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A STUDY OF SOLID-STATE THERMAL DECOMPOSITION
CHARACTERISTICS OF SOME METALLO-ORGANIC COMPOUNDS
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The solid-state dehydration of the hydrated Ca(ll), Mn(i1), Colil), Ni(l1), Cu(ll) and
Zn(l1) salts of pyridine-2-carboxylic acid {picolinic acid} and subsequent decarboxyiation of
the corresponding anhydrous salts have been studied by simultaneous TG, DTA and DTG.
The sequences of thermal stability of the hydrated and the anhydrous compounds have been
established from analysis of the TG, DTA and DTG traces for dehydration of the hydrated
salts and for decarboxylation of the anhydrous compounds. Thermal parameters such as
activation energy, enthalpy change and order of reaction for the different stages of each
process have been computed by standard methods. An attempt has been made to account
for the observed trend in the thermal stability of the anhydrous salts towards decarboxyla-
tion. A mechanism of thermal decraboxyiation of calcium picolinate has been proposed.

Experimental

Preparation of the compounds

The picolinic acid used was an L. R. BDH product. The Ca(ll), Mn{il), Co(ll),
Ni(lt}, Cu(ll} and Zn(ll) salts of picolinic acid were prepared by reacting the respective
metal carbonate (G. R. E. Merck) with the acid in hot aqueous solution. A slight
excess of calcium carbonate was used in the preparation of hydrated calcium
picolinate, followed by filtration and subsequent crystallization from the filtrate. In
the preparation of the other metal picolinates, the acid was always kept in slight
excess and the precipitated metal picolinates were washed with cold water and then
dried over fused CaCl, for 48 hours.

Measurements and calculations

Simultaneous DTA, TG and DTG determinations of the salts were carried out with
a Paulik—Paulik—Erdey type MOM derivatograph in dry air. The particle size of the
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Fig. 1.1 Thermal curves of Co(pic), - H,O

Table 1
Compound % found (caicd.}
P M c H N

Calpicl, + H,0 13.30 23.78 1.35 4.71
(13.24) 1(23.84) {1.32) (4.63)

Mn{pic), 18.20  24.15 1.30 4.75
(18.37} (24.08) (1.33} {4.68)

Colpic), - 4 H,0 1555 1931 105 380
(15.71)  {19.20} {1.06) {3.73)

Nilpicl, - 4 Hy0 1560 1928 1.05  3.79

(15.66) (19.21)  {1.06) (3.73)

Culpicl; + 0.5 H,0 20.15 22.80 1.27 4.50
(20.07) (22.74) {1.26) (4.42)

Zn{picl; * 4 H,0 17.25 1893  1.03 3.72
(17.14) {18.87) (1,04}  {3.67)
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samples was in the range 100—150 mesh. The heating rate was about 4.25 deg/minute,
and a sample size of 210—230 mg was used to make the volume nearly the same in
each case. The reference material was aluminium oxide previously heated to 1600°.
The sample holder and the reference holder were made of platinum. The metals were
analyzed by standard procedures: carbon, hydrogen and nitrogen were determined by
microanalytical techniques. The hydrated and anhydrous compounds were charac-
terized by repording their ir spectra in a halocarbon mull on a Beckman IR 20A
spectrophotometer. Procedures adopted for evaluation of the different kinetic
parameters, such as the activation energy and the enthalpy change accompanying the
dehydration and decarboxylation processes, have been described elsewhere [1]. The
results of the elemental analyses are given in Table 1.

Results and discussion

Dehydration process

On gradual heating from room temperature, the hydrated salts were completely
dehydrated within the temperature range 70--240°. From the TG, DTG and DTA
traces of the dehydration stage, it was found that calcium picolinate monohydrate,
copper{ll) picolinate semihydrate and zinc picolinate tetrahydrate lost their crystal-
lization water in a single step, while cobalt{li) and nickel{ll) picolinate hydrates lost
their water in two steps. For hydrated calcium, copper(ll) and zinc picolinates, the
one-step dehydration process may be represented as:

MIH{CgH4NO2)9 * x HyO = M{CgH4NO3)5 +x H0 {1

where M!l =Ca, x =1; Ml =Cu, x =0.5; M!l =Zn, x = 4. For the two-step de-
hydration of hydrated cobalt{I!) and nickel(Il} picolinates, the general reactions are

M”(CGH4N02)2 * X HQO = M”(C6H4N02)2 Yy HQO +2z HQO (2a)
M”(C6H4N02)2 ° szO: M”(C(;H4NO'2)2 +yH20 (2b)

where Mli =Co, x=4,y=15,z=25;MIl =Ni, x =4, y =2, z= 2. The initiation,
peak and completion temperatures of the dehydration of each species, as obtained
from the relevant DTG traces, are given in Table 2, together with the corresponding
weight losses. The enthalpy change accompanying the dehydration of each species
was determined by a standard method [2]. The order of reaction was also determined
by standard methods [3, 4]. The activation energy for each dehydration process was
computed from analysis of the corresponding TG traces, using the method of
Horowitz and Metzger [3]. The results obtained are tabuleted in Table 2. The ir spectra
of the hydrated and the anhydrous varieties were recorded and compared to ascertain
the completion of the dehydration process.
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Fig. 1.2 Thermal curves of Calpic), « H,0

Decarboxylation process

All the anhydrous picolinates exhibit considerable thermal stability; they undergo
decarboxylation within the temperature range 288--540°. The TG traces exhibit a
two-stage decarboxylation process, with the first break in each TG curve corre-
sponding to an unusual composition. Unfortunately, we could not isolate and charac-
terize these unstable intermediates of unusual composition. The first break is followed
by the second and final break, leading to the oxide end-product. This observation is
corroborated by the corresponding DTA and DTG traces, which exhibit two distinctly
separate stages in each case. The DTA traces show an early small endotherm, followed
by a farge exotherm. The small endotherm may be due to the absorption of heat
during the first stage of the decarboxylation process, leading to formation of the
unstable intermediate, while the large exotherm may be attributed to the net heat
change involved in the second stage of decarboxylation, comprising the heat evolved
due to the decemposition of the intermediate into metal oxide and gaseous products,
and the heat evolved due to secondary reactions between the different gaseous
products. The fact that both stages of thermal decomposition after dehydration are
manifestations of the decarboxylation process is indicated by the evolution of carbon
dioxide through the entire course of this reaction. The initiation, peak and completion
temperatures for the two-stage decarboxylation of the anhydrous picolinates are

S J. Thermal Anal. 30, 1985



A STUDY OF METALLO-ORGANIC COMPOUNDS

GHOSH et al.:

358

"PuUnoy aq pINod adesl © | 94l Ut neaieid e 1nq yead oy
‘dasals AJaA sem adeJ) | BUlL Se poylaw s 186z18|y PUE Z1MOLOH AQ PBUILLISIAP aq 10U PINOO ABISUS UOIIBANDY "

L Zobv 1'G81 Tvie L60E L6Y " LOY It — abexg
t L°8S 8'zee 9£°29 - LOY £6¢ 882 | — abeig L{oidyuz
t 82801 A 8v's¢ 00'8¢ sy - €ze i — aberg
1 9zy +-— 62'8S - £z¢e 60¢ z62 |- sberg Z(odyny
l ¥'¥65 Z'8lE 0z'LE 08'ce 8Ly *i Piv Il ~ aberg
L 68 zele 129 - 1484 88¢ 0ge | — obeig C(1d)iN
1 1'808 G6LE 08'9¢ 06'LE v8v = oLy t — aberg
L 6,91 £'81Z 5909 - alv £6¢ 628 { — abeig Z(a1djog
i L1006 FA 1 ¥4 £Y°08 9508 816 — LGt 11 — abeig
1 961 0°6LE ¥8'69 - 1St LEY zae | — abeig Zpid)upy
1 z'ses £1ze oL'Le €z0¢ ovS = 80v 1} — ofmg
1 168 €LEL 1G'6Y - 89p Ght 08¢ ) — aberg Tod)en
uonoes) . Do Do Do uotBjAX0QIEd8p
£3pIQ HY 3 % : E uonajdwo) sead uonenu| 4 s punodwod
coiqe),

J. Thermal Anal. 30, 1985



- GHOSH et al.: ASTUDY OF METALLO-ORGANIC COMPOUNDS 359

Exo
0
Exo
4 T
ar ar
; |
Endo
Endo
0 DTA
dm DTA
dt dm {
a 016
0

8 80
o
£
3«120 120
K] o
E E
) -
g 0 g 1601
=
| | g L 1
200 | |
0 700 200 600 800 = 2007 0 0 &0 80
Temperature ,°C Temperature ,°C
Fig. 1.3 Thermal curves of Mn{pic), Fig. 1.4 Thermal curves of Cuipicly + 0.5 H,0

given in Table 3, together with the corresponding weight losses. The final products
remaining in the crucible were found to be mainly the oxides of the metals; they were
identified by chemical analysis and through their X-ray diffraction patterns. The order
of reaction for the decarboxylation process was found to be unity in all cases. With
the same methods as used in the dehydration process, the activation energies of the

Wy — w!
decarboxylation process in both stages were evaluated from the In In —VT/O_W’; vs. 0

t
plots. The enthalpy change accompanying each decarboxylation process was measured

from the DTA traces, and are presented in Table 3.

The plots of initiation (t;), peak (t,) and completion temperatures (t;) of thermal
decomposition of the anhydrous metal picolinates against the negative heat of forma-
tion (— AH,?) of the corresponding metal oxides [5] exhibit some interesting trends.
as the solid end-product remaining in the crucible was the metal oxide in all cases, and
as the negative heat of formation {— AH,?) of the metal oxide is a relative measure
of the strength of the M—QO bond in the metal picolinate, the thermal stabilities of
these compounds should gradually decrease in the sequence Mn(l1) salt> Zn(l1) salt>
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Ni(11) salt > Cofll) salt > Cu(ll) salt. Our observations closely follow this expected
general sequence, with the exception of the zinc salt, which exhibited a minimum
value. Plots of the peak and completion temperatures against — AH,? for the metal

Table 4
c d Initiation Peak temp., Completion AH,? of oxides [13]
ompounas temp., °C °C temp., °C kd/mole
Mn(picl, 352 437 451 — 384.6
Cofpic), 329 393 416 —239.0
Ni{pic), 330 388 414 —244.1
Culpic), 292 309 323 —155.1
Zn(pic)y 288 390 401 —347.7
Table 5
Initiation . 0--1
Compounds temp., °C ilr A {14}
Ca(pic), 380 1.000
Mn{pic)y 352 1.219
Colpic)y 329 1.351
Ni{pic), 330 1.428
Culpic}, 292 1.369
Zn(picl,y 283 1.333

oxides exhibited nearly similar trends, the nickel and zinc salts showing some deviation
from the expected general sequence.

Plots of the initiation temperature (t;} of the thermal decarboxylation of the metal
picolinates against the reciprocai ionic radii [6] exhibited some definite trends.
with gradual increase in the 1/r value for the corresponding metal ions.

A single break in the TG traces of Ca(ll), Cu{ll) and Zn{ll) picolinate hydrates,
and a single endotherm in each of the corresponding DTA and DTG traces, definitely
indicates that ali the water molecules are released simultaneously and hence are
similarly bound. As is evident from the two endotherms in the corresponding DTA and
DTG traces, the two-step dehydration of the cobait and nickel picolinate tetrahydrates
is indicative of the fact that the water molecules are bound differentiy. For cobalt
picolinate tetrahydrate, 2.5 molecules of water are lost in the first stage of dehydra-
tion, and 1.5 molecules in the second stage. For nickel picolinate tetrahydrate, 2
molecules of water are lost in the first stage, and 2 molecules in the second stage.
In the singie-step dehydration and in the first step of the two-step dehydration
processes, represented by the general equation in Table 1, the activation energies
follow the sequence Ca>> Ni>>Zn>> Co. The overall enthalpy changes for the de-
hydration processes, however, follow the sequence Ca>Zn> Ni> Cu> Co. The

J. Thermal Anal. 30, 1985
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thermal stabilities of the metal picolinate hydrates, obtained from the DTG peak
temperature, follow the sequence Ca> Co > Ni> Zn > Cu.

tn the first stage of the decarboxylation of the anhydrous metal picolinates,
represented by the equation in Table 2, the activation energies follow the sequence
Mn>2Zn> Ni> Co> Ca. The overall enthalpy changes for the decarboxylation
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Fig. 1.5 Thermal curves of Ni(pic), - 4 H,0

processes, however, follow the sequence Cu > Co > Mn > Ni> Ca > Zn. The thermal
stabilities of the anhydrous metal picolinates, from the DTG initiation and peak
temperatures, follow the sequence Ca > Mn > Zn ~ Co > Ni > Cu.

The general series found by Irving and Williams [7] for the stability of complexes
in solution is the reverse of the thermal stability sequence found for the metal
picolinates in the solid state in this study. The same sequence was reported earlier
for the thermal stabilities of other compounds of the same metal ions [8—12]. This
behaviour may be accounted for by assuming that the strengths of the intermolecular
bonds play a significant role in determining the thermal stabilities of the solid com-
pounds, and the thermal stability varies in the proposed sequence due to the nature
of the variation of the intermolecular bond strengths in the crystal lattices of the
metal picolinates.

J. Thermal Anal. 30, 1985
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Some of the products of decomposition were characterized with a glass apparatus
resembling one used in the purification of organic compounds by sublimation,
The lower portion of the apparatus was placed inside a small furnace, which was
heated to the desired temperature range. The sample (~ 100 mesh) was placed at the
bottom of the wide outer tube, while the other tube of the apparatus was con-
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Fig. 1.8 Thermal curves of Zn(picl, « 4 H,0

nected to bubblers filled with the required reagents for the absorption and subsequent
identification of the gaseous products of decomposition. On heating to the required
temperature range, a white sublimate was collected on the outer face of the inner
tube, through which cold water was circulated. After the heating was over and the
apparatus was allowed to cool to room temperature, the white deposits were scraped
off. They were subjected to elemental analysis and physical (m. p., ir spectra) and
chemical tests {such as the formation of the red [Fe(dipy) +2] complex and its identifi-
cation via its electronic spectrum) and were identified as the various bipyridines.
Among the gaseous praducts, pyridine, carbon dioxide and carbon monoxide were
detected, and the residue remaining in the wide tube was found to be the oxide of
the metal. In the case of caicium picolinate the residue was calcium carbonate.

The whole experiment was then repeated after displacement of the air inside the
apparatus by pure dry nitrogen, which was passed slowly during the entire course
of decomposition. The same products were detected in this case.

J. Thermal Anal. 30, 1985
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Under these circumstances, it appears that the decarboxylation reaction proceeds
through a free-radical mechanism; this is corroborated by the formation of the bi-
pyridines, by the coupiing of two pyridyl free radicals and also by the formation of
pyridine through the abstraction of a hydrogen by one pyridyl radical from another.
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Zusammenfassung — Die Dehydratisierung der hydratisierten Ca(ll1)-, Mn(il)-, Co{ll)-, Ni(l1l})-,
Cu(ll)- und Zn(11)-Saize der Pyridin-2-carboxylsdure (Picolinsdure) in fester Phase und die nach-
folgende Decarboxylierung der entsprechenden wasserfreien Salze wurden mittels simuftaner TG,
DTA und DTG untersucht. Aus den thermoanalytischen Kurven wurde die der thermischen Stabi-
litdit entsprechende Reihenfolge der hydratisierten und wasserfreien Verbindungen ermittelt.
Thermische Parameter wie Aktivierungsenergie, Enthalpieanderung und Reaktionsordnung wurden
fiir die einzelnen Schritte jedes Prozesses nach Standardmethoden berechnet. Es wurde ein Versuch
unternommen, den Trend in der thermischen Stabilitdt der wasserfreien Salze gegenuber Decar-
boxylierung zu erkldren. Ein Mechanismus der thermischen Decarboxylierung von Calciumpicolinat
wird vorgeschlagen.

Pesrome — Coemetuenusivu metoaamun TT, OTA v AT usyuena TBepacTensHan germapatauma
KpUCTannNormapaToB TMUKOAMHATOB [ABYXBENEHTHLIX KanbUWA, mapraHua, xobanbTa, Hukens,
MEAN N UMHKA, a8 TaKxke nocneaymouee nexkapboKCUAMPOBAHME COOTBETCTBYIOWMNX 6e3B0aHbLIX
conei. YcTaHOBNEHa fOCNen0BaTENbHOCTL TEPMOYCTOAYMBOCTY MMAPATOB M Be3BOAHbLIX COMei.
,D,nﬁ pPasnnu4HbixX CTB,DMFI KaXpaoro npouecca paccunTaMbl IHEPIrNA axkTBaumnm, MiMeHeHue 3H-
Tanefnn N NOPAAOK peakumv. CaenaHa NONbLITKA PaCCMOTPETE KOPPENALMIO MeXay TEPMUYECKON
YCTOWYMBOCTbI0 Ge3BOAHbIX COflell u ux AexapbokcunupoBsaHnem. [NA Kansuueson conu MuKo-
MUMHOBON KMCNOThI NPEAIOKEH MEXEHUIM TEPMIUHECKOTO AEKAPOOKCUNUPOBAHIST.
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