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THERMAL ANALYSIS OF ETHYLENEDIAMINE
COMPLEXES OF Ni(Il) CHLORIDE
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Thermal analysis of mono-, bis- and tristethylenediamine (en) complexes of Ni(II) chloride
was carried out using TG, DTG and DTA techniques. The kinetic parameters were estimated
from dynamic TG studies using the Coats and Redfern equation. The thermal stability of the
metal-ligand {Ni-N) bond in the complex was found to decrease with increasing Ni : en ratio. The
DTA studiés showed that the loss of en was initially endothermic but became increasingly
exothermic with the progress of the decomposition. The final step in the case of all the three
complexes was always composite in nature causing the loss of both Cl atoms with simultaneous
oxidation of Ni to NiO. The dissociation of the Ni-en bonds appears to be regulated by the
“nucleation and growth™ mechanism. Kinetic parameters corresponding to various steps of
decomposition of all the three complexes were evaluated.

It is well-known that Ni?* forms three well-defined chelate complexes with
ethylenediamine (en) with stoichiometries of [Ni(en)]?*, [Ni(en),]** and
[Ni(en);]** in solution [1] with their relative stabilities decreasing in the order mono
(log k ~ 7.5)> bis (log k ~ 6.4) > tris (log k ~4.3). It is also known that in aqueous
alcoholic medium these three complexes can be obtained in solid form [2] with
distinct colours, viz. green (mono), blue (bis) and purple (tris). Measurements of
electrical conductivity of the three en complexes of Ni(II) chloride in solid state at
various temperatures exhibited a number of discontinuities indicating structural
phase changes and/or decomposition of these complexes with rising temperatures.
Althiough some information on thermogravimetric analysis of the bis- and tris-
complexes and their differential thermal analysis over a restricted range of
temperature (upto ~450°) has been found in literature [3], detailed thermal
analysis on all the three complexes including the related kinetic parameters has not
been reported. Such information would be helpful in understanding the above-
mentioned discontinuities in electrical conductivity and the mechanism of electrical
conduction in such complexes. Therefore, as a part of our studies on coordination
compounds, the work on thermogravimetric analysis (TG), differential thermo-
gravimetry (DTG) and differential thermal analysis (DTA) of the mono-, bis- and
tris-en complexes of Ni(II) chloride was undertaken to determine their thermal
stability, decomposition steps and related kinetic parameters over the temperature
range up to ~800°.
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Experimental

The three complexes, Ni(en)Cl,, Ni(en),Cl, and Ni(en);Cl, were prepared by
treating solutions of NiCl, and en in aqueous medium with appropriate
stoichiometric ratios by following the procedure described in the literature [2]. The
complexes were characterised by elemental microanalysis (C, H and N), estimation
of nickel by volumetric method [4a] and chlorine by ion-exchange chromatography
{4b] and also by infrared and electronic spectroscopy. The nickel chloride, methanol
and ethylenediamine used in the preparation were all AR-grade reagents. Dynamic
thermal analyses (TG/DTG/DTA) were carried out on a “Netzsch” Thermal
analyzer in a platinum crucible in air atmosphere at a heating rate of 10 deg/min up
to 800° (Fig. 1, Table 1).
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Fig. 1 TG (I), DTG (i) and DTA (IIl) curves for Ni(en)Cl, (- —-); Ni(en),Cl, (-----) and
Ni(en),Cl, : 2H,0 { )

J. Thermal Anal. 35, 1989



PRABHUMIRASHI et al.: THERMAL ANALYSIS OF ETHYLENEDIAMINE COMPLEXES 1107

(16's1)
95 096) 11°0 99°0 OIN 0 epst 05005 14
(€00
1€1 099) 170 ¢z IOIN wWET  geT S6v-01¢€ € OPHZ-“10°(uaIN
. Len)
I€1 ors) vzo 0sT O (uaIN LENSS B 1) 00£-S¥1 [4
e
L9 (S9¢) 190 SLl YO (uanN O'H Z $01 SE1-SS 1
(51'80)
9.7 (0701) 670 0S'1 OIN e} e SLL-SE9 £
©¥0)
¥6 (69 17°0 081 10N us €T 079-S€€ z AO%UIIN
€vo)
881 (558) 690 SL1 “0'(ua)IN us | 9'€7 01€-08T I
(ss¢)
€67 (sz01) ¥T'0 00T OIN O gyLe 008-095 €
(891) .
€81 (069) ¥9°0 (19r4 IOIN us £9'0 9'81 0Z5-0LE z TO(uONN
A son
€L2 019) €80 SL1 YL O(uayN ua ¢¢'g Pzl $SE-S1E 1
- jow /g anpisar dnos§ paqadxa (ored)
A310u8 . ENMM,\%WM oy Y 19PIO - pOAISSQO | Uw daig xa1dwo)
LONRAIDY ! | Jo uonisodumios 9jqeqold 650] SSEW %, oBues dwaj,

soxadios suriEIpoUalAYIR-FIDIN JO sidlaureIrd SNauTY pue uoHISOdUIoddp [eUIsy) o TRQ 1 3481

J. Thermal Anal. 35, 1989



1108 PRABHUMIRASHI et al.: THERMAL ANALYSIS OF ETHYLENEDIAMINE COMPLEXES
Results and discussion

Elemental and spectral analysis

The results of elemental analysis indicate that the three complexes have
molecular (empirical) formulas as Ni(en)Cl,, Ni(en),Cl; and Ni(en),;Cl, - 2H,0;
the metal to ligand (Ni : en) ratios being the same as those for the respective species
in solufion [1]. The infrared spectra (nujol mulls) of all these complexes contain
vibrational bands due to characteristic group frequencies corresponding to N—H
stretching ( ~ 3140-3480 cm ™ '), NH, scissoring (~ 1570-1590 cm ™%}, NH, twist-
ing (~970-995 cm~1) C—H stretching (~2860-3120 cm™'), CH, scissoring
(~1450-1460 cm "), CH, wagging (~1320-1340cm™1), CH, twisting
(~1270-1280 cm ™ 1), Ni—N (~410-460 c;v™) and Ni—Cl (510-530 cm ™)
which are comparable with those reported in literature [5, 6] for similar compounds.

The electronic spectra in aquecus solutions for these three complexes contain 3 to
4 bands over the range 11,000-30,000 cm~! characteristic of [Ni(H,0)¢]**
octahedral species in solution [7].

Thermal analysis

Of the three NiCl,-en complexes, it was found that the mono- and bis-complexes
were anhydrous while the tris-complex was a dihydrate. The TG curve of Ni(en)Cl,
showed loss of the chelated en over the temperature range of 315-520° in two steps
in a ratio of 1:2. The relative areas under the corresponding DTG peaks were
consistent with this fractional loss of en. This observation suggests the possibility of
a tri-nuclear framework of the complex. The loss of en was found to be exothermic
from the DTA curves. This was followed by dissociation of NiCl, with loss of the
two CI’s over the temperature range of 560-700° with simultaneous oxidation of Ni,
finally resulting in NiQ at ~800° (Fig. 1).

The TG curve of Ni(en),Cl, showed a relatively sharp step over 250-310°
corresponding to the loss of one en followed by a somewhat broader step over
330-550° indicating the slow loss of the second en. Both of these steps were again
exothermic in nature. The third and final step occurred around 700° corresponding
to the loss of both Cl atoms and simultaneous oxidation of Ni resulting in NiQO as
the ultimate residue as in the case of the mono-en complex.

The complex Ni(en),Cl, - 2H,0 exhibited a single and somewhat broad step over
60 to 130° in the TG curve corresponding to the loss of both water molecules.
‘However, DTG and DTA curves clearly indicate it to be a composite step. The three
en’s were found to be lost in two steps of nearly equal magnitudes in the TG curves
at ~ 145° and ~310°, which is indicative of a transformation of the mononuclear
tris-complex to some kind of binuclear complex after the first step. The loss of the
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latter 1.5 en trom the binuclear complex appears to take place at a slower rate than
the first 1.5 en being lost from the initial mononuclear tris complex. The same
behaviour was exhibited by the DTG trace corresponding to the two-step loss of the
three en’s. Again, the single step of the first fraction of the 1.5 en in the TG curve
appeared to be actually a composite step from the DTG and DTA traces. From the
DTA curve it is also apparent that the loss of crystal water is an endothermic
process while the loss of the en exhibits exothermic peaks of progressively
increasing magnitudes. The final step was dissociation of NiCl, with loss of both
Cl atoms with simultaneous oxidation of Ni to NiO over a wide temperature range
of ~ 500 to 750° similar as in the case of the mono- and bis complexes.

The kinetic parameters, viz. the order of reaction (n), activation energy
(E,/kJ mol 1), the frequency factor (4) and rate constant (k) corresponding to
each of the observed steps of decomposition in the TG curves discussed above were
deduced by fitting the observed degree of decomposition (x) for each step to the
Coats and Redfern equation [8].

The calculation of various kinetic parameters as explained above shows that,
except for the last step in the case of the tris-complex, the order (n) for various steps
ranges from 1.5 to 2.5 with the activation energies being of the order of 102 kJ/mol
(Table 1). The crystal water in the tris-complex appears to be moderately strongly
bound (E,~ 67 kJ/mol) which is not lost during the drying of the complex under
vacuum. The loss of ligand molecules in mono-, bis- and tris-complexes occurring at
progressively lower temperatures (~375, 350 and 325° respectively) were also
associated with progressively lower activation energies, viz., 230, 140 and
130 kJ/mol (averaged over the two step losses for en in each case). If the
decomposition temperatures and activation energies are considered as the criteria
of thermal stability then the thermal stability of metal-ligand bonds is found to
decrease with increasing Ni:en ratio i.e. the stability decreases in the order
mono > bis > tris (anhydrous). The deamination process for all the three complexes
is found to be initially endothermic but further becomes progressively exo-
thermic. Though the concept of order is not well defined for solid state thermal de-
composition reactions, the number n deduceéd as above ranging over 1.5 to 2.5
can be considered to indicate the growth of nuclei to be two-dimensional and/or
three dimensional in nature. The activation energies for the final steps in each case
(viz., loss of chlorine together with atmospheric oxidation of Ni to NiQO), were
found to decrease with decreasing n though the related temperatures cor-
responding to the fespective o max. values were quite comparable (~ 750, 745
and 690° respectively).

The enthalpy changes for the bis- and tris-complexes in solution in presence of
KCl are reported [1] to be ~75 and 120 kJ/mol respectively, both of which are
smaller than the respective average activation energies ( ~ 140 and 130 kJ/mol) for
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the loss of ligand molecules. Though the thermodynamic quantities for reactions in
solution and solid state cannot be compared directly, the observation that AH<E,
can be taken to imply that the decomposition rate is regulated by the “nucleation
and growth™ mechanism [9).

* % X
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Zusammenfassung — Mittels TG-, DTG- und DTA-Verfahren wurde eine Thermountersuchung des
mono-, bis- und tris-Athylendiammin (en) komplexes von Ni(I)-chlorid durchgefiihrt. Unter
Zuhilfenahme der Gleichung von Coats und Redfern wurden die kinetischen Parameter anhand der
Daten aus dynamischen TG-Untersuchungen abgeschitzt. Es wurde gefunden, daB die thermische
Stabilitdt der Metall-Ligand Bindung (Ni-N) der Komplexe mit anwachsendem Ni:en Verhaltnis
absinkt. Aufgrund der DTA Untersuchungen erwies sich die Abgabe von en anfénglich als endotherm,
mit fortschreitender Zersetzung jedoch als zunehmerd éxotherm. Bei allen drei Komplexen war der
letzte Schritt immer komplexer Natur und beinhaltete die Abgabe beider Chioratome verbunden mit
einer gleichzeitigen Oxidation von Ni zu NiO. Die Dissoziation der Ni-en Bindung scheint durch einen
,,Keimbildungs- und wachstums”’-mechanismus bestimmt zu werden. Die kinetischen Parameter fiir die
einzelnen Zersetzungsschritte aller drei Komplexe wurden ermittelt.

Pemome — Meromamu TI', XTT u ATA npoBeneH TepMMYeCKHi aHaM3 MOHO-, GHc- ¥ TpH-
ITUNCHIMAMHEHOBHX XKOMIUIEKCOB XiopHia Huxenn. Mcxons w3 pausbix guuammueckod TI' u
Acnons3ys ypapnenue Koyrca-PendepHa, 6bum ompenesnennl xuHerniIeckde napamerpsl. Haiineno,
4TO TEPMOYCTORYHBOCTL CBA3M METAILUI-JHTaHA B KOMIUIEKCAX YMEHBINACTC C YBEIHYCHHMEM
COOTHOIUCHHA HUKeNb : 3THIeH MaMul. JITA HocieqoBanus N0Ka3amy, IT0 NOTEPS TMrapna HoCHIa
HEPBOHAYALHO JHJOTCPMUYCCKMII XADAKTEP, HO [0 MeEpE [ABHGHIIErO pPa3JIOKEHHS IIPOIECC
cranoBmwics Bee Gojee dx3oTepmuieckuM. KoHeunas cTausil Pa3jIOKeHHs BCEX TPEX KOMILIEKCOB
HOCHJI2 CIIOXHBIH Xxapakxtep, oGyclnomieHHEIH motepel cGoMX aTOMOB XJOpa M OFZHOBPEMEHBIM
OKHCJICHHEM HHKes [0 €ro OKCHAA. Paspunin CcBi3ell HMEENb-ITHICHOMAMHH CBHIETE/ILCTBYET O
MexanusMe «o0pa3oBaHus H pocTa ?i;eumon KpHCTa/U3anMKy. OnpeleicHsl KHHCTHYECKHE apa-
METPBI PA3IMIHBEIX CTAHH PAa3TOKEHUA BCEX TPEX KOMILIEKCOB.
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