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Interactions or Platinum Compounds with Heterocyclic Bases 

Lynne M Taylor 

It is generally accepted that platinum antitumoar drugs bind, preferentially, to Guanine N7 in DNA. 

Thus the kinetics of formation and the energetics of dissociation of platinum-nitrogen bonding have 

been investigated, using simple model bases, namely pyridine. pyrimidine. purine and some 

derivatives. Six complexes of the type cis-PtClJ.. where L is a N-heteroc:ycle, have been 

successfully prepared and characterized. The kinetics of the reaction between KzPtCl. and the N· 

heterocyclic bases in aqueous solution have beeD studied. This was best achieved by pre·aquating 

the PtCl.:I- and measuring the decrease in concentration of platinum or ligand by AA or UV 

spectroscopy respectively. It was found that the rate of reaction is second order. the rate being 

dependent on the concentration of both platinum co!nptcx and the ligand. The substitution of ligand 

takes place by direct replacement, involving an associative S.2 mechanism. It w~ found that the 

activation entropy and the activation energy for the reactions of platinum complexes in solution are 
strongly correlated. 

The energetics of platinum-nitrogen bond dissociation were followed using thermogravimetric 

analysis. Quantitative data, which enabled calculation of the activation energy Cor the decomposition 

process involving the loss of one molecule of ligand was obtain~ fro~ isothermal studies. No 

correlation was found between the solid state studies. involving bond breaking, and the syntheses of 
the complexes, probably because in solution the reaction is complicated by solvent effects. 

Theoretical studies, which involved Molecular Orbital calculations on the N-heterocyclic bases 

themselves, were also carried out in an attempt 10 correlate the kinetic and energetic parameters with 

the electronic structure of the ligand. Several correlations were attempted but only one was found. 

This was the relationship between the solid state decomposition energy and the LUMO energy of the 

quarternized base. 
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CHAPTER 1 

Introduction 

1.1 Background to the Research Programme 

Cancer rates among the top three causes of death in the West and although some cancer problems 

have been partially solved, there still remains groups of cancers that are increasing in occurrence, 

for example leukemia and lung cancer. Roell! has defined cancer as a disease of multi-cellular 

organisms which is characterised by the seemingly uncontrollable multiplication and spread 

within the organism of apparently abnormal forms of the organisms own cells. The term cancer 

actually embodies hundreds of different types of neoplastic diseases ranging from localized skin 

cancers to whole body leukemias with representative cure rates being as high as 95% or as low as 

0%. 

Cancer is caused by carcinogens which may be defined as substances that are capable of producing 

tumours in any test species by any route and at any dose level. This term includes quite inert 

materials such as gold, silver, sodium chloride and plastics, but in general it refers to the more 

widely recognised carcinogens summarised in Table 1.1. 

TABLE 1.1 

Classification 01 Agents Known to Cause Cancer 

Chemical 
---

Aromatic hydrocarbons and amines Nitrosamines 

Aromatic heterocyclic ring compounds Azo compounds 

4 - Nitroquinoline oxide Urethanes 

Alkylating agents Polymers 

Physical Q1hm 

Ionizing radiation Chromasomal abnormalities 

Ultraviolet radiation viruses 
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Central to the problem of c~ring cancer is an understanding of the ways in which normal cells 

and canc·er cells differ. Cancer is essentially a problem of abnormal cell growth. Under the 

influence of chemicals in the environment. or radiation or of viruses. the DNA in normal cells 

may be transformed. possibly by a single alteration or by substitution of one of the constituent 

purine or pyrimidine bases. in such a way that the normal control mechanisms which restrict cell 

proliferation are removed.This process is reversible: repair enzym~ can replace the altered section 

of DNA and restore the original structure; and the immune system of the body has a limited 

capacity to remove cancer cells. However. if this mechanism fails. the cancer cell may reproduce 

uncontrollably, invade surrounding tissue and ~ventually spread to different parts of the body to, 

form secondary growths or metastases. This makes cancer a particularly difficult disease to treat. 

Current drug treatment aims to control the abnormal cellular reproduction. Often by interfering 

with the synthesis and replication of the DNA of the cancer cells. 

Structure or DNA 

Deoxyribonucleic acid (DNA) is the protein material of which genes are made and carries the 

code for protein generation in a cell. Nucleic acids consist of nucleotides with the general formula 

(heterocyclic base) - (pentose sugar) - (phosphate), (Figure 1.1). 

Only four principal heterocyclic bases are found in DNA, "two ot which are substituted 

pyrimidines. cytosine and thymine, and two are substituted purines, adenine and guanine (Figure 
1.2). 

In DNA the nucleotides are joined by condensation between the phosphate of one nucleotide and 

an -OH group of a pentose sugar on the next nucleotide (Figure 1.3). 

A chain of nucleotides is an· oligotide." The ester bonds use the 3 and S -OH groups of adjacent 

sugars and the two ends of a chain can thCo·be described as either the 3 terminus or the S terminus 

depending on which OH group is free. 

In the DNA molecule there arc two oligonucleotide strands, intertwined with a right hand twist 

to form a double helix having the bases on the inside and the phosphates on the outside. The bases 

pair up by forming hydrogen bonds which hold the two strands together (Figure 1.4). 

Adenine will always pair with thymine, and guanine with cytosine, so once one strand of the 

double helix is specified the other must also be. These two base sequences are therefore 

complementary. The two strands of the double helix run in opposite directions one 3 to S and the 

other 5 to 3. 
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NUCLEOSIDE (adenosine) 

i 

NUCLE0110E (adenosine monophosphate) 

Figure1.1 Structure of a Typical Nucleotide. AMP. 

uracil (U) cytosine eel 

adenine (A) guanine (G) 

Figure 1.2 Structures of the Heterocyclic Bases of RNA. 
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Figure 1.3 Structure of a Polynucleotide. 
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In DNA replication each strand of the double helix acts as a template for the biosynthesis of a new 

chain. The new double helices therefore contain one new and one old strand. 

Chemotherapy of cancer has been practised for eighty years but has remained fairly unsuccessful 

until the last three decadesl2.Jl. Even now the treaunent is not always successful and the field is 

beset with innumerable difficulties. The anticancer drugs can interfere with the reproduction of 

normal cells, particularly those which are rapidly dividing, for instance bone marrow cells and 

intestinal mucosa cells. This leads to poor selectivity, that is toxicity towards normal cells as well 

as cancerous tissue. The cancer may respond well initially to drug treatment but then develop a 

resistant subset of cancer cells. The drugs may either fail to penetrate a tumour, possibly because 

of an inadequate blood supply to the tumour or the cancer cells may change by mutation so that 

the cell membrane becomes impermeable to the drug. 

The poor selectivity of anticancer drugs which act by inhibiting cell division reflects the relatively 

slow rate of division of some human cancer cells. This is one reason why some cancers are much 

less responsive to drug treaunent than others and also complicates the use of animal tumours as 

models for human cancer because the former tend to divide more rapidly. Because of the problems 

associated with the long doubling time in the major and most refractory human cancers, such as 

lung cancer, intestinal cancer and breast cancer, the cancers which have responded best to 

chemotherapy in the past have been those where the dividing time of the cells is rapid, such as 

choriocarcinoma - a rare form of cancer originating in the outermost membranes surrounding the 

foetus - and acute childhood leukemias. 

The drugs used for cancer therapy can be categorised by (i) chemical class, (ii) mode of action or 

(iii) origin, ie whether derived from synthetic or natural sources. Such classes include 

antimetabolites, antihormonal agents, alkylating agents and platinum derivatives as well as 

numerous others such as plant products, vincristine, vinblastine and the podophyllotoxins and the 

antibiotics bleomycin and adriamycin. Whilst such drugs are sometimes used as single agents, it 

is more usual to administer them either-in combination or sequentially, to avoid the onset of 

resistance. 

Antimetabolites are drugs with structures very similar to those of the naturally occurring 

molecules essential for tumour growth. The tumour mistakenly builds its new cell using the 

administered antimetabolite and thus hinders further growth. 

Certain cancers depend on circulating steroid hormones for their growth. Specifically the female 

sex hormones oestrone and oestradiol in breast cancer and the male testerone and 

dihydrotestosterone in prostatic cancer. Formerly these cancers were usually treated by surgery 

but in the 1970s the introduction of antihormonal drugs achieved the same effect by non-surgical 

means. 
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Alkylating agents were the earliest successful anticancer drugs. Although the largest category 

is the so called nitrogen mustards the mode of action of all members of this class is the same in 

their ability to cross-link opposing strands in the DNA double helix by bifunctional alkylation. 

The two alkylating functions react typically with the guanine bases in DNA binding opposing 

strands and preventing the separation needed for cell division to occur. 

A relatively new and important group of drugs, drugs similar to the alkylating agents in that they 

act by bifunctional reaction with DNA, are those containing platinum. The parent member, cis

dichlorodiammineplatinum (II) or cisplatin (Figure 1.5), was discovered by Rosenburg in 1969,41 

when he found that platinum electrolysis products inhibited bacterial cell growth. Further 

experiments showed that is was not the electric field but cis-platinum complexes, especially 

cisplatin, that were responsible for the effect. These species were formed by tiny amounts of 

platinum from the electrodes reacting with the chloride and ammonia that were present in the 

electrolytic medium. Only the cis and not the trans isomer appeared to be effective. Because the 

compounds inhibited cell division their potential as anticancer drugs was investigated. 

In subsequent studies the antitumour activity of cisplatin was studied in tumours induced in 

animals and the promising results led to the fust clinical trails in 1972(SJ. 

In 1978 cisplatin was officially approved as a drug in the USA and in 1983 it was that country's 
biggest selling anti tumour drug. 

Although effective against a broad spectrum of tumours, this compound is almost universally 

used in the treatment of testicular and ovarian cancer as well as for teratoma (tumours in foetuses). 

Unfortunately a major drawback of cisplatin is its severe toxicity, even in low doses, towards the 

kidney and nervous system. This has led to the searcb for new anticancer platinum drugs witb 

higher activity and lower toxicity. Consequently this bas resulted in many platinum compounds 

being screened for anti tumour activity and these tests have identified a number of common 

features required for antitumour activity'·', as follows (see also Figure 1.6). 

Two cis amine groups seem to be necessary for acti vity, this geometric restriction is automatically 

answered for bidentate amines such as ethylenediamine. The compound should possess moderately 

strongly bound leaving groups, such as chloride. However, some readily soluble platinum 

compounds with relatively strongly bound anions, such as citrate, oxalate, malonate or 1,1-

cyclobutanedicarboxylate, as leaving groups are also active. Compounds with either strongly 

bound anions (N0i. SCN' or I' ) or labile anions (NO,- or CIO.-> are not anti tumour active. and 

the latter are highly toxic. The amine ligands should have at least one N-H group, ie the platinum

bound nitrogen should possess a hydrogen-bond donor function. 
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All compounds with both amine ligands lacking such a property have been found. to be inactive. 

The role of this N-H group in the biological activity is not yet understood, it could either be 

kinetic or thermodynamic. However, steric effects and a role in transport through the cell wall 

cannot be excluded. 

A rational development of a more effective analogue of a drug requires a detailed knowledge of 

the drugs mechanism of action at the cellular level. 

Early studiesl1,'· by several groups have shown that a specific interaction of cisplatin with DNA 

is an important event, which may eventually lead to cell killing. 

It is to be stressed that although binding to DNA is evident, these observations do not necessarily 

prove that this binding is the only important reaction that leads to cell killing of the tumour cell. 

Although DNA has many components with lone pairs of electrons where metal ions may bind (ie 

the phosphate groups, the sugar oxygen atoms and the heterocyclic bases), early studies["'· have 

made it clear that cisplatin preferentially binds at the nitrogen atoms of the nucleobases. All the 

bases (Figure 1.2) do have such nitrogens and have been found to co-ordinate transition metal 

ions. However binding at thymine can only occur after deprotonation at N3, which is not the case 

under physiological conditions. 

To understand better the binding of cisplatin to DNA, investigations were started with studies 

of the binding of the nucleobases adenine (A), guanine (G) and cytosine (C). It appeared that 

adenine might co-ordinate to the cisplatin group through the N7 atom and through the Nt atom, 

whereas cytosine can co-ordinate through the N3 atom. In guanine binding is possible at N7 and, 

only under alkaline conditions, also at deprotonated Nl. Of all these binding modes, those at the 

N7 atoms of guanine and adenine seem most likely in DNA, since the other sites of guanine, 

adenine and cytosine are involved in the base pairing of the double helix, and are less accessible 

for the cisplatin. 

Detailed studies[IOJ from about a decade ago have made clear that guanine N7 has a strong kinetic 

preference, and subsequent investigations[II,12. have shown that the so formed Pt-Guanine (N7) 

bond is a very stable one. This has led to the generally accepted view that also in DNA, cisplatin 

units bind to certain guanine N7 sites. 

However, the cisplatin unit has two reactive sites (the NH, ligands are not reactive enough under 

physiological conditions) and after binding to one guanine N7. a second reaction has to be 

expec ted. Therefore, because of the bifunctional nature of cisplatin, several types of DN A adduc ts 

can be found (these are shown schematically in Figure 1.7): 
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o H3N"ptCI 

0(1) Cisplatin 

Figure 1.5 Structure or diamminedichloroplatinum (II) 

Some promising "second genenrtion" drugs 
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(6) X - leaving group such as 0-. !.iSO!- or ~ maionate 

Figure 1.6 Basic Requirements for Activity and some Promising ·Second 

Generation· Drugs. 
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Figure 1.7 Schematic Representation of Cisplatin Bonding to DNA. 

/~ 
I II 
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I I I 
NH,2 NH,z H 

~-.!I.m::.nopyr1m1d1ne 2-amino-4- Purine 

~ethylpyrim1d1ne 

Figure 1.8 Structures of the Heterocyc{icBases under Investigation. 
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stabilization of the monofunctional binding through hydrogen bonding of the amine 

ligands and/or HzO or Cl 

chelation to a base in the opposite strand of double helical DNA, which may be a 

guanine or another base (interstrand cross-linking) 

chelation to a neighbouring guanine N7 in the same DNA strand (intrastrand cross

linking) 

chelation to a guanine in the same DNA strand (not a next neighbour) 

chelation to another base next to the guanine in the same strand, likely candidates 

are adenine (N7 or Nl). and cytosine (N3) 

chelation to a protein side chain residue. 

Since Rosenburgs discovery that certain platinum complexes exhibit antitumour acti vity widescale 

researcb bas been carried out on the synthesis of complexes of the type cis-PtL,Cl,. Both the 

antitumour activity and the mutagenicity associated with these platinum complexes is derived 

from the ability of the heterocyclic bases to bind to the metalllSl• These bases represent natural 

multi-site ligands, but questions regarding the selectivity of base site, the identi ty of the type of 

attachment and the possible existence of isomeric forms of the metal-base complexes remain 

unanswered. In addition a clear pattern has yet to emerge which relates the structure and the 

.physico-chemicat properties of the various platinum anticancer drugs to their potency. 

In order to gain more insight into the interactions of platinum with nucleic acids much work has 

gone into isolating and characterising the products formed by the reactions of platinum complexes 

with simpler model or natural heterocyclic basesll .. u1• 

Since it is generally accepted that the platinum anticancer drugs bind. preferentially, to guanine 

N7 in DNA. the plan in the research described here has been to investigate the kinetics and 

energetics of platinum-nitrogen bonding. In order to achieve this the reaction between KzPtCI. and 

very simple model bases, namely pyridine, pyrimidine, purine and some derivatives (Figure 1.8) 

have been studied. The product materials. which are cis - platinum complexes of the form PtL,Cl,. 

where L is a nitrogen heterocycle. have been subjected to thermo-analytical studies. 

Complementary work using theoretical chemical techniques has been carried out on the nitrogen 

heterocycles themselves. 

The aim of the studies is to elucidate the factors which govern the rate of formation and stability 

of Pt-N bonds in such complexes. The information gained could be useful in the design of better 

anti-cancer platinum drugs. 
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l.l Aims and Methodology 

Square planarpatinum (II) complexes,such asPtCI.~,generally undergo nucleophilic substitution 

reactions, the rate of whicb often depends upon the nature of the group in tbe trans position. Tbis 

concept is known as the trans effect and bas been used, with considerable success, as a guide in 

the synthesis of desired isomeric platinum complexes. (The trans effect is discussed more fully 

in Chapter 3.6). 

Tbere is a large amount of kinetic data on substitution reactions of platinum square planar 

complexes, all of wbicb are best explained in terms of a bimolecular displacement mechanism. 

For reactions sucb as: 

PtA,X- + y. H20. PtA, y.. + X· 

in aqueous solution a two term rate law: 

is generally followed(l··I1J, where k, and ka are the rltSt order and second order rate constant 

respectively. Under pseudo-first order conditions containing excess Y, the experimental first 

order rate constaI!t Kobo is related to the individual' rate! constantS as shown by the equation: 

This requires that a plot of k.. versus [Y] be linear with an intercept of k, for the reagent

independent path and a slope of ka for the reageDt path. Plots of this type are common for 

substitution reactions of square planar complexes. Sucb a plot is shown in Figure 1.9 for the 

reaction ofPt(PY)a Cl,with a wide variety of reagents. 

250r---~----~----__ ----~----~--~----~ 

. Figure 1.9 Rates of Reaction of trans-Pt(py), CIa in Methanol at 300 as a Function of the 

Concentrations of Differ.ent Nucleopbiles.IIIJ 
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In this ~tudy of the kinetics of substitution between K~tCI. and N-heterocyclic bases initial 

preparative work was carried out. K~tCI. was reacted with various ligands in aqueous solution 

using a method describ~d by Kong and Rochon''''. who found that reactions of pyridine derivatives 

with K~tCI. were accompanied by precipitation of sparingly soluble compounds. The use of 

reactions having this characteristic allowed development of methods to monitor the concentration 

of reactants remaining in solution as a reaction proceeds without any interference from the solid 

product •. 

Kukushkin et alIa) carried out kinetic analysis on reactions between ~PtCI. and pyridine 

derivatives using a potentiometric method. They established that all reactions were of second 

order overall. ie fust order with respect to the platinum-containing ion, and first order with 

respect to the pyridine. The rate determining step in all instances was assumed to be the 

introduction of the first molecule of pyridine. In this present study several different methods 

were investigated in order to find the most amenable for determining the kinetics of formation of 

complexes of the type P~Cla, where L is a N-heterocyclic base. Initial studies were carried out 

on the reaction between K2I>tCI. and 2-aminopyridine. Once a technique bad been developed which 

was found to be consistent and reproducible reactions between KaPtCI. and other ligands were 

studied with a view to determining any possible structure-activity relationships. 

In addition to investigating the kinetics of formation of complexes of the type PtLaCla the 

energetics ofPt-N bond dissociation was also studied using thef!11ogravimetric analysis. Thermal 

analysis involves heating a known weight of complex with a linear heating program. As the 

temperature increases weight loss is observed. either as a single stage process or possibly as a 

multistage process. The percentage weigbt losses OCCurring at each stage can be determined and 

compared with theoretical weight losses and hence one can identify the removal of a particular 

ligand. The·temperature of ligand loss and the order of ligand loss can give an insight into the 
relative stabilities of the Pt-Iigand bonds. 

More quantitative data can be obtained f~om isothermal studies. this involves heating the complex 

at a constant temperature and studying the decomposition of the samples as a function of time. 

Several experiments needed to be carried out ata series of different but constant temperatures. By 

studying the variation of weight of reactant with time for each individual experiment rate 

constants can be derived from appropriate rate equations. Comparison of the rate constants 

obtained for each isothermal condition will give an estimation of the Arrhenius parameters[ll! (this 

is discussed further in Chapter 4). 

Theoretical studies on the N-heterocycles themselves have been carried out in an attempt to 

correlate the kinetic parameters with the electronic structure of the ligand. The trans substitution 

effect is known to depend on charge distribution. Information on the mechanism of substitution 

can sometimes be provided by the effect of charge on the complex on its rate 
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of reaction. Thus if a reaction involves primarily a separation of charge. as in a dissociative 

process. then for an analogous series of complexes the rate will decrease with a decrease of the 

charge of the complex. However. if the reaction is largely associative in type. the charge 

neutralisation process requires that an increase in positive charge on the complex be accompanied 

by an increase in rate of reaction. ror a bimolecular displacement process. where dissociation and 

neutralisation are of comparable importance. there would be opposing effects and the rate of 

reaction would not be expected to change very much with changes of the charge on the complex[Zzl. 
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2.1 Preparation 

CHAPTER 2 

Preparation and Characterisation 01 Complexes 
• 01 the Type Cis-Pt L, CI, 

In order to find out about the kinetics and energetics of platinum - nitrogen bond formation 

investigations have been carried out using simple models of the bases of DNA. The model systems 

chosen were required to mimic the in vivo complexation of platinum with the heterocyclic bases 

of DNA. Suitable analogues of the DNA bases. particularly cytosine and guanine. were considered 

to be variously substituted forms of pyridine. pyrimidine and purine which like the natural 

nucleobases are multi-site ligands. 

The reaction between metal and base can be studied by looking at the rate of formation of 

complexation when a simple platinum complex. such as K~tCI •• interacts with a model base in 

aqueous solution according to the equation: 

KaPtCI. + 2(Base) -+ PtClz(Base)a + 2KCl 

One criterion for the choice of base was that it had to be soluble in some solvent. preferably 

aqueous solution. 

The solubility of several heterocyclic bases were investigated in aqueous solution. mixed 

aqueous/alcohol solution. alcohol solution and acetonitryl. It was found that pyridine. pyrimidine. 

2-aminopyridine. 2-aminopyrimidine. 2--amino. 4-methylpyrimidine and purine were all soluble 

in aqueous solution and thus amenable to the type of investigation envisaged. However other bases 

such as 4-methyl. 2-thiouracil. 4.6-dihydroxypyrimidine. 4-amino. 2.6-dihydroxypyrimidine and 

2.4.6-triaminopyrimidine were insoluble in all the above solvents and so rejected as possible 

model systems. 

2.1.1 Reagents 

Reagents used in the preparation of the platinum-base complexes were obtained commercially as 

follows: 
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Potassium tetrachloroplatinate (II) (KaPtCI.) Johnson Matthey 

2-aminopyridine (2AP) Fluka Chemicals Ltd 

2-aminopyrimidine (2APm) Aldrich Chemicals Co Inc 

pyridine (Py) Aldrich Chemicals Co Inc 

pyrimidine (Pm) Aldrich Chemicals Co Inc 

2-amino,4-methyl-pyrimidine (AMPm) Aldrich Chemical Co Inc 

purine (Pu) Aldrich Chemical Co Inc 

Since all reagents were at least 97% pure they were all used direct from the manufacturer without 

any further purification. 

2.1.2 Synthesis of Complexes of the Type cis-Pt(L}aCla 

The complexes were all prepared using the method described by Kong and Rochon. (19] 

In the typical case of the 2-aminopyridine ligand, to an aqueous solution of KaPtCI. (0.415 g in 10 

em' of water) an aqueous solution of 2-aminopyridine (0.141 gin 5 cm' of water) was added. The - -
resultant solution was left to stand at room temperature for five hours. The green precipitate was 

filtered and washed with water, methanol, and ether and then dried at 353 K in a vacuum oven 

overnight. 

The concentrations of KaPtCI. and 2-aminopyridine used in the above reaction are non

stoichiometric, the molar ration being 1 : 3 respectively. In order to implement the elementary rate 

laws for kinetic analysis of this reaction it was considered preferable to have a quantitative 

relationship between the reactants and t~products. Consequently the above preparative method 

was repeated but this time using stoichiometric quantities, ie a molar ratio of 1 (KaPtCI.) : 2 (2AP) 

to ascertain that the same product would result in the kinetic studies. 

X-ray power diffraction patterns were obtained for the products obtained both non

stoichometrically and stochiometrically. These were found to be identical to one another but 

different from the X-ray diffraction patterns of both KaPtCI. and 2-aminopyridine. This indicated 

that both preparative methods gave rise to the same product. 

KaPtel. was reacted with the five other ligands, 2-aminopyrimidine, pyridine, pyrimidine, 2-

amino, 4-methyl-pyrimidine and purine, using stoichiometric quantities. The amounts of reagent 

used for each reaction are given in Table 2.1. 

15 



TABLE 2.1 

Weigbt and Concentration of Eacb Reagent 

Complex Amt KaPtCIJg Molarity Amt Ligand/g Molarity 

KaPtCI. ligand 

Pt(2AP)aCla 0.41S O.IM 0.188 0.2M 

Pt(2APm)zClz 0.41S O.IM 0.190 0.2M 

Pt(PY)2Clz 0.41S O.IM 0.IS8 0.2M 

Pt(Pm)zCla 0.41S O.IM 0.160 0.2M 

Pt(AMPm)aClz 0.41S O.IM 0.218 0.2M 

Pt(Pu)zClz 0.41S O.IM 0.240 0.2M 

2.2 Cbaracterisation 

The products from the reactions between KaPtCI. and ligand were characterised by 

thermogravimetric analysis, CHN analysis, infrared spectroscopy. The information obtained from 

these techniques would demonstrate characteristics of the product such as the empirical formula 

and whether it was present in the cis- or trans-configuration. 

2.2.1 Equipment 

Infrared Spectroscopy: 

Perkin Elmer 683 IR spectrophotometer 

Caesium iodide discs in range 4 000 cm-I 
- 200 cm-I 

Thermogravimetric Analysis: 

CIE microbalance and a Stanton RecroCt heating programmer linked to a furnace using 

platinum/platinum, 13% rhodium thermocouple. Both microbalance and heating 

programmer were linked to a 11 Instruments CR 6525 twin pen recorder. 

CHN Analysis: 

This was carried out courtesy of the Micro-Analytical Laboratory, Department of 

Chemistry, the University of Manchester. 
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2.2.2 Yields or Products' 

The percentage yield in five hours ofreaction time was calculated for each product and the results 

are summarised in Table 2.2. 

TABLE 2.2 

Colour and Percentage Yield or Eacb Product 

Product Colour %age 

yield 

Pt(2AP)zClz green 53 

Pt(2APm)zClz bright yellow 59 

Pt(Py)zClz pale yellow 63 

Pt(Pm)zClz bright yellow 64 

Pt(AMPm)zClz brown 51 

Pt(Pu)zClz pale yellow 6S 

2.2.3 CHN Analysis 

CHN analysis was carried out on the products obtained from the following three reactions: 

K,plCJ. + 2AP 

K,ptCJ. + 2APm 

K,ptCJ. + AMPm 

The results are listed in Table 2.3. 

TABLE 1.3 

Comparison 01 Tbeorectical and Experimental Percentage Yields 

Pt(2AP),CI, Pt(2APm)zClz . Pt(AMPm)zClz 

Calculated Found Calculated Found Calculated Found 

% % % % % % 

C 26.2 26.4 21.0 21.1 24.8 2S.4 

H 2.4S 2.6 2.2 2.2 2.9 2.9 

N 12.6 12.3 18.6 18.4 17.4 17.0 

Cl IS.8 IS.6 IS.9S IS.6 14.7S 14.7 
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These results suggest that the molecular formula of the product is of the form PtLaClz• 

2.2.4 Thermogravimetric Analysis 

The technique involved the continuous weighing of a sample whilst heating using a linear 

temperature rise recording the weight loss as a function of temperature. 

Procedure 

Thermogravimetric analysis was carried out in a static air air atmosphere and a platinum/platinum, 

13% rhodium thermocouple. Approximately 10 mg of the product was heated on a CIE 

microbalance using a linear heating rate up to a maximum temperature of653 K. The cold junction 

was also measured. 

The temperature was obtained from chart paper by measuring the emf of the thermocouple and 

consulting a calibration table of emf and the corresponding temperature making due allowance for 

the cold junction. 

Results 

Thermogravimetric analysis showed that the products decomposed in a stepwise manner. The 

decomposition curve for the platinum - 2-aminopyridine complex is shown in Figure 2.1 and the 

percentage weight losses are given in Table 2.4. The theoretically calculated percentages of Pt, 

2AP and CI in a complex of molecular formula Pt(2AP)Fla are also listed. 

_ .. TABLE2.4 

Comparison 01 Theoretical and Experimental Weight Loss 

Irom cis-Pt (2-amino pyridine)a Cia 

Process Temperture Percentage Weight Loss 

Range/K Theoretical Experimental 

Loss of 1 mole of 2AP 483-568 28.52 29.44 in 1st step 

and 1 mole of Cl of TO curve 

Loss of 1 mole of 2AP 568-673 28.52 26.67 in 2nd step 

and 1 mole of Cl of TO curve 

Loss of all Ligands >673 56.11 57.04 total weight loss 

leaving metallic Pt 
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As can be seen from these results thermogravimetric analysis indicated that the molecular formula 

of the complex is Pt(2AP)aCla. The first two steps of the decomposition process involve the loss 

of the two ligands along with the loss of the two chlorine atoms, so that all that remains after 673 

K corresponds to the theoretical percentage of platinum. X-ray power diffraction was carried out 

on the residue and confirmed it Co be platinum. Table 2.S lists the main d spacings and relative 

intensities of the residues diffraction pattern along with those obtained for platinum from the 

ASTM power diffraction file. 
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Figure 2.1 Non-isothermal Decomposition.of Pt (2AP}z Clz 
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TABLE2.! 

Comparison of tbe Main d spacings obtained from tbe Residue and tbe ASTM 

Powder Diffraction File for Platinum 

Relative intensity d spacings 

1/1. ASTM file Residue pattern 

100 2.265 2.25 

53 1.962 1.95 

31 1.387 1.38 

33 1.1826 1.18 

39 0.8008 0.79 

Similar stepwise decomposition curves were obtained for the other five products indicating that 

the molecular formula after complexation between K;zPtCI. and ligand is Pt(L)zCla• Apart from 

merely characterising the formula of the reaction product these results were also useful as a pre

study to thermogravimetric analysis which was considered to be kinetically important and was 

subsequently investigated more thoroughly. 

2.2.! Infrared Spectroscopy 

Infrared spectra were obtained for each of the ligands and the corresponding complex formed by 

the reaction with K;zPtCI •. Comparisons could then be made between the two corresponding spectra 

and predictions made as to how the platinum binds to the ligand. A band of particular interest int 

he spectra is the metal - ligand stretching band. This band is likely to be due to the Pt - N bond 

since in these complexes it is thought that the metal binds to the ligand through a cyclic nitrogen 

atom. This band should arise around the region of 490 nm. Changes in the position of the N -Hand 

C-H stretching frequencies are also expected. 

An IR spectrum of K;zPtCI. was also obtained in order to find the position of the Pt-CI stretching 

frequency. This was found to appear in the region of 330 nm. 

Tables 2.5 to 2.10 list the bands of importance for each ligand and its corresponding reaction 

product. The assignments were made by comparison with published data. 11'.23,:141 
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TABLE 1.5 

IR Absorption Frequencies or l-aminopyridine and its Complex 

Band frequencies (cm-I) Assignments 

2-aminopyridine Complex 

3410 3440 N-H str 

3300 3310 N-H str 

3160 3060 aromatic 

3060 3060 C-H str 

1625 1635 N-H str 

1595 1590 aromatic 

1555 1560 aromatic 

1485 1490 aromatic 

1160 1 150 CoN str 

- 450 Pt-N 

- 330 Pt-Cl 

TABLE 1.6 

IR Absorption Frequencies or 1-aminopyrimidine and its Complex 

Band frequencies (em-I) Assignments 

2-aminopyridine Complex 

2320 3420 N-H str 

3270 --- 3310 N-H str 

3120 3160 aromatic 

2960 3080 C-H str 

1620 1645 N-H str 

1580 1580 aromatic 

1560 1565 aromatic 

1475 1475 aromatic 

1130 1125 CoN str 

- 450 Pt-N 

- 330 Pt-Cl 
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TABLE 2.7 

IR Absorption Frequencies of Pyridine and its Complex 

Band frequencies (cm- I
) Assignments 

Pyridine Complex . -

3680 3700 N-H str 

3410 3490 N-H str 

3120 3120 aromatic 

3080 3085 C-H str 

1630 1627 N-h str 

1000 1605 aromatic 

1580 1570 aromatic 

1480 1480 aromatic 

1160 1155 C-N str 

- 450 Pt-N 

- 330 Pt-Cl _. 

TABLE 2.8 

IR Absorption Frequencies of Pyrimidine and Its Complex 

Band frequencies (cm- I
) Assignments 

2-amino-4- Complex 

methylpyrimidine 

3410 - .. 3470 N-H str 

3280 3360 N-H str 

3000 2980 aromatic 
2920 2900 C-H str 

1585 1610 N-H str 

1565 1550 aromatic 

1475 1460 aromatic 

1 140 1150 C-N str 

- 440 Pt-N 

- 335 Pt-Cl 
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TABLE 2.10 

JR Absorption Frequencies or Purine and its Complex 

Band frequencies (cm· l
) Assignments 

Purine Complex 

3420 3500 N-H str 

3075 3090 N-H str 

2910 2910 aromatic 

2850 2800 C-H str 

1615 1620 N-H str 

1570 1570 aromatic 

1500 1485 aromatic 

1460 1420 aromatic 

1140 1155 C-N str 
. 450 Pt-N 
. 330 Pt-Cl 

Generally the IR spectrum of the ligand was very similar to that of the corresponding complex. 

However, in all six cases there is evidence of additional bands in the regions of 450 cm·' and 330 

cm-'. These bands have been assigned Pt-N and Pt-CI respectively, thus indicating that platinum 

and chloride are both present after complexation and that the platinum binds to the ligand througb 

a nitrogen atom. In addition the observation that tho IR spectra of tbo syntbesised platinum 

complex showed absorption in the region around 450 cm-' indicated,according to Osa et J~hat 
the complex is present in its cis configuration. 

In the IR spectra of the three complexes wbicb bave an amino side group present it was observed 

that the N-H stretching frequency sbifted to a higher frequency after complexation, indicating tbat 

the amino group is not involved in the bonding. 
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CHAPTER 3 

Solution Studies 

3.1 Introduction 

Kinetic studies were carried out in aqueous solution, the aim being to determine the form of the 

rate equation and values for the rate constants for the reactions: 

PtCl.2- + 2L ----> PtClaL2 + 2Cl· 

The activation energy could then be calculated for the formation of complexes of the type cis

PtLaCla. 

In order to measure the rate of a chemical reaction it is necessary to follow the change in 

concentration of reactant and/or product with time by a convenient method. Numerous methods 

are available and the choice of a suitable technique depends on the nature of the reactants and 

products and the length of the half life of the reaction. Because the reactions under investigation 

had a reasonably long half life coupled with the fact that both reactants were soluble and the 

product precipitates out of solution, it was deemed satisfactory to develop an incremental method 

involving the withdrawal of samples of the solution for analysis at various time intervals. 

Several techniques were investigated in order to study the platinum or base concentration in the 

complexation studies, these included potentiometric titrations of CI·, High Performance Liquid 

Chromatography (HPLC) determination of peak area of the reacting ligand, ultraviolet 

spectroscopic (UV) measurement of the absorbance of ligand and atomic absorption spectroscopy 

(AA) for measurement of platinum absorbance. 

Once a consiste~t and reproducible method had been developed the rate equation and rate constant 

could then be determined in one of two ways, either by a differential or by an integral method. A 

differential method is a direct one since the values of d(conc)/d(time) are determined directly from 

plots of concentration vs time, the tangents to the curve at any time, t, giving the rate at that time. 

Graphs of concentration against time are plotted for a number of initial concentrations, Cit Ca. C, 

etc and the tangents at the start of that reaction are drawn as in Figure 3.1a. This corresponds to 

the initial rate for that particular concentration. When the rate is measured at the start of a reaction 

it can be assumed that complications caused by the presence of secondary reactions do not occur. 

The logarithms of the initial rate is plotted against the logarithm of the initial concentration as in 

Figure 3.1 b and the rate constant and order determined from the intercept and slope respectively. 
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Figure 3.1a Concentration Time Curve for Different Initial Concentrations 

109,0 (initiol concentrotion' 

Figure 3.1b Plot of Loglo (initial rate) against Loglo (initial concentration) 
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One advantage of this method over integration methods is that it is not dependent on a knowledge 

of the order of reaction. 

For integration methods the experimental variation of concentration with time at constant 

temperature is compared to one of the integrated rate equations: 

Zero Order 

-de. = k 

dt 

where C = the concentration 

t = time 

k = the rate constant 

Integrating: 

r ~. d.· - dC = 
Co 0 

where Co = the initial concentration 

C, = the concentration at time t 

C, = 

First Order 

-de. = kC 

dt 

Integration gives: 

Co - kt 

In(C,) = In (Co) -kt 
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This equation can also be expressed in other forms: 

by antilogging the above equation gives exponential decay 

or in the terms of extent of reaction, a, where (1 - a) is equal to the fraction remaining: 

but 

or if 

1-a = Co 
Co 

In ~ = kt therefore - In 

C, 

- In (1 - a) ... kt 

a = initial concentration 

c.. = kt 

Co 

x = decrease in concentration 

then a-x ... concentration at time t 

In ~ = kt 

C, 

In -L = kt 

a-x 

Second Order 

de = kC2 

dt 

integrating gives: 

l. i. = kt 

C, Co 
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Therefore a plot of C versus t, InC, versus tor lIC, versus t will be linear if the reaction follows 

zero, first or second order rate laws respectively. The rate constant can be determined from the 

slope of the linear graph in each case. 

Once the rate constant has been determined at two or more temperatures the activation energy can 

be calculated'using the Arrhenius equation [241. Arrhenius found that the rate constant is related 

to the temperature by an equation of the form: 

d(lnk)/dT = E/RT2 Equation 3.1 

where k = rate constant 

T .. temperature 

E = activation energy 

R = universal gas constant 

Equation 3.1 integrates to: 

Ink = E/RT + Const Equation 3.2 

provided E is independent of temperature. 

Equation 3.2 may be rewritten as: 

k -
where A is a constant known as the pre-exponential factor for the reaction 

recognised as the Boltzman distribution factor. 

Therefore to determine the activation energy the value of the rate constant (k) must be evaluated 

at various temperatures, then from equation 3.2 a plot oflnk versus lIT should yield a straight line 

of slope -E/R from which E can be calculated. 
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Transition State Theory 

According to the Arrhenius equation the rate of reaction at a given temperature is controlled 

entirely by the two quantities E (the activation energy) and A (the pre-exponential factor). First 

attempts at calculating the pre-exponential factor were based on the kinetic theory of collisions. 

However, the use of the hard-sphere kinetic theory led to many discrepancies and in 1935 Henry 

Eyring (26) presented a much more satisfactory treatment of calculating the pre-exponential factor. 

Eyring proposed what is now known as the theory of absolute reaction rate in which statistical 

thermodynamics is applied to the formation of the transition state. Absolute rate theory postulates 

that the rate of a chemical reaction is given by the rate of passage of the acti vated complex through 

the transition state. It is assumed that, although the transition state is mechanically unstable, it can 

be treated as a thermodynamically identifiable entity. 

The theory is based on an equilibrium hypothesis. The transition state being made up of complexes 

that were previously either reactants or products. Equilibria therefore exists between the reactants 

A and B and the activated complex and between the products C and D and the activated complex 

X.* 

A + B .. X* - C + D 

It is possible to define K* as the equilibrium constant for the equilibrium between the reactants 

and the activated complex X* • 

The Gibbs free energy, AG, of such a system can be regarded as the difference between two 

terms, one of which exercises the sole control over the reaction in the forward reaction and the 

other in the reverse direction (Figure 3.2). 

In going to the final state a reaction system must pass over Gibbs energy barrier and once at the 

top of this barrier the reaction can proceed without the expenditure of any additional Gibbs 

energy_ The reaction from left to right will, therefore, depend solely onAGI, and that from right 

to left solely on AG*.I_ 

The equilibrium constant, k, for a chemical reaction is related to the Gibbs free energy change, 

/J.G by: 

In(k) - • 4.Q 
RT 

Equation 3.3 
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This equilibrium constant k. is the ratio of the forward and reverse rate constants k.lk., and 

therefore:' 

- - ~ 
RT 

... - ~ 
RT 

Tbis latter equation may be split into two separate equations: 

In(k.) = In(v) -

In(k.J - In(v) -

where v = a constant 

Equation 3.6 may be written as 

-

~ 
RT 

~, 

RT 

Equation 3.4 

Equation 3.5 

Equation 3.6 

Equation 3.7 

Equation 3.8 

Since Gibbs energy cbange may be expressed in terms of enthalpy and entropy change. DG ... DH -

TDS. then equation (3.8) may be written-as 

- Equation 3.9 

Eyring found. by use of statistical thermodynamics. that the constant v is equal to kT/h where k 

is tbe Boltzman constant and b is Plancks constanL The Eyring equation is therefore: 

k = Equation 3.10 
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Another convenient form of this equation is: 

k = UK* 
h 

Equation 3.11 

where· K· = the equilibrium constant for the equilibrium between the ground state and 

the activated state. 

Comparison of the Eyring equation: 

In(k) = In 0Ul + 
h 

~ - Ml 
R RT 

with the Arrhenius equation 

In(k) = In(A) - E/RT 

Equation 3.12 

Equation 3.13 

where In(A) = the intercept of a plot of In(k) versus ur .. it can be seen that the enthalpy 

. of activation,AS, can be calculated from the intercept of the Arrhenius plot. 

Since from equations (3.11) and (3.12) 

In(A) = In kI + ~ 
h R 

AS = R [In(A) - In(kTIb)] 

3.2 Choice of Experimental Method 

Preliminary investigations were carried out into the use of potentiometric titrations, HPLC, UV 

and AA spectroscopy in order to determine the best method to monitor the kinetics of formation 

in solution conditions. Since the method which was to be developed would depend on the removal 

of the constituent to be analysed then, at specific time intervals. an aliquot would have to be 

withdrawn. This immediately leads to problems - a reaction will proceed at the same rate in the 
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test sample as it will in the original reaction medium. As the analysis procedure takes a certain 

amount of time. if a true measurement is to be obtained. then it is necessary to inhibit or quench 

the reaction and to ensure that the separation will not be accompanied by a modification in the 

properties of the constituents present. this was achieved by diluting the sample to such an extent 

that changes in its concentration'could be considered negligible. This quenching of the reaction 

was an important factor when it came to deciding upon the most feasible method. 

3.2.1 Potentiometric Titrations 

In the reaction: 

the rate of reaction might be measured by the rate of production of CI-, since [CI") can be easily 

measured by AgNOs titration using an Ag/AgCI electrode. Such a potentiometric method seemed 

feasible and had been used by Kukuskin et al [201• 

The cell used was: 

Ag/AgCl/Chloride ions in test solutionllCalomel reference electrode 

As incremental methods involve the removal of aliquots. with subsequent dilution the technique 

implemented must be able to consistently and reproducibly measure very low concentrations of 

the atom involved. However. preliminary results. involving the titration of low concentrations of 

NaCI with AgNO,. indicated that the Ag/AgCI electrode was not sensitive enough to detect small 

changes in chloride concentration as the reaction proceeded. This led to problems in trying to 

decide a suitable dilution factor and it was concluded that large quantities of K2PtCI. would have 

to be used in order to obtain any meaningful results. Consequently the potentiometric titration 

method was rejected as being impractical. 

3.2.2 Higb Performance Liquid Cbromatography (HPLC) 

Reverse phase HPLC was also assessed as a possible method of monitoring the ligand 

concentration in the reaction mixture and hence the kinetics of the reaction. Peak area in HPLC 

is proportional to concentration_ Hence the reaction can be followed by measuring the decrease 
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in peak area as a function of lime. The HPLC analysis was carried oul using a 

Spectra Physics Liquid chromatogram. The components of the system consisted of an applied 

chromatography system linked to a Pye Unicam LC-3 variable wavelength UV detector. The 

chromatographic column (ISO mm by 5 mm 10) was slurry packed at 200 bar with 5 mODS 

Hypersil. Before this technique could be implemented. a number at experimental parameters had 

to be optimised. these included choosing the most suitable mobile phase. sensitivity range and 

wavelength. Using a solution of 2-aminopyridine it was finally decided to use the following 

operating conditions: 

Mobile Phase 

Wavelength 

Range 

Sensitivity Range 

90% HzO: 10% methanol 

286nm 

10mv 

0.08 

Several sample solutions of 2-aminopyridine (2AP) were injected and the retention time of the 

resultant peak measured. In each case the retention time was found to be 3.425 ±0.01 minutes. 

Having optimised the operating conditions and knowing the retention time of 2AP. a trial run 

was carried out monitoring the reaction between KaPtCl4 and 2AP. It was found that the peak area 

due to 2AP did decrease with time but when peak area was plotted against time there was a wide 

scatter of points making it impossible to apply any of the rate laws. The experiment was repeated 

using exactly the same parameters and again the plot of peak area versus time was meaningless. 

It was thought that these inconsistencies could be due to the sampling technique. so it was decided 

to measure the peak area of a solution of2AP over a period of time. The results obtained indicated 

that it was difficult to get reproducible result using HPLC. Since kinetic analysis relies totally on 

reproducibility and consistency it was decided to reject HPLC as a plausible method. In addition. 

for each ligand investigated. the operating parameters such as the mobile phase and wavelength 

would have to be reoptimised. 

3.2.3 Spectroscopy 

Atomic Absorption Spectroscopy 

Atomic absorption (AA) spectroscopy works on the principle that materials can be atomised in 

high tern perature flames. If radiation of an atoms specific resonance wavelength is passed through 

the flame containing the atom in question then part of the light will be absorbed. the absorption 

being proportional to the number of ground state atoms present in the flame. Provided the system 

obeys the Beer - Lambert law then this absorbance will be proportional to the concentration of 

atoms in the flame and hence to the concentration of material in any solution being sprayed at a 

constant rate into the flame (the source of atoms). 
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The Beer - Lambert Law may be stated as: 

A = Ecl 

= Absorbance where A 

£ 

C 

= 
= 

molar absorption coefficient (m2mol-l ) 

concentration (molm-') 

= path length (m) 

For a given substance and flameE and I are constant. 

AA spectroscopy was used to monitor the concentration of platinum in the reaction solution. A 

Perkin Elmer 2280 AA a spectrophotometer was used under the following conditions: 

Light source 

Flame type 

Wavelength 

Slit setting 

Platinum hollow cathode lamp 

Air-acetylene oxidising 

265.9 nm 

0.7nm 

For the standard conditions described above the sensitivity is abou~2 Jlgml- I Pt for 1 % absorbance. 

A standard solution containing 50 Jlgml- I of Pt should typically give an absorbance reading of 

about 0.11 absorbance units. 

It was found that the working range for Pt was linear up to concentrations of about 175 Jlgml- I in 

aqueous solution. Thus prior to AA analysis it was necessary to carry out large dilutions of the 

reacting mixture, in which the initial concentration of KaPtCI. was 83 mgml- I
• 

Ultraviolet Spectroscopy 

Ultraviolet (UV) spectroscopy was carried out using a Perkin Elmer Lambda 1 UV Nis 

. spectrophotometer to measure the concentration of ligand remaining in the reaction mixture. 

Measurements were carried out at a fixed wavelength corresponding to the maximum absorbance 

of the particular ligand under investigation. 

Using ultraviolet spectroscopy,provided the Beer - Lambert law applies and provided a region 

of the UV spectrum is chosen where the absorbance is due to a single component in the reaction 

mixture, then the reaction can be followed spectrophotometrically by the measurement of the 

absorbance due to ~he ligand at the wavelength as a function of time. 
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Again it ~as found that the sensitivity of the UV spectrophotometer required that large dilutions 

of the reaction mixture needed to be carried out in order to bring the absorbance value of the 

ligand into scale. 

Preliminary investigations into the use of both AA and UV spectroscopy indicated that both 

techniques provided a suitable and comparatively straightforward method of monitoring the 

kinetics in solution of reactions of the type KtPtCl. + ligand. since both methods were sufficiently 

sensitive to determine the concentrations of Pt or ligand at the dilutions required to freeze the 

reaction. 

3.3 Development of Experimental Tecbnique 

Work was carried out on following the kinetics of formation in solution of reactions of the type 

K~tCl. + ligand by monitoring the decreases in platinum concentration and decrease in ligand 

concentration by Atomic Absorbtion and Ultraviolet spectroscopy respectively. A valid and 

reproducible methodology behind both types of analysis needed to be established to enable the 

kinetics of platinum - ligand interaction in solution to be monitored. The development of the 

technique depended on the facts that the reactants and any intermediates are soluble in aqueous 

solution and that the product precipitates out of solution. 

3.3.1 Development of Atomic: Absorbtion Metbod 

Before any developmental AA spectroscopy could be carried out a certain amount of preliminary 

work was required. This included deciding on what concentration ofreactants was to be used and 

finding a suitable reaction vessel for the experimental analysis to be carried out in. It was also 

necessary to establish the linear range over which the absorbance of platinum was directly 

proportional to the concentration of K~lCl •• Finally a sampling methodology had to be devised 

and efforts made to establish its reproducibility. 

To make the kinetic analysis easier it had already been decided that the reactants KtftCl. and 

ligand should be present in the stocbiometric ratio I : 2 respectively. In order to decide upon the 

actual concentration of the reactants used in the kinetic analysis two factors were taken into 

account - the high cost of KtPtCl. and the length of the half-life of the reaction. Consequently 

three reactions were carried out using different concentrations of reactants in order to assess 

which would be the most suitable. The results are tabulated in Table 3.1. 
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TABLE 3.1 

. 
Comparison or Different Initial Concentrations on Rate or Formation or Product 

Reactant Concentration . Observation 

O.OIM K2PtCI. : 0.02M 2-aminopyridine No product 

O.IM K2PtCI. : 0.2M 2-aminopyridine Reaction too slow 

0.2M K2PtCI. : 0.4M 2-aminopyridine Reaction found to proceed at a suitable rate 

to enable kinetic analysis 

The reaction vessel had several requirements to fulfil. It was required to have a volume of sml, 

but was not required to be much than this. A vessel which was quite deep was preferred as this 

would allow settling of the precipitate whilst still giving considerable depth of supernatant to 

make sampling easy. The vessel opening was required to be of a size which would not hinder 

sampling which was probably going to be by a pipette or syringe of some kind. These 

considerations pointed towards the suitability of a narrow test tube which could be easily 

thermostated by immersion in a water bath. The fact that centrifugation was to be investigated at 

a later date led to the use of a 10 ml centrifuge tube as the reaction vessel. 

It was important to determine over what concentration range the atomic absorption of platinum 

varied linearly with its concentration. To achieve this a calibration curve of absorbance versus the 

concentration of standard Spectrosol platinum solution was obtained. Several standard solutions 

of Spectrasol platinum were prepared, the concentration of which ranged from 200 J.l.gml"t to 2S 

J.l.gml-t• these solutions were. aspirated and the absorbance measured. The resultant plot of 

absorbance versus concentration (figure-3.3) indicated that the absorbance of platinum is directly 

proportional to concentration over the concentration range 0-17sJ.I. gml-t. These results gave some 

indication as to the dilution factors required to quench the aliquot withdrawn from the reacting 

solution and bring its absorbance value into the linear range. 

It was also necessary to establish a range over which the concentration of the Spectrasol platinum 

solution is linear to absorbance so that the AA spectrophotometer could be calibrated before each 

experimental run. The importance of this lies in the fact that a single standard of any metal 

aspirated over a period of time may result in differing absorbance readings. This is due to minor 

changes in fuel-oxidant flow, lamp energy and flame composition, all of which can alter the 

sensitivity of the flame. The calibration procedure involved choosing a standard solution of 

Spectrasol platinum which gave a high reading in the linear range. It was decided to use the Is0J.l. 

gml-t solution which gave an absorbance reading of 0.3735 on the calibration plot of absorbance 
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versus concentration of Spectrasol platinum. A stock solution of Spectrasol platinum (150~ gml· 

I) would then be prepared before each experiment and would be aspirated immediately prior to 

each sample. thus acting as an external or calibration standard. Any variation in the absorbance 

readings due to drift in the sensitivity of the AA spectrophotometer could then be observed and 

compensated for by multiplying the absorbance reading of the sample by the ratio: 

Absorbance reading Spectrasol Pt on caljbration curve 

Absorbance reading Spectrasol Pt at time t 

Consequently data obtained over a long period of time could be compared directly knowing that 

any changes observed were genuine and not merely due to changes in the AA conditions. 

Having determined the linear range of the AA spectrophotometer, it was then necessary to find 

the linear range of KJ>tCl •. Based on the above calibration plot it was decided that a hundred fold 

dilution of the reacting mixture should bring the absorption into the linear range. A 2 x 10·' M 

solution of KaPtCI. (100 fold dilution of initial reacting concentration) was prepared. aspirated 

and the absorbance found to be 0.235. As this result fell towards the higher region of the linear 

range of the Spectrasol platinum solution it was decided that a dilution factor of one hundred 

would be sufficient to quench the reaction and bring the absorbance of the reacting KaPtCI. into 

the linear range. To ensure that the absorbance of K2PtCI. varied linearly with concentration 

several other standard solution of KaPtCI. were prepared ranging in concentration from 2 x 10·'M 

to 2 x 10-4M. These were aspirated, the absorbance measured and a graph of absorbance against 

concentration plotted (Figure 3.4). 

The sampling method adopted had to fulfil the following three criteria. Firstly, because the 

reaction volume was so small the technique adopted had to be capable of accurately removing 

small microlitre aliquots of solution. As the reaction volume totalled only 5ml and was to be 

monitored over two half-lives it was important not to alter this volume ·significantly during 

sampling. Since an aliquot needed to be withdrawn and then diluted to quench the reaction and 

bring the absorbance into the linear range. it was decided to remove aliquots of 200 ~l which 

could then be added to 20 mt ofwaterin order to achieve the proposed 100 fold dilution. Secondly, 

sampling from the centre of the solution phase without disturbing the precipitate was required. 

Thirdly, and most importantly, the sampling method adopted was required to be reproducible to 

a high degree of accuracy. This would allow a large amount of certainty to be assigned to the 

absorbance data and so any changes in this data could be attributed to the change in experimental 

conditions. 

Bearing the above criteria in mind is was decided to assess the reproducibility of a 200 ~l Gilson 

pipette. This was initially done by pipetting 200 ~l samples of water into a previously weighed 

beaker which was then reweighed along with the aliquot of water. This procedure was repeated 
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twenty times and the standard deviation calculated. which was found to be a 1.64 X 10". thus 

indicating that the Gilson reproducibly pipetted the amount required. Another test was also carried 

out. this time 0.415g of K?tCI. was dissolved in 5 ml of water. Four 200 J.11 aliquots were 

withdrawn using a 200 J.11 Gilson pipette. These were placed in four separate test tubes and a 

hundred fold dilution was perforined on each. The samples were aspirated and the absorbance of 

each solution measured. the values of which are shown in table 3.2. 

TABLE 3.1 

Mean and Standard Deviation rrom Sampling with Gilson Pipette 

Solution Absorbance 

Mean Std Dev 

. 
1 0.0862 5.08 X 10" 

2 0.0866 4.99 X 10" 

3 0.0864 5.12 X 10" 

4 0.0862 5.09 X 10" 

Mean for 4 solutions = 0.08635 . -. 

Std dev for 4 solutions = 1.66 x 10" 

The standard deviation for the absorbance readings performed on the one solution reflected the 

reproducibility ofthe spectrophotometer, whereas the standard deviation of the mean readings for 

all four solutions reflected the reproducibility of the Gilson pipette. 

The results showed that the absorbance values for each solution were all very similar to each 

other. indeed the standard deviation-fell within the variation in absorbance of the AA 

spectrophotometer itself. Therefore it can be concluded that this method of sampling is as 

reproducible as the instrumentation allows. 

On the strength of the Gilson pipetteS' performance it was deemed not necessary to assess the 

reproducibility of other sampling techniques such as an Eppendorfpipette or a G C syringe. If any 

increases in reproducibility was actually possible with another method, it would not have been 

detectable due to the limitations of the AA spectrophotometer. 

3.3.1.1 Trial Experiment I 

A preliminary run to establish the duration of the reaction was carried out, this also provided an 

opportunity to ensure that the dilution factor chosen was sufficient to quench the reaction. 
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In order to eliminate errors involved in preparing two solutions solid ligand was added to the 

K, PtCI. solution. The ligand used in this and all the following trial experiments was 2· 

aminopyridine (2AP). 

A 0.2M solution of K2Ptcl. (0.415g in 5 ml of water) was prepared and 0.188 g of 2AP added, 

and timing commenced. The reaction mixture was stirred and left to stand at room temperature and 

was sampled every thirty minutes over a period of three hours. The sampling procedure involved 

removing 200 I,Ll aliquots with a Gilson pipette and running this into 20 ml of water, thus resulting 

in a one hundred fold dilution of the original reacting mixture. Each of the samples were aspirated 

immediately and then put aside for aspiration again three hours later. This was done in order to 

establish quenching of the reaction. 

Graphs of absorbance versus time wereptotted(Figure 3.5). 

The first point that was noted from these initial results was the small absorbance values compared 

to those expected. The sensitivity for Pt was approximately halved and this led to a subsequent 

halving of the dilution factor in all future experiments. 

The plot of absorbance against time did not follow a smooth decay curve but was a scatter of 

points about the line. This was attributed to the Gilson pipette picking up precipitate. causing 

scattering of light in the flame and resulting in inconsistent absorbance readings. A reinforcing 
- -

factor for this assumption was the occasional problems encountered due to the precipitate blocking 

the tip of the Gilson pipette. It was though that this problem could be alleviated by carrying the 

reaction out in a centrifuge. 

The values of absorbance for the retained samples were more or less identical to those aspirated 

immediately and it was concluded from this that the hundred fold dilution factor was adequate to 

produce a quenched system. 

3.3.1.1 Trial Experiment II 

A repeat of the previous experiment was carried out but several modifications were made. The 

dilution factor was halved to give a fifty fold dilution, achieved by running the 200 ~l aliquot into 

10 ml of water. The reaction was carried out in a bench top centrifuge. spinning continuously at 

maximum speed. The centrifuge was switched off one minute prior to sampling and allowed to 
. . 

come to rest. It was hoped that this procedure would clear the supernatant and alleviate the 

problems caused by the precipitate. Sampling was carried out every five minutes over the initial 

stages of the reaction. The quenching of the system was checked in the same way as with the 

previous experiment and the results plotted on agraph of absorbance versus time (Figure 3.6). 
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It can be seen from these results that the fifty fold dilution quenched the reaction sufficiently 

and hence it was adopted as the dilution in all future work. 

The results indicated that there appeared to be some sort of induction period of the start of the 

reaction, the Pt concentration in ·solution remaining constant for up to 4S minutes. The cause of 

this induction had to be identified and eliminated before the data could be used for kinetic 

analysis. 

The factors considered as possible causes were centrifuging, supersaturation or possible aquation 

of KzPtCI. in solution. 

Centrifuging could have interfered with what was some sort of diffusion control process, or by 

removing the precipitate from the bulk of the reaction so quickly that no sites of nucleation were 

present for the formation of further precipitate, hence slowing the reaction down and introducing 

an essentially steady state period as indicated by the results. 

Rund (27) found that before KzPtCI. undergoes substitution of chloride for ligand, the chloride is 

replaced by water in a solvolysis step. An incomplete. or not yet equilibrated aquation step would 

slow down the initial reaction and would indicate that a minimum period of aquation is required 

to eliminate the rate limiting step. 

It was found easiest to test the effect of centrifuging by centrifuging just prior to sampling. 

3.3.1.3 Effect 01 Centrifuging on the Induction Period 

A repeat of the previous experiment was carried out but this time the reaction mixture was only 

centrifuged for one minute prior to sampling. The supernatant was cleared by this method but the 

diffusion control process. if present. would not be disturbed to any great extent. 

Samples were taken at various time intervals, diluted, aspirated and a graph of absorbance versus 

time plotted (Figure 3.7) 

The data obtained was not free from an induction period and this observation led to the conclusion 

that a diffusion control process was not responsible for the induction period. However it was 

decided to centrifuge for one minute prior to sampling in future experiments to clear the 

supernatant of finely divided. Pt-containing precipitate. 
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3.3.1.4 The Aquation ot KaPtCI. 

From a consideration of Runds work it was now thought that the induction period was caused by 

incomplete aquation of KaPtCI •. Rund found that the reaction between KaPtCI. and ligand 

proceeds, like most substitution· reactions of platinum (II), by a direct path and also by a path 

that involves intermediate incorporation of a molecule of solvent. Flikkema and Hammond 1211 

found that a chloride ligand of PtCI.2
- in its aqueous solution was replaced reversibly by HaO with 

a reaction period of a few hours according to the reaction 

They also found that the replacement of chloride by water was first order in PtCI.2
-. This first 

order term arising from the solvent path to the product involving the slow attack by solvent 

followed by rapid displacement of solvent by substituting ligand. 

The above is consistent with the observation that the reactions under investigation had an 

induction period. It was considered that preparation of the KzPtCI. solution some time before the 

reaction with the hetero-cyclic base would eliminate the induction period and generate data 

amenable to investigation by initial rate and integral methods. 

A O.2M solution of KzPtCI. was prepared and left to stand for two hours before the ligand was 

added, time zero was taken as the addition of ligand. The sampling and centrifuging processes, 

already developed, were adopted and the absorbance measured. A graph of absorbance versus time 
was plotted (Figure 3.7)_ 

The data showed that an induction phase was still present but even with this short aquation time 

it was greatly reduced. These results looked quite promising and helped to confirm that the 

aquation of KaPtCI. was the cause of the-induction period. It was hoped that the induction period 

could be greatly minimised, or even lost, by increasing the time allowed for the aquation. 

To measure the length of the aquation period required UV spectroscopy was used. The shift in 

position of A .... was studied with the change of PtCIZ. -+ PtClz(H&O)z. . 

3.3.1.5 Investigation ot Aquation ot K2PtC14 by UV Spectroscopy 

A dilute solution of KaPtCI. was prepared and its UV spectrum measured at various time intervals 

over a period of four days. It was found that after a period of forty eight hours the position of,\ .... 

changed quite significantly from 328 nm to 317 nm (Figure 3.8). Thereafter no further shifts were 

observed and it may be assumed that the aquation reaction: 
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was completed within forty eight hours. It may also be assumed that because of the very high 

water concentration the above hydrolysis reaction is 100% to the right at this stage. 

3.3.1.' Effect of 48 Hour Aquation on Induction Period 

The experiment carried out in section 3.3.1.3 was repeated with the exception of the time allowed 

for aquation. A 0.2M solution of KaPtCI. was prepared forty eight hours in advance before the 

addition of the solid ligand. The results are plotted on an absorbance versus time graph (Figure 

3.9). 

It can be seen from the results that the induction period has effectively been removed and a 

normal type of de~ay curve was obtained. 

The development of the method had now reached a stage where the results were of the standard 

required for kinetic analysis. 

3.3.1.7 Summary of Development Method 

A 0.2M solution of KJ'tCI. was prepared forty eight bours in advance. Tbe KaPtCI. solution and 

ligand were then mixed. the ligand as a solid or liquid. This point corresponded to time zero. Tbe 

reaction mixture was thermostated in a water bath at a constant temperature. One minute prior to 

sampling the reaction mixture was centrifuged. A 200 ~ aliquot was removed from the reacting 

mixture using a 200 ~ Gilson pipette. The aliquot was then added to 10 ml of water resulting in 

a fifty fold dilution. The diluted sample was aspirated. the absorbance measured. corrected with 

respect to standard spectrasol platinum ~olution and a grapb of absorbance versus time plotted. 

Atomic Absorption Parameters 

Atomic absorption measurements were carried out on a Perkin Elmer 2280 AA spectrophotometer 

using the following conditions: 

Wavelength 

S lit setting 

Light source 

Flame type 

265.9 nm 

O.7nm 

Hollow cathode lamp 

Air- acetylene oxidising (lean. blue) 
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3.3.2 Development or Ultraviolet Spectroscopic Metbod 

It was envisaged that the complementary AA and UV spectroscopic methods of monitoring the 

kinetics of formation in solution would eventually be carried out simultaneously. Consequently 

much of the experimental metliod already developed for AA was incorporated into the UV 

methodology. This included the preparation of a 0.2 M solution of KaPtCI. forty eight h·ours in 

advance and centrifuging one minute prior to sampling. However it was still necessary to 

investigate certain factors, such as the dilution required, determination of the most suitable 

wavelength, and to check that the UV absorbance of the ligand varied linearly with its 

concentration. 

As the UV technique was to involve measurement of the ligand at a fixed wavelength ().), the 

first problem was to find the most suitable value of )..A O.4M solution of 2-aminopyridine (2AP) 

was prepared and subsequent dilutions carried out until a UV spectrum was obtained which was 

on scale. It was found that the original O.4M solution, which corresponded to the concentration 

of2AP required for the reaction KaPtCI. + 2AP, needed to be diluted one thousand times. The UV 

spectrum of 2AP, is given in Figure 3.10 and it can be seen that it gives rise to two peak maxima 

at 286 nm and 226 nm. As UV spectroscopy was to be implemented to monitor the decrease in 

ligand concentration, it was necessary to ensure that there was no contribution to the absorbance 

value from the K2PtCI. in solution. The same 1 000 fold dilution of a 0.2 M solution of K2PtCI. was 

carried out and its UV spectrum obtained (Figure 3.11). It can be seen that although the K2PtCI. 

solution absorbs strongly at a wavelength less than 250 nm, at the required dilution the absorbance 

above 250 nm can be considered negligible. Consequently it was decided that provided the aliquot 

removed from the reaction mixture was diluted a thousand fold then the change in absorbance of 

2AP could be monitored at the fixed wavelength of 286 nm. 

UV spectra (Fig 3.12) were obtained for the other five ligands and the most suitable value of 

chosen in order to carry out fixed wavelength measurements (table 3.3). 

TABLE 3.3 

UV Wavelengtbs or Ligands 

Ligand 2AP 2APm Pm Py AMPm Pu 
)..fnm 286 291 245 255 286 267 

The next stage was to ensure that the UV absorbance of the ligand varied linearly with its 

concentration. For each of the six ligands several standard solutions were prepared in the 

concentration r~nge O.4.x 10'" - 0.4 JC lOS, and the UVabsorbance at each concentration measured. 

Graphs ofUVabsorbance versus concentration were plotted (Fig 3.13). The results prove that the 

Beer-Lambert Law is obeyed in each case and thus making it possible to monitor the kinetics by 

measuring the UV absorbance of the ligand. 
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As has previously been mentioned a thousand fold dilution was required to bring the absorbance 

of the ligand on scale. This meant that a further modification was required to the sampling method 

already adopted for the AA technique. Here 200 III aliquot.! were removed and added to 10 ml of 

water (50 fold dilution), it was decided that, to obtain the necessary 1 000 fold dilution to remove 

a 1 ml aliquot from the already. quenched solution and add this to 20 ml of water. As two 

successi ve dilutions were now required it was thought necessary to test the reproducibility of such 

a method. A O.4M solution of each ligand was prepared and the above dilute procedure carried out. 

The UV absorbance of each dilute solution was measured four times and the absorbance values 

averages. This was repeated four times for each ligand and the standard deviation calculated 

(Table 3.4). 

TABLEl.4 

Standard Deviations Calculated from UV Absorbance 01 Diluted Solutions 01 each Ligand. 

Std. Dev. of each Std. Dev. of 

solution x 10" four solutions 
x 10" 

Ligand 1 2 3 4 

2AP 6.16 6.38 6.25 6.50 1.54 . -. 
2APm 6.08 .5.99 .5.82 6.11 1.32 

Py 6.08 6.10 6.09 6.12 1.68 
: 

Pm 6.13 6.24 6.19 6.23 1.47 

AMPm 6.41 6.32 6.38 6.37 1.90 

Pu 6.11 6.19 6.09 6.13 1.92 

The standard deviation for the absorbance readings performed on the one solution reflected the 

reproducibility of the spectropbotometer ~~bereas the standard deviation of the mean readings for 

all four solutions reflected the reproducibility of the sampling technique. 

On the basis of the above results if was concluded thatalthougb the UV sampling method required 

an additional dilution step the results obtained were still reproducible. 

One final check was carried out and that was to ensure that the absorbance of the ligand in solution 

did not vary with time. 0.4M solutions of each ligand were prepared and the UV absorbance 

measured, aCter dilution, over a period of three hours. The results confirmed that the absorbance 

of ligand in solution did not vary with time. 
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A trial experiment to establish that UV spectroscopy was a valid method for monitoring kinetic 

parameters was carried out on the reaction between KaPtCI. and 2AP. To an aged solution of 

KaPtCI. (O.2M. 48 hours) 0.188 g of 2AP were added. At various time intervals 200 J.Ll aliquots 

were withdrawn and added to 10 ml water. a 1 ml aliquot was then removed from this solution and 

added to 20 ml of water. This latter solutions was magnetically stirred for a couple of minutes. the 

UV absorbance measured and a graph of absorbance versus time plotted (Fig 3.14). The data 

obtained gave rise to a similar decay curve to that obtained from the AA spectroscopic method. 

3.4 Method of Simultaneous AA and UV Measurement 

The reaction between KzPtCI. and ligand was initiated by adding ligand to a thermostated aged 

solution of KzPtCI. so that the molar ratio was 2: 1 respectively. 

Time zero was taken as the addition of the ligand. Aliquots (200 J.Ll) were withdrawn at various 

time intervals after centrifuging for one minute and pipetted into 10 ml of water resulting in a SO 

fold dilution. This sample was aspirated and the absorbance of PtCl.'· remaining in the reacting 

solution recorded. Further dilution was carried out by pipetting 1 ml into 20 ml of water. and the 

absorbance of the ligand remaining in the reacting solution was measured by at a fixed UV 

wavelength. 

The order ofreaction was determined by monitoring a number of experiments. each time varying 

the initial concentration of the two reactants. All experiments were carried out at a fixed 

temperature of 313K. Initial rate studies were carried out using the following variation in initial 

reactant concentration. 

I} 0.2M KaPtCI. 

2} O.2M KzPtCl· 

3} 0.2M KzPtCI. 

4} O.4M KzPtCI. 

O.4M Ligand 

O.3M Ligand 

0.8M Ligand 

O.4M Ligand 

The reactions were followed for approximately thirty minutes and both the AA and UV 

absorbances measured. Graphs of absorbance versus time were plotted and the tangent to the 

initial slopes drawn. The gradient of this tangent corresponds to the rate constant for the initial 

stage of the reaction for that particular concentration. The log of this rate constant was then 

plotted against the log of the initial concentration of the ligand and the rate constant and order 

determined from the intercept and slope respectively. 
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Having established the overall order of reaction. the rate constants were determined using 

integrated rate equations. In these cases the reaction was monitored by UV and AA spectroscopy 

over at least two half-lives and a plot of absorbance versus time plotted. The experimental 

variation of concentration versus times was then compared to the fust and second order rate 

equations by plotting In (Abs) versus time and l/Abs versus time respectively as necessary. 

The slopes of these graphs yield the rate of reaction (k). 

Experiments were carried out at several different but constant temperatures and the rate constant 

calculated for each temperature. The activation energy could then be calculated by applying the 

Arrhenius equation 

In(k) .. E/RT + Constant (i) 

For each ligand investigated a graph ofln(k) versus lrremp was plotted and the activation energy 

determined from the slop E_ .. slope X R. 

The entropy of activation. ~ S • was determined from the intercept of the Arrhenius plot, since 

the constant in equation (i) is represented by 

Constant .. Intercept .. In (kI) + ~ 

(h) R 

where k - Boltzmann C ."'S r ... ,,~ 
T - Room temperature 

h .. Planck's Constant 

R .. Universal Gas Constant 

Thus In (kTIh) can be regarded as virtually. constant and ~ S can therefore be determined from 

the equation: 

~ S .. R (Intercept - In kD 
h 

3.5 Results 

For the reactions between KzPtCl. and each ligand the initial rate results and the integrated rate 

equation results are reported graphically. The rate constants have been calculated and Arrhenius 

plots drawn in order to determine the activation energy and entropy values for each reaction. The 

raw data for each experiment arc appended. 
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3.5.1 Initial Rate Results 

The initial rate studies were carried out using the following variation In initial reactant 

concentration: 

(i) 0.2 m KaPtCl. 

. (ii) 0.2 m KaPtC~ 

(iii) 0.2 m KaPtC~ 

(iv) 0.4 m KaPtCl. 

0.4 m Ligand 

0.8 m Ligand 

0.3 m Ligand 

0.4 m Ligand 

The reactions were monitored using both AA and UV spectroscopy. The plots of absorbance 

against time are shown in Figures 3.1S to 3.23. 

Tables 3.5 and 3.6 lists the gradients of the tangents to the initial slopes from the various initial 

reactant concentrations obtained from AA and UV spectroscopic methods respectively. 

TABLE 3.5 

Initial Rate Results from AA Spectroscopy. 

Ratio Initial rate (lO'/min") for each ligand 

KaPtCl. : Ligand 2AP 2APm Py AMPm Pu 

1: 2 I.S4 2.43 11.45 2.47 5.86 
1: 3 1.10 1.89 8.57 1.86 4.44 

1:4 3.30 .4.77 22.75 4.79 11.60 

2:2 3.35 .. 4;95 22.21 4.77 11.60 

TABLE 3.6 

Initial Rate Results from UV Spectroscopy 

Ratio Initial rate (lO'/min") for each ligand 

KaPtCl. : Ligand 2APm Py AMPm Pu 

1:2 15.88 26.72 14.32 37.35 

1:3 11.79 20.09 10.75 27.94 

1: 4 30.25 56.64 28.13 72.17 

2:2 30.32 56.45 28.10 75.57 
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Graphs oflog (initial rate) versus log (initial concentration ofligand) were plotted (Typical plots 

are shown in Figures 3.24 and 3.25) and in each case the slope was found to be 1 ±0.09. 

It can also be seen from the above results that when the initial concentration of K2PtCl. was 

doubled the initial rate of reaction also doubled. 

These observations indicate that the reaction is rlIst order with respect to the ligand and is also 

first order with respect to K2PtCl •. Thus the form of the rate equation is: 

3.5.2 Integrated Rate Equation Results 

Since the overall order had been established from initial rates, second order rate constants were 

therefore obtained from plots of I/absorbance versus time (Figures 3.26 to 3.36). Rate constants 

obtained at various temperatures allowed use of the Arrhenius equation to calculate the activation 

energy and entropy. Tables 3.7 - 3.12 show the variation in second order rate constants with 

temperature for each reaction investigated. 

. 

TABLE 3.7 

Second Order Rate Constants Obtained (rom the Reaction 

between KzPtCI. + 1- aminopyridine 

Temperaturelk Rate Constant/min'· 

AA UV 

303 0.0330 0.0122 

0.0310 0.0122 

306 0.0392 0.0154 

0.0387 0.0150 

308 0.0454 0.0176 

0.0453 0.0173 

313 0.0677 0.0257 

0.0691 0.0263 
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TABLE 3.8 

Second Order Rate Constants obtained from the Reaction between 

KaPtCI. + l-aminopyrimidine 

Tern perature!k Rate Constant/min" 

AA UV 

296 - 0.0129 

298 - 0.0142 

303 0.0872 0.0203 

308 0.1303 0.0287 

311 0.1430 0.0329 

313 0.1708 0.0392 

316 0.1995 0.0449 

318 0.2110 0.0532 . 

TABLE 3.9 

Second Order Rate Constants obtained from tbe 

Reaction between KaPtCJ. + Pyridine 

Temperature!k Rate Constant/min" 

AA UV 

294.5 0.0356 0.0158 

0.0356 0.0158 

297.5 .g.0744 0.0184 

298 0.0458 0.0223 

301.5 0.0620 -
0.0021 0.0248 

306 0.0803 0.0427 

0.0803 0.0427 

308.5 0.1023 0.0525 

0.1020 0.0524 

312.5 0.1728 0.0844 

313 0.0000 

316 0.1784 0.0971 
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TABLE 3.10 

Second Order Rate Constants obtained from the Reaction 

between K2PtCI. + 2.amino.4.methylpyrimidine 

Temperature!k Rate Constant/min"' 

AA UV 

303 0.0230 0.0072 

305.5 0.0297 0.0088 

308 0.0410 0.0126 

310 0.0517 0.0164 

313 0.0716 0.0227 

315 0.1057 0.0305 
, 

318 0.1287 0.0395 

TABLE 3.11 

Second Order Rate Constants Obtained from the Reaction 

between K2PtCI. + purine 

Temperature!k Rate Constant/min"' 

AA UV 

299 0.1533 0.0119 

302 0.1690 0.0141 

304 0.2101 0.0151 

306 0.2224 0.0174 

310 .. -0.2735 0.0277 

313 0.3318 0.0256 

TABLE 3.12 

Second Order Rate Constants Obtained from the Reaction 

between K2PtCI. + pyrimidine. 

Temperature/k Rate Constant/min"' 

283 0.0106 

294 0.0303 

298 0.0458 

308 0.1365 
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The reaction between KJ>tCl. and 2-aminopyridine and that between K.PtCI. and pyridine were 

monitored at the same temperature more than once to check the validity of the data obtained and 

to ensure the method was reproducible. 

Figure 3.37 shows a typical first order plot for the reaction between K2PtCI. and ligand, here In 

(Absorbance) has been plotted against time. This plot is not linear whereas the second order plots 

are (Figures 3.26-3.36), thus the integrated rate equation results confirm that the reaction is 

second order overall. 

The Arrhenius equation was applied to the results obtained for each reaction by plotting the 

natural logarithm of the second order rate constant against the reciprocal of the absolute 

temperature (Figures 3.38 • 3.43). The activation energy and entropy were then calculated from 

the slope and intercept of the Arrhenius plot respectively (table 3.13). 

In k2 .. :E. + In (A) 

RT 

where In (A) .. In (kI) + 41 S 

h 

(See Section 3.1) 

. Thus from a plot of In t vs Iff the activation energy, E, can be determined from the slope 

since slope ~ .E. 
R 

E.. ·R (slope) J mol-' 

The intercept is given by the equation 

Intercept • In (kI) + 11 S 

h R 

:. AS • ~ [(Intercept) ~ In~] 

where In(k:r)is a constant 

h 

The intercept on the Arrhenius plot at Iff = 0 is given by In t l • 
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To refer ~ S to a standard state of 1 moldm" Iez needs to be in the units dm'mol-ls·l• The values of 

leI obtained in this experimental work are in the units Abs·1 min'I, since l/Abs instead of 

l/concentration has been plotted against time. To convert tbe units ofkl from Abs·min·1 to dm'mol

IS·I the absorbance value at time equal to zero needed to be found. Since this corresponded to the 

initial concentration of the reagents, which was Ienown, the absorba~ce value at time equal to zero 

needed to be found. This was best obtained by extrapolating tbe second order plot of I/Abs 

against time and the conversion of units was then acbieved by: 

III (x) x Absorbance at time = 0 

Initial concentration x 60 

... (y) dm' mol-IS-I 

:. ~ S III R ('I - In (ID) lK-l mol-1 • 

b 

3.S.3 Summary or Kinetics or Formation Results 

TABLE 3.13 

Ac:tiviation Energies and Entropies, determined by Atomic: Absorption (AA) 
and Ultraviolet (UV) spec:tosc:opy, ror eac:b Reaction. 

Reaction Activation Energy!k1mol- t Activation Entropy/lK-lmol-1 

AA UV - AA UV 
KzPt CI. + 2AP S8±1 S6±2 -114~8 -120~ 6 

- . 
57±2 56±3 

KzPtCl. + 2AP • 47±3 so±o.s -140!' 9 -137~10 

KzPtCl. + Py 60±2 64±1 -98-: 11 -86±6 

62±6 
'. "" 69±6 

", 

KJ»tCl, + Pm - 74±1 - -69± 9 

KzPtCI. + AMPm 94±1 94±2 +6-: 10 tl"! 10 

KJ»tCl. + Pu 
-

44±3 44±2 --1441:12 -lS2-t8 
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3.6 Discussion 

The kinetic data obtained from the reactions between an aged solution of KaPtCI, and each ligand 

indicated that the overall rate of reaction was second order, first order with respect to PtClz(HzO)2 

and first order with respect to the entering ligand. This observation is consistent with typical 

substitution reactions of square planar platinum (II) complexes 1221 •. 

In theory it would appear that square planar substitution should involve a bimolecular 

displacement mechanism. For both steric and electronic reasons substitution reactions in these 

systems would seem to proceed most rapidly by an expansion of co-ordination number to include 

the entering ligand. The platinum metal is exposed for attack both above and below the plane. 

Furthermore these low spin dfl systems have vacant p. orbitals of relatively low energy which can 

help accommodate the pair of electrons donated by the entering ligand. Evidence 1301 suggest that 

the transition state for Pt (II) substitution reactions involves a five co-ordinated species which acts 

as an active intermediate and thus the energy reaction profile may be represented by Figure 3.44. 

y····M-X 
(A) 

(a) 

M-X+Y 

M-Y+X 

Reaction coordinate _ 

Figure 3.44 Reaction Profiles for a Displacement Mechanism 

Y:-M····X 
(8') 

(b) 

In the situation represented by Fig 3.44a the rate determining step is the addition of the 

nucleophile accompanied by structural rearrangement. However, the bond to the leaving group is 

still intact, the mechanism is in the SN2 (lim) category. For a reaction represented by Fig 3.44b 

the addition of the nucleophile is reversible and the rate determining step is the 
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loss of the leaving group, a~companied by rearrangement. The mechanism is SN2 since both 

bond making and bond breaking occur. In either case the rates would show the characteristic 

behaviour of displacement mechanisms in that the nature and concentration of the entering group 

would exert a major effect on the rate of reaction. 

M N Hughes (31) suggested that such reactions proceed by an associative mechanism, reaction rate 

being dependent on the nature and concentration of the entering ligand. The kinetics being of the 
form 

where MA,X represents the platinum complex and Y the entering ligand, kl and kz are the first 

order and second order rate constants respectively. 

This two-term rate law requires a two path reaction mechanism as shown in Figure 3.45. 

A A 

A 
I ,,,,,X 

-x I 
M ~ A-M-"S 

Y 
1"5 I 

A A A 

I -+, A-M-X f .... ,,"I: 

I 
A ~ -A A 

I ,/,X I -t. A--H' ~ A--H Y 

I"y I 
A A 

Figure 3.45 Two Path Mechanism for the Reaction of a Square Planar Complex, MA1X with Y 

The rate constant k\ is due to the slow displacement of X by the solvent, which is then rapidly 

. replaced by Y. A direct nucleophilic replace~ent of X and Y is responsible for k1. 
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For a rate law with first and second order terms, the first order term will make the larger 

proportionate contribution to the rate when the ligand concentration is small. The good second 

order graphs for the data and the invariance of the second order rate constants with changes in the 

reactant concentrations point to a first order path that is either absent or abnormally ineffective 

in generating the product. In the ~eactions studied this first order path was essentially eliminated 

by allowing the KzPtCI. solution to age for forty eight hours before adding the ligand. Thus the 

rate equation for the reactions was then considered to be 

rate = k[PtClz(HzO)J [ligand] 

Square planar substitution reactions of Pt (II) complexes is often considered in terms of the trans 

effect. Basalo and Pearson (301 defined the trans effect as the effect of a co·ordinated group upon 

the rate of substitution reactions of ligands opposite to it in a metal complex. The trans effect can 

be illustrated by considering the methods of synthesis of cis· and trans·Pt(NH,)zClz (Figure 3.46). 

a.) 
Cl CL Cl 

I I I 
Cl-Pt-CL 

I 
Cl 

Cl-P~-NH I J 

Cl 

Nfl3 • CL- P!-NH _ I 3 

NH j . 
CIS 

b) 
NH] 

I 
HN- Pt-NH 
. 3 I 3 

NHJ NH3 

_C._l·_rCl...::::.-J*-NH _'_L-___ Cl-· -l-Cl 
I 3 I 

NH3 NH3 NH3 

trans 

Figure 3.46 Synthesis of cis· and trans- Pt (NH')1 Clz 

The second stage in each of the above reactions is the one of interest because a preferential 

replacement of groups trans to Cl. is indicated. Thus in reaction (a) the second ammonia enters a 

cis position because the trans·directing influence of chloride ion is greater than that of ammonia, 
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which means that the least reactive chloro group in Pt(NH,)CI" is the one opposite ammonia. In 

reaction (b) the chloride ion replaces the most labile ammonia in Pt(NH,),CI+ which is the one 

opposite the chloro group, thus resulting in the formation of Irans-Pt(NH,)zCla• The success of 

these reactions 'depends upon the greater Irans effect of the ligand CI' compared to NH" and the 

fact that the Pt-N bond strength i"s greater than the Pt-CI bond strength. 

The chemistry of Pt (II) complexes has many examples of the role of the Irans effect' in the 

synthesis of its compounds and in their chemical reactions. Extensive observations have provided 

qualitative information on the trans directing influence of various ligands, and the approximate 

order of decreasing trans effect is 

CO, CN', CaH. > PR,. H' > CH;, SC(NHJa > C,H;, NOa, I', SCN"> Br', CI" > Py, HaO, OH', NH,. 

In the reactions studied the intermediate obtained after aquation of KaPtCI. is cls-PtCla(HaO)a and 

it is envisaged that the reaction with the ligand will then proceed as follows 

Cl 

I 
CL 

I 
Cl 

I 
Cl-pt-H 0 I 1 

Hz.O 

-'-_. CL-Pt-L 

I 
HJ.O 

_.;;;;..L-__ Cl-P!-L 

I 
L 

The first replacement of HaO by L takes place in accordance with the trans effect since HaO is more 

labile than CI', Although the Irans effect is still relevant for the second substitution step it is 

proposed that the differences in activation energy obtained for the series of ligands investigated 

are due to the cis effect, An exhaustive investigation lUI has been made on rates of hydrolysis of 

a series of complexes from PtClt through to Pt(NH,),CI" The results suggest that in these 

systems, for which the ligands are weakly trans directive, the cis neighbour has a somewhat 

greater influence on the kinetics than the Irans neighbour to the leaving group, Since the 

complexes studied in this present work involve CI' and derivatives of pyridine and pyrimidine 

ligands, all of which exhibit a weak Irans directing effect, i~ is considered that the cis effect will 

then playa major role in the kinetics. 

81 



Since in this work it is the second stage of the above reaction which was measured by the 

formation of the solid product cls-PtCI,L, then the CI" in the Irans position 'to the entering ligand 

is constant throughout the series of reactions investigated as is the nature of the leaving group. 

H20. This it is essentially the effect of the nature of the entering nucleophile on cis substitution 

that has been measured and could account for the variation in rate constant and hence activation 

energies observed for the six different ligands. 

According to the transition state theory of reaction rates a good estimate of the speed with which 

a chemical reaction occurs c~ be made by a knowledge of the properties oCthe activated complex 

which consists of the aggregate of several reactant moleculelin tho configuration of highest: 
potentiaI energy. The less energy required to form the activated complex. the faster the reaction to 

form the: activated complex. the faster the reaction will proceed. though special non-energy I 
factors can: sometimes slow down a reaction. The entropy between the activated complex and 

the reactants, is such a factor. The entropy of activation is defined by the equation. 

B. is the Arrhenius activation energy, while A H, the enthalpy of activation in solution, is given 

by A H - E. - RT. The entropy of activation is interpreted al being the difference in entropy 

between the transition state and the ground state of the reactants. It is determined largely by the 

loss of translation and rotational freedom as several particles ~ome together in the activated 

complex. Important cbanges in vibrational freedom may also occur if the activated complex is 

more or less tightly orgainzed than the reactants. 

In solutions where cbarged particles are involved. solvation effects often dominate the entropy 
of activation [HI. If ions are formed from neutral molecules, for example, solvent molecules are 

strongly orientated or 'frozen' around the ions and their entropy is lost. Hence, A S, becomes more 

negative, the effect being greater the larger the charge. Ilions come together in the transition state 

with a neutralization of charge, then 'solvation molecules are released and the entropy of activation 

becomes more positive. From both theory and experiment. these solvation effects on the entropy 

are larger for non-polar solvents than for water. 

The values obtained in these studies for the activation energies for the ligand substitution 

reactions with various heterocyclic ligands are all of the same order of magnitude and similar to 

those reported for similar reactions of four co-ordinated square planar platinum complexes. The 

strongly negative entropy (A S) values (table 3.13) obtained for all the reactions except that 

involving 2-amino-4-methylpyrimidine, support an associative mechanism. the more negative the 

value the more ordering implied. This again is in accordance with values reported in the literature 
[S" "". 
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An associative mechanism is one in which the rate determining step involves interaction of the 

reactants to form the activated complex in the transition state. in such cases & S has a negative 

value. If the rate determining step involves bond breaking then the value of & S is positive and the 

reaction proceeds by a dissociative mechanism. Thus it is not the. numerical value but the sign. 

of & S which is significant. 

Nucleophilic substitution reactions may be classified according to Table 3.14. 

TABLE 3.14 

Classification or Nucleophilic: Substitution Reactions 

SM1(lim) SMI S)/2 S)/2(lim) 

Degree of Bond 
Breaking in 
Rate Step 

Large Large Appreciable None 

Degree of Bond 
Making in Rate 
Step 

None None - Small Appreciable Large 

Evidence for 
Intermediate Definite Indefinite None None 
of Reduced 
Coordination . . .. 
Number 

Evidence for 
Intermediate of None None Indefinite Definite 
Expanded Co-
ordination Number 

Thus. consideration of the experimental results obtained in these studies and the above table 

indicates that the reactions studied proceed by an S,,2 associative mechanism. This correlates 

with evidence (101 which suggests that the transition state of platinum (II) substitution reactions 

involve a five co-ordinate species and that such reactions proceed by an 5M2 mechanism. 

The reaction between KzPtCI. and 2-amino-4-methylpyrimidine was the only one studied which 

took place by a dissociative mechanism. & 5 = +6 (AA analysis). & S ~ +1 (UV analysis). This at 

first seemed to be very unusual since entropies of activation for platinum (II) susbstitution 

reactions are usually -negative. however. fairly recently positive & S values have been observed 
1)5.361 
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Steric reasons may be responsible for this change in mechanism. Kukushkin and Ukrainstev [201 

found that methyl derivatives of pyridine reacted much slower than pyridine itself and assumed 

the chief reason for this decrease in rate was due to steric hindrance. In these studies the value of 

the activation energy for the reaction between KzPtCl4 and 2-amino-4-methylpyrimidine was 

nearly double that found for the reaction between KaPtCl4 and 2-aminopyrimidine. Since, as will 

be shown ,later, the activation energy varies directly with entropy (Figure 3.47) then it is 

conceivable that the positive value of 11 S may be due to steric effects. One other difference 

observed in this reaction compared to the others was that the 2-amino-4-methylpyrimidine (AMP.) 

ligand did not totally dissolve, in which case it may be necessary to consider the enthalpy of 

solution (11 H.ol) and entropy of solution (11 Saol)' 

For a reactant for example X, which is only partially soluble the concentration in the saturated 

solution at a given temperature will be fixed. Thus the second order rate law 

Rate = k[PtClt] [X] 

becomes 

Rate = kl [PtCll"] 

where kl is a pseudo-first order rate constant. In this case the reaction will obey first order kinetics 

so long as the solution remains saturated with X. In practice this may be virtually the whole period 

of the reaction provided the rate of dissolution of X is maintained equal to the rate of reaction, for 

example by stirring. 

The way k increases with temperature depends not only on the activation parameters but also on 

the way the concentration of X varies with temperature. The effect of temperature on solubility 

is given by [371 

= (i) 

where L. is the so-called 'final heat of solution' • that is hypothetically the enthalpy change when 

one mole of solute dissolves in a saturated solution. In practice L. is often found to vary with 

temperature but over small temperature ranges (such as used on the experiments reported bere) 

may be regarded as constant. 

When L. is positive (increasing the temperature increases solubility) the reaction rate in a psuedo

first order process of the type we are considering here will increase with increasing temperature 

at a greater rate than if the reaction were conducted with an unsaturated solution. Since equation 

(i) has the same form as the Arrhenius equation it is clear that: 
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• E .... -L. 

where E."._. is the measured activation energy. If second order kinetics are observed then the 

concentration of X is declining in the normal fashion during reaction. This could be due to either: 

(a) Although only partially soluble, X is very largely in solution at the start of the reaction 

and only a small fraction of undissolved X remains to enter solution as the reaction 

proceeds. 

(b) The residual solid X remains undissolved in the solid state throughout the reaction -

possibly prevented from dissolving by the formation of a layer of product (which is 

highly insoluble) on the surface of the particles of X. In this case incomplete reaction 

of the PtCI.2- would be observed. In addition as the temperature increases the less this 

effect will be since the higher the temperature the more X will dissolve. 

In case (a) the effect of temperature on solubility might be neglected since the reaction becomes 

unsaturated soon after the start of the reaction. 

In case (b) however, the variation of solubility may not be neglected as the initial concentration 

of X will vary. 

In the reaction between K2PtCI. and 2-amino-4-methylpyrimidine the reaction did not go to 

completion and this points to case (b) being correct. It was observed that the higher the 

temperature the futher the reaction progressed, for example see table 3.15, this fact also points to 

case (b). 

TABLE 3.1S 

Comparison or atomic absorption values, 90 minutes after start or reaction 

between K2PtCI. and 2·amino-4-metbylpyrimidine, at different temperatures. 

Temperature/k 303 30S.S 308 310 313 316 318 

Absorbance 0.2149 0.2035 0.1772 0.1486 0.1190 0.0912 0.0704 

In this type of situation the validity of using second order rate equations in the form that applies 

to stochiometric reaction mixtures may be questioned. However ,this latter point can be answered 

by pOinting to the good linearity of the plots of l/absorbance versus time (figures 3.32 and 3.33). 
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It was found that a plot of activiation energy versus entropy was approximately linear with a 

slope of 230 K (Figure 3.47). This correlation was also observed in the published data of others 

1
20.,..".".40."1. Such a correlation requires explanation. We have investigated the mathematics of the 

transition state theory equation, from which both the activated energies and entropies were 

calculated. This investigation indicated that there should be a linear relationship between these 

t'!"o activation parameters. 

The equation 

k • U 
h 

(1) 

is derived from the equation £1 G ... £1 H - T£1S which suggests that £1 H varies linearly with £1 S, the 

slope of which would be equal to T. 

This can be explained by considering equation (1) 

In k ... In {lI) - A.H + A.S. 
. h RT R 

:. R T In {ih) ... - £1 H + T £1 S 
kT 

The term on the left hand side can be regarded as virtually independent of temperature provided 

a small range of temperature is used in the kinetic investigations. Althougb the rate constant, k. 

is not constant when considering a variety of reactions it does not vary significantly from reaction 

to reaction to provide any considerable difference to the magnitude of the left hand side. For 

example at T - 300K and k - 1 and 100 this term equates to 8438 Imol" and -8791 Imol" 

respectively. Thus there is a ± 9 kImol" variation in the intercept (when £1 S - 0) in about 100 

kImol" ie there is an approximate 109& variation in the term on the left band side. Thus a plot of 

A H vs A S will be linear ror I wide variety of reactions. the slope of the line being about the 

experimental temperature raDle used. 

Consequently whatever factor governs the rate of reaction, be it steric effects, electronic effects 

or both, should correlate with either £1 Hand £1 S since these correlate with each other. 

The results obtained in this study were compared with similar kinetic studies carried out on 

amines and in partiuclar on lutidines and picolines. The activation energy and entropy values for 

various aliphatic and secondary heterocyclic amines were obtained from Kukushkin and 

Ukrainstev 1421, This data was converted into standard units and plotted on Figure 3.47 and found 

to be in agreement with the correlation between the activation energy and entropy already 

established. 
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Comparison of the data on the kinetics of the reaction of KzPtCI. with aliphatic amines containing 

additional NHz groups showed that with an increase in the number of amino groups the reaction 

rate increases. This agrees with an earlier suggestion that an increase in the number of 

nucleophilic groups in the aliphatic amine leads to an increase in reaction rate. It was also seen 

that steric hindrance due to methyl groups leads to a marked decrease in reaction rate. 

These observations also apply to the reactions under investigation in these studies since the 

reaction involving 2-aminopyridine and 2-aminopyrimidine have much lower activation energies 

than pyridine or pyrimidine. The reaction between K,PtCl. and 2-amino-4-methylprimidine has 

the highest value for the activation energy possibly because it is the only ligand studied which 

contains methyl groups. The values of the activation energy and entropy for 2,3· 2,4. and 3,5· 

lutidine were calcualted using rate constants from published data, unfortunately there was 

insufficient data to calculate these kinetic parameters for the picolines. 

Kukushkin and Ukrainstev 1201 found that the rate of reaction of K,PtCI. with 3· and 4-picoline 

were approximately equal and were considerably greater than the rate of reaction of K,PtCI. and 

2-picoline. The rates of reaction ofK,PtCl. and the lutidines were almost equal and much less than 

the rate of reaction involving the picolines. 

Kukushkin and Ukrainstev concluded that steric hindrance created by the methyl groups was 

responsible for the observed results. 

The value of the acti~ation energy and entropy calculated from published data for the reaction 

between K,PtCl. and lutidine were similar to that obtained for the reaction between KaPtCI. and 

2-amino-4.methylpyrimidine. However, the value of 41 S for the former reaction was calculated 

as ·30 kJmol-' and therefore the reaction proceeded by an associative mechanism. This evidence 

suggests that steric hindrance is not the reason for the positive valve of 41 S obtained for the 

reaction between K,PtCl. and 2-amino-4·methylpyrimidine, but that the insolubility of this ligand 

caused the reaction to change from being associative to dissociative in character. 

Thus it can be concluded at this stage that in reactions of tetrachloroplatinate (II) with N 

heterocyclic base derivatives allowance must be made for steric hindrance created by side chain 

substituents. However, this is clearly not the only factor involved and it may be necessary to 

consider the change in electron density at the nitrogen atom for each different ligand. 
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CHAPTER 4 

Solid State Studies 

Another method of studying the platinum-base bonding is by thermal analysis. in which the 

energetics of the complex undergoing solid state reactions are being dealt with. The aim being 

to determine the activation energy for the thermal decomposition processes in which the Pt-N , 

bond is broken. This may be related to bond strength. The activation energy can be determined 

using either isothermal or non-isothermal techniques. 

4.1 Background Theory 01 Isothermal Analysis 

Isothermal analysis involves looking at the variation of amount of reactant and/or product with 

time. In order to do this several experiments need to be carried out at different but constant 

temperatures. The rate coefficient can then be derived by applying an appropriate rate equation 

and from the temperature dependence of the rate coefficient the Arrhenius parameters can be 
estimated. 

As a measure of the reactant amount at a particular time and temperature it is convenient to use 

the dimensionless extent of reaction. ex. where Cl is equal to zero at the start of the reaction of 

interest and is equal to one at the end. In isothermal studies of a decomposition reaction of the 
type 

A(s) -----> B(s) + C(g) 

kinetic analysis then involves the identification of the function of ex. such that: 

fn(a) ~ k(T)t 

where k(T) _ the'conventional rate constant for the decomposition reaction and is a function 

of temperature. 

There is no theoretical restriction on the form of the function of a although it is sometimes based 

on the concept of a simple order ofreaction. Decompositions of solids are also often satisfactorily 

described by a limited number of expressions based on nucleation of product phase and the rate 

and geometry of advance oCthe reactant/solid product interface so called topochemical processes. 

Some of these expressions are listed in Table 4.1. 
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TABLE 4.1 

Summary ot Solid State KjDetic: Parameters 

Mechanism 

NucleatioD Controlled 

1. Power Law 

Growth Controlled 

2. ContractingSphere 

3. Exponent law 

4. First order decay law 

S. Two dimensional growth 

6. Prout and Tompkins law 

Nucleation-Growth Controlled 

7. Avarmi-Erofeev law 

DirtusloD Controlled 

8. One dimensional (parabolic) 

9. Two dimensional 

10. Three dimensional 

-g(a) .. k(T) , 

a- kr-

(l-(l-a)1I3] = kt 

a- keb 

[l-{l-a)1I3] .. kt 

log-l!-" let 
l~a 

log .JL .. Ie log' 

1-<1 

r 

I-a - exp (-let)-

a + (l-a) In (l-a) ,. kt 

- g(a) is the algebraic function of the physical model according to which the solid reaction 

is assumed to occur. 

k(T) is the rate constant for the process at a temperature. T. 
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Figure 4.1 shows typical IX versus time plots for isothermal reactions. 

1·0 
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c = 

D = 

deceleratory throughout, ie the rate progressively decreases as reaction is 

carried out. 

short initial nucleation period during which the reaction rate increases and 

thereafter the reaction rate is decelerating 

shows a more pronounced induction period followed by a deceleratory 

period. 

more complex reaction which consists oftwo stages the first being of type A. 
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In topochemical processes, which give rise to these types of a versus time plots, the reaction 

takes place at a reactant/product interface, the shape and size of which governs the rate ofreaction 

at a constant temperature. The exact form of the a versus time plot, then, is determined by the 

changing geometry of the decomposing system, especially the geometry of the reaction interface. 

In most homogeneous reactions the whole range of the process fits one kinetic expression. But in 

heterogeneous reactions one expression may hold for the critical few percent of the 

decomposition, to be followed by a second in the acceleratory stage of the reaction and a third or 

even fourth expression may be found to describe the reaction in the deceleratory stage of 

decomposition. 

The following mechanistic stages will generally be present. 

The reactant/product interface is usually established at a limited number of points (nuclei) on the 

surface of the reactant crystal by the formation of micro crystals of product. The reaction 

thereafter proceeds within the strained contact area of reaction/product interface. The strains 

result from the difference between reactant and product molar volumes. 

The reaction initially takes place at those points where there is a favourable energy change, 

generally this occurs at surface defects such as the comers of the reactant crystal which because 

of an imbalance of forces will preferentially form product. This results in the formation of germ 

nuclei which are intrinsically unstable. At this point, after the evolution of gaseous product, the 

solid product is present with the same structure as the reactant and can either reabsorb the 

gaseous product and change back to reactant or can crystallise into product by rearrangement of 

the lattice. Which of these occur preferentially depends on the energetics of the system. Involved 

with this is strain energy which has been introduced into the lattice as the product is formed. As 

a result of strain a small amount of product may shatter and a common feature of topochemical 

reactions is to find that as the reaction proceeds the surface area of the product is much greater 

than that of the starting material. Once the germ nuclei have started to grow and passed the critical 

stage the reaction passes into an accelerato~ period. Growth of the nucleus is the movement or 
the reactant/product interface in a direction normal to its surface due to the thermal decompositioQ 

reaction occurring in a very highly strained region of contact between the adjoining phases. T\c 

basic assumption made here is that the rate of progress of the interface linearly througb lbc 

reactant material is constant at constant temperature. 

- ... ~-,. ... -

- ... - : -- ~ ., .... , -.... - - _. 

Figure 4.2 Schematic Diagram of Nuclei Growth. 
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Eventually the interfaces arising from the growth of two or more nuclei will start to overlap and 

while they will still be moving the point has been reached where the total size of the interface will 

decrease with time due to the overlapping of the growing nuclei (figure 4.2). Further reaction 

results in a progressive decrease in the area of reactant/product interface, so that the reaction is 

now deceleratory. 

The (l versus time curve thus has three major parts. The number of rate laws covering all of the 

sigmoid versus time curve is enormous and each part of the curve is usually treated separately to 

find the individual rate laws. These may be divided into three groups which depend on the location 

of the maximum rate of decomposition (d/dO. 

(a) before (da/dt)max 

(b) each side of (da/dt}max) 

(c) After (da/dt}max 

relationship between (l and time concerned 

with nuclei growth 

laws concerned with both growth and 

interference 

laws concerned with nuclei interference and 

decrease of reaction interfacial surface area 

All of the above are dependent on the nucleation law. 

There are a large number of rate laws for the nucleation process and these include instantaneous 

nucleation and fust order nucleation. In this latter case the rate of formation of growth nuclei is 

proportional to the number of potential nuclei forming sites remaining which is fixed at the start 

of the reaction. 

Rate of nucleation dN/dt - k(N,N) 

where N, • 

N • 
number of possible sites at which nuclei may form 

nuclei present at time t 

The above equation may be rewritten as: ' 

From this it may be seen that for reaction in solids where k is small, the rate of nucleus formation 

is approximately constant during the initial period of reaction, ie 

dN/dt • kN, 
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For systems where It is large, all possible nuclei are formed rapidly at the beginning of the reaction 

and so further nucleation does not occur, ie instantaneous nucleation. 

Nucleation can also be dealt with by power laws. Here the number of nuclei at a given time 

depends on t-, where the integer n· depends on the mechanism of nucleation. This arises because 

the number of potential nuclei forming sites is not constant or fixed at the start of the reaction. 

New potential sites are created by strain in the lattice, where the crystals are under strain due to 

volume changes thus creating new high energy regions where nuclei can form. 

In the acceleratory region of the curve the rate increases as the area of reactant/product interface 

increases and again there are a multitude of possible rate laws. Here the rate law is determined by 

the nucleation pattern and most importantly by the geometry of the reacting system. Potential 

nucleus forming sites may be engulfed by the advancing reaction interface, adding further to the 

complexities. 

In the decay region other rate laws apply and again the geometry is important, but the previous 

pattern of events will also affect the rate law. It has been shown[4SJ that particle size distribution 

can have a considerable influence on the reaction kinetics. Most isothermal rate laws have been 

derived assuming uniform particle size. 

4.1.1 Isothermal ADalysis 

In these studies the isothermal analysis, then, involved studying the variation of amount of 

reactant with time at a constant temperature. The platinum complexes with heterocyclic bases 

were found to be thermally unstable and in each case an early stage of the thermal decomposition 

resulted in the loss of one ligand molecule. The determination of the kinetic data involved a series 

of thermogravimetric runs in which the platinum-ligand complexes were decomposed under 

isothermal conditions. Several experiments were carried out on each platinum-ligand product over 

a range of different but constant temJ)Cra~cs. In order to obtain the necessary precision to enable 

calculation of the activation energy five isothermal runs were required. For each isothermal run 

the rate constant,for the appropriate step involving the loss of one ligand' of the 

decomposition process. was derived by applying the appropriate &opocbemiealltinetic equation. 

This was achieved by first fixing the a - 0 to a-I scale, in which a - 0 at the start of the 

decomposition stage ofinterest and a. 1 was the po in tat which the isothermal thermogravimetric 

curve began to flatten out. The initial and final weights at a - 0 and a-I respectively were 

entered into the spreadsheet and the most suitable isothermal expression found by plotting, on 

screen, the various functions of a versus time graphs. Hence the most suitable isothermal rate law 

for the decomposition could be determined. The Arrhenius equation was then applied and the 

activation energy calculated, for each platinum-ligand product, from the slope of the resulting 

. In(Jt) versus lrremperature plot. 
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4.1 Background Theory of Non-isothermal Analysis 

The use of isothermal methods is probably the most sound in determining kinetic parameters but 

it is very tedious and time consuming. However, there has been considerable interest in the use 

of non-isothermal methods. The advantage of this is that all the information can be obtained from 

one single continuous experiment and so is economical with respect to both time and sample. Also 

there is no uncertainty at the start, such as is found in isothermal analysis when processes can take 

place during the period of heating to reaction temperature. 

A non-isothermal technique generally utilises a linearly varying temperature with time at a 

constant heating rate. In thermogravimetric analysis records of the loss of mass from the sample 

during heating as a function of temperature are obtained. In most non-isothermal analysis it is 

assumed that the reaction is taking place at conditions far removed from equilibrium so that any 

influence of reverse reaction can be ignored. 

With isothermal methods a mechanism is assumed and by substitution of experimental data into 

the various rate equations the best fitting mechanism can be determined. However, this type of 

procedure is more complicated when the method of rising temperature is used. 

The theoretical treatment of the kinetics of decomposition under rising temperature conditions 

rests largely on the combination of the following three equations. 

(a) the differential form of the isothermal rate law 

da/dt - k fn(a) (1) 

(b) The laws describing the temperature coefficient of the rate, usually described by 

the Arrhenius equation 

k ... Aeoll/llT (2) 

where k - the specific rate constant 

A = the pre-exponential factor 

E ... the activation energy 

T = the temperature 

R = the gas constant 
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(c) The equation describing the imposed temperature against time which can be 

represented by: 

T = To + 8t (3) 

where T.... the initial temperature and a linear heating rate has been assumed 

with a heating rate of ~ 

Thus the temperature programmed reaction profile is: 

da/dt • fn(a) A e[-E/R(To "ST)J (4) 

The da/dt versus temperature curve contains information which should yield fn(a), the activation 

energy and the pre·exponential factor. 

The combination of these three equations will enable the kinetic parameters to be established, 

however, this combination does carry certain implications. The Arrhenius equation is almost 

invariably assumed to bold over the entire temperature range. This assumption may not hold and 

the most common deviation is the occurrence of two or more linear plots when plotting In(k) 

against l/temperature. Another matter which is essential to the calculation is the correct choice - . 

of the specific reaction rate incorporated in the Arrbenius expression. It has been found that the 

activation energy and pre.exponential values for solid state decompositions are environmentally 

dependent and that the values calculated from rising temperature experiments should not 

necessarily agree with those obtained from traditional isothermal methods. 

A number of methods of interpreting non-isothermal data from heterogeneous reactions and many 

solutions to the problems of determining the activation energy t the pre-exponential factor and the 

function of a, have been proposed. Ses~ bas classified these proposals on the basis of the 

mathematical methods employed or the region of the a - temperature curve which is being 
examined as: 

(a) differential methods 

(b) integral methods 

(c) approximation methods 
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One example of a differential method is that proposed by Freeman and Carront44
) in which it is 

assumed that the reaction can be described by a simple order of reaction 

dr! = 
dt 

when a = 
n 

extent of reaction 

order of reaction 

Substituting equation (5) into the Arrhenius equation: 

-E/RT 
do!! = Ae (l-a)-
dt 

. In ~ • In A - B. + n In (I-a) .. 
dt RT 

Differentiating equation (6) 

!J. In (dllt.,l 

A In (1- a) 
-:.s. 

R 
~TL + n 
A In (I-a) 

Thus the slope of a plot of the left hand side of equation (7) versus 

the calculation of the activation energy. 

Integral methods make use of the integrated form of equation 1. 

~
a 

-1L -
(1-0() 

o 

(TaU 
~ A e -E/k(T~ + t) dt 

Tatt-O 

AfLTL will enable 
A In (l-a) 

(5) 

(6) 

(7) 

(8) 

the solution of equation 8 consists of an infinite series of which. usually. the first two terms serve 

for all calculations of interest. These methods were used by Doyle!U) and also by Coats and 

Redfern(46) who proposed the following equation. 

In [1 -C1 -a)(I-~] - In(AR rl -m]~-..B. 
T2(l - n) ~8E lEI) RT 

(9) 
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The In [:: [I • 2fI II term is usually regarded 

as constant over the temperature tange of a peak. 

Hence if the left hand side is plotted against l(r using various values of n (the order of reaction) 

until a straight line is obtained, the value of the activation energy can then be calculated from the 
slope. 

In order to remove the uncertainty in the isothermal rate law Ingraham and Marrier·?1 proposed 

an approximation method for interpreting non-isothermal data. A cylindrical pellet of the reacting 

solid is formed and when the reaction occurs it docs so by nucleating on the circular faces and 

following a contracting cylinder topochemical rate law. They put forward a modified kinetic 

equation which takes into consideration the temperature dependence of the pre-exponential factor 

da/dt • AT e....-r fn(a) (10) 

Another method of removing uncertainties is that developed by Gentry. Hurst and Jones (41. in 

which non-isothermal experiments arc carried out at different beating rates. The method was 

actUally developed for temperature programmed reduction (tpr) reactions but should be equally 
applicable to any topochemical process. 

For a reaction of the type Solid + Gas -+ Products in which gas flows over the solid at a constant 

rater. Gentry. Hunt and Jones derived the following equation. In doing SQ they assumed that the 

variation of rate constant with temperature can be described by the Arrhenius equation and that 

the temperature increases linearly' with. time. 

2In(T.) - In8 + In(G) •• E/RT. + constant (11) 

where Tm • 

8 • 

(G) •• 

the temperature at which rate is a maximum 

the heating rate 

the composition of the gas phase in tpr which in this study can be regarded 

as a constant. 

In order to derive the activation energy values ofT. are measured at different heating rates. From 

a graph of the left hand side of equation (II) the activation energy can be calculated from the 
slope. 
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Doyles Method 

Doyle eliminated the necessity for assumptions about the form of the function of a by extending 

experiments to include an additional isothermal run. This run is then compared at equivalent a 
values a. with the non-isothermal run. Under isothermal conditions (T - T.) 

At a constant heating rate ,: 

a = a. at T ... T, and 

where x, .. E/RT 

so that 

hence t. 

and E + Inp(xJ 

RT, 

Evaluation of p(xJ still requires an estimate of the activation energy. This could in principle be 

done by trial and error but if x is sufficiently large (>20) and the temperature interval for the non

isothermal scan is restricted «100 K) then log p(xJ is an approximate linear function of x, ie of 
Iff, 

log x= a + bx 

Doyle gives values of: 

a .. -2.31S 

b = 0.4567 
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sothat logp(xJ~-2.31S - ~E(l\ 
R ,I 

and hence: 

E 

In It - m(lrrJ + constant 

A plot of In It against (lrrJ should thus be linear with a slope m - M.5..61.E 
~ 

from which a value for the activation energy can be estimated. 

The advantage of not having to assume a form of the function of a has been gained at the expense 

of additional experimentation. Doyles method does have the disadvantage that the evaluation of 

p(xJ involves approximations and that allowance has to be made in measuring t. for the period 

required for the sample to reach the isothermal reaction temperature T, 

4.3 Method 

Before any accurate thermogravimetric analysis could be carried out certain experimental 

conditions had to be decided upon. This involved selecting the most suitable furnace atmosphere 

and the most appropriate weight and particle size of the sample. 

The nature of the surrounding atmosphere can have a profound effect on the temperature of a 

decomposition stage. Normally the function of the atmosphere is to remove the gaseous product 

evolved during thermogravimetry in order to ensure that the nature of the surrounding gas remains . 

as constant as possible throughout the experiment. The most common atmospheres employed in 

thermogravimetry are: 

(a) .. static air (air flows around the furnace by convection only) 

(b) dynamic air where air is passed through the furnace at a measured rate 

(c) dynamic inert often nitrogen gas which provides a non-reactive atmosphere capable 

of transporting product vapours away from the sample. 
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Preliminary experiments were carried out employing all three types of atmosphere. Using a static 

air atmosphere the time taken for the complex to decompose isothermally over a range of 

temperatures from 545 K to 570 K was well in excess of forty eight hours. This was thought to be 

due to the build up of product gas around the sample which inhibited the decomposition process. 

It was found that when a nitrogen atmosphere was used there was a tendency of the evolved 

ligands to condense on the sample container hang down rod, evident by a brown tarry film, which 

consequently resulted in inaccurate weight changes being recorded. Thus a dynamic air 

atmosphere was chosen to carry out the thermogravimetric analysis since it did not give rise to any 

of the practical problems associated with the static air and nitrogen atmospheres. 

The weight and particle size of a sample also governs the thermogravimetric results. Large 

particle size can often create deviations from linearity in the temperature rise so consequently 

each sample was finely ground before any thermogravimetric experiments were carried out. 

A large volume of sample in the crucible is also a disadvantage since not all of the sample will 

necessarily be at the same temperature. In addition a large volume can also impede the diffusion 

of evolved gas. Consequently different parts of the sample may be at significantly different 

temperatures and will have reached different stages of decomposition at any given instant. The 

resulting thermal and reaction gradients across the sample will lead to the production of a poorly 

defined thermogravimetric curve. Use of a small volume of sample will minimise these effects, 

although too small a sample may result in a loss of precision. In these studies it was found that 

samples of approximately 5 to 10 mg proved to be the optimum.-

Experimental Procedure 

Thermogravimetric analysis was carried out using the METTLER T A 3000 system, the instrument 

layout of which is shown schematically in figure 4.3. 

B o..lo.."c.e. 
TA 

M ia'lX.ompv\'v-
PI"'O~r-~"",Q.1'" 

FVI"'I\o.c.Q. 
Pr"'~1'" P""ter 

Plo,*e.r 

Figure 4.3 Schematic Representation of METTLER T A 3000 System 
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Non-isothermal thermogravimetric analysis involved accurately weighing the sample using the 

balance. The experimental parameters such as temperature range, heating rate and initial weight 

were then entered into the TA processor. The sample was transferred to the sample holder 

and the furnace raised while still at room temperature. 

Isothermal thermogravimetric analysis involved weighing the sample and inputting the 

experimental parameters such as isothermal temperature, length of time of isothermal analysis 

and initial weighL The sample was transferred to the sample holder and the furnace preheated to 

the required experimental temperature before being raised. Typical input data for both isothermal 

and non-isothermal thermogravimetric analysis are given in the appendix. 

Once the thermogravimetric analysis experiment was completed the. results were temporarily 

stored in the T A processor. The raw data was then transferred to the Epson microcomputer for 

permanent stQtage and evaluation. 

4.4 Treatment otData 

The evaluation of eacb isothermal experiment was carried out using a spreadsheet program. The 

raw data stored in the T A 72 system was copied to the DOS partition on the hard disc. Changing 

to an alternative operating system allowed conversion of raw da~ to an_ ASCII file containing a 
specified number of data points. Eacb point bad recorded values of time, temperature, weight and 

weight change. Typically the raw data whicb consists of6 000 points would be compressed to 100 

points. After loading the spreadsheet program the compressed ASCII file data could be imported. 

parsed and manipulated. Various spreadsheets were developed as the work progressed designed 

to evaluate the various isothermal kinetic expressions relative to solid state chemistry studies and 

allowed graphical and statistical evaluation of the validity of these in any particular experimenL 

After importing and parsing, the r~w da_ta contained in cells Al - D -14 (figure 4.4) are then 

manipulated by the area of the spreadsheet designed to interpret the information kinetically. Tbis 

area of the spreadsheet is contained in cells A200 - N316, (figure 4.5). Tbe time is given in cells 

A200 - A316. Cells B200 - B316 is denoted f which is the fraction decomposed 

ie. final weight - weight at time. t 

final weight - initial weight 

where initial weight and final weight are given in G8 and G9 respectively. These are variable 

parameters which the user can select by discretionary interpretation of the original raw data 

which may cover a wider weight loss range than is actually required. For example in the 

interpretation of data from thermal analysis of a compound where it was the second stage of 

decomposition w'hich was of interest the initial weight would not be the initial experimental 

. weight but rather the weight at the end of the first step. The values contained in column B are 

utilised throughout the rest of the spreadsheet. 

102 



Columns C • M correspond to the formula of various isothermal rate laws. If Row 203 (figure 4) 

is considered then the formulae would be as listed io table 4.2. 

Cell 

C203 

D203 

E203 

F203 

G203 

H203 

1203 

1203 

K203 

M203 

TABLE 4.2 

Isothermal Rate Laws aDd Corresponding 

Spreadsheet Formulae 

Formula Rate Law 

@ In (B203) In f 

@ In (A203) In t 

+B203/(1-B203) f/l-C2nd Order Law 

@ In (E203) n (C/(1-f)] Prout Tompkins Log Law 

@ In [-In (I-B203)] In [-In(l-f)] Erofeev Equation 

1- (I-B203) 0.3333 - '/1 -I - (l-f) Contracting Sphere 

@ In (I-B203) • (-1) -In (I-f) First Order Decay Law 

1/B203 l/CReciprocaI Law 

+ 
l![(SLS200-1) • (I-B203) (SLS200 - 1)] 1/(n-l) (1-f)'" where n is the 

'order of reaction' , a parameter 

-- --- which CaD be chosen by the user 

to give a best fit and is entered 

in L200 eg in Figure 4.5 the value 

is given as 3 

+A203/SNS200 I/r..s Reduced Time Scale where t... is 
the half time oC reaction chosen by 

the user from columns A and Band 

entered as a parameter in N200. 
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+ This variable rate law was derived from the equation: 

rate = df 
dt 

df 
dt 

t;X (1-f)-

= k (1-f)-

..dL = kdt 
(1-f)-

Integration using tables of standard integrals gives 

1 = kt 

(n-1) (I-f)"· 

Figure 4.6 shows how the application of regression analysis was carried out on the spreadsheet. 

The spreadsheet incorporated a limited linear regression facility which will give the slope. 

intercept and correlation coefficient of any given ranges. These data were placed. by the user. in 

cells A307. A306 and A308 respectively. The regression analysis has been extended to include 

the standard deviation of the slope (useful in assessing errors in rate constants) by inserting 

appropriate formula in cells K307. K308. K309. H307. H308. H309 and F307. 

Standard deviation is given by the equation 

S. • SrI 
Sill( . 

where Sr2 • 

Thus the formulae were entered into the spreadsheet as follows: 
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Cell Spreadsheet Formula Mathematical Formula 

H307 @ sum (Range of x) 1: x, 

H308 @ sum (Range of y) 1: y, 

H309 @ count (Range of x) n 

K307 +B309 - (H307 • H307/H309) 1: x,' - (1:z,)2/n .. S .. 

K308 +B310 - (H308 • H308/H309) 1: y,' - (1:y;)2/n .. S" 

K309 + (K308 - (B307 • B307 • K307»/(H309-2) S" - 82 S.Jn-2 - Sri 

F309 @ SQRT (K309/K307) Sr2/S .. - SB 

1: x,' and 1: y,' were already incorporated in the spreadsheet and placed, by the user, in cells B309 

and B310 respectively. 

4.5 Results 

For each of the six complexes formed by the reaction between K,PtCI. and ligand the 

thermogravimetric analysis results are reported. In each case non-isothermal and isothermal 

experiments were carried out, the appropriate topochemical rate law applied and the activation 

energy for the decomposition calculated. 

4.5.1 ds-Pt(l-aminopyrimidine)aCla 

The non-isothermal thermogravimetric curve (Figure 4.7), obtained using a linear heating rate 

of S Kmin-·, indicated that this complex decomposed in two distinct steps. The first of which 

corresponded to the loss of one molecule of2-aminopyrimidine, that is there was a 20.8% weight 

, loss. The theoretical percentages of 2-aminopyrimidine, platinum and chloride present in the 

complex were calculated. 
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1. 

2. 

3. 

TABLE 4.3 

Comparison or Theoretical and Experimental weight Losses rrom 

cis - pt (2-aminopyrimidine). CI. 

Percentage Weight Loss 

Process Theoretical Experimental 

Loss of one mole of 2 aminopyrimidine 20.8 20.8 in 1st 

step of TO 

Loss of two moles of Cl atoms and 36.4 36.1 in 2nd 

one mole of 2-aminopyrimidine step of TO 

Loss of aU ligands leaving metallic 42.8 43.1 total loss 

platinum at 590°C 

Consequently it was decided to carry out isothermal analysis only on the first stage of 

decomposition reaction since this involved the loss of one ligand molecule and hence involved 

platinum-nitrogen bond breaking. 

The differential thermogravimetric curve indicated that the temperature at which the rate law is 

at a maximum in this decomposition step is 545 K. Five isothermal experiments were carried out 

at different but constant temperatures ranging from 548 K to 568 K. Figure 4.8 shows the typical 

results obtained from this isothermal analysis. In each case the thermogravimetric curve flattened 

out at around an approximately 21 % weight loss and this point was taken as a = 1 in the 

subsequent evaluation. 

The evaluation was carried out using the spreadsheet. For each of the five isothermal experiments 

a graph of a versus time was plotted and found to be of the form shown in Figure 4.9. Since these 

a versus time plots were linear for the whole range of the decomposition step, ie from a= 0 to a 

- 1 and since fn(a) - kt, then the rate constant, k, for this decomposition reaction can be 

determined directly from the gradient of this plot (Table 4.4). 
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TABLE 4.4 

Rate Constants Obtained at each Isotbermal 

Temperature Corresponding to the 1055 01 

one mole 01 l-aminoP1rimidine 

Temperaturelk Rate constant/IO's" 

548 6.09 

553 7.60 

558 11.7 

563 12.7 

568 16.4 

A graph of InCk) against l/temp figure 4.10 was plotted and the activation energy calculated from 

the slope as 129 ± 9 kJmol" 

, 
Doyles Method 

Doyle eliminated the necessity for assumptions about the form of the function of a by comparing 

experimental results from the isothermal analysis with equivalent a values obtained from a non

isothermal analysis experiment. Doyle derived the following equation: 

10g(tJ .. m(lrrJ + C 

where " 
T, 
C 

m 

.. .. .. .. 

time corresponding to a in the isothermal run 

temperature corresponding to a in the DOD-isothermal run 

constant 

0.4567E/R 

Non-isothermal analysis was carried out on the Pt(2APm)zClz complex at a heating rate of 

1 Kmin·'. this was compared with equivalent values of ex from the isothermal experiments at 553 

K. 558 K and 563 K. The evaluation of both isothermal and Don-isothermal curves was achieved 

using the step evaluation function of the TAn graphware. Table 4.5 summarises the results when 

the non-isothermal data was compared with the isothermal data obtainedata temperature of 553 K 
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TABLE 4.5 

Comparison olTime (Isothermal Analysis) with 

Temperature (Non-Isothermal Analysis) at Equivalent and Values 

a Time (tJ log (tJ Temperature (T JIK Iff/10'K-1 

0.1 19.42 1.29 574 1.74 

0.2 49.55 -1.70 592 1.69 

0.3 75.02 1.88 599 1.67 

0.5 123.94 2.09 608 1.64 

0.75 181.59 2.26 619 1.62 

A graph of 10g(tJ versus Iff, was plotted (Figure 4.11), the activation energy was calculated 

from the slope and found to be 146 ±3 klmoJ-1
• 

Similar graphs of 10g(tJ versus Iff, were plotted using data from the isothermal curves obtained 

at temperatures of 558 K and 568 K. The activation energy was calculated in each case and found 

to be 146 ±3 klmol-I and 145 ±2 klmol-I respectively. Doyles method was also applied by 

comparing equivalent values obtained using a non-isothermal heating rate of 2 Kmin- I and the 

isothermal at 253 K. Again the activation energy was found to be 147 kJmol- l
• 

These results indicated that Doyles method is consistent within itself. As a further check of the 

reproducibility of Doyles method the value of the actual intercept can be compared with that 

calculated by the equation: 

intercept = log (E/R) + E - 2.315 

2.303 R.T, 

where To' - the temperature of the isothermal run. 

This value should correspond to the actual intercept from the plot of 10g(tJ versus Iff,. 

Actual intercept - 15.30 

Calculated intercept = log 146 x 10' + 146 x 10' .. 2.315 

8.314 2.303(8.314)533 

= 15.72 
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These results appear to confirm that the theory of Doyles method applies. However, the fact that 

there is an unacceptable difference in the value of the activation energy compared with that 

obtained isothermally (129 kJmol- l
) places doubt upon the validity ofDoyles method in estimating 

the activation energy for the decomposition of the types of complexes under investigation. 

Application 01 Gentry, Hurst and Jones'Method 

Non-isothermal analysis was carried out using heating rates of I, S, 10,20 and 30 tmin- I
• The 

first step of the decomposition reaction was analysed by the method of Gentry, Hurst and lones, 

which can be adapted from its original purposes in temperature programmed reduction 

experiments to give. 

21n (T,J -ln8. E/RT. + constant 

where T. 

8 

• . temperature at which rate law is a maximum 

= heating rate 

A graph of [2In(T,J -In(8)] versus lfr. was plotted (Figure 4.12), from which it can be seen that 

there is a wide scatter of points and the data does not give rise to a satisfactory linear plot. 

However, the best striUght line througb the data resulted in an activation energy of 413 timol-' 

compared to 129 kJmol-1 obtained isothermally. These results indicated that the Gentry, Hurst and 

Jones method is not acceptable for calculating the activation energy of decomposition for 

complexes of the type under investigation. 

4.5.2 eu-Pt(%-amiDo-4-metbylpyrimiDdiDe),CI. 

The theoretical percentages of platinum, 2-amino-4-methylpyrimidine and chloride in the complex 

were calculated for comparison with experimental weight losses in order to identify 

decomposition processes. 
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; 

TABLE 4.6 

Comparison or Theoretical and Experimental Weight Losses 

. from cis - Pt (2-amino-4-methylpyrimidine), Cit· 

Percentage Weight Loss 

Process Theoretical Experimental 

Loss of one mole of 2-amino-4 22.S 22.S in lst 

-methylpyrimidine step of TO 

Loss of two moles of CI atoms 37.1 36.9 in 2nd 

and one mole of 2-amino-4- step of TO , 
methylpyrimidine ; 

Loss of all ligands leaving 40.4 40.6 total loss 

metallic platinum at 500°C 

The non-isothermal thermogravimetric curve (Figure 4.13) obtained for the decomposition of this 

complex again gave rise to two distinct steps, the first of which corresponded to a 22% loss in 

weight which is equivalent to the theoretical percentage of one molecule of 2-amino-4-

methylpyrimidine. Consequently isothermal analysis was carried out on this first step of the 

decomposition over a range of temperatures between 548 K and 568 K. Figure 4.14 shows the 

typical isothermal curves obtained. 

Using the spreadsheet it was found from reduced time plots that for all five isothermal 

experiments the a versus time curves were of the same type as shown in Figure 4.15. On 

investigation it can be seen that the plot of a versus time is linear for approximately the first 

eighty percent of this first decomposition step. Thus the rate can be determined directly from the 

slope of this line. The results from each of the five isothermal experiments are summarised in 

Table 4.7. 
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TABLE 4.7 

Rate Constants obtained at each Isothermal Temperature 

Corresponding to the Loss 01 one Mole 01 

2-amino-4-methylpyrlmidine 

Temperature/K Rate/10's-1 

548 3.1 

553 4.08 

5S8 6.1 

563 7.7 

568 10.5 

The activation energy for this decomposition process was calculated from the slope of the 

Arrhenius plot (Figure 4.16) and found to be 161 ± 8 kJmol- l • 

Doyles'Method 

Doyles'method was applied using data from a non-isothermal at a heating rate of 1 Kmin-' and 

comparing it with equivalent a values from the isothermal run at 558 K (Table 4.8). 

a 

0.1 

0.2 

0.3 

0.5 

0.75 

TABLE 4.& 

Comparison 01 Time (Isothermal analysis) and Temperature 

(Non-Isothermal analysis) at Equivalent a Values 

Time (t l ) log (tl ) Temp (TI)/K lIT J10'K-' 

16.06 1.206 586 1.707 

45.87 1.662 603 1.659 

73.07 1.864 612 1.633 

123.96 2.093 624 1.602 

198.04 2.297 633 1.581 

- A graph of log(t l ) versus lIT. was plotted (Figure 4.17) and from the slope the activation energy 

was calculated as 147 kJmo1-1• 
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Application of Gentry, Hurst and Jones Method 

Non-isothermal analysis was carried out at heating rates of 1.10.20 and 50 Kmin"'. Oentry. Hurst 

and Hones method for interpreting non-isothermal results was applied to the data and a graph of 

[21n(T.)-ln] vs ur. was plotted (Figure 4.18). Again there was a wide scatter of points and a 

satisfactory linear plot was not obtained. The activation energy. calculated by the beststraight line 

through the points. was found to be 358 kJmol"' which is not compatible with that obtained 

isothermally (161 kJmol"'). 

It was thus decided to reject the Oentry. Hurst and lones method as a means of interpreting non

isothermal data since it produced unacceptable results for both complexes so far investigated. This 

was not too surprising since the method was developed specifically for temperature programmed 

reduction reactions using hydrogen which is an extremely highly diffusive gas. In these studies 

it is evolution of the ligand which is occuning and so consequently the diffusion rate for the larger 

molecule will be much slower and could result in the onset of a diffusion control process when the 

chemical ratc is high. This is particularly true at higher heating rates. 

4.5.3 cis-Pt(pyridine)aCIs 

The differential thermogravimetric curve (Figure 4.19) from the non-isothermal experiment - -. 
carried out using a linear beating rate of 2 Kmin"' indicated that there were four stages of 

decomposition. The ·weight loss for steps one and. two were found to be 4.1% and 11.9% 

respectively. It was thought that the first step in the decomposition process may be due to the 

loss of a molecule of water. Consequently in the calculation of the theoretical weight percentages 

the formula of the complex was taken to be Pt(Py)aC1, H,O. 

TABLE 4.9 

Comparison or Theoretical and Experimental Weigbt Losses . , 

from tis - Pt (pyridine), Cl, 

Percentage Weight Loss 

Process Theoretical Experimental 

1. Loss of one mole of water 4.1 4.1 in Iststep 
of TO curve 

2. Loss of one mole of pyridine 17.9 17.9 in 2nd step 
of TO curve 

3. Loss of two moles of CI atoms 33.9 33.2 in 3rd step 
and one mole of pyridine of TO Curve 

.. 4. Loss of all ligands leaving 44.1 44.8 total loss 
metallic platinum at 500°C 
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Thus from these theoretical values it was predicted that the first step did correspond to the loss 

of a water molecule and that the second corresponded to the loss of a pyridine molecule. 

In order to verify that water was involved in the initial decomposition Mass Spectrometry was 

utilised. This technique involved the setting up of a small reaction tube and program able heater 

on the spectrometer sample inlet system. A small quantity (100 mg) of the complex was heated 

in the reaction tube and the change in the mle 18 peak intensity was monitored during the course 
of heating. 

On heating the sample at a temperature of approximately 423 K a small peak at mle • 18 was 

detected, the intensity of which did increase. However, the appearance of this peak was not 

convincing confirmatory evidence for the presence of bound water in the complCLfor the 

following reasons: 

the peak was smaller than expected. 

the origin of the peak may have been absorbed water on the tube surface, desorbing 

on heating. 

the glassware above the furnace would have been at a lower temperature and therefore 

any water vapour present may have condensed or absorbed onto the glass walls. 

As a result of the inherent practical problems it was decided that it was not worthwhile pursuing 

this technique, but rather to concentrate on experiments designed to study the second 
decomposition step which is unequivocally loss of one molecule of pyridine. 

Isothermal decompositions were carried out on the second step of the decomposition reaction 

since this involved the loss of a ligand molecule. The procedure adopted involved rapidly raising 

the temperature from a starting temperature of 308 K to the required isothermal temperature 

(which ranged from 491 K to 508 K) using a linear heating rate of 100 Kmin-2 in order to remove 

any traces of water present over this heating period. 

This was preferred to the normal procedure of plunging the sample into a preheated furnace which 

would probably result in simultaneous reactions involving both first and second steps of 
decomposition. . 

The isothermal analysis of the second stage of the decomposition then proceeded as normal. 

Typical isothermal curves obtained for the second step of the decomposition are shown in Figure 
4.20. 

It was found that for each of the seven isothermal experiments the a versus time plots 

(Figure 4.21) yielded a straight line for approximately the first 85% ofthe decomposition reaction. 

The rate constants were calculated directly from the slope and the results are tabulated below 

124 



• 
o 0 

!N 
• • C • o ~ 
Z~ 

N 
1"\ -U 
-..J 

N 
1"\ 

• lit L I 
~ 
Q.a 

-..J N . ,., 
+' • 
o..~ 

Figure 4.19 

......----- -----4 

Non-isothermal Decomposition of Pt(PY)2C12' 

125 

· r 
~ 
I • I 0 
-0 
~. ~ 

~ 

r 
i ci 
-0 
I N 
!.. • -, 
I · I 
I 

j. 
1. 

Ld 
I 0 · .... 
I 
~ • , 
I -I 
i
t 

r 



TABLE 4.10 

Rate Constants obtained at each Isothermal Temperature 
corresponding to the loss or One mole or Pyridine 

Temperature~ Rate constant/10's-' 

487 5.85 
491 4.84 
493 9.14 
498 10.1 
503 14.5 
50S 26.9 
508 37.1 

An Arrhenius plot was plotted (Figure 4.22) and the activation energy calculated as 

173 ± 9 kImol-'. 

The kinetics of the decay portion of the isothermal curve was also investigated. However the 

decay portion of the curve is not well defined in the higher temperature range, and the runs at 

498 K, 503 K, 50S K and 508 K were omitted from decay region analysis. 

From the shape of the isothermal curves it was thought that the decay region might obey the first 

order decay law, in which case -In(l - a) = kt in which a the fraction reacted is a fraction of the 

decay region. 

The first order decay law was found to be obeyed and the rate constants were determined from the 

slope ofthe plot of -10(1. a) vs time (Figure 4.23). The results are summarised in Table 4.11. 

TABLE 4.11 

Rate Constants obtained at each Isothermal Temperature 
.. ---

corresponding to the Decay Portion or the a vs time plot 

Temperature!K Rate constant/10's-' 

487 2.89 

489 3.36 

491 3.98 

493 5.11 

An Arrhenius graph was plotted (Figure 4.24) and the activation energy found to be 194 kImot-' 
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The difference in activation energy between the linear and decay portions of the isothermal curve, 

173 and 194 KImol-1 respectively, indicate a change in the mechanism of decomposition once the 

reaction has undergone 85% of decomposition. It is interesting to note that the first order rate law 

is only obeyed at lower temperatures, the isothermal runs at higher temperatures gave non

reproducible results. This may point to a temperature dependence of the first order decay law 

being obeyed. 

Doyles Method 

Doyles method was applied using non-isothermal data obtained at a linear heating rate of 2 Kmin

I and isothermal data taken from the experiment at temperature 478 K (Table 4.12). 

a 

0.37 

0.41 

0.50 
0_60 

0.70 

0.80 

TABLE4.U 

Comparison of Time (Isothermal Analysis) and Temperature 

(Non.Isothermal Analysis) at Equivalent a Values 

Time (t l ) log (tl ) Temp (T1)/K I/TJI0' K- I 

5495 3.74 519 19.27 

6273 3.80 521 19.21 

7149 3.89 525 19.06 

9594 3.98 528 18.94 

11439 4.06 530 18.88 

13284 4.12 532 18.80 .. 

A graph of log(tl) vs Ufl was plotted (figure 4.25) and the activation energy calculated as 146 

kImol- l • 

For each of the three complexes studied so far Doyles method has given an activation energy of 

146 ± 2 kImol-1 thus making it impossible to distinguish binding between different ligands. In 

addition the value of the activations energies do not correlate with the respective energies 

determined isothermally. Thus for the type of complexes under investigation Doyles method was 

rejected as a valid means of calculating the kinetic parameters. 
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4.5.4 cis-Pt(2-aminopyridine),CI, 

The theoretical percentages of platinum, 2-aminopyridine and chloride present in the complex 

were calculated for comparison with experimental weight losses in order to identify 

. decomposition processes. 

1. 

2. 

3. 

TABLE 4.13 

Comparison or Tbeoretical and Experimental Welgbt Losses 

rrom cis • Pt (2·aminopyrldine), CII 

-

P,,"oc.4t."~ 
Percentage Weight Loss 

Theoretical Experimental 

Loss of one mole of 2-aminopyridine 20.7 20.6 in lst 

step of TO curve 

Loss of two moles of CI atoms and one 36.3 36.3 in 2nd 

mole of 2-aminopyridine step of TO curve 

Loss of aU ligands leaving metallic 42.95 43.1 total 
-

platinum loss at 500°C 

The non-isothermal thermogravimetric curve (Figure 4.26) obtained for this complex indicated 

that it decomposed in two distinct steps, the frrstof which corresponded to a weight loss of20.6% 

which is equivalent to the calculated theoretical percentage of one molecule of 2-aminopyridine. 

Isothermal analysis were carried out on this fltSt stage of the decomposition reaction at a range .. _ .. 
of constant but different temperatures between 531 K and 543 K. Figure 4.27 shows the typical 

isothennal thermogravimetric curves obtained. 

Plots of a versus time (figure 4.28) were not linear and indicated that most of the decomposition 

reaction took place between a - 0.6 to a - 1.0. Various topochemical rate laws were applied to 

the raw data and it was found that the most appropriate was the Prout-Tompkins plots in which 

In[aJ(l - a)] - kt (Figure 4.29). 

The Prout-Tompkins plots were linear only over the range a. 0.5 to a = 0.95. Using regression 

analysis the rate constants were calculated from the slope of the linear portion of the Prout

Tompkins plot obtained for each of the five isothe~al e~periments. The results are summarised 

in Table 4.14. 
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TABLE4.l4 

Rate Constants obtained at each Isotbermal Temperature 
Corresponding to tbe Loss 01 one Mole ot l.aminopyrfdine 

Temperature!K Rate constanr/lO's-' 

S31 2.03 

S34 2.49 

S37 2.86 

S40 3.3S 
S43 3.98 

This complex 'appears to be a material whicb does not obey any o( the common solid state reaction 

rate laws over a wide range o( a values. However, a linear Arrhenius plot was obtained (Figure 

4.30) using the Prout Tompkins rate constants and the activation energy calculate'd as 137 ± 10 
kJmol-'• 
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4.5.5 cis-Pt(pyrimidine)aCla 

The differential curve obtained from the non-isothermal analysis, carried out a heating rate of 

2 Kmin-', indicated three distinct stages of decomposition (figure 4.31). The percentage weight 

losses for steps one and two were'found to be 8.9% and 18.1 % respectively. Comparison with the 

calculated theoretical percentages of pyrimidine and chloride in the complex suggested that the 

first step was due to the loss of chloride and the second stage due to the loss of a molecule of 

pyrimidine. 

1. 

2. 

3. 

4. 

TABLE 4.15 

Comparison otTheoretic:al and Experimental Weight Losses 

trom c:is - Pt (Pyrimidine)a CIa 

Percentage Weight Loss 

Process Theoretical Experimental 

Loss of one mole of CI atoms 8.3 8.9 in 1st 

step of TO curve 

Loss of one mole of pyrimidine 18.7 -- 18.1 in 2nd 

step of TO curve 

Loss of one mole of chlorine and 27.0 26.9 in 3rd 

one mole of pyrimidine step of TO curve 

Loss of all ligands leaving 45.8 46.1 total loss 

metallic platinum at 500°C 

In order to verify the assumption that the first step did correspond to the loss of chloride a simple 

experiment was carried out. A test tube containing the solid cis-Pt(Pm)1CI1 complex was heated 

to approximately 503 K. Moist blue litmus paper was placed at the top of the tube and a change 

in colour of the litmus paper to red was observed as the complex decomposed. This was taken to 

indicate that HCI gas had evolved and not CIa gas, as in the latter case the litmus would have 

bleached. 

It was concluded from these experiments that the decomposition of this complex involved, first 

the los of HCl followed immediately by the loss of a molecule o_f pyrimidine. Consequently the 

energetics of the second step of the decomposition reaction was of interest since the breaking of 

- the platinum-nitrogen bond is involved. 
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Based on the fact that the first stage of the decomposition was the loss of Hel the procedure 

adopted for the isothermal analysis involved rapidly raising the temperature from 308 X to the 

required isothermal temperature (which ranged from 538 X to 553 X) using a linear heating rate 

of 100 Xminol
• Isothermal analysis of the second step then followed, and typical plots are shown 

in Figure 4.32. 

Plots of a versus time were not linear (figure 4.33), various topochemical rate laws were applied 

and it was found that a second order rate law gave rise to a plot which was linear over the whole 

range of a - 0 to a. 1. The rate law obeyed in this case is I/(l-a). kt, and from a plot of 

1/(1. a) versus time (Figure 4.34) the rate constant was calculated, the results are summarised 

in Table 4.16. 

TABLE 4.16 

Rate Constants obtained at eacb Isotbermal Temperature 

CorrespondiDg to the lo~ 01 one mole 01 pyrimidine 

Temperature (X) Rate (10'/5) 

538 2.22 

543 2.87 
0 -. 

548 3.63 

553 4.15 

558 5.27 

563 6.02 

An Arrhenius grapb was plotted (Figure 4.35) and the activation energy found to be 102 kImolol
• 
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4.5.6 

The non-isothermal thermogravimetric curve (figure 4.36) for this complex was difficult to 

interpret since Pt(Pu)aCl, did not decompose in a distinct stepwise manner. However, the first 

stage at a temperature of SS4 K corresponded approximately to the loss of one chloride ligand. The 

main weight loss step which follows corresponded to the loss of two molecules of purine and one 

of chloride leaving a residual weight of 39.9% which is equivalent to the theoretical percentage 

of platinum present in the complex Pt(Pu)aCI,. However, it was impossible to assign any part of 

this decomposition step purely to the loss of a purine molecule and consequently isothermal 

analysis was not attempted. 

4.5.7 Summary or Results 

TABLE 4.17 

Summary or Typical TG Data 

X .. Step Nr Step RangefOC Process Obs %wtloss Thcor %wt loss 

py 1 170-22S -HaO 4.1 4.1 

2 22S-300 -py 17.9 _. 17.9 

3 33S-S00 -(py)Cl, 33.2 33.9 

pm 1 IS0-260 -Cl 8.9 8.3 

2 260-400 -pm 18.1 18.7 

3 400-S00 -(pm)Cl 26.9 27.0 

apy 1 2S0-340 -apy 20.6 20.7 

2 340-S00 - -(apy)Cl, 36.3 36.3 

apm 1 2S0-380 -apm 20.8 20.8 

2 380-S90 -(apm)Cl a 36.1 36.4 

ampm 1· 2S0-390 -ampm 22.S 22.S 

2 390-S00 -(ampm)Cla 36.9 37.1 

pu 1 170-40S -Cl 7.7 7.0 

2 405-570 -(pu)aCI 52.4 54.4 
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TABLE 4.18 

ActiviatioD Energy Data trom Isothermal TG 

. x= TO step Nr Rate Law Valid a range E,/k1 mol-' 

py 2 a-kt 0-0.85 173 ±'9 
pm 2 lI(l·a) - kt 0-1.0 102±6 
apy 1 InCa/(I-a» - kt 0.6-1.0 137 ± 10 
apm I a-kt 0-0.1$ 129 ±9 

ampm I a=k:t O-O.S 161 ± 8 

4.6 Discussion 

The use of non-isothermal analysis to establish the kinetic parameters for the solid state 

decomposition of the complexes under investigation proved to be unsuccessful. The use of both 

Doyl~s method and that of Gentry. Hurst and Jones for interpreting non-isothermal data resulted 

in unacceptable differences in the values of the activation energies from those obtained 

isothermally. It thus appeared that the decomposition reactions of these types of complexes were 

not amenable to non-isothermal analysis and it was decided to reject these methods as a way of 

determining the kinetic parameters of interesL 

The use of isothermal thermogravimetric analysis. however. proved to be more successful in that 

linear Anhenius plots were readily obtained and an activation energy for the decomposition 

process involving the loss of one ligand molecule was obtained for each of the complexes studied 

except Pt(Pu)3C13' Significant differences between the values of the activation energies were 

observed making it possible to disti~guish binding between the platinum and the different ligands. 

In order to calculate the activation energy of decompositioD it was found that different 

topochemical rate laws applied to different complexes. However. these rate laws are determined 

by topochemical factors which are not particularly relevant to this study as it is the differences 

in activation energy which is of interest. 

It was found that for the Pt(Pm)zClz complex the pyrimidine ligand was bound so tightly that a 

molecule of HCI was lost preferentially.This loss appeared to destabilise the remaining weight 

complex and the decomposition step involving the loss of a pyrimidine molecule took place with 

the lowest activation energy. The loss of a water molecule. (presumably not complexed) as in the 

case of the Pt(Py)zClz complex. did not have the same effect on the decomposition step of interest, 

ie the loss of a molecule of pyridine. took place with the highest energy. 
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Leaving the Pt(Pm)zCla complex aside because of its peculiar decomposition behaviour the ranking 

order in terms of increasing activation energy for the remaining complexes is as follows: 

Steric hindrance does not appear to have much effect on the decomposition since the least bulky 

ligand, pyridine, gives rise to the highest activation energy and the most bulky ligand, 2-~mino-

4-methylpyrimidine the second highest energy. 

It the effect of the electron withdrawing properties of nitrogen is considered then the above 

increase in activation energy can be explained. The presence of additional nitrogen atoms, other 

than that involved in bonding, will result in electron density being withdrawn away from the 

nitrogen atom involved in bonding, weakening the platinum-nitrogen interaction and resulting in 

a lower energy being required to break the bond. The 2-aminopyrimidine ligand has two such 

additional nitrogen atoms and consequently has the lowest activation energy. On this simple basis 

it would be expected that the Pt(AMPm)aCla complex would have a similar activation energy to 

the Pt(2APm)aCla complex since it too has two additional nitrogen atoms. However, the methyl 

group gives rise to an electron donating effect which counteracts the electron withdrawing 
- -

properties of the nitrogen atoms resulting in this complex requiring a higher energy for 

decomposition than either the Pt(2APm)aCla or Pt(2AP)aCIa complexes. Because pyridine has no 

additional nitrogen atoms then it will form the strongest bond with platinum and consequently the 

Pt(Py)aCla requires the greatest energy for decomposition. 

Leading on from this simple explanation the Pt(Pm)aCla complex would be expected to have an 

activation energy around the middle of the above sequence, but because He! is lost preferentially 

the pyrimidine must be more tightly bound than any of the other ligands and would therefore have 

~e highest activation energy.This observation seems to confound the simple theory that the 

strength of the platinum-nitrogen bond depends on the presence of electron withdrawing or 

donating groups_ The decomposition behaviour of the Pt(Pu)aCIa does not fit the above theory 

either. However, there is a similarity between the pyrimidine and purine ligands in that they both 

have additional ring nitrogen atoms which are equally available for co-ordination with the 

platinum metal. This along with the absence of steric hindrance makes it possible for the platinum 

to Co-ordinate to another nitrogen atom during the course of the solid state decomposition. Thus 

it can be envisaged that for the pyrimidine and purine complexes it is easier to lose chloride and 

link or polymerise rather than break the platinum-nitrogen bond preferentially, this is shown 

schematically in Figure 4.37. 
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Figure 4.37 Schematic Representation of loss of Cl and possible formation of aPt - N Bond 

This is only a very tenuous suggestion and in order to find out more about the decomposition of 

these two complexes a detailed study of the structures of the reaction intermediates and of the 

kinetics of the solid state reaction. in particular the loss of HCl in first step. would need to be 
carried OUL 

4.7 Dirferential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) measures the differential energy required to keep both 

the sample and a reference material at the same temperature. thus. when an endothermic transition 

occurs, the energy absorbed by the sample is compensated by an increased energy input to the 

sample in order to maintain a zero temperature difference. Because the energy input is precisely - -. 
equivalent in magnitude to the energy absorbed in the transition direct calorimetric measurement 

of the energy of the trJ.nsition is obtained from this balancing energy. The DSC curve is recorded 

with the chart abscissa indicating the transition temperature and peak area measures the total 
energy transfer to or from the sample. 

To obtain reliable results from DSC certain requirements in terms of sample and heating rate· 

need to be considered. The sample should be in powder form and the smaller the size ofthe sample 

the better. althougb care must be taken as if too small a sample is used this can result in 

unacceptable losses of sensitivity. For comparison purposes it is important that the sample and the 

reference material should have similar thermal conductivities. The most widely used reference 

material is alumina which must be analytical reagent quality. 

In order to maximise the rate of heat in/output during the course of the chemical/physical process 

optimum heating rates are required. A low heating rate will result in ill defined broad peaks 

Whereas a high heating rate will produce much better defined sharp peaks. 
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Results 

DSC was carried out on the Pt(2APm)zClz complex at linear heating rates of 5,10 and 20 Kmin-' 
(Figure 4.38). In each case an endothermic peak was observed at around 612 K to 623 K which 

corresponded to the temperature of the first stage of the decomposition reaction on the equivalent 

non-isothermal differential thermogravimetric curve.AlI was evaluated from the peak area, which 

is proportional to the amount of heat absorbed, using the TA 72 processor and a graph of ~H 'versus 

heating rate was plotted (Figure 4.39). 

TABLE 4.19 

Comparison or Temperatures ror the First Stage or 

Decomposition rrom DSC and DTG ad the value or ~H 

at these Temperatures 

Heating rate/Kmin-' Temperature/K AH/Ig-' DTG 

Temperature/K 

S 613.7 125.3 607.26 

10 617.8 132.5 - -. 610.13 

20 625.9 160.6 617.76 

From these results it can be seen that the change in enthalpy is highly dependent on the heating 

rate, as the latter increases so does the value of f1 H. 

The plot of ~ H versus heating rate was not linear and so it was impossible to extrapolate in order 

to determine the absolute enthalpy change for this decomposition process, that is the loss of one 

molecule of 2-aminopyrimidine. 

Problems were also encountered instrumentally, in that the evolved vapours caused gumming of 

the sample cell rendering its dismantling and cleaning impossible. 

In other cases severe baseline drift was observed making precise area measurements impossible 

and therefore this study was abandoned • 

• 
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CHAPTERS 

Theoretical Studies 

5.1 Introduction 

Chemical systems can be subject to calculations of a sufficiently sophisticated nature to have 

introduced into the range of methods available to the experimentalist a new tool, namely 

'computational chemistry'. It is now possible to compute some properties of many molecules 

with an accuracy that rivals or even exceeds experimental methods. These properties include 

molecular structure. heat of formation. ionization potential. charge densities and nature of 

bonding. The reducing real costs of computers and the ready availability of software has resulted 

in an upsurge of interest in computational methods as complimenting experimental studies. 

The methods used in computational chemistry include Molecular Graphics, Molecular Mechanics 

and Molecular Orbital Theory. Molecular graphics allows the rapid building and manipulation of 

structures and the creation of geometry data in a form which permits easy input to molecular 

mechanics and quantum mechanics packages. Molecular mechanics is a technique in which a 

molecule is modelled as a set of atoms held together by 'springs' known as the force field. The 

various components of the force field are represented by mathernaticai equations showing the 

relationship between potential energy and some geometry parameter such as bond length, angle, 

etc. The minimisation of potential energy with respect to the various geometric parameters creates 

Stable conformers of the given molecule. This is a purely empirical method which is dependent 

on the introduction of the appropriate geometry and force field parameters. 

The various molecular orbital theories are based on quantum mechanics. The starting point is the 

electronic Schrodinger equation which on solution yields the electronic wave functions and eigen 

values (electronic energy levels) for the system. Knowledge of the wave function (eigenfunction) 

of a system allows computation of virtually any property of the system. The Born-Oppenheimer 

approximation is generally used in molecular calculations so that total energies are obtained from 

the minimisation of the electronic energy and the internuclear repulsion energy, which have a 

fixed value for a given molecular geometry. 

Molecular orbital calculations performed at differing geometries can yield optimum molecular 

geometries. The methodology generally adopted consists of: 

(1) Use molecular graphics to construct the molecule of interest. 

(2) Optimise the geometry by a molecular mechanics method. 

(3) Carry out molecular orbital calculation at the optimum geometry. 
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(4) Sometimes the geometry may be reoptimised by further molecular orbital calculations. 

The exact details of a particular calculation are very dependent on the nature and size of the 

molecule. Large molecules containing very heavy atoms do not lend themselves to the most 

sophisticated molecular orbital calculation methods. and in these cases one inay be limited to 

carrying out only molecular mechanic calculations on the whole molecule and a more restricted 

molecular orbital calculation on some smaller part of the molecule. 

5.2 Introduction to Molecular Mechanics 

Molecular mechanics, or force field calculations are based on a simple classical-mechanical 

model of molecular structure. Molecular mechanics treats the molecule as an array of atoms 

governed by a set of classical-mechanical potential functions. This principle is best illustrated 

by considering the bond-stretching term in a molecule. The potential at any given interatomic 

distance, r, is described by the Morse curve (Figure S.l). 

The energy minimum occurs at the equilibrium bond length r. The expression for a Morse curve 

is, however, complicated and would require tOO much computer time. This is not a critical 

problem, as the vast majority of molecules have bond lengths within a limited range. symbolized 

by the shaded portion of figure S.l. Within this part of the curve one of the simplest types of 
- -

potential function. Hookes law, gives a good fit to the more realistic energy profile as shown by 

the dashed curve in figure S.1. 

The Hookes expression 

where V is the potential energy, r is the interatomic distance. r.. is the equilibrium bond length and 

t is a constant, is particularly simple to calculate and gives very fast execution of energy 

minimization computer programs. 

The second type of function is the angle-bending potential. This is in principle exactly the same 

as the bond-stretching function. The potential energy arises as a given bond angle is deformed 

away from the optimum value. 

Once again. a Simple potential function proportional to (Q _ ~)2 is often used. although higher 

order terms may also be used. 
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Modern force fields contain many more types of potential function designed to give a good fit to 

experimental data. The most important of these additional functions are the torsional parameters . 

. The rotation barrier of ethane, for example, cannot be represented by a reasonable force field that 

does not include an inherent three fold potential function for the C·C bond. Steric interactions 

alone do not give good results. The combination of bond·stretching, angle· bending and torsional 

potential functions is often known as valence force field because it accounts for the properties 

normally attributed to chemical bonds. 

Valence force fields are, however, still not adequate for high-quality quantitative calculations. 

Force fields intended for sucb applications include the so-called Van der Waals functions used 

to account for sterle interactions. Van der Waals potentials often take the form of either a 

Leonard-Iones 6/12 function; or uses the computationally more efficient Buckingham type of 

expression which uses a sixth power and an exponential term. The form of such function is shown 

in Figure 5.2. 

Note there is a shallow minimum at an ideal interatomic distance. The inclusion of steric 

interactions in molecular mechanics force fields is, however, not without problems. Sterle 

repulsions can never be completely separated from other interactions, and are therefore difficult 

to define and strongly dependent on the other potential functions used in the force field. . , 

Other types of interaction may have to be considered for molecules with polar groups. The charge 

that builds up on these groups and the dipole moment associated with them interact with each 

other to affect the energy of the molecule. It is therefore not uncommon to use electrostatic terms 

and dipole-dipole interactions in the force fields. The charges on a given type of group are 

telatively constant. so simple electrostatic calculations can be used for the charge-charge 

interaction. The total dipole moment of a molecule may also be represented as the vector sum of 

the dipole attributed to each bond. Generally the conformation or isomer in which the total dipole 

is the lowest is the most stable. The bond dipoles are included in many force fields to make 

possible calculation of the dipole-dipole terms. This has the useful side effect that a dipole 

moment for the entire molecule is easy to calculate once the geometry has been optimised. 

The force field defines the mechanical model used to represent the molecule. The purpose of the 

molecular mechanics program is to determine the optimum structure and energy based on this 

mechanical model. The input to the program must therefore define a starting structure for the 

molecule. This involves giving Cartesian (x,y .z) coordinates for the individual atoms and defining 

the bonds joining them. The model nature of molecular mechanics calculations req uires that bonds 

be defined in the input. The model corresponds strictly to the classical valence bond picture of 

chemical bonding. Carbon atoms, for instance, may be either sp', Sp2 or sp and there are three 

completely difference force fields for the three different types. 
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The first step in the molecular mechanics calculation is determination of the interatomic distances, 

bond angles and torsional angles in the starting geometry. The values obtained are then used in 

the different potential function expressions to calculate an initial steric energy, which is simply 

the sum of the various potential energies, non·bonded pairs of atoms and so forth in the molecule. 

It is important to note that the steric energy is specific to the force field. It does not correspond 

to any classical definition of strain energy, although it is related to the heat of formation by a 

simple expression. Because all other factors remain constant throughout the optimization of a 

structure it is sufficient to find a minimum with respect to the steric energy. 

Optimization is generally by a Newton-Raphson method, which uses analytically evaluated second 

derivatives of the molecular energy with respect to the geometrical parameters. The relatively 

simple form of the potential functions used in the force field makes them particularly suitable for 

this type of treatment., since they differentiate to give expressions that are equally simple, and 

therefore also easily evaluated. The second derivatives, or force constants, indicate the curvature 

of the potential energy curve, and can therefore be used to estimate the position of the minimum. 

Once the optimization has converged (ie once the energy and structure remain constant from 

iteration to iteration and the first derivatives are all close to zero) the program prints out the final 

steric energy and the optimised geometry. This geometry may then be used to calculate such 

parameters as the moment of inertia and dipole moment (from the vector sum of the bond 
moments). 

However, in this study the purpose of carrying out molecular mechanics calculations was to 

establish a set of molecular geometries for the ligand molecules all based on the same model. 

Quantum mechanical studies could then be carried out with the fixed molecular geometries 

determined in a standardized way. This is necessary because it is known that results of quantum 

mechanics calculations are geometry dependent. 

5.2.1 Form or the Energy Expression used in the CHEMMOD Minimiser 

In these studies the geometry of the ligands under investigation was carried out using the 

CHEMMOD molecular graphics system which incorporates a molecular mechanics program. The 

following describes the form of the potential energy function used in the evaluation of the overall 

steric potential energy. 

The overall energy is given by 

Esteric .. V(b) + V(a) + V(t) + V(nb) + V(opb) + V(q) 

where the V terms are defined as follows: 

V(b) bond stretching potential energy 
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This is the sum of all the individual bond energies. The individual bond stretching energies, for 

bond n, are given by the equation 

V(b)(n) = SK(n) • [L-Lo(n)] ··2 

where SK is the harmonic stretching constant, L is the observed bond length and Lo is the 

equilibrium bond length. 

V(a) angle bending potential energy 

This is the sum of all the bond angle potential energies. The individual angle bending energies, 

for angle n, are given by 

V(a)(n) = BKI(n)· [DELTH"2 - BK2 (n)· (DELTH" 3)] 

where Bkl(n) and BK9(n) are ~he harmonic and harmonic bending constants respectively, and 

OELTH is the observed minus the strain free (equilibrium)bond angles. 

(V)t torsional potential energy 

The torsional or dihedral potential energy is the sum of the individual energies given by the 

expression of the form, for each torsional angle n 

V(t)(n) .. YO. (I + SIGN(FD) • (COS (FO: ·W») 

The various terms in the above expression are defined as follows: Vo is the portion of the barrier 

height to free rotation assigned to the particular torsional angle about a given bond; FD determines 

the periodicity and the form of the cosine function, thus for H-C-C-H, FO .. +3 and an expression 

of the form 1 + cos(3w) is used; w is th~observed torsional angle. 

V(nb) non-bonded potential energy 

The individual non-bonded (van der Waals) energies are calculated by an expression of the form 

V(nb)(n) .. EPS* (-2* (r12/rstar12)" -6+EXP[12*(1-r12/rstar12)]} 

where EPS is the non-bonded force constant, rstar12 is the sum ofthe van der Waals radii of the 

two atoms and r12 is the observed contact distance 

V(opb) out of plane bending potential energy 

This is the total of the energies derived from the non-planarity at trigonal atoms such as =C etc. 

These are obtained used the expression 
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V(opb)(n) .,. OPBK* (pi-chi)**2 

where chi is the improper torsional angle describing the non-planarity of the system and OPBK 

is the force constant for the out of plane bending. 

V(q) coulombic potential energy 

This is the energy due to charged interactions. Information regarding charged atoms and their 

charges must be present and a realistic minimisation of energy is required. This should be entered 

. in the following format sign (group number) partial charge. 

The charge atom should be arranged in groups which are usually neutral overall 

eg -0.4 01 02 -0.4 

1\ 1/ 

+0.4 C2· C4. C6 .. 0.4 
CI/ 'C3/ 'CS/ ........ C7 

This allows the program to differentiate between intra and inter group interactions (the former are 

ignored). The expression is of the form 

V(q) ... qi + qj I D*Rij 

where qi and qj are the partial charges on i andj, D is the dielectric constant and Rq is the distance 

between i and j. 

Note that the construction used for charge only allows for partial charges, that is fully charged 

ions of charge> 1 cannot be dealt with. 

5.3 Introduction to Molecular Orbital Theory 

Molecular orbital have their origin in quantum mechanics and one of its central equations, the 

Schrodinger Wave equation, which may be expressed as: 

a'll _ 
A'll equation 5.3.1 

where a is an observable property of a system, A is the cOllesponding operator and 'P is the wave 

function of the system. 

For the chemist the usual form of equation 5.3.1 is 

E'P _ 
H'P equation 5.3.2 
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where the observable is the energy E and its corresponding operator H is the Hamiltonian. The 

Hamiltonian operator for a molecular system is a sum of kinetic and potential energy terms 

relating to the motions and relative positions of all the electrons and nuclei in the molecule. For 

simplicity the nuclei are generally considered fixed so that the nuclear repulsions can be 

represented by a constant. The modified Hamiltonian, which includes terms relating only to the 

nuclei-electron and electron-electron potential interactions and the electronic kinetic energies, 

yields a form of the equation '.3.2 which is referred to as the 'molecular electronic Schrodinger 

equation'. This is a differential equation which is incapable of exact solution for all but the very 

simplest molecular system (ie HI +). Funher approximations (in addition to Bom-Oppreheimer) 

must be introduced. Typically the form of the molecular wave function, '1'. is assumed to be that 

of a linear combination of atomic orbitals (LCAO). X equation '.3.3. 

- equation 5.3.3 

The coefficients. CI' are determined by an iterative energy minimisation procedure so that dE/dCI 

• 0 where E is the molecular electronic energy. The procedure is known as the Self Consistent 

Field (SCF) method and is terminated when the energy bas been minimised within a given 

criterion. 

Tbe atomic wave functions, X, (or basis sets) are chosen to suit the degree of accuracy required 

and can be very approximate (minimal basis set) or very accurate (extended basis set). 
- -. 

In arriving at a solution of the electronic Schrodinger equation a variety of integral types must 

be evaluated. Some integral (one electron integral) are easily evaluated by analytical methods 

but those involving repulsion operators (two electron integral) may require the use of time 

consuming numerical methods. The number of such integral arising in a calculation is roughly 

proportional to 0 4 where n is the size of the basis set. 

Methods in which all integrals are evaluated are said to be ab initio. Ab initio methods are often 

subject to approximation by using Gaussian-functions for the atomic basis set which although less 

accurate, mathematically than the normal, exponential, Slater type orbital (STO's) lend 

themselves to analytical evaluation. 

Another approach to the integral problem is to adopt semi-empirical methods. In these some 

integrals, known to have negligibly small values are not evaluated and others which may be 

transferable from molecule to molecule. are represented by fixed parameters. These parameters 

are chosen to yield the correct molecular properties for known systems. Semi-empirical molecular 

orbital calculations are very varied depending on the nature of the approximations made. 

Typical methods include AMI used in this study. In AMI only valence electrons are included in 

_ the liamiltonian and many integrals are either neglected or parameterised. 
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Solution of the molecular electronic wave equation yields a set of energies (roots or eigen values) 

and a corresponding set of wave functions (eigenfunctions or molecular orbitals). The number of 

molecular orbitals is determined by the size of the basis set (one molecular orbital for each atomic 

orbital included in the basis). Electrons doubly occupy the lowest available molecular orbital 

giving a set of occupied orbitals and a set of unoccupied (virtual) orbitals. The highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) arc often of most 

significance in chemistry since these are often the source and sink for electrons in molecular 

interactions involving charge transfer. 

Secondary information readily available from the fundamental solutions to the wave equation 

include the shapes of the molecular orbital and the electron density distribution. These likewise 

are often important allowing speculation on the possible sites for electrophilic or nucleophilic 
attack. 

Most molecular orbital calculation programs. such as the AMPAC suite used in these studies. 

include properties packages in which secondary molecular information is calculated and output 

in response to keywords used in the input data. 

5.4 Method 

The geometry was optimised by the molecular mechanics method for the four ligands pyridine. 

pyrimidine. 2-aminopyridi~e and 2- aminopyrimidine. 

Pyridine and Pyrimidine 

The Structures of these two ligands were already present in the CHEMMOD library and energy 

minimisation calculations were carried out using these structures (Figure S.3). 

2-aminopyridine 

The structure of this ligand was built from the pyridine structure already present in the 

CHEMMOD library (Figure 5.3). First all the hydrogen atoms were removed and an sp' nitrogen 

atom jointed to carbon atom 2. The bond length from carbon atom 2 to the nitrogen atom 7 was 

entered as 1.4A. the bond angle between atoms 1.2 and 7 entered as 120 and the torsional angle 

between atoms 6.1.2 and 7 as 180. (Figure 5.4). The hydrogen atoms were then added. 

Before any geometry optimisation calculations could be carried out it was important to ensure 

that the out of plane hydrogen atoms of the amino group were in the conformation with the 

minimum global energy. This was done by considering the torsional angle between atoms 13.7. 

2 and 1. A torsion angle potential energy plot was then obtained for this angle (Figure 5.S) from 

which it can be seen that the potential energy is at a global minimum when the torsion angle 13. 

7.2. 1 is at 60. Subsequently energy minimisation calculations were carried out with the hydrogen 

atoms of the amino group in this particular conformation. 
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FigureS.S , CHEMMOD Structure of 2_amino-4-methylpyrimidine. 
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2.aminopyrimidine 

The structure of this ligand was built in a similar way to that of 2-aminopyridine, only in this 

case the basic building block was the pyrimidine structure already present in the CHEMMOD 
library (figure 5.6). 

Again it was important to ensure that the out of plane hydrogen atoms of the amino group were in 

the conformation which exhibited the minimum global energy. This time the torsion angle 11, 7, 

6, 1 was considered and from the potential energy plot (Figure 5.7) it can be seen that the global 

minimum was obtained when this torsion angle (11, 7, 6,1) was 60. 

2.amino.4.methylpyrimidine 

To the 2-aminopyrimidine structure a methyl group was joined to carbon atom 4, (Figure 5.S). 

Again to ensure that the out of plane hydrogen atoms of the amino group were in the minimum 

global energy conformation the torsion angle 12,9,6,5 was considered. From the potential energy 

plot (Figure 5.9) it can be seen that the global minimum energy was obtained when this torsion 

angle was 120°. Subsequently energy minimisation calculations were performed with the 

hydrogen atoms of the amino group in this particular conformation. 

Purine 

The structure of this ligand was built from the indole ring structure already present in the 

CHEMMOD library. The aromatic carbot\ atoms at ring positions 1.3 and 6 were replaced with 

aromatic nitrogen atoms (Figure 5.10). 

Once the energy minimisation calculations had been carried out on the above four ligand 

structures it was possible to obtain from the output a list of all the bond lengths. bond angles and 

torsional angles for each structure. This information could then be transformed into a Z-matrix 

and used as input for the AMPAC semi-empirical program. 

A Z-matrix is simply a compact means of defining the position of the atoms in terms of atomic 

numbers, bond lengths, bond angles and dihedral angles. Information from the Z-matrix is used 

to calculate the Cartesian coordinates of the atoms and in conjunction with the charge, atomic 

number and multiplicity to work out the total number of electrons and the orbital occupancies. 

The Z-matrices for each of the four ligand structures were built up in the following way, using one 

line per atom. The Z-matrix of pyridine is given below. 
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Atom Bond Length Bond Angle Torsion Angle Connected 

Atoms 

N 

C 1.363 0 
C 1.409 0 120.45 0 

C 1.408 0 119.04 0 0 0 3 2 1 

C 1.408 0 119.60 0 0 0 4 3 2 

C 1.409 0 119.05 0 0 0 5 4 3 

H 1.090 0 118.86 0 180 0 2 1 6 

H 1.091 0 120.44 0 180 0 3 2 1 

H 1.091 0 120.20 0 0 0 4 3 8 
H 1.091 0 120.52 0 0 0 5 A 9· 

H 1.090 0 120.69 0 0 0 6 5 10 

The 0 after each bond length, bond angle and torsion angle indicates that no further optimisation 

of the geometry is required in the calculation. If the 0 is replaced by a 1 then AM PAC will carry 

out a geometry optimisation calculation on the parameter. 

The rust atom is placed at the origin of the coordinate system and therefore only the atomic code 

needs to be given. 

Because the second atom is always placed on a predetermined axis only its distance from atom 1 

needs to be defined. 

The third atom is defined using the distance from the second atom and the angle between atoms. 

1,2 and 3. 

Tho fourth atom is defined exactly as the third except that an additional parameter is needed to 

specify its position uniquely.The exact position is dermed using the torsional angle between 

atoms I, 2. 3 and 4. 

Further atoms are defined in the same way. their unique position being specified by the connected 

atom numbers given in the final three columns of the Z-matrix. 

5.5 Quantum Cbemical Calculation Results 

5.5.1 Tbe Program 

The computer program was used in this study (AMPAC. QCPE 506) has alarge number of features 

- built in and which are invoked by the use of keywords in the input data file. If no keywords are 

specified the program will perform an RHF calculation with geometry optimisation but without 

symmetry constraints on the ground state of the molecule. 
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The keywords used in this study included: 

AMI: in which the AMI (Austin Modell) Hamiltonian method is to be used. 

Charge: when the system bc;ign studied is anion the charge, n, on the ion can be supplied by 

Charge a n. For cations n can be 1,2,3 etc, and for anions, -I, -2, -3 etc. 

Density: at the end of the calculation the density matrix is printed. 

Mulliken: a full Mulliken population analysis is to be done on the final wave function yielding 

an electron density distribution over all the orbitals in the molecule. 

Vectors: the eigenvectors are to be printed. 

A typical input file for pyridine is shown in Figure S.11. The keywords are seen in the first line 

of the input data. The Z matrix then follws and the presence of Os indicate that the geometry is 
fixed. 

For pyridine three different input data files were used. One contained the geometry information 

from the CHEMMOD molecular mechanics program, one contained published geometry datat.I+ ~J . 
and the third utilizes the geometry optimization facility of the AMP AC program. 

Table S.l summarises some of the output data obtained using the three different starting input 

geometries. 

TABLE S.l 

CompariSOD or Output Data 

CHEMMOD AMPAC Published 
Geometry Geometry Geometry 

Atomic Charge Nl -0.13 -0.14 -0.13 
Atomic Charge C2 -O.OS -0.07 -0.08 
Atomic Charge C3 -O.IS -O.IS -0.18 
Atomic Charge C4 -0.09 -0.09 -0.09 
Atomic Charge C5 -O.IS -O.IS -0.18 
Atomic Charge C6 -0.08 -0.07 -0.08 
Atomic Charge H7 +0.15 +0.16 +O.IS 
Atomic Charge HS +0.14 +0.14 +0.14 
Atomic Charge H9 +0.14 +0.14 +0.14 
Atomic Charge HI0 +0.14 +0.14 +0.14 
Atomic Charge Hl1 +0.15 +0.16 +0.15 

Ionisation Potential -10.13 -9.90 -10.13 

LUMOEnergy 0.13 0.12 0.16 

Dipole Moment 2.03 1.97 2.03 
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There were no differences in output such as electron density distribution, wave function and eigen 

values, using the different starting geometries, which at this level of theory, could be regarded as 

significant. Hence it was concluded that any consistent geometry data would be suitable.To save 

computing time it was decided to use the molecular mechanics (CHEMMOD) eqUilibrium 

geometry throughout the study, ~xcept for the work on the quatemized bases. when AMPAC 

optimization of the extra hydrogen bond length and bond angle was required. 

5.5.2 Results tor Neutral Bases 

It was considered that the activation energy parameters for reactions in solution and in solid state 

might correlate with one or more of the following calculated parameters; dipole moment, charge 

disUibution~ HOMO and LUMO energies or energy difference and wave function. Thus all this 

data were calculated and are summarised in Table S.2. 

However, no correlations were found. This could be accepted and understood for reactions in 
. . 

solution where the species undergoing reaction are probably solvated and quite dissimilar to the 

isolated gas phase species of the calculations. However. the situation in the solid state is different. 

bere the complex is a molecular solid and the situation is not complicated by solvent presence. 

Absorption of radiation in the ultraviolet region of the specb'Umresults from electronic transitions 

between molecular orbitals. The UV wavelength at which the llgand absorbs results from the 

transition from HOMO to LUMO, and the energy difference between these orbitals can be used 

to calculate the wavelength as follows: 

where E is the energy difference (1) 

his Plancks constant (6.63 x 10·"'ls) 

c is the speed of light (2.998 x 10' ms·' ) 

~ is the wavelength (m) 

Since lev. 1.602 x 10.1' J 

then ~ - 1.986 x IO·u c,N'\ 

Ex (1.602 x 10·'') 

The wavelengths calculated in this way were comoared withthosefourd spectrophotometrically for . . 
each ligand. It was found that they did not correspond and this possibly reflects the limitations of 

. the AMPAC program, but is more likely to be due to the fact that calculations on isolated gas 

phase molecules may be of limited value quantitatively when dealing with reactions in aqueous 

solution. 
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TABLE 5.2 
Summary of Results for Neutral Bases 

C-~ A...,....rti_~ -r...~..n- E~~ b;,-l.a. c.~o" ~':l c.~ .. 
Po~a.l \..u,",o He __ \: ~."S N'~ \401'\0 _ L.uMO 

~~ 
c:..\;.l ). U" ~. ~ 

~, '''' '"''I ,0'\) -0"'- ~·o.5 .." -O·I.LS ,2.0 255 

t ... "'It 102 '0"0 -0'" ""1' N' -O'10~ "~I z.n w" -0'%05 

2AP i. II' ~.,~ -0·18 "35 ,..1 -o"1tO 12.10 ~ 

2..'." ... so ,2.. .. 10.0 • -0·11 2..5' NI -0'1'2. .10 2. ... \ 
HS -O·ZC,+, 

AI1P ... q ... '''l ','1 -0.1, 1.'1+' "" -0 .1.5%. &2.z, 2.~~ 
HS' -0 ••• , 

P .. ..... - ·",.0 -0'" 1.1'\ .." -0.2.02- 1 '2.1 "', 
N~ -0.2.' .. 
HI. -0",,"0 
1'16 - 0·2lS' 

A"'" 1 C.H-.RG.E. • 1. v'6C.'TO"~ 

PyltlbiNIE (lv",,-,;IIlN ,!oED 

ATOM CHEI1ICAL, IOND L.£NQTH IOND ANGLE TWIST ANGLE 
H\R'IIER SYrlBDL. (ANQ8TROP1S) (DEQREES) (DEgREES) 

(I) Nit: 1-' NB:NA:I NC:N!:NA:I NA NB Ne 

1 N 
2 C 1.35'00 1 
3 C 1.37800 125.07000 2 1 
4 C 1.3'P700 U8.38000 .00000 3 2 1 
IS C 1.39700 118.33000 .00000 4 3 2 

• C 1.37800 US. 38000 .00000 5 4 3 
7 H 1.09200 114.30000 180.00000 2 1 6 

a H 1.08000 120.S0000 .00000 3 :2 7 

• H 1.08000 120.83000 • 00000 4 3 8 

10 H 1.08000 121. 12000 .00000 5 4 c; 

11 H 1.09200 120.63000 .00000 6 5 10 
12 H 1.09000 • 120.00000 • 180.00000 I 2 3 

Figure S.l1 AMPAC Input Data File 
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5.5.3 Results for Quaternized Bases 

During the course of this work the studies by Clack and Gii!:lrd were consid.!rcJ~"~ Tl;.: 
analogy between quaterization and coordination of unsaturated tertiary nitro!!cn :tton~s 
has been examined(SI . (t was ppinted out, using arguments based on qu::lit:tli\'c 
molecular orbital theory, that N-heterocycles are not only a- donors but may al~o be 

1Tacceptors. However, one problem in assessing relative contributions to charge Jcnsity 
on a particular atom in N-heterocycles is that there are no known cases where the 
plane of the heterocyclic ring lies parallel to the axis of the molecular framework 0). 
In general the actual structure of the ligand-metal moieties in complexed compounds 
are shown in (2) wilh the.J:'!ane of the heterocyclic ring tilled at some angle to thl.! 
plane containing the metaf"~ This probable propeller shape of the complexes results 
in steric hindrance and affects the ability for 1t" back donation from the metal· to the 
ligand. 

~ P 
---M_N-

(1) 
<J ~ (S-O·) 

Clack and GiI\arJs-l carried out INDO calculations on quatemized pyridine, a number 
of cationic pyridine complexes of Fe(II) and Fe(lII) and the free pyridine molecule. The . 
obtained values for electron densities in both <r and \\ orbitals of the heterocyclic ring. 
These results showed that for free pyridine the C2 and C4 positions are deficient in 

'1t"electrons which is in keeping with the resonance structure. It was also found that 
these atoms are deficient in IT electrons resulting in an overall positive charge on lh~m. 
On coordination to a metal ion there is a net flow of electrons from the ring to the 
metal, thus the heterocyclic ring becomes more positive on coordination. Most of the 
electron loss from the ring occurs through the c- framework with very little ch:mge 
overall to the"'tl" electrons of the: ring. The"t'i electron distribution within the pyridine 
ring is modified upon both coordination and quatemization as a result of changing 
electronic repUlsions between t:r and -r.r electrons as cr electrons are pulled out of the 
ring. The heterocyclic ring is very similar C1ectronic:llly in both itsif' and 11" distriilluiulls 
when quatemized and when it is coordinated to a metal ion. It is thus noteworthy that 
quatemized bases might be used to model complexed ligands. 

Consequently a new series of calculations were C:lrried out, obtaining equiv:\!cnl d:lt:: 
to that found earlier but with the addition of a hydrogen atom at thl! SIlPP'):;~'1 
coordination position (ring nitrogens only) and with the keY\~'~rd ~hargea ~ used. ~!~I! 
results now did show correlation with the solid state decomposltlon JI1formatlon and tr.IS 
Corr~lation is discussed in Chapter 6. 

Tables S.3 to S.l1 show the most important quantum chemical information obtained 
from the calculations. 
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TABLES.3 

Quantum ChemicallJlrormatioa ObtaJud tor 

Quarteaized Pyridine 

Structure H<\ 

I 
H~ """ ~ q. ~ \-\10 

c.~ (.5 .......... 

J J 
".".. (.2. c.c. 

H 7 ::::~:=:~::::::r·.J+1 ------- " H \\ 

t 
Hll 

C~ar~e on Q~aternary Nitrogen -1.).0678 

Io~is3t1on Potential 15.621 - -. 

Lt'XO Energy -5.892 

LUXe Wave Function 5 ~ .. Pv 
N 1 0.00000 0.00000 0.00000 
C 2 0.00000 0.00000 0.00000 
C .3 0.00000 0.00000 0.00000 
C 4 0.00000 0.00000 0.00000 
C 5 -- O. 00000 0.00000 0.00000 
C 6 0.00000 0.00000 0.00000 
H 7 0.00000 
H 8 0.00000 
H 9 0.00000 
H10 0.00000 
Hl1 0.00000 
H12 0.00000 
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-0.47571 

0.44258 
0.14651 

-0.58233 
0.18479 
0.44163 



TABLE 5.4 

Quantum Chemical InformatloD ObtaiDed 

for QuarterDized Pyrimidine 

Structure tJ.S 

I 
~c.tr~ ./H, 

N~ CS 

~ 
G2 . C~ 

11'/ ~,tl~ 
t 
H\\ 

C~~rga on Quaternary Nitrogen -0.1303 

Ionisation P~~en~1al 16.165 - -. 

LU){O Energy -6.255 

LUMO Wave Function 5 p", Pv .-

N 1 0.00021 -0.00010 -0.00019 
C 2 -0.00005 0.00010 0.00010 
C 3 0.00002 -0.00002 -0.00007 
C 4 0.00002 -0.00001 0.00000 
N 5 -0.00001 0.00000 -0.00010 
C6 -':"0.00005 -0.00006 0.00008 
H 7 -0.00002 
H 8 -0.00003 
H 9 0.00002 
Hl0 0.00001 
Hll -0.00027 

" 
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P~ 
0.46843 

-0.46364 
-0.12403 

0.58511 
-0.14796 
-0.43126 



Structure 

TABLE 5.5 

Quantum Cbemica~ Information Obtained 

for Quarternized 2-aminopyridine 

~, 

I 
H8............. ~ c.4-~ ,/ \-\\0 

c.!I~ US 

II 
HI~ (2. c.~ 

'-.... /"'" ~l't'l~ ............. \U\ 

j' t 
\-\\1 HI~ 

Charge on Quaternary Nitrogen -0.3139 

Ionisation Potential 14.964 - -

LU'MO Energy -5.929 

LUMO Wave Function s Po( py 
N 1 -0.36234 -0.04648 -0.05843 
C 2 0.26400 -0.37949 -0.04046 
C 3 -0.06619 0.05755 0.11698 
C 4 -0.03915 0.03380 0.01154 
C 5 

.. 
-0.-02638 0.03904- 0.07338 

C 6 0.22518 0.26113 -0.36966 
N 7 -0.12424 0.11718 -0.02869 
H 8 0.09082 
H 9 -0.01114 
H10 0.10252 
Hll -0.14152 
H12 0.10345 
H13· 0.10334 
H14 0.51978 
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-0.00042 

0.00062 
0.00019 

-0.00075 
0.00011 
0.00064 

-0.00007 



TABLES.' 

Quantum ChemicallDlormation Obtained lor 

Quarternized 2-aminopyrimidinc. 

Structure 
H~ 

I 
~e ~ C.5-...-...., *0 

'-.....c~ c.~/ 

I II 
N3 ~·1 

'C.2~ ,~\?> 
( 
Nl 

/ " \Hl Hlt 

Charge on Quaternary Nitrogen -0.1155 

Ionisation Potential 15.827 - '" 

..... UMO Energy -6.089 

LUMO Wave Function s p, .. py 
N 1 0.00000 0.00000 0.00000 
C 2 0.00000 0.00000 0.00000 
N 3 0.00000 0.00000 0.00000 
C 4 .. 0_00000 0.00000 0.00000 
C 5 0.00000 0.00000 0.00000 
C 6 0.00000 0.00000 0.00000 
N 7 0.00000 0.00000 0.00000 
H 13 0.00000 
H 9 0.00000 
Hl0 0.00000 
Hll -0.07215 
812 0.07215 
H13 0.00000 
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0.46691 

-0.42599 
-0.16065 

0.58343 
-0.12563 
-0.45529 
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TABLE 5.7 

Quantum Che~ical Information Obtained ror. 

Z-amino-4-methylpyrimidine, Quarternized at Nl 

Structur: HIO 
HI~ 

" 

/ 
W\ ~ (3 -.......... (,8 - \-\\4-

""'-. c '1 ~ C~........... '\. 

I II 
tilS 

N-'l ~ , NS 
/" 

H\" ~Cb~ 
I 

N1 
/' 

" t .. \\2. HI\ 

~:'.:.!'"=-= ~~ 1~1..:3. t:: 'r':J.:!.:-jP Ni::-csen -O.17e5 .... 
0 .. 

!:n~.:.:.:!=~ ?::r:e!:.ti!.2 1.5.508 

.. ,,,,-, ... .., .... - =~-=z-~'l -5.937 

!}..'~C -';0. 'le ?u~:~:!.on 5 y~ '" '::).~ ,:,v .. -
~1 . 0.00000 0.00000 0.00000 -fJ.4:1=5 
C 2 0.00000 0.00000 0.00001 0.42544 
C 3 -0.00000 O.OOOO!. O.OOOOl 0.12373 
C 4 -0.00003 -0.00001 -0.00004 -0.57950 
N 5 0.00001 0.00001 0.00000 O. 11411 
C 0 -0.00001 0.00000 -0.00001 0.45585 
N 7 0.00000 0.00000 0.00000 -0.02101 
C 8 0.00002 0.00000 -0.00001 0.0417 
H 9 0.00000 
H10 0.00000 
Hll 0.07883 
H12 -0.07884 
H13 0.00002 

\, H14 -0.09964 
Hl5 0.09965 
H16 0.00000 
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Structure 

TABLE 5.8 

Quantum ChemicallnCormation Obtained ror 

2-amino-4-methylpyrimidiae, quarternized at N3 

C~arge ~n QU3ter~3ry Nitrogen -0.1227 

rcn!~at1cn ?c:=nt1al 15.382 

-5.865 

T rn,'f"-. """"u •• ~ 'wa':e fi'unc":!.an s F-., p." 
N 1 0.00000 0.00000 0.00000 
C :2 0.00000 0.00000 0.00000 
C 3 0.00000 0.00001 0.00001 
C 4 -0.00003 -0.00001 -0.00003 
N '3 0.00001 . 0.00001 0.00000 
C 6 -0.00001 0.00000 -0.00001 
N 7. -0.00000 0.00000 0.00000 
C a 0.00002 0.00000 -0.00001 
H 9 0.00000 
H10 0.00000 
H1.1 0.07102 
H12 -0.07102 
H13 0.00001 
H14 -0.07637 
H15 0.07637 
Hll5 0.00000 

'c 
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-0.15003 

0.57854 
-0.14152 
-0.45654 

0.46106 
-0.42262 

0.02719 
0.02557 



Structure 

!..~MC ·Ia .... e Funct ion 

TABLES"' 

Quantum Chemical Information Obtained for 

Purine Quarternized at Nt 

~\\ 

-0.1276 

14.542 

-6.089 

5 p, ... Pv 
N 1 0.00000 0.00000 0.00000 
C 2 0.00000 0.00000 0.00000 
N 3 0.00000 0.00000 0.00000 
C 4 _Q.OOOOO 0.00000 . 0.00000 
C 5 0.00000 0.00000 0.00000 
N <5 0.00000 0.00000 0.00000 
C 7 0.00000 0.00000 0.00000 
N 8 0.00000 0.00000 0.00000 
C 9 0.00000 0.00000 0.00000 
H10 0.00000 
Hll 0.00000 
H12 0.00000 
H13 0.00000 
H14 0.00000 
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p.:: 
-0.41944 

0.53205 
0.04649 

-0.58210 
0.20854 
0.12465 

:-0.25812 • 
-0.01433 

0.27227 



Structure 

TABLE 5.10 

Quantum Chemical Information Obtained (or 

Purine Q1l2rtUDized at N3 

\1\\ 

-0.1366 

Lon1satlon Potential 14.358 

LU1A'.Q Ener3Y -5.8~1 

LUMQ Wave Fur.c~ion s F .. p~, 

H 1 0.00000 0.00000 0.00000 
r ., 0.00000 0.00000 0.00000 '- .-!l 3 0.00000 0.00000 0.00000 
C 4 " 0."00000 0.00000 0.00000 
C 5 0.00000 0.00000 0.00000 
i 5 0.00000 0.00000 0.00000 
C 7 0.00000 0.00000 0.00000 
!l 3 0.0000·) 0.00000 0.00000 
C 9 0.00000 0.00000 0.00000 
H10 0.00000 
H" J. .. 0.00000 
:112 0.00000 
513 0.00000 
Hl4. 0.00000 

'" '7 • 
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p: 
0.28931 
0.10511 

-0.40244 
0.61726 

-0.12738 
-0.17067 

0.23654-
0.09831 

-0.41658 



TABLE 5.11 

Quantum Chemical Inrormation Obtained for 

Purine Quarternized at N7 

Structure \4\~ 

Hlo ,/NI I 
~ ~ _N& 

C2. G'\ - "" I . ~ C'-HI2 

N3. C.S /' "' / ----W+, 
Cit- t 
I H\'~ 

H\\ 

Charge on Quaternary Nitrogen -0.1155 

- -. 
Ionisation Potential 15.827 

LUMO Energy -S'.-&\'!o 

LUMO Wave Function s p,,,,, Py 
N 1 0.00000 0.00000 0.00000 
C 2 0.00000 0.00000 0.00000 
N 3 0.00000 0.00000 0.00000 
C 4 -0.00000 0.00000 0.00000 
C 5 0.00000 0.00000 0.00000 
N 6 0.00000 0.00000 0.00000 
C 7 0.00000 0.00000 0.00000 
N 8 0.00000 
C 9 0.00000 
H10 0.00000 
H11 0.00000 
H12 0.00000 
H13 0.00000 
H14 0.00000 
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pz 
O. 2354~ 

-0.24238 
-0.16134 

0.3535£ 
-0. 0023~ 
-0.3757( 

0.6813L 



CHAPTER 6 

Discussion -and Conclusion 

6.1 Discussion 

Six insoluble complexes of the type cis-PtClJ., were sncessfulIy prepared by reacting an aqueous 

solution of K~tCl. with the appropriate soluble ligand, L. using the method described by Kong and 

o Rochon!"'. The six products were characterised by thermogravimetric analysis (TGA). CHN analysis 

and infrared spectroscopy (IR). The TGA showed that eacb of the products decomposed in a stepwise 

manner. In each case by 873K the percentage weight loss was equivalent to the calculated theoretical 

percentage of two moles of chlorine plus two moles of ligand. suggesting that the molecular formula 

is of the form PtCl,~. The three products OD whicb CHN analysis was carried out confirmed the 

results obtained by TGA since the percentage weights expected for C. H and N agreed to within 

±O.5% to those found experimentally. The IR sPectra of the products compared to those of the 

corresponding ligand exhibi~d extra bands in the regions of 450 cm-' and 330 em o

,. These bands are 

assigned as Pt-N and Pt:CL respectively indicating that the ligand binds to the platinum through a 

nitrogen atom. The fact that a single band was observed at 450 cm o

' also indicated that the PtCIJ.1 

was present in the cis configuration. In order to monitor the kinetics of platinum -heterocyclic base 

. interaction in solution several techniques were investigated. these included potentiometric methods. 
" high performance liquid chromatography (HPLC) atomic absorption (AA) and ultraviolet· (UV) 

spectroscopy. Preliminary studies into the monitoring of kinetic parameters by both potentiometric 

and HPLC methods were carried OuL In each case a number of practicl problems arose not the least 

of which was a lack of reproducibility. These two techniques were thus rejected 3S feasible methods 

of studying the kinetics of formation of complextion. 

Initial investigations into the use of both AA and UV specuoscopy proved more successful. 

Subsequently a valid and reproducible methodology was developed and established for both 

techniques. During the developmental stage it was found that when a freshly prepared solution of 

K,PlCl. was reacted with the ligand an induction period at the start of the reaction was evidenL On 

further investigation it was determined that in aqueous solution PtCl. a.. becomes hydrolysed to 

Pl(H,O),Cl z and lhat this bydrolysis reaction occurs at a faster rate than the ligand substitution 

reaction. Consequently it was found necessary to prepare SOIUtiODS of KJ»lCl. fony eight hours in 

advance, prior to reaction with the ligand. in order to tab into account the aquation reaction. This 

has been discussed more fully in Chapter three. 
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An initial rates method was used to establish tbe order oC reaction witb respect to each component. 

In each oc the six reactions studied the results indiC31ed an overall second order reaction. first order 

with respect to both the PtCl.z. and the ligand. Using tbe Arrhenius equation tbe value of the second 

order activation energy and entropy were obtained for each reaction studied from both AA and UV 

absorption data. The value of activation energy and entropy obtained Cor a particular reaction Cram 

UV spectroscopy and those obtained Cram AA S'pC':troscopy were towly compatible with one another. 

both methods giving results which were witbin tbe experimental error. Thus from a reproducibility 

and accuracy point of view there is nothing to cboose between tbe two methods. However. UV is the 

simpler of the two techniques and does not require such specialised equipment. UV spectroscopy is 

also less susceptible to variation Crom day to day sucb as encountered in AA spectroscopy with 

regards to flame conditions and the positioning of lamp and bamer. 

The method of monitoring the kinetics oC (ormation oC complexes oC the type PtClz~ developed. so 

far. depends on the solubility of the ligand in aqueous solution and tbe (act that the solid product 

precipitates out if solution. However. there is in principle DO reason why the method could not be 

extended to incorporate ligands which are insoluble in aqueous solution so long as C3re is taleen to 

avoid coprecipitation or occlusion oC ligand in tbe product. ODe way of approaching tbis problem 

could be to carry out the 'feaction using a two phase system. Osa et al'1O, synthesised cis-

dichloroplatinum complexes of nitrogen-cyclic compouads through the reaction of KzPtCI. with the 

corresponding ligand at an interfacial layer between water and an organic solvent. 

An interesting feature of the results obtained in this study and comparison-with those cited in the 

literature was the Cact that there is a linear relationship between the activation energies and activation 

entropies. The reason behind this. which is basically ID2thematical. bas been discussed in Chapter 3.6. 

However. an important point to note is that when looking (or correlation between kinetic parameters 

and other properties of the system. which will be discussed later. is tbat either energy or entropy oC 

activation can be used since these correlate wen with each other. 

The theoretical studies yielded a large amoUDt of data related to the electronic propenies oC the 

ligands and this has been discussed in Chapter S. 

The electronic structure of the metal· ligand bonding has heeD considered in terms oC Molecular 

Orbital theory. The Molecular Orbital theory starts with tbe premise that overlap of atomic orbiuls 

occurs. where permitted by symmetry. to an extent determined by the spatial nature oC the orbitals. 

All degrees of overlap. including the electrostatic situation. come within its scope. The fust task 

when considering molecular orbital tre:ltment for a'complex is to determine which orbital overlaps 

are or are not possible because oC the inherent symmetry reqairements of the problem. In platinum 

square planar complexes there are nine valence shell orbitals ot the metal ion to be considered. four 

oC which have lobes lying along the metal-ligand bond directions and are suitable (or C1 bonding. 

whereas the other five are orientated as to be suitable only (or x bonding. 
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A Qualitative Molecular Orbital Diagram Cor a Square Planar Platinum 

complex. 
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Each metal orbial overlaps with its matching symmetry orbital of the ligand system to form bonding 

and antibonding molecular orbitals. The molecular orbitals of the same symmetry class. which are 

equivalent apart from their spatial orientation. have the same energy. Orbitals of different symmetry 

classes do not in general have tb.e same energy'since they are not equivalent. Figure 6.1 illustrates 

how the atomic orbitals of the metal and ligand combine. 

A characteristic feature o~ the d group transition metals is their ability for form complexes with a 

wide variety of neutral molecules and molecules with delocalised 1t orbitals such as the N

heterocycles. In these complexes the metal atoms are in low positive. zero or negative formal 

oxidation state and it is a characteristic of ligands with delocalised electrons that they can stabilize 

low oxidation states. This property is associated with the fact that these ligands possess vacant 1t 

orbitals in addition to lone pairs. These vacant orbitals accept electron density from filled metal 

orbitals to form a type of 1t bonding that supplements the a bonding arising from lone pair donation. 

High electron density on the metal. of necessity in tow oxidation states. can thus be delocalised onto 

the ligand. 

Thus for Platinum-Nitrogen bonding it is envisaged that: 

(a) there is a dative overlap from the lone pair on the nitrogen to an empty platinum 

a orbital; 

(b) back donation occurs from a filled d1t or hybrid dp1t platinum orbital into an empty 

p1t 'orbital of the nitrogen. 

This bonding mechanism is synergic since the effects of the a bond formation strenghtens the 1t bond 

and vice versa. 

0..) 

'0) 

Figure 6.2 

+ 

+ 
El~ 

---... F\ N 
Gl~ 

(a) The formation of the Pt.-N a bond using an unshared pair of electrons. (b) The 

formation of the Pt-+N 1t bond. 
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Table 6.1 summaries some of the important cia[3 obtained from solution and solid state studies along 

with da[3 obtained from theorectical consideration of the quatern.ized bales. 

Several correlations of the kinetic and energetic properties of the complexes with the electronic 

properties of the ligands were attempted but only one was foWld. This was the relationship between 

the solid state decomposition energy and the LUMO energy of the quaternized base (Figure 6.3). It 

is significant that in solid state chemisuy there are no interfering solvent effects. Tlie ' c:llculations 

which relate to isolated gas phase molecules are more relevant to the solid state situation than 

they would be in reactions in solution. 

The graph of solid state decomposition energy versus LUMO energy indicates good correlation for 

pyridine. pyrimidine. 2-aminopyrimidine and 2-amin0-4-methylpyrimidine quatemized at Nt. This 

suggests that complexation of 2-amino-4-methylpyrimidine occurs at the Nt position and not the N3 

position. which one would expect from steric hindrance considerations. 

The bases showing good correlation all have a high coefficient for the 2p. or~itals on the nitrogen 

in the LUMO eigenvector. 2-aminopyridine has only a 2s wavefWlction LUMO and very significantly 

does not fit into the general trend. Because there is no contribution from the p. orbitals back donation 

cannot operate and the bond between platinum and nitrogen would therefore be weaker. This is the 

likely reason for the significantly low activation energy. obtained from solid state studies. which is 

approximately 30 KJmol·' less than predicted by the graph • 

.. 
Each of the nitrogen atoms of purine. when quaternized. have a large p~ component is the LUMO 

wavefunction. but only when quatemized at Nt does the LUMO exhibit the very high energy 

(-S.82eV) expected in order to rationalize the stability of the platinum-nitrogen bond Cound in the 

Pt(Pu)zCI2 complex. Solid state studies indicated that the platinum-nitrogen bond in this complex was 

so stable that dissociation of the platinum-chloride bond took place preferentially and much higher 

temperatures were required before dissociation of the platinum-nitrogen bond occurred. Thus 

comparison of the LUMO energies for the various quaternized forms of purine suggest that 

complextion of purine to platinum occurs at the Nt positions. 

Molecular orbital calculations were also carried out on NH· •• which was found to have a LUMO 

energy of -4.79 eV and the nitrogen has a wavefunction which is almost entirely 2s in character. 

Although this suggests a weak bond. because of the absence of back donation. the LUMO en.ergy is 

so high that this would result in a very stable platinum-nitrogen bond. Like the purine complex it is 

thus expected that the platinum-nitrogen bond. in complexes such as cis-platin (ptClz(NHJJ. would 

be more stable than the platinum-chloride bond. This is a very Doteworthy observation and 

corresponds with the fact that cis-platin complexes with nucleoloases by C( replacement rather than 

substitution of the NH, ligands. 

The results obtained from the molecular orbital studies appe:1t to justify the view that quatemization 

models complexation provided solvent effects are absent, as ill th4 case of solid state chemisuy. 
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TABLE 6.1 

Summary 01 Some Significant Results 

H~ E.s E.s IF E Charge LUlQ ll-H 
Position Soln Solid LUXO at Ji+ p,. at 1- Length 

PY 0 64 113 15.62 -~.89 -0.01 0.41 1.0115 
.,. 

Pm 
,..,~ 
IJ....,~I 74 102 16.16 -6.26 -0.13 0.48 1.0147 

... 

ZAF., ~J) 56 131 14.96 -5.93 -0.32 0.00 1.0900 
... 

~AFllI 
N~) 

50 129 15.83 -0.09 ·-0.12 . 0.47 1. 0181 
1IaIoI"'''''' ... 

..J ..... 

AY.P:: 
.,~ ) 94 161 15.38 -5.80 -0.12 0.40 1. 0130 

.... J!" ,.,"" 
IWoI 

."., 

AY.?:n 6 94 101 15.51 -5.94 -O.l~ 0.45 1.009~ 

~ .. fJ .,. 
" Pu (n/~ 44 - 14.15 -5.82 -0.09 0.38 1.0014 

~,..,,.,I -. 
-+ 

w A... 
14.54 -6.08 -0.13 0.42 1.000l Pu ~~Q 44 -

""~ N 

" Pu ,J:pJl; 44 - 14.36 -5.89 -0.14 0.40 1.0080 

N '''''' j 

1M.. - - 24.80 -4.79 -0.09 0.00 1.0220 

Ea Activat10n Energy 

IF Ionisat1on Potent1al 
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6.2 Conclusion 

At the outset this study was planned to loole for structure activity relationships in a series of platinum 

complexes which could be regarded as very simple models of the interactions between platinum 

anticancer drugs and the nuc1eobases of DNA. In the coarse of this smdy it has been found that: 

(1) For soluble heterocyclic lig:mcis. yielding insoluble products. the reaction between 

K~PtCI. and the ligand is best monitored by pre·aqaating the PtCI.z• and measuring 

the decrease in concentration of platinum or lig:md by AA or UV spectrophotometry 

respecti vel y. 

(2) The activation parameters for the ~ctions of placiDwn complexes in solution are 

stongly correlated (both for tbis work and that of otber authors); the higher the 

activation energy the greater is the tendency towards a dissociative mechanism. 

(3) There is no correlation between the experimentally measured re3ction parameters 

for the PtCI. z. + Ligand reaction in solution and the quanDlM mechanic311y calculated 

quantities for the ligand such as electron density. molecular orbiul energies. dipole 

moment and wave functions. This is probably due to the possibility that in solution 

the ligand is solvated and quite dissimilar to the isolated gas ph3Se used in the 

quantum calculations. 

(4) Solid state reactions. easily followed by thermogravimetric analysis and the stepwise 

thermal decomposition of complexes. often involve a step which must be directly 

related to the platinum-nitrogen bond breaking n::::uion. Isothermal studies allow 

calculation of the activation energies for these processes but non-isothermal methods 

are of little value in this respect-

(5) No correlation between the solid SUIe results (which involve bond brealcing) and 

synthesis of complexes was found probably because in solution the reaction is 

complic:ued by solvent effects and me re::lctioa promc iDvolves two steps. The rate 

determining step involves the additioD of the lig:md which is accompanied by 

structural re:unngement to (orm a six co-ord;nared intermediate. Thus sterlc effects 

and the nature of the entering group exert a major effect on the rates of reaction. 

Where3s in the solid sute the complex is a molecular solid :md hence not lffected 

by solvent effects. Here the decomposition energies were r:ltionalised in terms of 

electronic structure of the ligand and sterle: effects app~ed to exert very little 

influence on the energy required to bn::::Lk me platinum-nitrogen bond. 

(6) Good correlation was found between the solid sutee£tiv:uion fdlssoclauOii1 energy 

and the energy of the LU~IO of the lipnd. when this was found to be 

predominantly r: on the relevant nitrogen. T1le higher "the energy required. 

for dissociltion of the platili;lr:1-nit~oge:1 bond. the hi&her the energy of ll1e 

LUMO of the quaternized basco 
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It is considered that studies such as these c:uried oat ~ partir:ubrly the solid state and the 

theorectic3l work could be usefully applied to larger systemS which more closely model drugs and 

their DNA interaction products. For example thermal smdics 00 the intcraaion complexes of second 

generation anti·cancer drugs such as CHIP and carbopJatin would be worthwhile since semi", 

empirical molecular orbital calculations are particularly suitable foc such complexes. 

Authors studying kinetics of formation should perhaps look for deviarloDS from correlation between 

the activation energy and activation entropy as being of some signifiC3DCC. 
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Initial Rate Results 

Reaction between K~PtCl4 + 2-aminopyr1dine: 

Atomic Absorbance Values at Initial Kolar Ratios 
K.<:PtCLt: L1~and 

Time 0.2 : 0.4 0.4 : 0.4 0.2 : 0.8 0.2 : 0.3 
5 0.097 0.180 0.091 .. 0.093 

10 0.092 0.168 0.083 0.090 
15 0.089 0.160 0.081 0.088 
20 0.084 0.150 0.074 0.086 
30 0.078 0.140 0.070 0.081 
40 0.068 0.130 0.065 0.077 
50 0.063 0.128 0.063 0.073 
60 0.060 0.124 0.061 0.071 

Reaction between K~PtC14 + 2-aminopyrimidine; 

Absorbance Values at Initial Kolar Ratios 
K:=:PtC1 4 :L1gand 

Time o " .... : 0.4 0.4 : 0.4 O.~ : 0.8 
AA UV AA UV AA UV 

1 0.130 1. 001 0.359 1.120 0.158 2.216 
5 0.121 - 0.933 0.339 0.991 - 0.130 2.095 
7 0.116 0.905 0.329 0.938 0.124 2.005 

10 0.107 0.860 0.314 0.841 0.113 1.942 
15 0.096 0.785 0.288 0.681 0.089 1.787 
18 0.089 0.735 0.276 0.600 0.079 1. 730 
20 0.084 0.698 0.264 0.549 0.064 1.640 
25 0.072 0.627 0.240 0.472 0.054 1. 493 
30 0.069 0.547 0.226 0.420 0.046 1.356 

Reaction between K~PtCl4 + Pyridine: 

Absorbance Values at Initial Kolar Ratios 
Kz:PtCL1: Ligand 

Time o " : 0.4 0.4 . 0.4 0.2 : O.--a-. .. . 
AA UV AA UV AA UV 

1 0.303 0.910 0.536 0.961 0.402 1. 916 
5 0.257 0.810 0.450 0.722 0.310 1. 709 
7 0.235 0.750 0.402 0.615 . 0.244 1.532 

10 0.200 0.672 0.335 0.457 0.200 1.419 
12 0.173 0.605 0.312 0.393 0.156 1.335 
15 0.143 0.543 0.303 0.345 0.140 1.282 
20 0.125 0.406 0.293 0.321 0.122 1.189 
25 0.115 0.350 0.29i 0.298 0.098 1.140 
30 0.110 0.331 0.290 0.296 0.086 1.105 
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Reaction between ~~PtC14 + 2-amino-4-methylpyr1m1dine: 

Absorbance Values at Initial Kolar Rat10s 
K PtCl ... :L1~and 

Time 0.2 : 0.4 0.4 : 0.4 0.2 . 0.8 . 
AA UV AA UV AA UV 

1 0.150 1. 180 0.239 1.300 0.323 2.092 
5 0.140 1. 113 0.214 1.177 0.303 1. 981 
8 0.134 1.081 0.206 1.129 0.288 1.892 

10 0.128 1.049 0.192 1.049 0.279 1. 840 
15 0.114 0.980 0.167 0.902 0.254 1. 708 
18 0.108 0.935 O. 152 0.820 0.239 1. 613 
20 0.104 0.911 0.144 0.781 0.230 1.555 
25 0.097 0.835 0.135 0.740 - 0.214 1.490 
30 0.094 0.758 0.130 0.729 0.202 1. 450 

Reaction between K2 PtC1 4 + Purine: 

Absorbance Values at Initial Molar Ratios 
K.::PtCLl: Li~and 

Time o ., 
.~ : 0.4 0.4 : 0.4 0.2 : 0.8 

AA UV AA UV AA UV 
1 0.241 1.289 0.342 1.171 0.262 2.568. 
3 0.230 1. 210 0.319 1. 019 0.245 2.463 
5 0.218 1. 131 0.295 0.862 0.216 2.270 
7 0.205 1. 060 0.272 0.720 0.187 2.098 

10 0.185 0.940 0.237 0.489 0.158 1. 921 
12 0.173 0.851 0.230 0.378 0.148 1. 810 
15 0.159 0.769 -0.215 0.307 0.144 1. 759 
20 0.130 0.640 0.204 0.224 0.139 1. 710 
30 0.098 0.549 0.194- 0.171 0.136 1.563 

... 
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Integrated Rate Equation Results 

Reaction between K~PtC14'+ 2-aminopyridine: 

Atomic Abscrbance Values 
Absorbance at each Temperature 

Time 303 306 308 310 
5 0.2872 0.2557 0.2667 0.2381 

10 0.2743 0.1575 0.2459 0.2339 
15 0.2629 0.2542 0.2381 0.2115 
20 0.2530 0.2356 0.2292 0.2195 
30 0.2433 0.2271 0.2046 0.1738 
45 0.2067 0.1999 0.1771 0.1414 
60 0.1926 0.1703 0.1613 0.1231 
75 0.1785 0.1504 0.1450 0.1156 
90 0.1023 0.1481 0.1315 0.1028 

120 0.1402 0.1221 0.1111 -

UV Absorbance Value~ 
Absorbance at each Temnerature 

Time 303 306 308 310 
5 1. 6129 1.3889 1.311 1.4323 

to 1. 4706 1.2433 1.232 1. 1905 
15 1. 3514 1. 1128 1.111 0.9345 
20 1.2500 1. 0135 1. 018 0.8628 
30 1.0869 0.8625 0.904 

... 
0.6635 

45 0.9091 0.7143 0.695 0.5183 
60 0.7752 0.5988 0.592 0.4393 
75 0.6757 0.5714 0.530 0.3770 
90 0.6028 0.5181 0.453 0.3415 

120 0.4903 0.3953 0.359 -

Reaction betwen K:.:PtCL~ + Pyrid1ne: 

AA Ab b . R a1' sor ance .ea nsrs 
Time Absorbance at each Temo(K) 

298 301. 5 306 308.5 313 316 
5 .3576 .3400 .3448 .2458 .2571 .3239 

10 .3572 .3109 .3088 .2003 .2003 .2528 
15 .3324 .2.737 .2735 .1798 .1722 .2041 
20 .3045 .2482 .2449 .1593 .1556 .1736 
30 .2688 .2143 .2142 .1305 .1256 .1380 
40 .2273 .1956 .1751 .1240 .1122 -
45 .2133 .1767 .1665 .1005 .1029 .0957 
50 .2059 .1744 .1535 .0956 .0816 -
60 .1938 .1576 .1338 .0815 .0796 .0791 
75 .1703 .1288 .1194 .0713 .0668 -

UV Absorbance Read1n~ 
T1me Absorbance at each Temo (K) 

294.5 298 306 308.5 313 316 
5 1. 214 1.022 0.920 0.801 0.869 0.874 

10 1.096 0.972 0.776 0.784 0.653 0.653 
15 0.891 0.878 0.941 0.643 '0.543 0.481 
20 0.864 0.787 '0.674 0.530 0.426 0.403 
30 0.684 0.676 0.525 0.432 0.343 0.289 
45 0.801 0.555 0.373 0.309 0.249 0.205 
60 0.521 0.479 0.306 0.265 0.200 0.154 
75 0.496 0.384 0.254 0.204 0.161 0.126 

. 
IV 



Reaction betweenn K~PtC14 + 2-amincpyr1m1d1ne: 
. . 

AA ~b b R d sor ance ea 1n~s 
Time Absorbance at each Temp(K) 

303 308 311 313 316 318 
5 .2128 .4010 ' .2562 .2191 .3998 .2322 

10 .2041" .3831 .2154 .1918 .3298 .1893 
15 .2000 .3058 .1798 .1540 .2427 .1568 
20 .1942 .2558 .1684 .1420 .1980 .1485 
30 .1667 .1733 .1387 .1249 .1414 .1008 
45 .1351 .1431 .1040 .0885 .0990 .0906 
60 .1143 .1161 .0929 .0782 .0762 .0605 
75 .0900 .0941 .0696 .0603 .0619 .0529 
90 .0878 .0763 .0618 .0520 .0521 -

UV Ab b R d1 sor ance ea nll\ . 
Time Absorbance at each Temp <X) 

293 303 308 311 313 318 
5 1. 318 1. 005 1.482 1.063 .9667 .9123 

10 1.206 0.904 0.914 0.879 .8330 .7565 
15 1.109 0.886 0.814 0.763 .6828 .6130 
20 1.024 0.788 0.754 0.677 .6457 .5487 
30 0.932 0.749 0.669 0.570 .5213 .4013 
45 0.777 0.641 0.514 0.422 .3817 .2853 
60 0.651 0.520 0.428 0.377 .3207 .2310 
75 0.588 0.434 0.304 0.287 .2747 .2130 
90 0.515 0.:396 0.333 0.276 .2245 .2110 

?,ea.:t1on between K.i;PtCl .. + 2-am1no-4-methylpyr1m1dine: 

AA Ab b sor ance R d1 ea n~s " 

T1:ne Absorbance at each TemT (K) I 
303 305.5 308 310 313 318 

10 . .2964 .3119 .3220 .3859 .3057 .2403 1 
15 .2859 .2978 .3123 .3509 . 3082 .2142 . 
20 .2948 .3121 .3074 .3126 .3053 .1916 
30 .2874 .2894 .2965 .2778 .2402 .1788 
45 .2805 .2730 .2603 .2299 .1990 .1437 
'50 .2660 .2357 .2324. .1832 .1023 .1021 
75 .2368 .2233 .2105 .1787 .1328 .0840 
90 .2149 .2035 .1772 .1486 .1190 .0704 

105 .2064 .1738 .1598 .1332 .1039 .0582 
120 .1927 .1013 .1383 .1199 .0936 .0523 
150 .1687 .1510 .1174 .1015 .0779 .0435 

UV Ab b 50!" 3nce R d1 ea n~ 

Time Absorbance at each TelIP (X) 
303 305.5 310 313 316 318 

10 .9350 .8772 .9677 .9093 .7693 .848 
15 .9220 .8090 .9547 .8242 .7465 .759 
20 .9055 .8130 .9468 .8313 .7073 .6065 
30 .8248 .7570 .7825 .6645 .5878 .488 
45 .7853 .0897 .6800 .5393 .4490 .417 
60 .7140 .6329 .5695 .4355 .3965 .294 
75 .OO8~ • .58~O .~27a .3668 .3228 .260 
90 .621~ .~4:35 .4423 .3225 .2903 .220~ 

105 .5824 .5076 .. 3989 .2906 .2098 .206 
120 .5479 .4757 .3720 .2900 .1914 .1830 
150 .4825. .4219 .3005 .2390 .1629 .1508 

v 



Reaction between K;c:PtCLl + Purine: 

A~ Ab b R di . sor ance ea ns:;s 
Ti:ne Absorbance at each Temp(K) 

299 302 304 306 310 313 
5 .2349 .2245 .1170 .2012 .2107 .2219 

10 .1986 .2024 .1032 .1757 .1684 .1656 
15 .1710 .1789 .0939 .1529 .1334 .1271 
20 .1416 .1613 .0855 .1309 .1147 .1047 
30 .1227 .1276 .0755 .1099 .0811 .0735 
45 .0975 .1008 .0590 .0800 .0635 .0556 
60 .0779 .0756 .0497 .0591 .0513 .0444 
75 .0662 .0651 .0430 .0491 .0417 .0364 

UV Ab b R sar ance • ead1n~ 
Time Ab~arbance at each Tem ,_ (K) 

299 302 304 306 310 313 
5 .2349 .2245 .1170 .2012 .2107 .2219 

10 .1986 .2024 .1032 . 1757' .1684 .1656 
15 !1710 .1789 .0939 .1529 .1334 .1271 
20 .1416 .1613 .0855 .1309 .1147 .1047 
30 .1227 .1276 .0755 .1099 .0811 .0735 
45 .0975 .1008 .0590 .0800 .0635 .0556 
60 .0779 .0756 .0497 .0591 .0513 .0444 
75 .0662 .0651 .0430 .0491 .0417 .0364 

vi 
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Non-isothermal Input: 

S T E P H N A L Y SIS 

-19-0CT-S:8 12:·'16 

SCAN FARAMETERS 
START TE~"'IF. ·",c 
RA 1 E K/~l.i:N. 
El··~D i" Ei1F • 0 C 
1· ::r M E .r ::; 0 _ i"1l: l-.l • 
FLO] cr"l 
RANGE FS lIilG 

OF"FSET % 

t; .A L i'; E T .... ·1 1 /':.:: 
3TEF ANAL'w'SIS 
OYN/IS0 "1/2 
AUTOLINIT 0 .... ·1 
START 
Er·iD 
BASELINE TYPE 
F'LOT CH 
FLOT r"tODE 
110L flllASS GAS 
la10L ... IASS IN IT • 

XD~NT. NO. 
WEIGH T bTlG 

... 
VIII 

o 
'10 
-10 
set 
€t 

-1 
-1 -1 
203-1 
o 
€1 

·1 
10.350 



TE.1PER':'TURE Co,: 

-j 

j 
"'A' .... _1 .... -:.. (. 

J 
I 

.J 

~·~t e j I 

j 
J 

~~:. ~ -1 
J 

J 
all. • ! 

"I 
1 
1 , 

I 

TCHF ERA .U;-<E Co c: 

,,).'V' It .... ' .. 

't~v ~ 

i 
I 

-i 

~ 
I 

..J 

I 
-4 

~ --= 

1 

STEP 

I 
·fOSOO 

STARr TEMP •• C 
FoEAK TEMP. .C 
Et40 TEMP. ·C 
.... .0 ...... 
ZTEF· 
:::TART TEMr-°. .c 
PEAl( °rEI1P. .c. 
ENCi rEI'1P. ·c ..... ...... ... 6 

°1"0 

WE1:GHT 
6"1:N-----) 

... El:GHr .... 6.:.4N-----) 

OTO 

\1 

1 

1~2.~ 
347.::1 
410.0 

-2.1~6Eo 
-19.663 

4°10. Eo 
:;:;~.:; 

8EJ0.0 
-S.94010 
-3:;.94~ 

Non-isothermal Output 

. 
IX 

( 
I 

I 



~ '. 

Isothermal Input: 

5 -r E P A N A L.. Y S :t. S 

31-...JAM-S9' 17:06 

SCAN PARAMETERS 
s"rAR-:r "rEMP' p °c 
~ATE K/HXN.. 
1":tME l:SO ... MIN. 
PL...OT eM 
r:tANG£: r-s inG 
Of='FSE:T % 

VAL.VI:': T / -l l/Z 
STEP' ANALYS:rs: 
D'fN/ISO 1/'2-
AUTOc....~M:rT' ~/1 
STAA'1 
'£NO 
s:AS;£&..~N&: TYPE 
PL.OT eM 
PL.oT MOOS:: 
HOL. MASS GAS 
MOL MASS I:N3:T. 

:t 0 £: M:"T. _ NO. .---
WE:l:Gr'J'T. rnG 

x 

29S 
eJ 
,'00 
10 
10 

S" 
Q 

Z. 
1 
~ 
69S 
1 
1 1 
2.03'1 
t!'J 
6 

1 
1Q.394 . 



TIMe.. ",tN. 

100.0 

400.0 

(,00.0 

100.0 

~.O 

-.oClOftO 

"'T~P 
f)'TAA'T' T. MI ..... 
p£Al( T%M. 'UN 
£Nt> TZM. M%N_ 
6", ttU:r 
.111\ 0/0 

W'El'OHT 

We:~G"'T 
GAIN-----) 

'·--'7 
i 

GA!N-7' - --) 

1·000 "'" 

",G,/S 

~.S() 

4.95 
."a.3¢ 

- %. (> 87<9-
-20.07'1 

Isothermal Output 

. 
XI 

.OOI¥ 



"--

DSC Input: 

F' E'A K I N T E G RAT ION 

"1 ........ -0CT-88 12: -'16 

SCAN PAF<ANETERS 
START TEJ"1P. °C 
RATE I</MJeN. 
END TEMP. °C 
TII1E ISO. MIN. 
FLOl" Ct1 
RANGE FS luStJ 
OFFSET o~·o 

PAN TYPE 1/2 
LXNIT R",W 
PEAl=( INTEGRATION 
o ""i-1/ ISO "1/2 
AUTOLIf1J:T 0/1 

EHD 
BI;SELJ:NE TYPE 
PLOT . eN 
PL01- I!!fODE 

IDENT. NO. 
WEIGHT mG 

xii 

40 
5 
6100 
o 
1 €t 
2~" 
90 
·s 

'1 
·1 
50 

a 
-10 
~0-1-

2 • 

9.0-18 



----

TEI"IPER.~ TURf:: 0c 

..... " 

HE.:Ir FLOW 
EX01"UERMAL-- :> 

I.".~ 

~ ----------

AUTvLl.MX.S 
STAkT TEMF-·. 0c 
EI .. O T EJ-IF- • "'I,.; 

TEMFERATURE 0C 

j 

.H E'~Du _.J 

.. H .J .... G 
f"~ .... ;.;. fE""'. "'C 

xiii 

:5'1 .7 
~03.3 

HEAT FLOW 
EXOTHERMAL--) 

2.... all 

..... ..... 
. ..... . 

~9."3 
6:586.3 
33"i:; 

DSC'Output 

.... ....... ..•. 

.. 
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N 

~ ATOM CHEMICAL DONO LENGnl DONO ANGLE Tl-JI 8T ANGLE 
rt NUMOER SYMOOL (ANGSTROMS) (DEGREES) (DEGREES) 
>1 (1) NA: I NEl:NA:I NC:N8:NA:I 1-4 NA NO NC 
X 

0 1 N 
H, ... C -1.3£.300 L. 1 
." 3 C 1.40500 -120.1-1000 2 1 
~ 
>1 4 C 1.40800 1'17. geOOO .00000 3 2 1 
1-4 5 N 1.36300 '120.'1'1000 .00000 ~ 4 3 2 .... £. C 1.36300 120.48000 .00000 5 4 3 p. .... 7 H '1.09000 1-19.08000 180.00000 2 1 6 
p e u 1.09100 121.01000 .000,00 3 2 7 m 

7 H 1.09000 120.82000 .00000 , 
3 8 At 

10 H 1.0e900 '1-19.57000 180.00000 6 5 4 
X 
< 

N ATOM CHEMICAL COND LENGTH CONO ANGLE TWIST ANGLE 

~ NUMBER SYMOOL (ANGSTROMS) (DEGREES) (DEGREES) 
rt ( 1) , NA: I ' . NB: NA: 1 . NC:NB:NA:l NA 'ND NC 
~ 
..... 
X 1 N 

0 2 C '1.36400 1 
H, 3 C 1.41300 117.39000 2 1 
tv 4 C 1.40800 119.60000 .00000 3 2 1 
I 5 C -1.40700 119.55000 .00000 4 3 2 

fII 
~ 6 C 1.40800 119.55000 .00000' 5 4 3 .... 

1.43600 -t -17.90000 180.00000 2 1 b p 7 N 
0 8 U .. 1.09100 120.£.4000 180.00000· 3 2 1 

00 
'< 9 Ii 1.09100 -120.27000 .00000 4 3 B 

>1 .... 10 U 1.09100 120.56000 .00000 5 4 9 
p. 

11 1I 1.09100 '120.75000 .00000 6 5 10 ..... 
p 12 tI 1.01100 109.86000 ' 121.00000 7 2 1 
m 

13 U 1.01200 109.85000 57.00000 7 2 3 



.j 

~ -. 

N 

i: 
~ .., 
t4 
X 

a 
Hi 

~ 
I 
~ a .... 
~ 
a 

"d 
'< 
t1 .... 
a .... 
Po .... 
~ 
111 

,fa. 
I N 

!'i:' IT rt
'<I tot 
~ .... 

"d X 
'<I .., a 
.... t-\ 

e. ~ 
Po I 
.... I» 
~ a 
111 .... 

~ a 
I 

ATOM 
NUMBER 

( I ) 

1 
2. 
3 
I, 

·5 
6 
7 
e 
'1 

10 
11 
12 

ATO., 
tJ \J t'la ~,., 

Ll) 

1 
2 
3 , 
"f 

~ 
l. 
7 
8 
9 

10 
1 1 

. 12 
, 13 

14-
'15 

CHEMICAL BOND LENGTH 
SYM30L (ANGSTROMS) 

NA:I 

N 
C 1.36400 
N 1.36700 
C 1.36200 
C 1.1,0700 
C 1.40700 
N 1.43500 ., 1.09000 
II 1.0'1'100 
H 1.09000 
Ii 1.01100 
Ii 1.01100 

CHErU C';L DONO LEtJG HI 
S·i'tl!luL (Ar~GSTROI1S j 

NA:I 

N 
C'. 1.36100 
C 1.'!'-0700 
C 1 • " '1000 
N. 1.31.S00 
C 1.36400 
H '1.09000 
H 1.09000 
N 1.43:'00 
C -1.52800 
I: 1. a -1'100 
H 1.01100 
H 1.07200 
U '1 • 0'7~00 

-t-; 1.092;]0 

DONO ANGLE TWIST ANGLE 
(DEGREES) (DEGREES) 

NB:NA:I NC:NE:NA:I NA NB NC 
I 

1 
119.90000 2 .1 
'12'1.05000 .00000 3 2 1 
1'19.99000 .00000 I, 3 2 
117.94000 .00000 5 I, _3 
118.63000 180.00000 2 1 6 
119.12000 1BO.OOOOO I, 3 2 
·t21.02000 .00000 5 I, 8 
120.87000 .00000 6 5 9 
109.65000 121~00000 7 2 1 
109.65000 59.00000 7 2 3 

HOrm "NGLE TWISl ANGLE 
\ UGiRECS i (OCGflECS) 

NB:UA:I -NC:NB;NA;I NA NB fiC 

'1 
119.92.000 2 1 
118.S9000 0.00000 -3 2 1 
-1 '18 • '7 '1000 0.00000 " 3 2 
121 .82000 0.00000 -5 

, 
3 Of 

119.11000 180 .• 00000 2 1 _.6 
120.3liOUO 180.00000 '3 2 1 
-116."14000 '180.00000 6 '; , 

oJ Of 

'120.87000 '180..00000 4 3 2 
-aN .1.500a 120.00000 I 9 6 j 

'109.65000 -120.00000 9 6 5 
-1"13.97000 HW.OOOOO. - : 10 

, 
3 "\' 

1 '11 .5 7GOO 60.00000 . 10 , 
3 .. 

1'11.53000 -60.00000 '10 ~ 3 



" 

,; T Ot1 CllCtlICAL 8 <';;J() u.:nGTII 
twr1C E. i{ [j \' t-i[lQ L ~ ;'[4GSTl~\.H'lS) 

, I i :-1" ,. 
!-in • .I. 

N -1 .f 
''1 

~ 
--, r- -1 • :::;'::,juO ..... \4 

~. •• ·1. 3L, 70G rt .;.0 I~ 

tot I ,... 
1.36500 

~ 
.... ..., \.0 

X .:: , . -t .40700 ...i \.0 -. _. 
6 N '1.35300 0 ...., -.., C . -1.35580 I 

'l:I 8 N '1 .42200 
~ p C -1.4H .. OO tot I .... -to n 1.08ciOO 
~ 

11 II -'1. 09000 /I) 

-12 H '1 .0'iOOO 
13 H 0.99-100 

a (me ';t~uLL ¥f' t·; 1ST ;~ ... j (~ L [: 

(n[c..f~L:.~:S i \ D [J":' r:~ [ E t:i i 
t~G~:·~';~1 NC:N3:rJt.:I NA 

-. • 
-12 -1 • ~ 2UUO 

.-, 
'-

12-1.070QG 0.00000 3 
-1 W. a-lOGO O.GOOGO .; 
,30. (;12000 -180.00000 5 
-107.38000 -180. JOOOO I . 

U 

'110~ ';2000 0.00000 7 
104.98000 0.00000 8 
·11'i.2'7000 . 180.00000 r; 

~ 

1 -19. 8t.[lOO HHLooooo: I .,. 
·12';'.2L.OOD HIO.OOOOO 7 
127.470iJO -180. 00000 8 

NO 

-1 
2 .., 
-..) 

4 
C; 
...i 

6 
7 
1 
3 
6 
7 

tl~C 

-1 
" ~ ., ... 
, 
"t 

5 
6 
CJ 
2 
c:: 
oJ 

6 

, 
i 

I 
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0 

0 

--. 

INTERATOr1IC DISTANCES 

N 1 C 2 C 3 C 4 C 5 ------ --
N 1 .000000 
C 2 1.3~~000 .000000 
C 3 2.424994 1.378000 .000000 
C 4 2.823125 :z. 383386 1.397000 .• 000000 
C , 2.424175 :z. 714987 2.399060 1.397000 .000000 
C 6 1. 3~3605 :z. 281007 2.714987 2.383386 1.378000 
H 7 2.060653 1.092000 2. 150~9 3.384528 3.806176 
H 8 3.387502 :z. 139150 I. oeoooo :z. 1~767 3.390484 
H • 3 •• 0312' 3.371'19 2. 1'9737 1.080000 2.1'9842 
H 10 3.386449 3. n42'" 3.390484 :z. 162767 1.080000 
HI1 2.059000 3.2'1069 3.806176 3.384528 2. 150509 
H 12 1. 011499 2.082376 3.341553 3.834624 3.341061 

H 7 H 8 H • H 10 'H 11 

H 7 .000000 
H 8 2.482'23 .000000 
H 9 4.292909 2.508672 .000000 
H 10 4.984985 4.305429 2.508834 .000000 
H 11 4.110897 4.8S4885 4.292998 :z. 482523 .000000 
H 12 2.3'3801 4.217'24 4.914624 4. 2168:Z' 2.352604 

PETERS TEST WAS SATlSlFIEl) IN FLETCHER-POWELL CPTIPnSATlON 
&CF FIELD WAS ACHIEVEI) 

AI11 CALCUl..ATJON 

C 6 

.000000 
3.251069 
3.79429' 
3.371'83 
2. 13'1'0 
1.092000 
2.0S1626 

H 12 

.000000 

VERSION 1.00 

IfINAL ~"T OF FORI1AT~ON • 46. 479261 KCAL 

ELECTRONIC ENERQV 
CORE-CORE REPULSION 

IONISATION POTENTIAL . 
NCI. Olf IfILLEt) LEVELS 
flDLECUL..AR WEI QHT 

SCP' CALCULATIONS • 
COMPUTATION TII1E -

• -3530. 009'64 EY 
• 2601 •• 52128 EV 

•. IS. 620600 

• IS 
• eo. 10. 

16 
138. 31 SECONDS 

xix 

04/18/90 



----
:£IOENYECTORI 

RDCT Na. I • 2 3 4 , 6 
.-

--_ ~.8'r27' -40.~S' -37.'1424 -30.64694 -29.96146 -2'.61393 
·s N 1 • ':sa6l -.'16'6 •. 00122 -.31791 .00100 -.04442 

PI N 1 .06767 .01'10 .20836 .11739 .38114 .32364 -. py N I .10644 '.0:2227 -.133:56 .18240 -.244'9 • ~'47 PZ N I .00000 .00000 .00000 .00000 .00000 .00000 

I C 2 .39114 -.Ol502S .45933 • 313.oz • :29119 ~.020SS PI C 2 . -.I~SI .18932 .06'00 .ISI7' -. 19608 -.2'799 . py C 2 .08532 • 114M .OSZ20 .069.1' -. 19154 .20030 
PI C 2 .00000 .00000 .00000 .00000 .00000 .00000 

S C 3 .28678 .36065 .41479 .09179 -.35547 -.144'6 PI C .3 -. lloea -.0:5690 -.04043 -.01778 -.08183 -.19994 
py C 3 -.01122 .. 11220 -.107:59 -.31'9' -. 09SSO .082'0 
PZ C 3 .00000 •• 00000 .00000 ,00000 ,00000 -,00000 

I C_ 4 .26'34 ,49966 -.00080 -.46'21 ,00049 ,O'SI7 
PX C 4 -.05462 -.04670 .16239 -.0~42 -.2~79 -.043'7 
py C 4 -.OS'3 -.07342 -.10383 -.08106 .160'7 -.06806 
PI C 4 .00000 .00000 .00000 .00000 .00000 .00000 

• C , .:28704 .389'3 .-.41566 • 0'P294 .3"09 -.144'9 
PX C , ,03619 .12'99 • 080:Z7 -.27929 .0:5614 .USSO 
py C , -. 10'52 -.00432 .081'9 -.14822 . U," -. 14710 
PZ C·S .00000 .00000 .00000 .00000 .00000 ,00000 

I C 6 .39202 -.0~3 . -.458'1 • 3130S -. aU77 -.02098 
PX C 6 .1314 .02492 -.~ -.01299 .0924' .29060 
py C 6 -.07430 .2iZ027 -.08172 .19494 .2'76:5 -.15047 
PZ C 6 .00000 .00000 .00000 .00000 ,00000 ,00000 

I H 7 .09'01 -.02'63 .16349 .13397 .15634 -.17382 

8 H • ·.0669' .10924 .14448 .03964 -.17774 -.17777 

8 H • .06183 .1:5327 -.00027 -.ZlI9' ,00022 -.02091 

I H 10 .06701 ,108S7 -.14478 .04019 ,177'1 -.17787 

8 H'U .09528 -.02632 -.163:Z4 .13347 -.15673 -. 1743 

I H 12 .14319 -.17916 .00051 -.20899 ,00071 . -. 39182. 
" 

RDOT NC. 7 • • 10 11 12 

-22.67096 -2iZ.43S41 -21.08834 -20.8630' -19.9'126 -18.-016:56 

• N I· -.00142 -.18399 _.-.1146' .00000 -.00008 -.01929 
PX N 1 -.36547 .099ZZ -.16064 .00000 -.09619 .08137 
py N 1 , ZI'81 .14839 -.250:53 .00000 .06084 .1:2878 
pI N 1 .00000 .00000 .00000 .6.479 .00000 .00000 

8 C 2 .10'87 .22600 .00U' . .00000 -.()34P01 -.02968 
PX. C 2 .372'7 .01746 .13011 .00000 .12832 -.12072 
py C 2 .08803 -.30884 -.04484 .00000 -.41632 -.32074 
PZ C 2 .00000 .00000 .00000 .4206' .00000 .00000 

• C .3 -.08302 -.20880 -.12185 .00000 -.02938 .0'728 
PX C 3 -.07844 .027':29 -.42412 .00000 .~34 ,14002 
py C· 3 -.37468 . .04891 .06197 .00000 .0634' .29348 
PZ C 3 .00000 .00000 .00000 .24806 .00000 .00000 

8 C 4 .00211 _.0093 .11026 .00000 ,00007 -.03061 
PX C 4 -.33'07 .20638 -.18069 .00000 -.04071 -.2'771 
py C 4 .21817 .31616 -.28:209 .00000 • O:Z532 -.406:Z7 
PZ C 4 .00000 .00000 .00000 .19788 .00000 .00000· 

8 C , .07974 -.:ZCW99 -.121" .00000 .02933 .0'761 
PI ·C S .30778 .0276' .23407 .00000 .10312 .20426 

. py C S .22947 .04138 -.3:J8J8 .00000 -.37436 .25167 
PZ C S • 00000 .00000 • .00000 .24844 .00000 .00000 

• C 6 -.10226 .22738 .08107 .00000 .03899 -.03034 
PX C 6 .07097 -.28863 -.09645 .00000 .43122 -.23887 
py C 6 -.37721 -."10687 :09S96 .00000 ,0582iZ -.24430 
PZ C 6 .00000 .00000 .00000 .42179 .00000 .00000 

8 H 7 • 094P20 .29792 • U003 .00000 4 .29611 .18489 

XX 



----~ 

ROOT NO. 13 14 " 16 17 lSI 

, -17.82121 -16.50138 -15.6i2060 -5.89239 ~5. 15382 -3.1'0863 

B N 1 .00000 .00000 • SIS22 
-.00008 .00000 .00000 .0~7' PX N 1 .21'62 .00000 .00000 .00000 .00000 

.04'22 py N 1 -.136'95 .00000 .00000 .00000 .00000 

.00000 
PZ N 1 .00000 .48034 .00164 -.47,71 -.00122 

S C .00000 .00000 -.2S236 
2 -.0'434 .00000 .00000 .35296 PX C 2 -.17840 .00000 .00000 .00000 .00000 

-.06266 py C 2 .18375 .00000 .00000 .00000 .00000 
.00000 

PZ C 2 .00000 .00890 • S2377 .442" -.47,24 

B C .00000 .00000 .00000 .06394 
3 • 03S81· .00000 .00000 _.~109 

PX C 3 .31304 .00000 .00000 .00000 
p. 1167' py C 3 -.26619 .00000 .00000 .00000 .00000 
.00000 

PI C 3 .00000 -.4l5063 .47469 .1%51 • '2358 

S C ,.00000 .00000 .00000 .0:K)41 
4 -.00009 .00000 -.0224t 

PX C 4 -.34'27 .00000 .00000 .00000 .00000 
-.03'~ py C 4 .21864 .00000 .00000 .00000 .00000 

.. 
.00000 PZ C 4 .00000 -.60410 -.00191 -. S8238 -.00082 

S C , -.03844 .00000 .00000 .00000 .00000 .06380 

"X C 5 .37462 .00000 .00000 .00000 .00000 -.08864 

py C 5 -. 17041 .00000 .00000 .00000 .00000 -.08608 

PZ C , .00000 -.44837 -.47681 .14879 '-. '2267 .00000 

S C 6 .05422 .00000 .00000 .00000 .00000 -.2'200 

PX C 6 -.24367 .00000 .00000 .00000 .00000 -.20437 
py C 6 .08277 .00000 .00000 .00000 .00000 .29376 

PI C 6 .00000 .01241 -.52248 .44163 .47626 .00000 

S H 7 -. 2~i23 .00000 .00000 .00000 .00000 .10113 

S H 8 .24r264 .00000 .00000 .00000 ..• 00000 -. 10280 

S H 9 -.00165 .00000 .00000 .00000 .00000 .01346 

S H 10 -.~147 .00000 .00000 .00000 .00000 -. 10255 

II H 11 .24403 .00000 .00000 .00000 .00000 .10104 

S H 12 -.00084 .00000 .00000 .00000 .00000 -.'1297 

ROOT NO. 19 '--;0 -. 21 22 • 23 24 

-2 87~73 -1.73421 -1.58617 -1.4''113 -1.274'14 -.99792 

S N 1 .00000 .00017 -.006'17 .00023 .07426 .03689 
.. X N 1 .00000 -.37148 -.12443 -.06641 .07345 -.081'1' 
py N 1 .00000 .23180 -.20631 ,04460 .11682 -. 12869 
.. Z N 1 .24543 .00000 .00000 ,:, 00000 .00000 .00000 

S C 2 .00000 .349'10 .17342 -.21083 .168'2 • 18n7 
.. X C 2 .00000 -. 1488' -.055'4 -.24737 .30074 .08219 
py C 2 .00000 .27489 -.32593 .1%38 .18201 -.03929 
"Z C 2 -.3"25 .00000 .00000 .00000 .00000 .00000 

S C 3 .00000 -.26277 -.04907 .1,.,20 -.31100 .22229 
.. X C 3 .00000 .13243 -.02278 -.23914 .23IIf06 • CW348 
.. y C 3 .00000 .2"16 -.22974 .09'37 .06'98 • 34:517 
"Z C 3 .46311 .00000 .00000 .00000 ;00000 .00000 

S C 4 .00000 .00179 .lee68 -.00184 .3IIf,84 -.24862 
"X" C 4 .00000 '.02865 -.IOb75 -.34218 -.00351 .21100 
.. y C 4 .00000 -.02143 -.16016 .22141 -.00600 .32878 
.. Z C 4 -.5066'1 .00000 .00000 .00000 .00000 .00000 

S C , .00000 .26320 -.06051 -.15685 -.30913 .22188 
.. X C 5 .00000 -.18202 -.19539 -.18278 '-.04133 .27544 
py C 5 .00000 -.23207 -.lOb51 .17956 .24328 .2293' 
.. Z C 5 .46321 .00009 .00000- .00000 .00000 .00000, 

s c • .00000 -.34478 .111842 .20842 .16643 .18781 
.. X C • .00000 -.32073 -.26608 -.23247 .03724 -.06885 
.. y C '6 .00000 .01192 -.18408 .16666 .34894 .0'823 
.. Z C 6 -.3564'1 .00000 .00000 .00000 .00000 .00000 

. 
XXI 



ROOT NO. 25 26 27 28 29 30 

';'.49240 -.23865 -.00394 .10997 .19980 .44910 

8 N 1 -.00026 -.05599 -.06220 -.00006 -.00032 -.03816 
PX N 1 . 16S~3 .22362 -.~369 .10~74 .38SOS -. 19118 
PY N 1 -. 10691 .34905 -. 14528 -.06799 -.24877 -.30148 
PZ N 1 .00000 .00000 .00000 .00000 .00000 .00000 

8 C 2 -.14112 -.10034 -.10210 .07413 -.06971 .07879 
PX C 2 .02712 .03440 -.25240 .IMS8 .39851 -. 16701 
PY C 2 .33377 -. 193'0 -.00123 .07779 • .16559 .23636 
PZ C 2 .00000 .00000 .00000 .00000 .00000 .00000 

8 C 3 -.~53 .-18680 .~ .20552 -.21849 -.03234 
PX C 3 .3016' .2140' -.03088 .22449 -:1'903 .35919 
PY C 3 -. 14816 -.20039 -.23915 .35674 .19387 -.0'847 
PZ C 3 ,,00000 .00000 .00000 .00000 .00000 .00000 

8 C 4 -.00019 .11019 .33135 -.00002 .00010 .07409 
. PX C 4 .29407 -.0'905 .216'3 -.42'32 -.01901 -. 183'2 

PY C 4 -. 18842 -.0'90'9 .33808 .27231 .014'3 -.28647 
PZ C " .00000 .00000 ·.00000 - 0 .00000 .00000 .00000 

8 C 5 . OCP109 .18723 .089'9 -.20'90 .2188' -.03140 
PX C 5 .26064 -.27370 -.20290 -.22944 -.24136 -.20484 
PY C 5 -.21165 .11035 -.12845 -.35371 .06062 .30179 
PZ C 5 .00000 .00000 .00000 .00000 .00000 .00000 

8 C 6 .14086 -.10120 -.10177 -.073~ .06994 .07962 
PX C 6 -.29233 -. 18990 .10456 -.00076 .01537 .28474 
PY C 6 -. 164" -.05083 -.22818 -.18413 -.43232 -.05529 
PZ C 6 .00000 .00000 .00000 .00000 .00000 .00000 

S H 7 .33457 -.08782 .14166 -.04"5 .02453 . 14600 

8 H 8 -.23237 -.36750 -.0'703 -.32071 .30283 -.260'6 

8 H • .00035 .01433 -.59415 -.00008 -.00171 .21270 

8· H 10 .23162 -.36880 -.0:"" .32152 -.30074 -.26181 

8 .H 11 -.33468 -.08704 .14135 .04536 -.02530 .14'60 

8 H 12 .00088 .41717 -.12779 -.00023 -.00024 -.27882 

NET ATOt1IC CHARQES Noll) DIPOLE CDNTRIIUTIDNS 

ATOf'I NO. TYPE CHARgE ATtI'I ELECTRON DENS ITY 

1 N -.0678 5.0678 

2 C -.0035 4.003:1 

3 C -.1278 4.1278 

4 C .0101 3.,"," , C -.1281 4.1281 

6 C -.0029 4.0029 
7 H .ln5 .8005 

• H .205-4 .n46 

• H .1938 .8062 
10 H .2053 .n47 

11 H .1n3 .8007 
la H .3168 .6832 

CARTESIAN COORDINATES 

NO. ATOt1 X V Z 

1 N .0000 .0000 .0000 

2 C 1.3550 .0000 .0000 

3 C 2.1468 1.1278 .0000 

4 C 1.5223 a.3775 .0000 

5 C .1260 a.42o-P .0000 

6 C -.5663 1.22.4 .0000 

7 H 1.8044 -."53 .0000 

• H 3.2233 1.041. .0000 

• H 2
0

.104' 3. as7l .0000 

10 H -.4032 3.3624 .0000 

11 H -1.6~ 1.2205 .0000 
12 H -.5451 - .• 5al .0000 

xxii 
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