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Review Article 

Role -of proton transfer reactions in the thermolysis of 
. alkyl and arylammonium salts 
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Department of Chemistry, DDU Gorakhpur University, Gorakhpur 273 009, India 

The thennolysis of nitrate, perchlorate, sulfate and chloride salts of various alkyl and arylamines have been reviewed in 
the present article. The mechanistic aspects of thennal decomposition have been described critically. It has been observed 
that proton transfer reactions do play a major role during the thennolysis of these salts. 

Introduction 
The decomposition of ammonium salts has been 

explained on the basis of the high temperature acid­
base theoryl-3 . The base strength of the aniop 
increases with the rise in temperature until it reaches 
the base strength of the ammonia molecule. At this 
temperature, the anion base removes the proton froin 
the ammonium cation. The weaker the anion base, the 
higher would be the decomposition temperature. 
Many ammonium salts have been investigated with 
the help of thermoanalytical techniques and results 
have been explained2• Plateaux have been found to 
occur in TG curves which clearly indicates the 
formation of intermediates. Experimental weight 
losses agreed well in most cases with the theoretic�l 
losses expected for the formation of such compounds. 

Thermolysis - of inorganic ammonium salts of 
H3P04, H2S04, HCI04, HCI, HI, HF, HBr, AcOH has 
been studied extensively and reported in a good 
number of publications4-1� 

Thermolysis of alkyl and arylammonium salts of 
some of the acids have . been undertaken in the last 
decade and most of the work is available in the ' 
literature in scattered manner, · and hence, it was 
thought to review these studies. The mechanistic 
aspects of thermolysis of nitrate, perchlorate, sulfate, 
chloride of alkyl and arylamines have been described 
critically in the present review taking into account the 
role of proton transfer reactions. 

Alkyl and arylammonium perchlorates 

-Reaction of arylamine -yvlth HCI04 to iorm 
arylammonium perchlorates is well-knownl l,l2. It has 
been reported that substitution of methyl groups into 
+ -

N � cation stabilizes �e perchlorate salts thermally 

in the following order13,14 as compared to ammonium 
perchlorate. 
NH4Cl04<CH3NH3Cl04« CH3)2 NH2Cl04« CH3)3NHCl04 � 

Stammler et al. 15 have also indicated I 

monomethylammo�ium perchlorate �o be - most 
sensitive. These compounds decompose to�-:inethyl 
substituted amines and HCI04 by proton transfer. 
- . e 1  - e l  (CH3)n NH4-n Cl04 � ( CH3)n NH3-n + HCl04 � Products 

where n is the number of methyl groups ( 1 -3), € is 
the dissociation energy and e' is the net dissociation 
energy. Thermal stability of these salts increases with 
the increase in the number of methyl groups. During 
thermolysis of methylammonium perchlorates, in 
addition to proton transfer, occurrence of methyl 
group transferl6 has also been report�d. -

CH:!NH2 + HC1O. � 
CH:!NHJOO. ---- � Gaseous products 

--- 'CH:J004 + NH:l 
NH:! + HC1O. - "*,,,00. 

Methyl perchlorate, being unstable in this 
temperature range, may decompose as soon as it is 
formed. 

Tetraethylammonium perchlora�eI7(TEAP) under-
goes phase transition at 98 °C and explodes at 298 °C 

- and fragmentation occurs through three routes 
. namely, perchlorate anion and its disintegration 
. products, tetraethylammonium cation and its products 

involving dealkylation processl8 and the oxidation of 
organic group by the perchlorate. The decomposition 
of ethylenediammonium perchloratel9 (EDP) involves 
fQur stages. Proton transfer takes place in the 
temperature range of 275-3 1 0  °C and 320-360 °C and 
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the whole material is oxidised to gaseous products. 
Udupa2o,21 has reported that thermal decomposition of 
triethylammonium perchlorate and . 
diphenylammonium perchlorate undergoes by proton 
transfer mechanism. Pentaerythrityl tetrammonium 
perchlorate22 undergoes decomposition in a 
complicated fashion. The decomposition products 
such as HCI, CO2, CI03 and H20 were detected but 
tne nitrogen containing products were not traceable 
which suggests that N2 may be the product and lor it 
is retained as a part of condensed phase reactions. 
Propyl -1 ,  3-diammonium perchlorate23 (PDP) 
undergoes a solid-solid phase transition at 1 50 °C . and 
significantly changes the lattice structure and the ion 
dynamics. The decomposition of PDP starts 
immediately after melting at 280 °C forming HCl, CO, 
CO2 and H20 as thermodynamically stable products. 

Jain et al.24 have studied the thermal decomposition 
and explosion characteristics of ring (mono) 
substituted anilinium perchlorate (RSAP) by DTA, 
explosion delay and impact sensitivity measurement 
and involvement of proton transfer from anilinium ion 
to perchlorate ion. Very recently, Singh et al.2s,26 have 
prepared and..characterised a large number of RSAP. 
The thermolysis of these salts was undertaken by 
thermoanalytical techniques, explosion characteristics 
(by explosion delay), impact and friction sensitivity 
measurements. The explosion temperatures, energies 
of activation for decomposition and impact sensitivity 
data (hsOo/.) were found to be linearly related to pKa 
values of the corresponding arylamines and 
substituent constants, cr + and' cr -. Proton transfer 
process has been proposed as rate determining step. It 
seems that oxidation reaction between arylamines and 
HCI04 and/or its decomposition products cause 
explosion. A reaction Scheme I has been proposed 
based on the formation of reaction intermediates 
during decomposition and explosion. 

Dimethylanilinium perchlorates (DMAP) have also 
been prepared and characterised27. Thermolysis of 
these salts have been investigated using TG, DT A, 
explosion delay, explosion temperatures, impact and 
friction techniques. It seems that thermolysis of 
DMAP involves competitive decomposition reaction 
paths. The proton transfer seems to control the 
decomposition induced by impact and free radical 
mechanism predominantly involved in thermal 
reactions induced by heat as shown in Scheme II. 

. Alkyl and arylammonium nitrates 

These amine salts can be prepared by neutraliiing., 

the aqueous solution of the corresponding amine with 
RN03. Thermolysis of the ' partially substituted 

. methylamrnonium nitrates has been investigated by 
TO and MS techniques28,29. The decomposition 
temperature of these compounds increases in the 
order: 

CH3NH3N03 > (CH3)2NH2N03 > (CH3)3NRN03 

The dissociation involving proton transfer and the 
overall decomposition can be represented as: 

. (CH3)nN�_nNOr-+(CH3)nNH3_n+HNOr�Products 

The chief decomposition products are N2, NO, N02 
and H20.However, methylamrnonium nitrate (MAN) 

. also yields CH3NH2 and NH3 by methyl group 
transfer.28 - 30 

Tetramethylammonium nitrate (TMAN) has no 
explosive properties and undergoes decomposition as 
follows:31 - 33

. 
(CH3)4NN03� (CH3)3N+CH3N03� Products 

Methyl nitrate was found to decompose above 
200 °C forming HCHO, CH30H, H20, CO, NO, N02. 

Recently Mckenney et al. 34 have synthesised a 
series of selected organodi- and polyammonium 
nitrate salts, and characterised by I H NMR. DT A, 
DSC, FTIR and MS. Thermolysis of these salts has 
been reported to be quite complex. Fast thermolysis 
pattern and pre-ignition reaction of ethylene­
diammonium dinitrate (EDD), 1 ,3-propanediammo­
nium dinitrate (PDD), 1 ,4-butanediammonium 
dinitrate - (BDD), 1 ,6-hexanediammonium dinitrate 
(HDD) and methanediammonium dinitrate (MDD) 
have been described by Russell and Briles. EDD 
decomposes to HN03 and N02 at about 275 °C and 
NH3 appears at about 300 °C as a result of C-N bond 
fission and proton transfer36. The reaction of RN03 
with NH3 in the gas phase produces �N03 aerosol 
at about 3 1 0 °C.  The conversion of RN03IN02 to NO 
and the oxidation of hydrocarbon residue to CO/C02 
occurs at about 330 °C. PDD undergoes a solid-solid 

. phase transition at 62 °C and melts at 1 26 °C without 
decomposition23 . Evolution of HN03(g) occurs at 
280 °C followed by the oxidation-reduction products 
of RN03 and the alkylamine. MS investigation37.38 on 
the initial stages of thermal decomposition of BDD 
reveals the formation of the corresponding amine and 
RN03 at 1 60- 1 80 °C and then RN03 is partially 
decomposed to N02. 

The fast thermolysis pattem22 of pentaerythrityl 
tetrammonium tetranitrate (PTTN) exhibits the initial 
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Scheme I--Schematic representation of the thermal decomposition pathways of ring substituted arylammonium perchlorates. 

occurrence of the cleavage of N-H bond to form 
RN03. C-N bond cleavage also takes place producing 
NH3 and �N03(g). Partial oxidation of NH3 by 
RN03 alongwith the decomposition of HN03 leads to 
the formation of N02, N20 and H20. Piperazinium · 
dinitrate (PIPZD) yields initially RN03 but then 
Kenerates a significant amount of N, N­
dinitrosopiperazine39• Cubylammonium nitrate 
(CUBAN) and cubane- l ,  4-diammonium dinitrate 
(CUBDAN) undergo thermal decomposition in the 
solid state without melting whereas, most of the other 
al�lamrnonium nitrates melt prior to 

decomposition 40. CUBDAN is the only salt which was 
found to· sublime during fast thermolysis. 

The fast thermolysis of primary 
alkanediammonium dinitrate salts such as [H3N(CH2)n 
NH3](N03)2 [where n = 1 -4 and 6] is very intriguing 
because H-bonding can cause intramoleculer cycliza­
tion41,42 of longer chain diamines (n = 4, 6). The 
behaviour of N-methylethylenediammonium dinitrate 
(MEDD), N, N, N, N-tetramethylethylenedi .... 
ammonium dinitrate (TMEDD), N, N, N -trimethyl­
ethylenediammonium dinitrate (TRMEDD), N, N­
dimethylenediamrnonium dinitrate (s-DMEDD) and 
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Scheme II-Schematic representation of the thermal decomposition pathways of dimethylanilinium perchlorates. 

N, N -dimethylethylenewammonium dinitrate (u­
OMEOO) more closely resemble with the behaviour 
of alkylammQnium mononitrate salt in terms of the 
temperatures at which HN03 is released43. The first 
decomposition step of most primary and secondary 
alkyl ammonium nitrate salts is the production of 
HN03(g). 

The thermal stability of some of the ring (mono)­
substituted anilinium nitrates (RSAN) was 
investigated by Jain et al. 44. The decomposition 
temperature of meta- and para-RSAN was found to 
be linearly related to the Hammett substituent 
constant (cr). The activation energy for "ecomposition 
was found to increase with the increase in basicity of 
the corresponding arylamines. Recently Singh 
et al.4s•46 have prepared and characterised a large 
number of RSAN. The thermolysis of these salts has 
also been investigated using TG, OT A, impact and 
friction sensitivity measurements. Although the 
kinetics of thermal decomposition of these salts was 
evaluated by fitting TG data in mechanism based 
kinetic equations but contracting envelopes (n=2, 3)  
and Avrami-Erofeev (n=2, 3) gave the best fits. The 
activation energy for decomposition,. decomposition 
temperatures and impact sensitivity data were found 
to be linearly related to Hammett substituent constant 
(0') and dissociation exponent (pKa) of the 
corresponding arylamine. The mechanism of 
thermolysis of these salts has also been proposed 
based on the formation of reaction intermediates 
during decomposition. A reaction Scheme Ill, 
accounting for the products was also proposed that 
involves proton transfer leading to the formation of an 

arylamine and HN03 and oxidation of the arylamines 
by decomposition products of HN03. The oxidation­
reduction reactions near the surface of the 
thermolysing RSAN were reported to be responsible 
for the decomposition. The thermolysis of dimethyl­
anilinium nitrates (OMAN) has also been carried out 
by TG, OTA, ignition delay, impact and friction 
sensitivity measurements47 .  Thermolysis of OMAN 
involves complex reaction paths, and proton transfer 
seems to control thl:: overall thermolysis. Electron 
donating groups (-CH3) reduce the sensitivity of the 
energetic compounds within a class. A reaction 
Scheme IV has been proposed where an arylamine 
and HN03 are formed due to proton transfer. The 
evolution of NH3(C-N bond heterolysis) has also 
been suggested (Scheme IV) prior to the oxidation of 
aryl Ollcleus by N02, HN03 and/or its decomposition 
products, and ultimately gaseous products, are 
formed. 

Alkyl and arylammonium sulphates 

Erdey et al. 2. have reported that (N�)2S04 
decomposes · in two steps and proton transfer was 
observed in each step. 

230 - 350°C CNH4)2 S04 -----�) N�HS04 + NH3 
. N�HS04 350-450°C ) NH3 + H2S04 

H2S04 formed during the decomposition was 
reported to be very reactive. Oihydrazinium sulfate 
[(N2HS)2S04] decomposition is reported to be quite 
complex and does not involve proton transfer 
reactions. 
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Scheme III-Schematic representation of the thermal decomposition pathways of dimethylanilinium nitrates. 

1 O(N2H5nS04�2(NRt)2S04+3NliJHS04+ 1 8H20+S+ 
3H2S+S02+ 1 2N2+9NH3 

found that dianilinium sulfate is formed when 
arylamine was reacted with H2S04. Thermal decompo­
sition of dianilinium sulfate52 gave sulfanilic acid by 
proton transfer and sulfonation process. 

The work on thermolysis of alkylammonium salts 
is not yet reported in l iterature. However, 10rdanovsha 
and coworkers48-51 have 'investigated the thermolysis 
of double sulfates of mono, di and trivalent metal 
cations with monovalent aliphatic ammonium cation. 
Proton transfer process seems to be involved in the 
decomposition of Co and Ni double sulfates5 1 . 
Recently Singh e/ af. 52-59 have done a lot of work in 
the thermolysis of arylammonium sulfates. It has been 

Thermal decomposition of m-ditoluidinium sulfate 
(fn-DTS) gave 2-methylsulfonic acid53 . It has been 
suggested that phase boundary reactions occur during 
thermolysis of m-DTS. Reactive species such as m­
toluidine and H2S04 are formed via proton transfer 
process irt- adsorbed phase prior to sulfonation. p­
Ditoluidinium sulfate (P-DTS) yields 2-amino-5-
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Scheme IV-Schematic representation of the thermal decomposition pathways of ring substituted arylammonium nitrates. 

methylbenzenesulfonic acid via solid state reaction 
induced by heat54 • Thus, large number of ring 
substituted arylammonium sulfates (RSAS) having 
electrondonating . or demanding substituents were 
prepared, characterised and their thermal 
decomposition was investigated by TG, DTG and 
DT A techniques55• It has been found that thermal 
stability of these sulfate salts depends upon pKa 
values of the corresponding amines. The overall 
decomposition pathway for RSAS is summarized in 
Scheme V. 

ro Jt [ .@j�ll ... t� .. H .... ��] 
Activated complex (2) 

Fr Jt (D) 

Where, R = H, m-CI, p-CI; m-CH3, p-CH3; m-OCH3; 
m-NOz & p-NOz 

PT = Proton trans� 
Sulfu. = SuIfooatioo 
t = Given off 

7 

Singh et al. 56 have also investigated the thermal 
decomposition of di-m-chloroanilinium sulfate (di-m­
eIAS) in solid state and found two isomeric 
chloroarninobenzenesulfonic acids as intermediate 
products. The decomposition of di-m-CiAS involves 
proton transfer process as a primary step. Singh et 
al. 57 have also prepared and characterised 
tetramethyldianilinium sulfates (TMDAS). The 
activation energy for decomposition has been found to 
be related to pKa of the corresponding arylamines. 
The N-H bond heterolysis seems to be the primary 
step during decomposition of these salts. Five sulfate 
salts of ortho-substituted amines (o-RSAS) were 
prepared and characterized58•59 by elemental, 
gravimetric and spectral analyses. o-RSAS are also 
reported to yield the corrc;lsponding ring substituted 
aminobenzenesulfonic acids when the former were 
subjected to thermal energy. Thermal decomposition 
of these salts was investigated by thermoanalytical 
techniques. Parabolic law «(12) was found to fit the TG 
data. It has been observed that most of o-RSAS 
undergo transformation to substituted aminobenzene­
sulfonic acids in solid state via proton transfer 
reactions8•s9• 

Scheme V-Schematic representation of the thermal decomposition 
pathways of ring substituted arylarnmonium sulfates. 
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(ActivIItccI complex) (CoodcmccI phase) 
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R = H; m-CH), p-CH), m-COOH, p-COOH, m-Cl, p-Cl, m-NO;r, p-NO;r, m-OCH), P-NHl 
, Scheme VI--Schematic representation of the thermal decomposition pathways of ring substituted arylammonium chlorides. 

Alkyl and arylammonium chlorides 

Erdey and coworkers '-3 ha�e investigated the 
thermal decomposition of various ammonium salts. 
NH.Cl has been reported to sublime above 200 °C 
prior to dissociation to NH3 and HCl molecules. The 
studies on alkylammonium salts do not seem to be 
reported in l iterature. Singh and coworkers60 have 
prepared and characterised a large number of ring 
substituted arylammonium chlorides (RSACI). The 
thermal decomposition of RSACI has also been 
investigated using TG and DSC techniques, and 
decomposition pathways for these salts have been 
proposed. It has been reported that overall 
decomposition process (Scheme VI) seems to 
commence by the transfer of proton through an' 
activated complex from arylammonium ion , to 
chloride ion forming amine and HCI molecules in the 
condensed phase. Two routes of decomposition have 
been proposed. In first route, amine and HCI may 
form aerosol via sublimation prior to decomposition 
into gaseous products. In the second route, 
decomposition may involve deamination and ring 
rupture and gaseous products are formed. It has also 
been reported that simultaneous 
sublimation/decomposition processes are involved 
during the thermolysis ofRSACI. 

General conclusions 
The proton transfer seems to be the primary and 

rate controlling step in the thermolysis of alkyl and 
arylammonium salts having perchlorate, nitrate, 
sulphate and chloride anions. 

These salts have been found to dissociate to parent 
arylamines and acid molecules ( HCI04 , HN03, 
H2S04 , HCI ) in the condensed phase. H2S04 formed 

during decomposition of RSAS, suI phonates the 
arylamines in solid state to form aminobenzene­
sulphonic acids. On the other hand, HN03, and HCl04 
formed during thermolysis of RSAN and RSAP 
respectively have been reported to oxidise the 
arylamines to gaseous products. Simultaneous 
sublimation / decomposition processes predominate in 
the thermal decomposition of chloride salts of 
arylamines (RSACl). 
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