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Abstract

Enthalpies of reaction, at 298 K in the liquid phase have been
measured using isoperibol reaction calorimetry, and some enthalpies
of isomerisation have been measured using differential scanning
calorimetry.

The enthalpy of formation of crystalline ammonium tetrachloro-
palladite has been obtained from measurement of its enthalpy of
decomposition by ethylene in water.

The value AH[(NH,),PdCl,1(c) = ~(841,0 * 1.7) kJ mol "
has been used as a datum in determining the enthalpies of formation,

BHO [(SEt,) PACL,1 (c) = =(563.1 £ 2.1) kJ mol "

BHZ[(SeEt,) ,PdCl,1(c) = =(528.9 + 3.8) kJ mol”

BHOL(TeEE ) PAC1 ] (c) = =(587.6 % 20.5) kI mol "
from which felative mean bond dissociation energies have been
established as follows:

<D(Pd-Se) > - < D(Pd-S) > = (9 + 9) kJ mol "

<D(Pd-Te) > - < D(Pd-Se) >= (28 £ 13) kJ mol "

The enthalpies of reaction of the complex bis(triphenylphosphine)-
(ethylene)platinum(0) with tetrécyanoethylene and with diphenyl~-
acetylene have also been studied:

(PPh3)2Pt(C2H4)(c) + (CN)2C=C(CN)2(c) > (PPh3)2Pt{(CN)2C=C(CN)2}(c) +
C,H,(g)
Pt (PhC=CPh) (c) + C2H4(g)

(PPh Pt(CzHA)(c) + PhC=CPh(c) + (PPh

3 32
the values obtained lend support to a bonding model in complexes of

this type.

The enthalpy of reaction of bis(triphenylphosphine) (diphenyl-

acetylene)platinum(0) with hydrogen chloride has been measured:



(PPh3)2Pt(PhC§CPh)(c) + HCl(g) > (PPh3)2Pt(C1)(PhC=CHPh)(c)

(PPh,) ., Pt(Cl) (PhC=CHPh) (¢) + HCl(g) - (PPh3)2PtC12(c) + trans-

302
PhHC=CHPh(c)
The results have been used to estimate the values,
D(Pt-diphenylacetylene) = 398 * 23 kJ mol_1
D(Pt-vinylstyrene) = 215 + 23 kJ mol-.1
The - two complexes, bis(triphénylphosphine)(tetrachloroethylene)—
platinum(0) and bis(triphenylphosphine) (vinylstyrene)platinum(0), have

been subjected to differential scanning calorimetry, and enthalpies of

isomerisation reactions have been measured,
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Chapter 1 Introduction

For a reaction such as
A+B-+C+D
measurement of the enthalpy change for the reaction yields the enthalpy
of formation of one of the participants of the reaction,vrelative to the
enthalpies of formation of the other participants, If values for the
enthalpies of formation are known of three of the compounds, then Hess's
law can be used to calculate the value for the fourth species since
AH reaction = ZAH;(products) - ZAH;(reactants).

If the measured enthalpy refers to a reaction in which one or more
of the reactants or products is in‘solutibn, then enthalpies of solution
will be required in order to calculate the enthalpies of formation of
the participants in their standard states,

The complex tetrahalopalladite ions [PdX4]2- will react with a wide
variety of ligands, A, to give compounds of the type AdeC12, where
A = RCN, NR,, PR,, AsR,, SR,, SeR,, TeR,, OSR,. Enthalpies of formation
of the compounds, A2PdC12, can be obtained by measuring the enthalpies of
the following reactions:

(NHA)ZPdCI

+ 2A > A2PdCI2 + 2NH,C1

4 4
provided that there is a reliable value for the enthalpy of formation of
(NH4)2PdC14' The enthalpy of formation of NH4C1 is established, and
values are also available for many of theklisted ligands.
The value for AH;{(NH4)2PdC14,c} is a key datum in this area of
thermochemistry. To provide this datum, the enthalpy of the reaction:
(W,) ,P4CL, () + CpH, () + H0(1)
Pd(s) + ZNH401(C) + {CHSCHO in 1000 HZO}(Q) +
2{HC1 + 111 H,0}(2) |

has been determined.



Thermochemical data for the compounds AZPdC12 may be used to
provide information about factors which influence the strength of bonds
involving palladium. Such information is relevant to an understanding
of certain biological processes.

Thus, several platinum complexes, especially cis-Pt(NH3)2C12,
have anti-cancer propertiesfl) whereas the cofresponding palladium
complexes are inactive. It has been suggested(z) that the therapeutic
actioﬁ depends on reaction with methionine, in which a Pt-S bond forms,
Clearly, information about the strengths éf Pt-S and Pd-S bonds is
needed.

As an introduction to this study, enthalpies of the following

reactions have been determined:

(NH,) ,PdC1 () + 2(FEL,),(8) » (EEL,),PdCL,(c) + 2NH,CL(c)
where E = S, Se or Te. ' '
Enthalpies of formation of the complexes (EEt2)2Pd012(c) may then
be calculated from our values of AH?{(NHa)ZPdCIZ,c} and the enthalpies
of formation of SEtz, SeEt,, TeEtz. Values of AH;(SECZ)(Q) and
AH;(SeEtz)(l) have been obtained previously by the use of combustion

calorimetry, although for (TeEtZ)(Z) no value is yet available, and an

estimated value must be used.

Mean bond dissociation energy, <D>, is defined as the enthalpy
of the gas-phase reaction

AB,(g) ~ A(g) + 2B(g)

in which a molecule, ABZ, dissociates into the fragments A and B,
Thus, the mean bond dissociation energy is given by the relationship

2<D(A-B)> = AH?(A,g) + 2AH§(B;g)‘ - AHg(ABZ,g)

From these thermochemical data it has been possible to calculate

relative values for the mean bond dissociation energies, <(Pd-E)>.
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It has been’suggested thag palladium is a "soft”(3’4) acceptor,
preferring more polarisable ligands. This would imply that the order
of increasing bond dissociation energy should be D(Pd-S), D(Pd-Se),
D(Pd-Te). To test this the study of this series of compounds was
undertaken.

For the bond dissociation energies, for the palladium complexes,
(EEtz)PdCIZ, we may write,

2<D(Pd-E)> = AHcf,(PdCIZ,g) + ZAHcf’(E'Etz,g) - AH‘;{(EEtz)ZPdmz,g}

Recently, there has been a surge of interest‘in the chemistry of
zerovalent platinum compounds, for example, those of the type (PR3)2PtX,
where X is an olefin, acetylene or "unsaturated" ligand such as CSZSS)
Such compounds are potential catalysts for organic synthesis, such as
hydrogenation of alkenes, polymerisation, etc.

To provide more insight into the role of these compounds in such
processes, it is desirable to have values for the enthalpies of formation
of a wide range of zerovalent platinum complexes.

A variety of calorimetric methods (which are reviewed in the next
section) might be used to determine these enthalpies of formation. How-
éver, the method designed to measure the enthalpies of reaction in
solution, appears to be the most suitable.

The compound, (PPh3)2Pt(ethy1ene), is particularly useful as a
starting point, since it reacts at room temperature, both rapidly and
quantitatively, with a'wide variety of unsaturated ligands in replacement
reactions, where the platinum remains zerovalent, for example, the two
reactions:

(PPh

Pt(CH2=CH2) + C(CNY,, = C(CN)2 -

3)2 2

(PPh3)2Pt{C(CN)2 = C(CN)Z} + CH2=CH2 and

(PPh3)2Pt(CH2=CH2) + CPh=CPh » (PPh3)2Pt(CPhECPh) + CH,=CH

2 2



FIG. |

cl - cl
R / HCl PPt/ - HC| =—————— PPt PhCCP
Pt =— ' h
N PhC=CHPh 2,- 0

|
By 7 PhCZCPh gml(cu);;c(cn)zl

~
l\ (CN)ZC=C(CN)2/‘
'\ /

CH
By bt ( P CH, P,Pt(CH,=CH,) Cs, - B,PLCS,
Br , Me_,SnSnMe:,
B /Bf / \
B pt\B | PhCH Br P, Pt SnMe,
r
| | thMeS|H 'BuNc
. /CHzPh y
ot BPUBF,),
NN
/H
PPt P, Pt(CN'Bu
2" \SiMePh ) ’
P2 = (PPh;)z

Typical reactions of (phsp)th (CH ~CH ).



The product of the second reaction, the tolan adduct (PPh3)2Pt(CPhECPh),

undergoes a two stage oxidative-addition reaction with hydrogen chloride,

,cl
(PPh,) ,Pt(CPh=CPh) + HCL + (PPh3)2Pt/ , and
™\ CPh=CHPh
_a
(PPh3)2Pt + HC1 -»~cis(PPh3)2PtC12 + trans-CHPh=CHPh,.
\ CPh=CHPh

The parent compound, (PPh3)2Pt(CH2=CH2), also undergoes oxidative-
addition reactions quite readily, e.g.:
(PPh Pt(CH2=CH2) + CH,I - (PPh

Pt(CH3)I + CH,=CH

32 3 302 2%

Figure 1 shows the diversity of reactions of these two types.

The disadvantage of this approaéh is that it provides enthalpy of
formation data which are relative to that of the starting material,
(PPh3)2Pt(CH2=CH2). It is important that, at some future time, the
absolute value for the enthalpy of formation of the ethylene adduct (or
any one of the reaction products) be established. Nevertheless, it is
possible, in the meantime, to use the measured enthalpies of reaction
to provide information about the relative strength, with which the
different ligands are bonded to platinum.

The compounds, (PPh3)2Pt(CR2=CR2), may undergo an isomerisation

reaction in which a 0-bond between platinum and carbon (vinyl) forms: .

R
Pt’,
CR=CR2

(PPh3)2Pt(CR2=CR2) > (PPh3)2

In this case the product may exist in either the cis or trans forms,

Viz. ’
Ph,.P R Ph,P CR=CR
3 // 3 2
o VY
Ph3P : CR=CR2 R PPh

Where the substituent R groups differ, as in the olefin,

CR1R2=CR3R4, isomerisation about the olefinic bond may also occur,



Pt\ /R3 Pt\ /Ra
. C= Cc=C
Y &N

Differential scanning calorimetry is suitable for the measurement
of the enthalpies of such reactions, in some suitable cases. Using this

method, enthalpies of isomerisation of the following reactions have been

dgtermined: fl
(Ph (Ph C= CCl
(PPh3)2Pt(C12C=CC12) \ < - \ /
(Ph P)/ C(C1)=CCI Cl/ (PPhB)
(Ph (Ph,P) Cl
\ s NS
t\ /l -+ H\ /Pt
(Ph3P)/ f=C C=C \PPhs)
/7 \
Ph Ph Ph Ph

Determination of the thermochemical measurements on some palladium
and platinum compounds, which are reported in this thesis, has involved
the use of a "reaction calorimeter" and a "differential scanning calorimeter'.
In the next section a brief resumé of these two calorimetric methods is
given, together with a shoff description of the widély used‘technique of
"combustion calorimetry". This method has been used to determine the
enthalpies of formation of a number of the other reactants énd products,
to which reference will be made in the interprétatibn of our reborted
thermochémical data. Thus, for example, flame calorimetry has beeﬁ uéed
to determine the enthalpies of formation of HZO and CZH4; static-bomb
combustion calorimetry has been used for the determination of enthalpies
of formation of diphenylacetylene (CPhECPh), ei8 and trans stilbene .
(CHPh=CHPh) , and tetracyanoethylene (C(CN)2=(CN)2)g rotating-ﬁomb
combustion calorimetry has been used to determine the enthalpy of

formation of diethylsulphide (Et,S).



1.1. Reaction calorimetry

The term reaction calorimetry is used to enclose the part of
calorimetry not covéredﬁby the combustion mefhod. It includes such
reactions as hydrogenatioﬁ, hydrol§sis, polymerisation, and halogenation
carried out in solution.

The types of calorimeter used for these reactions, fall into two
classes, isothermal and non-isothermal. 1In the former, the temperature
of the reaction system is constant aﬁd any heat‘generated by reaction is
transferred from the system. Non-isothermal célorimeters, on the other
hand, rely on a measured temperature change to estimate the heat effect
in the reaction. The latter type includes the majority of reaction
calorimeters.

Both classes of calorimeter have been thoroughly reviewed(6) and

will only be outlined here.

1.2. Isothermal calorimetry

1.2.(1) Phase change

In this type of calorimeter the reaction vessel is surrounded by
a mantle of solid at its melting temberature. Heat generated in the
vessel causes some of the solid mantle to melt. The resultiﬁg volume
change is observed as the movement of a mefcury thread in a capillary
tube, Calibration is achie?ed’by observing the‘traverse of the thread.
corresponding to the dissipation of a known amount of electrical energy
in the reacfion vessel., The advantages afe high precision and the
suitability for the studies of slow reactions.

The most familiar is the Bunsen Calorimeter, which uses ice as
the solid mantle, but other substances ﬁave been used successfully e.g.
naphthalene (m.p. 353.70 K)(7?, @iphenylmethane (m.p. 297.4 K)(B) and
)(9)

diphenylether (m.p. 300.02 K . For work at lower temperatures a
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liquid mantle has been used. Here it is the volume change, which
accompanies vaporisation, which is observed.  Both liquid ammonia
(b.p. 239.8 K)(lo) and liquid nitrogen (b.p. 77.4 K)(ll) have been
used.

There are, however, disadvantages associated with the use of this
type of calorimeter, chiefly (i) the establishment of a stable thermo-—
dynamic equilibrium and (ii) the formation of a satisfactory solid mantle,
around the calorimeter, is difficult and tedious, The liquid/vapour
type are also especially sensitive to small pressure changes.

1.2.(2) Labyrinth flow

The labyrinth flow calorimeter is described as isothermal,
although it is more accurately described as "very nearly" isothermal
in operation. -

The reaction vessel is situated at the centre of a series of
concentric tubes, Fig.2. The liquid passes through the innermost tube,
cooling the reaction vessel, and then through the labyrinth of successive
concentric tubes. Any heat exchange between tubes will simply serve to
increase the effectiveness of the overall heat transfer.

The enthalpy of reaction is obtained from measurement of the flow
rate, the specific heat of the flowing liquid, and the relative
temperature difference between inlet and outlet of the calorimeter.
Junkers(lz) built and used such a construction to measure the enthalpy

(13)

of combustion of gases, and Swietoslawski used an improved version

of the apparatus.



1.3. Non-isothermal calorimetry

1.3.(1) Constant temperature environment (isoperibol)

The principles of this type of system have been reviewed frequently.(14)
Briefly, the measurement depends on establishing a thermal head between
a jacket, at constant temperature, and the reaction vessel at a different
temperature. Providing no convection takes place, then the heat exchange

will follow Newton's Law:

dT
=~ = K(T.-T)
dt J

K = heat leakage constant, TJ = jacket temperature, T = reaction-vessel
temperature, and t = time.

Convection does not follow this law and therefore must be reduced
to[%inimum; ideally by evacuating the space between the reaction vessel
and jacket.

In a number of isopéribol calorimeter systems the reaction vessel
is immersed in a liquid contained in a second vessel. Heat transfer
occurs from the reaction vessel to the liquid, and it is the temperature
rise of this liquid which is used to measure the reactipn heat.

Evaporation of this liquid (which is an endothermic process) must
also be minimised, by sealing the vessel in which it is contained., This
is often impractical, but the thermal discrepancies, caused by
evaporation, can be reduced by arranging that the temperatuge of this
liquid is always below that of the jacket. |

A second important additional heat effect is that of stirring.
Adequate stirring of liquid éurrouhd fhe reaction vessel is essential,

and stirring of the contents of the reaction vessel'is often desirable.

Such stirring causes heat generation and this effect must be constant.



1.3.(2) Adiabatic

By making the temperature difference between the reaction vessel
and jacket as small as possible, most of the heat exchange (thermal
head) is eliminated; This céndition is very difficult to realize in
practice, especially for fasﬁ reactions. For slow reactions, however,

(15)

such conditions may be obtainable and indeed advantages can be found.

These are as follows,

(a) Errors in the assumption of a constant heat leakage constant
are minimized, as the thermal head is small; this also
reduces convection.

(b)‘ Evaporation is le{s‘seridus.

(c) Applied correctioﬁs;are smaller, the heat loss term being
only a small fraction éf the total eﬁergy term.

1.3.(3) Twin calorimeters

Here, two calorimeters, which are as similar as possible, are
used in identi¢a1 conditions, one being uSed as a reference., In
practice this means that the system'involves two reaction vessels,
surrounded by the same jacket. Temperature‘differences can be
measured between the reaction vessels, solthat much of the error
associated with heat leakage is eliminated.. - There are, however, some
small corrections, to be applied, such as different stirring rates in
the two reactiongd vessels. Thelméjof advantage is the precision with
which very small heat outputs can be measured.

1.3.(4) Vacuum jacketed calorimeters

Sunner and Wadsb(16)

. designed and tested a variety of these
calorimeters, which are suitable for the measurement of enthalpies of
reaction in the liquid phase, and which take place rapidly at room
temperature. One of the most efficient (Fig.3) has a chrome-plated,

thin-walled brass can as the reaction vessel, This was equipped with
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10.

a thermistor, heater and a central pin for breaking glass ampoules,
which contained one of the reactants. A Teflon coated steel stirrer,
also acted as an ampoule holder. The other reactants, in the liquid
phase, were contained in Fhe can. A glass suspension tube connected
the calorimeter to the queer jacket and the interspace between this
jacket and the reaction vessel was evacuated.

Equilibration of the system was quick, less than two minutes, and
reaction enthalpies;cpuld be obtained to within an uncertainty interval
of + 0.1 perlcenf.

The siightly modified design has been produced commercially, a
glass reaction vessel being used. This system, the L.K.,B, "precision
calorimeter‘system", is discussed iﬁ‘greater detail, later in this work.

Glass dewar vessels have also been frequently used as reaction
calorlmeters, ch1ef1y because they are inexpensive and readily replaced.
" Their construct1on is very s1mp1e, consisting of a glass dewar equipped
with heater, thermistor, stirrer and an ampoule breaking device, usually
spikes, onto whieh glass ampoules are crushed.

This arrangement can give results which are reasonably accurate.
More sensitive systems use‘twin type calormeters.(17)

The main disadvantage of glass dewar calorimeters is the long time

(16)

taken to reach equilibrium.

1.4. Combustion calorimetry

Combustion calorimetry falls;conveniently into two types:
eY) flame calorimetry:- where volatile samples react at atmospheric
pressure with a powerful gaseous oxidant; and
(2) bomb calorimetry:- where a sample, usually a solid, is subjected

to high pressures of gaseous oxidant in a sealed vessel.
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1.4.(1) Flame calorimetry

The calorimeter is generally of the isoperibol type. The
oxidant is normally oxygen.
Such a system is shown in Fig.4. The sample, a gas or volatile
liquid, an(d oxygen are 1ed:intd the glass combustion chamber via tubes, A.
The gaseous mixture is ignited by a spark between two platinum
electrodes, B, and combustion takes place at the burner C. Waste gases
are led away through the coil, D. ;The'vessel is usually immersed in
water, contained in a can which‘is sufrounded by a constant-temperature
jacket. Calibration is either by the electr1ca1 substitution method,
or by combustion of hydrogen, for whlch standard _enthalpy values have
been obtalned.( 8)

A flame calorimeter, develoned by Rossini, was used for the first(ls)
accurateidetermination of the enthalpy of formation ef water. The method
has also ﬁeen used for measurement of the enthalpy of formation of ethylene(lg)

(20)

and otherlhydrocarbons.

Althouéh oxygen is the common oxidant, fluerine has also been used,(21)
and since‘fluorine of;en’ignites spontaneously with many materials, spark
ignition is narely required.

1.4.(2) Bomb calorimetry

Here, combustlon of the sample is under hlgh pressure of gaseous
oxidant, usually oxygen, although other gases have been used. The
combustlon bomb is immersed in a can of water, the temperature change of
which 1is measured when combustlon occurs; The system is operated either
adlabatlcally or 1soper1b011y. : -

A typical bomb, used in a "static bomb" calorimeter, is shown in
Fig.5. It consists of a thick-walled vessel of some corrosion

resistant metal. The sample is placed in a cup, E, which is usually
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of platinum.‘ After pressurising the vessel (ca. 30 atmospheres) and
allowing equilibration to be attained, within the calorimeter system,
a small current is passéd through a platinum wire, F, to initiate
combustion of the sample. Provision is also made for analysis of
gaseous bomb producté, to test for completionvof reaction.,

Calibration of the bomﬁ is electrical, either directly or
indirectly using a standardised intermediate, usually benzoic acid, the
enthalpy of combustion of which is accurately known.(zz)

’Enthalpies of formation of a large number of organié compounds

have been determined By the use of a bomb combustion célorimeter.(ZB)

The derived AH; values depend upon the enthalpies of formation of the
"key" compoundé Co, and H,0, which are the products of combustion. The
enthalpies of formation of both trans-stilbene, (CHPh=CHPh), and tolane,
(CPh=CPh), which are used in fhermochemical calculations later in this
thesis, have been determined by this method.

Such a static system is suitable for the combustion of compounds
&hich contain only the elements C, H, O and N. Where the compound
contains other elements, the final state of the combustion products is
ofteh ill-defined thermodynamically. Thus, combustion of an drgano-
sulphur compound yiélds sulphuric acid, which is deposited as droplets

of different concentration on the walls of the bomb. Organometallic

compounds often produce several oxides, which may be in differing states

12,

of hydration. Many of these problems were overcome by the development

of the "rotating bomb" combustion caloriméter.(24) ‘

A mechanism is
provided which allows the bomb to rotate about both its vertical and

horizontal axes after the combustion has taken place. By charging the

bomb, prior to combustion, with a suitable solvent, the combustion products

can be taken into solution, to produce a homogeneous final state. This
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device is, effectively, a static bomb combustion calorimeter, and a
solution reaction calorimeter, combined into one apparatus. A much
greater range of organic compounds could thus be studied, together
with a variety of organometallic compounds.

The enthalpy of formation of diethyl sulphide (SEtz), a datum
which is used in calculations later in this thesis, has been determined
-by the use of rotating-bomb calorimetry. This method is clearly
appropriate for measurements of the enthalpies of combustion of diethyl-
selenide, (SgEtz), and diethyltelluride, (TeEtz), (for which AH? values
are used subsequently) although for diethylselenide only a static bomb
has been used for measurements so far, and for diethyltelluride no datum
is yet available.

Further study has also been carried out using a variety of oxidants.
Fluorine, chlorine, nitrogen dioxide, and even nitrogen (for the determination
of the enthalpies of formation of metal nitrides) have been used, - The
versatility and usefulness of combustion in a bomb has thus been markedly
increased.

More recently, "aneroid rotating bomb' calorimeters(zs) have been
developed. In this case, the bomb is placed inside a large block of
metal (in place of the water in which the bomb is normally immersed).

This is said to reduce errors, due to vaporisation of the surrounding
water, and variations in heat capacity. However, large metal blocks
suffer from slow temperature equilibration, which introduces other errors.

To try and reduce these, a further innovation,(26)

has been tried, using
sealed hemispheres, containing carbon tetrachloride, to replace the
metal blocks.

Irrespective of the type of bomb employed, the results must be

(27)

subjected to the Washburn Corrections. These are included to refer

the measured change in intérnal energy, under the conditions which prevail
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intthe bomb, to those under standard conditions and thence obtain the
standard enthalpy of reaction. Such corrections are not necessary
for flame calorimetry, where reactants can be arranged to be in standard
conditions.

In the reaction calorimeters described, in the first part of this
Chapter, the reactions are generally carried out at room temperature.
In combustion calorimetry, although measurements refer to room temperature,
the reaction actually takes place at quite high temperatures, and is
initiated by the use of a hot-zone (the fusion of a platinum wire). In
the technique of differential scanning calorimetry, which is now described,
reaction are generally carried out at temperatures higher than room

temperature, and the measured enthalpies refer to these higher temperatures.

1.5. Differential Thermal Analysis (D.T.A.) and

" Differential Scanning Calorimetry (D.S.C.)

1.5r(1) D.T.A.

: Theée systems are twin calorimeters, in which two identical reaction
vessels, which are small pans, are embedded in the same block of metal.
A sample and a reference, contained in the two pans, are both heated by
a single heat source. Temperatures are méasured by sensors, either in
both sample and reference materials (classical), or in the paﬁs (Boersma)
(Fig.6). The temperature differences, AT = Ts - Tr, which accompanies
any change, physical or chemical, in the sample, is a measure of the
difference in the enthalpy change between sample and reference, when both
are heated. A plotted output of AT against time, on a recorder, is
usually made and from this enthalpy measurements are indirectly established.
The lack of direct conversion to energy units is an extreme disadvantage,
particularly, as functions, such as heat capacity and variation of thermal

resistance, which need to be known, are often difficult to establish.
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1.5.(2) D.s.C.

The differential scanning calorimeter employs individual heaters
and sensors, for both sample and reference. A principal of null
balance is used, whereby a control loop compensates for temperature
differences between sample and reference, as exothermic or endothermic
reactionskarisebin the sample. | A second control loop increases or
decreases the average temperature at a predetermined rate. A récorder
displays a signal proportional to the differential heat input between’
sample and reference. An idealised thermogram of dH/dt against time
or temperature is shown in Fig.7. Details of the theory and design of
differential scanning calorimeters have been given by Watson(zs) and
O'Neili.(zg)

‘The‘usefulness of such a system is that enthalpies can be measured
directly ( see Chapters 5 and 6), and can be adapted tb the study of many
chemicél and physical processes. A more detailed review has been recently
published. 3%

Using some of the aforementionéd techniques, information has been

obtained about several metal/ligand interactionms. This work is reported

in this thesis.

1.6. Symbols and units

In the subsequent chapters, equations and tables are numbered
consecutively for the individual chapters.
Heat quantities are given in terms of joules and the value 1 cal =

4.184 absolute joules has been used to recalculate certain figures. The

’

atomic weights used are those recommended by the International Union of

(31)

1961. Weights used were calibrated against N,P.L. standards.
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' In the work reported in this thesis, the standard deviation, S,

of n results about a mean value, x is given by the expression

T = +’ Z(.}.(-X)Z
_ “V n(o-1)

where x refers to an individual result. The uncertainty interval is

defined at + 2S, and refers to a 957 chance that other values will be

within. Where an "overall" standard deviation, Sy» was required, for

the combination of different enthalpies, the value was obtained from the
' standac :

sum of the square of the individual[deviations

-2 -2 =2 =2
S0 (Sl * SZ * Sn)

where §i represents individual standard deviations. Errors quoted, with

results, are the uﬁeerfaiﬁ%y—iﬁ%efva}Sa3t;«&&¢3 deviations
‘The symbol,  M/g, refers to the weight of sample in vacuo and the

symbol, 1Torr refers to é'préssure, (101, 325)kPa.



Chapter 2 . Experimental

The LKB 8700 has been used for measurement of the majority of
enthalpies of reaction reported in this thesis, For-measurement of the
enthalpies of two thermally induced isomerisation reactions, the Perkin
Elmer D.S.C.1B has been used.

Both instruments are éommercially.available, and are adaptable to
a wide range of thermochemical problems.

The LKB 8700 is of a constant-téﬁééfature environment (isoperibol)
';cype, in which there is a heat exchanée between the calorimeter and its
environment. To enable enthalpies o;‘reaction to be determined,
corrections for this heat flow must be épplied.

The Perkin Elmer DifferéntiélﬁScéhning Calorimeter (D.S.C.) type
1B, is of the type described in the previous section, in which enthalpies

are obtained from measurement of the differential heat flow between a

sample and a reference.

2.1, The LKB 8700 Calorimeter

There are two main parté of the instrument, the (1) calorimeter
assembly and the (2) electronic assembly.

2.1.(1) Calorimeter assembly

This consists of (i) the thermostatic bath and (ii) the calorimeter
- unit.
(1) The thermostatic bath is a 1arge~voiume cylindrical tank, filled
with water, and stirred by a magnetically driven impellor. The
temperature sensor is a thermistor, which allows sensitive control of
the bath temperature.

Although the temperature of the bath can be varied between 293 K
and 313 K,¥for the‘wﬁrk reported here the range was limited between

293,18 K and 293.21 K. Stability of such a temperature is maintained

17.
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by allowing the heater to work continuously against cooling, provided
by a water flow through a coil surrounding the tank.
(ii) The calorimeter unit is based around the Pyrex reaction vessel

(Fig.1l) of which there are two options, 25 ml capacity and 100 ml

capacity; they are similar in construction and were used in an identical

manner.

The vessel contains a 50 ohm coil, which is used as a calibration

18.

heater, and a 2000 ohm thermistor, both held in glass pockets. Leads from"

the heater and thermistor are connected by a pin and socket (gold) to

wires which pass through the calorimeter lid. The glass pockets contain

liquid paraffin for thermal connection with the calorimeter contents. At

the base of the vessel there is a short glass rod, tipped with a sapphire

crystal, -enabling the glass ampoules, which contain one of the reactants,

to be broken and thereby initiate the reaction.

The reaction vessel is attached to’the outer can by a screwed
collar sealed on to the top of the vessel.

The_reaction vessel is Suspendea inside a chromium-plated outer
can, and the whole assembly can be immersed in the thermostat, as shown
in Fié.Z.

For the reactions investigated, encapsulation of the reactant was
in thin-walled glass ampoules, of which there are three types available
(shown in Fig.3): (a) for solids in aqueous solution, sealing is by a
siliéon rubber stopper and microwax; (b) and (c) for solids and liquids
respectively, sealing is achieved by drawingoff the glass side arm, by
use of twin microburners on a purpose-built sealing device.

The ampéules are located into a stirrer by means of four prongs.
The stirrer itself is fitted to a shaft which is connected to a three-

speed stirrer motor via a flexible drive, ampoule breaking being
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facilitated by vertical movement of the stirrer shaft, by an electronic
device operated from the control unit (Fig.2).

2.1.(2) Electronic assembly

This consists of a Wheatstone Bridge, potentiometer, galvgnometer,
power supply and timer (Fig.4).
Wheatstone Bridge (11)

This balances the varying resistance of the thermistor. A range
of 0-6000 ohm is available in six decades, i.e. down to 0.0l ohm which
approximates to 1:{10“4 °c temperature change,

Potentiometer (12)

This is used, in conjunction with a standard cell (inside reference
unit (14)) to measure the current passing through, and the potential across,
the heater used to calibrate the calorimeter.

Galvanometer (10)

A Hewlett Packard, type 419A galvanometer, is included in the
electronic assembly. This galvanometer has a centre zero and variable
gsensitivity setting. A null detector operating from the scale zero can
be used to (i) operate an external event timer (a stop watch) and also,
either (ii) activate the ampoule breaker, or (iii) cause current to pass
through the calibration heater.

Power supply (9) |

This provides power for the calorimeter heater and other ancillary
instruments.
Electronic timer (13)

This controls the time during which current is dissipated through
the heater during a calibration. It can be preset for periods in the

range 1 to 99 seconds, or 10 to 990 seconds,
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2.2, Procedure

The reaction vessel was charged with the necessary volume, 100 ml
or 25 ml, of suitable liquid, and an ampoule fixed in ampoule holder/
stirrer, The vessel was placed in the can and the whole unit was
immersed in the thermostaf.

Thermal equilibration of calorimeter and contents was allowed to
occur (about five minutes) and, if necessary, further heating applied to
bring the temperature near to the final equilibrium temperature (bath
temperature). The bath temperature being set at slightly above standard
temperature (at 298.55 K).  The final equilibration temperature was
established by leaving the calorimeter in the thermostat overnight.,  The
actual temperature at which the experiment was started, was deduced from
a knowledge of the final equilibrium temperature and the temperature change
for the reaction, which was established by preliminary experimentation,
The temperature meaéurements were made in terms of the resistance of the
thermistor.

Initiation of either calibration heating or chemical reaction was
always below, or at, 298.15 K. For endothermic reactions, the reactions
were initiated at 298,13 K, For exothermic reactions, and calibrations,
the starting temperature was chosen to be below 298,13 K, such that the
final temperature, afterreaction or calibration, was 298.13 K. |

2.2.(1) Calibration procedure

Calibration constants were established for each run, and calculated
from (i) the amount of power supplied and (ii) the corrected resistance

change.

The exact process of calibration involved: (i) establishment of
a time-resistance graph; and (ii) calibration of heater.

Some initial adjustments are also required to set the power supply,

to give an exact current supply, involving:-
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(a) standardisation of the potentiometer against the standard cell;

(b) adjusting the calibration current, i, to the required setting

i.e. 0.4, 1.0, 2.0, 4.0 or 10.0x10™° amps;

(c) adjusting the power supply to give 1,00000 volt across the
respective resistance (in (b) above),for the calibration current setting;
and

(d) setting the timer to the desired heating time.

Time-resistance readings were then taken for a five minute fore
period, such that approximately 0.3 minute time intervals occurred
between consecutive resistance readings. The Wheatstone bridge was then
set to a resistance, which was slightly different from that of the therm-
istor at the starting temperature. The off-balance current resulted in
. a small deflection of the galvanometer. As the temperature changed the
deflection decreased to zero. This actuated the null-point detector
Whiéh was programmed to stop the slave hand of a stopwatch (calibrated
in units‘of 0.0l minute), The time corresponding‘to thewparticﬁlar
setting of the resistance was therefore recordéd. | This process was
repeated, After this the Wheatstone bridge resistance was reset and the
null-point detector was programmed to "automatic". In this modé of
operation, when the galvanometer deflection next became zero, current
was automatically switched to flow through the calibration heater, for
a prearranged ti@e, t. During this heating period aﬁd‘subsequently,
during an after period, further time/resiétance readings were recorded
in a like manner to the fore period.

The heater itself was then calibrated, firstly, byradjusting the
poﬁeﬁtiometer to supply a voltage of 1,00000 volts across a SC ohm
standard resistance (in the "Set Ref." position on the power supply);

secondly, the voltage drop across the heater was measured (in the "Read"
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position on the power supply). This gives the potential drop between
the gold pins, in the calorimeter lid, to ﬁhich the heater is connected
by short leads. The resistance of the heater and leads is then
calculated from the values of current and potential, The correction
for resistance of the leads can be estimated from a knowledge of the
resistance per unit length, and the length of the leads. This yields
a value for the resistance, Rc’ of the calibration heater.

The energy dissipated in the heater, Q(calib), can be calculated
from the relationship:

Q(ealib) = i% R t joules

The corrected resistance change was then found, as indicated in the

subsequent section, and a calibration constant, €, calculated from:

e = Qgcaliﬁz

corrected resistance change

2.2.(2) Reaction procedure

The procedure adopted was similar to that used for calibration,
A five minute fore-period was followed by a reaction period, during
which time/resistance readings were taken as often as possible, Finally,
after-period measurements were taken for five minutes when the time
ihterval, for constant resistance changes, itself became constant. The
technique for reactiqn initiation was either automatic, using the
'modé of opef;;ion' control, set to 'break automatic', or alternatively,
and always when the 25 ml yessel was used, to depress the stirrer by
hand until both faces of the ampoule were heard to break, The difference
in technidue in the latter case was to avoid removal of reactant
following excessive depression of the stirrer, The actual time at which
initiation occurred was estima;ed by extrapolation of the fore period to
the time noted for breakihg of'the’first face of ampoule,

The energy change [Q(react)] for the particular reaction is given

by (in joules)
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Q(react) = € x (corrected resistance change for reaction)
where ¢ = calibration constant (see previous section).

The enthalpy change, AH per mole, could then be calculated from

the relationship:

AH = Q(react) x 103 kJ mol™!

n
where n is the number of moles of reactant,

The use of Q(react) is not strictly correct as a few small

corrections need to be added (see later sectionms).

2.3. Calculation of corrected resistance change

The observed resistance, or temperature change accompanying a
reaction in an isoperibol calorimetef includes the effects due to stirring
and heat transfer between the reaction vessel and its surroundings. To
correct the heat transference various method have been described: two of
which have been used throughout this thesis, are explained.

The temperature change during a reaction is shown diagrammatically
in Fig.5. This shows a linear fore period, AB, where heating, caused by
the thermal head, takes place at a constant rate, The second section,
BC, is the main period, which refers to heating caused by (a) the thermal
head and (b) some heat source in the vessel itself. This heat source
being either from a reacting systém, or from electrical power supplied
to a heater, within the vessel. The final linear seétion, CD, is the
after period caused once again by the thermal head,

The observedrtémperature change; AT,'equivalent to C-B, is made up
of the corrected temperature change, 9; aﬁd a correction t:erm,ATc

orrn’

.AT = 0 + AT .
corrn

From Newton's law of cooling, the equation is given:
q g

dT
-d—t- = U + (Ti"T)
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where U is the heat generated within the calorimeter, K is the thermal
leakage constant, and Ti is the jacket temperature,
It is assumed that this law is obeyed in the operation of the LKB

8700, which is of a constant temperature environment type,
- dT

Now,‘when T=T, 3 =0
dT
ac k(T,-T) = g, (1)

which is the slope of the linear fore-period, or after-period.
Integration of this between the extremities of the main period

leads to .

Teorrn = k(?»'ﬁn)At (2
where Tm is the mean temperature during the main period and At the time
of the entire main period (B-C). Now, from equation (1)

6B = k(I,"Tp) 3
where GB is the value of G at point B, i.e, the point at which the
reaction -starts. However, for convenience the slope G, of the initial
period is usually taken:

Gi ~= k(T_-T,) : (3a)
Combination of (2) and (3a) leads to:

AT, e = 16 —R(T =T )]at

and similarly, AT = [Gf'k(Tm‘Tf)]At,

Irr

the subscripts i and f referring to the initial (fore) period and final
(after) period, respectively,
The corrected temperature rise is therefore given by:

[G(i or f )]At

(ior £
The value of k can be estimated from the values of G and the mean

temperatures of the two linear periods:
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The above equations are also applicable to resistance, however,
corrected values obtained are not strictly comparable, as the resistance
of a thermistor is not a linear function of temperature, The problem
is surmounted by using the '"mormalising" expression AT = AR/Rm where Rm
is the mean resistance change for the main period.

(32)

A computer programme, devised by Dr. P, Borrell embodies the
concepts outlined above. The entire graph is plotted and the area under
the curve is integrated, giving the mean resistance values for the main
period, fore period and after period. The corrected resistance change
and the normalised values are then calculated,

The process employed is to build the plot from time/resistance
readings fed into the computer on cards, together with various parameters
needed for the plotting and calculation processes,

A best straight line, correspondong to the fore period, is determined
by a least squares plot, using the number of points specified by the data
cards. A mean resistance (Ri) is then calculated,

The after period is plotted similarly. The best straight line
through the points A-K, of Fig.6., is calculated by a least squares plot.
The number of these points, to be included in the calculation, is specified
onbthe data cards, The’computer programme is devised to thgn examine the
deviation of the point, L, which has not been included in the calculation
of the best straight line. If, the deviation of the point, L, from the
best straight line, is more than three standard deviations, then the
point, K is taken as the junction of the main and after periods., If
the deviation of the’point, L, is 1esskthan three standard deviations
(Fig.7.) then a best straight line is recalculated to include the point L,
i.e. through the points A-L. If, now, the deviation of the point M is

more than three standard deviations of the recalculated straight line,



then the point L is taken as the junction of the main and after periods.

If necessary the process 1is repeéted until the point of departure
is eétablished. Having established the number of points in the main
period and after period, the mean resistance (Rf) for the after period
is established.

The main period is then fitted, and thence plotted, to a curve
using a cubic spline routine, in which sequential pairs of points are
fitted to a cubic equation. This produces a continuous curve (not a
smoothed one) passing through all the points., The mean resistance Rm’
is then calculated from the coefficients of the cubic equation by
integration. |

The values of mean resistances (Ri’ Rm, Rf) observed resistance
change, AR, and time length of main period, At, are evaluated from the
data. Other values, for fhe constant k and the fore and after period
slopes, Gi and éf, are also calculated from the data aqd all are
substituted into the Regnault-Pfaundler equations:

O = AR - [G(i or £) " k{Rm-R(i or f)}]At

All the above data, input and calculated values, together with a graph
of time/resistance readings; joined by appropriate calculated lines, are
printed out by the computer. The graph immediately displays the

sensibility of the plot, aserrors can occur, other than by wispunching
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cards., Occasionally "overshooting" takes place, when the gradient change,

between the point on the end of the main period and the point on the
beginning.of the after period, is very rapid, The result is a "loop"
between these two points connecting the two periods. Correction is
gimply a matter of interpolating points, usually only one is necessary,
between the junction of the two periods,

A typicél‘output is shown in Fig.8(a), Fig.8(b) and Fig.8(c).
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A second method, Dickenson's extrapolation(33) was also employed,
for the calculation of corrected resistance changes, This is suitable
for reactions which are completed in a short.time, or for short heating
periods, of about five minutes duration or less,

Dickenson showed that on the time/temperature plot (Fig.9), a time,
tx, can be found, such that the value of the corrected temperature change
A0, is given by )

=Gy (T, =T ) =G, (T=T.) = Kfr:e(o-@m)dt = A0

where Gy and G, are the slopes at points T, and T, respectively, and Tb,
Ty and T, are the temperatures at points T, , Tx and Té.

In fact, the condition of the equation is satisfied when the two
cross-hatched areas in Fig.9, on either side of the vertical line drawn
at time T , are equal to each other, However, this method entails
trial and error until Tx is found, and although correct, is also very
laborious.

An approximate method was devised to establish the corrected
temperature change, a method, which although only approximate, can yield
good results for reactions, or electrical heating, where the temperature
increase is very rapid.

The method assumes that the plots of the fore and after periods
are linear and that the plot of the reaction period is exponential. The
mid-point of the heating period corresponds to exactly half the observed

temperature change for the reaction, The former is derived from the
thalf-1life' equation for the expohential
(1-2) = 0.63 = 0.6
The entire procedure can be done graphically, by drawing linear
fore and after periods, and connecting the two lines with a linear main

period. The 'mid=-point' for the main period is estimated, and values
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for the fore and after periods are found from extrapolation of the
linear lines for the two periods,
. Both this method and the computer method outlined previously have

been used in this thesis and are mentioned within the appropriate text.

2.4, Corrections

The term Q(react), in the relationship AH =Q(react), cannot be
equated to the enthalpy of the reéction, since seveer other small
heating effects usually occur during reaction initiation.

When the contents of an ampoule areAejected into solution, heat
effects other than reaction occur. .
(i) Air bﬁbbling through solution, from a partially filled ampoule,
causes evaporation of solvent, to saturate the gas passing through,
(ii) Evaporation of ampoule contents to saturate the gaseous phase
above the liquid in the unbroken ampoule.
(iii) Dissolution of a solute will cause a change of vapour pressure
of the solvent and therefore have a héat effect.
(iv) hThe temperature change of the reaction or calibration causes a
further heat effect by changing the vapour pressure of the solvent,
Hence the need for similarity between the temperature change of the
reaction and calibration. ’
(v) Evaporation of volatile reactant or product, in the reaction vessel,
into the vapour space above the solvent, can also have a heat effect,
depending on volatility and quantity preﬁent.
(vi) Cas evolution, as a result of reactién, has a‘similar effect to
1), the gas produced becoming saturated with solvent.
(vii) Other effects include heat of breaking glass ampoules; heat effect

caused by changing of stirring after ampoule breakage, and also spurious

effects from using tightly packed ampoule contents, solidified melts, etc.



Of the above effects only (i) and (ii) were corrected for, the
remainder were assumed to be too small to need the inclusion of
correction terms. The corrections for effect (i) were based upon
direct data for breaking empty ampoules into the relevant solvent or
solutions, an "average" solution being used if product and reaction
solution were similar. Effect (ii) was estimated from vapour pressure

and enthalpy of vaporisation data,

2.5. Calibration of calorimeter

Measurement of the enthalpy of solution of tris(hydroxymethyl)-
aminomethane), (T.H.A.M.), into 0.1N HCl to give a final solution of

(34)

-1 . ‘ : . . ’
5 g & ~ is recommended, as a test substance in calorimetry. The
calorimeter was tested by use of this standard, The results for the

two reaction vessels, used in this work are shown in Table 1.

Table 1
AH(100 ml vessel) AH(25 ml vessel)
-29.783 kJ mol ™! -29,798 kJ mol !
-29.920 kJ mol ™t -29.941 kJ mol™!
29,764 kJ mol ™t ~29.868 kJ mol L

1 1

-29.839 kJ mol -29.919 kJ mol
-29.798 kJ mol *

=-29,360 kJ mol-l

1 1

mean =29.827 + 0,070 kJ mol™~  =29,781 % 0,175 kJ mol~

The sample of T.H.A.M. used was proved by Dr.I. Wads®, University
of Lund, and the O0.1N HC1 by B.D.H., Concentrated Volumetric Solutions
(C.V.S.). The results can be compared to the recommended value of

-29.744 kJ mol. 3 at 298.15 k.
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2,6, Differential scanning calorimetry

A small section of the work, described in this thesis, utilised
the Perkin Elmer differential scanning calorimeter, D.S.C. 1B.

Briefly, the system consists of three parts, control unit, recorder
and analyser, (Fig.l10).
(i) The control unit contains the operating controls and indicators
consisting of the following.
(a) Slope control, to correct baseline slope.
(b) Range control, this is calibrated in millicalories per second,

and gives the value of sensitivity for full scale deflection,
(c) Scan speed control, this is calibrated in degrees per minute

and gives the rate of temperature increase.
(d) Temperature control, this is a mechanical counter indicating

the temperatures in degre;s K.
(ii)' Pen recorder, a Texas Instruments Inc. 5Ma. recorder is used.
This has a variable chart speed and two pens, one to follow the output
from the analyser and the second to follow the temperature rise in
individual degrees.
(iii) Analyser, this contains controls for temperature calibration and
the sample head.
2.6.(1) Technique

Samples weighing five to ten milligrams were encapsulated in
aluminium pans closed by ﬁomed iids. A Cahn Gram Electrobalance was
used to weigh samples and pans and indium (99.999Z purity, Koch Light
Ltd.) was used forvcalibration of the instrument., All thermograms

were recorded with nitrogen flowing over the sample at a rate of

~ 20 ml min .
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2.6.(2) Measurement of Enthalpies

The temperature and enthalpy of fusion of indium (429.55 K and
+ 3,26 kJ mol_l) were checked on the calorimeter, before the recording
of each series of thermograms, Results obtained are shown in Table 2.

Thermograms were recorded for aboutlsix samples of any dhe
compound and enthalples of reaction were calculated from the formula

aE = A ER 0 % 4.184 1 mo1}

Ar x 1000 x No of moles

where Ap is the area of transition: the area of the thermogram
bounded by the peak and an interpolated scanning baseline (see Fig.ll);

A 1is the area of a rectangle, an area of half the chart papef width,
r

traversed in 1 minute at the partlcular chart speed chosen; and R is

“j the range settlng of the instrument.

Areas were determined using a planimeter (Allbritt),
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Table 2

Weight In AH Fusion Temperature
/g (melting) /K
/kJ mol'l
6.607x10"3  + 3.09 431
" 4+ 3.34 431
" + 3;35 431
" _ + 3.19 431
-" + 3.10 431
431

" + 3.09

‘mean AH = + 3.17 *+ 0.06 kJ mol-1

Weight In  AH Fusion
/g (crystallisation)
/kJ mo1l”1 -
5.993x1073 +3.18
" - + 3.31
b + 3.10
" + 3.19
" + 3.34

"mean AH = + 3.22 * 0.04 kJ mol

1

Temperature

/K

424
424
424
424

424

43
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Chapter 3

Enthalpy of formation- of ammonium chloropalladlte (NH ) PdClq

There is no value available for the enthalpy of formation of
ammoniﬁm tetrachierOpalladite, although enthalpies of formation of the
tetrachloropalladite ion and the ammonium ion, have been determined,

:Goldberg and Hepler; in their review, (36) recommended a best

value for the enthalpy of formation of the tetrachloropalladite ion,

2-
4

of this figure, using a more recent value for AH?(CI-), given in the

PdCl , at infinite dilution, of -523 0 i 2.1 kJ mol 1 Recalculation
C.A.T.C.H. tables gives =522.0 # 2.1 kJ mol™ .  The value of -523.0 <
2.1 kJ mol-l was derived from the work of Templeton et a1 (371) based
on e.m.f. measurements for the ce11 reaction

Pd(c) +4C1 (aq) + 20 (aq) » PdCl “(aq) + 8 ,(8)
An older value, calculated from the work of Thomsen, (38) was rejected
by Goldberg and Hepler, as the entropies of Pd (aq) and Pd(OH)z(c)
appear to be less reasonable when calculated from this value,

A further value of -473 kJ mol-l, established by Izatt 25.81539)
was also rejected, the stoichiometry of fhe reaction studied being
somewhat uncertain.

Pd2+(aq) + BI-(aq) + Pd(s) 4 13—(aq)

The purpose of this investigation was to obtain a value for the
enthalpy of formation of crystalline ammonium tetrachloropalladite,

This salt has the advantage of being less hygroscopic than the
alkali metal salts, allowing for easier handling, Conversely, it has
a disadvantage in being less soluble in organic solvents,

Ammonium tetrachloropalladite ig rapidly and quantitatively
reduced(40) by ethylenef in the presence of water, to metallic palladium

and acetaldehyde. This forms the central part of the so-called Wacker



(41)

process.

PdCl

[Pd(CHZCHZ)Cl3]

[Pd(CH,CH,) (8,0)C1,] + H,0 b4 [Pd(CHZCHz)(OH)Clzl- +

r

OH

H

NV |

A stepwise mechanism hag been proposed for the reaction.(42)

2- > - -
4 oy, 3 [PA(CH,CH,)C1,17 + €1

-> -
+ H20~* [Pd(CHZCHZ)(HZO)C12] + Cl

///,U

H,0

g nPd »
c ¢ — /\
LN J [ o
mo 7 H ' f - 0 H
\\C), (\q '1‘ c//
!__-1:1Pa’//’ - l + M+ 20
H//l \t>ctj c\\
i H H//J H
N
|
’ C
H//'\\H
H

The use of gaseous ethylene ag the reductant introduces certain
experlmental d1ff1cu1t1es,as the LKB 8700 calorimeter is not designed

for the introduction of a gaseous reactant. Preliminary experiments

were carried out with other liquid olefins, but the reactlons were

too slow to be studled satisfactorily in the calorlmeter. These

o .
trials were[bandoned in favour of using ethylene in a slightly mod1f1ed

calorimeter (see later).
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The following reaction scheme was devised.

(NH,) ,PACL, () + C,H, (g) + [8201H,0 +2 CyH, 1(L) »

Pd(s) + [2NH401 + CH,CHO + 2HC1 + 8200H20 +arC2H4](2), (1)
(HCL + 111H,01(2) + [3489H,0 + 0.5 x C,H,1(2)~

(HC1 + 3600H,0 + 0.5 x C,H,1(2) (2)
[CH3CHO + 1000H20](2) + 2[HC1 + 3600H20 + 0.5 x CZH4](2) >

[CH,CHO + 2HCL + 8200H20 + C2H4](2) (3)
(¥H,C1) + [0.5 CH,CHO + HC1 + 4100H,0 + 0.5 & CoH,1(2) ~

[NH4C1 + 0.5 CHBCHO + HC1 + 4100H20 + 0.5 2 C2H4](2) (4)
Pd(s) + [2NH,C1 + CH,CHO + 2HCL + 8200H,0 + CoH, 1 () +

Pd(s) + [2NH4C1 + CH,CHO + 2HCL + 8200H20 +x CZH4J(£) (5)

(NH4)2PdC14(c) + 1850H20(2) > [(NHA)ZPdCI4 + 1850H20](£) (6)

The quantity x C2H4 represents the unknown mole fraction of
ethylene dissolved in the solutions by virtue of thé constant stream of
gaseous ethylene through the system. Reaction (5) refers to the wetting
of finely-divided palladium metal produced in reaction (1).

Unfortunately, due to the need to use enthalpies of formation of
reactants and products in standard reference states, the reactions given
above were not strictly applicable. Modified reactions were needed to
utilize literature data for various compounds,

The folldwing arguments indicate why these particular conéentrations
were adopted.

(NH4)2Pd014(c) The Weight chosen (n 0.05g, 1.7x10-4 mol) was a

compromise between the need to maximise the temperatﬁre rise and yet
restrain the reaction time to an acceptable period of not more thén five
minutes. This weight of ammonium tetrachloropalladite and the volume
of water (25 ml, 1.3g mol), dictated by the use of the selected reaction

vessel, lead to the final concentrations of reaction (1).
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[HC1 +‘111,H20](£) The ratio of volumes of ampoule (& 1 ml) and reaction

vessel (25 ml) made it convenient ' to choose the concentration [HCl + 111 HZO]’
for measﬁrements of the enthalpy of solution, reaction (2). The enthalpy
of formation of [HC1 + 111 HZO] is well established.(43)

[CH3CHO + 1000,H20](2) Values for the enthalpies of formation of
(44)

acetaldehyde in the gaseous and liquid states and in the state,
[CH,CHO + 1OOQ‘H201(2), are available in the literature. 1In view of
the experimental difficulties in handling a liquid with a high vapour
pressure(b.§293 K) it was decided to use the state [CH3CHO + 1000 HZO](l)
as the reference. However, with a maximum ampoule capacity of 1 ml and
a reaction vessel volume of 25 ml, the most concentrated final solution
which could be achieved in a single stage dilution was that indicated in
reaction (3a).
[CH,CHO + 1000H,0] (%) + [2HC1 + 22,000H,0 + x C,H,1(R) »

[CHyCHO + 2HCL + 23,000H,0 + & C,H,1(8) (3a)
[CHBCHO + IOOOHZO](Q) + [CH3CHO + 2HCL + 23,000H20 +x C H4] (2) -

Z[CH CHO + HCl + 12,000H20 + 0.5 C2H4](2) (3b)
[CH,CHO + HC1 + 12,000H,0 + 0.5 x (C,H,)1(2) + [HCL +1L000H,0 + 0.5 C,H,1(L)

+ [CH4 CHO + 2HCl + 23 »000H,0 + & C,H ](2) _ (3¢)

The enthalpy of this reaction (3a) was measured as AH(3a) =
~(1.56 £ 0.24) kJ mol™’.  The enthalpy of the dilution, reaction (3b),
was also measured as AH(3b) = -(1.45 % 0.15) kJ mol-l, so that the enthalpy
of the dilution reaction (3c) is } {(1.56 * 0.24) + (1.45 £ 0.15)} =
-(0.05 + 0.14) kJ mol_l. The enthalpy of dilution from the state
[CH3CHO + 2HC1 + 8200HZO](£) to [CH3CHO + 2HC1 + 12,OOOH20](2) is assumed
to be of similar magnitude, -0.05 kJ mol_l, so that we estimate the
enthalpy of reaction (3) as =(1.46 t 0.24) kJ mol™t,

The enthalpy of solution of (NH4)2PdC14(c) in water, reaction 6,

was also measured.



3.1. Experimental

A glass caloriﬁeter of 25 ml capacity was produced, similar to
the conventional design, except for the provision of a BS socket and
a B5 tail-cone. To the tail of thisg cone, was sealed ga capillary of
sufficient length to almost reach the calorimeter bottom (see Fig.l1,),
The vessel was also provided with a sapphire tipped Pin and two pockets
to receive a thermistor and a calibration heater.

Before éﬁtefing,fhe reaction vessel, via the capillary tube, the
ethylene gas passed through a spiral, made from {ﬁ’in£érﬁa1 diameter
copper tube, which was suspended inside the calorimeter can, This
assured that the temperature of the ethylene and that of the. contents
of the reaction vessel were the same. In order to minimize the thermal
effects of evaporatlon, caused by a stream of dry gas through the 1liquid
in the reaction vessel, the gaseous ethylene was saturated with water
vapour. This saturator consisted simply of a two~necked flask immersed
in the thermostat, The outlet of the flask was connected to the copper

spiral and the inlet to the gas supply. This inlet tube entered the
~ calorimeter system through a hole, in the calorimeter lid, which ig
normally used for ingress of a cooling gas, or to gvacuaté the system.
The pressure of the ethylene gas was set to apprqximately 7 psi, giving
a flow rate of 10 ml/min, which was checked before and aféer each
experiment. | R o

To ascértain the effect of any slight vériations of flow rate on
the performance of the calorimeter system, electrical calibrations were
made:  (a) with a constant flow rate of 10 ml/min ang (b) with a flow
rate which was allowed to‘va?y during the calibration between the limitg
5-25 ml/min. For cbhstén; flow rate the calibration constant wasg
2980 * 6j. c,hm”1 whilst for a variable flow rate the constant was 2980 &

12j. ohm_l.

37.
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It was concluded that any small variations in the flow rate of
the ethylene gas would have an effect which was acceptably negligible

L
on the reproducgbility of the measured reaction heats,

3.2. ‘Preparation of analytical compounds and analysis of reaction products

3,2.(1) Analysis with dimethylglyoxime

. This was used for one series of analyses only, that of ammonium

chloropalladite. The method was by standard procedure.(as)

3.2.(2) Preparation of 2-thiophenetrans-aldoxime

The use of this reagent is thought to be preferable to most other

analytical procedures for palladium(AG)

on account of stability, ease of
filtration, and low tendency to supe;saturation of the pélladium complex
of this ligand.

Preparation of the reagent was by the method of Tandon and
Bhattacharya;(47)'USing 2-thiophenaldehyde (Koch Light), hydroxylamine
hydrochloride, and hydrous sodium acetate (both Hopkin and Williams,
General Purpose Reagenté). The latter two are dissolved in water, and
an ethanolic solution of the aldehyde added. Refluxing produces the

necessary compound.’

The recrystallised product was analysed and used for all subsequent

analyses.

Analytical results of the 2-thiophenetrans-aldoxime gave melting

point of 402.0-403.0 K (lit 406.0~406.5 K)(47) and analysis of: 47.33 C;

4,01 H and 10.94 N mass %, calculated for CSHSNOS 47.74 C; -3.96 H;

11.02 N mass Z%.

3.2.(3) Method of analysis

A 27 solution of the aldoxime was made in 957 ethanol, to give the

(46)

complexing reagent. The technique used, was to extract the palladium

from the complex by boiling with aqua regia, and following conversion to
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the hexachloropalladite, by use of concentrated hydrochloric acid,
the solution was diluted and the aldoxime added. After standing
overnight the complex was filtered.

3,2.(4) Analysis of reaction products

The quantitative yield of the reaction was checked as follows.

A weighed sample of ammonium chloropalladite was dissolved in
water and ethylene bubBled thfough the resultantasoiﬁtion for 5 min.,
when palladium was precipitated. After filtration through a sinter,
the precipitate'was dissolved in aqua regia, treated with conc. HC1,
and the palladidm repreéipitéted as the aldoxime complex. |

The result of two experiments indicated palladium yields of‘100.9

mass % and 100.1 mass 7 respectively.

3.3. ‘Coggounds
Ammonium chloropalladite (Johnson Matthey) was analysed for palladium

content by precipitation aé the dimethylglyoxime complex; found 37,41 mass
7 Pd; calculated for (NHA)ZPd014' 37.43 mass 7 Pd. “

A 0.5M solution of HCl was made by dilution of a 1M HCl standard
(c.v.S. B.D,H, Ltd). The molarity of the prepared solution was stand-
ardised against borax, Na,BO,.10H,0 (Analar), using methyl-red as indicator.

The average of six titrations gave a value of 0,5022M % 0.0003.
Acetaldehyde (B.D.H, Laboratory Reagent), distilled at 295 K and 756 mm Hg,
was used to make a solution in water. An Aglas Micromgter (Wellcome “
Reagents Ltd.) was used to measure the required volume of acetaldehyde
(0.3042 ml) into a 100 ml of water. At 289 K, the temperature at which
this dilution was carried out,'these volumes yield a solution of
concentration (CH,CHO + 1000 H,0).

Palladium metal was prepared_by pre;ipitation with ethylene from

ammonium chloropalladite. The p;oductywas dried in an oven for several
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days and stored over phosphorus pentoxide,
Ammonium chloride (Hopkin and William, Technical Grade) was dried
at 378 K and stored over calcium chloride.

Ethylene (B.D.H. Laboratory Reagent) was used,

3.4. Procedures
| A series of seven émpoules for each product and reactant were
made, containing the following: |
reaction (1)  (NH,),PdCl,, 0.05g, 1.7x10™% mol.
reaction (2) KCl, 0f6§5 ml of a 0.5022M solution, 3.4x10-4 mol HCl
reaction (3a)/(3b) CHyCHO, 1 ml of the solution (1CH,CHO: 10001, 0) ,

4

0.6x10 ' mol CH.CHO

3
reaction (4) NH,C1, 0.018g, 3.4x10~4 mol,

reaction (5) Pd metal, 0.018g, 1.7x10 * mol.

reaction (6)  (NH,),PdCl,, 0.235g, 2.2x10"3 mol,

The number of moles required, for reactions (2) and (3), were
estimated from the weight of solution in the ampoules, and densities,
drawn from available data.(48’ 49)

For reactions, (1), (4), f?) and (6), the calorimeter was charged
with 25 ml. of water, plus the relevant solutes, The procedure for
reactions (2) and (3) was similar, except.that after filling, 2,7 ml of
water were extracted, so that after addition of the acid or acetaldehyde
solutions, the total volume of solution would be. 25 pl.

.The relevant ampoule was fitted to the stirrer and the calorimeter
assembled to the gas supply system (with the exception of reaction 6),
where no ethylene was bubbled through the water),

Reactions were initiated at 298.15 X for the endothermic reactiong

(4) and (6), and at a temperature, such that the final temperature was

298.15 K, for the exothermic reactions (1), (2), (3) and (5.
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In the reactioné (1), (4), (5) and (6) the glass ampoules were
only partially filled with solid and the remaining space was occupied
by air. A correction must be made for the thermal effect of releasing
this volume of air into the aqueous solutions, In order to estimate
this correction, a éeries of five air-filled ampoules'were also broken
iﬁto the final solution of reaction (6), and the heat effect was measured.
A correction was then applied té the measured heat changes of reactions
(1), (4), (5) and (6).

The computer programme was used to estimate the heat change for
reaction (1), and Dickenson's extrapolation was used for the remaining
reactions which were completed in a shorter time.

The results are shown in Tables 1 and 2,

3,5. Discussion
The enthalpy change, AH(7); of reaction (7)

(NH,) ,PdC1, () + CH,CH,(g) + H,0(%) >

4)2
Pd(s) + 2NH4C1(aq.) + CH3CH0(aq.) + 2HCl(aq.) ¢))

may be calculated from the relationship

AH(7) = AH(1) - 2AH(2) - AH(3) - 2AH(4) = AH(5)
as  AH(T) = -(96.71 £ 1,05) kJ mol "

The enthalpy of formation of crystalline ammonium tetrachloro-
palladite can be obtained from thé relationship
AHQ [(NH,)pPACL sc] = —8H(T) + 26HZ (NH,CL,c) * + 28HZ(HCL in 111H,0,2)
+ AH;(CH3CHO in 1000H,0, &) - AH;(HZO, %) - AH?(CHzcﬂz, g)

Using the values

AHO(NH, C1,C) = -314.43 KkJ mo1”t 50
pHO(HCL in 111H0,9) = -210.66 kJ mol™t 43
AHO(CH,CHO in 1000H,0,4) = -165.893 kJ mol™®  uy
pHO(H0,0) s -285,830 kJ mol T 51
BHO(CHCH, 5 ) = -52.26 kJmol’l 52
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Table 1

Enthalpies of solution of (NH4)2PdC14(c) in [8201H20 + xC2H4](2) reaction (1)

PdC14/g 0.046575  0.048499  0.042716 0.046758  0.052006
1

M(NH4)2

AH(1) /KT mol™" -71.546  ~70.925  -71.518 ~71.374  -68.814

<AH(1)> = =(70.84 % 0.99) KkJ mo1™}
Enthalpies of solution of HCl in 0.5022N solution in [3489H20 + szH4](2),
reaction (2)
M HC1 /g 0.013732  0.013648 0.013692 0.013772 0.013948
MH(2)/kJ mol™ 1,025 -1.001  -1.018  ~0.99 -1.051
<AH(2)> = ~(1.02 + 0.02) kJ mol L
Enthalpies of solution of CH3CH0(1:1000HZOXMin [2HCL + 22,ooouzo +
xCZHA](l)’ reaction (3a)

M’ CH,CHO/g 0.002383  0.002590 0.002562 0,002482 0.002594

1

AH(3a) /kJ mol =~ -1.67 ~1.64 -1.87 -1.15 |  -1.46

<AH(3a)> = =(1.56 * 0.24) kJ mol L

Enthalpies of solution of CH3CHO(1:IOOOH20)(2) in
{2HC1 + CH3CH0 + 23,000H20 + szH4](2), reaction (3b)

MCH,CHO/g 0.002624 0,002621 0.002617 0.002612 0.002651

3
BH(3b) /kJ mol™t -1.48 -1.70.  -1.31 ~1.30 -1.48

<AH(3B)> = —(1.45 % 0.15) kJ mol ™}
Enthalpies of solution of NH4C1(c) in [2HC1 + O.SCH3CHO + 4,100H20 +
xC2H4](£), reaction (4)
M4NH4C1 /g 0.019136 0.016690 0.022535 0,018319 0.021132

1

BH(4) /KT mol™" 414,790 +414.800  +14.831  +14.920  +14.820

oS -
<BH(4)> = +(14.83 % 0.21) KJ mol~}



Table 2

Enthalpies of solution of

pd(s) in [2NH,CL + 2HCL + ‘o.scu3cno + 8200H,0 + C,H,)N() reaction (5)

ved/g 0.018628 0.017957 0.017927 0.019294 0.018212
pH(5) /i mol™t  -0.498  -0.189  -0.223  -0.343  =-0.191

<AH(5)> = =(0.29 % 0.12) kJ mol L

Enthalpy of solution of»(NHA)ZPdCIA(c) + [1850H20](2), reaction (6)

M®,),PACL /g 0.235507 0.230958 0.236719 0.234770  0.242206
AL(6) /kT mol L #48.64  +48.37  +48.47  +48,01  +49.21

<AH(6)> = +(48.54 + 0.34) kJ mol L

43,



44,

leads to the value
o -
AH[(NH,),PACL,,c] = =~(841.% 1.7) kJ molL
Incorporating the value AH(6) = +(48.54  0.34) kJ mol™! for the
enthalpy of solu;ion of (NH4)2Pd014(c) leads to the value

o £
S [(NH,),PdCl, in 1850H,0] = =(792.5 £ 2.0) kJ mol”>

It was not possible to measure the enthalpy of solution of (NHA) PACl, at

. 2 4
dilutions greater than this, and so extrapolate to a value at infinite
solution, because at greater dilution the tetrachloropalladite ion
dissociates.

We assume that the enthalpy of dilution for the state

[(NH,),PdCl, in 1850 Hy01 to [(NH4)2PdC14 in e H,0] is negligible and
therefore propose the value

; ,
BHS[(NH,),PdCL, ,aq) = -(792.5 % 2.0) kI mo1™L,

If the enthalpy of formation of the ammonium ion.(53)
0 ryyt - - : -1 . .
AHf(NHAsaq) (133,13 + 0.19) kJ mol °, is incorporated into the above
value, the enthalpy of formation of the tetrachloropalladite ion itself
’
is derived as
o 2~
AHZ(PACL,",aq) = =(526.3 # 2.2) kJ mol™L
This value is in agreement with that established as =(522.0 + 2, 1) kJ mol-1
]
derived from the value selected by Goldberg and Hepler which was referred

to earlier. Their recommendation would appear to be wéll founded
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ChaBter 4

Enthalpies'of'formation‘of‘the'COmplexes'trans‘Pd(EEt,)ZEléwhere

'E'is 'S, Se or Te,

According to the classification of Chatt,(54) the palladium(II)

"b"(SA) or soft acid(ss) category, therefore

ion fits into a class
preferring "soft" or more polarizable bases, i.e, elements of higher
atomic number in any particular group. Consequently, ligands containing
sulphur, selenium and tellurium atoms should form more stable complexes
than those contéining oxygen; the exact order of stability depending
upon the nature of other ligands on the metal,
No ether complexes have been reported but an extensive series of
complexes, formed by dialkyl and diaryl sulphides, selenides and
tellurides, is known. The series for the telluride has, however, been
less well studied. Unlike platinum analogues, the palladium complexes
are formed in only one isomeric form, the lability being sufficienttto
yield only the more stable isomer556) in this case the trans.
The purpose of this part of the investigation was to gain
information about the palladium-sulphur, selenium and tellurium bonds.
Enthalpy changes were measured for the reactions (1) to (5), where
E =8, Se or Te, and the values obtained, used to estimate .the enthalpies
of formation for the various complexgs, and thence the dissociation energies
for the Pd-S, Pd-Se, and Pd-Te bonds.
[(NHA)ZPd014 + 760 CH3COCH3 + 820 Hzol(z) + (2+x)EEt2(z) -+

[2NH, CL + trans(EEtz)dezClz + xEEt2 + 760 CH3COCH3 + 820H20](2) (1)

xFEt, (1) + [2NH,Cl + trans EEt,),PdCl, + 760 CH,COCH, + 8201,01 (1) +

[2NH,CL + trans(EEt,),PdCl, + xEEt, + 760 CH3COCHy + 820H,0](2)  (2)
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trans-(EEtz)de012(°) + [2NH4CI + 760 CH3COCH3 + 820H201(2) >

[ZNH4C1 + trans-(EEtz)deCIZ + 760 CHBCOCHB + 820H20](2) 3

2NH4C1(C) + [760 CH3COCH3 + BZOHZO](Z) -+

[2NH4C1 + 760 CH3COCH3 + 820H20](2) (4)
(NHA)ZPdCIA(C) + [760 CH3COCH3 + 820H20[(2) -
[(NH4)2PdC14 + 760 CH3COCH3 + 820H20](2) (5)

4,1, Experimental

The complexes trans=(EEt,),PdCl, were prepared by the addition of
three moles of the required ligand to one mole of sodium of ammonium
tetrachloropalladite, well stirred in water, as described previously.<57)

The compounds were recrystallised from acetone/petroleum ether for I = S,(SB)

(57)‘and EF= Te.(59)

énd methyl alcohol for E = Se
Analytical results are given in Table 1, palladium content was
determined by 2-thiophene trans-aldoxime and carbon and hydrogen by use

of a Perkin-Elmer micro analyser,

Table 1
M.P. /K FOUND CALCULATED
COMPOUND FOUND LIT. CX%X HZ Pd%Z €% HZ P43z
(SEE,),PACL, 353 35358 26,7 5.51 29.75  26.9 5.64 29.75
(SeEt,) ,PdCL, 318 318::97; 21.5 4.37 23.55  21.3 4.46 23.57
(TeEt,),PdCl, 371 372 17.7 3.53 19.41 17,5 3.67 19.39

Ammonium chloropalladite (Johnson Matthey) was used throughout the thermo-

chemical reactions (see chapter 3 for analysis). Diethyl sulphide (Koch
Light), diethylselenide and diethyltelluride (both Strem Chemicals) were

‘used for the respective preparations and reactions, after purification by
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distillation through a six—-inch fenske columm. Boiling points are

given in Table 2.

‘Table 2
B.P./K
COMPOUND FOUND LIT. pressure/torr
SEt2 362-363 365.576) 729
seEt, 381.7 3g2 (60 242
, -{60)
TeEt2 409-410 410-411 745

A small quantity of diethylselenide, b.p. 378 K, was prepared from
gelenium, in sodium/liquid ammonia,‘using diethylsulphate as fhe
alkylating agent.(6o)

Due to the oxygen sensitivity of the diethyl telluride, fhe
distillation was carried out under a nitrogen atmosphere, and.the sample
stored in sealed ampoules until used.

The solvent used in the reactions was an acetone-water (3:1) by
volume mixturé.» Acetone (B.D.H. Laboratory Reagents) was used for the
work concerned with the diethylsulphide, diethyl selenide complexes. In
work connected with the diethyl telluride complexes, commercial grade
acetone (Hopkin and Williams) was purified by use of potassium Permanganate,(61)
before use.

The enthalpies of the reactions (1) to (3) were measured by use of
the 100 ml vessel, except that for measurement of the enthalpy of solution,
of (TeEtz)deCIZ,theZS ml vessel was used. This was necessitated by
there being available only a small quantity of this éomplex.

The corrected resistance changes were calculated by Dickenson's
method, except for reaction (5), and also reactions (1) and (3) for the
diethyl telluride complex; these latter three being estimated by the

computer method, mentioned previously.

The results obtained are shown in Tables 3, 4, and 5.
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4.2, Discussion
The enthalpy chénge, AH(6), of reaction (6)
(NH,),PdCL, (c) + ZEEtz(z) +
trans—(EEtz)deCIZ(c) + 2NH4C1(c) (6)
may be calculated from the relationship
BH(6) = [4H(1) - X AH(2) ~ AH(3) - 20H(4) + AH(5)]
as <MH(6) = —(112.78 % 0.26) kJ mol ™), where E = §
<pH(6)p = -(124.38 * 0.70) kJ mol-l, where E = Se
< H(6P = ~(175.49  4.12) kJ mol™Y, where E = Te
The enthalpy of formatiop‘ of trans-(EEtz)deCIZ(c)v can be calculated
from the relationship | ‘
| AHO[(EEt,) ,PdCL,,c] = AH(6) = 28HZ(NH,CL,c) +
8HGL(NH,) ,PACL yc] + 28H] [(BEt,) 01,

The values

pHO(NH,CL,e) = =(314.43 £ 0.05) kJ mol 1 62
AHO[(NH,) ,PACL, ,c) = =(841.0 & 1.7) kJ mol ! 63
SEO(SEE,,0) = -(119.07 + 0.79) kJ mol™ ! 64
MO (SeEty, 0) = -(96.2 * 3.3) kJ mol Y 65

are available, but no value for AH;(TeEtZ,R) has been reported. An
estimated value of -~100 + 20 kJ mol—l is adopted.
Using these values, yields the following values for the enthalpies

of formation of the complexes

BHO[(SEE,) ,PdCLy,el = =(563.1 % 2.1) &I mol ™}
MO [(SeET,) PACLy,c] = =(528.9 & 3.8) kJ mol ™}
1

-(587.6 * 20.5) kJ mol

)
AHf[(TeEtZ)ZPdCIZ,c]
The enthalpy changes, AH(7), AH(8) and AH(9), for the reactions
(7), (8) and (9)

trans=(SEt,),PdCl,(c) = PdCl,(c) + 2SEt,(g) (7)
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Table 3

Enthalpies of solution of SEt (2), SeEt'(l) and TeEt (2) iﬁ

[(NHA) PdCl4 + 760CH3COCH3 + 820H 0](2),‘reactlon (L

M(NHA)ZPdC14/g

MSEtz/g

AH(1) /KT mol ™t

[AH(1)-xaH(2)1/_,

kJ mol

M(NH,),PdCL, /g

MSeEtz/g

-1
AH(1)/ kJ mol

[AH(1)—xAma1/
kJ mol

M(NHA)ZPdC14/g

MTeEtz/g

-1
AH(1) /kJ mol

[AH(l)-xAHRH/
kJ mol

0.484524 0.464506 0. 511634 0.485411 0.470065 0.470231

0.371562 0.320333 0.373536 0.352702 0.325879 0.309285
68.41 69.25 69.20 69.14 69.82 69.53
-70.36 -70.12  -70.62  =70.53  =70.75  =69.97
<[BH(L)-xAH(2)1> = =(70.39 * 0.22) kJ mol™}

0.500111 0.494457 0.499559 0.495430 0.492883 0,483007

0.654358 0.650303 0.666296 0.627548 0.698910 0.671694
73.12  70.85  72.05  72.09  70.78  71.24
-78.79  -76.54  -78.02  =77.01  -78.08  =78.12
<[AH(L)-cAH(2)1> = ~(77.58 % 0.68) kJ mol

0.501194 0.498917 0.498825 0.499172 0.499048

0.879059 0.876264 0.849430 0.854059 0.837899

118.16 117.37 115.56 108.19 111.47

-124.41 -123.64 -121.07 -113.82 -116.66

<[AH(1)-zBH(2)1> = =(119.92 * 4.08) kJ mol™"
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Table 4

Enthalpies of solution of SEtz(Q), SeEtz(z) and TeEtz(l) in

[2NH4C1 + trans-(EEtz)de012 + 76OCH3COCH + 820H20](2), reaction (2)

3

MsEe, /g 0.146795 0.139666 0.137377 0.142466 0,139810 0.135445

AH/KT mol ™t +4.32 +4,13  +4.27 44,20 +4.20  +4.27
<S8H(2)> = +(4.23  0.06) kJ mol

MSeEt, /g 0.212226 0.202427 0.203206 0.230689 0.245041 0.309000

AH/KJ mol t +7.60  +7.22  +7.63  47.55  +7.78  +8.05

<BH(2)> = +(7.64 £ 0.70) kJ mol ™}
MTeEt, /g 0.339169 0.345692 0.301514 0.340388 0.315893
A/KT mol t +9.58  +10.29  49.64  49.67  +8.07

<AH(2)> = +(9.45 + 0.74) kJ mol L

Enthalpies of solution of trans—(SEtz)deCIZCC), or trans~(SeEt2)2PdC12(c),
or trans-(TeEtz)deCIZ(c) + [2NH4C1 + 76OCH3C0CH3 + 820H20](£), reaction (3)

‘Mt (SEt,) ,PdCl, /g
- 0.607677 0.631612 0.625816 0.628654 0.602551 0.643871

pH/KT mol ™t $37,05  +37.02  +36.94 437,08  +37.23  +37.27
<AH(3)> = +(37.10 # 0.10) kJ mol ™t

Mt(SeEt,),PdCl, /g
0.774368 0.793101 0.776157 0.780734 0.773862 0.777925

pH/kJ mol”} +41.25  +41.40  +41.50  +41.52  +41.45  +41.62

<AH(3)> = +(41.46 % 0.11) kJ mol

Mt(TeEtz)de012;/g
0.148790 0.151149 0.149010 0.152756 0.149774

pH/fkI mol +49.95  +49.88  +50.78  +51,07  +49.73

<AH(3)> = +(50.28 * 0.54) kJ mol™}
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Table 5

Enthalpy of solution of NH4C1(c) in [76OCH3COCH3 + 820H20](£), reaction 4
- MNH,C1 /g 0.193644 0.186484 0.183424 0.188751 0.169574 0.195568

1 +9.10 +8.96 +9.00 +8.96 +8.96 +8.94

AH/KT mol
<AH(4)> = +(8.99 + 0.05) kJ mol L

Enthalpy of solution of (NHA)ZPdC14(c) in |

[76OCH3COCH3 + 820H,01(%), reaction (5)-

M(NH,),PdCl,. /g 0.506433 0.533160 0.503761 0.499655 0.506279 0.501778

AH/KT mol”t +13.77 412,80 +12.45 412,81  +12.66 412,73

<AH(5)> = +(12.69 * 0.06) kJ mol~.



trans-(SeEtz)deClz(c) = PdClz(c) + ZSeEtz(g) (8)
trans—(TeEtz)deCIZ(c)' = PdClz(c) + 2TeEt2(g) ()
may be calculated as

(233 * 10) kJ mol !
1

AH(7)

and AH(8) = (251 #* 12) kJ mol

by incorporation of the enthalpies of vaporisation

A vap (SEt,) = (35.86 * 0.04) kJ mol (66)

AH vap (SeEt,) = (38.9 # 4.0) kJ mol™! (67)
and the enthalpy of formation

BHZ(PACL,) () = ~(163.2 + 10) kJ mol™t (36)

Similarly, by incorporation of an estimated value of (41 % 8) KkJ rnol.'1
for the enthalpy of vaporisation of TeEtz, we obtain the value
SH(9) = (306 + 31) kJ mol”l
Calculation of the enthalpy changes, AH(10), AH(1l) and AH(12),

of the gas-phase dissociation reactions (10), (11) and (12)

trans-(SEtz)deC12,g) = PdClz(g) + ZSEtz(g) (10)
trans-(Sekt,) ,PdCl,,g) = PdCl,(g) + 28eEt, (g) (11)
trans-(TeEt,)) ,PdCl,,g) = PdCl,(g) + 2TeEt, (g) (12)

requires knowledge of the enthalpies of sublimation of PdCl2 and the
three complexes, none of which is known.

However, for the two complexes (SEt2)2PdC12 and (SeEtz)deCI2
using the term

x = AH sub [(SEt2)2PdClz] ~ AH sub[(SeEtz)deCIZJ
then

<D> (Pd-S) - <D> (Pd-Se)

}1AH(10) - AH(L1),

FIAH(T) - pH(B) - g]

~(9 £ 5) kJ mol™? - z/2

where <D> refers to the mean bond dissociation energy. It seems likely

52,
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that the magnitude of & will be small since the structures of the two

: - 6
complexes are presumably 81m11ar,( 8

consisting of discrete monomeric
mélecules. The larger molar mass of the selencether, compared to that
of the thioether will give a higher sublimation enthalpy but enhanced
hydrogenlﬁbnding, in the thioether complex, wiil increase the sublimation
enthélpy in this complex. If x is in the range * 8 kJ msi-l then

<D> (Pd-Se) = <D> (Pd-S) = (9  9) kJ mol ™"

However, this assumption of counterbalancing of effects to give a

(69) that in

small value of x may not be valid, since there is evidence
the square planar Pd(II) complexes, there is sometimes a weak axial inter=-
action between Pd and S in néighbéuring molecules. If this was present
in these complexes, x could become quite large.

Applying similar arguments to reactions (11) and (12) leads to

<D> (Pd-Se) = <D> (Pd-Te) = §[AH(9) = AH(10) - z]

= -} (55 % 18) kJ mol™} - x/2

It seems more probable that in thié éase & could well be in the
range * 8, since axial interactions would be expected to be less,
Therefore the difference is obtained

<D> (Pd-Te) - <D>,(Pd-Se)k= (28 + 13) kJ mol-l

The indications of these data are that the palladium-sulphur and
palladium-selenium bond dissociation energies are similar but weéger
than the palladium—teliurium bond dissociation energy.

The bonding in compounds of the type [(EEtz)deCIZ] has béen
explained in terms of a synergic combination of o and w bonding. The
o bond results from donation of a lone pair of electrons of the atom E
(S, Se or Te) into a dp2 hybrid of the Pd atom, formed from a combination

of dxf’ P, and py‘orbltals. . The 7 component of the bond results from

overlap of a filled orbital, the d , of the Pd atom with an empty d.,
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or dyz’orbital of the E atom.  This back donation of electrons in the
series Pd+E reduces the charge difference caused by the o~donor bond
E+Pd.  This bonding model is illustrated in Fig.1,

As the size of the atom, E, increases, the g-bond contribution ig
assumed to become less. On the other hand, the n-bond interaction, or
back-donation, is likely to become greater.  The bond dissociation energies
calculated above indicate that the increase in m~bond effect outweighs the
decrease in o-bonding along the series Z = 5, Se, Te.

Fbr the corresponding plétinum compounds, the force constants,

7
determined by Hartley,( 0)

are in the order Pt - § > pt - Se v Pt = Te,
it would be interesting to determine the bond dissociation energy

differences for these compounds,

Note: The opportunity is taken here to make a correction to the
(71)

previously published values of the enthalpies of formation
AHg[trans(SEtz)ZPdCIZ,c] = =(550.9 * 4,9) kJ mol~! and
AHg[trans(SeEtz)deCIZ,c] = -(516,7 + 10.4) kJ molhl_ In calculating
these values an error was introduced by incorporating into the calcula;ion,
the value AH(4) = (8.99 % 0.05) kJ mOl-l- However this is the enthalpy
of solution per mol of NH4CI and in reaction (4) two mol of NH401 are
involved, so that the correct value for AH(4) should be 2x(8.99 + 0.05)

= (17.98 * 0.10) kI mol ', It should be noted also that in the published
paper the valoe is given AH?[(NHa)ZPdC14,c] = -(837.8 + 2,8) kJ mol*l,
whereas here the newly determined’value of ~(841.0 + 1,7) kJ mo].—1 has

been used for this enthalpy of formation.
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ChaEter 5

Enthalpies of substitution of bis=(triphenylphosphine)platinum(0):

olefin complexes

In this section of the thesis, details are reported of measurement

of enthalpies of the following reactions:

(PPhy) ,PE(CH,=CH,) (0) + (CN),CoC(ON) 5 () >

(PPh,) Pt [(CN),C=C(CN),1(c) + CH,=CH,(g) (1)

(PPh3)2Pt(CH2=CH2)(c) + PhC=CPh(c) .

(PPh,) ,Pt(PhC=CPh) (c) + CH,=CH, (g) | (2)

3)2
In order to determine the enthalpies of these reactions the
following reaction scheme was devised, where THF is tetrahydrofuran
and TOL is toluene.
(PPh;) ,Pt(CH,=CH,)) (c) + [100(CN)ZC=C(CN)2 + 10,000THF](R) +

[(PPh3)2Pt[(CN)ZC=C(CN)£ + 99(CN)2C=C(CN)2 + CH,.=CH, +

2 72
10,000THF] (2) : (3)

(CN) ,C=C(CN), (¢) + [99(CN),C=C(CN), + 10,000THF]{L) ~+

[100(CN) ,C=C(CN),, + 10,000THFI (2) = = W)
CH,=CH, (g) + [99(CN),C=C(CN), + 10,000THF](1) -

[CH,=CH, + 99(CN)2C=C(CN)2 + 10,000THF] () : (5)
(PPh3)2Pt[(CN?2C=C(CN)2](C) + [CH,=CH, + (CN)20=C(CN)2 + 10,000THF]} (L) -+

[(PPhy) PE[(CH) jC=C(CN) )] + CH,=CH, + 99 (CN),C=C(CN), +

10,000THF] () f B : : - (6)
(PPh,) ,Pt (CHy=CH,) (¢) + [22PhCZCPh + 2000TOL] (1) -

[(PPhB)ZPt(PhCECPh) + 21PhC CPh + CH,=CH, + 2000TOL] (2)  (7)
PhC=CPh(c) + [21PhC=CPh + 2000TOL} () ~

[22PhC=CPh + 2000TOL] (2) (8)
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CH,=CH,(g) + [21PhC=CPh + 2000TOLI(8) -

(CH,=CH, + 21FhC=CPh + 2000TOL] (2) | ()

(PPh,) ,Pt (PhCCPh) (c) + [CH,=CH, + 21PhC=CPh + 2000TOL] (L) -+
[(PPh,) ,Pt(PhC=CPh) + CH,=CH, + 21PhC=CPh + 2000TOL] (%)  (10)

In addition, details are also reported in this section of the

determination of the isomerisation reaction

c1) |
1 (Ph,P) =C(C1)
(PPR,) ,PE [(C1) ,C=C(C1) ) (1»1>h3)2—1>t"C N 2
\E=C(Cl)2+ c1” \(PPhB)
c1) | ,
A . - B

The ethylene complex, (PPh3)2Pt(CH2=CH2), was prepared according

to the method of Cook and Jauhal,(72)

in a one-stage process, from
bis(triphenylphosphine)platinum dichloride, by reduction with sodium
borohydride in ethanol solution, via the complex bis(triphenylphosphine)
(dioxygen)platinum(o)._

The tetracyanoethylene complex was made according to the method of

Baddley and Venanzi(73)

from bis(triphenylphosphine) (phenylacetylene)
platinum(O), (PPh3)Pt(PhCECH), and tetracyanoethyleme in benzene. The
product was recrystallised from a solution of methylene chloride and
ethanol.

The tetrachloroethylene complex was made according to the method of

] 4
Bland and Kemmltt:.(7 )

The complex bis(triphenylphosphine)(diphenyl-
acetylene)platinum(0) was made by replacement of the ethylene in
(PPh3)2Pt(CH2=CH2) by diphenylacetylene, The product was recrystallised
from dichloromethane/methanol.

A small sample of bis(triphenylphosphine)(dioxygen)platinum(0) was

also isolated from a preparation made according to the method of Cook and

(11)
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Jauhal,(72)

in a one-stage process, from bis(triphenylphosphine)platinum
dichloride, by reduction with sodium borohydride in ethanol solution, via
the complex bis(triphenylphosphine) (dioxygen)platinum(0).

The tetracyanoethylene complex was made according to the method of
Baddley and Venanzi(73) from bis(triphenylphosphine) (phenylacetylene)
platinum(d), (PPh3)Pt(PhCECH), and tetracyanoethylene in benzene. The
product was recrystallised from a solution of methylene chloride and
ethanol. ‘

The tetrachloroethylene complex was made according to the method

of Bland and Kemmitt.(74)

The complex bis(triphenylphosphine) (diphenyl-
acetylene)platinum(0) was made by replacement of the éthylene in
(PPh3)2Pt(CH2=CH2) by diphenylacetylene. The product was reérYStallised
from dichloromethane/methanol. ;

A small sample of bis(triphenylphosphine) (dioxygen)platinum(0) was
also isolated from a Prepération made éccording to the method of Cook and

Jauhal.(72)

Samples of the compounds (PPh;),Pt(CH,=CHy), (PPhy), [(C1),Cn
c(cl),] and (PPhB)ZPt[(CN)2C=C(CN)2] were kindly supplied by Dr. R.J.
Puddephatt.

The infra-red spectrum of one sampie of the reactioﬁ ?foducts, of
each series of reactions, was recorded. These were checked against the
spectrum of the dioxygen complex, since this has a characteristic frequency
at 818 cm—l. This peak was ﬁéverlébservéd in the ?roducts of any of the
reactions, indicating that the precautions taken to exclude oxygen from

the system had been adequate.

Table 1 shows the analyses for the complexeé studied.
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Table 1 (analyses)

all with decomposition FOUND CALCULATED
COMPOUND FOUND LIT. CZ H7 CZ HZ
(PP ,Pt (CH,CH,) 396 395770 607 48 610 4use
(PPhg) ,PEIC (V)] 550  s549(73) 59.5  3.57
(PPh) P [C,Ph, ] 433 636-6437%) 668 450 ge.o 4.6
O I T e T S S P

asee section 5.3 for further details

The sources of other compounds used were as follows:
Tetracyanoethylene (R.N. Emanuel), tetrahydrofuran (Koch Light),
ethylene (Air Products), diphenylacetylene (Koch Light), toluene (Hopkin
and Williams).

| The tetracyanoethylene was resublimed prior to use. Diphenyl-~

acetylene was recrystallised twice from ethanol m.p. 334.7 K, lit.(76) 335.7 K.

The two solvents tetrahydrofuran and toluene were dried over molecular
sieve and sodium respectivély.A The tetrahydrofuran was subjected to g,1,c.
and showed one major peak, together with a small amount [(<<) 0.52] of
impurity- Both solvents were saturated with nitrogen prior to being used,
to fill the reaction vessel of the calorimeter.

The ethylene was used directly from the cylinder,

5.1. Experimental

The 25 ml vessel was used throughout the series of reactions,

All of the solid samples were sealed into the wide long-necked
ampoules (see chapter 2 Fig.3b), However, in the determination of the
enthalpy of solution of ethylene, the thin necked ampoules were’chosen,

to reduce the area for gas effusion, Since the ethylene never completely
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filled the ampoule the following technique was used.

The volume of the ampoules were estimated using water as a calibrant.
Af;er drying, the ampoules were filled with ethylene, by displacement of
air using a fine capillary, and then sealed in the usual manner. The
ampoule was placed in the holder and its length was measured by use of
a cathetbmeter. Only the lower face of the ampbule was broken during
measurement 6f the enthalpy of solution, so that the solvent rose inside
the ampoule, partially filling it. The cathetometer was again used to -
determine the length of the ampoule filled and so calculate the volume
of solvent occupying the ampoule. It was assumed that a linear volume/
1ength’re1ationship gpplied.

The ampoule never filled cpmpletely‘with solvent. The reasons for
this incomplete filling were not investigated, but two possibilities are
fairly apparent.

(1) The ethylene diffused through the neck of the ampoule, in the time
between removing the ethylene source and sealing.

(2) Pyrolysis of the ethylene would produce a fairly large volume of
hydrogen, plus small amounts of carbon oxides. This also produced a
secondary problem, in that carbon deposits often prevented complete
sealing of the neck.

Reactions were initiated in the usual manner and the calibration '
procedure was that previously describedf Reactions (4), (6), (8) and
(10) were endothermié, the remaining reactions were exothermic, o

Corrected resistance changes were all calculated by Dickenson's
extrapolation except for reaction (3). This was the only reaction of
longer than five minutes duration.

The results are shown in Tables 2 and 3.

Finally, the effect of temperature on bis(triﬁhenylphOSphine)

(tetrachloroethylene)platinum was studied using a differential scanning



"Table 2

Enthalpies of solution of

(PPh3)2Pt(CZH4)(C) in [100[(CN)2C=C(CN)£ + 10,000THF] (2), reaction (1)

M(PPh;) ,PtC H, /g 0.025926  0.019776  0.023179  0.027598  0.020010

1 .
-88.7 - -82,1 -89.7 -86.2 ~77.8

AH(1)/ kJ mol™
<AH(1) = -(84.9 +'1,8) kJ mol ™!
Enthalpies of solution of

[(CN),C=C(CN) 5] (e) in [991(CN),C=C(CN),] + 10,000THFI (L), reaction (2)

M(CN)2C=C(CN)2/g 0.005554% 0.003713 0.003371  0.005067 0.005829
AH(2)/kI mol™r +1.5 +2.7 +1.6 +2.0 2.3

<AH(2)> = +(2.0 # 0.4) kJ mo1™L

Enthalpies of solution of

C2H4‘(g) in [99[(CN)2C=C(CN)2] + 10,000THF]1 (%), reaction (3)

M(C,H,/g 0.000406  0.000765 0.000486 0.000586 0.000641

AH(3) /kJ mol™t

-13.8  -15.0 -13.5 -13.7 ~12.3
<BH(3)> = =(13.7 + 0.8) kJ mol™L
Enthalpies of solution of

(PPh3)2?t{(CN)ZC=C(CN)21(c) in [C,H, + 99[(CN)2C=C(CN)2] + 10,000THF] (2)
' reaction (4)

M(PPh,) Pt (CN), 0.02372 0.026258  0.029967  0,027140 0.023560
C=C(CN), /g

AH(4) /kJ moln1 +5.9 +5.2 +5,2 +4.6 - +6.0
<AH(4)> = +(5.4 + 0.6) kJ mo1~!
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Table 3

Enthalpies of solution of (PPhB)ZPt(CZHA)(c) in
[22(PhC=CPh) + 2000TOL} (L), reaction (5) o '
M(PPh;),PtCH, /g 0.069889 0.085820 0{88105 0.084915  0.086343
MH(5) /K mol™Y  +8.42 +8.42  +7.86 +7.96 +7.98
<AH(5)> = +(8.1 £ 0.2) kJ mo1~L
Enthalpies of solution of (PhC=CPh) (¢) in {21 (PhCz=CPh) + 2000TOL] (%) reaction (6)
MPhC=CPh, /g 0.020641  0.026379  0.018723  0.020170 0.018090
ME(6) /T mol L 416.84  +18.42  +17.23 +18.10 417,93
<BH(6)> = +(17.7 £ 0.7) kJ mo1~}
Enthalpies of solution of (C,H,)(g) in [21(PhCzCPh) + 2000TOL) (2) reaction (7)
MC,H, /g 0.003183  0.003358  0.003185 0.003111 0.003547
AH(7) /kJ mol™ Y -10.67 -10.53 -12.33 ~10.78  -10.05
<AH(7)> = -(10.9 * 0.8) kJ mol > |
Enthalpies of solution of (PPh3)2Pt(PhCECPh)(c) in
[c234 + 21(PhCEgPh) + 2000TOL] (%), reaction 8

M(PPh3)2Pt(PhC“CPh)/g
| 0.100137 0,103255 0.098430 0.098440 0.096614

AH(8) /kJ mo1"1 +18.67 +19.91 +18.49 -+19,02 +19,60
<AH(8)> = +(19.1 % 0.5) kJ mol™}

Enthalpies of rearrangement (PPh3)2Pt[(Cl)2C=C(C1)2](c) -+

(PPhB)ZPt(Cl)[CIC=C(C1)2](C), reaction 9

PPh,), PH(CL) ,C=C(CL) }/g - | o
MR, " 0.085002  0.004318  0.004476  0.003850 0.003260

BH(118) /kT mol™l +43.68  +39.75  +36.02 +40,50  +33.03
PH(11B)/kI mol™" +18.20  +16.86  +15.10 419,35 +18.20

<AH(11A)> = +(39.6 + 2.2) kJ mo1~}

1+

<AH(11B)> = +(17.5

H+

1.4) kJ mo1™ L
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calorimeter. Small samples (v 5 mg) were encapsulated and treated
as described in chapter 2,

The results are shown in Table 3.

5.2. Discussion
The enthalpies of reactions (12) and (13), AH(12) and AH(13),
(PPh,) ,Pr(CH,=CH,) (c) + (CN),C=C(CN),(c) +
(PPhB)th[(CN)2C=C(CN)2](C) + CH,=CH, (g) (12)
(PPh,) ,Pt(CH,=CH,) (c) + PhC=CPh(c)
(PPh3)2Pt(PhCECPh) (c) + CH2=CH2(g) (13)
can be obtained from the relationships :
AH(12) = AH(3) + AH(4) = AH(5) ~ AH(6)
as BH(12) = ~(74.6 % 3.6) kJ mol™?,
and AH(13) = AH(7) + AH(8) - AH(9) - AH(10)
as AH(13) = +(17.6 £ 2.2) kJ mol *
To obtain values for the differences between the bond dissociation
energies, the reaction should refer to the gas phase, Unfortunately,
at present, an enthalpy datum is available only for the following process:
(CN) ,C=C(CN) 5 (e) =+ (CN),C=C(CN),(g) (14)
© MH(14) = (81.2 £ 5.9) kJ mol” 77
In the case of diphenylacetylene, the value for the phase change
Ph-C=C-Ph(c) Ph-C=C-Ph(g), ‘ (15)
can be estimat;d as AH(15) = (100 * 10) kJ mol_l. This is based upon a

knowledge of enthalpies of sublimation of similar hydrocarbons.

1-2 diphenylethane, 84 kI mol L 78
cis-1~2 diphenylethene, 90 kJ molm1 78
anthracene, | 105 kJ mol > 78

phenanthrene, 95 kJ mol-l 78
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The enthalpies of sublimation of the platinum complexes are
assumed to be similar and therefore mutually self-balancing in a heat

cycle.
Therefore, the gas—-phase enthalpies
(PPh3)2Pt(CH2=CH2)(g) + (CN)ZC=C(CN)2(g) -
(PPh3)2Pt[(CN)ZC=C(CN)2](g) + CH2=CH2(g) (16)
and  (PPh;) ,Pt(CH,=CH,)(g) + PhC=CPh(g) +
(PPh3)2Pt(PhCECPh) (g) + CH2=CH2(g) (17)
may be calculated as
AH(16) = AH(12) - AH(13) = =(155.8 % 8.0) kJ mol T
and  AH(L7) = AH(13) = AH(15) = =(82 * 12) kJ mol "
The following differencesbetween bond dissociation energies are
derived:
D(Pt—tetracyanoethylene)—D(Pt-ethyleﬁe) = (156 + 8) kJ mo].-1
D(Pt-diphenylacetylene) -D(Pt-ethylene) = (82 + 12) kJ mol-l
Kirkham 33:31,(79) have measured the enthalpies of the replacement
reaction
Pt(PPh3)2L(c) + Csz(soln) > Pt(PPh3)2(CSZ)(soln) + L(g)
where L is CH,=CH,, CH,=CH(Ph), cis-(Ph)HC=CH(Ph), or trans-(Ph)HC=CH(Ph),
from which it is possible to calculate enthalpies of the following
replacement reaction:
Pt(PPh3)2CH2=CH2(c) + olefin(g) > Pt(PPh3)2olefin(c) + CH2=CH2(g)
These values, together with those for L = (CN),C=C(CN), and PhC=CPh, from
this work, are shown in Table 5.
The data in Table 5 allows empirical derivations about the relative
stability of the olefin complexes, Substitution of the hydrogen atom of

the ethylene by phenyl, or electron withdrawing groups, increases the

stability of the complexes very considerably, These findings can be
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interpreted in terms of the current views of the bonding, in these
compounds, which are now reviewed,
5,2,(1)" ’BondinE

The structural data available for zerovalent platinum-olefin, and
acetylene, complexes shows them to be almost planar, but not completely
so, as there is a small angle, o, between the C-M~C plane and the pP-M-P
plane, The substituents, which are bound to the carbon atoms involved
in the multiple bond, are bent away from the metal, M, See Fig.2 and
Table 4, Moreover, the olefin or acetylene bond becomes lengthened
on coordination to the platinum, A bonding description must, therefore,
be able to account for these observations,

The most successful of the bonding models has been that proposed

(80)

by Dewar, Chatt and Duncanson, as modified by Nelson.(sl) The

model is very similar to that described for the compounds (EEtZ)ZPdc12.
The model again involves the use of a dp2 hybrid orbital from dxy’ Py
and py orbitals of the metal atom.  These overlap with the bonding
system, of the olefin or acetylene, to give a metal-olefin c-inﬁeraction.
The metal also has available filled d-orbitals which can overlap with
antibonding orbitals of the olefins (Fig.1l).

Acetylenes dovhave available further 7 orbitals which can give a
second ¢ bond by overlap with the hybrid (dxé + dyz)‘ A 7 bond can also
be formed with the antibonding m orbitals on the acetylene and the metal
orbitals from (dgz-dyz) (Fig.1).

Now depending on the nature of the substituents, attached to the
carbon atoms involved in the multiple bond, the interaction between the
metal and multiple bond will‘vary. Thus, electronegative substituents,

on the olefin, such as the Cyano=group, decrease the o-donor capacity of

the olefin, but increase the m acceptor character; this results from



antibonding orbitals of lower energy and thereby increased donation

of metal electrons, to the olefin, Conversely, inductive substituents,
like methyl, would be expected to increase the o-donor charactér of the
olefin, compared with 'neutral! substituents, such as hydrégen. Howéver’
the net observed effect, on the olefinic bond, would be expected to be
the same, in that increasing o-donor ability would result in olefin bond
weakening, i.e. lengthening, whilst increasing = acceptor ability would
reduce the bonding order in the olefin, once again resulting in bond
lengthening. The observed X-ray structures have always shown this

lengthening phenomena, as can be seen from Table 4.(82)

Table 4

COMPLEX : Multiple bond length 2

a 8 COMPLEX FREE
(PPhy) 5Pt [(CN) ,C=C(CN) ] 8.3 41,5 1.49 1.31
(PPh ) ,Ni (CH,=CH,) 12.0 42.0 1.46 1.33
(PPh3)2Pt[(Cl)2C=(Cl)2] 12,3 47.0 1,62 -
(PPh,) ,PE[(C1) ,C=C(CN) ] 1.9 40.6 1.42 -
(PPh,) ,Pt [CN-C=C-CN] 8.0 - 1.40 1.19
(PPh ;) ,Pt (PhC=CPh) 14,0 3,9 1.32 1.19

where a and B refer to the dihedral angle of the C-M~C and P-M-P planes

and the C-M-C bond angle, respectively; see Fig.2,

The higher electron density in the antibonding orbitals alsoe implies a
3 . 3. . . o s
shift towards sp” hybridisation on the carbon atoms. of olefins, giving
a tendency towards tetrahedral structure, hence, the substituents : on the
olefin move away from the plane perpendicular to the olefin-platinum

plane.
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A further aspect, that has been observed, is the pseudo-planar
structure (Fig.2) of these complexes. This can be explained from
electronic considerations of the platinum. The le configuration, of
the zerovalent platinum, would be expected to be tetrahedral, in order
to minimize bond pair/bond pair repulsions. However, assuming back
donation does occur, then less fhan 10 electrons are effectively
occupying the metal orbitals. The Jahn-Teller effect can then be
incorporated, to offer a possible explanation, whereby the electron
distribution becomes distorted to either of two extreme types (Fig.3):
(a) flattened tetrahedron and (b) stretched tetrahedron, Assuming a

pseudo a8 configuration results = from back donation of the metal

electrons, then the flattened tetrahedron is the most favoured, since
the gain in ligand field stabilisation is the highest for this structure,
The synergic interaction between metal and olefin implies that
different olefins and acetylenes ﬁbuld have differing metal=-carbon bond
strengths, depending upon the balance of the metal-olefin, pi and sigma
donations. . An expected series for the compound X2C=CX2 would be
X=H<CN<F<C(Cl (83)
This assumes that the carbon~carbon multiple bond lengths reflect
inversely the metal-carbon bond strengths.
Support for this idea of back donation hag been established using
electron spectroscopy (E.S.C.A.) techniques,(84) where binding energies

of the Pt(4£7%) electrons were found to increase on going from K2Pt014

to KPt(Cl)3(CH2=CH2) . |
However, later authors, (85) also using E.S.C,A. teChnlques,

establlshed that the blndlng energles of the platlnum Af5§ and Afz@

electrons were 1ndependent of the nature of the substituent, R, in the

complexes (PPh,) Pt(R,C=CR,), where R = H, Cl1, F or CN, leading to the

conclusion that in (PPh3)2Pt(olef1n), the phosphlne-platlnum moiety is

66,
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so basic, that olefin substituents play but a minor part. A further
logical conclusion. is, therefore, that the Platinum-olefin bond strength
is the same for all olefins.  This ig not in agreement with the data

shown in Table 5.

Table 5
Enthalpies of reaction (PPhB)th(CH2=CH2)(C) + L(g) »

(PPh3)2PtL(c) + CH2=CH2(§)

tH/ kJ ﬁ01~1 Ref,
CH,=CHC(H, ~41.3 £ 5 8
ci§~CgH~CH=CH-CH - 90.2 5 86
trans-Céﬁs-CH=CH-C6H5 : -118.5 ¢+ 5 86
(CN) ,C=C(CN) -155.8 + 8 This thesis
CgH~C=C-C H, ‘ - 82,0 ¢ 12 "o

The data in Table 5 alsd allow empirical derivations to bévmade
about the relatiQe stability of the olefin complexes, Substitution
§f the hydrogen atom of ethylene by phenyl, or electron~withdrawing
groups, increases the stability of the complexes very coﬁsiderably.

Hence the enthalpies, and presumably bond dissociation energies, would

be expected to vary.

5.3. Thermal study of (PPh3)2Pt[(C1)EC=c(c1)2]

The tetrachloroethylene complex was studied on the differential
scanning calorimeter. The complex showed two endothermic peaks at
468 K and 485 K. At 468 K the compound melted and then resolidified,
There was an overall weight loss of 2.57 and a colour change of white
to orange. At temperatures above’$560 K considerable decomposition

. 87 . .
occurred. The lxterature( ) value for the melting point is given ag
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463 K. ~ Further work on the tetrachloroethylene complex, revealed
that it could be converted to the cis-vinyl complex by refluxing in
ethanol.  Refluxing the cis-vinyl compound in benzene gave the trans-

vinyl complex:

c(cn), , : Cl : Cl PPh
th ‘
ey ppecll P Sl oy pel - bemmeme, N 5 TS
ooceny, TR G=C(C1), Ph,P” Se=c(el),
Cl Cl

These vinyl complexes had decomposition temperatures of 559\K and 562 K
for the cis and trans-configurations, respectively.(gs)i

Theréfore, it would seem likely that, when thekﬁetrachloroethy1ene
complex is heated in the scanning calorimeter, the first peak represents
conversion of the w-cdmplex to the cis-vinyl complex, whilst inter-
conversion of the cis to the trans isomer results in the second peak,
The enthalpy changes for these changes are + 39,6 + 2.2 kJ m°1-17and
17.5 + 1.4 kJ mol™ Y, respetively.

The very small weight loss may be due to slight decomposition,
since Ugo sgngl.,(sg) noted a red materialjformed by attempted

recrystallisation of many of the platinum complexes; it may also

help to explain the orange colouration accompanying the transformation.
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In chloroform solution, (PPh3)2Pt(PhCECPh) reacts with gaseous

(90,91)

HCl in a two stage process. From measurements at 298 K of the

enthalpies of the two stages:

Hy Ci,p,.
¢ - o B
(pPr Pl +HC —(PPR)LPL  +HO— (PRa)PY + o=

H
and alsb by estimation of the enthalpies of tramsitions to the gas phase,
the bond strengths of the Pt-Cl and Pt-(CPh=C(H)Ph) bonds can be

calculated relative to the strength of the platinum-acetylene bond; for

CPh
i

CPh
by Tripathy and
Roundhill, involved the formation of a six-coordinate intermediate.

convenience this bond is subsequently written as Pt-Tolane in Pt-

The reaction mechanism, which was suggested(91)

' Pn H

(PPny). /P LT (PPn,) = c(
\Pz—-" + HCl — \|>|t-"-lll — \pt/ Ph -+ HCI
/ C /¢ 7\

(PFns) Py (PPny) CI Py (PPnj cl

(PPh,y) H "‘(:-;—__--C)’| (PPyy) -~ CI Ph H
\l/ No c=—c

e Pt — -+ / \
/| /N H Ph
cl " (PPhS)
(PPhy)

This fitted the then available data. However, following the
preparation of the intermediate vinyl complex (Mann et.al_(90))’ a

cis hydrogen, in the complex, was found, and not a trans one as first

suggested .
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R R
\o oo’
(PhyP )\ / c\H
AN

(Ph P) C1

Also, the semi-empirical calculations, by Wheelock EE;al.,(gz) do not
favour a six coordinate intermediate. This is in accord w1th expectatlons
of the bondlng model proposed for the olefin and acetylene complexes.

Alternatlve mechanisms proposed were protonatlon,or a hydrlde
type of reaction. Support for both is based upon known, anélogous,
reaction paths.

The thermochemical measurements undertaken, while unable to provide
additional mechanistic information can, however, providé a guide to the
relative strengths of bonds in these compounds.

The reactions were studied according to the following schemes,

For stage 1,

(pph3)2pt(ngECPh)(c) + HC1(g) -+ (PPhB)th(Cl)(PhC=CHPh)(c) (1)

(PPh3)2Pt(PhCECPh)(c) + 73500H013(z) -

[(PPh,) Pt (PhCZCPh) + 7350CHCL 41 (%) o 2)

[(PPh3)2Pt(PhC=CPh)'+ 7350cnc13](2) + HC1(g) -

[(PPh,) ,Pt(CL) (PhC=CHPh) + 7350CHCL,](2) . @3

(PPh,) Pt (C1) (PhC=CHPh) (c) + 7350CHC13(IL) >

[(RPhy) ,PE(CL) (PhC=CHPh) + 7350CHCI 4] (2) (4)

For stage 2,

(PPh,) Pt (PhC=CPh) (¢) + 2HC(g) =

32 | |
cis-(PPh3)2PtC12(c) + ﬁrans—Phﬂc=cHPh(c) . _ 5

(0.5 + x) (PPhy) ,Pt(PhC=CPh) (c) + 13,000CHCL 5 (2) -+

[(0.5 + x) (PPh,),Pt(PhCzCPh) * 13,000CHC1 1 () NGO
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[(0.5 + ) (PPh,),Pt((PhCECPh) + 13,000CHCL,]1(2) + HCl(g) +
[(O.S-x)(PPh3)2PtC12 + 2x(PPh3)2Pt(C1)(PhCECPh) +

(0.5-z) trans-PhHC=CHPh + 13,000CHC1,] (%) (7)

(0.5-z) trans-PhHC=CHPh(c) + [(O.S—x)(PPh ) PtCl + 2x(PPh ) PtCl
(PhC=CHPh) + 13,000CHC1 ](2) > [(0 5-2) trans-PhHC=CHPh +

(0.5 x)(PPhB) PtCl + Zx(PPh3) Pt(Cl)(PhC=CHPh) + 13,000CHC1 ](2) (8)

(O.S—x)cis-(PPh3)2Pt012(c) + [2x(PPh,),Pt(Cl) (PhC=CHPh) + 13,OOOCHCI3](2)
> [(O.S-x)cis(PPh3)2PtC12 + Zx(PPh3)2Pt(C1)(PhC-Cth) +

13,000CHC1 41 (£) ¢))

Zx(PPh3)2Pt(C1)(PhC=CHPh)(c) + 13,OOOCHC13(2) -+
[Zx(PPh3)2Pt(Cl)(PhC=CHPh) + 13,000CHCL3](2) (10)

2x(PPh3)2Pt(Cl)(PhC=CHPh)(c) > 2x(PPh3)2Pt(PhCECPh)(c) + 2zHC1(g)  (11)

6.1. Experimental

The compiex (PPh3)2Pt(PhCECPh) was prepared(go) by hydrazine reduction
of cis- (PPh ) PtClz, followed by addition of dlphenylacetylene in ethanol.
The product was recrystallised from chloroform/hexane.

9
The final product C1S'(PPh3)2PtC12 was prepared,( 3)

as described
previously, from potassium tetrachloroplatinite and triphenylphosphine by
refiuxing together in xylene.

A sample of the intermediate vinyl complex was produced by reaction
of the acetylene complex, in chloroform, with a calculated amount of
hydrogen chloride gas, delivered from a syringe. The resuiting solid
was recrystallised from either dichloromethane/pentane to give the complex
(A), or from methanol to give a second complex (B). The compound (A) was

subjected to thermal analysis on the D.S.C. when it was converted to (B)

(the enthalpy of isomerisation, A + B was measured in this way).



72,

Analyses are given in Table 1.

 Table 1
COMPOUND - M.P./K ANALYSIS
FOUND .  LIT. FOUND CALCULATED
| | ¢z ® oz om
(PPh,) ,Pt (PhC=CPh) e P s L5 es0 4uus
(PPh,) Ptcl, se6 5667 550 390 s47 3.8
>572(93)

(PPh,) Pt (Cl)(PhC=C(H)Ph) "(A) 452
372 489-490(%0)

(PPh3)2Pt(Cl)(PhC=C(H)Ph) (B) 536

Other compounds used were, potassium tetrachloroplatinite, prepared
from platinum meta1(94) (Johnson Matthey), HCl gas (Air Products) used
directly from the cylinder; chloroform (Koch Light) was distilled
b.p. 331-333 K, 740 mm Hg; diphenylacety;eneb(Koch Light) wasw
recrystallised twice from ethanol m.p. 334 K; trans-stilbene (Fluka‘puriss

for scintillation) was used directly m.p. 396-398 K.

6.2. Procedures

Ampoules were loaded, under nitrogen, with the following

quantities of chemicals:

- reaction (2) (PPh,),Pt(PhCZCPh) 0 0.04g,  4.45x10™° mol
reaction (4) (PPh3)2Pt(C1)(PhC=cnph) 0.04g, 4.28x10-5 ol
reaction (6) (PPh,),Pt(PhC=CPh) ©0.022g, 2.45x10°° mol
reaction (8) trans-(PhHC=CHPh) 0.00523,2.88x10-5 ol

reaction (9) cis(PPh3)2PtC12 0.019g, 2.40x10.S mol
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In each case five ampoules of type (6) (Chapter 2) were loaded, In
add1t10n, several ampoules were filled with nitrogen, and others with
hydrogen chloride gas,

The following reactions were run consecutively. reactions (2)
and (3); reactions (6) and (7); and reactions (8) and (9),

In reactions (1) and (5) the weights taken were such that there
was a slight excess of the complex, (PPhy) Pt (PhCECPh), always present,
so that after reaction no HCl gas remained in solution, This avoided
the need for measurement of the heats of soletion of hydrogen chloride,
The solution of the products of reaction (L, therefore. contained both
the vinyl complex and a small amount of the acetylene complex,

For the second stage, reaction (5), insufficient HC1 was added to
convert both the small amount of acetylene complex and the whole quantity
of the vinyl complex to the dichlorocomplex. A small amount of the vinyl
complex remained in the final solution.

Ajthermal correction was made for the heat which would have evolved
if reaction, of this remaining quantity ofivinyl complex, to the dichloro-~
complex had occurred. | ’

The 25 ml vessel was used throughout and chloroform was eaturated
with nitrogen prior to use, Cotrected temperature rises for reactions
2), 4), (6), (8) and (9) were calculated by Dickenson's extrapolation
and for reactions (3) and (7), by computer calculation, The enthalpy
of reaction (10), AH(10), is assumed to be equal to 2xAH(4), and the
enthalpy of reaction (11) AH(ll), is derived from the enthalpy of
reaction (11) |

All other procedures were the same as thoge described Previously,

Table 2 shows the enthalpies for each reaction given in the scheme

and Table 3 shows the enthalpy data for reaction (5) for each sample taken,



74,

Table 2

Enthalpies of solution of (Ph3P)2Pt(PhCECPh)(c) in [7350CH013] reaction 2
M(Ph3P)2PtPhCECPh/g 0.034420 0.043874 0.037330 0.042751

1

AH(3) /kJ mol~ +3.8 +2.7 +2.2 +2.2

i <BH(2)> = 4(2.7 * 0.4) kJ mol~L
Enthalpies of solutiqn of HCl(g) in [(Ph3P)2Pt(PhCECPh) + 73500HC13I reaction 3
MHC1 /g 0.001703  0.001703  0,001703 0.001703
AH(4) /kJ mol ™t -82,3 -89,9 -104,6  -84.8
<BH@B)> = =(90.4 £ 5.0) kJ mo1~L
Enthalpies of solution of
(ph3p)2Pt(C1)CPh=CHPh(c) in [7350CHC13](2) reaction 4 -
M(PhSP)th(Cl)CPh=CHPh/g 0.040896  0.033855 0,036333 0.037496

L 43, +3,0 +2.9 +2.1 +2,2

AH(5) /kJ mol”
<BH(4)> = +(2.5  0.3) kJ mol™}

Enthalpies of solution of

(thP)th(PhCECPh)(c) in [13,000CHC1,4](2) reaction 6

M(Ph3p)zptcph05cph)/g 0.021709  0.021288 0,022414 0.022407

AH(7) /kJ mol—l ' +1,.8 +1,2 +1.,5 +1.9
<6H(6)> = =(1.6 * 0.2) kJ mol~L

Enthalpies of solution of trans-stilbene(c) in

[(0.5-x) (Ph4P) ,PtCl, + 22(Ph,P),Pt(Cl)(CPh=CHPh) + 13,000CHC1,1(2) reaction 8

MPhHC=CHPh /g : 0.005337  0.005177  0,005639  0.004872

AH(9) /KT mol ™t +23.3 +18,9 +18.6 +20,9
<BH(8)> = +(20.2 * 1,0) kJ mo1~}

Enthalpies of solution of cis-(Ph3P)2PtC12(c) in

[(2z(Ph3P) Pt (CL) (CPh=CHPh) + 13,000CHCL,) (4) reaction 9 ,

Mxph3p)2PtC12/g 0.018941  0.019408 0.018548 0.018703

1

AH(10) /kJ mol” +2,1 +2.4 +1.9 +1.1

<AH(9) > = +(1.9 % 0.2) kJ mo1~}
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Table 3

Enthalpies of solution of

HC1(g) in [(PhsP),Pt(PhC=CPh) + 13,000CHC1,](2), reaction 7,

MHCl/g 0.001703 0.001703  0.001703 0.001703 0.001703

M‘(Ph3P)2Pt
(PhC=CPh) /g 0.021709  0.021288  0.024307 0.022414 0.022407

A 0.0202  0.0101  0.0824  0.0371  0.0369
~aH@7) /&3 wol lHCL 112.3  97.2 107.5 108.4 112.3
(0.5-2)8H(6)kI 0.8 0.8 0.7 0.8 0.8
(0.5-2)BH(8)kI 9.7 9.9 8.4 9.4 9.4
(0.5-x)AH(9)kJ 0.9 0.9 0.8 0.9 0.9
2xAH(10)kJ 0.0 0.0 0.2 0.1 0.1
22AH(11)k] 3.6 1.8 14.9 6.5 6.5
MGSHKI mol™h L =247.0  =215.1  -202.6  -240.9  -249.2

<AH(5)> = =(239.0 t 6) kJ mol ™}

Table 4
Enthalpies of isomerisation of (Ph3P)2Pt(C1)(PhC-CHPh)

M((Ph4P) ,Pt(C1) (CPh=CHPh) /g
0.002735 0.003482 0.004024 0.004234 0.002922 0.003114

5 A
AH(1lst transition)/kJ mol

+15.90  415.9 4142 4184 +16.7 4136
AH(an transition) /kJ mol ™}
. 8.5 -25.5  -26.8  -29.1 =30.1  =28.0
<H(lst transition)> = +(15.8 # 0.8) kJ mol~}

<AH(2nd transition)> = -(28.0 * 0.8) kJ mcsl.-1
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In this latter case the corrections vary for each sample, Table 4

shbws»the enthalpies of isomerisation of the complex (PPh,),Pt(Cl)(PhC=CHPh),

6.3. Discussion

The enthalpy of reaction (1), AH(1l), is given by
AH(1) = AH(3) = AH(4) + AH(2)
<AH(L)> = =(90.2 * 6) kJ mol ™}

. . . The enthalpy of reaction (5), 4H(5), is given by

AH(5) ‘?E%:ET [AH(7) + (0.5-z)AH(6) = (0.5-z)AH(8)-(0.52)AH(9) -

2xAH(10) + 2xAH(1l)]

<BH(5)> = ~(239  6.0) kI mol "

Enthalpies of subiimation of the complexes (PPh3)2Pt(PhCECPh).

(PPh3)2Pt(C1)(PhC=CHPh) and cis=(PPh,) ,PtCl, are not known, but to

analyse the data further, it is assumed that they have very similar

values. Using an estimated value for the enthalpy of sublimation of

100 + 5 kJ mol-l, for trans-stilbene gives the value AH(12) =

~-(139 + 16) kJ mol‘-1 for the gas phase reaction (12)

(PPh3)2Pt(PhCECPh)(g) + 2HC1(g) ~
“~(PPh3)2Pt012(g) + trans~CHPh=CHPh(g) (12)
In terms of bond dissociation enérgies for the overall reaction,
the relationship may be written
AH(1) + AH(12) = D(Pt—Tolane)-[Dl(Pt-Cl) + Dz(Pt-Cl)]-

[ch—u) + D2(C—H)] +2D(H-C1) (13)
where Dl(Pt-Cl) and DZ(Pt-Cl) are the first and second bond dissociation
energies in (PPh,),PtCl, and (D, (C-H) + D,(C-H)] is the sum of the first -
and second bond dissociation energies in trans -stilbene, given by
D, (C-H) + D,(C-H)] = An‘f’(PhCECPh,g) - Au‘;(trans-cuph-cuPh,g) + ZAHC;(H,g).

Using the following values for enthalpies of formation



77,

_1(95)
Anz(n,g) = + (217.97 % 0.01) kJ mol 1; AH;(trans-CHPh-CHPh,c) -
_+ (96) (96)
+(136.9 * 1.0) kJ mol 1; AH;(PhCECPh,c) =4(312.4 £ 1.2) kJ mol-l;

and an estimated value for the enthalpy of sublimation of diphenylacetylene
, -1 .

of 100 *+ 5 kJ mol ~ (the same as that estimated for trans-stilbene) the

value is derived

IDI(C-H) + D, (C-H)] = (611.4 # 12.2) kJ mol ™t

Substitution of this value, and the value D(H-C1) = 431,57 % 0.0l kJ m01-1(97)
jnto the equation (13) gives:
[D, (PE-C1) + D,(Pt-C1)] - D(Pt-Tolane) = 391 # 17 kJ mol™"
For the first stage of the reaction between (PPh3)2Pt(PhCECPh)
and HCi, the relationship (14) may be writfen
ME(1) = D(Pt-Tolane)~[D(Pt-CPhZCPh) + D,(Pt-Cl) + D,(C-I)]+ D(H=C1),
where D(Pt-PhC=CHPh) and Dz(Pt-Cl) are the enthalpies of the (14)
successive gas-phase reactions
(PPh,),
No value is available for D2(C-H) but the approximation

Pt(Cl) (PhC=CHPh) + (PPh3)2PtC1 + PhC=CHPh ~+ (PPh3)2Pt + Cl.

DZ(C_H) = 3D, (C-H) + D,(C-H)] gives the value D,(C-H) = (305.7 £ 6.1)
kJ mol_l. Substitution into equation (l4) gives
D(Pt-PhC=CHPh) + Dz(Pt—Cl) - D(Pt-Tolane) = (216.1 % 12) kJ mo]..-1
Using recent values for the enthalpies of formation(gs) of
PECL, (c), BHO(PECLy,c) = =(110.9 # 1.0) K mol™, and Pt(g), 8HD(Pt,g)
= +(565 % 5) kJ mol-l, the value (Dl(Pt-Cl) + D2(Pt-Cl)] = (780 £ 6) kJ mol-l,
is obtained. Assuming the bond dissociation energies of the platinum—
chloride bonds, in gaseous (PPh3)2Pt012, to be the same as those in gaseous
ptclz, and also the relationship Dl(Pt—Cl) = i[Dl(Pt-Cl) + Dz(gt-Cl)],

then values for bond dissociation energies, shown in Table 5, can be

derived.



Table 5
BOND COMPOUND D(Pt-L) /kJ mol !
Pt-Cl PtCl, 390 t 3
Pt-Tolane (Ph3P)2Pt(PhCECPh) 389 + 23
Pt-(PhC=CHPh) (Ph,P) Pt (CL) (PhC=CHPh) 215 + 23
Pt-Ph (Et4P),Pt(CL)Ph 264 £ 15 ref, 99
Pt-(CO)Ph (PhP) Pt (Cl)c O 172 £ 20 ref. 100

It seems, therefore, that the bond dissociation energies for (Pt-Cl)
and (Pt-Tolane) are quite similar.

Finally, measurements of the enthalpies of transformation of the
two compounds, A and B, yielded the results A(c) + A1) A3453 -
+ (15.8 + 0.8) J mol ™t and A(L) » B(c) AH, g1 = =(28.0 £ 0.8) kJ mol"L,
For thé transformation, A(c) » B(c), .the value can be calculated,
therefore, as AH(Ac - Bc) = -(12,1 £ 1.6) kJ mol-l. This is comparable
to the value -(13.4) kJ mol_l,(IOI) for the cis+trans isomerisation of

(PPhMez)th(Cl)Me and to the assumption that A and B are simply cis and

trans isomers, respectively, of (PPh3)2Pt(C1)(PhC-CHPh).
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'Apgendix 1, Enthalpies of formation of compounds (ancillary data)

The following is a list of enthalpies of formation of compounds

used as ancillary data in this thesis,

Compound (state)
H,0(g)

coz(a)(g)

NH4C1(c)

NH4+(aq)

H(g)

[HC1 in 111H,01(%)

Pdc12(c)
2_
PdCl, (aq)

(NHa)zpdc14(c)
Pt(g)

PtC12(c)
Et,S(L)

2

Se (%)
(g)

Te (R)
(g)

CH2=CH2(g)

Et2

Et2

[CH3CHO in 1OOOH20](2)

C6H5CECC6H5(C)

trans—(C6H5)HC=CH(C6H5(c)

(c*g) AHsub

o
f

-285,830

AH

-393.509
=314.43
-133.13
217.97
-210.66

-163.2

-523.,0

565
~110.9

-119.07
= 30.97

- 96.2
- 66.6
- 52,26

-165.893

312.4
100,0

136.9

(c+g) AHsub  100.0
(C6H5)H2C—CH2(C6H5)(c+g) AHsub 84,0

Vales are in kJ mol-l.

Ref,
C.0.D,A.T.A., 1973.
N.B.S. 270-3, 1968.
N.B.S. 270-3, 1968 (ref.62)
M. Mansson et.al, (ref.53)
N.B.S. 270-3, 1968 (ref.62)
C.A.T.C.H, Tables (ref.43)

R.N, Goldberg, L.G. Hepler
(réf.36)

R.N. Goldberg, L.G, Hepler
(ref.36)

This thesis

S.J. Ashcroft, C.T. Mortimer
(ref.98)

S.J. Ashcroft, C.T. Mortimer
(ref,98)

W.D, Good et,al, (ref.64)
H.L. Finke et.al,(ref.66)

W.N., Merten et.al.(ref,65)
H.A. Skinner (ref.67)

estimate

J.D. Cox, G. Pilcher (ref.44)
J.D. Cox, G. Pilcher (ref.44)

J.D. Cox, G, Pilcher (ref.96)
estimate

J.D. Cox, G, Pilcher (ref.96)

estimate

J.D, Cox, G, Pilcher (ref.78)
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Compound (state) " AH; Ref.

cis(C6H5)HC=CH(C6H5)(c+g) AHsub 95.0 J.D, Cox, G. Pilcher (ref,.78)
Anthracene (c*g) AHsub 105.0 J.D. Cox, G. Pilcher (ref.78)
Phenanthrene = (c~g) ‘ AHsub - 95,0 J.D. Cox, G. Pilcher (ref.78)
(CN)2C=C(CN)2 (c>g) AHsub = 81.2 R.H. Boyd (ref.77)

(a) AH; CO, was not used in this thesis, but values, for other compounds

- based on static bomb and rotating bomb measurements, depend on this

value.,
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Appendix 2. Glossary of terms

‘Enthalgz

The First Law of Thermodynamics (or Law of Conservation of Energy)
states that the energy of a system is a state function and is single
valued. It is necessary to define the properties of a syétem 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, which are recognised as being interconvert:ble forms of energy.
The change in internal energy of the system

AU =q -m (1)
where AU is the energy change, q is the heat exchanged with the
surroundings and m is the work done by the system.

By definition, the derivative of a state function is a complete
differential, so that equation (2) represents such a differential

dU = 6q =6m - (2)
Neither 8q nor ém need be complete differentials. For example, if only
pressure-volume work is performed by the system.

dm = P4V

Integration of PdV cannot be carried out unless P is known as a
function of V.  Therefore, for PV work, &m may possess several values
and m(PV) is not a stafe function,

However, d(PV) can be integrated and a new state function formulated,
namely, enthalpy (H).

dH = dU + d(PV)
In the important case where the initial and final pressures are

equal, not necessarily at a constant pressure throughout the change,
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"enthalpy at constant pressure" is referred to:
AR = AU + PAV
If there is no volume change the heat absorbed is equal to the change
in internal energy:
q = AU
The state functional property of enthalpy is embodied in the Law

(99)

of Constant Heat Summation as proposed by Hess , whereby enthalpies
of reaction may be derived from enthalpies of other reactions, provided
they combine to yield the required reactionm.

‘Now, since enthalpy has a temperature dependence  and also a
pressure dependence (see above) then in order to make reactions
thermochemically relevant to one another a reference system is used.

A ‘standard state' is used and defined as being the naturally occurring
isotopic mixture of the element at 25° C and 1 atmosphere pressure or
unit fugacity for a gas.  Similarly the standard state of a compound
is that state in which the compound exists at 25° C and 1 atmosphere
pressure. For allotropes one is generally agreed to be thé standard
state.

Thus the standard enthalpy of formation AH; of a compound may be
defined as the change in heat content in forming one mole of the
compound, in its standard state, from its constituent elements in their
standard states.

Often it is useful to know the enthalpy of formation of the compound
in the gaseous state, this can be accomplished by incorporation of the
molar enthalpy of vaporisation for a liquid or the molar enthalpy of
sublimation for solids.

From these terms it is possible to calculate the bond diseociation
energy D(A-B) of the bond (A-B) in the gas phase reaction

AB +- A+ B
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from the relationship

D(A-B) = AH‘f’(A,g) + AH;(B,g) - AH?(AB,g).
The symbol D referring, simply, to the enthalpy change at 25° C. The
true bond dissociation energy Doo is defined as the energy change AEOO,
at absolute zero of temperature, in the ideal gase state, for the
reaction AB + A + B, the products being in their ground states, The
subscripto refers to the zero'th vibrational level of the molecule.
Generally the values of Doo and D are not too different, and usually
corrections are not warranted, due to the imprecise nature of the
measurement used, also heat capacity data is often lacking.

If a molecule such as ABx is considered, where x{A-B) bonds are
broken in the gas phase reaction

ABx A+ xB

The enthalpy of reaction is measured as xD(A-B) using the same notation
as above. Thus the enthalpy obtained when divided by x gives the mean
bond dissociation energy, D(A-B). This mean is not necessarily the
value for removal of the first or subsequent groups, since different

energies of reorganisation may be involved, after each B group is removed.
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