
including those for reactions with a negative activation 
volume,  as.well as to identify directly localized reactions 
and to compare  the decomposi t ion  rate with the defec- 
tiveness of  the crystal. 
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