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ABSTRACT 

The enthalpy and kinetic parameters of the solid-state deaquation reaction of 

K3[Cr(C20& J - 3H,O were determined from DSC measurements_ A seaied-tube 
DSC technique was employed to determine the enthalpies and to study the kinetics of 

the solid-state oxidation-reduction reactions of K,[Co(CzO,),] - 3Hr0 and 
K,[Mn(C,O,),]-3H,O. 

The solid-state thermal oxidation-reduction reactions of K3[Co(C20,),] -3H,O 

and K,[Mn(C,O,),].3H,O have previously been investigated’-6. The thermal 
dissociation reaction stoichiometries are given by the following equations”‘? 

IZO’C 

2K,[Co(C,O&] -3H20 - 2K,[Co(C,O&] i KHC,O, i KHCO, t 
f 2co2 t 5HzO 

and 
85-C 

2K,[Mn(Cz0,),] - 3Hz0 - 2K,[Mn(C,O,),] + K,C,O, -f- 2COt + 6H,O 

Possible reaction mechanisms have been postulateds*6, which in both cases, involve 
free radical intermediates_ Since the evolution of hydrate-bound water is concurrent 
with the oxidation-reduction reaction, it was not possible to determine the enthalpies 
of the oxidation-reduction reactions. 

In this investigation, an attempt is made to determine the enthalpies of the 

oxidation-reduction reactions by two different methods involving DSC measurements. 

For the first method, the overall enthaipy of the oxidation-reduction reaction 

and the concurrent evolution of water are determined. The eathalpy of the evolution 
of water is subtracted fiom the overall reaction enthalpy to obtain the enrhaipy of the 

oxidation-reduction reaction. The enthalpy of water evolution, in both cases, was 

assumed to be the same as that of the corresponding chromium compound, 

K&rG04kl - 3&O, which does not undergo an oxidation-reduction reaction in 

the temperature range in which water is evolved. 
In the second method, DSC measurements are made with the 

contained in sealed gIass tubes, in a manner which has previously been 
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compounds 

described’. 



The high pressures deveioped in the sealed tubes suppresses the vaporization of water 
which? in open tubes, masks the exothermic DSC peaks corresponding to the 
oxidation-reduction reaction_ Enthalpies of reaction can therefore be measured 
directly. 

Since DSC measurements give a direct measure of heat absorbed or released by 
a sample during reaction, it is probably the most reliable method for studying kinetics 
of solid-state reactions and has been widely used for this purpose*-“. In this 
investigation, the kinetics of the deaquation reaction of K,[Cr(CZO,),]-3H,O and 
the oxidation-reduction reactions of K,[Co(C,O,),] - 3H,O and K,[Mn(C,O,),] - 

3N,O were studied using the sealed-tube technique. 

Preparation and analysis of compounds 

The compounds. K3[Co(C20&] - 3H,O and K,[Mn(C,O,),] - 3Hz0, were 

prepared and analyzed for metal ion content as previously described5-h. The com- 
pound. KJCr(CIO1)J-3H20, was prepared by the method of Bailar and Jones’s 

and was analyzed for chromium ion content by pyrolyzing samples at 500-C and 
weighing the products as K,CrO, and K2C03. Al! three compounds were analyzed 
for oxalate ion content by titration with potassium permanganate. The results of the 
analysis were as follows: K3[Mn(CI0,)J -3H,O: Mn. found, 1 I .6%, talc., 1I.20% ; 
C,04, found, 59.2%. caic., 58.58%; K,[Co(C20,),]-3H20: Co, found, 12.1?~. talc., 
11.92%; C20s, found, 53.6%. talc.. 53.310/o: KJCr(C,O,),]-3H,O: Cr, found. 
I1.2%. talc., 10.67%; C,O,, found. 53.9%. talc.. 54.17X. 

Reaction enrhaipies 

The reaction enthaIpies were determined using a Perkin-EImer Model DSC-I B 

differential scanning calorimeter. From 1-7 mg of sample were employed at a heating 
rate of lO”C/min. The heat of fusion of indium (AH, = 6.8 caljg) was used as the 
standard_ Areas under the peaks were measured using a planimeter. Sealed tube 
DSC measurements were carried out using sampIe holders which have previously 
been described7_ 

Reacrion kinerics 

The DSC data were evaluated using a previously described method* ‘_ The 
rate constant. k, for the reaction is given by 

where z is the reaction order, d the deviation from the base line, A the total peak area, 

a the peak area up to temperature_ T, r, the sample volume. and X0 the number of 
moles of sample. 
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RE.‘jULTS AXD DISCUSSION 

The DSC curves for K,[Cr(C,O,),] - 3H,O, K,[Co(C20,)J - 3H20, and 
K,[~inn(C,O,j,J-3H,O, are siven in Fig. I. 

FiS. 1. DSC cunzs of some tris(osalatojmctal~llij complcxts: 1.4) KI[C~(CZO~~JI-~HZO (.opm 

sample container); iB) K,[CoICZ0,)J]-3ii20 (open sample container); (Cl K~[CoGOd~]-3H~O 
(scakd tube): iD) KJ%lniC20a)J-3H20 (open sample container); cEi K,WnlC201h1-~H20 
(scafcd tube). 

The deaquation of K,[Cr(CIO,),]-3HzO appears to occur in two overlapping 
steps. A single mole of water per mole of complex is apparently evolved in the first 
step while the remaining two moles are evolved in the second step. This indicates that 
perhaps the one mole of water is situated in the crystal lattice in a different manner 
than the other two. The enthalpy of reaction, on the basis of three determinations. 
was 10.5iO.5 kcaI/mole, which is about the value expected for Ioosely bound 
hydrate water. This value is also very close to the value previously obtained for 
dehydration reactions’ 6. 

Besides suppressing the vaporization of hydrate-bound water, the pressure 
developed in the sealed tubes had other effects on the DSC curves of K3[Co(C204)J - 

3H20 and K,[Mn(CzO,)J-3HLO_ First, the temperatures of the oxidation-reduction 
reactions were increased 23 and 22’C, respectively, as can be seen from TabIe I. This 
indicates that the presence of the hydrate-bound water in the crystal lattice probably 
stabilizes the complexes toward the oxidation-reduction reaction, a supposition 
which has previousIy been made * ‘_ Secondly, the temperature of the second exother- 
mic reaction of the cobalt compound, which has previously been found to be the 
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decomposition’ of KHCOJ _ was decreased 73°C. Probably, the presence of water in 

the se&d tube initiated the reaction at a Iower temperature. 

TABLE I 

REllCTIOS E~7HALPIE.5 FOR SOF4E TRIS(OSAUTO)WTAr( I II) CO+lPI_EXES 

Remdon 

K,[CrtCzOJ3]-3H,O 
cfuqustion 

K,[CO(C,O,)~I- 3H20 

open sample 

oxidation-reduction only 
sealed rubc 

K,[%fn(C20,)~]-3HI0 

open sizmple 
oxidation-rectcctir>n only 
ceakd tube 

-100 

AS5 

-85 

JOT 

IO.5 --- 0.5 
(per moic of H,O) 

-16 
- 9.9 _-Lo_5 

-IO 

- 12.1 eO.6 
--8.4+0.5 

h-20 

---11 
- J2.3*0.6 

Enthalpies of the combined deaquation and oxidation-reduction reactions were 
estimated from the DSC curves (B and D) in Fig. I and are listed in Table I. LittIe 

confidence can be piaced in these values, because of the difficulties in determining the 

baseline of the overlapping exothermic and endothermic peaks which covered a wide 

temperature range. 
From the reaction stoichiometrics of the two oxidation-reduction reactions5-6, 

it is known that 2.5 moks of water per mole of complex are evolved during the 
dissociation of the cobalt compound while 3 mores are evolved during the dissociation 

of the manganese compound. Assuming that the enthalpy of deaquation for each of 

the two compounds is the same as that of KJCr(C10,),].3H,0, estimates of the 

enthalpies of the oxidation-reduction reactions were made and are listed in TabIe I. 
Enrhalpies of the oxidation-reduction reactions from the sealed-tube DSC 

curves (C and E) are also given in TabIe I_ As can be seen, the values obtained by the 

two different methods agree reasonabIy well. The seaIed-tube values are probably 

more reIiabIe for reasons mentioned previously. The sealed tube method is apparently 

applicabfe for measurin g enthalpies of reactions which are not influenced greatly by 

pressure, but under normal conditions, are masked by the concurrent evolution of 
water. The method could find use for several other such reactions_ 

As expected. the oxidation-reduction reactions of both the maganese and the 

cobalt compounds are highIy exothermic. The divalent oxidation state of the centra1 
meta ion is more stable in both cases despite the Iarge stabilization ener_gy of the 

coordinate Iigands in the case of the inner orbital cobalt compound. 
The Arrhenius plot for the deaquation of K,[Cr(C,OJa]-3H,O is given in 

Fig_ 2_ As is the case for most deaquation reactions, the deaquation reaction found 
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Fig. 2. Arrhenius plot for the dcaquation of KJCT(C~O~)~]*~H~O; heating rate of 10.C,‘min. 

here obeys first order kinetics. It is apparent that two separate reactions occur. The 
activation ener_q for the deaquation of one moIe of water is apparently Iower than 
that of the other two, again indicating that one is situated differently in the crystal 

lattice. Activation energes and values of log ci for each of the two deaquation steps 

at three different heating rates are given in Table Ii. In this case, the heating rate did 

TABLE II 

ARRHESIUSPARXLIETERSFORTHE DMQUATIOX OF K3[Cr(C104)J]-3Hz0 

Erolurion of 

one ualcr 

Ea’ log A 

Erulrrrion of the 

remoinimg rlro Irtiiers 

Ea’ log A 

5 12.5 1:.1 31.4 25.4 

10 13.3 14.1 32.8 26.3 

20 13.3 13.9 ‘8.1 23.3 

not seem to influence either the value of Ea or that of log A. The values of the activa- 

tion energies differ little from those found for the deaquation of other hydrogen- 

bonded hydrates * ‘*I*_ The activation energy can probably be interpreted as the 
ener_q barrier associated with the breakin g of hydrogen bonds and the escaping of 
the crystal lattice by water molecules_ The Iarge log ri values are not surprising, since 

the activated complex for the deaquation process is expected to be more disordered 

than the initial state. 

Tfrernrochim. Acta, 2 ( 197 I ) 2 17-223 



E_ L. SIMMOSS, W_ W. WEXDLX?iZT 

The seated tube oxidation-reduction reaction of the cobalt and manganese 
compounds fit no reaction order exacdv. Best fits were obtained assuming the reaction 

of the man~nese compound to be second order (a result which has previously been 
observed * ‘) and that of the cobalt compound to be first order. These kinetic plots are 
illustrated in Fig_ 3. Superficially, it is not surprisin, e that the two reactions involve 

_I- - 
.,, r s Tf-’ 

Fig. 3. Arrhenius plots for the oxidation-reduction reactions of: (A) Kj[Co(C20r)s]-3H20; (B) 
KI,[Mn(CzOI)3]- 3Hz0. 

digerent reaction orders since they involve different mechanisas. Most likely, 
however. neither reaction can be correctly fitted to an Arrhenius type plot. The 

activation energies are unreasonably high (133 kcab’mole for the man_ganese com- 

pound and 82 kcaljmole for the cobalt compound). As for most highly exothermic 
solid-state reactions, these occur rapidly over a very narrow temperature range, 

indicating that as a moIecule reacts, it releases a large quantity of ener=T which is 
distributed first to neighboring molecules. momentarily raising their temperatures. 
The nei&boring molecuies thus react before the excess energy can be dissipated and 
they in turn reIease ener_q to their immediate neighbors. Thus such reactions proceed 
by the process of nucleus formation and growth, a process which has been we11 
describzd’g*20_ Such reactions cannot, therefore, be described by the usual kinetic 
methods. AIthough the plots in Fig. 3 yield no useful information, they illustrate that 
kinetic measurements may be made for reactions which are masked by water evolution 
using the seated tube method. 

The financial support of this work by the Sandia Corporation, Albuquerque, 
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