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The thermal decomposition of trisethylene diamine chromium(liD trichloride in an 
inert atmosphere has been shown to be catalysed by ammonium chloride but not by 
ammonium bromide or ammonium iodide as suggested by a previous worker. The 
details of sample presentation can effect the results and the presence of oxidising con- 
ditions may have influenced previous work. 

The role of ammonium chloride as a catalyst is believed to be through its dissociation 
into hydrogen chloride and ammonia. The former is an active Lewis acid in the cata- 
lytic process. 

The activation energies of decomposition are for pure salt 175 q- 15 Jmo1-1, 
in the presence of ammonium chloride 128 -{- 15 J tool-1 and with hydrogen chloride 
gas 79 -t- 15 J mo1-1. 

The thermal  decompos i t ion  o f  the t r isethylene d iamine  salts, Cr(en)zXsnHzO, 
where X = CI, Br, I and  SCN, has  been the subject  o f  several invest igat ions.  
Pfeiffer first r epor ted  [1 ] that  the chlor ide  and  th iocyana te  derivatives de c ompose d  
to  the cis-bisethylene d iamine  ch romium( I I I )  d ich lo ro  chlor ide  and  the t rans-  
bisethylene d iamine  ch romium(I I l )  d i th iocyana to  th iocyana te  respectively.  Rol l in-  
son and Bai lar  [2] found that  these last two reac t ions  were ca ta lysed by  a m m o n i u m  
chlor ide  and  a m m o n i u m  th iocyana te  respectively.  They  also repor ted  tha t  the salts 
were sensitive to light, a fact conf i rmed by Stembr idge  [3]. 

Bear  and  W e n d l a n d t  [4] measured  the kinet ics  of  the  d e a m m i n a t i o n  reac t ions  
on single the rmograv imet r ic  curves ob ta ined  under  dynamic  condi t ions  and  with  
air  present ,  the  kinetic  pa ramete r s  were ob ta ined  by  app l i ca t ion  o f  the F r e e m a n  
and  Car ro l l  [5] approach .  F o r  unca ta lysed  Cr(en)aC13 and  Cr(en)3(SCN)3, the  
ac t iva t ion  energies and "o rde r s  o f  r eac t ion"  were 105 J mo1-1, n = 0.8 and  
182 J mo1-1, n = 0.7 respectively. W h e n  the t r i schlor ide  salt was ca ta lysed  by  
a m m o n i u m  chlor ide  the ac t iva t ion  energy became 88 J mo1-1 and  the " o r d e r "  
was 0.5. In teres t ingly  the t r i s th iocyanate  salt  ca ta lysed  by  a m m o n i u m t h i o c y a n a t e  
showed a more  m a r k e d  change in ac t iva t ion  energy,  now 75.5 J mol  -a  wi th  the  
" o r d e r "  r emain ing  at  n ~ 0.7. 

Fu r the r  to  the above,  ano ther  worker  [6] has  r epor t ed  an  ac t iva t ion  energy o f  
192 J mol  -~ and  " o r d e r "  n = 0 for  the  t r i sch lor ide  salt  decomposed  in vacuum 
in the  absence o f  catalyst .  In  the presence o f  a m m o n i u m  chlor ide  the  ac t iva t ion  
energy is 136 J mo1-1 and the " o r d e r "  remains  n = 0. 
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The application of the concept of order of reaction to solid state decompositions 
has doubtful validity [7, 8 ], it merely becomes an exponent in a rate equation which 
provides a fit to the observed data. Also these last authors did not explain the 
apparent fractional values of n and the mechanism of catalysis was not discussed. 

The present work was carried out in order to investigate the apparent discrep- 
ancies in the literature regarding the kinetic parameters and to investigate further 
the mechanism of the catalysis of the chloride salt. 

Experimental 

The trisethylene diamine chromium(II1)trichloride was prepared by the stand- 
ard method [9]. The material was recrystallised twice from alcohol/water and 
analysis gave Cr 13.00 (13.00), C 18.31 (17.79), H 7.74 (7.93); the figures in 
( ), wt ~,  being the theoretical values for Cr(en)aC133.5H20. The anhydrous 
salt was prepared from the hydrate by stirring with dimethoxy propane for five 
hours; then drying at 323K for 24 hours; analysis gave: Cr 15.35 (15.40), C 21.45 
(21.25), H 7.20 (7.09); where ( ) is theoretical for the anhydrous salt. The crystals 
of both the hydrate and anhydrous salts were hexagonal rods, average length 
about 1 ram. 

Catalysts were "added" to separate batches of the complex by recrystallising 
from a 1 700 solution of the appropriate ammonium salt in the alcohol/water 
mixture. 

The salts were stored in dry atmospheres away from light. 

Apparatus 

Thermal decompositions were carried out using a Stanton thermobalance 
(HT-M)  adapted for gas flows [10]. Samples were presented either in crucibles 
(Pt/Ir - ca. 10 mm high, 10 mm I. D.) or spread on a platinum tray. Dry cylinder 
Argon (British Oxygen Ltd) could be passed over the sample at 0.150 dm ~ min -1 
and this gas flow could be dosed with varying concentrations of either dry ammonia 
or dry hydrogen chloride, from motorized syringes which injected the gases at 
varying rates into the Argon gas stream. The gases were further mixed in 500 ml 
flasks containing dry glass wool, and placed in the gas stream prior to the inlet 
to the apparatus. Only rough estimates, • 2 ppm, were possible for the content 
of either ammonia or hydrochloric acid in the resultant gas stream. 

A technique of operation of the system was adopted so that oxygen and water 
were eliminated from around the sample; it is estimated that the environment 
gases contained < 2 ppm 02, <4 ppm H20. 

For dynamic runs, a heating rate of 1.07 K min -1 was adopted. Sample temper- 
atures were measured to _0.1 K with the aid of a centre-stem thermocouple. 
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Results 

The thermogravimetric curves have been reported in terms of  ~, the fractional 
decomposition, versus time. Conversions could be estimated by weight loss 
to ___ 1 ~ .  The sample size was 400.0 mg. 

Effect of sample presentation 

Fig. 1 demonstrates the bed depth effect found for packed samples, curve A 
for the spread sample gave higher conversion to the his salt, 96.6 % theoretical 
loss and was significantly different in shape from curve B for the packed sample, 
note the slowing down of  the reaction around 80 ~ conversion. Moreover, a lower 
conversion, at 94%, was found for this last run. Indeed, at the end of  the run 
when reaction had appeared complete, as demonstrated by the arrest on the ther- 
mogravimetric curve, the material from the crucible showed an unreacted core of  
the tris complex. 
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Fig. 1. TG runs on pure Cr(en)3Cl 3. Curve A spread sample, curve B packed sample 

Previous workers [4, 6] have presented their samples in crucibles and it is quite 
possible that bed depth effects could affect the kinetic parameters reported. There- 
fore, spread samples were used in this work. 

o r . T h e r m a l  A n a l .  8 ,  1 9 7 5  
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Effects of potential catalysts 

Results for thermogravimetric runs with various catalysts are given in Fig. 2. 
For  samples with either ammonium bromide or ammonium chloride present the 
curves were coincidental with the parent curve, A, in Fig. 1; they started to lose 
weight at the same temperature as did the pure tris salt (510 K). It is apparent 
that, of  the catalysts tested, ammonium chloride is the only effective one. It alters 
the starting temperature of the deamination, now 483 K, and the arrest at 72.5 % 
decomposition is striking; the conversion was now at 101%. 
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Fig. 2. TG runs on pure Cr(en)3C13 (curve A) and with catalysts present. Curve B pure 
Cr(en)~Cl~, packed sample. Curve C, Cr(en)aCla plus ammonium bromide. Curve D, Cr(en)sCl~ 

plus ethylamine hydrochloride. Curve E, Cr(en)aela plus ammonium chloride 

The curves have been analysed by the F reeman-Car ro l l  method expressed [7] 
in terms of e and the plots are given in Fig. 4. The significance and accuracy of 
the plot is commented on in the discussion. The analysis clearly demonstrates the 
catalytic activity of  ammonium chloride (note: the kinetics of  the ammonium 
chloride experiment are analysed up to 72.5 % conversion only). 

Because it is possible that ammonium chloride dissociates to ammonia and 
hydrogen chloride at these temperatures, it was decided to test the catalytic influ- 
ence of these gases. For  argon with ammonia contents of  approximately 5, 10, 
18 ppm the thermogravimetric curves were coincidental with curve A, Fig. 1. 
However, hydrogen chloride had a marked effect at all concentration levels tested 
e.g. approximately 3, 7, 15, 22 ppm. Typically for the 7 ppm experiment the curve 
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Fig, 3. TG runs on Cr(en)~Cl3 with catalysts. Curve E, Cr(en)aCl3 plus ammonium chloride. 
Curve F, Cr(en)3C13 plus hydrogen chloride 

1 

A l/q" x 10 ~" 
, ~  " ~  tg (1 -c~) ~ 

01 ~b,,,s 0 2 .,0 30 4 0 5,0 6.0 7.0 

4Ct ~ E'=128: 

CH xNH z H C I ~ " ~  ~ ,  

! 

Fig. 4. Analysis of TG curves in Figs 1 and 2 by equation 1 
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was as F in Fig. 3, here the curve is just about coincidental with the one t'or the 
ammonium chloride experiment (E) up to the 72.5 % arrest but then conversion 
is much faster on the last 27.5 % of  the reaction, the activation energy is strikingly 
lower at 79 J mol - l .  The temperature at the start of  the reaction when hydrogen 
chloride gas is present was further lowered to 479 K. 

Discussion 

Clarke and Thomas have shown [I1] that thermoanalytical techniques under 
dynamic conditions, may be used to obtain reliable kinetic data. Although other 
reports [10, 12] suggest that the activation energies from such analyses are signif- 
icantly higher than those from isothermal experiments. In any event the shape of  
the thermogravimetric curve, in contrast to those from isothermal experiments 
where the shape depends only on the reaction mechanism, is seen to be [13] 
sensitive to heating rate and to the dependence of  the rate constant on temperature 
which in turn involves the parameters of  activation energy and frequency factor. 
Thus the analysis reported here may not be as accurate as that obtained from iso- 
thermal experiments but, nevertheless, must give a reasonable indication of the 
behaviour of  the catalysts. 

The equation tested on the data and reported in Fig. 4 is of  the form [10] 

~ A  = A l n  + - 1  Aln(1  - ~) 

where E* = activation energy, R = the gas constant, n = the exponent in the 
Mampel equation [8]; (1 - ~) = k(t + K') n. 

Thus n has real meaning for a model based on a contracting rod, then n = 2 

1 A log ~ au 
and the intercept in the plot of versus 

A log (1 - c~) A log (1 - c~) 
becomes = 0.5. 

From Fig. 4 it is observed that, within experimental accuracy and with the excep- 
tion of  the system involving methylamine hydrochloride, the intercept approxi- 
mates to 0.5. 

It was possible to interrupt one run on the decomposition of the pure tris salt 
and to slice crystals so as to expose the reaction interface, a search of the crystals 
gave one which is represented by the photomicrograph, Fig. 5, and shows an 
unreacted zone in the centre of the hexagonal rod, thereby confirming a contracting 
rod model. 

The present results are now compared with those of previous workers, Table 1 : 
Bear claimed that all ammonium salts catalysed the reaction, thus from Table 1 

the activation energy appears lowered from 105 J.mo1-1 by about 17 J.mo1-1. 
However, the method he used for winning kinetic parameters would be precise 
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to  on ly  ___ 19 J .mo1-1 .  A l so ,  since the  r eac t i on  was  ca r r i ed  o u t  w i th  o x y g e n  p r e s e n t ,  

the  a c t i va t i on  energy  c o u l d  be  l o w e r e d  f r o m  192 tool  -~, i.e. t he  resu l t  f r o m  v a c u u m  

exper imen t s ,  by  the  p r o d u c t s  o f  o x i d a t i o n ;  i t  is k n o w n  t h a t  the  salt  will  o x i d i s e  

at this  t e m p e r a t u r e .  F u r t h e r ,  Bea r ' s  resul ts  ar ise  f r o m  samples  p a c k e d  in  c ruc ib le s .  

Table l 

Analysis of kinetic parameters for the thermal decomposition of  trisethylene diamine 
chromium(III) trichloride complex*) 

Other workers This work 

Conditions 'n' Conditions 'n' ~ 0.05 E* 

pure complex,* salt, 
crucible 

pure complex,* vacuum, 
crucible 

complex* + NH4CI air, 
crucible 

complex* + NH4Br air, 
crucible 

complex* + NH~I air, 
crucible 

complex* + NH4CI 
vacuum, crucible 

0.8 

0 

0.5 

0.6 

0.4 

0 

E* ref. no. 

105 4 

192 6 

88 4 

88 4 

88 4 

136 6 

-~ pure complex* 
argon, spread 

complex*+  NH4C1 
argon, spread 

c o m p l e x * +  HCI gas 
spread 

0.5 

0.5 

0.5 

175 

128 

79 

E* in J �9 mol t, estimated precision + 15 I �9 mol -~, also applies to complex* + 
NH4Br or + NH4I, spread and to pure complex* + NH 3 gas, spread. 

Fig. 5. Photomicrograph of partially reacted tris salt 
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The activation energy reported here, 175 J.mo1-1, is in reasonable agreement 
with Stembridge's result from vacuum studies, it should be expected that argon 
atmospheres would be inert with respect to oxidation. However, Stembridge 
reports an intercept at n = 0 which value may be entirely associated with the 
method of  sample presentation e.g. the crystals no longer behave as a collection 
of  hexagonal rods. 

The catalytic action of the ammonium chloride could be due to 
(i) disordering of the lattice by a phase change in ammonium chloride at the 

temperature of the reaction; or 
(ii) the ammonia and/or hydrochloric acid which will be produced by the disso- 

ciation of ammonium chloride at the temperature of the reaction. 
Data for various potential catalysts are collected in Table 2. 

Table 2 

Properties of potential catalysts 

Decomposition temp. Sublimation M. pt [14] Start of* Start of* 
[14], K, when [15] K phase change dissociation 
p = 1.32 x l0 s pascals temp. K K 

N H 4 C 1  

N H 4 B r  

N H 4 I  

C H 3 N H 2 H C 1  

e n  �9 2 H C 1  

605 
661 
673 

613 

625 

824 

>543 
500--501 

457.5 
410.8 

457.5 
482 

498 
613 

* Found from separate DTA experiments. 

If  phase change is important, then ammonium bromide and methylamine hydro- 
chloride, as well as ammonium chloride, would be expected to have catalytic 
activity. 

It seems that the dissociation of  the catalyst salt is most important. Smithand 
Calvert [16] give equations for the calculation of  the dissociation pressure, at any 
temperature, for ammonium halides. At 510 K, the start of reaction for the pure 
complex, the pressures are 34.7 (NH4CI), 7.45 (NH~Br) and 2.57 (NH4I) pascals 
• 10 -2, whereas at 483 K when reaction starts with NH~C1 present, the pressures 
are 14. (NH4C1), 2.31 (NH~Br) and 0.59 (NH~I) pascals • 10 -~. Thus the ammo- 
nium chloride undergoes appreciable dissociation at 483 K. 

The hydrochloric acid could be operative in two ways. If the reaction were revers- 
ible the formation of stable ethylene diamine dihydrochloridewould favourdecom- 
position with the bis salt product causing further disruption of  the lattice. Separate 
experiments where the bis salt was added as a catalyst did not enhance the reaction 
rate. Alternatively, it can be envisaged that the co-ordinated ethylene diamine 
molecule breaks away from an octahedral site, the vacant site is taken up by 
a chloride which migrates from a lattice site whilst the free end of  the ethylene 
diamine is stabilised by a proton or hydrogen chloride molecule. There are in- 
stances [17] where enH § has been identified as a ligand in an octahedraI site. 
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RI~SUMt~ -- On montre que la dfgradation thermique en atmosphdre inerte du trichlorure de 
tris-dthyldne-diammine chrom(ll l )  est catalysde par le chlorure d 'ammonium mais non par 
le bromure ou l ' iodure d 'ammonium, contrairement ~t ce qui avait 6t6 postul6 par un autre 
auteur. Les ddtails de la prdsentation de l'~chantillon et l 'existence de conditions oxydantes 
peuvent avoir influencer les rdsuItats anterieurs. 

On suppose que l'effet de catalyseur du chlorure d 'ammonium est dfi 5. sa dissociation en 
acide chlorhydrique et en ammoniac. Le premier de ces composds est un acide de Lewis 
actif sur le processus de la catalyse. L'dnergie d'activation de la d4gradation s'616ve 5. 175 ___ 15 
J - mol - t  pour le sel pur, 5. 128 • 15 J " tool ~ en prdsence de chlorure d 'ammonium et 
5. 79 4- 15 J �9 tool - t e n  prdsence d'acide chlorhydrique. 

ZUSAMMENFASSUNG - -  Es konnte gezeigt werden, daB die thermische Zersetzung von Tris- 
fithylendiamin-Chrom(lll)-trichlorid in inerter Atmosph~ire von Ammoniumchlorid kataly- 
siert wird, nicht jedoch yon Arnmoniumbromid oder Ammoniumjodid,  wie yon anderen 
friiher angenommen wurde. Die unterschiedliche Vorbereitung der Probe kann die Ergebnisse 
beeinflussen und oxidierende Bedingungen sich bei frfiheren Arbeiten ausgewirkt haben. 

Es wird angenommen,  dab die katalysierende Rolle des Ammoniumchlorids durch seine 
Dissoziation in Chlorwasserstoff und Ammoniak hervorgerufen wird. Erstere wirkt als eine 
aktive Lewis-S/lure im katalytischen ProzeB. Die Aktivierungsenergien far das reine Salz 
175 + J �9 tool -~, in Gegenwart yon Ammoniumchlorid 128 4- J �9 tool - t  und in Gegenwart 
yon Chlorwasserstoff-Gas 79 + 15 J �9 mol-~. 

Pe3EoMe - -  BbtnO noKa3ano, tlTO TepM~iaecKoe pa3Jiox~eHne Tpn3TnYtea-~xaMHHTpexxJlopacToro 
XpOMa B a~ep~'aoR alc~oc~epe Ka'ramc3apyexca x2topleUIOM aMMOHId~, RO He 6pOMI4J3,OM tlJIll 
~O~taB, OM aMMOUa~, RaK 6blaXO npe;I~oJmx~erto B 6oaee paHHeft pa6ore. Pe3yrLETaTr:,I npe~t,~ymeft 
padoTbl 6bIzI~ o6ycaoBJ~eH~,I ~e~raaa~r nprtrOTOBJleHt~ BenlecTBa ~t HaaWtHeM ycJIOBllfl /],JI~ 
OI~HcJIeHI4~. B HaCTOSIIIe~ pa6owe Ilpe/iliOJIOTKeIto, uro pOJlb xaopa~a aMMOH!4~ KaK KaTaolH3a- 
rOpa, o6ycJmBnerta ;I~accotlaaur~eft ero ~ia x~opl.ICTbIft BOIIOpo~ ~I aMMItaK. [IepBblfl 143 HHX 
Bt,icTynaer B KaTaaaTa~ec~oM npotlecce B poa~ aKTaBHO~ gl4eJIOTbl JlblOlaca. ~r~epra~ aKT~Ba- 
~nr~ pa3no>xeHa~ ~nCrOft coJm 175 4-15 Ztx~' MOJII~ -~, B nprleyTCTgllll xs~op~a aMMOHI, t~I 
128 4- 15 ~,X~. MOar~ -~, a B npr~cywcr~m~ ra3oo6pa3aoro xJmp~cworo ~o~topozla 79 +_ 15 nx< 
�9 MOJIB -1 .  
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