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ABSTRACT 

The heats of decomposition of some transition metal complexes have 

been measured by (a) adiabatic reaction calorimetry and (b) differential 

scanning calorimetry. f1ethod (a) was applied to dichlorobis(triphenyl

phosphine ) cobalt (II) chloride while method (b) was applied to a considerable 

number of complexes between divalent metal halides and organic bases. 

These bases were pyridine, methyl-pyridines, aniline, pyrazine, methyl

pyrazines and pyrimidine . 

The thermal data which were obtained yielded useful information 

which may be summarised as follows: 

(i) Steric interactions 

The effect on the strength of the metal-nitrogen bond of methyl 

substitution was investi!3ated . It was found that, for the methyl pyridines, 

a-SUbstitution Has effective in \-Ieakeninr; the bond strength. It is, 

however, not yet understood why 8-substitution appears to weaken the bond 

still furt her . Very little i-leakeninF; , on methyl substitution, could be 

observed for the pyrazine complexes . 

(ii) Crystal field effects 

Certain thermal quantities, related to the heats of gas phase 

reactions, have been calculated from the experimental data. These, when 

plotted against atomic number for a particular type of complex, vary in 

the same manner as the crystal field stabilisation energy. One such plot 

was used to calculate the stabilisation energy of dichlorodipyridine

nickel(II) and gave good agreement Hith a spectroscopic measurement of the 

same quantity . 



(iii) Polarisability 

The experimenta l data appear to support arguments based on the 

polarisability of the halogen ligand and the effect of this on metal

nitrogen bond strength . n-bondin~ effects are proposed to account for 

the apparently constant met al-nitrogen bond strengths in the compounds 

which contain octahedral molecules . In connection with this, it is 

shown that ther e is a convergence of the heats of formation of octahedral 

and tetrahedral compounds after correction for crystal field ef fects . 

Since many of the decompositions were carried out at high 

temperatures (up to 500oC) it , .. as necessary to calculate the magnitUde 

of the temperature correction to the heats of decomposition required to 

refer them all to a common temperature . This required values for the 

heat capacities of the complexes and these , .. ere measured , for 

representative complexes , in the differential scanninn calorimeter . 

The heat capacity data indicated , also, a rigidity in metal-pyrazine 

bonds Hhich may be due to back TT-donation f r om the metal to the ring . 
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CHAPTER I 

INTRODUCTION 

All chemical reactions involve changes in energy. These may 

be detected by the measurement of an intensive or extensive parameter 

dependent on the energy change of the chemical reaction. The measurement 

of these parameters and the calculation of the energy changes accompanying 

chemical processes form the subject matter of thermochemistry. The 

energy changes must have their origin in the detailed electronic 

structure of chemical compounds (1) and their determination should 

yield quantitative information for interpretation by valence theory. 

Despite the conceptual simplicity of thermochemistry, the terms used in 

the subject must be rigorously defined. The heat change which accompanies 

a process is one of the most frequently encountered quantities but the 

magnitude of this change depends completely upon how the process is 

carried out. A brief discussion is included here to define some of the 

terms used in thermochemistry. 

The First LavT of Thermodynamics (or Law of Conservation of 

Energy) states that the energy of a system is a state function and is 

single valued(2).It is necessary to define the properties of a system 

which describe that system, both in its initial and final states, before 

interpretation of the accompanying energy change. In addition to heat 

being exchanged with the surroundings, a system may also perform work. 

The energy change is given by the sum of the two terms, heat and work, 
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which are recognized as being interconvertible forms of energy. 

The change in (internal) energy of the system 

6U = q - w (1) 

where 6U = energy change, q = heat a.b so r-be-et ff'Or\'\ surrotmdings and 

w = work done by the system. 

By definition, the derivative of a state function is a complete 

differential (3,4) so that equation (2) represents such a differential: 

dU = cIq - d'w 

Neither d'q nor dw need be complete differentials. For example, if only 

pressure-volume work is performed by the system, 

d:'w = PdV. 

Integration of PdV can not be carried out unless P as a function of V is 

known. Therefore, for PV work, d'-v: may possess several values and w(r .') 

is not a state function . It is immediately obvious that crq is not a state 

function. 

However, d(PV) may be integrated (5) and a new state function 

formulated, namely, enthalpy (H). 

dH = dU + d(PV) 

Le. H = U + PV 

In the important case where the initial and final pressures are equal 

(which does not imply a constant pressure throughout the change) "enthalpy 

cha'1ge at constant pressure" is referred to: 

flH = flU + PflV 

This is equivalent to the heat of reaction "at constant pressure" and is 

the quantity most commonly quoted in thermochemical work. If there is 
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no volume change the heat absorbed is equal to the change in internal 

energy: 
q = 6U 

It is the state functional property of enthalpy which is so useful 

in thermochemistry . This is embodied in the Law of Constant Heat Summation 

as proposed by Hess (6). The heat of a reaction at constant pressure may 

be calculated from the heats of other reactions, measured at constant 

pressure, if these reactions combine to yield the required reaction. 

Also, by assigning zero enthalpies to elements in their defined standard 

states, standard enthalpies of formation (~H~) may be calculated for 

compounds of those elements . These may then be used to calculate the 

enthalpy change of a reaction which may be difficult to study experimentally . 

It was unfortunate that the early thermochemists, such as 

Berthelot and Thomsen, used enthalpy changes as the criteria of spontaneity 

of a chemical reaction (7). Hegative enthalpy changes l-:ere considered to 

accompany spontaneous reactions . Several reactions Here found, however, 

to proceed with positive enthalpy changes and a rapid decline of interest 

in thermochemistry follmTed . It was soon recognised that the criterion 

of spontaneity is the existence of a negative free energy change accompanying 

a chemical reaction . The functions defining free energy are: 

G = H T5 (Gibbs Free Energy) 

A = U T5 (Helmholtz Free Energy) 

J: 
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From what was said at the beginning of this introduction, however, 

enthalpy changes should reflect the energetics of a chemical reaction 

directly even though they are not criteria of spontaneity . It is necessary 

to recognise, therefore, the significance of different measurements in 

thermodynamics. Firstly, the prediction of the spontaneity of reactions 

from free energy measurements and, secondly, the interpretation of 

energy changes in the compounds undergoing reaction. It is the latter 

aspect which is the concern of thermochemistry and of this thesis. 

There is now a considerable collection of thermochemical data 

and these have been used to test various theories of chemical bonding . 

As an example, various bond energy schemes have been tested experimentally 

and found to work ~easonably well (8). Discrepancies have been found 

and have given rise to sophistications in more recent theories. It is also 

of interest that the parameters of Huckel molecular orbital theory are 

calculated from experimental measurements while later theories calculate 

the parameters from first principles and give , generally, worse results (9). 

Calorimetric Techniques 

Enthalpy changes may be measured either directly or indirectly. 

Indirect measurements normally involve the determination of equilibrium 

or kinetic parameters and have been discussed at length elsewhere (10). 

Spectroscopic methods may be classified as direct but also have been 

discussed elsewhere (10). Only direct calorimetry is described here. 

Calorimeters fall into two classes - isothermal and non-isothermal. 

In non-isothermal calorimeters, quantities of heat are estimated by the 
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temperature changes they produce, whereas in isothermal calorimeters 

the temperature remains constant and the heat effect is measured by 

the change in some parameter such as the extent of an isothermal phase 

change at the temperature of measurement . For the purposes of this 

discussion it is convenient to include temperature controlled 

calorimeters as was done by O' Neill (11), since in thesa, the temperature 

of the sample is the independent reproducible variable just as in an 

isothermal calorimeter . 

Non-Isothermal Calorimeters ( 3) 

Four types of non-isothermal calorimeters are currently in 

common use . These are : constant temperature environment, Adiabatic, 

Twin and Heat Leak calorimeters . Since temperature is the measured 

variable all heat leakage must be minimised so that, ideally, the \-thole 

temperature change is due to the heat of reaction . The calorimeters 

listed above overcome the problem in different ways and are described 

briefly beloH: 

(i ) Constant Temperature Environment 

In this mode of operation the calorimeter is surrounded by a 

constant temperature jacket which may consist of a stirred liquid ~r, 

in some cases, a large metal shield . The rate of change of temperature 

of the calorimeter depends on several factors, the most important being 

the temt:erature difference bet\-leen the jacket and calorimetel' and the 

thermal conductivity between the tt-to . The latter may be decreased by 
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polishing the adjacent surfaces and also by evacuating the space between 

the calorimeter and jacket as in DeHar Flasks. The temperature difference 

may be made as small as practicable but will change during the reaction 

period. This is overcome by the next method to be described. 

(ii) Adiabatic Method 

By making the temperature difference between the calorimeter 

and jacket as small as possible, most of the heat exchange between the 

calorimeter and jacket is eliminated. This is quite useful since in 

both methods (i) and (ii) the "corrected temperature rise" needs to be 

calculated. This requires a "fore " and "after" rating period to 

establish the rate of change of temperature of the calorimeter due to 

heat exchange, heat of stirring and evaporation losses. These corrections 

may be quite lar~e for method (i), especially when slow reactions are 

involved, so that adiabatic control may be the natural choice in such 

cases. It has been pointed out, however, (12) that for fast reactions 

the constant temperature environment calorimeter may be preferable. 

(iii) Heat -Leak Calorimeters 

Instead of eliminating heat-leakage, this class of calorimeter 

employs the phenomenon to evaluate heats of reaction. The calorimeters 

of Calvet (13) and Kitzinger and Benzinger (14) are typical examples which 

have been extensively used. Essentially, the heat of reaction is 

measured by plotting the difference in temperature of the calorimeter and 

jacket against time and integrating graphically : 
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~ = KCT - Tj) dt 

where T, Tj are the temperature of the calorimeter and jacket respectively, 

s-K is a constant, dt - heat flow with respect to time. 

dq = K(T - Tj)dt 

~q 
(' t2 = K \ (T - Tj) dt 

After suitable calibration, 6q is the heat of reaction between tl and t 2 • 

(iv) Twin Calorimeters 

If two calorimeter vessels are constructed so that they are as 

nearly identical as possible and if simultaneous measurements of 

temperature are made on the vessels in the same environment, a number 

of advantages are obtained. Almost the \-Ihole error due to heat leakage 

is eliminated and, most important, differential observation is possible 

by the use of thermocouples, 'rlhich can be very precise temperature 

transducers . Differential observation permits the use of a twin system 

as a scanning calorimeter since the continuous rise in temperature of 

the scanning system need not be recorded as the ordinate of a graph. 

The ordinate in this differential process should only depend on the 

chemical reaction occurring in the calorimeter. This is the basis of 

differential thermal analysis (DTA)(15), and also of a quantitative 

scanning calorimeter described by Arndt and Fujita (16). For future 

reference, the title of "scanning calorimeter" will be applied to a 

calorimeter designed to undergo a steady temperature rise, or fall, in 

addition to any such change caused by the heat of reaction. 



Isothermal Calorimeters 

(i) Labyrinth Flow 
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In this type , heat is removed from , or added to, the calorimeter 

by a rapid flow of thermostatted liquid which surrounds the calorimeter. 

The heat of reaction is estimated by measuring the temperature change of 

the liquid after passing round the calorimeter. This is properly 

classified as isothermal since the temperature of the calorimeter is not 

recorded, in addition to the isothermal operation of the calorimeter. 

More details are given elsewhere (17, 18). 

(ii) Phase Change Calorimeters 

This classic type of isothermal calorimeter measures heat effects 

by the extent of an isothermal phase change produced in the calorimeter. 

Very precise measurements are possible with this technique and it has 

several advantages over the non-isothermal type. The heat leak is clearly 

minimal due to the isothermal nature of the calorimeter and this permits 

its app~ication to very slow reactions or small heat effects. Among the 

calorimetric liquids which have been used are ice (fusion), diphenyl ether 

(fusion), napthalene ( fusion ) and ammonia (vaporisation). By attaching 

a fine-bore capillary to the liquid reservoir, the sensitivity of the 

apparatus is greatly increased. Sensitivity is also increased by using 

calorimetric liquids with small heats of transformation or which undergo 

a large volume change during the transformation. 
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(iii) Temperature Controlled Calorimetry 

In this relatively new technique (11), temperature control is 

maintained by subjecting the calorimeter to various heat flow rates . 

As in the phase-change calorimeter, temperature is the cOt'\tro I/ e.c! 

variable and enthalpy , or its derivative, is the dependent , measured 

variable . Integration of the heat flow rate with respect to time gives 

the total heat effect . As in the case of the phase-change calorimeter 

this method may be used for slow reactions due to the lack of necessity 

of rating periods , although these are often used . Also , the system may 

be made Q. x t l"e. ~el!f small - the only requirement, in addition to a 

calorimeter vessel , being a temperature controlled surface . 

The system l ends itself to scanning calorimetry after certain 

modifications . Clearly , in operating a scanning calorimeter , heat has not 

only to be supplied for temperature control between the calorimeter 

vessel and its surroundings but also to raise the temperature of the whole 

assembly . This is overcome (11 ) by hlin-calorimeter operation . Separate 

circuits control the temperature of the assembly and the temperature 

difference between the two calorimeters . In this way the enthalpy change 

i s easily detected, whereas it would not be if superimposed on the heat 

required for equilibration of t he whole assembly . This procedure 

effectively eliminates spurious effects due to heat losses from the 

calorimeter which would greatly modify the heat flow rate in the absence 

of twin operation . 
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Non-isothe~)al calorimetry is not suitable for scanning calorimetry 

for several reasons . Firstly, the technique would become very lengthy 

because of the large thermal lag of the system . Adiabatic control 

would only aggravate the situation due to the larger physical size of the 

enclosure and its consequent higher lag . Rapid temperature increase would 

give rise to intolerable temperature gradients within the calorimeter 

enclosure . Adiabatic calorimetry can not cancel the background heat flow 

since the sample and reference calorimeter temperatures would be neither 

equal nor reproducible, by virtue of the fact that temperature is the 

measured variable and is a function of the heat of reaction and heat 

capacity . It is also extremely difficult to modify an adiabatic 

calorimeter to scan down in temperature; this precludes the study of 

reversible phenomena . 

Differerrdal isothermal calorimetry is not subject to these 

limitations . The system is inherently fast and eXO:hermic reactions 

are studied as easily as endothermic ones simply by decreasing the 

flow of heat from the temperature controlled surface during such a reaction . 

The Perkin-Elmer DSC-l is an example of a differential temperature

controlled twin calorimetric system . Its performance has been examined in 

detail by O'Neill (11) who has shown that such a calorimeter is ideally 

suited to the study of sharp transitions . A quantitative instrument 

which is essentially temperature controlled has been described by Speros 

and Hoodhouse (19 ). Its operation would not appear to be as convenient 

as the DSC-l and, in addition, heats of fusion are the only data which 

have been obtained with this instrument. 
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Transition Metal Complexes 

The thermochemistry of transition metal complexes has received 

considerable attention . Many techniques have been used, including 

direct thermochemical measurements. 

Some typical examples are listed in Table 1 . 

Table 1 

Method and application 

Direct calorimetry, Cobalt 11-
ammines 

Direct calorimetry using Calvet 
calorimeter-pyridine complexes of 
Cobalt ( II) 

Argentometric determination of 
equilibrium constants for 
thiocyanate co~plexes . Stepwise 
heats of reaction 

Determination of equilibrium 
constants for metal chelates over 
temperature range by e .m.f . method 

Spectro-photometric determination 
of equilibrium constants for 
copper 11 complexes 

Bomb calorimetry of metal chelates 

Author and numericaol reference 

K. B. Yatsimirskii and 
L. L. Pankova (20) . 

S .J . Ashcroft, G. Beech and 
C.T. l10rtimer (21) . 

K.G . Poulsen et al . (22) . 

A.E . l1artell (23 ). 

S . Cabani et al . (24) . 

J . L. Hood and M.M. Jones (25 ). 

The heats of reaction yield valuable information on the relative 

donor strengths of co-ordinated groups (normally termed "ligands"). 

Various authors ( 26, 27 ) have correlated such factors as ion size , 

stereochemi stry and ligand type with thermodynamic data . George and 

MCClure ( 28 ) have observed the effects of inner-orbital splitting on the 



(a) 

(b) 

y 

.. :.: .... : 
~: .:..:: 

..... ,'1' 

x 

a"orbiul 

. .t. :,:" .. 
".:". +/"<. 
">;:,'. 

..... 
:i::.';.-t ..... : 

:.':'.;I:;~::~.\.:;:> 

1ic't'-
.. ·1··' a, orbital 

R(r) 

:: 

:;/./::.:~ ..... :,> . 
'" ... :: ... ,: ... :;' .. ,: .... :+ ..... :: .. :.:.~ .. :,:.: ... : .. : ~;~':;::~.,: '" 

a.orbiul 

tI .. _ .. orbilJl 

...... ---

Figure (I) (a) Doundary surfaces of the d orbitals. (~) Plot 
of U(r) vs. r for a 3d orbital. 



12 

thermodynamic properties of co-ordination compounds . Inner orbital 

splitting Hill be discussed in the following section . 

The present work sought to establish, from thermochemical data , 

the effects of the following on the strengths of metal- ligand bonds : 

(i) Steric hindrance bebleen t~~ L~~GlL.I\.J.s. 

( ii ) Ligand basicity 

(iii) The relative importance of a- and n-bonding in metal complexes . 

(iv ) Inner orbital splitting . 

Effect ( iv) necessitates some amplification and is dealt with , 

briefly , below . It is necessary to give a short account of the background 

theory so that certain symbols and parameters may be defined . 

Crystal Field Theory 

Crystal field theory is a purely electrostatic theory which describes 

how the energies of atomic orbitals change when a co- ordination compound 

is formed . He shall only be concerned with complexes of the first 

transition series metals - those with partly filled 3d electron shells . 

The d orbitals have characteristic shapes, as shown in Figure (1 ). 

By placing ligands at t he corners of an octahedron , the axes along which 

the ~2-~and dz 2 orbitals lie are defined as the metal-ligand axes . 

Let us consider the simplest case of a positive ion with one d

electron . The orbitals which this electron may occupy fall into two 

classes; the dz 2 and d(x2_y2) which point towards the ligands and the 

dxy , dxz and dyz which point between t he ligands . The bringing up of 

the six ligands towards the ion has the following effects :-
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(i) An initial lowering in the metal-li~and energy due to electro-

static attraction. 

(ii) A raising of the energy due to electron repulsion between the 

ligands and between the ligand and central metal ion electron(s). 

(iii) A raising in energy of the orbitals pointing towards the ligands 

(d 2 and d 2 2) relative to those Hhich point aVlay from the ligands 
z x -y 

(dxy, dxz and dyz). The symbols eg and t 2g , respectively, are usually 

applied to these two degenerate sets of orbitals. Other symbols have 

also been used ( 29 ). 

The sequence (i), (ii) and (iii) is shown in Figure 2(a). 

For a tetrahedral arrangement of ligands, the splitting pattern is 

inverted. The upper lying triply degenerate set of orbitals, is given 

the symbol t2 and the lower doubly degenerate set the symbol e (see 

Figure 2(b)). 

The magnitude of the splitting for octahedral complexes is 

-1 typically 10,000 - 20 ,000cm in the first transition series and is 

referred to as ~ or 10Dq. ~ is the experimental parameter while 
o 0 

10Dq is a mathematical abbreviation . The symbol ~ t is the experime~tal te 

parameter used in tetrahedral symmetry and is about four-ninths of ~ 
o 

for the same metal and ligands. For electron configurations other 

than d1 , dS or d9, the situation is not so simple since for anything 

but a strong crystal field the occupation numbers of the t
2g 

and e
g

, or 

t2 and e, orbitals are not integral. Term wave functions must be 

considered and an ex~ple of the complicated splitting which tends 
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to occur is shown in Figure 3 for the dB configuration (30) . 

For stronr, cubic crystal fi elds, the terms ar e "sorted" into 

t m eP(g) configurations . The first three d-electrons are fed into 
2( g ) 

the t set of orbitals (for an octahedral complex) . The fourth 
2g 

may go into an e
g 

orbital or a t 2g orbital . The latter will be 

favoured if the splitting of the two levels is large enough to over-

come the "energy of spin pairing" which occurs on double occupation of 

t orbital. 
a 2g 

It may be shown that ( 31 ) the energies of the t 2g and eg levels 

. are 2~~ and 3k~ respectively , r e lative to the originally degenerate 
~ 0 0 

energy level (Figure 2( a» . It is a simple matter to calculate the 

crystal field stabilisation energy for d
n 

configurations and the results 

are shown in Table 2 . The stabilisation is relative to the originally 

unsplit dn energy level resulting from placing the six ligands in 

their equilibrium positions . 

Table 2 

orbital occupation Crystal Field Stabilisation 

0 0 t 3 e 2 0 t 2g 
e g 2g g 

t 1 0 t 4 e 2 21s~ e 
2g g 2g g 0 

t 2 0 t 5 e 2 41s ll e 
2g g 2g g 0 

t 3 0 t 6 e 1 %~ e 
2g g 2g g 0 

t 3 1 t 6 e 3 31s~ e 
2g g 2g g 0 

Energy 
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If all the other quantities which contribute to the overall 

heat of formation of a complex compound are constant«vary smoothly 

in a predictable m~nner (for ex~nple the effective charge of the 

central ion) then any deviation of the heat of formation of the compound 

may be attributed to crystal field effects . In fact, it has been found 

( 31) that plots of many thermodynamic properties against atomic number 

for the compounds of the elements scandium to zinc are neither linear 

nor smoothly varying but "double-humped" . 

The deviation from an interpolated buseline is attributed to 

crystal field stabilisation energy and comparison of crystal field 

parameters calculated from thermochemical and spectroscopic measurements 

have been made (31) . This present work yields similar non- linear plots 

and these have been interpreted in terms of crystal field theory . 





Fin;ure 1 Adiabatic Reaction Calorimeter 

This photograph shows (left to right) the calorimeter 

can, adiabatic jacket and glass reaction vessel. 



CHAPTER 2 

2.1 Adiabatic Reaction Calorimeter 

The calorimeter, originally designed for combustion calorimetry, 

was manufactured by A. Gallenkamp and Co . Ltd. (type C.B. 040, Fig. 1). 

It consists of an inner can, filled \-1ith \'later and containing the 

glass reaction vessel, and an outer water jacket surrounding the inner 

can. The temperature of the outer jacket automatically follows that 

of the inner can by measuring the two temperatures with thermistors 

vlhich comprise two arms of a Hheatstone bridge. Hhen the temperatures 

differ, an out of balance signal actuates a relay controlling the 

jacket heater. The response time of the system is shortened by the 

use of a cooling coil passing through the jacket. 

The reaction vessel, of 400 ml capacity, was provided with 

a combined stopper and stirrer guide and had raised spikes to facilitate 

breakage of glass sample ampoules. These ampoules were fitted to the 

end of the stirring rod, which was driven through a flexible rubber 

coupling by a constant speed motor . 

Temperature measurements were made with a platinum resistance 

thermometer (Cambridge, No. C.654287) in conjunction with a Smith's 

Difference Bridge (Cambridge, L303552 ) and a galvanometer . 

Calibrations were performed electrically by using a non

inductively wire wound manganin heater powered by twelve 12V, 40amp.hr, 

lead accumulators Hired in three parallel banks each containing four 

accumulators in series so that a potential of 48V was available. 
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The accumulators Here discharged through a dummy heater for 2 to 3 hours 

before use . The calibration heater (R) was wired in series with the 

In and in parallel with the series connected 10,000n and lOOn 

resistors as in Figure (2) . 

From Figure (2), 

E ' = 101V 2 

100 
/10,100 

(1) 

If the current flow in the 10,100n branch is i and that in R is i ' : 

i = V2 
/100 

and, i + i ' = VI 

i' = V - V 
1 2/100 

Equations (1) and (2) give the required current-voltage data . 

V
l 

and V2 were measured Hith a Pye precision vernier potentiometer 

(pye and Co , Ltd . ) . The duration of current flow was detennined by the 

use of a transistorized millisecond stopclock (Type T.S . A. 4 Venner 

Electronics Ltd.) . 

Resistance-time readinp,s were taken every tHO minutes before 

the reaction or calibration period and continued after this period 

until a linear rise or fall in temperature was attained . Ideally, 

the temperature change in these fore- and after- periods should be 

zero . The resistance chill1ge (6R) was evaluated from the resistance-

time graph (Figure (3)) by extrapolation of the after period readings 
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to the commencement of the reaction period and subtraction of the 

two values . 

Knm-ling the mass of sample, the temperature rise and the 

energy equivalent of the calorimeter, as determined by electrical 

calibration, the heat of reaction in Kcals . per mole could be 

calculated : 

- tlH = Es x tlR x rI .wt . of sample/wt . of sample(Kcals . /mole) 

where, tlR = increase in thermometer resistance (ohms.) 

E = Energy equivalent in Kcals ./ohm . 
s 

All measurements ,,,,ere made at approximately 2SoC. 

2 .1.1 Adiabatic Reaction Calorimetry of the Cobalt ChlorIde, 

Triphenylphosphine System 

The preparation of Dichlorobis (triphenylphosphine) cobalt (11 ) 

has been d escribed together with many complexes of related ligands 

( 32 , 33) . The magnetic moment ( 4 . 51 BM) and ultraviolet spectrum of 

the compound indicate that the local symmetry around the cobalt atom 

is tetrahedral . 

Previous reports of the preparation have given the melting 

point of the compound as 247- 5loC (32) and 231-232oC (33) Hhereas the 

compound reported here (see Experimental ) has a melting point of 

237-2390 C. The precise melting point, which is accompanied by 

decomposition, appears to be a function of the rate of temperature 

increase and no definite conclusions may be drawn from these figures . 

Hany other phosphine complexes exhibit a similar behaviour. 
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Procedure 

All t he react ions were initiated by crushing a thin-walled 

glass ampoule containing the reactant into the relevant solution . 

The ampoules were sealed by heating the neck in a gas-oxygen flame 

after cooling the sample area in liquid nitrogen . The sealed ampoules 

were attached to the st irrer by a small amount of IIAraldite". 

The samples were weighed to an accuracy of 2~g and enough 

sample used to give a measurable temperature change (a change of at 

least 0.0010 in the thermometer resistance was achieved) . 

Since heats of solution are normally concentration dependent, 

it was desirable to use similar amounts of solutes to those formed 

in the heat of reaction measurements for the solution measurements . 

That is, if x gms. of product were formed during reaction then x gms . 

of that product should be taken to measure the heat of solution . 

This approach was limited, hO'Vlever, by solubility restrictions . 

Calibrations were performed, as previously described, after 

each reaction in orJer that the calibration constant should be 

relevant to the reaction being studied. This was not possible for 

reaction (1) due to fluctuation of the power supply and the average 

constant from reaction (2) was used. 

After each reaction , it was necessary to ensure that no solid 

remained from, for exwnple, incomplete ampoule breakage . A visual 

inspection was adequate for this purpose and in no instance was any 

solid observed. 
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Figure 4 Differential Scanning Calorimeter 

General view shmdnr; (left to right) the control unit, 

analyser and recorder. 

Bottom Left 

Close up of sample holder assembly shm .. ing sample and reference 

cups with centimetric scale for comparison. 

Bottom Right 

This photograph shows some of the specially designed accessories 

for the DSC-l. At the top is shown a pair of sample holder covers for 

heat capacity measurements. In the middle are the synthetic sapphires 

used for heat capacity calibration. At the bottom there is a sample pan 

with the "domed" cover mentioned in the text. A centimetric scale is 

shown to the right for comparison. 



20 

The heats of the following reactions were determined; 

the data obtained are summarised in tables (1) to (4) of Chapter 3. 

CoC12 .6H20( cryst,)+ (2 . T'l~ 3 P ,563EtOH ) (liq, )"* 

(Co( ?;1 3 p )2C12' 6H2 ) ,563EtOH) (liq.) (1) 

6H 0(. )+ 5S3EtOH(l" )"* (SH20,563EtOH)(l' ) (3) 2 l~q. ~q. ~q. 

Co( Ph" p) C12( t)+ (6H20,S63EtOH) (1' )"* 
~. crys . ~q. 

(Co( ?:3 p) 2C12' SH20, 563EtOH) (liq .) 

2.2 Differential Scanning Calorimeter 

The calorimeter (model DSC-l) is mauufactured by the Perkin-

Elmer Corporation for the purpose of recording enthalpy changes 

accompanying phys ical or chemical changes in a substance while the 

temperature of the slIDstance is increasing or decreasing at a linear 

rate. Vlith the DSC-l, the available rates of heating or cooling 

(scanning speeds) are 0.5, 1, 2, 4, 8, 16, 32 and 640 K per minute. 

The temperatures of the sample and reference holders are raised by 

small electrical heaters embedded within them. Temperature control 

is achieved by two Hheatstone bridge circuits. The first compares 

the resistance of the sample and reference sensors, also enbedded in the 

sample holders, with a variable resistance, the value of which changes 

at a rate proportional to the selected scanning speed. Hhen the 
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temperature of the nolders becomes greater or less than the programme 

temperature, the error voltage from the bridge is am?lified and 

according to its polarity is added to, or subtracted from, the heater 

supply voltage . The second circuit compares the resistance of the 

sample sensor with that of the reference sensor. If the ratio of these 

resistances is equal to the ratio of the resistances in the other arm 

of the bridge , there will normally be zero output voltage. Hhen the 

sample temperature changes, due to a reaction occurring, the sensor 

resistance changes and an error vOltage appears at the bridge output . 

This is amplified and , depending on the polarity of the voltage, is 

supplied through one of two diodes to one of the two heaters until the 

bridge output is once more zero and temperature balance reattained . 

The first circuit is seen to control the average temperature 

of the sample holders while the second supplies differential power to 

the sample holder heater. This differential power is amplified by the 

readout amplifier and finally presented on a 5ma recorder (Texas 

Instrument Inc .). Since the ordinate is proportional to the rate at 

which power is supplied to the sample and the abscissa is proportional 

to time then integration of the pen deflection gives the total energy 

change in the time interval studied. This is achieved by measuring the 

area of the peak obtained during some reaction period. Sensitivities 

of 2, 4, 8, 16 and 32 milli calories per second per full scale deflection 

are available. 
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The instrument was calibrated by using the heat of fusion of 

indiurn as a standard quantity. Indium is available in very high purity 

(99.999% in this work) and its heat of fusion has been determined 

to a high degree of accur acy (34). The melting point of indium 

(4290 K) was used for temperature calibration . Peak areas were 

measured with a planimeter (ALLBRIT) to a reproducibility of 1%. 

A typical thermor;ram obtained with the DSC-l is shown in 

Figure 5 with all necessary information. 

2.2.1 Sample Handling 

Samples, normally solids, wer e enclosed in small pans of 

5.5 thousandths of an inch thick aluminium . Lids of the same 

material were placed over the samples and either "crimpoo ll dO\m tightly 

wi th a press or allm-led to res"t loosely on top. The latter procedure, 

using slightly domed lids, was favoured since, if gas evolution 

occurred during or after fusion, the molten sample tended to be 

forced out from the small available space of the crimped pan. 

A small number of platinum pans were manufactured for use in highly 

corrosive systems. 

Sample weights Here normally 5 to 10 mg and t'lere weighed on 

~~ electromicrobalance (EMB-l) manufactured by the Research and 

Industrial Instrumen"ts Company. The weight loss of the sample after 

thermal decomposition was also noted so that the progress of the 

reaction could be checked. Hith compounds having well defined 
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decomposition paths , this provided a routine purity check. The progress 

of the decomposition was also noted by using the gas evolution detector 

of the calorimeter but was found to give only semi- quantitative 

information . 

All decompositions were carried out in an atmosphere of dry 

nitrogen which passed through the sample enclosure at a rate of 

30 ml per minute. It was particularly important to use dry gas at 

temperatures less than ambient since traces of moist ure quickly cause 

precipitation on the sample holders at low temperatures . These 

temperatures were attained by the use of a sample holder assembly 

cover containing liqui d nit rogen . 

This cover was found to be useful in achieving intermediate 

temperatures (e . g . _lOoe to oOe ) by placing it on top of the normal 

assembly cover . Excessive condensation was avoided in this way but 

temperatures low enouch for collection of easily condensable products 

of decompositions were obtained . The condensed products, either solid 

or liquid , were collected from the cover and their i nfrared spectra 

recorded. This was most useful in providing proof of the nature of 

the products of decomposition . 

Air sensit i ve complexes, such as those of iron (11 ) and 

chromium ( 11 ) were handled in nitrogen . 
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2.2.2 Heasurements of Heat Capacities with a Differential 

Scanning Calorimeter 

The orci.inate rean..- out of the instrument represents the 

differential heat flow to the sample which, after calibration. may 

be expressed in calories pel' s econd . The heat flovT is proportional 

to the t i me derivative of the enthalpy of the sample: 

D(deflection ) = 

or D = 

D = 

KdH 
dt 0< is a constant ) 

T is the s ample temperature 

dT 
K n Ci )cPCi )dt ni = number of moles of 

substance, i 

CP Ci ) = heat capacity of i . 

KnovTing the sensitivity of the instrument and , hence , D/ K i n milli-

calories per second, CP Ci ) could, in principle at leas4be ca l culated. 

However, the scanning rate is not quite linear and so the 

ordinate deflection is temperature dependent to a small extent . 

This does not in any way affect peak area measurements since the 

time axis will be l encthened or shortened accordingly . 

To eliminate this error , a standard compound having a knovm 

heat capacity may be run under the s ame conditions as the sampl e . 

By taking the ratios of the r espective deflections. dT/
dt 

and k 

cancel to l eave a s i mple heat capacity ratio . The deflections are 

measured relative to a baseline obtained with an empty pan . In or der 

that t hese measurements refer only to the hent capacities of the sample 
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pan contents it is essential that heat losses from the holders are 

reproducible for each run. This was ensured by placing tightly 

fitting covers over each holder, each cover having a location mark. 

It was founcl t hat removal of the protective disc from the holder 

assembly gave more reproducible results since the air gap from each 

holder to the outer cylinder of the assembly was increased. Small 

error s in positioning of the covers then caused a minimal change in 

temperature gradient. The practical details of the method are as 

follows: 

(1) An empty pan is placed in a sample holder and the holder covers 

placed in position. 

(2) An isothermal baseline is recorded for a feH minutes and the 

selected temperature and sensitivity . 

(3) Scanning is started at 80 or l60K per minute anu continued for 

o 
40 - 50 K. 

(4) An isothermal baseline at the higher temperature is recorded. 

This baseline level should not differ from that at the 10Her temperature 

by more than *5%. If it does, the procedure is repeated with varying 

instrument parameters until the optimum conditions are found. 

(5) The procedure is repeated, using the same sample pan i,1ith the 

sapphire and sample respectively. The heat capacity of sapphire has 

been determined with great accuracy (35). 

(6) The higher temperature isothermal baseline is extrapolated back 

to the temperature attained at the end of the scanning period and a 



Fig (6) 
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baseline dralm between this point and the point on the low temperature 

isotherm where scanning commenced. The pen deflections for each of the 

runs are measured at selected temperatures and converted into heat 

capacities by the equation: 

= n Cp/n'Cp' 

where 0 and Of are the measured pen deflections from the "no- sample" 

baseline. A typical set of results are shown, superimposed, in 

Figure (3) . 

The measurements are repeated over various temperature ranges 

until sufficient data are obtained . 

Heat capacities of polyethylenes have been determined by 

Hunderlich and Dole in a similar manner and shown to be in good 

agreement with values calculated from infra-red spectral assignments (36 ) . 

Heat capacities of gold, nickel and a nylon resin, as determined with 

a DSC-l, have also been reported ( 37 ). 

2 . 2 . 3 

(a ) The relation of the total enthalpy change measured over a 

temperature range to the enthalpy change at a particular temperatur 

For the reaction 

A ~ B + C (cryst.) (cryst . ) (gas ) 

let the symbols beloH characterise the follmdng properties of the system:-

= Heat of reaction at temperature Ti signifying start of 

decomposition. 
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6H~ = Heat of reaction at temperature Tl midVTay between T. 
1 , 2 J. 

2' 
and Tf , the latte~ signifying end of decomposition. 

Cp(A)' Cp(B)' Cp(C) = heat capacities of A, Band C respectively . 

6Cp = (Cp(B) + Cp(C) - Cp(A» 

The general appearance of such a decomposition thermogram is shown in 

Figure (7). c is the area enclosed by the extrapolated line representing 

the heat capacity of B and an'~mpty pan" baseline i.e . it represents 

the heat required to heat one ·,nole of B from Ti to Tf" The whole area 

a + b + c represents the heat l:!equired to carry out the decompoS.ition 

in which C is continually evolved . If the evolution is symmetrical 

about T J. , i . e . as much C is evolved before T, as it is after T 1 , 
;~ 2" 2 

then the process may be simplified to one having the same energy 

chaur,e but simpler steps: 

(1) Decompose A at T. isothermally (6H ) 
J. T. 

l. 

(2) Heat B from T. to Tf (Cp(B) (Tf - T.) = C) 
J. J. 

(3) Heat C from T. to T~ (C!?(C)(T~ - T. » 
J. J. 

a + b + c = LlH T. + Cp(C)(T~ - Ti ) + c 
J. 

a + b = LlHT. + :p(C)(T~ - Ti ) 
J. -

but from Figure (6) if the heat capacities are independent of 

temperature 

a = 6HT. + (T, 
J. "2 

a = LlHT. + (T , 
l. ::! 

a = 6HT, 
"2 

Tt )( Cp(C) 

T.)6Cp 
~ 

+ Cp(B) - Cp(A» 

T. ) 
l. 

(1) 

(2) 
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If the evoluti011 is not symmetrical but is more or less linear, as is 

more normal, equation (1) should contain an additional term of 

Cp(C)(Tx - T~) since half of C will not be evolved until some higher 

temperature Tx and equation (2) becomes: 

6HT~ + Cp(C) (Tx - T~) 

At some temperature T (T > T > T,): 
y y x :2 

a = 

MIT 
y 

when a = 6HT : 
y 

T 
Y 

= MIT, + 6Cp(T 
2 

= 

y 
T,) 

2 

6Cp(T - T,) 
y "2 

For an idealised case i n \vhich C is evolved at a linear rate from 

Ti to T
f 

it is simple to prove that: 

T -T= h (T1 -TJ 
X ~ 2 

(3) 

It is see~therefore, that the measured area (a) represents the 

heat of reaction at some temperature slightly above T1. The exact 
2 

calculation of this temperature requires not only the form of the 

equation representing the rate of gas evolution but also Cp(C) and 

6Cp. These terms are strictly also temperature dependent so that the 

equations preceding (1), (2) and (3) should contain integration terms 

rather than the simple 6Cp term. 

The most characteristic temperatures of a thermogram are T., 
~ 

T
f 

and T where T is the temperature at which the rate of gas evolution p p 

and, hence, of reaction is a maximu.ll. These parameters are quoted in 
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all the data relating to decompositions and no attempt has been made 

to calculate T. Clearly, T should lie somewhere between T, and T 
y Y :! P 

but, since the reactions all proceed at relatively high temperatures 

the uncertainty is quite small and unlikely to be more than 100 - 200 K 

in several hundred degrees . 

(b) Relation of liB at a high temperature, T, Vlith t.H at some 

standard temperature TO (usually 298
0

K) 

The relation between these two quantities is normally obtained 

by the Kirchoff Equation :-
T 

= 6CpdT 

t.Cp is the change in he~t capacity for the reaction, i.e. 

E Cp(products) - E Cp(reactants), and is normally temperature 

dependent to some extent since the heat capacity of a substance is 

usually given by an equation such as: 

Cp = -2 a + bT + eT 

Correction of the observed heats of reaction~ obtained by use of the 

Differential Scanning Calorimeter, to 298
0 K therefore requires values 

for the heat capacities of reactants and products. Some heat capacities 

have been measured with the calorimeter and the corrections calculated 

in Chapter 4. 
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An Assessment of the Performance of the Differential 

Scanning Calorimeter 

It was thouGht t o be necessary to check the performance of 

the DSC-l by usin~ substances of well defined thermochemistry before 

proceeding to make measurements of thermal data not previously 

reported. Speros and Hoodhouse (19) used the heats of fusion of 

several substances to check the performance of their quantitative 

differential thermal analyser . Since decomposition has been the 

process studied in this lvork it .. Tas also necessary to measure the 

heats of some decomposition processes in order to be sure that the 

instrument was capable of giving good results when used for 

studying either fusion or decomposition . The selection of suitable 

starting compounds Has subj ect to the limitations that, firstly, they 

should be available in high purity and, secondly, that the heats of 

formation of both the starting compounds and products of decomposition 

should be well-knOiffi . In addition, the decomposition necessarily had 

to be within the range of temperatures available (-100 to +500oC). 

The substances chosen were: 

(1) Copper sulphate pentahydrate (> 99 . 9%) 

(2) Calcium sUlphate dihydrate ( > 99 ~; ) 

(3) Sodium bicarbonate (> 99 . 5% ) 

(4) Sodium dihydrogen phosphate (> 99%) 

(5) Metallic lead (> 99 • 9~6) 

All compounds "\-lere of "Analar" quality., 
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(1) Copper Sulphate Pentahydrate 

The compound decomposes in t ':TO stages, yieldinr; firstly the 

monohydrate and then the anhydrous salt. The enthalpy change for each 

stage VTas found to be 51.1 ± O. 6Kcals. and 17.3 ± O. 2Kcals . at the 

respective decomposition temperatures . The values calculated from 

Circular 500 (38) for the same reactions are 54 . 3 and 17.2Kcals . 

respectively at 25 0 C. Using approximate values of the heat capacities 

(Cp) of the various substances, it 

Kirchoff express ion, 6H1' - 6HT . 2 1 

ECp reactants), that the heats of 

can be calculated, using the 

= J:2 6CpdT (6Cp = ECp products -
Tl 

react~on at room temperature are 

O. lKcals . and 0 . 2Kcals . greater than the values at the high temperatures 

at which the decompositions occur. This makes negligible difference 

to the original answers and agreement is seen to be quite good. 

(2) Calcium Sulphate Dihydrate 

A great deal of information has been obtained on the calcium 

sulphate-Hater system and much of it is very conflicting. An attempt 

has been made by P c:snj e. k (39) and Kclley (40) to bring some order 

into the situation. Only one peak appeared in the thermogram so 

that only the various forms of the anhydrous salt need be considered . 

These are Insoluble anhydrite 

Soluble a-anhydrite 

Soluble 8-anhydrite 

It is unlikely that the insoluble form is produced since Kelley (40) 

states that it is only formed in the presence of liquid water above 313°C 
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and is not formed in the dry state at "ordinary temperatures". It is 

presumed that these are greater than about SOOoC although no definite 

temperatures are quoted. This leaves only the a and 8-forms as 

possibilities and, using the data in Kelley's paper, the heat of 

reaction of gyp&~ being dehydrated to soluble a- or 8-anhydrite is 

calculated to be 26.4 or 27.SKcals . respectively (no uncertainties 

were attached to these latter figures) . The value of 24.5 ± 0 . 6Kcals. 

obtained with the DSC-l is seen to be similar to the values reported 

by Kelley and with a probable uncertainty of ±lKcal. attached to his data 

agreement is quite good . The most recent value reported by any other 

worker for this reaction is 22 . 7 ± 0.5Kcals ./mole (41). This Horker 

also used a quantitative differential thermal analyser but employed much 

slower heating rates than those used in this ywrk. 

(3) Sodium Bicarbonate 

At the temperature of decomposition, a heat of decomposition 

of 15 .2 ± O. lKcals . /mole of sodi~~ bicarbonate was found for the 

reaction: 

Circular 500 reports a value of l5 . 4Kcals . for this reaction at 2SoC. 

The Kirchoff correction only amounts to -O.lKcal. for correction to 

room temperature . 

(4) Sodium Dihydrogen Phosphate 

E. Calvet et al (42) have studied the thermal decomposition of 

sodium dihydrogen phosphate . In view of the similarity of their 
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technique to that used in this work, it was thought that the heat of 

this decomposition would provide a good test for the DSC-I . The data 

reported here are quite different from that of Calvet and are listed in 

Tables 53 to 56 of Chapter 3. There are no other independent sources 

of thermochemical data which may be used as a check on this heat of 

reaction and a considerable discrepancy still persists . An attempt was 

made to duplicate Calvet ' s work by operating at very slow scanning 

speeds ( 0 . 50 C/ minute ) but this did not bring about any better 

0. ~ re. Q.. "".e.,. "" t. 

(5) Metallic Lead 

The heat of fusion of lead was measured and found to be 

1. 08 ± O. 02Kcals • The value quoted by Stull and Sinke (43 ) is 

1.14Kcals . Both values refer to the heat of fusion at the meltinc point 

of I cz. a. cL. 

It ,.ould seem that the differential scanning calorimeter provides 

data which are in adequate a~reement with previously published values . 

These latter values Here obtained, for the most part, by solution 

calorimetry . For the particular substances mentioned above, the 
;T2 

Kirchoff integral, ~CpdT, was very small . In some cases, however, ! ,,' Tl 

this may be too large to be i gnored and should be applied as a correction 

to the values obtained at elevated temperatures if comparison with room 

temperature calorimetry is required . Values of Cp for some compounds 

have been calculated in an attempt to correlate certain data and are 

discussed later . 
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2 . 3 Materials used in Experimental '-Iork 

(a) Metals : 

Cobalt (Powder) 

Indium (Shot ) 

Iron Filinf,s 

Lead Foil 

(b) i1etal Salts : 

Koch-Light (99 . 5%) 

Koch-Light (99.999%) 

B.D.H . Laboratory reagent 

B.D.H. (Analar) 

Calcium chloride (hydrated) Hopkin and Hilliams, general purpose reacent 

Cadmium chloride (anhydrous) B.D. H. Laboratory reagent 

Calcium sulphate dihydrate 

Cobalt chloride hexahydrate 

Cobalt br-omide (hydrated) 

Cobalt iodide dihydrate 

Imperial Chemical Industries 

Pilkington Bros . Ltd . 

B. D.H. (Analar) 

B.D . H. Laboratory reagent 

B. D.H. Laboratory reagent 

Ltd . and 

Copper (Ir) chloride dihydrate t-1ay and Baker (reagent quality) 

Copper (11) sulphate 

pentahydrate 

Iron (Ill) chloride 

(anhydrous) 

Hanganese chloride 

tetrahydrate 

Nickel chloride ~axahydrate 

" Nickel bromide trihydrate 

B • D . H • ( Analar ) 

B.D .H. Laboratory reagent 

B. D.H. Laboratory reagent 

B • D • H. ( Analar ) 

B.D . H. Laboratory reagent 
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Nickel iodide (hydrated) B.D.H . Laboratory reagent 

Sodium bicarbonate B .D. H. ( Anal ar) 

Sodium dihydroGen phosphate 

dihydrate B. D .H. (Analar) 

( c ) Ligands : 

1\niline B. D.H. Laboratory reagent (Redistilled 

o 
b • pt . = 185 C) 

~': Pyrazine Aldrich Chemical Company 

~': 2-Methylpyrazine Ralph N. Emanuel Ltd . 

~': 2- , 5-dimethy lpyrazine Kodak Ltd . , Redistilled, b .pt . = l5GoC 

pyridazine Koch- Light Ltd . 

pyridine B. D.H. (Analar ) 

2-Nethylpyridine (a-picoline» Redistilled from 
) 

3- Methylpyridine (B-picoline » B. D. H. Laboratory 
) 

4-I1ethylpyridine{y- picoline » Reagent 

Pyrimidine Koch-Light Ltd. 

s -Triazine Aldrich Chemical Comaany 

b .pt . = l28 . l oC 

b .pt . = l430 C 

b .pt . = l430 C 

Triphenyl phosphine Koch- Light, recrystallised from absolute 

ethanol 

Distillations Here carried out on either a Fenske or 

Dufton column . 

Hanufacturers ' Analytical report supplied . 
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Abbreviations used to represent the ligands are: 

py 

a-pic 

f3-pic 

y-pic 

An 

pz 

~1p 

Dmp 

Pmd 

Tz 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

pyridine 

a-picoline 

f3-picoline 

y-picoline 

Aniline 

Pyrizine 

2-Methylpyrazine 

2, 5-Dimethylpyrazine 

pyrimidine 

triazine 

The follm'1ing compounds were prepared by Dr . L.F. 

of The Battersea College of Technology: 

Dichlorodipyridinechromium (11) 

Dibromodiaquodipyridinechromiu8 (rI) 

Diiododiaquodip yridinechromium (11) 

Diiodotetrapyridinechromium (11) 

CrpY2C12 

CrpY2(H20)2Br2 

CrpY2(H20)212 

CrpY412 

Larkworthy (44) 

Dichlorobis (a-picoline) Nickel (11 ), Ni(a-pic)2C12 (45) was 

obtained from Dr. J .V. Quagliano of Florida State University, 

Tallahassee, Florida, U.S.A. and a sample of violet-Dichloro 

(2, 5-Dimethylpyrazine) Cobalt (11) (46) from Dr. A.B . P. Lever of the 

Hanchester College of Science and Technology . 

The other compounds used in this work \Olere prepared by the methods 

given below. Hhere no reference is given after the compound it is believed 

that the preparation has not been previously reported . Several 
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2 . 4 Preparation of Compounds 

A general method of preparation of some compounds of the type 

HL
2

X
2 

or NL4X2 was to mix a hot ethanolic solution of the hydrated metal 

halide with a similar solution of the appropriate base. In each case , 

the compound precipitated almost immediately and , after allowing to 

cool, was filtered. Compounds of the type j\jL4X2 (L = base , X = halogen) 

Here not washed due to the ease with which they lost base to give compounds 

of the type tIL2X2: 

Solvent + HL X = i'IL X + 2L 4 2(cryst . ) . 2 2(cryst .) (soltn . ) 

The HL
2
X

2 
compounds were washed with ethanol orether. All the 

compounds Here air dried at room temperature, follm-led by drying over 

anhydrous calcium chloride . The compounds prepared by this method Here : 

(1) Dichlorodipyridinemanganese (ll) - I'1npY2C12 

(2) Dichlorobis ( S- picoline ) manganese (II) - Hn ( B- pic )2C12 

( 3) Dichlorobis (y-picoline) manganese (II) - iln (y-pic ) 2 C12 

A previous report (47) of (1), (2) and (3) consisted of refluxing 

the base .,ith the more appropriate halide. 

(4) Dichlorodipyridinecobalt (11) 

The product was recrystallised from anhydrous acetone. 

( 5) Dichlorobis (a-picoline ) cobalt (11) 

( G) Dibrornobis (a-picoline ) cobalt (II) 

(7) Diiodobis (a-picoline) cobalt (11 ) 

Co(a-pic)2C12 

Co(a-pic)2Br2 

Co(a-pic)212 

(8) Dibromodipyridinecobalt (11) CopY2Br2 

(9) Diiodotetrapyridinecobalt (11) 

(49) 

(49) 

(49) 

(49) 

(49,50) 



38 

(10) Dichlorotetrakis (S-picoline) cobalt (11) 

This compound was contaminated Hith t he bis (S-picoline) 

complex and was converted entirely to the latter by heating at 1000C 

for one hour. 

(11) Dibromotetrak is (B-picoline) cobalt (11) - Co(8-pic\Br2 
(50) 

(12) Dichlorotetrakis (y-picoline) cobalt (11) Co(y-pic\C12 (49 ) 

(13) Dibromotetrakis (y-picoline) cobalt (11) Co(y-pic\Br2 
(50 ) 

(14) Diiodotetrakis (y-picoline) cobalt (n) Co(y-pic\I
2 

(50) 

(15) Diiodotetrapyridinenickel . (11) NipY4I2 (51) 

(16) Dichlorodipyridinecopper (I I) CUPY2C12 (52 ) 

The follmling compounds were prepared by heating the appropriate 

halide with excess base, filtering the solution, and collecting the 

crystals formed on cooling . The complexes were washed vd th petroleum 

ether ( 60 - 800C boiling range) and air dried . The calcium compound was 

very moisture sensitive and was dried in a stream of dry nitrogen . 

(17) Dichlorotetrapyridinenickel (11) NipY4C12 (51) 

(18) Dibromotetrapyridinenickel ( 11) NipY4Br2 (51) 

(19) DichlorotetraJ<is (8-picoline ) nickel (II ) Ni( B-pic) 4C12 (51) 

(20 ) DichlorotetrCikis (y-picoline ) nickel (n) Ni(y-pic)4C12 (51) 

(21) Dichlorodipyridinecalcium (11) CapY2C12 (53) 

The cadmium complex also involved a different mode of preparation : 

(22) Dichlorodipyridinecadmium (11) (54) 

Aqueous solutions of cadmium chloride and pyridine were mixed and 

the white solid collected. This vIas recrystallised from water containing 

about 2% pyridine . 
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Complexes of ferrous iron with pyridine and related ligands were 

prepared as follows:-

Aqueous ferrous chloride was prepared by shaking a solution of 

ferric chloride with iron filings in a flask fitted with a bunsen valve 

for several hours until a thiocyanate solution gave no test for ferric 

iron . A faster reaction resulted if a small amount of dilute hydrochloric 

acid was added to expose a fresh surface on the iron filings . The mixture 

was filtered and added to a very large excess of the amine through 

which nitrogen was passing. Yellow crystals formed in each case which 

were filtered, washed rapidly with ethanol and dried overnight in a current 

of nitrogen . The complexes thus obtained were: 

(23) Dichlorotetrapyridineiron (11) FepY4Cl2 

(24) Dichlorotetrakis (S-picoline) iron (11) 

(25) Dichlorotetrakis (y-picoline) iron (11) 

Fe(B-pic)4Cl2 

Fe(y-pic)4Cl2 

(55) 

(56) 

(56) 

The pyrazine complexes were prepared by several different methods: 

(26) Dichloropyrazinemanganese (11) 

The compound precipitated as a white solid on adding an ethanolic 

solution of pyrazine to a similar solution of the halide. The solid was 

washed with ethanol and air dried. 

(27) Dichlorodipyrazineiron (11) 

Aqueous ferrous chloride (see compounds (1~) to (10» was mixed 

with an aqueous solution of pyrazine. On warminr, a red solid precipitated. 

This was filtered, \'iashed Hith ethanol and air dried. 
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(28) Dichlorodipyrazinecobalt (11) (57) 

Pink crystals of the compound formed on mixing hot aqeuous 

solutions of the halide and pyrazine . These were washed with cold water, 

then ethanol and finally 'vi th ether . 

(29) Dichlorotetrakis(methylpyrazine)cobalt (11»- CoMP4C12 (58) 

Pink crystals deposit on recrystallisine cobalt chloride 

hexahydrate from methylpyrazine . They were washed with petroleum 

ether (60 - 800 C boiling range) and air dried . 

(30 ) Dichloro(2,5-Dimethylpyrazine)cobalt (11) CoDmpC12 
(58) 

This intense blue compotll1d Has deposit ed on mixing ethanolic 

solutions of cobalt chloride hexahydrate and 2,5-dimethylpyrazine. 

The powder was washed with ethanol and air dried . 

(31) Dibromodipyrimidinecohalt (11 ) Co(Pmd)2Br2 

The compound was obtained as pink crystals on mixing ethanolic 

solutions of the ligand and the halide. The crystals were filtered, 

washed with ethanol and air dried . 

(32) Dichlorodipyrazinenickel (11 ) (59) 

Ethanolic solutions of the halide and the lir,and were mixed to 

give a pale green precipitate . This 'vas dissolved in aqueous ammonia 

and the resulting solution acidified with dilute hydrochloric acid . 

Pale green crystals on leavin~ the solution in a refrigerator overnight . 

(33) Dibromodipyrazinenickel (11 ) 

This was not prepared by the method in reference (59) but by 

mixing ethanolic solutions of nickel bromide and pyrazine . The pale green 

precipitate vIas Hashed with alcohol and allowed to air dry . 
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(34) 2- Dichloro(2,5-dimethylpyrazine )nickel (II)-3-water 

This Has prepared in the same way as compound (32). 

In addition to the compounds listed above, it was noted that 

complexes ,,,ere also formed on mixing cobalt chloride, nickel chloride 

or cupric chloride with pyrimidine, pyridazine or s-triazine . 

The compounds so obtained showed no definite weight loss on heating 

but gave a black pov/dcr or the appropriate metal as the decomposition 

product. ~,ro further investigations were carried out on these compounds. 

The aniline complexes were prepared by various methods which 

are listed below: 

(35) Dichlorobisanilinemanganese (11) (60) 

Wnite crystals of the ethanolate were deposited on mixing hot 

ethanolic solutions of the base and the halide . MnAn2C12 was prepared in 

situ for each run by heating the ethanolate to 350oK. Reference (60) 

reported the preparation of t1nAn2C12 from anhydrous manganese (II) chloride ! 

and aniline . It vias not found possible to duplicate this preparation and 

obtain a compound of the correct stoichiometry . 

(36) Dichlorohexakisanilineiron (11) 

Aqueous ferrous chloride Has prepared as in preparation (23) 

and warmed gently vThile a stream of nitrogen was passed through . Very pale 

gpeen crystals began to form vrhich were filtered and used immediately. 

An aqueous solution of the crystals gave no test for ferric iron . 

A fev.r grams of the solid ferrous chloride were added to excess 

aniline through '"hich nitrogen was passing continuously . The mixture was 
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warmed gently and stirred vigorously until a homogeneous white solid formed . 

This \-Ias filtered under nitrogen and washed quickly with petroleum 

ether (60 - 800 boiling range) . The compound was dried overnight in a 

stream of nitrogen . 

(37) Dichlorobisanilinecobalt ( 11 ) (60) 

Deep blu~ crystals of the complex deposited by allowing the solution 

obtained from refluxing the hydrated halide with aniline to cool slowly . 

(38) Dichlorobisanilinenickel (II)-bisethanol (60) 

The pale green solid, Hhich precipitated on mixing ethanolic 

solutions of the base and halide, was filtered, washed with ethanol and 

allowed to air dry . 

(39) Dichlorodianilinecadmium (11) (60) 

This viaS prepared in the same way as compound (38). 

The preparation of DichloroLis(triphenylphosphine)cobalt (11) 

has been reported previously (32, 33, 61) 

(40) Dichlorobis(triphenylphosphine )cobalt (11) 

Cobalt chloride hexahydrate \ .. as heated with a solution of 

triphenylphosphine In glacial acetic acid. On cooling, the solution 

deposited blue crystals of the compound . These were washed with 

ethanol and dried in a des i C cator over phosphorus pentoxide . 

2 . 5 Analysis of Compounds 

In addition to '·~ight loss data, microanalytical data were 

optained for ~ost of the complexes. In the case of the cobalt compl exes , 

the percentage metal has been estimated spectrophotometrically by the 

following method : 
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Colorimetric estimation of Cobalt (62, 63) 

Principle 

The absorbing species is the strongly coloured thiocyanate 

complex. The optical density of the solution, assuming Beer's Law, 

is given by: 

I 
log ~ = D = £cl 

I 

where £ is the molecular extinction coefficient, c is the concentration 

in gram moles per litre and 1 is the path length in centimetres . 

The ratio of tHO optical densities D and D' should correspond to 

solution concentrations, c and Cl, in the same ratic provided 1 and £ are 

constant for each solution . 

Reagents 

(1) Thiocyanate reav,ent 

One hundred millilitres of 50% (weight/volume ) aqueous ammonium 

thiocyanate solution were mixed Hith 900 mls of Analar acetone. 

A standard cobalt solution was prepared by dissolving approximately 

lmg cobalt metal (accurately Heighed) in 2ml of dilute nitric acid and 

adding the thiocyanate reagent to give a total solution volume of SOmls. 

A similar solution Vias prepared with approximately l.Sm~ cobalt . 

Sample solutions .1ere prepared in precisely the same manner, 

sample weights being chosen to give 1 to 1 .5mg cobalt metal per 50mls 

of solution. The reference solution was prepared by taking 2mls dilute 

nitric acid and making the volume up to 50mls with the thiocyanate reagent . 
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Duplicate sampl:! s"olutions were prepared and all optical readings 

were repeated until reproducible transmittance readin~s were obtained. 

Since the instrument (Unicam, SP700) recorded percentage or fractional 

transmittance, it was necessary to take the negative logarithm of this 

fraction: 

Since f I = I o 

I log ~ = -log f 
I 

Le. D = -10t1' f 
I~ 

(f = fractional transmittance, 10 = initial light intensity, 

I = li~ht intensity after passing through sample) . 

The results are listed in Chapter 3. 



CHAPTER 3 

RESULTS 

Explanatory notes for Tables 

In Tables 6 to 56, the heats of decomposition are the mean 

of at least five determinations for each compound. All heat effects 

are endothermic and the uncertainties are standard deviations of the 

mean. The significance of the temperature parameters is limited and 

a probable uncertainty of ±lOoK should be assigned to them since, to 

a great extent, they are dependent on sample mass . The observed weight 

losses were found to be reproducible to about 0.5 - 1.0%. 

In Tables 57 to 63 the heat capacities are the mean of at 

least four determinations . No weight loss occurred in any of the 

deteminations. 

Uicroanalytical data are probably correct to ± 0.2% (carbon), 

0.1% (nitrogen ), 0.05% (hydrogen). The uncertainties in the cobalt 

analytical data are standard deviations calculated from the expression : 

n 
a2 =E o.2jn_l 

i=o ~ 

whereas the standard deviation of the mean is calculated from 

n 
E 0 2 
. .: jn(n-l) 
~=o ... 
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Table 1 

Reaction (1) 

Experiment 1 2 3 4 5 

m(CoC12 · 6H20 rPll · ) 3 . 079909 2 . 884858 3.112049 3 .028839 3.346420 

- 6R(ohrns) 0 . 00378 0 .00379 0 . 00517 0 .00428 0.00454 

E (Kcal./ohm . ) 
5 

= 24 . 121 (mean, from reaction (2» • 

6H(Kcal . /mole) 7 . 043 7 . 539 8.109 7 . 785 

Hean 6H = + 7 . 62 ± 0 .17Kcal . /mole 

Table 2 

Reaction (2) 

Experiment 1 2 3 4 

m(Phl,gm· ) Lf . 763801 4 . 796367 4.903403 5 . 027112 

- 6R(ohms) 0.00412 

Hean of E (Kcal./chm . ) = 24 .121 s 

~H(Kcal./mole) 5.472 

0 .00415 0 .00425 

5 . 474 5 . 484 

Mean 6H = + 5.486 t 0 . 009Kcal . /mole 

0 .00438 

5 . 512 



Reaction (3) 

Experiment 

m(H
2
0, gm .) 

llR(ohms) 
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Table 3 

1 2 3 

1.012194 1.048891 1.045255 

0 .00103 0.00117 0 . 00099 

Hean of E (Kca1./ ohm .) after reaction ( l~ ) = 24.072 
s 

- t.H(Kcal./mole) 0 .l~41 0.484 0.411 

Hean t.H = - 0.422 ± O. 028Kca1./mo1e 

Table 4 

Reaction (4) 

Experiment 1 2 3 

m(Co(Ph 3P)2C12)gm ·) 1.951974 2 .018401 2.019567 

llR(ohms) 0 .00096 0 .00093 0 . 00095 

Mean of E (Kcal./ohm) = 24 .072 
s 

t.H(Kca1 ./mole) 7 .747 7.258 7 . 410 

l1ean l:IH = + 7 . 62 ± 0 .18Kcal./mole 

4 

1.048761 

0.00085 

0 . 352 

4 

2 . 030478 

0.00104 

8 . 069 
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Table 5 

Reaction Type 

ML X ~ ML X + 2L 4 2(cryst.) 2 2(cryst.) (g) 

HL2X2(cryst .) -+ I1L2X2(liq.) 

~~L X -+ MLX + L 
~! 2 2(cryst.) 2(cryst.) (g) 

liL X -+ HX + 21 . 2 2{liq.) 2(cryst.) (g) 

HLX -+ ML X + lp. 2(cryst.) 2~ 2(cryst.) ~(g) 

ML 2/;1X2(Cryst .) -+ HX2{cryst.) + 2/3 L( g) 

ML X -+ HLX + 3L 4 2{cryst.) 2{cryst.) (g ) 

ML6X2(cryst.) -+ HL X 42(cryst.) + 2LCliq .) 

HL X + 2L(1iq.) -+ ~1L X + 4 2 (cryst .) 2 2(cryst.) 

ifL2X2 (cryst.) -+ MX 2(cryst. ) + 2L{g) 

ML X -+ HL X 
2 2(cryst.,oct.) 2 2(cryst.,tet.) 

!·lLX -+ HX + L 2(cryst.) 2(cryst.) (g) 

ML2X2 ·2H20(cryst.) -+ ML2X2(cryst) + 2H20{g) 

ML2X2(liq.) -+ MLX2 (liq.) + L(g) 

4L{g) 

l1LX2 (liq.) -+ 11L2X2(cryst.) + L(g) 

HL2X2 ·2EtOH(cryst.) -+ HL2X2(cryst.) + 2EtOH{g) 

r.1LX2 ( crys t • ) -+ ML,X + 1L 
2 2(cryst.) 2 (g) 

ML1X2(cryst . ) -+ 

NaH2P04(cryst.) 

HX2(cryst .) + !L(g) 

-+ ~Na2H2p207(cryst . ) + 1H
20(g) 

~H20(g ) 

(1) 

(2 ) 

(3) 

(4 ) 

(5 ) 

(6) 

(7 ) 

(8 ) 

(9 ) 

(10) 

(11) 

(12 ) 

(13) 

(14) 

(15 ) 

(16) 

(17) 

(18) 

(19) 

(20) 
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Scan rate: 160/min . Range: 8mcal./sec.(full scale) 

Overall percentage weight loss: 38.1(obs.), 40.5(calc.). 

Reaction 

CUS04·5H20(cryst.)~ 

CuS04 .H20(cryst.) + 4H20( g ) 

320 

470 

~': two peaks observed 

360 

390~': 

520 

6H 
( Kcal • /mole ) 

400 51.1 ± 0 . 6 

560 17.3 ± 0.2 

Scan rate: l60/min. Range: 4mcal ./sec.(full scale ) 

Overall percentage weight loss: 21.1 (obs.), 20.9(calc.) 

Reaction 

CaS°4·2H20(cryst)~ 

cas04(cryst .) + 2H20(g) 

370 

,': two separate peaks 

410 430 

6H 
(Kcal./mole) 

24 .5 ± 0.6 
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Table 8 : NaHC03 

Scan rate: 160/min. Range : 32mcal./sec(full scale) 

Overall percentage weight 1053 : 36.9(obs.)~ 36.9(calc.) 

Reaction 

NaHC03(cryst. t 
~Na2C03(cryst .) + 

~H20 ( g) + 1C0
2 (g ) 

Scan rate 2° /min. 

Reaction 

Pb -+ Pb . (cryst.) (l~q.) 

375 435 460 

Table 9 Pb 

Range 4mcal./sec.(full 

Ti(oK) T (OK) T (OK) 
p f 

600 603 604 

6H 
(Kcal./mole) 

15.2 :I: 0 .1 

scale) 

6H 
(Kcal./mole) 

1.08:1: 0.01 

Scan rate: 160 /min . Range: 8mcal./sec.(full scale) 

Overall percentage weight loss: 58.7 (obs.), 58.8(calc.) 

No . of reaction 
type (Table 5) 

10 480 530,550 560 

flH 
(Kcal./mole) 

29.7:1:0.2 
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Scan rate: 160 /min . Range 4mcal . /sec.(full scale) 

Overall percentage weight loss 56 . 7(obs . ), 56 . 2 ( calc) . 

No . of Reaction Tl(oK ) T (oK) T/oK) DoH 
Type (Table 5) P (Kcal . /mole) 

(3) 460 520 530 15 . 7 ± 0 . 3 

(5) 550 590 605 9 . 8 ± 0 . 2 

(6) 605 635 660 7 .0 ± 0 . 2 

Scan rate: 160 /min . Ran~e 4mcal./sec . (full scale ) 

Overall percentage wei~ht loss 55 .1(ODS . ), 55 . 6(calc . ) . 

° T (OK) Tf(oK) Ho of Reaction T.( 1<.) MI 
Type (Table 5) 

l. P (Kcal./mole ) 

(3) 410 460 470 14 . 7 ± 0.3 

(5) 520 540 550 3 .1 ± 0 . 2 

(6) 550 600 GI0 10 . 7 ± 0 . 2 
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SC<l!1 rate: l6 0 /min. Range : 4mcal./sec.(full scale) 

Overall percentage Height loss 59.B(obs.), 71.4(calc.) 

i~o . of Reaction T. (oK) T (oK) Tf(oK) 6H 
Type (Table 5) 

~ P (Kcal./mole) 

(1) 310 370 385 27.0 ± 0.4 

(3) 400 450 465 15.2 ± 0.2 

(5) 500 530 540 5.3 ± 0.1 

(6) 545 585 600 10.1 ± 0.2 

Scan rate: Sa/min. Range: 2mcal./sec.(full scale) 

Overall percentane Height loss: 55.5(obs.), 54.9(calc.) 

Ho. of Reaction 
Type (Table 5) 

(11) 

(10 ) 

390 

420 

400 

510 

410 

600 

6H 
( Kcal. /mole) 

3.02 ± 0.07 

28.6 ± 0.5 
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Scan rate: 160 /min. Range : 4mcal./sec.(full scale) 

Overall percentage weight loss 

No . of Reaction 
Type (Table 5) 

(1) 

(3) 

(12) 

~': two 

365 415 

430 470 

545 610 
570~'~ 

separate peaks 

Scan rate: 160 /min . Range 

Overall percentage Height loss 

70.6(obs.), 70.9(calc . ) 

430 

480 

620 

t.H 
(Kcal./mole) 

24.5 :t 0.1 

15.6 :t 0.2 

17.0 :t 0.3 

2mcal./sec.(f1.l11 scale) 

54.2(obs.), 54.1(calc.) 

No . of Reaction T. (oK) 
1. 

T (OK) ° T
f

( K) ~n 

Type (Table 5) P (Kcal./mole ) 

(3) 430 475 480 15.4 :t 1.0 

(5) 480 505 515 5 . 2 :t 0.2 

(6) 545 585 590 7.4 :t 0.2 
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Scan rate : 160 /min . Ranr,e : 4mcal./sec .( full scale) 

Overall percentage Heir:ht loss 46.3(obs . ), 46 . 3(calc.) 

° T (oK) T/oK) : )0 . of Reaction T.( K) 6H 
(Table 5) ~ P (Kcal ./mole) Type 

(3) 400 4·60 470 15.6 ± 0.2 

(5 ) 505 530 545 3.6 t 0 .1 

(6) 545 590 600 11 . 2 :t 0.2 

Table IS : CrpY2(H20)2Br2 

Scan rate;': : 16° or SO/min . Ranr;e:': : S or 2mcal./sec .( fu11 scale) 

Overall percentage VJe i~ht loss : 4S . 4(obs .), 1.j.7 . 8(Theor .) 

No of Reaction T. (oK) T (oK) Tf(oK) 6H 
Type (Table 5) 

~ P (Kcal ./mole ) 

(13) 340 385 395 28 .1 :t 0 . 4 

(3) 490 530 540 14 . 7 :t 0 . 4 

(12) 545 600 610 16 . 9 :t 0 . 4 

* Scan rate and range chaneed to SO/min . and 2mcal . /sec 

respectively after reaction (13). 
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Scan rate: 160 /min . Range : 2mcal . /sec .( full scale) 

Overall percentage weight loss 

!lo . of Reaction 
Type (Table 5) 

(2) u (4) 

(not resolved) 

450 530 

42.1(obs.), 41.9(calc.) 

550 

6H 
(Kcal ./mole) 

27 . 3 :1 0 .9 

Scan rate : 160 /min. Range : 4mcal./sec(full scale) 

Overall percentar,e wei~ht loss 59.2(obs .), 59 . 4(calc.) 

0 T (oK) Tf(oK) Ho . of Reaction T. ( K) flH 
(Table 5) 

1- P (Kcal ./mole) Type 

(1) 370 426 440 23 . 9 :1 0.2 

(3) 440 490 510 16.3 :1 0 .2 

(12) 546 5130 600 17.0 :1 0 .3 

Scan rate: SO/min . Range: 2mcal . /sec .( full scale) 

Overall percentage wei~ht loss : 54.1(obs.), 50.S(calc.) 

i'io. of Reaction T. (oK) 0 
T/°J() T ( K) 6H 

Type (Table 5) 1- P (Kcal./mole 

(1) 420 470 4S0 26.1 :1 0.4 

(10) 510 570 610 24.S :1 0.6 
600 l': 
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Scan rate: 160/min . Range: 2mcal ./sec .( full scale ) 

Overall percentaee ,-[ei ght loss 52 .2(obs .), SO . 2(calc .) 

No . of Reaction T. (oK) T (oK) T/oK) ilH 
Type (Table 5 ) 

l. P (Kcal ./mole ) 

(1) 340 370 400 2S .4 :t 0.7 

( 2) 450 475 490 6 . 3 :t 0.3 

( 4) 590 610 630 6 .0 :t 0 . 1 

Scan rate: 16o/ min. Ran~e : Smcal./sec .( f ull scale) 

Overall percenta~e weight loss 51 . 3(obs.), 50 . 3(calc .) 

i.fo . of Reaction T , (oK ) T (oK) T/oK) lIH 
(Table 5) 

1. P (Kcal./mole) Type 

(1) 395 445 455 34. 2 ± 0.4 

(10) 460 490 535 31.G ± O.S 
525~': 

:': tHO separate peaks . 
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Table 24: Hi( a-nic)2Cl" • £. 

Scan rate : IBo/min . Ran~e : 2mcal ./sec .( full scale) 

Overall percentage weicht loss 59 . 5(obs .), 59 .0(calc .) 

No . of Reaction 
Type (Table 5) 

( 5) 

(12) 

:', sep 2.rate peaks . 

340 

455 

395 445 
420 
430~': 

485 590 
570:': 

till 
( Kcal./mole) 

6.7 ± 0 . 1 

9 .1 ± 0.2 

Scan rate : l6o/min . Ran~e : 4ncal ./sec .( full scale) 

Overall percent<lr,e Height loss 59 . l(obs .) , 58.9(calc.) 

No . of Reaction T. (OK) T (OK) Tf(oK ) l1H 
Type (Table 5) 

~ P (Kcal. / mole ) 

Not assi~ed, <3°3 365 375 380 0.73 ± 0 .03 
weijjht loss 

( 2 ) 400 425 440 7.6 ± 0 .1 

(4) 480 520 580 17.9 ± 0 . 4 
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SCun rate: eO/min . Range: 2mcal ./sec.(full scale) 

Overall percentage weight loss: 45.2(obs.), 45.9(calc.) 

No . of Reaction 
Type (Table 5) 

420 

500 

T (oK) 
p 

440 

530 

445 

560 

llH 
(Kcal./mole) 

6.4 :I: 0.4 

14 . 8 :I: 0.8 

Scan rate: lGo/min. Range : 2mcal./sec.(full scale) 

Ovepall percentar,e Height loss 

Ho . of Reaction 
Type (Table 5 ) 

425 

550 

440 

570 

38.1(obs .) , 37.3(calc .) 

450 

590 

llH 
(Kcal ./mole) 

6.0 :I: 0.1 

6 .3 :I: 0.1 

Scan ratc : 160 /min. Ran~e : 8mcal./sec.(full scale) 

Overall percentar,e weight loss 58.5(obs.), 59.7(calc.) 

° T (OK) T _(OK) No . of Reaction T.( K) llH 
(Table 5) ~ P r 

(Kcal. /mole) Type 

(3) 390 450 465 13.6 :!: 0.2 

(5) 480 510 530 5.1 :!: 0.1 

(6) 545 615 625 13.4 :!: 0.2 
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Scan rate: 16
0
/nin. Range: 4mcal . /sec .( full scale) 

Overall percenta~e 'Teight loss 75.4(obs .), 74.6(calc.) 

Ho . of Reaction T. (oK) T (oK) T/oK) llH 
Type (Table 5) 

1 P ( Kcal./mole ) 

(1) 31W 390 405 29.2 ± 0.6 

(3) 410 l~50 460 14 . 4 ± 0 .1 

(5 ) 470 500 510 6.1 ± 0.1 

(6) 5?5 590 600 18.3 ± 0 . 7 

Scan rate: lSo/min. Ranee: 2ncal./sec .( full scale) 

Overall percentage vTeight loss 58 . 9( obs .), 58 . 9( calc. ) 

Ho . of Rtlaction T. (OK) T (OK) T/oK) tlli 
Type (Table 5) 

1 P (Kcal ./mole) 

(2) 410 417 420 5.3 ± 0 . 2 

(14) 470 490 500 5 . 7 ± 0.2 

(15) 550 580 600 12 .1 ± 0.4 
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Scan rate: 160 /min . Range: 4mcal./sec.(full scale) 

Overall percentage \-leight loss 63. 4( obs. ), 63. O( calc.) 

No. of l.eaction T. (oK) T (oK) T/oK) 6H 
Type (Table 5) 

l P (Kcal./mole) 

(1) 340 385 400 30.0 ± 0.3 

(2) 430 435 440 6.4 ± 0.1 

(4) 540 570 590 10.5 ± 0.4 

Table 32 : Ni(S- pic\C12 

Scan rate : 160 / min. Range : Bmcal./sec.(full scale ) 

Overall percentage wei~ht loss 73.2(obs.), 74.2(calc.) 

No . of Reaction T. (oK) T (OK) T (oK) 6H 
(Table 5) 

l. P f (Kcal./mole) Type 

(1) 390 430 440 25 .7 ± 0.6 

(3) 445 490 500 13.9 ± 0.3 

(5) 510 550 560 6.9 ± 0.1 

(6) 570 600 640 12.8 ± 0.3 
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Scan rate: 160 /min. Range: 8mcal./sec.(full scale) 

Overall pe:::>centage weight loss 61. 3( obs • ), 59.7 (ca1c. ) 

No . of Reaction T. (oK) T (oK) lIH 
Type (Table 5) 

~ P 
T/oK) 

(l< cal . /mole ) 

(3) 380 440 455 15.1 t 0.2 

(5 ) 500 540 560 5.4 t 0.1 

(6) 565 615 630 14.0 t 0.2 

Scan rate: l60 /min. Range 4mcal./sec.(fu11 scale) 

Overall percentage weight loss 75.1(obs.), 74.6(calc.) 

No . of Reaction 
Type (Table 5) 

(7) 

(5) 

(6) 

360 425 460 
440:': 

510 535 545 

550 600 610 

,': two separate peaks. 

lIH 
(Kcal./mole) 

47.3 t 0.5 

5.3 t 0.1 

15.3 t 0.2 
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Scan rate: 160 /min. Range : 4, 2mcal/sec.~'(full scale) 

Overall percentage weight loss 75 .2 (obs.), 74.1(calc.) 

No. of Reaction 
Type (Table 5 ) 

(1) 

( 2 ) 

(4) 

360 390 430 

4.5 420 425 

440 530 600 

:', 2mcal/sec after reaction (1) 

Table 36: Co(y-pic)4Br2 

tlH 
( Kcal/mole ) 

32 .9 ± 0.7 

5 .2 ± 0.3 

25.8 ± 0 . 6 

Scan rate : SO /min. Range : 2mcal./sec . ( ful l scale) 

Overall percentage ,.,eight loss: 64.0(obs.), 63 .0(calc.) 

No . of Reaction 
Type (Table 5) 

(1) 

(10) 

350 

500 

390 420 

560 590 

lIH 
(Kcal./mole) 

38.9 ± 0.8 

17.6 ± 0.9 



63 

Scan rate : 16° /r.lin . R.anr:e : 2mcal./sec . ( f ull scale) 

Overall pel'centa~e He i rht loss 55 . 9(obs . ), 54 . 3(calc . ) 

' I of P.eaction T. (oK) T (oK) Tf(oK) 6H • . 0 . 

Type (Table 5) 
l. P ( Kcal./mole) 

(1) 350 400 415 30 . 5 t 0 . 6 

( 2 ) 420 425 430 5 .1 t 0 . 2 

(4) 60c) 630 650 5 . 8 t 0 . 5 

Scan rate: 160 / min . Ranee : 2mcal ./sec .( f ull scale ) 

Overall percentage wei ght loss : 75 . 4(obs .), 74 . 1(calc .) 

of Reaction T. ( oK ) T (oK ) ° 6H Ho . T/ K) 
Type (Table 5) 

1. P (Kcal ./mo1e) 

( 7) 405 470 485 45 .8 t 0 . 6 

(12 ) 535 575, 620 20 . 8 :I: 0 . 4 
6051: 

* two separate peaks . 
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Scan rate : 160 /min. Range : 8mcal./sec.(full scale) 

Overall r-ercentaee \-leieht loss 82.0(obs.), 81.5(calc.) 

No. of Reaction T. (oK) T (OK) Tf(oK) 6H 
(Table 5) 

~ P (Kcal./mole) Type 

( 8) 330 340 350 13.3 :I: 0.2 

( 9 ) 360 440 455 36 . 1 ± 0.6 

(3) 4GO 490 500 16.3 ± 0.3 

(12) 505 530 550 11.6 ± 0 .2 

Scan rate : lCo/min. RanGe : 8mcal./sec.(full scale) 

Overall percentage weight loss 58.9(obs.), 59.7(calc.) 

No. of Reaction T. (OK) T (OK) T/oK) lIH 
Type (Table 5) 

~ P (Kcal./mole ) 

(10) 420 480 565 30.1 :I: 0.7 
510 
540:': 

;': tl1ree separate peaks . 



65 

Scan rate: l60 /min . Ran~e : 4rncal./sec.(full scale) 

Overall percentage weight loss 

Ho. of Reaction 
Type (Table 5) 

59.0(obs.), 58 . 9(calc.) 

llH 
(Kcal./mole) 

(10) 460 525 570 35 .5 ± 0.5 
555\': 

\': tvTO separate peaks . 

Scan rate: 160 /min. Range : 4mcal ./sec.(full scale) 

Overall percentar,e wei~ht loss 68.6(obs .) , 68 . 2(calc.) 

No . of Reaction T. (oK) T (oK) T/oK) llH 
Type (Table 5) 

1 P (Kcal./mole) 

(16) 310 350 375 28 .1 1 0.4 

(10) 450 510 570 32.2 1 0 .7 
555-.': 

:': tl-lO separate peaks . 
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Scan rate: IGo/min. Range : 8mcal . /sec. (full scale) 

Overall percentage Height loss 49.6(obs.),50.4(calc.) 

llo. of Reaction T. (oK) T (oK) Tf(oK) llH 
~ 

Type (Table 5) P (Kcal./mole) 

(10) 400 460 535 32.9 t 0.4 
480 
520~': 

~': three separate peilks 

Table 44 : iHDmp C1
2 

Scan rate: 160 /min . Range: 4mcal./sec . ( ful l scale) 

Overall percentage Height loss 51 . 5(obs.), 51.0(calc . ) 

ITo . of Reaction 
Type (Table 5) 

(10) 490 

I': tvlO separate peu.ks 

550* 600 
580 

llH 
(Kcal./mole) 

21.2 ± 0.5 

Table 45: HnpzC1
2 

Scan rate : IGo/~in. Ran~e : 4mcal./sec.(full scale) 

Overall percentage Height loss 40.5(obs . ), 38.9(calc . ) 

Ho . of Reaction 
Type (Table 5) 

(12 ) 600 690 700 

llH 
(Kcal./mole) 

22 . 1 ± 0 . 5 
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Table 46 

Scan rate: 160 /min . Range : 4mcal./sec.(full scale) 

Overall percentage weight loss 56.1(obs.), 55.B(calc.) 

No. of Reaction T. (oK) T (oK) Tf(oK) llH 
Type (Table 5) 

l P (Kcal./mole) 

(3) 450 500 510 15.5 ± 0 . 2 

(12) 640 710 740 22 .5 ± 0.6 
730'': 

* two separate peaks 

Scan rate: 160 /min. Range: Bmcal./sec . (full scale) 

Overall percentage weight loss 56.3(obs.), 55.2(calc.) 

No . of Reaction 
Type (Table 5) 

(3) 

(12) 

450 495 510 

660 730 745 

llH 
(Kcal./mole) 

15.0 ± 0.2 

20.8 ± 1.0 

Table 48: CoDmpC1
2 

(blue form) 

Scan rate: 16
0

/min. Range 8mcal./sec . (full scale ) 

Overall percentage \veight loss 45.3(obs.),45.4(calc.) 

No. of Reaction 
Type (Table 5) 

(17) 

(18) 

490 525 535 

535 580 590 

llH 
(Kcal ./mole) 

7.9 ± 0.2 

11.4 ± 0.3 
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Table 49 : Co01p\Cl2 

Scan rate : 16o/min . Range : 8mcal. /sec . (full scale ) 

Overall percentage weight loss 73.4(obs.), 74.4(calc .) 

No . of Reaction T. ( oK ) T (oK) T/oK) ~H 

(Table 5) 
~ P (Kcal./mole) Type 

(1) 310 335 380 33.8 ± 0.3 

( 3) 385 420 430 11.9 :t 0.2 

(5) 490 540 550 5.8 ± 0.2 

(6) 560 610 630 15 . 9 ± 0 . 3 

Scan rate: 160 /min . Range : 8mcal./sec . (full scale ) 

Overall percentage weight loss 57 . 9(obs .), 55.3 (calc .) 

No . of Reaction 
Type (Table 5) 

(3) 

(12) 

490 550 565 

700 755 765 

~H 

(Kcal./mole) 

15.7 ± 0 . 2 

22.6 ± 0.7 
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Scan rate: 160/min. Range: 8mcal./sec.(full scale) 

Overall percentage weight loss 44.5(obs.),42.3(calc.) 

No. of Reaction 
Type (Table 5) 

( 3 ) 

(12) 

520 570 580 

670 740 750 

6H 
(Kcal./mole) 

15.8 :I: 0.6 

19 .8 :I: 0.6 

Scan rate: l60/min. Range: 4mcal./sec.(full scale) 

Overall percentage weight loss 43.4(obs.),42.3(calc.) 

No. of Reaction 
Type (Table 5) 

(3) 

(12) 

410 460 480 

660 730 750 

6H 
(Kcal./mole) 

14.7 :I: 0.5 

26 . 9 :I: 1.0 

Scan rate : 32° /min. Range: 8 or 4mcal. /sec:': ( full scale) 

Overall percentage weight loss 15.2(obs.),15.0(calc.) 

No. of Reaction T. (oK) T (oK) T/oK) 6H 
Type (Table 5) 

~ P (Kcal./mole) 

(19) 480 500 510 6.7 :I: 0 .1 

(20) 550 580 630 9.3 t 0.1 
620~~* 

~': 4mcal. after Reaction (19); M: tNo separate peaks . 
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Scan rate: 160 /min. Ranr;e : 8 or 4mcal. / sec J: (full scale ) 

Overall percentage Height loss 15 .4(obs .), 15.0(calc) 

No . of Reaction T. (oK) T (oK) Tf(oK) 6H 
Type (Table 5) 

~ P (Kcal./mole) 

(19) 475 500 505 6.6 :!: 0.1 

(20) 550 570 625 9.4 :!: 0.1 
590 
610"::" 

:~ 4mcal. after Reaction (19); ~H, three separate peaks. 

Scan rate: aO/min. Range: 4mcal./sec.(full scale) 

Overall percentage Height loss: l5.2(obs.), 15.0(calc.) 

No . of Reaction T. (oK) T (oK), T/oK) llH 
(Table 5) 

~ P (Kcal. /mole ) Type 

(19) 480 490 505 6.7 :!: 0.1 
500:'; 

(20) 540 555 600 8.B :!: 0.1 
575~: 

:': two separate peaks 



71 -

Scan rate : O. So/ min. Range : 4mcal ./sec . ( full scale) 

Overall percenta~e weight loss : lS . 2(obs .), 15.0(calc . ) 

No . of Reaction 
Type (Table 5) 

(19 ) 

( 20 ) 

480 490 500 

6H 
(Kcal./mol e ) 

6 . 6 ± 0 . 4 

Unsatisfactory thermogram . 
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Heat Capacity Results 

The heat capacities of some compounds \-lere measured by the method 

described previously and the results obtained are show'l1 in tables 57 to 63 . 

Originally it was intended to fit the data to an equation of the 

type : 

Cp = A + BT + CT2 

A least squares procedure indicated that C was very small and could be 

neglected . The data were, therefore , fitted to a linear equation : 

Cp = A + BT 

The equation is given for each substance in the appropriate 

table . Details of the least squares procedure are given in Appendix 1 . 

Range : 2mcal . /sec . (full scale ) 

Scan 16oK/min . 

T( oK ) 320 330 340 350 360 

° C p( cal • / /mole ) 69 . 9 72 . 4 73 . 5 75 . 0 75 . 9 

T(oK ) 

Cp = 24 .0 + 0.145T ° cal . / /mole 

Table 58 : Cp of Co (y-pic)2C12 

Range : 2mcal . /sec . ( full scale ) 

Scan : 16oK/min . 

330 340 350 360 370 

Cp (cal . /0 /mole ) 85 . 7 86 . 9 88 . 5 92 . 4 94 . 6 

Cp = 12 . 6 + 0. 22T cal . /o / mol e 

370 380 

77 . 1 79 . 5 
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Range 2mcal/sec . (full scale) 

Scan 

T(oK) 290 200 310 320 330 340 350 360 

C p( cal . /0 /mole ) 80 . 2 84 . 4 86 . 0 87.4 89.7 92.1 94 . 8 97 . 4 

C P = 14.3 + 0.2 3T cal. /o/mole 

Table 60 Cr. of CoAn2C12 c __ 

Range 2mca~ .• /se c (f:11J. scale) 

Scan 

330 340 350 360 370 380 390 400 410 420 430 

Cp(cal/o/mole) 79.1 80 .9 82.2 84 . 9 86.1 87 .1 88.8 93.6 94 . 2 95.2 96.8 

Cp = 16.6 + 0.19T cal . /o/mole 

Range: 2mcal ./sec.(full scale) 

Scan:: 160 K/min. 

320 330 340 350 360 370 380 390 400 410 420 430 

Cp ( cal. / 60 . 7 
° / rr: -:>le ) 

63.0 63 . 6 65 . 7 71.3 72.2 72.6 74 . 3 75 . 4 76.5 

Cp = 7 . 1 + 0.17T cal/o/mole 

77 . 5 78.4 
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Table 62: Heat capacity of sodium chloride 

Range 

Scan 

2mcal./sec . (full scale) 

16oK/min . 

T( oK) 200 220 250 270 320 340 360 380 410 

Cp(cal./o/mole) 10 . 9 11 . 5 11 . 5 11 . 8 11 . 9 11.8 12 . 1 12 . 2 12 . 5 

T(oK) 430 450 470 490 510 

Cp(cal . /o/mole) 12.8 12 . 7 12 . 8 12.6 12 . 8 

Cp = 10 . 1 + 0 . 0056T cal ./o/mole 

Table 63 : Heat cal2acity of Indiurn 

Range 2mcal . /sec . (full scale ) 

Scan 16oK/min . 

T(oK) 330 350 370 390 410 425 

cp ( cal . /o/mole) 6 . 43 6.56 6 . 67 6 . 88 6 . 91 7 . 09 

Cp = 4 . 18 ° + 0. 0068T cal . / / mole 
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Analytical Results 

The analytical data for the analysis of the compounds prepared in 

this work are listed in Tables (64) and ( 65) . 

Sample 

1 ) Cobalt 

Metal 

2) COPY2C12 

5) CopY2Br2 

Table 64 : Cobalt analyses 

Sample weight Optical Density %Co found %Co theory 
(mg) 

1.050 0 . 694 

1.635 1 . 103 

5.090 0 . 654 19 . 5 ± 0 . 5 20.4 

4 . 520 0 . 570 

2 . 815 0 . 540 19 . 0 ± 0 . 2 18 . 6 

2 . 785 0 . 536 

4 . 205 0 . 308 11.2 ± 0.2 11.7 

3 . 395 0 . 241 

5 . 970 0 . 627 16 . 1 :t 0 . 3 15 . 6 

7 . 005 0 . 718 

7.090 0 . 705 15 . 4 ± 0 . 3 14 . 6 

9.155 0 . 910 

4 . 050 0.274 10 . 3 ± 0 . 2 10 .0 

8 . 495 0 . 558 

7 . 070 0 . 412 9 .0 ± 0 .1 9 . 2 

8 . 700 0 . 507 

6 . 805 0 . 510 11.2 ± 0 . 2 11.8 

6 .100 0.457 

7 .030 0 . 379 8 . 4 ± 0 . 1 8 . 6 

7 . 655 0 . 379 
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Table 65 : Microanalytical (Carbon, Hydrogen, Nitrogen ) Data 

Sample % : C H N(found) % : C H N(theory) 

MnpY2C12 41.9 3 . 56 10 . 0 42 . 2 3 . 52 9 . 9 

Mn(S-pic)2C12 45 . 4 4 . 54 8 .7 46 . 2 4 . 52 9 . 0 

Mn(y-pic)2C12 46.3 4 . 42 8 . 7 46 . 2 4.52 9.0 

COPY2C12 41.5 3 . 48 9 . 3 41.7 3 . 50 9 . 7 

Co(S-pic)2C12 44.9 4.39 .8 .4 45 . 6 4 . 47 8 . 9 

Co( 8-pic\Br2 
48 . 8 4.62 9.1 48.7 4 .78 9 . 5 

Nipy4C12 
53 . 0 4.44 12 .1 53 . 8 4 .49 12.6 

Ni (S-pic)4C12 56 . 9 5 . 56 11.0 57 . 4 5 . 62 11.2 

NiCy-pic\C12 
57 . 9 5 . 63 11.2 57 . 4 5 . 62 11.2 

Nipy4Br2 
44 . 6 3.59 10 . 1 44 . 9 3 .74 10 . 5 

NipY412 38 . 7 3 . 20 8 . 8 38 . 2 3.20 8 . 9 

CuPy2C12 
40 . 9 3 . 36 9.3 41.0 3 . 42 9.6 

CdPy2C12 
34 . 8 2 . 82 7.9 35 . 2 2 . 9 8.2 

CoAn2C12 
45 . 6 4 .42 8.9 45 . 6 4.46 8 . 9 

NiAn
2

C12 · 2EtOH 47 . 4 6 . 28 7 . 2 47.1 6 . 4 6 . 9 

CdAn2C12 
38 . 4 3 . 72 7.3 39 . 0 3 . 82 7 . 6 

MnpzC12 
23 .1 2 .17 13 .1 23 . 3 1.96 13 . 6 
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(Table 65 cont inued) 

Sampl e % : C H N( found) % : C H N(theory) 

Fepz2C12 33 . 5 2 . 79 19 . 4 33.5 2 . 81 19 . 5 

Copz2C12 32 . 7 2 . 75 18 . 6 33 .1 2 .8 19 . 3 

CoDmpC12 
30.0 3 .28 11.6 30 . 2 3 . 39 11.8 

Nipz2C12 33.3 3 . 08 18 . 9 33 . 1 2 . 78 19 . 3 

2N iDmpC12.3H2 0 26 . 9 3 . 84 10 . 4 27.2 4 . 1 10 . 5 

Nipz2Br2 24.7 2 . 16 13 . 9 25 . 4 2 . 13 14 . 8 

Co(Ph3P)2C12 65 . 7 4 . 58 66.0 4 . 59 

Due to the instability of iron( II ) complexes in air, no analytical 

data were obtained for these compounds . 

Dichlorodi ~niline manganese (II ) was obtained with an indefinite 

number of attached ethanol molecules . These were removed prior to each 

thermal decomposition as described in preparation number (22 ) , chapter 3 . 

There was only sufficient dibromodipyrimidinecobalt(II ) for thermal 

decomposition studies but with this compound , as with the others for 

which no analytical data are available, the weight losses found in the 

decompos itions indicate that the compounds were sufficiently pure. 



CHAPTER 4 

DISCUSSION 

4.1 A Thermochemical Study of Dichlorobis(triphenylphosphine)cobalt(II) 

The heats of reaction (1) to (4) were measured at 29S oK in an 

adiabatic reaction calorimeter. 

COC12.6H20(cryst)+{2PPh3,563EtOH}(liq)+{Co(PPh3)2C12,6H20,S63EtOH}(liq) (1) 

2P(Ph)3(cryst) + S63EtOH(liq) + {2PPh 3,S63EtOH}(liq) (2) 

6H20(liq) + 563EtOH(liq ) + {6H20,S63EtOH}(liq) (3) 

Co(PPh3)2C12(cryst)+{6H20,563EtOH}(liq)+{Co(PPh)3C12,6H20,563EtOH}(liq) (4) 

The data obtained are summarised in Tables (1) and (4) of Chapter 3. 

The heat of hydration of cobalt(II) chloride to the hexahydrate was 

reported (64) to be -21.9 ± O.4KCa1./mole (6H5). The heat of sublimation of 

triphenylphosphine was estimated (65) to be +21 . 0 ± 0.5Kcal./mole (6H(6». 

using the data from Tables (1) to (4) and multiplying the heats of reaction 

(in Kcal./mole) by the number of moles of reactant, the heat of the reaction 

CoC12· 6H 20( t) + 2PPh3( t) + Co( PPh 3)2 C12( t) + 6H20(l' ) crys crys crys ~q 

was found to be +13.5 t O.3Kcal./mole. Using 6H(5) and 6H(6), the heat of 

the reaction 

COC12(cryst) + 2PPh3(g ) + CO(PPh 3}zCl2(cryst) 

was found to be- Sf).'I- t o. 7KCa1./mole . 

It \oras thought that this reaction could also be carried out in the 

differential scanning calorimeter . Thermal decomposition did not yield 

reproducible "reight losses, however, and difficulty was experienced with 

corrosion of the sample holders by the molten complex. 
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4 . 2 The Structures of Compounds of the type ML2X2 and ML
4

X
2 

(L is a heterocyclic base) 

4.2.1 Complexes of pyridine and related ligands 

N. S. Gill et al . (66) have discussed the structures of pyridine 

complexes of the type MPY2X2' where X is a halogen. In this paper, the 

two forms of dichlorodipyridinecobalt(II)have received the most attention 

since their structures are typical of most of the compounds of this type . 

The a and 8 forms are violet and blue respectively, the violet form 

being stable at room temperature and the blue form stable at temperatures 

greater than lOOoC. The transformation is reversible, the violet form 

being obtained when the blue form is allowed to stand for a few hours. 

The above authors report the magnetic moments of the a- and8-forms 

as 5 . 15 and 4 . 42 Bohr Magnetons respectively . It can be predicted that 

divalent cobalt in a tetrahedral field should give a smaller orbital 

contribution to the susceptibility than should divalent cobalt in an 

octahedral field. This has been confirmed for many cobalt complexes of 

known st~chemistry and suggest that the a- and a-forms are, respectively, 

octahedral and tetrahedral compounds. Furthermore, diffuse reflectance 

measurements (49) on the two forms indicate that they have quite different 

spectra, the 8 form giving rise to very intense ligand field bands . 

When dissolved in organic solvents , however, both forms give rise to an 

intense set of ligand field bands . The more intense spectrum is 

characteristic of a transition metal in an environment lacking a centre 

of symmetry, for example, tetrahedral symmetry . Finally, the crystal 
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structures of the two forms have been determined (67, 68), 

These show that the a-form is an octahedral polymeric compound, having 

equatorial chlorine bridges and axial pyridines, while the 8-form is a 

tetrahedral monomer, 

Gill et al. then suggested that since the X-ray powder patterns 

of MPY2X2 type compounds were similar to those of either the a- or 

8-forms of the cobalt complex, described above , they could be divided 

into Class A (octahedral) and Class C (tetrahedral) compounds, 

Class A includes FePy2CI2, MnPy2CI2, MnpY2Br2 and NipY2Cl2 ' 

Class C comprises CopY2Br2' COPY212' ZnpY2C12 and ZnpY212 ' There is 

also a Class B, closely related to Class A except that the M-X bOnd 

lengths are not equal. The compounds in this class are derived from 

Class A by a tetragonal distortion and include CrpY2C12' Cupy2C12 and 

CUPY2Br2 ' 

Making use of the intensities of certain spectral b~dS in the 

visible to ultra-violet regions, J.R. Allan et al . (47, 49, 51) have 

assigned the following compounds to Classes A or C: 

Ni(B-pic)2C12 , Nipy2Br2 

Class C Co(a-pic)2C12' CO(B-pic)2 C12' Co(y-pic)2CI2' COPY2Br2' 

Holah and Fackler (69) have assigned t he compound Crpy Br to Class C. 
2 2 
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Compounds of the general formula ML4X2 are thought to have trans

octahedral structures by analogy with the compounds HpY4X2 (H = Co , Ni, 

X = Cl, Br, NCS) . X-ray investigations of these compounds (7G, 71 , 72 ) 

show that the pyridine molecules are twisted out of plane and halogens 

or thiocyanate grou?s placed axially. Spectral data suggest that cobalt 

and nickel complexes with L = pyridine, 8 or y-picoline have similar 

structures while the sinilarity of X-ray powder photographs has confirmed 

that the structures of FeL4X2 are very similar to those of the nickel 

analogues (56 ) . 

4 . 2 . 2 Aniline Complexes 

It has been inferred (60 ) that since the ultra- violet spectra of 

the MAn
2

C12 compounds are all, with the exception of the cobalt compound, 

compatible with octahedral symmetry then the structures should be 

similar to the Class A type pyridine complexes referred to previously . 

This is quite reasonable since the Class A structure is the only octahedral 

structure which may be proposed for a compound of the proposed 

stoichiometry . Similarly, the assignment of CoAn2C12 to Class C is 

reasonable, even though distortions may be present in all the "tetrahedral" 

complexes which tend to put them into a C2v symmetry class . Spectral data 

were used by Ahuj a et al . (60) for this assignment . 

4.2 . 3 . Complexes of Pyrazine and Related Ligands 

These complexes are unique in that there exists the opportunity of 

co-ordination by each nitrogen of the ligand . Pyrazine complexes of 

cobalt, nickel and copper have been studied by Lever et al . ( 74 , 57, 59) . 
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Briefly, their method was to determine the local symmetry around the 

metal by magnetic susceptibility and ultra-violet spectroscopic measure-

ments . Infra-red measurements vlere used to establish whether the pyrazine 

was acting as a mono- or bi-dentate group by the following method : 

In Figure (1) it is clearly seen that for a ring stretching vibration, 

the dipole moment of the system will change in (b ) but not in ( a ). 

It would be expected, therefore , that one more absorption band would be 

present in the infra-red spectrum of type (b ) compounds . Since at least 

one more vibration would be infra- red active . 

Using this criterion, the above workers argued that the ligand 

acted as a monodentate group in the complexes: 

COPZ2C12' CoDmpCl2(violet ), Nipz2Cl2 ' Nipz2Br2 · 

CoDmpC1
2

(blue) is thought to be a tetrahedral polymeric complex 

( 58) using bridging 2, 5-Dimethylpyrazine groups while the compounds, 

CopzCl
2 

and lliDmpCl2, have the ligand bound at both ends , with an overall 

octahedral symmetry about the metal . 

Two compounds, MnpzCl2 and Fepz2C12 have not been previously 

describeG . MnpzC12 has the characteristically weak diffuse reflectance 

spectrum associated with manganese (11 ) in an octahedral environment . 

The infra-red spectrum shows no absorption band at around 1000cm-
l

, the 

frequency at which terminal pyrazine molecules normally absorb . With this 

limited information it is suggested that the compound has a three 

dimensional pyrazine bridged structure with normal chlorine bridges 

such as those found in the class A MpY2C12 compounds, described previously. 
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The suggested structure is shown in Figure (2) and is similar to that 

suggested by Lever for some MpzCl2 compounds (57, 59, 74) . 

Fepz2C12 is an intense orange-red compound . Its magnetic moment 

was found to be 5.28BM, after correction for diamagnetism . This is 
~r 

acceptable~octahedrally co-ordinated iron (11) . A d <-> d band was 

found in the diffuse reflectance spectrum at ll,600cm- l which gives a 

value of lODq ( = ll,600cm-1 ) also compatible with octahedral iron (11) . 

The infra-red spectrum has a band ot 987cm-l which is indicative of a 

terminal pyrazine group . This band is not present in the spectrum of 

the decomposition product, FepzC12 • Fep~C12 would seem to be a 

polymeric octahedral compound with chlorine bridges and terminal pyrazine 

groupS while the structure of FepzCl2 probably resembles that of MnpzCl
2

. 

The structure of Fepz2Cl2 is probably as shown in Figure (3 ) and is 

seen to be similar to that of the dipyridine complexes of Class A 

described previously . 

The magnetic moment of the complex CoDmpC12 was also measured 

and found to be 4 . 45BM, indicative of tetrahedral cobalt (11) . The 

compound exists in two forms but these are not readily inter-convertible, 

unlike the two forms of COPY2Cl2 ' The other form of CoDmpCl2 is violet 

and may have an octahedral structure (57 ). 
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4 . 3 The Heats of Solid State Reactions 

Consider the decomposition of a compound of the type ML
2

X
2

, 

X fiHr
2 

MX L 
I1L2 2(cryst) --i> 2(cryst) + 2 (8) 

This heat of reaction, fiHr
2, is the experimentally measured quantity . 

It may be related to the heats of the analogous gas phase reaction by 

a thermodynamic cycle (Figure 4). 

NX + 2L 2(cryst} (g) 

Figure 4 

From this cycle, fiH = fiH 2 - S + 82 g r 1 

Thus , a more fundamental enthalpy change is obtained which is independent 

of the states of aggregation of the solids involved . The states of 

aggregation of the gaseous halides and their stereochemistries must still, 

however, be uncertain . 

Ablov and Konunova (75) have estimated Sl' the heat of sublimation 

of the complex, for certain aniline complexes from the known boiling 

points of organometallic compounds of similar molecular weights . 

An approximate value was obtained by the use of Trouton ' s rule . 
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They also considered the process in Figure 5 as a means of interpreting 

2L( g) 
U MX MX + ~> + 2L(g) 2 (cryst) 2(cryst,exp) 

- llH 2 1 Qg r 

HL X 2 2(cryst) 

Figure 5 

U is the work done in expanding the crystalline MX2 lattice 
exp 

until it can accept the molecules of L in the positions they are to 

occupy in the complex. By comparison Hith the first cycle, shown above, 

it is clear that: = If Q and 
g 

(-llH
g

) were equal, Hhich is most unlikely but which was assumed by 

Ablov, then U would equal 82 - SI ' Their arguments , therefore 9 in exp 

considering a possible connection between U and SI - S2 can not be exp 

considered valid, which conclusion detracts from the possible value of 

their work . 

J . L. Wood and H. M. Jones (76) have devised a thermochemical cycle 

similar to the one used in this work , ... hich differs only in the ligands 

used and the type of calorimetric measurements employed. Hhereas heats 

of decomposition are used in this work, Wood and Jones made use of heats 

of combustion which lead to a rather more complicated cycle . The cycle 

used here is shown in Figure 6. 
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H2+ + 2L(g ) + 2X( ) 
6H 

11L2X2( ) corn (g ) > p; g 

r Il + 12 r 2A 1 -Sl 

~1 ( g ) 2X ( g) ML2X2(s ) 

1 6H~ r 6Hsub r D 
6H/ HX2 ) M(s ) + 2L(g) + X2(g) HX2(s) + 2L(g) > 

Figure 6 

From this , one arrives at the following equation: -

where : 6H = heat of the gas phase complexation reaction 
corn 

6H
f

( MX
2

) = the heat of formation of the metal halide 

6H Z = the measured heat of decomposition 
r 

D = the heat of dissociation of the halogen molecule 

A = the electron affinity of the halogen atom 

6H = the heat of sublimation of the metal 
sub 

1
1

, 12 = the first and second ionisation potentials of H 

Sl = the heat of sublimation of ML2X2(s ) • 

Sl is not known with accuracy but for many pyridine and picoline 

complexes it is expected to be fairly constant since it is known that 

the heats of solution,in chloroform , of many such complexes do not differ 

by more than ±O . 75Kcal . /mole ( 77 ). If this is taken to indicate that 

the interactions within the crystal are similar , then Sl should be 

invariant for the same reason . 
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All the values in the cycle should be referred to the 

temperature of measurement . The heat capacities of only a few of the 

complexes have been measured, hOl-J'ever, which precludes such a . 

temperature correct ion . I t would necessarily be su.pef'nu.ous, however, 

since the uncertainties in many of the other quantities are large . 

In order to detect a variation in the heats of the gas phase 

complexation reactions, 51 may be neglected since it has been assumed 

constant . The remaining data are summarised in tables (1 ) , ( 2 ) and ( 3). 

Table 1 

Halogen 

Cl 

Br 

I 

Electron Affinities and Dissociation 

Energies 

Electron Affinity 

(Kcal./ g • atom ) 

87 . 2 

81. 7 

74 . 7 

Dissociation Energy 

(Kcal. / mole ) 

57 .2 

45 . 4 

35 .5 
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Table 2 Heats of sublimation and first and 

second ionisation potentials 

Hetal Heat of sublimation First and second 
ionisation potentials (Kcal./g. atom) 

(Kcal./g . atom ) 

Ca 42 415 

Cr 95 536 

t1n 67 532 

Fe 100 555 

Co 102 574 

Hi 101 594 

Cu 81 646 

Cd 27 597 

4 . 3 . 2 

The ~1L4X2 compounds normally decompose firstly to HL2X2 

compounds. Since the latter are thought to have similar intermolecular 

forces it may be assumed that the same is true for the HL4X2 type of 

compound, especially since these are all discreet octahedra. The solid 

state heats of decomposition may be compared, therefore, for these 

compounds directly . 
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4.4 The Pyridine and Picoline Complexes 

These complexes fall into three categories: 

(1) Octahedral - ML4X2 (monomer ) 

(2) Octahedral - HL2X2 (polymer) 

(3) Tetrahedral - ML2X2 (monomer) 

In addition, there are intermediate decomposition products of the 

types MLX2 and ML2/ 3 X2 \'lhich appear to be distorted octahedral 

polymeric compounds (49). 

In connection Hith the ster·eochemistry of the complexes, 

dichlorodipyridinecobalt (11) is of particular interest. This compound 

exists in both octahedral and tetrahedral forms, as previously mentioned. 

The heat of transformation, 6H, from the octahedral to tetrahedral forms, 

was found to be +3.02 ± 0.07Kcal./mole, which is very close to the value 

reported by Wendlandt (78) of + 3.2 ± O.lKcal./mole. 

These compounds usually decompose firstly to the bis ligand 

complex, ML2X2 • Less frequently , t1LX2 compounds are the first stage 

decomposition products and these mono ligand complexes are always formed 

by the decomposition of the bis ligand complexes . It is convenient 

to group the compounds accordine to the stereochemistry of the 

decomposition product: 
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(a) Giving octahedral l-1 L2X2(cryst.) 

Compound Reference Heat of the decomposition 

HL X -+ NL X + 2L 42(cryst.) 22(cryst.?oct.) (g) 

CrPY4I2 26.1 ± 0.4 

FePY4C12 56 27.0 ± 0.4 

Fe(B-pic)4C12 56 29.2 ± 0.6 

Nipy4C12 
51 24.5 ± 0.1 

Ni (B-pic)4C12 51 25.7 ± 0.6 

Nipy4Br2 
51 23.9 ± 0.2 

(b) Giving tetrahedral HLl2(cryst .) 

compound Reference Heat of the decomposition 

ML X + ML X + 4 2(cryst.) 2 2(cryst.,tet.) 2L(8) 

Co(y-pic)4C12 49 32.9 ± 0.8 

Co(y-pic\Br2 
49 32.8 ± 0.8 

Co(S-pic)4Dr2 49 30.0 ± 0.3 

COPY4I2 49 28.4 ± 0.7 

Co(y-pic)4I 2 49 30.4 ± 0 •. 6 

NiPY4I2 51 34.2 ± 0.4 
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( c) Giving octahedral t1LX2 (cryst .) as a first , or second , stage 

decomposition product 

Compound 

FepY4C12 

Fe ( B-pic\C12 

Fe(y-pic\C12 

NipY4Cl2 

Ni( B-pic\C12 

Hi( y-pic) 4C12 

NipY4Br2 

Reference 

56 

56 

56 

51 

51 

51 

51 

Heat of the decomposition 

r·IL X -+ HLX + 3L 42(cryst .) 2(cryst .,oct .) ( r; ) 

42 . 2 t 0 .5 

43 . 6 t 0 . 6 

41.3 t 0 . 5 

4C . l t 0. 2 

39 .0 t 0 . 6 

45 . 8 t 0 . 6 

40 . 2 t 0 . 3 

Figure (7 ) ShOHS an idealised enerr,y scheme vlherein the compounds 

initially (i) have only a metal-ligand bonds . In (ii ) , n-bonding is 

also present in the startin~ material and in (iii ), n-bonding is also 

present in the decomposition product . It would be expected that 

'TT-bonding betvTeen the metal and the lil3ands should be more important in 

octahedral than in tetrahedral complexes since, in the former , t he 

t set of orbitals are conveniently oriented tOl-lards the ligands . 
2g 

In the tetrahedral molecules, the t2 set point between the lieand 

and d'TT-bonding is not expected to be so efficient . 

From Figure ( 7) we see that heats of decomposition of the 

r.1L
4
X

2 
compounds Hhich give tetrahedral decomposition products should 

be greater than those obtained from the compounds which eive octahedral 

products . Not only is the n-bondinr, abili ty lost in the tetrahedral 
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compounds but also there must be a sizeable heat effect on formation 

of the polymeric lattice . In fact, the heats of decomposition are in 

the predicted order which would seem to give some support to the 

proposals outlined above . 

Also, it would be expected that the electron densities at the 

2 and 6 positions of the pyridine nucleus would affect the extent of 

back n-bonding . If these positions have large negative charges, the 

t set will be repelled and, conversely, they will be less repelled 
2g 

if the 2 and 6 positions are not highly charged . Electron releasing 

substituents at the 2, 4 or 6 positions should increase the electron 

densities at positions 1, 3 and 5 whereas substituents at the 3 or 

5 positions will tend to increase the electron densities at positions 

2, 4 and 6. 3 or 5 substitution (the a-positions) should , therefore, 

hinder back n-donation whereas 4 substitution ( y ) should have little 

effect. Since all positions are slightly increased in electron density 

by either a or y substitmnDn of an electron releasing group for a 

proton, then back n-donation should be inhibited with all the 

substituted ligands; at the same time, the a contribution should 

increase with the increased basicity of the substituted bases . Also, 

the ability of the metal ion to back-donate should increase with the 

number of t
2g 

electrons, if only because back donation should decrease 

the repulsive forces between these electrons . It also will increase 

when more polarisable ligands are used. The tendency of atoms to 

dispose of an acquired high charge is familiar as "Pauling's Electro

neutrality Principle", which suggests that atoms decrease their chargc~ 

by some mechanism, to between ±l electronic charges if possible . 



93 

In group (b) it is seen that the heats of reaction for the 

dihalogcnotetrakis (y-picoline) cobalt(II) complexes are very nearly 

the same, regardless of t-rhich halogen is :r:resent in the complex . 

A possible explanation of these facts is that on replacing chlorine 

with a r.lorep ~larisable halogen, the (1 bond strength ,·Till decrease; 

at the same time, the high acquired charge on the metal which should 

weaken the a bonds is disposed of by back n-bonding onto the ligands . 

This synergi c process should ensure a constancy of bond strength in 

the tetrakis complexes . Dibromotetrakis(B-picoline)cobalt (II)has a 

s~ightly lower heat of decomposition than its y-picoline analogue, 

possibly reflecting the lesser ability of S-picoline to accept back 

donated cha~ge . Diiodotetrapyridinecobalt (11) has a heat of decomposition 

lovrer than that of the corresponding y-picoline complex which may be due 

to the greater basicity of y-picoline in the latter case . 

The group Ca) compounds do not show such interesting variations 

in heats of reaction as do the group (b) compounds since the products 

are octahedral and,presumably, retain a considerable amount of 1T-bonding. 

The heats of decomposition of Ni(B-pic )4C12' NipY4C12 and NipY4Br2 are 

all closely similar and much lower than the heat of decomposition of 

NipY412 ' This may reflect the absence of 1T-bonding in the tetrahedral 

compound, NipY212' but the latter is monomeric and changes in inter

molecular forces may be considerable . 
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Although we do not have corresponding data for the y-picoline 

complexes of nickel, it is of interest to compare the heats of decompo

sition of the compounds in group (c) wherein it is seen that the compound 

Ni(y-pic)4C12 has a markedly higher heat of decomposition than its 

S-picoline or pyridine analogues . It is suggested that this is a n

rather than a-bonding effect since there is little difference between 

the heats of decomposit i on of the pyridine and 8-picoline complexes and 

the latter ligand is only slight ly less basic than y-picoline. 

Precisely similar effects are seen for the group (c) heats of decompo

sition of complexes of iron (11); the y-picoline complex gives the 

highest value while the e-picoline and pyridine complexes have quite 

similar, lower, heats . This would seem to indicate that 8-picoline 

offers quite a high resistance to back n-donation . 

It is convenient, at this point, to review the data obtained 

by other workers concerning other physical properties of these complexes 

to show that there is some correlation between them . In particular, 

spectroscopic and thermodynamic measurements should lead to similar 

conclusions regarding the bonding in these compounds . 

Infra-red Spectroscopic Measurements 

Some of the compounds discussed here have been studied by 

infra-red methods by Clark and Hilliams (79) and Frank and Rogers (Ba). 

The value of their results is lessened by the incompleteness of many 

series of compounds and by the fact that it is difficult to attach too 

much significaoce to such data \-lhich are not precise to better than :t 3cm -1 
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since this uncertainty is frequently greater than the differences in the 

metal-ligand vibrational frequencies . These frequencies should be most 

sensitive to metal-nitrogen bond strength. It should be emphasised that 

the uncertainties quoted above are quite normal in this work and that 

this should be borne in mind when comparing very small frequency 

differences . 

However, taking the results from the Clark and Williams paper 

as the more complete set, the metal ligand str~tching frequencies can be 

arranged in the order:-

Copy 4 C12 - Copy 4 Br 2 

NipY4I2 

- Nipy Cl -
4 2 

Incomplete as the series is, the similarity of the stretching frequencies 

in compounds with the same ligand and various halogens parallels the 

thermochemical data reported above . The B-picoline nickel (11) complex 

has a lower stretching frequency than the corresponding pyridine complex 

but this is misleading since the masses of the ligands differ . This 

will alter the stretching frequency since this frequency is inversely 

proportional to the square root of the reduced mass of the oscillator . 

Assuming a nickel atom and ligand to be the oscillator and by calculating 

the reduced muss of the system in each case, an approximate estimate may 

be made of the force constant in each oscillator . This is found to be 

1.1 x loSdynes/cm for each complex so that, despite the simplicity of 

the argument, it would seem that the bond strengths are very similar in 

the t\,10 compounds, as predicted from the thermochemical data . 
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Ultra-Violet Spectroscopic Measurements 

Detailed electronic spectra have been recorded for some of the 

compounds reported here by Sharp et al .( 49, 51) and Goodgame et al.(73). 

Lever et al.( 81 ) have also calculated the crystal fi~ld parameters 

lODq and B for complexes of the type NiL2X2 • lODq was found to be greater 

in bromides than in chlorides and this was explained in terms of greater 

metal to ring rr-bonding being indu~ed by the greater polarisability 

of the bromine atom . It was further demonstrated that a-substitution 

is more effective than y-substitution in repelling back-co-ordinated 

charge. 

Nelson and Shepherd have published details of further work on 

the subject of Nickel(II)halide and pseudo-halide complexes with 

heterocyclic ligands in which the same general conclusions are reached (85) 

namely that there is significant rr-bonding in such complexes and that 

the positions of the ring substituents govern the degrae of such bonding. 

Thermodynamic Measurements 

Nelson and his co-workers ( 82, 83, 84, 86) and Libus and 

Uruska (87) have made thermodynamic measurements on compounds similar 

or identical to these reported here . Using a pyridine-chlorobenzene 

solvent, Libus and Uruska have calculated equilibrium constants for 

the equilibrium 

HpY2C12 (soltn ) + 2PY(soltn) = MPy4C12(soltn) 

by measuring the concentrat ions of the various species involved. 
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They found that the equilibrium constants had a minimum value at 

manganese, risinG to nickel and fallinG again to zinc. These authors 

suggested that all t he MPY2Cl2 complexes are tetrahedral and that 

their results reflect the differences in crystal field stabilisation 

energies of the octahedral and tetrahedral compounds . In fact , only 

the cobalt and zinc compounds are thou~ht to be tetrahedral and, 

therefore, this part of their argument should be disregarded. 

Nelson ' s Hork was f ound to be more interesting, since, in 

addition to measurements of equilibrium constant, he has reported 

heats of reaction for reactions similar to those reported in this 

thesis. Nelson's measurements Here made for both solid state 

decompositions and for solution equilibria and all of these are 

referred to room temperature. It is of interest to note that he 

found parallel trends in the various heats of reaction in spite of 

the differences in the absolute values obtained by the two calorimetric 

techniques. Table 3 summarises some of Nelson ' s results and compares 

them, whe~e possible, with those reported here. 

Compound 

copY4Br2 

CoPy412 

Co(s-pic\Cl2 

Co(S-pic)4Br2 

Co(6-pic)412 

Table 3 

Nelson et al (86) 
(Kcal . /mole) 

33.7 

36 .2 

34 .5 

33.3 

31.9 

This work 
(K.cal/mole) 

28.4 

30.0 



Table 3 (continued) 

Compound 

Co(y-pic\C12 

Co(y-pic)4Br2 

Co(y-pic)4I 2 
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Nelson et al 
(Kcal./mole) 

38.5 

38.1 

34.7 

This \wrk 
(Kcal./mole) 

32.9 

32.8 

30.4 

Nelson has concluded that the results he obtained are best 

explained by invoking 1T-bonding. As Has stated previously, l3-picoline 

should have poor 1T-bonding capability, whereas pyridine should be rather 

better and y-picoline should be intermediate . Consequently, the heat of 

decomposition for the pyridine complexes increases on going from bromide 

to iodide but decreases for the complexes of l3- and y-picoline from 

chloride to iodide . In this Hork, we were only able to obtain data for 

the y-picoline complexes but it is seen that these parallel those reported 

by Nelson. Thel:'e is a difference in the absolute magnitudes of the heats 

of reaction and this may be due to the fact that the data reported here 

were obtained at higher temperatures than those of Nelson and a Kirchoff 

correct ion would be required before such a comparison could be made. 

l1elson has also calculated the entropy changes for the various 

reactions from the equation t:.G: t:.H - Tt:.S. He found these changes to be 

in excess of those required for loss of translational degrees of freedon 

and dependent on tbe ligand used . This was attributed to a degree of 

rigidity in the metal-nitrogen band which could be caused by 1T-bonding. 

Heasurements of heat capacities are reported later in this thesis which 

would seem to support this argument . 
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The Convergence of the Heats of Formation of Octahedral and Tetrahedral 

Complexes after Correction for Crystal Field Stabilisation 

Nelson (82) in studying the reaction 

has compared the experimental difference in the heats of reaction 

for i1 = Co and Ni \dth that expected from crystal field theory. 

Assuming that the heats of formation of octahedral r.1pY412 and of 

tetrahedral t-IPY212 parallel each other, the difference in the heats of 

reaction should be given by the folloHing expression, in which the crystal 

field stabilisation energy of the various species is represented by CFSE: 

For the medium field case, this reduces to: 

U2Dq(Nioct ) - 8Dq(Nitet )} - (8Dq(Cooct ) - 12Dq(Cotet )} 

-1 
Nelson assumed a value for lODq of 9200cm for the octahedral cobalt 

-1 -1 
and nickel complexes and of 5000cm and 3800cm for the tetrahedral 

nickel and cobalt complexes respectively . The calculated difference in 

the heats of reaction, using these data, is then calculated to be 

_12 . 1Kcal./mole . Allmfing for the uncertainties involved in this 

calculation, Nelson allm-led this figure to be in error by not more than 

t2Kcal. The experimental difference \'TaS found by Nelson to be -7. 2Kcal 

and in this work to be -5.8Kcal . , using the differential scanning 

calorimeter . Our results support, therefore, the suggestion made by 

Nelson that there is a convergence of t he heats of formation of the 
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octahedral and tetrahedral complexes studied on passing from cobalt 

to nickel af ter correction for crystal ~ield effects. This is illustrated 

in Figure 8 . 

Gill and Nyholm came to similar conclusions on the basis of 

qualitative arguments (8 2) and Blake and Cotton (89) observed a similar 

convergence durinr, their thermochemical investigations of the reactions: 

2- 2+-
MC14 (aq) + aq + M(H20)6(aq) + 4Cl(aq) 

These authors found the closing of the gap on passing from cobalt to 

nickel to be 5.5 to 7 .0Kcal ./mole, but the overall convergence from 

manganese to zinc was found to be rather smaller, on the average, between 

each pair of e leoents . This could not be confirmed in this work since 

most of the ML2X2 reaction products were octahedral rather than tetrahedral. 

It has been discussed in an earlier section that by using thermo-

chemical cycles, quantities may be derived from the measured heats of 

decomposition which should be of greater interest than the latter . 

The first of these quantities is t.H( g) (see Figure 4) which is the heat 

required to remove two moles of ligand from the metal complex leaving the 

metal halide,all substances being in the gaseous state . t.H is the com 

second quantity of interest; this is the heat of the gas phase 

complexation reaction (Figure 6) but is usually replaced by t.H' 
corn 

which differs from llB only by the heat of sublimation of the metal corn 

complex. Sl' the heat of sublimation of the complexes has been assumed 

to be approximately l5Kcal ./mole. This could be considerably in error 
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"Selected Values of Chemical Thermodynamic Properties" National Bureau 
of Standards, Circul.ar 500. 
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but no measurements have been reported and this estimate is based on a 

calculation by Ablov (75) concerned with complexes of aniline which are 

of similar stoichiometry t o the pyridine complexes studied here . 

Certain heats of sublimation of the metal halides were not obtainable 

and these , also , have been estimated where applicable . 

The calculation of !:IHg permits comparison between compounds of 

various metal halides and also gives an estimate of the metal-nitrogen 

bond energy - that i s , the energy evolved \ihen the gaseous nitrogen

containinf, ligand combines with an isolated gaseous molecule of the metal 

halide . For cobalt chloride, this was found to be 75Kcal./mole of 

COPY2C12 for the removal of tHO moles of pyridine . Ablov ( 75 ) found that 

the corresponding heat for the aniline complex was 95Kcal . /mole at rOom 

temperature . All our data use heats of reaction obtained at the 

temperatures of decomposition and do not include Kirchoff corrections . 

From Table 4 , it is seen that the complexes fall into two groups . 

The heats of decomposition, !:IHg, of the cobalt decrease in the order: 

iodides < bromides < chlorides 

The chrom1urn and nickel complexes yield !:IHg values vlhich do not depend 

strongly on the halor,en used vdth the exception of Ni(a.-pic )2C12 which has 

a very low value of /lEg . This may be explained by the fact that the cobalt 

complexes are all tetrahedral whereas most of the remaining ones are 

octahedral. In the latter, on passing from chloride to iodide, increasing 

charge will be acquired by the metal atom which should weaken the nitrogen 

to metal sigma bonds . At the same time, back n-donation from the metal to 

the ligand should be enhanced with the result that the bonds remain 
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essentially constant in strength regardless of the halogen ligand. 

This in turn suegests that the heats of decomposition should stay fairly 

constant . In tetrahedral compounds , in which ~-bonding is not expected to 

be as effective as in octahedral compounds, this ~-bond enhancement should 

not occur to such a marked extent and substitution of bromide or iodide for 

chloride would be expected to progressively weaken the metal-nitrogen bond 

and hence Im-ler the heat of decomposition . It would be expected that 6Hg 

for NipY2I2 VTould be 10l-ler than 6Hg of the analogous chloride and bromide 

complexes . This VIas not found to be so but it should be emphasised that 

this may have its origin in the estimated value of the heat of sublimation 

of nickel iodide . For a particular metal halide, either Mlr 20r 6Hg values 

may be compared since they differ only by a constant term involving heats 

of sublimation. As 6Hg values have been used so far this will be continued 

for the Sake of consistency . 6H~ values of the cobalt chloride complexes 

are at a maximum for the y-picoline complex . The pyridine complex 

(S-coPY2C12)' \-lhich contains a less basic ligand has a lower 6Hg while the 

a_picoline complex falls still lower, presllinably for steric reasons . 

The position of the B-picoline complex is, as yet, inexplicable since there 

seem to be no factors, steric or otherwise , to significantly weaken the 

metal-nitrogen band . The analogous complexes of cobalt bromide were 

prepared and a similar result obtained: the B-picoline complex having the 

lowest 6Hg ~lhile the other complexes of cobalt bromide gave 6Hg values which 

fell into a similar order to that obtained for the cobalt chloride complexes . 

This behaviour was not found for any of the other complexes examined in 
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this work. 6Hg for the manganese complexes, for example, is in the order 

which might be expected: 

Mn(y-pic)2C12 > Mn(S-pic)2C12 > MnpY2C12 

It was found that the complex Ni(a-pic)2C12 has a very low 6Hg 

\-lhen compared with the other complexes of nickel chloride and also when 

compared with Co(a-pic)2C12 . Both of these complexes are tetrahedral 

and it mir;ht at first seem surprising that the bonding is much \>leaker in 

one than in the other when they differ only in the central atom. It would 

not be expected that this difference l-fould give rise to any steric 

interactions due to the similar sizes of the two atoms (or ions) concerned. 

It is of interest to compare the loss in crystal field stabilisation energy 

(CFSE) for the cobalt and nickel complexes which occurs "'hen each of the 

complexes decompose into their parent halides, which possess octahedral 

structures. It was thought that this mir;ht explain the data since cobalt(II) 

possesses the greatest CFSE for tetrahedral divalent ions whereas nickel(II) 

has the greatest CFSE for octahedral divalent ions. Nelson and Shepherd (81) 

-1 
calculated lODq for octahedral-HiC12(s) to be 7,200cm and this value has 

also been used for CoC12(s). As an approximation lODq for the tetrahedral 

r.1(a-pic)2C12 Has presumed to be half this value. The calculated difference 

in the change of CFSE for the nickel and cobalt complexes decomposing to 

the parent metal halides is given by the folloHing : 

( CFSE Ni oct - CFSE Hi tet ) - (CFSE Co oct · - CFSE Co tet ) 

= 12 Dq Ni oct - 8 Dq Ni tet 

:: 6 Dq Moct 

8 Dq COoct + 11 D~ COt ct 

Therefore, the calculated stability difference is -4,300cm- l or -12.2Kcal. 
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The experimental difference is approximately -11 Kcal . so that it would 

seem that the data are in fact explained by purely crystal field 

arguments . 

Crystal field theory predicts that CFSE should be a function of 

the atomic number of the transition metal ion present in a complex compound. 

This stabilisation energy is expected to manifest itself in the thermo-

dynamic properties of these complexes . It might be expected that the heat 

of decomposition, 6Hr2, or the heat of the gas phase reaction, AHg, would 

be suitable quantities to illustrate this variation. There are objections 

to using these, however, since 6H r2 includes solid state interaction energies 

and 6Hg refers to gaseous metal hali c1es for which the structures are largely 

unknown . A more useful quantity is 6Hl (Figure 6) since , firstly, the corn 

only stereochemistry involved is that of the complex and, secondly, the gas 

phase complexation reaction ( Figure 6) introduces the crystal field 

stabilisation energy as a first order effect rather than as a change on 

going from the metal halide to the complex . Therefore, a plot of 6Hl 
corn 

against atomic number show a greater variation than either AHg or 6Hr~ 

6H 2 and 6H1, have been plotted in Figures (9) and (10) for 
r corn 

the dichlorodipyridine complexes . Similar plots for other complexes may 

be drawn but it is not then justifiable to include the cobalt complexes 

which are all, with the exception of a-CopY2C12' tetrahedral monomers 

Hhereas the other metal complexes are octahedral polymers. From Figure (10) 

it is seen that 6H~om is minimal at manganese, rises to chromium on the one 

side and throuGh iron, cobalt, nickel and copper on the other. 6H r
1 is rather 

low for copper and this may be caused by the different crystal structure 
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of copper chloride compared to the other metal halides . The variation 

of ~Hl is just that expected from crystal field theory (31) and similar corn 

to the variation of other thermochemical quantities (28). If a line is 

drawn, on the graph of ~H~om vs. atomic number, from calcium through 

manganese, the deviat ion from this line of the experimental points is found 

t o be between 5 and 10% of ~Hl • This indicates the percentage of the corn 

total binding enerGY due to crystal field effects and serves to emphasise 

the smallness of these effects . 

~Hl decreases rapidly with increasing atomic number of the halogen corn 

in all cases due to t he lower electronegativity of the heavier halogens. 

Estimation of 10Dg, the crystal field splitting parameter 

In the absence of crystal field effects, the heat of complexation 

of a metal ion would be expected to rise smoothly , if not linearly, with 

increasingatomlcnumber of the metal ion due to the increasing nuclear 

charge of that ion. Any deviation from this smoothly varying quantity is 

attributed to crystal field effects . 

Since calcium , manganese and zinc are not stabilised by a cubic 

crystal field, the heats of complexation of the ions of these metals should 

lie on the line which represents the heat of complexation in the absence 

of crystal field effects . The heats of complexation of the remaining metals 

should then lie above this l i ne and the extra stabilisation is the crystal 

field stabilisation ener gy of the metal ion . Data were not available for 

znpY2Cl2 but by extrapolating a line from calcium through manganese 

(figure 10), the heat of complexation for Ni
2+ was found to be about 28Kcal . 

above the extrapolated line. In terms of wave numbers, this becomes 
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-1 9825cm and, since the CFSE of octahedral divalent nickel is 12Dq 

-1 
10Dq is calculated to be about 8, 200cm . An uncertainty of about :t: 10% 

is expected but the value is in good qualitative agreement with the spectro

-1 scopic value of -8,500cm (81). As pointed out by Fi8Gis (31), it is 

unreasonable to expect exact agreenent due to the arbitrary nature of the 

interpolation procedure since the change in, for example, lattice enerey 

(which he quoted ) Hith the number of d electrons is by no means linear in 

the absence of CFSE. 

4 . 5 The Aniline Complexes 

Many aniline complexes have been prepared since the early work of 

Leeds (90) and more recent work has been mentioned by Ahuja et al (60). 

These workers studied the thermal decomposition of many aniline complexes 

and isolated new complexes as decomposition products. In this work we 

were not able to resolve separate peru<s in the thermograms except in the 

case of the iron complex . Calorimetric measurements have been reported by 

Ablov (75, 91) for the reaction 

at room temperature. 

(A = aniline or substituted 

aniline) 

The data we obtained are summarised in table 5 using the usual 

abbreviations. 



Compound 

CdAn2C12 

HnAn2C12 

FeAn2C12 

CoAn2C12 

NiAn2C12 
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Table 5 HAn2C12 Complexes 

llHr
2 (Kcal./mole) 

32.9 

30.1 

27.9 

35.5 

32.2 

- llHl (Kcal ./mole) corn 

642 

633 

655 

681 

697 

FeAn
6

C1
2 

was the only aniline complex studied in th l s work 

which had more than two molecules of aniline per metal atom . 

Hexakis-aniline complexes are rare, but a report of such complexes 

with metal perchlorates has been published (92). The infra-red spectrum 

of the compound indicated the presence of aniline and the gas evolved 

during decomposition gave a spectrum identical to that of aniline. 

Initially, the complex lost f ·our molecules of aniline to form FeAn2C12 • 

This decomposition recurred in two stages - the first of which was not 

accompanied by a weight loss since it occurred below the boiling point 

of aniline. The Height loss in the second stage corresponded to the loss 

of four molecules of aniline and almost 50Kcal./mole of complex were 

required for these tHO stages. This is rather less, per mole of lieand, 

than in the case of the H14C12 compounds (1 = picoline) and may be 

attributed to the weaker basicity of aniline and its inability to 

participate in metal-ring ~-bondine . 
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As for the pyridine and picoline complexes th d "l.'nto , e ecomposl.tl.on 

metal halide occurs at relatively high t emperatures . This may preclude 

an absolute comparison of the ~Hr2 values for the aniline and pyridine 

complexes because of the uncertainty in the magnitude of the Kirchoff 

correction , f~CpdT . 

It ",as found that, as for the pyridine complexes, ~H 1 rose from 
corn 

manganese through to nickel, Less data are available for the aniline 

complexes since it has not been possible to obtain useful data from the 

copper complex and the chromium(II ) complex has not yet been prepared . 

For the reaction 

CoC12( g ) + 2An(g ) ~ CoAn2C12(g) 

Ablov has calculated that the heat of addition is 95Kcal/mole . 

Using Ablov ' s estimate of the heat of sublimation of CoAn2C12 ( -14Kcal . / mole ) 

we calcul ated the heat of the same reaction to be about 03Kcal./mole . 

Our estimate, using data obtained at high temperatures, is much l ess than 

that of Ablov, obtained at room temper.ature . This suggests that there is 

a considerable heat capacity correction to be made before a direct 

comparison may be made betHeen the tNO sets of data . It has already been 

mentioned ( see "Heats of solid state reactions") that Ablov confused 

certain thermochemical data concerninr. the reaction: 

CoAn2C12(S ) ~ CoC12(s) + 2An(g) 

Ablov ' s value of 43 . 2Kcal . /mole for this reaction is considerably higher 

than the value reported here of 35 . 5Kcal . /mole . This discrepancy may also 

have its or igin in the Kirchoff correction . 
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There does not appear to hilve been any other thermochemical Hork 

reported for these compounds. Some ultra-violet spectral data have been 

reported (60) but no quantitative conclusions have been drawn from them. 

Using infra-red spectroscopic measurements, Clark and Hilliams (9 3) 

have established that all the complexes used in this work, with the 

exception of the cobalt complex, are distorted octahedral pOlymers. 

Unlike the analogous pyridine complex, CoAn2Cl2 is tetrahedral at room 

temperature and this form persists down to liquid nitrogen temperatures. 

Evidently, for the oct~hedral and tetrahedral forms of CoAn2Cl2 , there 

is a large energy difference Hhich may originate from the lack of 

IT-acceptor orbitals in aniline \-1hich, for pyridine, may stabilise the 

octahedral structure as described previously. 

4.6 Complexes of Pyrazine and Related LiRands 

The preparations and structures of many metal-diazine complexes 

have been discussed by Lever, Lewis and Nyholm (57, 59, 74, 94). 

Reimann and Gordon (95) have discussed the preparations and properties of 

some diazine and triazine complexes and Koros and his co-t'lOrkers have 

reported the thermal decomposition of some cobalt-diazine complexes (58). 

This latter vlOrk served as a useful comparison Hi th our own work and p,ood 

agreement was found betvleen the two sets of data . 

The diazines used in this work t-rere mostly those derived from 

pyrazine (l,4-diazine) by substitution of ring protons with methyl groups . 

The weight losses which accompanied thermal decomposition could be assigned 

to definite stoichiometric reactions in Hhich only integral , or simple 
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fractional losses of diazine occurred for the complexes of 1, 4-diazines . 

Complexes of 1, 2- and 1, 3-diazine were also prepared but thermal " 

decomposition of these complexes resulted in the formation of a black 

residue of ill-defined stoichiometry except in the case of dibromobis 

(pyrimidine) cobalt (Ir) bromide vlhich decomposed cleanly to cobalt ( II) 

bromide . Poor results were also obtained with complexes of sym-triazine 

(1, 3, 5-triazine ). It may be that ring fragmentation occurs when these 

black residues are formed and, although no black residues were formed 

from 1, 4-diazine complexes it Has thought to be necessary to ensure that 

the gas evolved durinr; decomposition of these complexes was not a product 

of rine fragmentation. A sample of the eas Has condensed . and its infra

red spectrum recorded which proved to be identical to that of a pure sample 

of the diazine . This was considered adequate proof that the decomposition 

did not involve the formation of any other gaseous product than the 

diazine and it was possible to proceed with the thermochemical measurements. 

The presence of tvl0 nitrogen atoms in the ring will induce quite a high 

positive chnree at the centre of the ring . Back donation to the ring 

would be favoured due to stabilisation of the ~-electron cloud and the 

results we obtained would appear to support this suggestion . As an example, 

it is of interest to note that the ferrous complex, Fepz2C12' is unusually 

stable tovrards air oxidation . The hiCh charge acquired by the ferrous 

atom from the ligands which normally results in the oxidation to ferric 

iron in other compounds, Hill be de localised by back ~-donation to the 

pyrazine rings and no further electron loss is required for stability . 
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It was expected that chromium( II ) should be similarly stabilised but, 

on mixing ~~O~or ethanolic solutions of chromous chloride and pyrazine, 

a black tarry solid was formed to leave a green solution characteristic 

of chromium( III) . Methylpyrazine formed a green solution, without. 

formation of a black solid, and in both cases it would seem that extreme 

charge transfer occurred onto the pyrazine rings resulting in oxidation 

of the chromium( II ) ion . 

The most common stoichiometry of the diazine complexes is 

ML
2
X

2
, although methylpyrazine reacts with cobalt or nickel chloride to 

give complexes of the type i,1 t-IP4Cl2 and 2, 5-dimethylpyrazine forms 

complexes of the type '4LX2 • The occurrence of these complexes needs 

explanation in view of the steric factors involved . In view of the non

existence of a tetrakis a- picoline complex, it is probable that methyl

pyrazine is bonded through the non sterically hindered nitrogen . Bis- . 

ligand complexes are readily formed with a-picoline and complexes of 

similar stoichiometry VTould be expected for 2, 5-dimethylpyrazine . 

That this is not so may be due to a particular steric interaction Hhich 

causes the rinr,s to be oriented in a particularly fc:vourable way for 

metal-ring w- bonding . This was proposed by Coates (96) to explain the 

stability of some or~ano-metallic compounds which ha1 substi uent s ortho 

to the metal- carbon bond and may also be applicable here . A one to one 

complex of manganese is also formed, HnpzCl
2

, in Hhich similar arguments 

may not be invoked but other methods of preparation may yield the bis

ligand complex . FUrther coordination of 2, 5-dimethylpyrazine could not 

be induced even by usinf, the ligand as solvent for the reaction . 
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The complex, CoDmpC1
2

, exists in two forms: one is a polymeric 

octahedral complex (a sample of which was supplied by Dr . A. B. P. Lever) 

and the other is a polymeric tetrahedral complex, the preparation of 

"'hich has been described earlier. Unlike the two forms of COPY2C12' it 

was not possible to inter conv crt the nlO forms. The sample of the 

octahedral form decomposed, on heating, to a charred compound of indefinite 

composition whereas the tetrahedral form decomposed cleanly to the metal 

halide . 

The heats of decomposition of the dipyrazine complexes into the 

monopyrazine complex and the metal halide respectively are quite different, 

the second stage bein2 several kilocalories per mole greater than the first . 

This Vlould seem to indicate a possibly greater stability of the mono-

diazine complexes . In Vie.,l of the very low basicity of 1, 4-diazines, it 

.,TaS surprising to find that t he heats of decomposition of the diazine 

complexes were slightly higher than those of the analogous pyridine 

complexes . The P~ values of various bases are summarised in Table 6, 

h .. 104 . 6 . 1 . wherein it is seen t at pyraz1ne 1S t1mes ess bas1c than pyridine . 

Table 6 pKB of Various Bases (97) 

Base Pyridine Aniline 8,y-picoline Pyrazine Pyrimidine 

8 . 77 9.42 8.00 13.4 12.7 

If a- bonding were the only bonding between metal and nitrogen, 

the lower basicity of pyrazine would be expected to result in a weak 

bond compared .,lith the metal-pyridine complexes. This .,lOuld, presumably, 
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manifest itself in relatively low heats of decomposition for pyrazine 

complexes . If the a-bondinr, were reinforced with back IT-bonding it vlould 

be expected that the bond strengths could be similar to those found in the 

pyr.;dine complexes . Since the heats of decomposition of the pyrazine 

complexes are slightly higher than those of analogous pyridine complexes 

it would seem that IT-bonding may well be important in these complexes as 

was expected frcm the observations, mentioned previously, made on the iron 

complex . 

The complex CoHP4Cl2' readily lost two molecules of ligand at 

relatively low temperatures Hith an accompanying heat of reaction of 

33 . 8Kcal/ mole . The heat of reaction for the loss of tvlO further molecules 

of ligand is 33 . 6Kcal . / mole and is almost equal to that of the complex 

COPZ2Cl2 from which it may be inferred that the non-sterically hindered 

nitrogen of the ring bonds to the metal. 21 . 7Kcal . /mole are required to 

remove the final molecule of ligand from this complex whereas only 

19 . 3l<cal are required to remove one mole of 2, 5-dimethylpyrazine from 

CoDmpC1
2

• This may suggest greater steric hindrance in the latter compound 

but a comparison is not really possible since the structures of the 

starting compounds differ . 

The most complete set of heats of reaction refer to the 

decomposition 

MLX ~ MX + 2L 2(cryst .) 2(cryst . ) (g) 

t..rhich may be referred to , following the convention adopted in the 

experimental section, as ~H ( 12) . For the octahedral polymeric compounds, 
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NipzC12 and NiDmpC12, 6H(12) has almost the same value. As has been said 

before, it may be that the dimethylpyrazine molecule may adopt a favourable 

configuration so that steric interactions Vlhich would otherwise decrease 

the bond strengths of its complexes are overcome . Lever et al . (94) were 

unable to detect any dependence of lODq, the crystal field splitting 

parameter on methyl substitution of the pyrazine ring . On a molecular 

orbital approach, lODq is the separation of the non-bonding and anti

bonding orbitals in the complex and, as such, reflects the interaction of 

the metal and liGand orbitals . It would seem, therefore, that Lever's 

observations support our own, namely that the bond strength is little 

affected by ortho-substitution . Lever's explanation of the observation 

Has that the incre~sed a-bonding ability would be offset by decreased 

IT-bonding due to the hi .r.;her negative charge induced on the rine by the 

methyl groups . If this were true, .cx-picoline, ,.,hich participates to a 

lesser degree in IT-bonding than pyrazine, should form stronger bonds than 

pyridine . Our results do not appear.to support this and, therefore, 

Lever's suggestion does not seem to be acceptable . As a general 

observation, the ~H(12) values do not exhibit any such regular dependence 

on the nature of metal, ligand or halogen , as t.,as found for the complexes 

of pyridines and picolines . The f~y(~j i complex, Co(pmd)Dr2 has a ~H(12) 

of ·26 . 9Kcal ./mole which is considerably greater than that of any of the 

pyrazine complexes. The structures of pyrimidine complexes are not known 

with certainty ( 95 ) but are thought to be very similar to the structures 

of 1-4 diazine complexes . If this is so, it is difficult to see why pyri

midine should form a more stable structure than pyrazine unless a simple 
'I _ ~ _ _ _ _ _ '- , __ _ _:. _ _ _ 
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4 . 7 Heat Capacity Results 

As outlined previously, the differential scanning calorimeter 

may be used to determine the heat capacities of chemical substances 

relatively quickly and Hith good accuracy . It ",as considered necessary 

to measure the heat capacities of representative complexes and to 

calculate the Kirchoff correction, fllCpdT , which has been mentioned 

previously, in order to see if there VlClS any correlation bet\-1een the heats 

of decomposition obtained from room temperature solution calorimetry and 

from higher temperature scanning calorimetry. It was desirable to use 

complexes Nhich did not decompose at 10H temperatures and this excluded 

the tetrakis-ligand complexes. Also, the heat capacities of the gaseous 

products had to be known; fortunately, the heat capacities of most of the 

lir,ands used in this \>lork have been measured or calculated to high accuracy . 

The first compound chosen for this Hork \V'as dichlorodipyridinecobalt (II). 

It is thermally stable over a reasonable temperature range, which permitted 

e>-'1:rapolation of our data to higher temperatures, and t\'10 independent 

determinations have been made of its heat of decomposition at room 

temperature (64, 98). The heat of the similar reaction for dichlorobis

(a-picoline)cobalt(II) has also been reported (99) and the heat capacity 

of this compound has been measured . It Has also of interest to measure 

the heat capacities of complexes for which the ligand skeleton had been 

changed slightly, from pyridine to pyrazine for example; it was thought 

that this would permit a comparison of the temperature corrections for each 

ligand skeleton so that it could be seen if a sensible comparison could be 
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made behTeen scanning calorimetry data without temperature corrections 

being applied in each case . 

It was necessary to ensure that the differential scanning 

calorimeter gave meaningful results when used for the measurement of 

heat capacities . Certain standard substances were chosen for this purpose . 

These \-Tere high purity ( 99 . 99996 ) metallic indium and dried "Analar" 

sodium chloride . The heat capacity of indium was found to fit the equation: 

o -1 -1 
ep = 4 .18 + 0 .0068Tcals K e .atom (a) 

over the range 3300K to L~250K . Other data have been reported which fit 

the equations: 

0 . 0025T cals o -1 g . atom -1 (101) (b) ep = 5 . 81 + K 

4 . 90 + 0 .0050T cals o -1 -1 (100) (c) ep = K ~ . atom 

These latter equations relate to data obtained over a similar temperature 

to that used in this Hork . Agreement between any two of the equations 

would not appear to be good . If, hO\-Tever, hellt capacities are calculated 

from each of the equations, a point by point comparison is found to be good . 

For example, the maximum difference of heat capacities calculated from 

equat i on ( a ) and equation (b) VIas found to be 3~ which ~s only slightly 

greater than the experimental uncertainty of :1:1 to 2% . The heat capacity 

of sodium chloride was found to fit the equation : 

o -1 -1 Cp = 10 .1 + 0 .0056T cals K g .atom 

KubascheVlski and Evans (101) report the equation 

o -1 -1 ep = 10 . 98 + 0 .0039T cals K g . atom 

for this compound . The dis crepancies between the tHO equations are '-Tell 

within experimental error Hhen a point by point comparison is made . 
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The calorimeter was then used to measure the heat capacities 

of some of the complexes which have been studied . The Kirchoff 

correction is given by: 

dT 

tJ.H refers to the heat of reaction at the lm·ler temperature (Ti) 

or the higher temperature (Tf) . Ti, in this case, was room temperature . 

Tf Has estimated as a Hei~hted mean for a multi-stage decomposition by 

summing the products of the individual heats of reaction and their 

average temperatures and equating this sum to the product of the total 
~ e..a.t of r--e.a.c-tiOI\. o..l'\.d. Tj. r:.Cp<J"} ,·s tl..Q. Su.m 0-1 -tlte. 
heat capacities of the products and Cp(r) is the heat capacity of the 

reactant . These hCld the form: 

capacity of CoC12(s) 
o -1 -1 

Heat = a + bT cals K mole 

Heat capacity of base = c + dT 2 0 -1 -1 + cT cals K mole 

capacity of complex = f + 13T 
o -1 -1 

Heat cals K mole 

It is impl@d that the heat capacity of the complex can be extrapolated to 

vdthin the temperature range of decomposition since the integration must 

be carried out to within this range . This is a dubious assumption but 

necessary for the calculation . Data for the equations are available and 

are summarised in Tc.ble 7 . 



Compound 

CoC12(solid) 

Aniline ( ) gas 

Pyrazine( ) 
~as 

et-pico1ine( ) gas 

Pyri dine ( gas) 
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Table 7 

Heat capacity 
calsoK-lmo1e-1 

14 . 41 + 14 . 60 x 10-3T 

-10 . 2216 + 1 .56200 x 10-1T 

- 1 . 31860 x 10-4T2 

2 .1977 + 3 . 99752 x 10-2T 

+ 9 . 63829 x 10-5T2 

-4. 097 + 1 . 00658 x 10-1T 

- 6 .0026 z 10-6T2 

-2 -8 . 262 + 10 . 608 x 10 T 

- 5 .4662 x 10-5T2 

Reference and 
Temperature ran~e 

(l01) 

(102) 

(103) 

(104) 

(105 ) 

o 298 K - m.pt . 

o 298 . 15 K -

1.000oK 

The Kirchoff correction was integrated and the results are listed 

below: 

Compound 

COPY2C12(cryst .) 

Co(et-pic)2C12(cryst.) 

CoAn2C12(cryst.) 

FePz2C12(cryst.) 

Table 8 

- 2.2 

- 3 . 1 

- 1.9 

+ 5 . 4 

It Has not possible to calculate the correction for Co(y-pic)2C12 

since the heat capacity of y-picoline has not yet been reported. 

Thermodynamic data should soon be available for this base but the writer 
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has been informed that some slight decomposition occurs at hir,h 

temperatures which has delayed publication of results (10&). 

The corrections, 6H(T t> - flH(T
i

) are all small and, \-lith the 

exception of Fepz2C12' negative. The heats of the reaction 

COL2C12(cryst.) CoC12(cryst . ) + 2L(g) 

have been measured at room temperature (64, 99 ) for L = pyridine or 

a-picoline (ref. G4 only). The results obtained Ne re 

L = pyridine, 6H = 45 . 3Kcal. /mole ( 64) 

= 45 .1Kcal ./mole (99) 

L = a-picoline~ 6H = 4l.1Kcal ./mole (64 ) 

The heats of reaction obtained with the scanning calorimeter were found 

to be 31 . 6 and 26.2Kcal . /mole for L = pyridine and a-picoline respectively . 

Using these data and the 6H(T f) 

L\H(T{) should be 33 . 8Kcal ./mole 

- flH(T.) corrections it is calculated that 
l-

for a-CopY2C12 amd 29 . 3Kcal./mole for 

Co(a-pic)2C12 . Each of these values is smaller than the experimental 

values quoted above by about 12Kcal . The reason for this discrepancy may 

lie in the assumption that the heat capacity of the complex may be extra-

polated to within the temperature range of decomposition . This is almost 

certainly true and a non-linear rise in the heat capacity in this range 

Hould result in a larger negative value of 6H(Tf) - 6H(Ti) ' However , it 

is not possible to test this assumption experimentally. In the absence 

of these data, it is notevrorthy that the difference between the heats of 

decomposition of COPY2Cl2(violet) and Co(a-pic)2C12 is 5 . 4 ± l . lKcaL/mole 

at the hir,her temperature and 4 . 2 ± 1 . 7Kcal. /mole at the lOHer temperature. 
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It l.;ould seem, therefore, that since the differences in the heats of 

decomposition so appear to be similar at either hi3h or low temperatures 

then it may be reasonable to compare the scanning calorimeter data as an 

internally consistent set . It does not seem likely that a useful 

comparison can be made l-lith room temperature measurements . It may also 

be true that a comparison is only possible between complexes Hhich differ 

only slightly, for example by minor changes in the ligand skeleton as in 

this \wrk; major chc:mges may bring about quite different Kirchoff 

corrections which thereby preclude comparison of data. 

The heat capacities of the various complexes Here obtained at 

a number of temperatures and some of the experimental data are summarised 

in Table 9. 

Table 9 

Compound Temperature Cp 0 eals/ /mole 

COPY2C12 330 72.4 

350 75.0 

370 77 .1 

Co(y-pie)2C12 330 85.7 

350 88.5 

370 94 .6 

Co( a-pie) 2 C12 330 89.7 

350 74.8 

370 97.4 



Table 9 (continued) 

Compound 
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Temperature 

330 

350 

370 

4-00 

4-30 

330 

350 

370 

4-00 

4-30 

Cp 0 cals/ /mole 

79.1 

82 .2 

86 . 1 

93 . 6 

96.8 

63.0 

65 . 7 

72 .2 

75 . 4-

78 . 4 

Theoretically, one may calculate the enerey associated with the 

translation, rotation or vibration of a substance . These three 

modes are Generally separable and, at ordinary temperatures, electronic 

excitation is normally excluded . Differentiation of the energy of a 

substance yields its heat capacity at constant volume since work of 

expansion has not been allmled for . This vlOrk contains data obtained 

at constant pressure and the heat capacity at constant pressure is related 

to that at constant volume 

Cp = Cv + 

by: 

T(dV) (~) 
aT p at V 

For similar compounds, Cp should parallel Cv and, in any case, 

Cp - Cv is often quite small for liquids and solids . For a solid, the 

major contribution to its heat capacity is given by the vibrations of the 

crystalline lattice . At high temperatures, the maximum heat capacity of 

-1 
3R gm .mole for a particular element is obtained . 
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A useful rule (Kopp ' s Rule) states that the heat capacity of a solid compound 

is frequently equal to the sum of the heat capacities of the constituent 

solid elements in proportion to the numbers of gram atoms per gram molecule 

of the compound . This rule will be used later . 

The heat capacities of solid pyridine, picoline and aniline have 

been measured and are listed in Table 10 . 

Table 10 

0 Tenp .( K) Cs(pyridine)( 54) Cs(a-picoline)(55) Cs (aniline)( 58) 

140 18 . l f 16.1 

160 19.9 18 . 2 

180 17.2 21.4 20 . 4 

200 19 .0 23.0 22 . 7 

220 21.3 25.2 

There is little difference in the heat capacities of solid 

aniline and a-picoline, particularly as the temperature is raised, since 

they each have identical numbers of carbon, hydro~en and nitrogen atoms . 

Pyridine has feHer atoms , and a lower heat capacity . On the basis of the 

differences in heat capacities, it would be expected that the ML
2
X2 

complexes for lofhich L = aniline or picoline should have similar heat 

capacities Hhich should be greater than that of the pyridine complex . 

This is seen to be true (Table 9 ) for the aniline complex but the 

picoline complexes have rather higher heat capacities . This may suggest 
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that rotation is more restricted in the aniline complex than in the 

picoline complexes. The a-picoline complex hus a heat capacity which 

is slightly greater than that of the y-picoline complex but the 

difference is only just outside experimental error. The heat capacity 

of the pyrazine complex is much lower t h;;.m that of the pyridine complex. 

From Table 10 it is seen that the heat capacities of a-picoline and aniline 

are greater than that of pyridine in the solid state by about 

-1 0 -1 4 cals.mole K . Since a-picoline or aniline contain one carbon and 

two hydrogen atoms more than pyrazine, one gram atom of hydrogen must 

contribute less than 4 cals . to the heat capacity in the solid state . 

It would be expected therefore that the heat capacity of the pyrazine 

complex should be smaller than that of the pyridine complex by much less 

-1 0 -1 
than 8 cals .Trlole K . Both complexes have similar polymeric structures 

but the heat capacity of the pyrazine complex is 5 to 9 cals.less than that 

of the pyriJine complex . This is rather ~reater than expected and may 

be due to loss of rotational freedom about the metal-nitro~ n bond . 

n-bonding from metal t o pyrazine has previously been proposed . and this 

may support such a sur;r;estion since n-bonds s hould induce greater 

rigidity of a bond. 

It would seem that there may be some correlation between the data 

obtained from the he uts of decomposition and heat capacity measurements 

reported here insofar as the same general conclusions are reached, albeit 

in a semi-quantitative manner . 
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APPENDIX I 

Least Squares Curve Fitting (3) 

If Y depends on x by 

y. : A + Bx. + Cx~ 
~ ~ ~ 

and if the experimental value at x. be y! 
~ ~ 

y! + ay : y. : A + Bx. + ex? + ....... 
1 1 ~ 1 

ay = -y! + A + Bx. + Cx? + .......... 
1 1 1 

. ay2 : (-y! + A + Bx . + Cx? ...•.... .. ) 2 . . 
1 1 1 

Differentiating with respect to A and minimising, summing over i yields:-

i 
E(A + Bx.. + Cx~ 

1 1 
+ ••• ) = E y! 

i 1 

Similarly, differentiation with respect to B, C etc yields equations 

of the form: 

AS + BS 1 + CS 2 + ••• = V m m+ m+ m 

m = 0, 1, 2 ••• until as many equations as unknowns are attained. 

S : 1; xrr;, V = h:.. y. xrr; 
m 11 m 111 

The equations are then solved for A, B, C and so on. 
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