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ABSTRACT

The standard enthalpy of formation of tri(tertiary-hutylperoxy)horane

has been determined from a thermochemical study of its hydrolysis in an 

isoperibol reaction calorimeter and the enthalpy of vaporisation has been 

determined using tensimetry. The strength of the peroxide bond,

E(BO-OR), and the boron-to-peroxide bond, E(B-OOR), were derived and the 

corresponding values for tri(normal-butylperoxy)borane estimated. The 

role of boron containing coreactants in hydrocarbon autoxidations in 

directing the reaction towards increased alcohol:ketone ratios was 

explained in terms of the formation of organoperoxyboranes as intermediates 

and their subsequent decomposition under oxidation conditions.

Mesityldichloroborane and ortho-, meta-, and para-tolyldichloroboranes 

have been studied thermochemically and their standard enthalpies of 

formation derived. The enthalpies of vaporisation of meta-tolyldichloro- 

borane and mesityldichloroborane have been determined tensimetrically. 

Derived boron-to-carbon bond energies were interpreted in terms of steric 

and electronic effects of the methyl substituents. The steric effect of 

ortho methyl substitution caused a decrease in the boron-to-carbon bond 

energy whilst meta—methyl substitution caused a similar decrease through 

an electronic effect.

Pure samples of rubidium and caesium tetrachloroborates have been 

prepared using a modified synthetic procedure. Hydrolyses were studied 

thermochemically from which the standard enthalpies of the two salts were 

derived. Using a semi-empirical equation, the 'thermochemical radius* 

of the tetrachloroborate anion and the lattice energies of the prepared 

tetrachloroborates were estimated. The thermodynamic instability of the 

alkali-metal tetrachloroborates relative to the corresponding tetrafluoro- 

borates was demonstrated. ;



A list of standard enthalpies of reaction of organoboron compounds 

was compiled for inclusion in *CATCH* tables (Computer Analysis of 

ThermoGHemical data) processed by J.B, Pedley et al of the University 

of Sussex. The intent is that these tables should provide a widely 

accessible and readily updated source of thermodynamic data.
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to come out of a varied store of memories and experience than 
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SYMBOLS, DEFINITIONS and UMTS

I. SYMBOLS

The recommendations of the International Union of Pure and Applied 

Chemistry have been followed with regard to symbols and nomenclature for 

thermodynamic quantities. These are as follows:

Quantity_______________ Symbol

Internal energy U

Enthalpy H

Gibbs energy G

Entropy S

Heat capacity C

The sign of energy changes etc., is always determined from the standpoint of 

the system, e.g. if energy is evolved from a system the energy change, AU, 

for the process is negative. Symbols for thermodynamic quantities relating 

to substances in their standard states (q.v.), or to reactions with all 

participants in their standard states, are distinguished by the superscript, 

E.g. S°, AH°.

II. DEFINITIONS

The following definitions of standard states are used:

(i) For a gas, the standard state is that of a hypothetical ideal gas at 

760 Torr (symbol, g).

(ii) For a liquid, the standard state is that of the pure substance under 

a pressure of 760 Torr (symbol, l).

(iii) For a solid, the standard state is that of the pure crystalline 

substance, under a pressure of 760 Torr (symbol, c) .
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Temperature is not part of the definition of the standard state, and should 

therefore he quoted separately. The usual convention is followed in this 

work; a temperature dependent thermodynamic quantity written without a 

temperature subscript refers to 298.15 K.

If all the participants in a chemical reaction are in their standard 

states, the heat of reaction is referred to as the standard heat of reaction, 

AH°.

is defined as the mole ratio of water to compound in a specified 

chemical reaction, e.g. for the heat of solution of boric acid,

B(OH)^(cj+ NHgÔ I) = B(OH)^.NHgO (solution).

111. UlTTS

The International System of Units (Sl base units) has been followed 

with one exception; the unit of pressure of torr (symbol, Torr) is used 

throughout this work. It is defined exactly in terms of 81 units:

Torr = ( 101325/760)

Many thermodynamics texts use the *thermochemical calorie* as energy 

units and for purposes of comparison it is defined here in 81 units :

1 thermochemical calorie, cal^^ = 4-1841.

The precision of results is quoted throughout as twice the standard 

deviation of the mean, s: ^

s = ----------
n(n-l)

where x is the arithmetic mean of n results. All results are quoted in the 

form X - 2s, i.e. to within 95^ confidence limits assuming a normal 
distribution. Net errors are calculated as the root of the sum of the 

squares of constituent errors.
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INTRODUCTION

Thermochemistry is concerned with the energy changes of chemical 

reactions and of associated physical processes involving substances 

of defined composition and may be regarded as a branch of the larger 

science of thermodynamics. One of the fundamental measurements in 

thermochemistry is the determination of heats of chemical reaction and 

this constitutes the experimental science of calorimetry. Such 

measurements are used to calculate standard heats of formation of compounds 

and these in turn may be used to predict (i) the heat changes in other 

chemical reactions and (ii) estimate the temperature coefficient of 

equilibrium constants.

The revival of interest in thermochemical measurements was due in 
1 2part to the suggestion ’ that the heat of formation of a compound from 

its constituent atoms could be taken as a measure of the strengths of the 

bonds in a molecule. Very soon the qualitative concept of bond strength 

was precisely defined in terms of bond-energy and bond dissociation 

energy (DDE). There is now a large body of thermochemical information 

for covalent compounds containing a diversity of elements and from these 

data it is possible to examine such effects as strain and stabilisation 

(due to electron delocalisation) on the strengths of chemical bonds.

The aim of the research described in this thesis is concerned mainly 

with this latter kind of problem, viz. how heats of chemical reactions of 

organoboron compounds can be used to determine bond strengths and how 

these values can be interpreted in terms of structure and reactivity.

It is first necessary to consider what thermochemical quantity can most 

meaningfully be related to structure. The total energy content of a
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molecule in its ground state includes (a) intramolecular energy due to 

the chemical binding of the constituent atoms, (b) translational, 

rotational and vibrational energy, (c) intermolecular energy due to 

interaction of external force fields. Energy from effect (c) can be 

removed from consideration by specifying that the molecule is in the 

ideal—gas state. It is conventional to make no attempt to separate 

effects (a) and (b) and to regard the measure of the total chemical 

binding energy to be the energy change of the process:

Molecule (ground state, ideal gas, T̂ ) Atoms (ground state,
ideal gas, T̂ )

This process, known as the energy of atomisation of the molecule, uses 

an energy reference state that is amenable to experimental study, namely 

the total energy of the constituent atoms at infinite separation. For 

most purposes, it is convenient to combine the A(pV) quantity for the 

reaction with the energy change and hence to deal with the heat of 

atomisation, AH°, T̂ . If the heat of atomisation is equated to the 

total chemical bonding energy, the problem then arises as to how this 

quantity can be subdivided in terms of energies of individual bonds.

There are three ways (at least) of examining the problem of bond 

strength.

(i) One could consider the force required to stretch or distort a bond. 

This information stated in terms of 'force constants* is obtained 

spectroscopically. Apart from the difficulties involved in their 

determination, stretching force constants reflect the resistance of a 

bond to small perturbations. There is no theoretical justification in 

correlating them with thermodynamic quantities although correlation in 

groups of compounds with related structure is often reported.
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(ii) One could allocate the energy required to split a molecule 

completely into its constituent atoms among the various bonds in the 

molecule to provide an index of the ^strength* of these bonds.

(iii) One could measure the energy required to break a particular bond.

In order to obtain values for (ii) and (iii), the elements in 

their standard states are arbitrarily taken to have zero enthalpy of 

formation and define the standard enthalpy of formation of a compound, 

AĤ , as the heat change when it is formed from its elements in their 

standard states at a given temperature. In general terms the heat of 

any reaction, AH°, can be equated to the difference between the sum of 

the heats of formation of the products of the reaction and the sum of 

the heats of formation of the reactants, or:

AH° = ^AH° (products) - 2  (reactants) ... (l.l)

If the heat of a reaction is measured, and all but one of the heats of 

formation are known, this unknown standard heat of formation is easily 

calculated. From the standard heat of formation of a gaseous compound, 

it is possible to calculate the heat of atomisation from the 

relationship:

AH° = AH° (atoms, ideal gas) - AH° (compound, ideal gas) (l.2)

Here, AH^ (atoms, g) is the sum of the heats of formation of the gaseous 

atoms in their ground state from their standard state. Equation (l.2) 

corresponds to the dissocation of the compound into the separate 

constituent atoms, with the complete rupture of the chemical bonds.

The heat change of this dissociation is put equal to the sum of the
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bond-energies in the molecule, ̂ E(b), and therefore:

AE° = ^E(b) ... (1.3)

The various relationships are shown in Figure 1. For a molecule of the 

type AB̂ , containing only A-B bonds, it is reasonable to divide the heat 

of atomisation of the compound amongst the n bonds A-B, so that the 

bond-energy of the A - B  bond, E (a - B) in the gaseous state is defined 

by the expression:

n.E(A-B) = AH° = AH^(g) + n.AH°B(g) - AH^Bn(g) ... (I.4)

The bond energy, E(A-B) or bond-energy term, as it is generally known, 

is therefore identified with case (ii) above.

However, the idea of the energy of a molecule being ’localised* 

in a number of bonds between atoms is a highly artificial one, in that 

the total energy of a molecule is the resultant of the attractive and 

repulsive energies between bonded and non-bonded atoms. Nevertheless, 

it is still convenient to consider the net attractive energy as the sum 

of the bond-energies. It is undisputed that whatever values are 

attributed to individual bond-energies in a polyatomic molecule, their 

sum must be equal to the enthalpy of atomisation of the gaseous molecule. 

The original assumption made^’  ̂was that the bond-energy term for a bond 

of a given type has a characteristic value, independent of the environment 

and factors such as the hybridisation states of the bonded atoms, i.e. 

bond-energy terms were considered to be additive and transferable from 

one molecular structure to another. It is this assumption that underlies 

the application of bond-energy terms to structure and reactivity studies 

of molecules.
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The energy required to break a specific bond in a molecule, case

(iii) above, is the most direct measure of the strength of a bond and 

is generally referred to as the bond-dissociation energy, BDE. The BDE 

is defined as the enthalpy change associated with the reaction in which 

one mole of a bond is homolytically broken, reactants and products being 

in the ideal gas state. It follows that for a diatomic molecule, the 

bond-energy term is the same as the BDE (at 298.15K). The BDE, for 

example, D(R-X) is more strictly defined as AU(OK) for the reaction:

R-X(g) R'(g) + X'(g) ... (1 .5)

where R-X, R* and X* are in their ground vibrational states, and it is 

this quantity D° which is generally derived from spectroscopic 

measurements. Dissociation energies derived from equilibrium studies 

and from activation energies are generally quoted as AH° (298.15%) values. 

Fortunately, AH (298.15%) is not very different from AU(0%) and it has 

been shown that the maximum difference would be 10.8 kJ. For the 

dissociation of bonds in polyatomic molecules, the uncertainty of the 

determination is rarely less than + 4kJ and therefore the use of data at 

298.I5K for dissociation energies should not cause confusion.

Bond-energy terms defined above have been critisised on the ground 

that the heats of atomisation used refer to the atoms in their ground 

states, whereas the valence state should be the relevant state. However, 

this lack of an absolute *valence* basis in the bond-energy terms used is 

not important as far as the uses to which they are usually put. One use 

of bond-energy terms is that of calculating heats of formation of compounds 

for which experimental data are lacking. Another use is to compare
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calculated heats of formation with those observed for compounds in which 

perturbing effects are expected. The difference between the two can 

then be used as a measure of these effects, for example, in terms of 

*strain* energy or similar concepts. Mo de rny-bond"energy schemes,

which are based on the additivity properties of bond-energy terms for 

specific kinds of bonds in molecules, allow the calculation of standard 

heats of formation of a wide range of covalent molecules. These schemes 

are discussed in Appendix I.

The experimental aspects of calorimetry of organometallic compounds 

are manifold. The field can be conveniently divided into combustion 

calorimetry and reaction calorimetry, and it is the latter with which 

this thesis is concerned. ’Reaction calorimetry* refers to the 

measurement of the energy or heat of any reaction other than combustion, 

usually one in which the carbon skeleton remains intact. The technique 

finds application to compounds that readily undergo unique quantitative 

reactions at moderate temperatures. For example, the hydrolytic 

instability of many organoboron compounds provides a simple aqueous 

hydrolysis reaction highly suited for solution reaction calorimetry.

Thus the difficulty found in preparing and handling such moisture sensitive 

compounds is compensated by the ease with which calorimetric studies can 

be made.

Solution reaction calorimetry of a number of mainly aliphatic boron
6 - 1 2compounds has been studied extensively using simple reactions such

as hydrolysis, hydroboration, aqueous oxidation and reduction reactions. 

Similar reactions have been exploited in the thermochemistry of some 

arylboron compounds'*̂  and these have provided some important *key*

data i.e. standard heats of formation of simple arylboron compounds that
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occur as products in other reactions. Indeed, one of the main points 

to observe in selecting a reaction for calorimetric study is the 

availability of standard heats of formation for the products and 

reactants in calculating the unknown AH° of the compound. Details of 

a compilation of standard heats of formation of organoboron compounds 

processed by computer is given in Appendix II.

The merit of combustion calorimetry (from this point of view) lies 

in the drastic degrad&tive powers of combustion reactions, thus giving 

products that are usually simple compounds (Ĥ O, CÔ  etc.,) having well- 

established AH° values. From the viewpoint of the combustion 

thermochemist utilising this technique, boron is most definitely not a 

*well-behaved* element, i.e. combustion of boron-containing compounds are 

not *clean*. This means that it is difficult to define the final 

thermodynamic state due to incomplete combustion and undesirable side- 

reactions. The use of a rotating bomb calorimeter in place of a static 

bomb'*̂  and fluorine bomb calorimetry are two techniques obviating this 

difficulty. Only in the case of a direct synthesis from the elements is 

the heat of reaction a direct measure of the heat of formation.

The appeal of solution reaction calorimetry is that it can be applied

to a variety of organoboron compounds having reactions which are established

as quantitative and are rapid (tĵ  reaction «^5 min.) at temperatures
2

^ 298%. An exhaustive review on the thermochemistry of boron compounds
17has been published.

Calorimeters of various designs have been devised for the measurement 

of reactions in the solution phase. The most commonly used apparatus 

for the determination of AH° for a *fast* chemical reaction is the



19

constant-temperature-environment, (C.T.E.) or isoperibol calorimeter, 

in which the surroundings are held at a constant temperature and the 

calorimeter-cell is insulated to some extent from these surroundings.

The rate of heat exchange between the calorimeter-cell and surroundings 

is then small and calculable by the known laws of heat flow. A 

description of the calorimeter used is given in Chapter I,C.

The derivation of the standard heat of formation in the hypothetical 

ideal-gas state, AH° (ideal gas) requires knowledge of the standard heat 

of vaporisation of the liquid at 298.15 K, AH° and for a solid it requires 

knowledge of the standard heat of sublimation of the compound at 298.15 %, 

AH°. Thus from the first law of thermodynamics it is evident that

AH°(g) = AH°(l) + AH° ... (1.6)

and AH°(g) = AH°(c) + AH° ... (l.7)

The determination of accurate values of heats of vaporisation and 

sublimation is therefore an important aspect of thermochemistry.

There are various methods of determining these values and a comprehensive 

account is available.'*̂  The vapour-pressure method used in this work is 

described in Chapter, I,P.

This work describes the thermochemical study of tri(tertiary- 

butylperoxy)borane, four aryldichloroboranes and some alkali-metal 

tetrachloroboranes, and various bond-energy terms and thermodynamic functions 

have been derived from the determined standard heats of formation, AH°(g) .

The determination of E(BO-OBu )̂ and E(B-OOBu )̂ in tri(tertiary-butylperoxy) 

borane is described in Chapter III and the bond-energies are discussed in 

the context of hydrocarbon oxidation in the presence of boron containing 

co-reactants. An examination of the aryl carbon-boron bond energy forms
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the subject of Chapter IV and the following compounds were studied 

calorimetrically: mesityldichloroborane, ortho-, meta-, and para-

tolyldichloroboranes . The values obtained are discussed in terms of 

electronic and steric features of the molecules and a comparison made 

with E(B-C) in phenyldichloroborane, diphenylchloroborane, 

triphenylborane and tricyclohexylborane.

The preparation and calorimetry of analytically pure samples of 

rubidium and caesium tetrachloroborates is described in Chapter V.

The determined standard heats of formation are used to estimate the 

’thermochemical radius* of the tetrachloroborate anion, the lattice 

energies of the two salts and the standard enthalpy of formation of 

BCl^”(g). The thermodynamic instability of the tetrachloroborates 

relative to the corresponding tetrafluoroborates is discussed.
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CHAPTER I

Experimental Techniques

A. Proton magnetic resonance spectra.

B. Raman spectra.

_C« Calorimetry.

D. Precision resistance measurements.

E. Differential scanning calorimetry.

P. Measurement of enthalpies of vaporisation.

G. Purification of solvents and reagents.

H. Handling of moisture sensitive compounds.

I. Autoclave reactions.
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A. Proton magnetic resonance spectra»

*H magnetic resonance spectra were recorded with a Varian spectrometer, 

Model HA-60 on neat liquids with an internal TMS standard.

B. Raman spectra.

Solid-state Raman spectra were obtained using a Coderg spectrometer, 

Type CPH 100 with a laser-source excitation wavelength of 514-5 nm-

C. Calorimetry.

The calorimeter used for the determination of heats of reaction in

this work was a constant-temperature-environment (C.T.E.) or isoperibol

calorimeter designed and constructed in this laboratory. Detailed accounts
19 20of the construction and operating procedures are available. * The

convention used in describing the apparatus in this text is as follows:

(i) The ’calorimeter-vessel* refers to the evacuated unsilvered Dewar 

vessel containing the temperature sensor, heater, stirrer, ampoule etc., 

in which the reactions are carried out (Figure l.l).

(ii) The■'calorimeter* refers to the apparatus as a whole i.e. the 

ancillary electronic equipment and the thermostat-bath containing the two 

calorimeter-vessels.

The principle of operation of the calorimeter is that the thermal 

energy produced in a chemical reaction is compared with a measured amount 

of electrical energy required to produce a similar temperature in the 

solution. The experiment therefore consists of two parts:

(a) the measurement of the temperature change produced by a chemical 

reaction (the reaction period) and (b) the measurement of the temperature 

change and the amount of electrical energy required to produce a comparable
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-temperature rise with that in (a), (the calibration period). Thermistors 

are used to detect and measure temperature changes and the temperature- 

resistance relationship is given by:

R =

where R = resistance (jTl), T = temperature (k) and A, B are thermistor 

constants. The change in the thermistor resistance caused by the heat 

of a reaction is displayed on a linear chart-recorder and this provides 

a direct visual record of the temperature-time profile of the reaction.

The compound whose heat of reaction is being determined is contained in 

an ampoule equipped with two fracture bulbs (Figure 1.1) and the reagent 

solution (200.0 cm̂ ), pre-equilibrated to ca. 298 K, is placed in the 

calcrimeter-vessel. Each vessel is immersed in the water-thermostat 

bath maintained at 298.15 K + 0.01 K and reactions and calibrations are 

started at a solution temperature of 298 K after thermal equilibration 

(ca. 1 .5 h).

The accuracy and precision of the calorimeter is assessed using a 

test chemical reaction for which the enthalpy of reaction is accurately 

known. The neutralisation of tris-hydroxymethylaminomethane (TBAM) in 

excess 0.1 mol. dm  ̂hydrochloric acid is widely used; TEAM is a non- 

hygroscopic crystalline solid which can be easily purified and analysed. 

The enthalpy of neutralisation has been measured at several thermochemical 

laboratories under rigorously controlled experimental conditions and the 

results are collected in Table 1.1.
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table 1.1 
+Tham (c) + nHCl.m 0 = [Tham H + Cl ]n-1HClMÎ 0

-AH/kJmol 1

373 - 1120 29.736 + 0.008
1138 - 1462 ??29.752 + 0.008
1320 - 1390 29.757 + 0.008 23
1170 - 1574 29.744 + 0.006 24

1345 29.770 + 0.029 25

1345 29.790 + 0.029 2̂

In practice the weight of the compound whose standard heat of 

formation is Being determined is adjusted such that the reaction generates 

a similar temperature rise in the calorimeter-vessel as does the test 

THAM reaction. This means that the calorimeter is never operated outside 

the limits of temperature change, calibration time etc., as found in the 

test-reaction. Under these conditions, the use of a test-reaction as an 

indication of overall accuracy in AH ’ values of other chemical reactions 

is justified.
A number of modifications were made to the original design for the 

calorimeter-vessel to improve performance and these are listed below:

(i) The stirring pattern within the liquid contained in the original 

vessel was found to be inadequate for reactions which gave products 

sparingly soluble in the reaction solution. An extra paddle, fabricated 

from polytetrafluoroethylene, was placed on the stirrer-shaft and this 

helped produce even agitation near the surface of the solution.



26

(ii) Thermistors are sensitive to changes in light intensity, to 

pressure changes and to mechanical shock; they must therefore he shielded 

and rigidly mounted. The thermistor support was reconstructed such that 

the tip of the thermistor was located ca. 3 cm below the surface of the 

solution thus minimising the effects of glass particles from broken 

ampoule bulbs. The sides of the glass thermostat—tank were covered 

using matt-black paper to reduce reflection of light and changes in light 

intensity during the course of an experiment.

(iii) Solid-state heaters (R-24 Tronac heater, TROUAC IRC., OREM, PROVO, 

UTAH, U.S.A., nominal resistance lOOJl) were used to replace the 

laboratory-made wire-wound heaters. These are encapsulated in 

polytetrafluoroethylene tubing and have the advantage of small-size, 

low heat-capacity and hence rapid response. The heaters were operated 

to dissipate ca. 1 watt during calibration.

(iv) The ampoule holder and support were redesigned to allow easier 

fracture of the two ampoule bulbs. The positions of the fracture-bulbs 

glass blown on the ampoule wall were standardised (Figure 1.1).

The results for the enthalpy of neutralisation of THAM in excess 

0.1 mol. dm~^ HGl before and after the modifications are shown in Table 1.2.

B.U.H. 'Afistar* grade THAM (minimum purity 99*9® was used for each 

determination. A significant improvement in accuracy and precision was 

noted after calorimetric modifications.
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TABLE 1,2

Heat of neutralisation of THAM in excess 

0.1 mol dm  ̂HCl

Before modifications 
R -AH /kJ mol“1

After
■ R ■ ' '

modifications
-AH /kJ mol“1

1310 29.83 1275 29.79

1220 29.87 1301 29.79

1197 29.87 1365 29.75

1344 30 .04 1189 29.79

1315 29.92 1340 29.79

1364 29.79 1260 29.75

1326 29.87 1265 29 .83

1251 29.86 1305 29.83

1362 29.96 1200 29.75

1319 29.79

mean = 29.89 + 0 .1 4 mean = 29..79 + 0 .0 8

B. Precision resistance measurements.

Precision resistance values of the calorimeter heaters and heater- 
20circuit resistors are necessary to achieve accuracy in the derived 

standard heats of reaction. The resistances of two Tronac heaters, 

numbers 1 and 2, and three high-stability resistors comprising the heater 

circuit (nominal resistances iJl , 10 il and 1 0 0IL respectively) were 

measured potentiometrically against a standardised resistor (RPL, grade 2 

resistor, nominal value 10.000 + 0.001-fî. , H.W. Sullivan Ltd.).
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The value of the standard resistor was determined potentiometrically 

using a Class S resistor (10.00012 + O.OOOO5Ü  , 293 K, Cambridge 

Instruments Ltd.) and the Tronac heaters were measured at 298 K in a 

stirred thermostat-bath to prevent local overheating and to simulate as 

near as possible the working conditions in the calorimeter-vessel.

The determinations were made using a High Precision Stabaumatic

Potentiometer, lÿpe 5545 (H. Tinsley & Co. Ltd.) and potential-drop 
values were measured to a precision of + 3 x 10~^ V.

E. Differential scanning calorimetry (P.S.C.).

D.S.C. is a technique which allows the direct measurement of 

enthalpies of transitions and has been used to determine the standard 

heat of fusion of para-tolyldichloroborane. (Perkin-Elmer D.S.C. IB 

instrument). It can also be used to determine the heat capacities and 

purities of compounds. The technique is a development of ’classical’ 

differential thermal analysis, D.T.A., and the basic difference between the 

two methods is shown in Figure 1.2. In D.S.C. the power to individual 

heaters located in the sample and reference holders is vaired continuously 

in response to sample thermal effects to prevent the development of a 

differential temperature between sample and reference. The differential 

power provided is recorded as ordinate versus programmed temperature as 

abscissa. One of the numerous practical benefits of D.S.C. is that a 

peak area is a true electrical energy measurement, and does not depend on 

any of the thermal constants of the sample or apparatus, e.g. emissivity, 

thermal conductivity etc. Figure 1.2 shows a typical (idealised) output 

from a D.S.C. During an endothermie change, heat is automatically 

supplied to the sample in order to compensate for the heat loss associated
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with the endothermie change; the opposite applies in the case of an 

exothermic change. If a linear time-hase recorder is used, peak areas 

represent the energy of the associated transitions and are theoretically 

independent of scanning speed, temperature, nature of sample or mode of 

operation (heating, cooling or isothermal). Calibration is made using 

a material of precisely known thermal characteristics, usually indium 

metal, and this provides the area-to^calories constant. Samples are 

contained in small aluminium metal pans equipped with lids for sealing 

(Figure I.4).

The required heat of fusion of a sample is calculated from the general 

formula:

«area (compound! ̂ g^^ , 3261.85 
ĝ  area (indium) 114.82

(joule mol ^)

where = molecular weight of compound,

ĝ  = weight of compound, g. 

gj^ = weight of In in calibration, g.

3261.85 = In metal, joule mol ^

114.82 = atomic weight In.

Peak areas are measured using a planimeter.

P. Measurement of enthalpies of vaporisation.

The two methods most frequently used are the direct calorimetric method, 

in which the amount of electrical energy needed to vaporise isothermally 

a measured quantity of a liquid is determined, and the indirect vapour- 

pressure method using a tensimeter. The latter method was used in this
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work and the standard heats of vaporisation of meta-tolyldichlorohorane, 

mesityldichlorohorane and tri(tertiary-butylperoxy)horane were derived 

from vapour-pressure measurements.

The apparatus (Figure 1.3) consisted of a strain-gauge (Bell and 

Howell, type 4-366 general purpose pressure transducer. Serial Ho.

L34033) incorporated into a glass tube equipped with a greaseless joint 

for connexion to a vacuum line. The strain-gauge was sealed into the 

apparatus using 'Tbrrseal’ resin (Varian Ltd.). The nominal 40 mV full 

range output (O - ca. 0̂0 Terr) was amplified to ca. 10V, giving 0.015V 

per Torr. The voltage was registered on a digital voltmeter (Marconi 

Ltd., TF 2660) with a precision of + ImV. The apparatus was immersed to 

the level of the top of the transducer in an oil-thermostat bath operating 

over the temperature range 298 K - 363 K and the temperature coefficient 

of the transducer response was determined in the form of a voltage versus 

temperature graph after evacuating the tube to 10 ^ Torr, (i.e. effectively 

zero pressure). The graph was used to reduce all pressure measurements to 

298.15 K. The corrected voltage output from the transducer was calibrated 

in terms of pressure by using water as a standard substance.

The heats of vaporisation over the temperature range used were 

calculated from the integrated form of the Clausius-Clapeyron equation:

log^g(P/Torr) = - . ̂ hap.. . 1 ^
2.303R T

It follows from the form of the equation that a plot of log P versus — 

should give a straight line of slope = — /2.303R» The value obtained

by the above method refers to the mean temperature of the range over which 

measurements were taken. These values were ’corrected’ to 298.I5 K using
27an empirical equation :
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AH T/k vap. '
AH 298.15 K vap.

1 - t/t^
1 - 298.15 k/t

0 .3 8

where t/k = mean temperature

T^/k = critical temperature.
28 29The value of for different compounds can he estimated. * The

hoiling point temperature, which is required for this estimation, was 

obtained hy extrapolation of the log^Q(p/Torr) vs. graphs to 76O Torr 

vapour-pressure. The equations used to estimate T̂  give values within 

5^ agreement of the experimental values.

G. Purification of solvents and reagents.

I. Separation of t-hutyl hydroperoxide from_di t-hutylperoxide in a 

commercial sample.

t is tertiary -

Commercial hydroperoxide (Koch-Light Go. Ltd.) contains ca. 30^ 

di t-hutylperoxide as an impurity. Fractional distillation under 

reduced pressure was used to separate the components.An air 

fractionation-column (Quickfit, length 9 dm) was connected to a douhle- 

helix water-cooled condenser equipped with three collection flasks 

(100 cm )̂. Impure hydroperoxide (300 cm̂ ), previously dried over 

molecular sieves, (4-S) was contained in a round-hottom flask connected to 

the column. The flask was heated carefully in a water-hath and the two 
fractions were collected under reduced pressure (Tahle I.3). Complete

separation was achieved under these conditions and 100% pure hydroperoxide 
was isolated.

I ^
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TABLE 1.3

Separation of peroxides under reduced 

pressure

Peroxide Water bath 
temperature/K

Distillation
temperature/K

Pressure at 
manome t er/Torr

di t-butylperoxide 337 311-321 50-35
t-butyl hydroperoxide 337 313 15

Ambient temperature = 295%

II. fiy tetrahydrofuran (THF) for Grignard reactions.

Commercial THF (2000 cm̂ , B.D.H. Chemicals Ltd) was refluxed over

ca. 0.3 weight per cent of cuprous chloride for 0.5 h to destroy any
32peroxides, then distilled. The solvent was transferred to a reflux 

apparatus connected to a dry-nitrogen supply and freshly cut pieces of 

sodium metal (ca. 10 g) and henzophenone (ca. 50 g) added. The solvent 

was gently refluxed until the whole of the solution became royal-blue

coloured due to the henzophenone radical formed in the totally anhydrous
O' 6solvent. I I

—  C—  C  ̂— C—  4" Ha 
## •

Anhydrous THF was distilled from the mixture and used immediately 

(peroxides will qhickly build up in the absence of a stabiliser).
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III. Diy chloroform.

Chloroform (May & Baker Chemicals Ltd., containing ca. 1% 

ethyl alcohol) was shaken four times with an equal volume of distilled 

water in a separation funnel and then dried over anhydrous calcium 

chloride for 24 h. The purified solvent was finally dried over 

molecular sieves (4-̂ ) for a further 24 h and stored in the dark.

IV. nitrobenzene^

nitrobenzene (Koch-Light Ltd.) was dried and stored over molecular 

sieves (4-̂ ) and used without further treatment.

H. Handling of moisture sensitive compounds.

All of the materials studied in this work are highly moisture 

sensitive and had to be handled in an efficient 'dry-box*. Initial 

failure of some experiments with a final purified product was traced to 

manipulation in an insufficiently dry atmosphere and hence great care 

in ensuring high-efficiency in diying was subsequently taken. Many 

types of dry-boxes have been described in the literature.

A 'Mecaplex* dry-box of perspex construction, was filled with nitrogen gas 

and desiccated using phosphorus pentoxide. An equilibrium value for the 

relative humidity of ^10% was routinely achieved; the relative efficiency 

of PgO^ as a desiccant is shown in Table 1.4.

Samples of the compounds for analysis, calorimetry, D.S.C., 

tensimetry, Raman spectroscopy and proton resonance spectroscopy were 

loaded in the dry-box as detailed below. The various techniques are 

shown in Figure 1.4.
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TABLE 1.4

Common desiccants with their approximate gas-drying efficiencies.37

Desiccant Residual water (mg/lOOO cm̂ )

Efficient trap at 77 K 10“^̂
CaHg <10-5

Efficient trap at 173 K 1 X IQ-5

P2O5 2 x IQ-5

Mg(C10^)g 5xiQ-4

Efficient trap at 195 K 5x iq-4

BaO 7x IQ-4

Molecular sieves 0.001

Silica gel; active Al^O^; KOH 0 .0 0 2

CaSO. 0 .005

CaO; 96% HgSO 0.01

CaClg 0 .2

Analysis

(a) Solids which were to be analysed by volumetric estimation of a

hydrolysate were transferred to a polythene sample tube equipped with a

tight fitting cap. After re-weighing, the cap was almost removed from 

the tube such that subsequent shaking in a flask with the reagent would 

dislodge it completely.
(b) Liquids were transferred to a calorimeter ampoule using a small 

glass pipette and the ampoule sealed with a lightly greased cone of the 

appropriate size. Reaction was initiated by fracturing the ampoule bulbs 

under the reagent solution.
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Calorimetry

(a) Solids were loaded into an ampoule using a small glass-funnel 

and care was taken to ensure that no solid was deposited above the top 
fracture-bulb.

(b) Liquids were loaded using a ’Agla’ glass-needle attached to a 

Luer-fitting syringe. Again no liquid was deposited above the upper
f racture-bulb.

D.S.C._

Untreated aluminium D.S.C. sample pans (Volatile sample pan, 

part Do. 219 - 0062) were loaded using an 'Agla' glass-needle (compound 

heated above transition) and the lids were secured in the dry-box using 

a special press.

Tensimetry

The tensimeter was evacuated to ca. 10  ̂Torr and filled with dry 

nitrogen. The arm of the tensimeter was stoppered using a greaseless

cone sealed at one end, and the tensimeter transferred to the dry-box.

The stopper was removed and the apparatus allowed to finally dry for at 

least 0 .5 h before loading.

Raman samples

Raman sample tubes made from capillary tubes sealed at one end were 

dried in an oven at 393 K and cooled in a desiccator. The tubes were

left in the dry-box for several hours before loading.
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2h_ILM_.R_. samples

Standard IT.M.R, tubes were dried in an oven at 393 K, cooled and 

desiccated in the dry-box for O .5 h before filling.

I, Autoclave reactions.

A high-pressure reaction bomb (a Parr-High pressure Autoclave,

Series 4652, 0̂0 cm̂  capacity) was used for the synthesis of rubidium and 

caesium tetrachloroborates. The reagents (BCÎ , alkali-metal chloride 

and nitrobenzene) were contained in a spherical borosilicate glass 

ampoule (nominal capacity 80 cm̂ ) equipped with a neck for sealing.

A pressure-equalising fluid was used in the autoclave; iso-pentane was 

selected for this reaction from vapour-pressure data.^^ A neoprene- 

rubber *0* ring was used to replace the Himonic alloy ring supplied with 

the apparatus since the metal seal was found to leak considerably at 363 K.

A procedure (employing the same principle as above) for high-pressure 

temperature (573 K) reactions with PCl^ in glass-ampoules but using
39nitrogen-gas as the pressure equaliser has been reported.
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CHAPTER II

Synthesis and Analysis of Compounds

I. Tri(tertiary-butylperoxy)borane.

II. Tolyldichloroboranes.

III. Rubidium and caesium tetrachloroborates
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I. Tri(t ert iary-butylperoxy)borane.

The compound was prepared in good yield by the reaction of boron 

trichloride and tertiary-butyl hydroperoxide^^:

3t-BuOOH + BGl (t-BuOO) ̂ B + 3HC1 ... (2.l)
 ̂ 298 E j

where t-Bu is tertiary-butyl. The apparatus used^^ is shown in
41Figure 2.1. The usual precautions were taken in handling peroxides. 

Procedure.

The apparatus was connected at B to a vacuum line provided with a 

tap to a dry-nitrogen supply. Purified hydroperoxide (16 g) with an 

equal volume of pentane (reagent grade) was placed in the apparatus at 

A, cooled to 273 K and stirred using a magnetic-follower (polytetra

fluoroethylene) . The cold finger (at position C) was charged with solid 

carbon-dioxide/acetone mixture and BCl^ (7*0 g) was allowed to distil 

into the reaction mixture through tap D.

The contents of A were allowed to warm to ca. 298 K and stirred for 

2 h, after which the refigerant in the cold-finger was removed. Pentane 

and any residual hydroperoxide were removed from the reaction product at 

1 Torr pressure and finally at 10 Torr pressure.

The cold finger was then placed in position P, and the product 

distilled into the receiver G at 10  ̂Torr from a bath at ca. 343 K.

The distilled material (m.p. 285 - 288 K) was recrystallied from pentane 

at 193 K three times in a dry-box. Purified samples were stored at 

room temperature under dry nitrogen. ' , ,- 2 , ■
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Analysis

(t-BuOO)reacts quantitatively with water to produce orthohorio 

acid and the parent alkyl hydroperoxide'̂ :̂

(t-BuOO)^ + BĤ O  3t-BuOOH + B(0H)^ ... (2.2)

A suitable volumetric technique for the determination of alkyl hydro

peroxides involves reduction of the peroxide hy ferrous ion in acid 
aqueous solutionner

t-BuOOH + Fê "̂  _aci^^--- ^  t-BuO* + Fê *̂  + 0H“ ... (2.3)
solution

2+In this method, excess standard Fe solution is run into an aqueous 

solution of the hydroperoxide; the excess of ferrous-ion is then 

determined with standard potassium permanganate solution. The t-butoxy 

radical generated in the initial oxidation process can react by two 

different routes:

t-BuO* + Fe^+.+ t-BuOH + Fe^+ ... (2.4)

and t-BuO* ----^  (CĤ ) ̂ 00 + CĤ ' ... (2.5)

When ferrous-ion solution is run into a solution of the hydroperoxide,

reaction (2 .4) is inhibited as the hydroperoxide is in excess and the

radical produced in (2.3) disproportionates as shown (2 .5).^^

A stoichiometry of hydroperoxide to ferrous-ion of exactly 1:1 is

observed under these conditions.

Boron was titrated as boric acid in the presence of mannitol using
45a standard volumetric procedure^^; no explanation for the slightly high 

results was found. The analytical results are shown in Table 2.1.
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TABLE 2.1

Analysis of tri(tertiary-butylperoxy)borane

Determination , Batch ^ required ^ found

Peroxidic A 34.5 34 .6

oxygen B 34 .5 34.5^
0 34.5 34.5

Boron content A 3.90 4 .05

B 3.90 4 .0 8

C 3.90 4 .20

II. Tolyldichloroboranes.
46,47,48

The aryldichloroboranes were synthesised by established procedures

according to the reactions (2 .6) and (2 .7):

ArBr >■ ArMgBr BgCl2TBE^ ArHgCl
reflux

BClVbenzene
ArHgCl ArBCl,

(2.6)

(2.7)
reflux

where Ar is ortho-tolyl, meta-tolyl, para-tolyl and mesityl

Typical procedure
The arylhalide (O.5 mole) and magnesium (0 .5 mole) were reacted 

together in a conventional Grignard type apparatus in THE (1.5 mole); 

no initiator was required. The solution of the arylmagnesium halide 

was then diluted to 5OO cm̂  using THE.
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HgClg (0 .5 mole) was dissolved in THE (4OO cm̂ ) contained in a 

2000 cm̂  flask (3-neck, round-bottom) fitted with a mechanical stirrer, 

a reflux condenser and a dropping funnel. The stirring was started and 

the mercuric chloride dissolved to give a clear solution; the aryl

magnesium halide solution (O.5 mole/500 cm̂  THE) was then added dropwise. 

The mixture was allowed to reflux by the heat of the reaction and

following the addition of all the reagent was stirred for a further O .5 h

and left to stand overnight.

The precipitate formed during the reaction was filtered and washed 

with THE; the filtrate, combined with washings, was evaporated on a water 

bath to leave a white solid. The solid was treated with 1 mol dm ^HCl 

(700 cm̂ ) and the crude material collected in a Ho. 1 sintered glass

funnel. The material was washed with dilute HCl and crystallised from

THE. White crystals of the pure compound were dried at 353 K.

The dry arylmercuric chloride (0 .5 mole), dry benzene (15O cm̂ ) and 

BCl^ (0 .5 mole) were mixed in a 250 cm̂  flask equipped with a *cold-finger* 

condenser and a dry-nitrogen supply. The condenser was charged with solid 

carbon-dioxide/acetone mixture and the contents of the flask were gently 

refluxed for 4 b. Mercuric chloride produced during the reaction was 

filtered in a Ho. 1 sinter and the filtrate returned to a single-neck 

250 cm flask. Benzene was evaporated from the product at 10 Torr pressure 

and the aryldichloroborane was fractionally distilled and collected in a 

50 cm̂  flask. Boiling point data are collected in Table 2.2.
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TABLE 2.2

Fractional distillation of aryldichloroboranes

Ar in 
ArBCl2

Preparative
b.p.

Literature
b.p.

ortho-tolyl 362 k/10 Torr 361-364 K/1 0 Torr^7
meta-tolyl 342-344 K/9 Torr 359-361 K/1 5 Torr^?

para-tolyl 363 K/10 Torr 365 K/1 0 Torr^?

mesityl 347/6 Torr

During the synthesis of the ortho-isomer contamination by meta-isomer
49from an isomérisation reaction has been noted. Hence the isomeric

purity of the samples was checked using proton magnetic resonance

spectroscopy. Comparison of the intensity of the signal from the

meta-isomer methyl protons = 2.15 Ppm) with the intensities of the
13signals from the C satellites from the ortho-isomer methyl protons 

{£= 2 .4 4 ppm) revealed that the concentration of the meta-isomer in 

the ortho-isomer sample to be less than O .5 mass per cent. Ho isomeric 

contamination could be detected in the sample of the para-isomer. The 

isomeric purity of the ortho-isomer was checked after calorimetry and no 

significant increase in impurity was found.

Analysis
Analysis for chloride^^ on hydrolysis and for boron^^ were by 

conventional procedures (Table 2.3)•
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TABLE 2.3 
Analysis of tolyldichloroboranes

Ar in 
ArBCl2

Chlorine % 
Required Pound

Boron % 
Required Pound

ortho-tolyl 41 .02 41.1 6 .25 6 .25

meta-tolyl 41 .02 4 0 .8 6 .25 6 .26

para-tolyl 41.02 4 0 .6 6 .25 6 .26

mesityl 35.29 3 5 .4 5 .3 8 5 .35

III. Rubidium and caesium tetrachloroborates.

These compounds were prepared by reacting boron trichloride and
51the appropriate alkali-metal chloride in nitrobenzene under pressure

MCI(solution) + C^H^HO^'BCl MBCl^ + CÆHOg ... (2.8)

where M is Rb or Cs. The use of an autoclave is described in 

Chapter I, section I.

Procedure
Caesium chloride, 6.0 g (or rubidium chloride, 4«0 g) was loaded 

into a dry ampoule with nitrobenzene (50 cm̂ ) under dry-box conditions. 

The contents of the ampoule were cooled to 193 K and BCl^ (20 cm̂ ) at 

193 K added. The ampoule was sealed and allowed to warm to room 

temperature gradually. The autoclave was charged with the ampoule and 

iso-pentane (lOO cm̂ ) then heated to 363 K for 4 b. After reaction 

the ampoule was cooled to 193 K before opening.
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The contents of the ampoule were transferred to a conical flask

using nitrobenzene (50 cm̂ ) under dry-box conditions and any insoluble

material allowed to settle. The supernatant liquid was carefully

decanted into a 1000 cm̂  conical flask containing dry chloroform

(ca. 500 cm^). The precipitated tetrachloroberate was allowed to

settle and then collected on a Ho. 3 sinter. The isolated product was

washed three times with portions of chloroform (20 cm̂ ) and vacuum dried

at 20 Torr for O .5 h (298 K).

The impure product was transferred to a conical flask containing

nitrobenzene (IOO cm̂ ) and BCl^ (15 cm^). nitrobenzene was added in

50 cm^ portions, shaking the flask between additions, until the whole

of the tetrachloroborate had dissolved. The solution was allowed to

stand for at least 1 h and the supernatant decanted from any insoluble

material. The product was again precipitated by the addition of

chloroform and collected on a Ho. 3 sinter. The purified material was

washed several times with portions of chloroform (1O cm̂ ) to give a
_3pure white product and finally vacuum dried on the sinter at 10 Torr 

for 2 h (308 K). The dry tetrachloroborate was stored under nitrogen 

on the sinter and all subsequent sampling of the product was made in a 

dry-box.

Analysis
The presence of the. BCl^” group in each compound was confirmed from

52the observed vibrational frequencies in the Raman spectrum.

Alkali-metal content: The gravimetric method using sodium
53tetraphenylboron as reagent was used.
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Total chloride_content: The conventional Volhard method was

used to determine the chloride content of a hydrolysed sample of 
the tetrachloroborate.^^

Combined^HCl^and boron^determination: The compounds hydrolyse
according to the following equation:

MBCl^ + SHgO -->  MCI + b(OH)^ + 3HC1 ... (2.9)

Hence, exactly 0.75 of the chlorine content as hydrochloric acid can

be determined by titration with 0.1 mol dm“  ̂HaOH and similarly boron

can be titrated as a strong monobasic acid after the addition of 
45mannitol. A temperature compensated Ingold electrode was used for 

the determination; standardisation to pH = 7*0 and 4*0 was made using 
buffer solutions.

The analytical results are collected in Table 2 .4 .

TABLE 2 .4

Analysis of rubidium and caesium tetrachloroborates

Determination 0̂ required ^ found purity (%)
RbBCl

Rubidium content 35.90 35.95 : 36.02 100.2

Total chloride 59 .56 59.50 99 .9

Chloride via HCl 59 .56 59.40 9 9 .7

Boron content 4 .5 4 4 .55 100.13

Overall purity . . .

CsBCl

Caesium content 46.55 46 .58 : 46.60 100.06

Total chloride 49.66 49.52 9 9 .8

Chloride via HCl 49.66 49.63 9 9 .9

Boron content 3.786 3.78 99 .9

Overall purity . . .
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Although the ahove values would also he obtained for a mixture 

(MCI + BCl^), the following evidence strongly supports the conclusion 

that the product contains the BG1^~ anion.

(i) the vibrational frequencies noted for BCl^ in the Raman 

spectrum are very much different from those for BCl̂ .

(ii) the vapour-pressure of a mixture containing BCl^ would be 

reasonably high (b.p. BGl̂ , 28 K/760 Torr) and consequently during the 

final drying stage (10 ^ Torr/308 K for 2 h) some loss of BGl^ would be 

expected. The compound would therefore be deficient in both chlorine 

and boron.

Density determination: The density of each compound was determined

in dry carbon tetrachloride at 298 K using a conventional specific 

gravity bottle. These densities are required for buoyancy corrections 

in calorimetric experiments. The results were RbBGl^(c) = 2.40 g/cm^ 

and GsBGl^(c) =2.68 g/cm^.
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CHAPTER III

The Thermochemistry of Tri(t-butylperoxy^borane and 

the Role of Organoperoxyboranes in Hydrocarbon Oxidation

Introduction 

Experimental Results 

Results 

Discussion
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Introduction

The action of horic acid to favour alcohol formation in the air— 

oxidation of hydrocarbons [Ĉ  - has been known for many years, the

earliest patent application date being 1 9 2 8 . Hydrocarbon oxidation in 

the presence of boron compounds is a complex process sensitive to changes in 

many reaction variables. The standard procedure consists of passing air or 

dilute oxygen in a nitrogen stream through a suspension of boric acid in the 

heated substrate (438 - 4 4 8 % ) The alcohol:ketone ratio is increased on 

addition of boric acid from 1-1.5» as is normally obtained, to 5-10 for many 

hydrocarbons.

Boron compounds are unique is this context in that it is the only
57element which directs the reaction successfully to increased alcoholic yields. 

Although silicic and antimonic acids enhance the yields of alcohols during 

paraffin hydrocarbon autoxidations, they are less effaicious than are boron 

compounds (e.g. boric acid, metaboric acid, or pyroboric acid)

Considerable data are at hand to show that the presence of boron compounds 

does not change the essential free-radical chain reaction character of 

alkane autoxidations.^^ Induction periods are observed with and without
59boron present and the reaction is autocatalytic under both conditions.

Various proposals^^ as to the role of boron compounds have been made 

and the most important of these are:-

(a) boron compounds (e.g. metaboric acid) serve to esterify the produced 

alcohol, ROH.

(b) the y BOH group serves as a hydrogen atom source in the abstraction 

process ^BOH + ROg" — *■ ^B—0 + ROOH.
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(c) boron compounds react with hydroperoxide formed during the oxidation 
to produce alcohol:

3R00H + B(0R»)^ B(OOR)^ + 3R'0H.

(d) Peroxyboranes are formed as intermediates leading directly to the 

production of free alcohol or possibly directly to a boric acid ester, 
(OBOR) .

The question of the inclusion of peroxyboranes in the reaction sequence 

is of importance and has been suggested by several workers. It has been 

inferred that alkyl peroxyborates are the chief intermediates in alkane 

autoxidations and that they subsequently give rise to the boron compound ester. 

Further, it has been proposed that the direct interaction of alkylperoxy 

radicals with the boron coreactant accounts for the inhibitory effect of boron
58compounds in hydrocarbon oxidations. There is also evidence to show that 

orthoboric acid, metaboric acid and their esters catalyse the decomposition 

of hydroperoxides; the decomposition is directed towards alcohol formation, 

thereby possibly accounting for the enthanced selectivity in hydrocarbon 

oxidations in the presence of boric acid.^^ The question arises as to 

whether these reactions proceed to give a peroxyborane species with 

liberation of alcohol. It has been established that other acids such as 

dodecane dicarboxylic acid, arsenious oxide, trichloroacetic acid, phthalic 

anhydride and P^O^ do not direct the decomposition of hydroperoxides towards 

alcoholic products.Apparently the Lewis acidity of trigonal boron 

uniquely allows boric acid and its esters to alter the normal course of the 

oxidation of many saturated aliphatic and alicyclic materials.

The feasibility of many of the proposed intermediates and reaction 

schemes would be clarified if thermodynamic data for compounds containing the 

organoperoxyborane grouping were available. Compounds selected for

61
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thermodynamic study should ideally exhibit the following properties:

(a) be easily purified

(b) be stable over a reasonable temperature range to allow Aïï° to bevap «
measured and

(c) have a suitable quantitative chemical reaction at 298 E for calorimetry 

(and available AH° ancillary data).

Of the organoperoxyboranes synthesised to date^^ only tri-t-butyl 

peroxyborane and tri-n-butylperoxyborane satisfy the above conditions.

Tri-t-butylperoxyborane was selected and studied in detail. The standard 

heat of formation of t-BuOOH, (1) (produced in the calorimetric hydrolysis 

reaction) is in dispute, two different combustion calorimetry values having 

been reported in the literature. (Details in Appendix III).

It was therefore necessary to measure AH°[t-BuOOH, l] independently 

and this was achieved using solution reaction calorimetry.

Experimental Results

I. Calorimetric results

(a) tri-t-butylperoxyborane,(l}

The aqueous hydrolysis of this peroxy compound proceeds rapidly ^

and completely liberating the corresponding alkyl hydroperoxide.^^

(t—BuOO)^B,l + (II+3)^2^*  ̂ []3t—BuOOH+B(OH) ]̂lir.ÏÏ20(aq) AH , ... (3«l)

and the standard heat of formation is calculated from the equation:

AH°[(t-BuOO) B,l]=3.AH°[-b-BuOOH,ÏÏH20]+AH°[B(OH)j,BH20]-3ÛH°[H20,l] -AH ... (3.2)

Table 3.1 lists the results obtained for the hydrolysis of (t-BuOO)^B,l. !
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Table 3.1

Heats of hydrolysis of tri-t-butylperoxyborane, 

reaction 3.1

-1E -Ah /kJ mol

2983 58.16

3483 58.99

2746 58 .99

2344 58 .99

3090 58 .58

3069 58 .99

2993 58 .16

3243 58 .16

3012 58.55

<-AH'> = 58 .58 ± 0 .4

(b) t-butyl hydroperoxide, 1. The calorimetric equations are 

described in Appendix III.

Table 3.2

Heat of reaction of t-BuOOH,(l)in O .9 mol dm  ̂

ammonium ferrous sulphate solution, reactions 2.3 - 2.5

H -AH /kJ mol

17094 226.98

10384 225.94

9496 227.19

10582 226.77
<-AH >  = 226.77 - 1.26
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Table 3.3

Ferric iron analyses of post—reaction solutions (from reactions in

Table 3.2)

Weight t-BuOOn/g % yield Fe , based on a 2.0:1.0 ratio 
of Fê *̂  to ROOH (Equations 2.3 - 2.5)

0 .0 5 8 7 92.1

0 .0 9 6 7 92 .3

0.1061 92 .0

The heat of solution of the hydroperoxide in aqueous orthoboric acid was 

determined; the final molar ratio of B(0H)^ to ROOH was 3:1.

Table 3.4

Heat of solution of t-BuOOH(l)in aqueous orthoboric acid

H -AH (kJ mol )̂

1039 9 .5 4

1010 9 .50

1028 9 .4 6

1021 9.62

1010 9 .50

984 9 .5 4

972 9 .46

990 9 .5 4

^ —AH ^  = 9 .52 - 0 .0 4
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II. Tensimetry (Chapter I, p)

The heat of vaporisation of water was calculated from the calibration 

graph and the result was found to be in satisfactory agreement with 

literature values. = 44.14 - O .4 kJ mol"^; lit. value =

43 .8 8 kJ mol \  The results for the peroxyborane are set out in Table 3*5'

Table 3.5

Vapour-pressure measurements for (t-BuOO) ̂B,(l )

Temperature/K Reading/V Correction/v Corrected/V
reading Pressure/Torr

328.15 -0 .230 40.280 +0 .050 28 .4

338.15 40.612 40.378 40.990 7 0 .8

343.15 4-1.213 40.410 +1.623 111.5

346.15 +1.883 40.440 +2.323 148.5

Results

I. Standard heats of formation

The following standard heats of formation were calculated using the 

appropriate AH' value and the ancillary data in Table 3.6.

(a) AH°[(t-BuOO)^B,l] = -1066.1 ± 5.0 kJ mol'̂

(b) AH°[(t-BuOO)^B,g] = -974.0 - 5 .7 kJ mol~^ (from (d) below)

(c) AH°[t-BuOOH,l] = -293.3 - 4 .1 kJ mol"^ (Appendix III)

(d) The enthalpy of vaporisation of (t—BuOO)^B,l (92.1 — 2 kJ mol ) 

was calculated from the experimental data in Table 3.5. These data are 

represented in the form log.-.P / Torr = a — 6 where a (= 15.18)
t/k

and b (= 4 .508 x 10“ )̂ were obtained from a least-squares analysis.
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Ancillary thermochemical data

Compound (state) -AH°/kJ mol 1

285.83 - 0 .008^7

B(0H)^,3090E20,aq. 1072.40^̂

t-BuOOH(l) 293.72 ± 5 .0 ^̂

t-BuOOH, lOOOH^Ojaq. 303.21 ± 5 .0 work

OH ,aq.molality=1 230.0^8

2+Pe , aq.molality=1 89.12^8

Pê"'", aq.molality=1 48.53^8

t-BuOH,(l) 359.20 - 0.8?°

t-BuOH, SiSSHLOpaq. 376.52 - 0 .8?1

(CĤ )gCO,(L) 248.0^2

(CEjlgCO, lOOOOEgOpaq. 260.5?2

84.7^^

II, Bond-energy terms

(a) E(BO-OR) in t-butyl peroxyborane
The calculation utilises the following hypothetical dissociation: 

(n-BuO)^B,g ----> B(0‘)^,g + 3.n-Bu', g

This permits AH° B(0*)^ to be calculated from:

ah = AH°[B(0')^g] + 3AH°[n-Bu,g] - AH°[(n-BuO) jg]
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Assuming AH = 3.D(n-Bu-OH) and using D(n-Bu-OH) = 380.7 - 8.4,^^ 

AH°[n-Bu‘,g] = 71.1 - 8.4^3 and AH°[(n-BuO)^B,g], (= -1145.2 ± 2.5^^)AH° 

[B(0")^,g] is calculated to be -216.3 kJ mol~\

Inserting this figure into the thermochemical equation for the 

corresponding peroxyborane dissociation:

(t-BuOO)^B,g -- > B(0')^,g + 3.t-BuO\g

and using AH°[t-BuO*, g] = -90.37^^, AH°[peroxyborane, g], we have 

E(BO-OR) = 162.3 i 12 kJ mol“\

(b) E(B-OOR) in t-butyl peroxyborane 

The following equation was used:

(t-BuOO)^B,g — » B,g + 3t-BuOO" , g, Jcre AH = 3-E(B-00R) .

Using AH°[B,g] = 555-6 - 16.7,^^ AH°[t-BuOO',g] = -80.3 - 8.3^^ and 
AH°[peroxyborane, g], E(B-OOR) was calculated to be 429*3 - 19 kJ mol \  
The high error is due mainly to the uncertainty in AH°[B,g].

The corresponding data for the normal-butyl derivative was estimated 

using Benson’s group additivity scheme^^ (Appendix I for details) for 

AH°[(n-BuOO)^ B,g] as follows :

The t-BuO group was calculated from:

3C(Hp(c) = -126.5
C(0)(Cj) -27.6
0(0) (c) -18.8

-172.9

The unique group, 0(o)(b) can be calculated using the measured value of 

AH°[(t-BuOO)^B,g] thus :

3.0(0)(b) = AH°[(t-BuOO)^B,g] - 3.AH°[t-BuOO,g] = -455*2 kJ mol ^
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The normal —BuO group was calculated using the scheme

C(Hp(c) = -42 .2

2.C(E2)(Cg) = -41.2

C(Eg(c)(0) = -33.5
0(0) (C) = -18.8

-135.7

therefore, the required standard heat of formation can he calculated from: 

AH°[(n-BuOO)^B,g] = 3.AH°[n-BuO,g] + 3AH°0(o)(b)

= -862.3 - 9 kJ mol"1

(c) E(BQ-OR) in n-hutyl peroxyborane

The following hypothetical dissociation was used:

(n-BuOO)^ B,g --> B(0')^,g + 3.n-BuO',g

therefore 3E(B0-0R) = AH = AH°[B(0')^,g] + 3H°[n-BuO",g]-AH°[(n-BuOO) B,g]

Using the estimated value of AH°[peroxyborane,g] above and AH°[n-BuO*,g]

= -55.7, E(BO-OR) = 159.4 - 14 kJ mol"\

(d) E(B-OOR) in n-butyl peroxyborane

This calculation requires AH°[n-BuOO',g] which is itself 

derived from AH°[n-BuOOH,g]; accordingly these values were calculated 

using the group additivity scheme.

AH°[n-BuOOH,g] = 1.n-BuO group + 0(h)(o) = -203.7 - 4 kJ mol“^

(0(h)(0) = -68.07^^kJ mol"̂ )
Considering the dissociation: n—BuOOH — > n—BuOO* + H',it is assumed

that B(ROO-H) = b (HOO-H)'̂  ̂= 376.6 ± 8 kJ mol“ .̂

Therefore: AH = AH°[n-BuOO*, g] + AH°[H',g] -AH°[n-BuOOH,g]
AH^ [n-BuOO',g] was calculated to be -44*8 kJ mol-1
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Hence 3.E(B-0R) = AH = AH°(B,g] + 3.AH°[n-BuOO",g] - AH°[(n-BuOO)^B,g] 

E(B-OOR) = 436.0 - 20 kJ mol ^. Again the high error is principally due 

to the AH^[B,g] uncertainty. The results of the hond-energy calculations 

are presented in Table 3*9 (Discussion).

The various standard heats of formation determined are collected 

below in Table 3.7.

Table 3.7

Heats of formation of some peroxyboranes and hydroperoxides

Compound AH° 0/kJ mol 1 AH°(l-+- g)/kJ mol 1 AĤ g)/fcJ mol ^

t-butyl 
peroxyborane

-1066.1±5.0 92.1Ï2.] -974.0-5*4 (Exper.)

n-butyl 
peroxyborane

- - -862.3-9 (Calc.)

t-butyl 
hydroperoxi de

-293.3^4.1 47.74^0.16^9 -245*6-4*2 (Exper.)

n-butyl 
hydroperoxide

—20 3.7—4 (Calc.)

The difference in the thermodynamic stability of the normal- and 

tertiary-butylperoxyboranes and hydroperoxides, measured in terms of 

AH°, conforms to a trend noted in other normal-butyl and tertiary-butyl 

isomers (Table 3.8).
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Table 3.8

AH° values for n-butyl and t-butyl isomers of some organic compounds

Compound(g) -AH°/kJ mol 1

t-butanol 312.5
n-butanol 275.3

di-t-butyl ether 364 .4

di-n-butyl ether 333.9

t-butylamine 120.9

n-butylamine 95 .0

Discussion

Although a large body of experimental information is available on 

saturated hydrocarbon autoxidation in the absence of boron compounds, 

relatively little has been done towards mechanism elucidation of 

oxidations with boron coreactants/catalysts present. However, various 

workers have reported their experimental findings of the characteristics 

of alkane oxidation in the presence of boric acid^^ and these are listed 

below:-
(i) Autoxidation is a free-radical chain reaction having zero-order 

overall kinetics.

(ii) Boron compounds inhibit the overall reaction rate.

(iii) Hydroperoxide levels during autoxidation are lower in the presence 

of boron compounds than in their absence.
(iv) The hydrocarbon skeletal structure is preserved in the product 

alcohol i.e. RH — ► ROH.

(v) The relative reactivity of various positions in a hydrocarbon 

undergoing oxidation is tertiary carbon^ secondary C ̂  primary C.
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(vi) The alcohol is isolated from the oxidate in the form of a 
horon ester.

(vii) Water has a deleterious effect on oxidations in the presence 
of horon coreactants.

(viii) Boron compounds are unique in directing the course of an oxidation 
towards an alcoholic product.

It is first necessary to examine some aspects of horon chemistry in 

detail before formulating a mechanism. The relevant areas of boron 

chemistry to be considered are listed below:—

I. Thermodynamic study of the peroxyborane grouping,^ BOOR.

II. Thermal decomposition of some peroxyboranes in hydrocarbon 

solution.

III. Autoxidation of boron compounds.

IV. Decomposition of hydroperoxides in the presence of boron compounds. 

V. Mechanism of hydrocarbon autoxidations.

I. Thermodynamic study of the peroxyborane grouping

The results of the bond-energy term calculations are summarised 

in Table 3•9»
Table 3.9

Bond-energy terms in (ROOi^Bfg)

R E(BO-OR)/kJ mol'1 E(B-OOR)/kJ mol'1

t-butyl 162.3-12 429.3±19
n-butyl 159.4-14 436.0±21
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These values are realistic in magnitude and are compared with hond- 

dissociation energies (BDE) and hond-energy terms (e) from similar 
compounds (Table 3.10).

Table 3.10 

Selected BBE and E values

Bond BDE or E/kJ mol ^

B(t-BuO-QBu^) 156.9^9

B(t-BuQ-OH) 179.9^9

b (hq-qh) 213.4^9

E(B-O), esters 460.2^7

It is likely that E(R-00B<) is similar to e (R-OOH),^^ 292.9 kJ mol  ̂

and this strongly indicates that the weakest bond in an alkyl peroxyborane 

is the peroxy linkage. Homolytic cleavage of the oxygen-oxygen bond in 

both tri n-butyl and tri t-butyl peroxyborane is indicated by their 

catalysis of the polymerisation of styrene and methyl methacrylate.

II. Thermal decomposition of some peroxyboranes in hydrocarbon solution

The decomposition of a series of peroxyboranes in hydrocarbon 
solution at temperature above 403K have been studied kinetically.^^'^^'GO 

A typical reaction sequence^^ [for (t-BuOO)^B in n-nonane(SH)] is shown 

overleaf;-
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(t-BuOO) B (t-BuOO)2^0 * + t-BuO *

(t-BuOO)2BO'+SH — (t-BuOO)pBOH + S* 

(t-BuOO)^B + S* — ^ (t-BuOO) B08 + t-BuO

t-BuO* + SH 

t-BuO" ■ ■■ ->

CH ' + SH

28"

t-BuOH + S*

(CH^) gCO + CH • 

CH. + S*

S-S

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

The activation energies of the spontaneous reaction (3.3) and the induced 

decomposition (3.5) were calculated for each of the peroxyboranes 

studied and the results are presented in Table 3-11.

Table 3.11

Activation energies for steps (3.3) and (3.5) in the decomposition-

of some peroxyboranes in n-nonane solution (at temperatures403%)

Peroxyborane Ê CT(Spont.3.3}̂ kJ mol'"*
kJ mol

Order of 
reaction

(t-BuOO)^B 136.4 174.0 1st

(t-BuOO) B.OBu"^ 125.5 131.8 1st

t-BuOO.B(OBu-n) ̂ 125.5 104.6 1st

t-BuOO.B(OMe)2 121.3 2nd

(t-BuOO) gBOH 117.1 1st

Tests in which t-butyl peroxide was added to the initial solution 

(reactions 3.6) were carried out with the aim of confirming the effect of 

the induced decomposition reactions (reaction 3-5 above); a considerable
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acceleration of the decomposition of the peroxyborane in n—nonane solution

was observed. For both the di— and tri—peroxyboranes, E(spontaneous)^ E

(induced) while the converse effect is noted for the monoperoxyborane;

similar results have been observed for decompositions of t-butylperoxy-
81triethylsilicon in n-decane. The interpretation of these facts is that 

decompositions involving two or more peroxy groupings proceed via a 

different mechanism to that in which only one peroxy group is present.

The character and yield of the compounds formed in all the decompositions 

is consistent with a free-radical reaction mechanism.

It is significant that the values of Ê ,̂,p(spont.) and Ê ,̂p(induced) 

for tri(tert-butylperoxy)borane are similar in magnitude to the e (BO-OR) 

bond-energy terms obtained in this work, accepting the various approximations 

involved. This would also strongly indicate that the activation energies 
of the various peroxyborane decompositions'^^’' ^ 9 » can be taken to be 

close to the BDE’s of the initial homolytic cleavage reaction (reaction

3.3 etc). This, of course, assumes that reactions are in the ideal 

gas states, that the radicals are formed in their ground states and that 

the activation energy for the reverse reaction is zero.

The rate constants for the process ROOBR^ RO" + ’OBR̂ , have been

measured and are 1.1 x 10  ̂for R = n—butyl, 3*8 x 10 ŝ for

R = sec-butyl and 5.2 x 10"̂ s"̂  for R = exo 2-norbornyl (all at 303%)

III. Autoxidation of boron compounds
82Detailed studies of the oxidation of boron compounds have showed 

that the process follows a free-radical chain mechanism and not a polar 

mechanism as was first a s s u m e d . T h e  following steps have been
, 82proposed:
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Initiation: —  ̂ R* ... (3.10)

Propagation; R* + 0̂  — ^ RO ' ... (3.II)
k

ROg" + BR — ^  ROOB +R'(3.12)

Termination: 2R0 * - ■> inactive products (3,13)

In the early stages of the reaction initiation is by the direct reaction

between the borane and oxygen, but as the reaction proceeds, the uni-

molecular decomposition of the alkylperoxyborane, or its bimolecular

reaction with alkylborane become more important. The propagation rate

constants for some organoboron compounds at 303% are in the range

kp = 10^ - 10̂  mol ŝ Comparing the rate constants for radical

displacement on boron by peroxy radical with rate constants for hydrogen-

atom abstraction by these radicals, it is shown that the former

displacement is clearly among the most rapid reactions of peroxy radicals

known. For example, in the kinetic study of the reaction of an

alkylperoxy-radical at B in tri-alkylboranes, the rate was shown to be 
7

10 times faster than the similar reaction of hydrogen with toluene.

The high rate of autoxidation of many organoboron compounds compared 

with hydrocarbons can therefore be accounted for by the relative 

propagation rate constants of the two reactions.

Reactions such as RO* + MR^ — > ROM + R* (RM = organometallic 
compound) have also been s t u d i e d . These are very fast reactions 

(k = 10  ̂-lo'̂  mol"^s"^) and are characterised by low activation energies

(0 - 20 kJ mol"1) ̂

IV. Decomposition of hydroperoxides in the presence of boron compounds 

There is evidence to show that orthoboric acid, metaboric acid 

and their esters catalyse the decomposition of hydroperoxides and that 

the decomposition is directed towards alcohol formation. The decreases



68

in hydroperoxide concentration during autoxidation can he considerable 

and in some instances may be halved.

A number of mechanisms have been proposed to account for this action 
88and one scheme involves an initial association between hydroperoxide 

and boric acid:

ROOH + B(On) R0 ...0 ...H..0B(0H)2 ...(3.14)
H

homolytic decomposition of this complex is envisaged to give alkoxy 

radicals which sequentially abstract hydrogen from the hydrocarbon to 

produce alcohol;

R0...0...H..0B(0H)2 — > RO* + HgO + *OB(OH)g .. (3.15)
H

89Some workers have found that boric acid esters are about as effective 

as boric acid in directing n-paraffin oxidations towards alcohol. A 

series of esters (n-propyl to n-cetyl) was found to give selectivity 

for alcohol even at concentrations equivalent to only 0.2^ boric acid.

A mechanism not involving hydrogen bonding was proposed:

ROOH + B(0R»)^ — ^ |rO...O:B(OR»)^--► RO* + HO* + B(OR’)^ ... (3.I6)

The production of alcohol via reactions such as:

3R00H + B(OR')^ ^  B(OOR), +3R’0H ... (3.17)
90is unlikely in that such equilibria are known to lie largely on the left.

A further possibility is that interaction of hydroperoxide with the boron 

coreactant could lead directly to the boric acid ester, without any free 

alcohol being formed. This proposal received some support from the 

experimental evidence that no free alcohol was detected in the oxidate 

from cyclododecane.^^
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V. Mechanism of hydrocarbon autoxidation

The stages of hydrocarbon oxidation are examined below as to how

boron compounds might influence the course of autoxidation at each step.
Ion-catalysed oxidation of hydrocarbons^'’’ 92,93 ^he liquid phase may

be considered to proceed as follows9^:
Op

RH —  ■> R* (chain initiation) ... (3 .I8)

R- + O2 - *  RO- j chain ... (3 .19)

RO* + RH — ^ ROOH + R* j propagation ... (3.20)

ROOH — > RO* + *0H (chain-branching) ... (3.2l)

R* + R* — R-R )

>2 '
chain

ROg* + R* — ^ ROOR ) ... (3.22)
termination

ROg* + RO * — > ROH + RGOR + Op

Radicals R*, can also be formed termolecularly:

2RH + Op — > R* + HpOg + R" ... (3.23)

The rate of reaction (3-19) is some lO'̂  -I0 '’' times that of reaction (3»20)

and this means that the overall rate-determining propagation step is the 

abstraction of a hydrogen atom by a peroxy radical to give hydroperoxide 

molecule. Other reactions which are thought to take place as the 

hydroperoxide level builds up are;

2R00H ---> RO* + ROp* + HpO ... (3.24)

and ROOH + RH — >R0* + R* + HpO ... (3.25)

VI. Mechanism
The primary information provided by the present thermochemical study 

of the peroxyborane grouping is the close similarity in properties between 

peroxyboranes and organic peroxides. Substantially all of the unusual 

features of peroxide reactivity can be associated with the fact that the
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0—0 bond can be easily broken and can undergo reactions of several kinds.

The C-OOR bond-strength in many organic peroxides is of the order 

300 kJ mol and hence one characteristic of these peroxides is the presence 

of a relatively weak 0-0 bond 170 kJ mol flanked by two generally 

stronger C-OOR bonds (in hydroperoxides one of these is a 00-H bond).

This trend is evident in the peroxyboranes except that the B-OOR bond-strength 

(Table 3.IO) is somewhat higher than the corresponding C-OOR bond-strength.

It would be inappropriate to attempt a full explanation of the role of 

boron coreactants in oxidation processes solely on the basis of the 

determined "peroxide" properties of peroxyboranes. However, some general 

conclusions may be drawn and the various aspects of boron chemistry 

summarised in Sections II to IV can be combined with the known stages of 

hydrocarbon autoxidation (Section V) to provide a basis for mechanism 

elucidation. The following reaction scheme is proposed; B(0H)^ is a typical 

coreactant/catalyst and RH is the hydrocarbon undergoing oxidation (T = 440%)•

Initiation reactions:

RH + 0, radicals i.e. R* (3.26)

Propagation reactions:

R* + Op ■ ■ ■» ROp

ROp" + RH ROOH + R"

-> ROOB (OH) g + "OH 

ROOB (OH) g — y RO" + 'OB(OH)g

RH + OB (OH) g — » HOB (OH) g + R’

EOOB(OH)g + R" — >■ ROB (OH) g + "OR

(3.27)
(3.28)

(5.29)'

(3.30)

(3.31)
(3.32)
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reactions involving the 'OR radical:

RO + RH > ROH + R* ,,, (3«33)

RO' + B(0H)^ ---> ROB (OH) p + 'OH ... (3.34)

Termination reactions:

RO' — > non-radical product + a radical (%') (3*35)

(y is usually a small radical CH^,CpH^ etc.)

Y' + r  — > Y-Y ... (3.36)
R' + R' — 9̂ R-R ... (3.37)

ROp + ROp — ^ non-radical products ... (3.38)

The main feature of this mechanism is the competition between the boron 

coreactant and RH for reaction with ROp' radicals (3.28 and 3.29).

Similar reactions occur with RO' (3.33 and 3.34). The sequence involving 

peroxyboranes (or radicals generated from them) are detailed in 3*30 

(spontaneous decomposition), 3.31 and 3.32 (induced decomposition).

Expected characteristics of the proposed mechanism (3.26 - 3.38) would be 

general inhibition of reaction (disruption of the , chain-propagation step 

3 .28) and attendant low hydroperoxide levels. Both of these- features are 

noted experimentally. The inhibitory influence of boron compounds has been 

observed in some closely related free-radical processes, e.g. boron and
95boric acid inhibit the air oxidation of graphite at a level of 0.1 mole %.

Of the proposals (a-d. Introduction), it would seem unlikely that 

(a), (b) or (c) alone could account for the effect of boron compounds in 

hydrocarbon autoxidations. Simple estérification processes (a) are highly 

unlikely and there is reasonable evidence to show that the BOH group does 

not serve as a hydrogen atom source.Reaction (c) is equally unlikely 

to be operative (Section IV).
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While the experimental observations (i-viii, Discussion) are 

consistent with the above mechanism, it is clear that alternative 

mechanisms may also satisfy these observations. Hence this work provides 

a plausible but not unequivocal mechanism for hydrocarbon autoxidation 

in the presence of boron containing coreactant/catalysts.
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CHAPTER IV

The Thermochemistry of Mesityldichloroborane, Ortho-, Meta-, and 

Para-Tolyldichlorohoranes, and the Boron-to-Carbon Bond Strength.

Introduction 

Experimental Results 

Results 

Discussion
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Introduction

The occurrence of It character in carhon-horon honds has frequently 

heen postulated to explain the properties of certain organoboron compounds. 

Chemical and spectroscopic evidence for (C-B) -yf bonding has been
97reviewed. An analysis of the available data suggests that much of 

the evidence is circumstantial and most of the data taken individually 
are inconclusive

Thermo chemical studies^^» of CÆBXp(l) , (Ĉ Ĥ ) pBX(ll) ,

(CgH^)^B(III) and (cyclo-CgH^^B(IV) , where X = Cl, Br, showed the order

of boron-carbon bond strength, E, in these molecules to be

E(i)> E(II)>  e(III) ̂  E(IV). The marked enhancement of the boron-

carbon (aromatic) bond energy compared with the boron-carbon (aliphatic)

bond energy was discussed in terms of p7/ -p7f bonding. The successive

decrease in E on replacement of halogen by phenyl in the series

(CgH^)^ n^^n ~ 0 ,1,2) was rationalised by proposing an increased steric

interaction causing the phenyl groups to be twisted out-of-plane relative
99to the boron atom with concomitant reduction in resonance stabilisation.

Support for the above conclusion comes from a spectroscopic study of all

the phenylhaloboranes of the type, (C^H^)^_^BX^, (n = 1,2 and X = F, Cl,

Br, l) . The same study also shows that the structure of C^H^BFp and of
101(CgH^)pBF are distinctly different from those of the other halides.

Several methyl substituted aryldichloroboranes and aryldifluoroboranes

have been studied using dipole moment measurements, ¥.M.R,, I.R., and U.V, 

spectroscopy'**̂  ̂and the conclusion drawn that the majority of data 
indicated the presence of considerable carbon-boron 0/ bonding.
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Molecular orbital calculations of the *7/ electronic structures of 

Cô^^BClp  ̂and (Ĉ Ĥ ) show that the electron density on horon

mainly originates from the halogen orbitals and that the contribution 

from the phenyl ring(s) is small.

The present thermochemical study on mesityldichloroborane, ortho-,

meta-, and para-tolyldichloroboranes investigates the steric and electronic

influence of the methyl substituent(s) in the aromatic ring on E(B-C).
99,100Results of previous studies indicate that in the case of these

molecules, methyl groups positioned ortho to the -BCl^ group should 

cause a decrease in E(B-G) whilst para-methyl groups should cause little 

change (relative to E(B-C) in phenyldichloroborane).

Experimental Results

I. Calorimetry

Generally arylboron compounds readily deboronate to aromatic hydroxy
105compounds and orthoboric acid with hydrogen peroxide in a basic medium ’ 

106,107  ̂and this reaction (4*l) was used to determine the standard heats 

of formation of the arylhaloboranes. The calorimetric fluid used was an 

aqueous solution 0.1 mol dm~^ with respect to and 1.00 mol dm  ̂with

respect to ITaOH (this mixture designated aqueous excess base and 

abbreviated a.e.b.)

ArBCl2(l)+[H202 + 2BaOïï]a.e.b. = [ArOH + B(0H)^ + 2BaCl]a.e.b. (4 .I)

and therefore:
AH°[ArBCl2,l] = Aïï°[ArOïï,a.e.b.] + AH°[b(OH)a.e.b.] + 2AH°[NaCl,a.e.b.] 

—2AH^[BaOH, a. e .b. ]—AĤ ĵ HgOg, a.e.b. ]—AH ... (4 .2)
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Quantities of the aryldichloroboranes were chosen such that both peroxide 

and base were in excess. The para-isomer was studied at 303*15 K 

where the sample is liquid and no correction of the results to 298.15 K 
was made.

Table 4*1
Enthalpies of reaction for equation 4*1

-AE/kJ mol ^ E “AE/kJ mol ^

Ar = 0-CH^.C^E (l) Ar = p-GE.*CgE (1)*
(ortho-tolyl) (para-tolyl)

28812 720.9 25431 686.2
23760 723 .4 20269 677.8

35540 724.2 32499 679.9

23269 720.0 24028 687.0

42414 715*5 28115 685.3

28182 715*0 26159 686.2
25671 722.2 28879 678.2

30727 716.7 20508 675*7
30341 716.3 30054 674*9
29230 718.4

32387 720.9 * at 303.15 K

<-AH> = 719*4 - 1*9 <;-AE> = 681.2 - 3*3

Ar = m-CE^.CgE (1) Ar = 2,4,6,(CEj)3Ca%(!)
(meta-tolyl) (mesityl)

27847 714*6 3O86I 686.2
28490 706.7 29317 692.4

28785 706.7 28490 692.9

28503 719*2 27708 687.8
23540 718.0 24801 689.9

26205 705 .4 29709 684.5

23741 715.0 29010 687.0

23588 713.8 24857 687 .8

24857 690 .8

<-AE> = 712*5 ^3*8 <-AE> = 688.7 ^ 1*9
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The enthalpies of mixing of the products in all of the calorimetric 

reactions were assumed to be zero and the enthalpies of solution of 

2̂*̂ 2’ EaOH in a.e.b. were assumed to be equal to the
corresponding values in water. The thermal effect of the catalysis 

of the decomposition of hydrogen peroxide by base is known to be 

negligible. The enthalpies of reaction (equation 4*1) are given in 

Table 4*1; the enthalpies of neutralisation of mesityldichloroborane 

and meta-tolyldichloroborane were determined in the same calorimeter. 
(Table 4*2).

Table 4*2

Enthalpies of neutralisation for ArOH(c orl) + a.e.b. = [ArOH,a.e.b.]

E -AH/kJ mol ^ E -AH/kJ mol'1

Ar = m -CE^.C^E^d) Ar = 2,4,6(CE^)^.CgEg(c)

1348 . 28.5 1372 13*4
1515 28.7 1247 13*4
958 28.7 1182 12.6

829 28.7 1162 13*0

<-AH> = 28.7 - 0 .1 <<-AE> =: 13.0 ± 0 .4

II. Tensimetry
The enthalpies of vaporisation of meta-tolyldichloroborane and 

mesityldichloroborane were determined using the procedure described in 
Chapter I, P and Chapter III (in experimental results section).
The measurements are set out in Table 4*3*
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Table A.3

Vapour-pressure measurements of ArBCl„(l)

Temperature

K

Reading

V

Correction

V

Corrected
reading
V

Pressure
Torr

Ar = meta-tolyl

343.15 40.310 +0 .4 1 0 40.720 64 .6

348.15 4 0 .664 +0 .4 5 5 +1.119 85.0

353.15 4-1.114 +0 .4 8 5 +1.599 110.5

358.15 +1.657 40.512 +2.163 140.5

Ar = mesityl

338.15 -0 .3 6 3 +0 .3 7 8 40.015 26.5

348.15 -0 .1 1 4 +0 .455 +0 .331 43.0

358.15 +0 .320 40 .512 +0 .8 3 2 69.5

Differential scanning calorimetry (D.S.C.)

The enthalpy of fusion of para-tolyldichloroborane (mp 300.15 K) was 

determined and calculated as described in Chapter I, E. Three separate 

samples were run and the average area of several scans from each sample 

was used in the calculation of results. The enthalpy of fusion was 

found to be 4.39 - 0.13 kl mol \ where the uncertainty interval quoted 

is the range of the determinations and includes a calibration error.

IV E.M.R. spectra
n.m.r. spectra of ortho-tolyldichloroborane and para-tolyldichloro- 

borane used in the determination of the meta-isomer concentration 

(Chapter II, II) are shown in Figure 4*1.
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Results

I Standard heats of formation

The following standard heats of formation were calculated using 

equation 4*2, the appropriate —AH value (Table 4»1) and the ancillary 

data in Table 4 .5 . The term (AH°[HaCl, a.e.b.] -AH°[EaOH, a.e.b.] 

reduces to (AH°[Cl“,aq.] -AH°[OH~,aq.] and the value for AH°[b(OH)^,c] 

is the mean of two reliable determinations.

Table 4*4

Standard enthalpies of formation of ArBCl^Cl)

Compound -AH°/kJ mol 1

o-CH^.C^H^.BClg(l) 300 .7 - 2 .5

m-CH^.CgH .BClg(l) 309 .8 i 4.1

p-CH^.CgH .BClg(l) 334.8 — 3 .6

2,4,6, (CHp^CgHg.BClg(l) 395 .8 - 4 .8

Table 4*5 
Ancillary thermochemical data

Compound (state) -AH^/kJ mol ^

B(OH)^(c) 1094.0 -  O.glOG and IO95.O ± 1.3^
mean = 1094*5 - 1*2

B(0H)^,a.e.b. 1116.5 - 1.2^1°
[Cl", aq - OH“,aq] -62.83^̂ ^
HgOg,aq 191.2''̂^
0-CH..CÆ..B01,a.e.b. 220.5 ± 1.1^12,113
m-CH_CÆ..BCl ,a.e.b. 222.7 -  1.1^^^’

3 0 4  ̂ ^ 112 111p-CH .C.H BCl , a.e.b. 216.4-0.9 ’
2,4,6, (CH ) .C H .BCl 284-9 ± 4.2” -̂

3 2  ̂  ̂ 2
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The enthalpies of vaporisation of m-CH^.CgH^.BCl^ and 2,4,6,(CĤ ) C^H^.BClg 

were calculated from the data in Table 4»3. These data are represented in 

the form log „p/Torr = a-b , where a and b were obtained from a least-
t/k

squares analysis. For meta-tolyldichloroborane a = 9*90 and b = 2.776 x 10" 

and for mesityldichloroborane a = 8.91 and b = 2.533 x 10"̂ . The enthalpies 

of vaporisation of the four aryldichloroboranes are collected in Table 4*6.

Table 4*6

Enthalpies of vaporisation of ArBCl^Cl)

Compound AH° /kJ mol 1 vap.'

0-CH..CÆ .BCln 3 6 4  2 46 .9 - 0.9^13

m-CE^.C^H .BClg 55 .2 - 2.6

p—CH^.CgH^.BCl2 4 0 .7 - 1.3̂ 1^

2,4,6(CE^)^CgH .BClg 51 .5 - 2 .6

The enthalpies of formation of the aryldichloroboranes in the gaseous state 

were calculated from the respective enthalpies of formation and transition; 

these are collected in Table 4»7-
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Table 4*7

Enthalpies of formation and transition of ArBCl^ (kJ mol-5

Compound AH°(o) AH°(c^l) AH°(l) AH°(l-»g) AH°(g)

o-CH^.CgH .BClg - -3 0 0.7±2 .5 46.9^0.9 -2 5 3.8^2 .7

m-CH^.CgH .BClg - -309.8^4.1 55.2-2.6 —254.6—4.7

P-CH^CgH^.BCl^ -3 3 9.2^3 .6 4.39^0 .13* -334.8±3.6 4 0 .7±1 .3 -294.1-3.8

2,4,6, (CH^^CgH BClj - -3 9 5.8±4 . 8 51.5-2.6 —3 4 4.3—5 .3

mp 300.15 K

II. Bond-energy terms
The boron-carbon bond energy in the arylhalogenoboranes, ArBCl^, is 

defined in equations 4*3 and 4 -4 î
ArBCl2(g) = Ar(g) + B(g) + 2Cl(g) ... AH ... (4» 3)

where AH = 2E(B—Cl) + e (B—C) ••• (4*4)

The difference in the bond energies for the ortho- and para- isomers is 
given in equations 4*5? 4*6 and 4*7 below:

E(B-C)p - E(B-C)^ = AH (para isomer) -AH (ortho isomer) (4.5)
= AH°[o-CH^.CgH .BClg,g] -AH°[p-CH^.C^H^.BClg,g]

+ (AH°[p-CH^.CgH^.,g] - AH°[o-CH^.CgH^.,g]) ... (4 .6)

AH^^o-CH^.CgH^BCl^jg] -AH^[p-CH^CgH^.BCl2,g] (4*7)
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Equating the term in parentheses in (4*6) to zero is equivalent to

equating the carbon—to—ortho hydrogen bond dissociation energy to the

carbon-to-para hydrogen bond dissociation energy in toluene. There is 
114 115no direct evidence ’ to support this above assumption, but it is 

likely that the steric effect of a methyl group on an ortho-hydrogen is 

small and that the difference in the electronic effect of the methyl 

group on the ortho- and para- hydrogens is similarly small. The 

assumption is probably valid to within - 4 kl mol . E(B-C) ̂-E(B-C) ̂ =

4 0 .3  - 4*7 kJ mol  ̂and using similar assumptions as above for the 

meta-isomer, E(B-C)^-E(B-C)^ = 39.7 - 5.3 kJ mol \

In order to derive explicit values for the boron-carbon bond 

energies rather than their difference, it is necessary to estimate 

AH°[CH^.CgH^.,g]. If the assumption is made that 

this function is readily obtained from equation 4 .8 :

ah:°[CH3.CgH^.,g] = D(CgHj-H)''''® AH°[CHj.CgH^,g]'''''' ... (4.8) .

1 18In support of this second assumption, gas-phase kinetic studies indicate 

I)(CF̂ .CgĤ -H) = 456 - 10 kJ mol"\ a figure close to the accepted value^^^ 

for D(CgH^-H) = 460 i 8 kJ mol”\  It is probable that -CP^ will have a

more marked influence on the ring C-H bond energies than -CH^ so the 

assumption is most likely valid to within the difference between 

D(CP^.CgH^-H) and Ii(CgĤ -H) , i.e. - 4 kl mol“\  AH°[2,4,6, (CĤ )

CgH^,g] is not available and the standard enthalpy of formation of 
2,4,6(CH^)^CgH2.(g)was estimated as indicated below (4.9):

AH°[2,4,6(CH3)3CgH2.,g] = A H ° [ 2 , 4 , 6 ( C H p - A H ° [ O H , g]”

... (4 .9).
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Ancillary data required to calculate e(B-C) in ArBCl^ (equation 4 .10) 
is contained in Table 4 .8.

Table 4-8 

Ancillary thermochemical data

Species AH°/kJ mol ^

o-CH3.C6H4 .(g) 292 - 8

m-CH3 .CgĤ .(g)' 292 - 8

p-CHj.OgH^.Cg) 292 i 8

2,4,6,(CH3)3CgH2.(g) 231 - 10

B,(g) 555 .6 - 16.7̂ 2°

cife) 121.0 i 0.1

E(B-Cl) 440.1^^

The required bond-energies were calculated using

e(B-C) = AH°[Ar,g] + AlÇ[B,g] + 2AH°[Cl,g] -2E(B-C1) - AH°[ArBClg,g] ...(4 .10)

Table 4«9
Boron-carbon bond energies in ArBCl^ (eqn. 4*10)

Compound E(B-C)*/kJ mol"1

o-CH^.C.H .BC1_ 3 6 4 2 463 - 10

m-CE^.CgE .BClg 463 - 10

p-CE^.CgE^.BClg 504 - 10

2,4,6,(CE^)^C^E2.BCl2 491 - 12

The major part of the error in these values is from 
AH°[B,g] and AH°[aryl radical, g]; the differences 
between appropriate values will lead to error cancellation,
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A mass spectroscopic study of photoionisation yields from B^Cl^ 

and BCl^ gives AH°[BClg.,g] = -6l - 5 kJ mol ^. Using this result it 

is possible to calculate bond dissocation energies in the aryldichloro- 

boranes which do not include the implicit assumption 6f bond-energy 

transferability as do the bond-energy calculations described above.

The same trends are observed in the bond dissociation energy results 

although the absolute magnitudes differ. (Table 4«10).

Table 4.10 

Bond dissociation energies in ArBCl

Compound D(Aryl-BClg)/kJ mol ^

0-UE..C.B: .BCl-3 0 4  2 485 - 10

m-CE^.C^E^.BClg 485 - 10

p-CE^.CgE .BClg 525 - 10

2 ,4 ,6,(CE^Ï^.C^E ,BC1 514 - 12 
2

Discussion

In order to discuss the significance of the above derived bond 

energies, it is necessary to examine the nature of the B-C bond in detail, 

and in particular, the question of B—CTT* bonding.
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I. Bonding considerations

Boron trihalides, which may he considered the parent molecules for

the arylhaloboranes, are known to have a planar structure, (D ) in the3L
gaseous phase, and the observed bond lengths in each halide differ

significantly from the sum of the covalent single-bond radii. Several

different kinds of experimental evidence^^ support the "partial double-bond

character" in the boron-halogen bond and this simple generalisation assists

in the correlation of a broad spectrum of properties. Accordingly, the
X ftrihalide molecule may be considered to have a structure, j| with
B S-/ \X X

the partial double-bond and single-bonds resonating among the three 

equivalent positions, the extent of p -p 9/ donation depending, inter 

alia, X.
It is reasonable to assume that similar plf - p'y bonding will occur

122—125in the aryldichloroboranes. The extant literature suggests that

although p ‘9r' -pi/ donation probably occurs in the boron-halogen bond in 

the aryldichloroboranes, the main contribution to electron density on the 

electrophilic boron atom comes from py -p?/ bonding in the boron-carbon 

bond. A commoner form is the quinoid type structure, +<^ y =  B
Cl

and the contribution of these structures is supported by the large dipole 

moment in CgĤ BGl̂ "*,̂  ̂(3.0TD) .
101The proton magnetic resonance of all phenylhaloboranes are typical 

of a monosubstituted benzene ring in which substituents are electron 

withdrawing. Two groups of peaks are observed, the area of which
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integrates to a low field/high field ratio of ?/3. The two less 

shielded protons are those in the ortho-position to the dihalohorane group. 

For methyl substituted boranes,^  ̂the shift of the ortho-protons show a 

dependence on the position of the second substituent in the ring giving 

an order of increasing S h values, meta <para<i,ortho (where 'meta*,

*para* and *ortho* refer to the position of the second substituent).

A similar correlation for the meta/para proton multiplets gives an order 

of increasing values, para<’ortho< meta. The methyl proton 

resonances are positioned in order of increasing electron density 

(decreasing^ ̂  as o-CE^.C^H^.BCl^ <p-CH^.C^H^.BClg<m-CH^.C^E .BClg.
In summary, the nature of the bonding in the aryldichloroboranes is 

that boron-carbon 7/bonding will be important and the extent of this 

bonding will be a function of the electron withdrawing or electron- 
releasing properties of the aryl ring.

11II. Bond-energies in related molecules and B n.m.r. spectra

99,100Data are available ’ for the boron-carbon bond energy in 

triphenylborane, tricyclohexylborane, diphenylchloroborane and 

phenyldichloroborane. Table 4 .11 lists updated values from reference 127.

Table 4 .11

Boron-carbon bond energies in (C^H^)^_^BC1^ (n=0,1,2) 

and tri(cyclohexyl)borane

Compound E(B-C)/kJ mol ^

CcE^.BCl, 5O8 ± 10*

(CaE^igBCl 485 - 10*
(0695)33 462 i 10

(c-CaBii)3B 370 ± 12

* evaluated assuming that E(B-C1) in these molecules is
equal to e (b-C1) in BCl̂ .
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Two noteworthy features of these data are firstly, the wide divergence 

of the horon-carhon (aliphatic) hond-energy from the horon-carhon(aromatic) 

bond—energy and secondly, the reduction in the bond—energy with 

successive phenyl group substitution. These data will be discussed in

conjunction with the results for the aryldichloroboranes.
11 1 ?8 The B resonances of some boron compounds are compared in

Table 4.12.

Table 4-12
11B chemical shifts in some boron compounds

Compound "*B/ppm Compound ^B/ppm Compound  ̂"*B/ppm

(^3)38 -8 6 .2 (0235)33 -8 6.5 («6^ 3= —60 — 4

(CH3)gBCl -7 7 .2 (CgH^ïgBCl -78.0 (CgiyïgBCi —61.0

CH BClj, -62.3 GgH^BClg -63.4 CgHjBCl^ -54.8

BCl -45.6 BCl -45.6 BCl —4 5 .6

-^r
—  ■ X
ÏÏ

10 \̂ BF^: 0(C2
« 9  2 ' ^ = 0

Of interest is the effect of the phenyl groups in triphenylborane compared 

with triethylborane and trimethylborane; the resonance effect of the 

phenyl groups permits greater shielding and a shift to higher field.

Bond-energies in the arylhaloboranes

For brevity the available data are tabulated in Table 4«13*
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Table 4.13 

Summary of bond-energy values (kJ mol

Compound e (b-c) Compound e (b-c)

o-CH^.CgH^.BClp 463-10 CgH^.BCl^ 508±10

m-CHj.C^E .BClg 463±10 (OgH^)2BCl 485-10

p-CEj.C^H .BClg 504-10 (CgH^)3B , 462±10

2,4,6,(03^)^0^32.3012 491-12 (o-CgH„)3B 370±12

These data show that the difference in bond-energies in the methyl 

substituted aryldichloroboranes lie approximately in the range observed 

for phenyldichloroborane and the progressively substituted 

phenylhaloboranes. The wide divergence of the boron-carbon (aliphatic) 

and the boron-carbon (aromatic) bond-energies similarly applies. 

Bond-length shortening is observed in boron-carbon (aromatic) bonds, 

e.g. B-C in CgHBClg^^^ = 0.152 nm and in (CH^)^B,^^^ = O.I56 nm; 

this correlates with the above bond-energy data. It is tacitly 

assumed that the boron-halogen bond strength remains constant in the 

phenylhaloboranes and the aryldihaloboranes and that the observed 

variation in E(B-C) is due to the influence of the aromatic moiety.

This is probably justified as the B-Cl bond length varies little with 

environment, e.g. in BCl̂ , 0.173 — 0.002 nm and Ĉ H B̂Cl^,

0 .1 7 2 - 0 .0 0 3 nm.

The difference between the boron-carbon bond energy in 

p-CH^.C.H,.BCl- and C.H^BCl- is 4 kJ mol"^ which is within experimental3 o 4 2 0 5  2
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12?diffraction

error and so is not significant. Accepting the validity of the 

assumptions discussed above and the transferability of the B—Cl bond- 

energy from BCl^ to ArBCl^, this implies that the electronic effect of 

a para—methyl substituent on the B-C bond—energy in the aryldichloro— 

boranes is negligible. Phenyldichloroborane is planar by electron- 

and by analogy the structure of p-CH^.C^H^.BCl^ would 
probably also be planar. At most, the effect of a para-methyl group 

would be to augment the B-C bond-energy slightly through hyperconjugation.

The B-C bond-energy in the ortho-isomer is some 40 kJ mol"̂  less than

both p-CH^.C^H^.BClg and C^H^.BCl^j this is significant and reflects the

steric effect of an ortho-methyl substituent. Spectroscopic evidence
101indicates that in diphenylhaloboranes, the two phenyl groups are 

twisted out-of-plane relative to the C^B skeleton and this would reduce 

ring-ring steric interaction at the expense of resonance stabilisation. 

Further, there is evidence that in triphenylborane the three phenyl rings 

are twisted(^45° from the C^B plane^^^ and this would lessen resonance 

stabilisation more so. The E(B-C) values for (C^H^)2BC1 and (CgH^)^B 

of 485 and 462 kJ mol  ̂respectively reflect these trends. Similarly, 

it is probable that in ortho-CH^.C^H^.BCl^, the -BCl^ group is twisted out 

of the ring plane to minimise steric interaction resulting in loss of 

PT -P7f character in the B-C bond.

In mesityldichloroborane there are two methyl groups flanking the 

dichloroborane group. However, the steric effect of the ’second* 

methyl group would not be added to that of the first inasmuch that 

rotation of the -BCl^ group away from the plane of symmetry (ring plane) 

would result in an equivalent ’space’ being formed to accommodate this 

group. The observed increase from 463 to 491 kJ mol  ̂ (i.e. from ortho-
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tolyl to mesityl-dichloroborane) could arise from the input of electron 

density into the B-C bond from the ’second* methyl group relative to the 

hydrogen atom in the ortho-isomer. The para-methyl group would not be 

expected to influence the boron-carbon bond energy.

The proportionately low value of E(B-C) in the meta-isomer indiciates 

that the meta-methyl group inhibits the stabilisation of the quinoid 

structure describing the aryldihaloboranes to the extent that the B-C 

bond strength approaches that in (C^H^)^B where there is minimum resonance 

stabilisation.

Indirect evidence for the nature of the bonding in arylhaloboranes

comes from the study of C^H^BP^ and (CgĤ ) ̂ BF. Additionally,
1 102H n.m.r. evidence " supports the picture that a fluorine atom may more 

easily Tf-bond to boron than a chlorine atom. Thus, the boron atom 

requires less electron density to be abstracted from the aryl ring in the 

fluoroboranes than in the chloroboranes to satisfy its electrophilic 

character.

101Mass spectral data indicates that in phenyldifluoroborane the 

boron-carbon bond is readily cleaved and the -BF^ group is left intact.

In contrast, the spectrum of phenyldichloroborane indicates ready loss of 

HCl from the parent molecule. An analogous situation is noted in the 

spectrum of phenyldibromoborane ^(B-C)^^ = 494 kJ mol \ of. E(B-G) in 

CgH BClg = 508 kJ mol"'!) '

119Many examples of bond weakening have been attributed to steric effects 

but the magnitudes have only been a few kl, hardly enough to distinguish 

them from zero point energy corrections or other small effects. However, 

in this study the differences noted are somewhat larger (between 15 and 

46 kl mol") and therefore reflect more accurately changes in the B-C bond 

strength between isomers.
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CHAPTER V

The Synthesis and Some Thermodynamic Functions 

of Rubidium and Caesium Tetrachloroborates

Introduction 

Experimental Results 

Results 

Discussion
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Introduction

In contrast to the ready preparation of tetrafluorohorates, the 

corresponding tetrachloroborates have proved difficult to isolate and

were not characterised until 1957 when pyridinium tetrachloroborate
132 133was prepared. Subsequently, autoclave syntheses at 773 K of

M^BCl^ (M = Cs, Rb and K) from MCI and BCl^ provided clear evidence of

the existence of alkali-metal salts although the purity of the products

obtained was low ̂ 90 per cent. This synthetic route was modified 
51later by inclusion of a nitrobenzene solvent when smooth reactions

proceeded at ̂  373 K. The maximum purity of CsBCl^ isolated using this

procedure was 97*5 per cent but the potassium salt was considerably less

pure. Sodium chloride was quantitatively recovered, without even visible
133alteration of crystalline size, from a BaCl-BCl^ sealed-tube reaction

at 773 K, similarly, sodium chloride was precipitated by chloroform
51from a nitrobenzenerboron trichloride mixture.

The formation of chloroborates only by alkali-metal ions of low

polarising power and the extreme hydrolytic instability suggest that the

stability of the chloroborate lattice is marginal. Approximate

measurements of the dissociation pressures of potassium, rubidium and

caesium tetrachloroborates indicate that these chloroborates are more
133prone towards dissociation than the corresponding fluoroborates.

The thermochemical interest in the tetrachloroborates lies in the 

determination of the lattice energies of the alkali-metal salts and the 

standard enthalpy of formation of [BCl^ ,g]. This ion occurs in several 

compounds whose thermodynamic properties are largely unknown, e.g. 

[PCl/][BCl "], [PCljBr+JCBCl^U .
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This section describes the calorimetry of analytically pure 

samples of rubidium and caesium tetrachloroborates prepared using a 

modified synthetic procedure (Chapter II, section III). Some derived 

thermodynamic functions of each of the salts are discussed. The 

mechanism of formation of the alkali-metal tetrachloroborates has been 

studied using ^^C? as a radio tracer. It was concluded'*from 

reactions between BCl^ and labelled that exchange occurred between

ionised solute and BCl̂ , i.e.

^ ^ C l “  +  B C l j  ± 5  B C l

rather than by:
M^^C? + BCl^ # MCI + BClg^^cy.

11Studies of halogen exchange in nitrobenzene solutions using B n.m.r.
135as probe, revealed that rapid halogen exchange occurred between the 

boron trihalide:nitrobenzene complex and the ionised metal salt:

+ X” ±? BX " +

where X = Cl, Br and ̂  = C Ĥ̂ . This was observed for both BCl^ complexed 

with Cl and BBr^ complexed with Br ; in addition, exchange of BBr^.^HOg 

with chloride ion produced all possible ion combinations rapidly.

Experimental Results

133The alkali-metal tetrachloroborates hydrolyse rapidly according to: 

MBCl^(c) + (E + 3) 5̂ 0(1) = [MCI + B(0H)^ + 3HC1]H.H20 (soln.) ... (5 .I)

The calorimetric fluid used was single distilled water and the enthalpies 

of reaction (5 .1) are collected in Table 5-1• The mole ratios, H, from 

equation 5 .I include a buoyancy correction for sample mass.
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Table 5*1

Heats of hydrolysis of Rb and Cs tetrachloroborates

-AH(M=Rb)/kJ mol '* -AH(M=Cs)/kJ mol ^

11167 211.4 9721 197.9

14374 212.6 7754 198.9

14411 209.8 . 10394 199.0

9078 210.0 9004 199.7

9747 209.2 7068 200.0

9842 208.7 9815 199.0

12237 211.0 10725 199.0

7559 208.9

9004 209.2

10203 210.2

<<-AH> = 210.1 t 0.8 < - ah;? = 199.1 “ 0.6

Results

The standard enthalpies of formation were calculated from

equation (5 .2) using the ancillary data in Table 5«2; the enthalpies

of mixing of the products was assumed to be zero. Ignoring the

thermal effect of the different extent of dilution of the products

introduces a maximum error of 0,1 kJ mol ,
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Table 5*2 

Ancillary thermochemical data

Species -AH°/kJ mol’

RbCl,10000 HgO 418.08 i 0.15 67,136

CsCl,10000 HgO 425-12 i 0.15 67,136

HCl,3300 HpO 116.82 ± 0 .0 8 137

B(OH)-, 10000 HgO 1072.53 - 1.3
68

EgOfl) 285.83 - 0 .0 4 137

Hence, AH°[HbBCl^,c] = -923-5 - 1.6 kJ mol 

and AH°[CsBCl^,c] = -941-4 - 1-4 kJ mol ^.

Discussion

Heats of formation of two salts with a common anion may be used, 

in combination with readily available ancillary data, to determine a

138

’thermochemical radius’ for that anion. This permits estimation of the 

lattice energies of salts containing that anion via a derived equation^^^'^^^ 

(Kapustinskii’s equation). This method of estimation is only useful when 

crystallographic dimensions are not available and hence a more refined
138calculation of the lattice energy is not possible.

Thus :
0 . gST.gyg + 2- [1 ] 4.184 kJ mol""' (5.3)
° '•o + "'c+̂'a
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where V = number of ions per molecule, Z+ and. Z- are the cationic and 

anionic charges respectively, and r^ and r^ are the cationic and anionic 

radii (the equation is written for r^ and r^ in £). For a uni-univalent 

salt equation (5-3) becomes.

^o " [l - ] 4 .1 8 4 kJ mol '' ... (5 .4)
r +r r +rC O  c a

therefore, only a knowledge of r^ and r^ is needed to estimate lattice 

energies. In considering the tetrachloroborates, the ionic radii of 

the alkali-metal cations are known and hence a ’thermochemical radius’ 

may be ascribed to the complex anion, BCl^ , by the method described in 

Appendix IV (Yatsimirskii’s method^^^).

Consider two salts M^BCl^ and M^BCl^.

M^BCl^(c) M^Cs) + ECl^"(g) ... + 2RT ... (5.5)

and MgBCl^(o) — » Ng'̂ (g) + BCl^"(g) ... + 2RT ... (5.6)

.'. u:, -ÜJ = -AH^g'^(g) -AI^^BCI^(o) + AE^gBCl^(c) (5.7)

From equation (5.4) it follows that:

1  ̂_ 0 .345 _ 0.345- 0.345

(5 .8)

To solve for r -, equation (5 .8) reduces to:BCi4

0 = r"̂ +2r̂ (m̂ +m2) + r̂ [m̂ +̂m2̂ +4m.jm2 + c(m̂ -m2)]

+ r[2m̂ m̂2+2m.,jm2̂ +c(m.ĵ -m2̂ ) -0.69C(m̂ -m2) ]

+[m^^m2^+c(m^^m2-m2 m̂.j)+ 0 .345c(m2 -̂m.̂ )̂ ] ... (5 -9)
«

where m̂  and m^ equal r^ + and r^ + respectively, the ionic radii of 

cations, r = b̂qI^- t̂iich is the ’thermochemical radius’ of the anion, and
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574.4
Ul-U2

c = . By calculating ui|-̂ u2 from equation (5*7) the

’thermochemical radius’ of the BCl^ ion can he found from equation 

(5 .9). The input data required for the calculation of r  ̂ - are
4

listed in Tables 5-3 and 5«4.

Table 5 .3

Thermochemical input data

Compound, species AH°/kJ mol"'* ionic radius/nm

487 .8 t 4 0 .148^41

Cs’’'(g) 458.5 - 4 0 .169^41

RbBCl (c) -923.5 - 1.6

CsBCl^(c) -941 .4 - 1 .4

Table 5.4

Thermo chemical data for Rb’̂(g) and cŝ Yg)

Species mol '* I.P./eV AH°/kJ mol"'*

Rb(g) 79.5 ± 4^42 4.176^44 487 .8 - 4*

Cs(g) 76.7 i 4^43 3.893^44 458.5 - 4*

See Appendix IV for conversion of I.P. (at 0 K) to 
ôAH^ at 298.15 K.
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One main source of error in the calculation of r - arises in
o + ^^4AH^Rh (g) and AH^Cs (g) which themselves arise from the uncertainty

in the heats of sublimation of Rb and Cs. Hence the resulting thermo

chemical radius has a large error; r - = O .45 - O.I45 nm.130X4

Prom covalent bond lengths and van der Waal’s radii, the radii of 

imscribing spheres for HCI4" ai 

0 .2 8 nm respectively, (Table 5*5)•

circumscribing spheres for BCI4 and BP4 may be estimated as 0 .3 5 and

Table 5*5 

Calculation of circumscribing radii

Bond, radius length/nm

B-P (sp̂ ,B) 0.142^45

B-Cl(sp^,B) 0.183^46

P(van der Waals) 0.135^41

Cl(van der Waals) 0.180^41

147It has been demonstrated that for a series of ions of similar 

structure (e.g. in the tetrahedral ions, 1/12104 , BP4 , 804'“,004“, and 

Mo04^  that the ratio of the ’thermochemical radius’ and the radius of 

the circumscribed sphere is virtually constant. An updated value for the

thermochemical radius for BP4 is 0.24 nm (calculated using AH° values for
_ . , n . 148\ -, j., ■ ■ thermochemical radiusgroup I tetrafluorohorates ) and this gives ------------------- =

circumscribing radius

= 0 ,8 5. Using this value to calculate the radius forBCl. , i.e. 
0 . 2 8 4

thermochemical radius = O .85 x 0.35, which gives 0.31 nm, it becomes 

evident that the lower limit of O.3O nm as calculated using the present 

thermochemical data is the most realistic value to use in subsequent

calculations.
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Substituting this radius (O.3O ran) in equation (5 .4), the following 
lattice energy estimates result:

U^[RbBGl^,c] = 494 kd mol  ̂

and Uq[CsBC1^,c] = 473 kJ moi"̂

The enthalpy of formation of the gaseous tetrachloroborate anion can now 
be calculated:

MBCl^(c) — > M̂ (g) + BCl "(g) ••• U^+2RT ... (5.IO)

amd therefore,

AH°[BCl^“,g] = Ug + 2RT -AE°(M+,g] + AH°[MBC1^,o] (5.11)

Prom (5 .11), AH°[BG1. ,g] -921 kJ mol, which is the average value for

M = Rb and Cs. This is compared with the value of AH^ [BP̂  ,g] =

-I8O7 kJ mol \ calculated using 0 .2 4 nm for the thermochemical radius of 

BP^ in Kapustinskii*s equation and enthalpy of formation^^^ data for 

LiBP^, RaBP^ and EBP̂ .

Prom a knowledge of the thermochemical radius of BCl^ and 

AH°[BCl^",g], the lattice energy and enthalpy of formation of salts 

containing the tetrachloroborate anion can be estimated using equations 

(5 .4) and (9 .11). The results of these calculations are shown in 

Table 5 .6 together with the ancillary data used.
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Table 5*6

Lattice energies and enthalpies of formation of 
other tetrachloroborate compounds

Compound ionic
radius/nm

kJ mol
U^[MBC1 ,̂c] 

kJ mol ^
-AH°[MBC1 ,̂c] 

kJ mol ^

LiBCl^ 0.06 687.4 604 815
HaBCl^ 0.95 610.4 555 870
EBCl. 0.133 514.6 511 922
ÏÏH4BCI4 0.144 619.2 499 805

The sensitivity of lattice enthalpies to choice of anion radius is 
ca. 70 kJ mol n̂m ^.

The thermodynamic instability of the tetrachloroborates compared 
with the tetrafluoroborates may not be readily deduced from the relative 
magnitudes of the lattice energies [U^[RbBP^]^^69 kJ mol  ̂and 
U^[CsBF^] ̂ 5 4 3 kJ mol~^ via Kapustinskii »s equation^although the 
gas phase enthalpies of formation of the complex ions is significant. 
However, if the dissociation enthalpies for the reactions:

mhciAc) # M̂ Cl(c) + BCl (g)
4  ̂ ... (5 .12)

M^BP^(c) # M^(c) + BP^(g)

are calculated for the alkali-metal salts, a clear demonstration of 
thermodynamic stability results, (Table 5»7).
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Table 5-7

Dissociation enthalpies for M^BX^ (M̂  = alkali metal, X = P, Cl),

reactions 5*12

Compound AH°(X=Cl)/kJ mol'1 AH°(X=P)/kJ mol'1

LiBX^ 31Î *111
mBx. 57I 151*
EBX^ 80Î 199*
RbBX 91 209+
CsBX 106 214+

I AH°

AH°[MBP-,c] from ref. I4 8.

.̂ [MBCl̂ ,c] from Table 5-6.

^ Calculated from U^[MBP^,c]^^^ and AH°[BP^ , g] = -I8O7 kJ mol ^.

The relative stability is further demonstrated in the magnitudes of the 

dissociation pressures in the reaction:

M^BX^Cc) -- > M^X(o) + BXj(g, p ) ... (5 .13)

M = Rb or Cs and X = P or Cl.
Table

Dissociation pressures for reaction (5 .13)

Compound Pbx (333 K)/Torr

RbBCl. 204
RbBP^ 5 z 10"”  t

*CsBCl. 4 .0

CsBP^ 5.x 10"”  t

* reference 15O, } extrapolated values from ref. 151.
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The values for AH^CBCl^'.g] and AH°[BP ,g] allow the enthalpy changes 

in the gas—phase formation of the complex ions to he estimated;

BXj(g) + X~(g) s BX4"(g) ... (5.14)

Thus for X = Cl, AH° = -272 hi mol"^ and for X = P, AH° = -393 hi mol“\

this moderate difference in values indicates the relative stability of 

the two complex ions in the gas phase with respect to dissociation to
BX3 .

145In a study of the acceptor properties, reorganisation energies.

and TT-bonding in boron and aluminium halides, reorganisation energies

were evaluated and were defined as the energies required to destroy the

77-"bonding plus any energy change (+ve or -ve) which occurs as a result 
2 3of changing from sp to sp orbitals for the metal atom. The following 

reactions were considered:

EP^'Cg) s EFj(g) + F"(g), AH^ ... (5.15)

HP̂ 'Cg) # EP^Cg) + R"(e)-AHj ... (5.16)

BP^'Cg) s B*(g) + 3P*(g) + P"(g), AHj ... (5.17)

B* and P* refer to the species arising from BP^*.

It is clear that AH^-AH^ is just the reorganisation energy, the 

reorganised BP^ molecule being denoted by BP^ . It is argued that 

AHg <̂ An̂  since AH^ represents (approximately) the enthalpy change when 

one B-P link in BP^" is broken and all of the resonance stabilisation 

gained by delocalising the negative charge over the ion is lost.
2
4AH^ represents the average enthalpy change for breaking one B-P link plus 

one-fourth of the resonance (charge delocalisation) stabilisation energy 

of BP^~. Clearly, it is assumed here that the energy to break one bond



lOlf

in (5'«16) (excluding the resonance effect) is the same as of the total 

hond-hreaking energy (again excluding the resonance effect) in (5.1?). 
Accepting this assumption it follows that:

- ‘=1 >  \eorg ••• (5.18)

where = the reorganisation energy.

Corresponding reactions and considerations apply in the case of 

BCl^ (g). Using the derived value for AH°[BCl^~,g] in this work and 

an updated value for AH°[BP^ ,g], reorganisation are calculated 

according to equations (5.15 - 5.17). The results are tabulated 

(Table 5-9) along with the original calculated values using simple MO
theory.

Table 5 .9

Reorganisation energies in some boron halides/kJ mol"^

Halide AHi AH E (this reorg.^ work) E (calc) reorĝ

BP 394 2300 < 1 8 0 202

BCl? 268 1593 <[130 127

BBr - - - 110



APPEEDIX I 

Estimation of Thermodynamic Properties 

by Additivity Rules

\os
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Several thermodynamic functions H, S, Cp etc., have been shown to 

obey, with varying accuracy additivity rules. The basis of a general 
approach to the construction of additivity rules^^2,153 ggt out in 

Table AI.1. RBR and SES are molecules, containing the groups (or atoms) 

R and S respectively, attached to a common molecular framework Ê  and ^  
is a molecular property.

Table AI.1

Additivity rules for the estimation of molecular properties

Rule Statement

Limiting law.

Zero-order approximation; 
Additivity of atomic properties,

First-order approximation; 
Additivity of bond properties.

Second-order approximation; 
Additivity of group properties

R M  + SES ±5 2SM. For this 
disproportionation, A ^  — > 0 as the 
separation between R and S becomes large 
compared to their own dimensions.

2RS. The molecular framework 
E permitted to vanish; net changes in 
molecular properties vanish except for 
statistical contributions.*

Permit the molecular framework E to 
become a single atom (such as 0, S) or a 
partially substituted atom (such as CĤ ,
M, CO).

This approximation is obtained with the 
increase in size of the molecular framework 
E to two atoms or to structural elements 
having distances of about 0.3 - 0.5 nm 
between attached groups.

This is not accurate in terms of the statement of the rule since ring 
compounds such as aromatics, alicyclics, cannot be made to undergo 
disproportionation without breaking the ring at two points. Thus for the 
additivity rule, such structures must be considered as irreducible 
entities whose properties are not to be expected to be additive in the 
atoms composing their structures.
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The second order approximation has been further developed; consider 
the disproportionation equation:

Cl-CH^.CH^-Cl + # 2 .CĤ -Cl ... (l.l)

and

H-CH^.O-H + GH^-GH^.O-GH^ ±5 GH^-GH^.O-H+H-GH^.O-GH^ ... (l.2)

It is observed that the change in group substitution takes place on 

adjacent atoms rather than on the same atom as in the previous (1st) 

approximation. The disproportionation thus leaves unchanged the nearest 

neighbours of the atom or group being interchanged. In (l.l) the G1 

atoms are bound to carbon atoms having 2H atoms and 1G atom as neighbouring 

ligands and this relationship is preserved in the disproportionation.

If a group is defined as a polyvalent atom together with its ligands, 

then it can be shown that this second-order approximation is equivalent to 

the rule of additivity of group properties. As in the previous case, 

ring systems and unsaturated centres are preserved in disproportionations 

and so must be considered as irreducible, structural entities. This 

rule of additivity of group properties is restricted to the class of 

compounds containing at least two polyvalent atoms (i.e. two groups).

The group additivity property may be illustrated with the compounds

from the series G„X . There are 7 compounds having different formulas 2 n D—n
in this series and 3 isomers; a total of 10 compounds. 6 distinct 

frameworks about which to construct disproportionation equations can be 

selected from this series. These are:

3 symmetrical nuclei : -(Ĝ X̂ ) -,-(GXY-GXY)—,-(G^Y^)-. 

and 3 unsymmetrical nuclei : —(GX^-GY^)— (GX^.GXY)—,—(GY^.GXY)—.
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A total of 6 disproportionation equations using the above nuclei can be 
written, e.g.

(Sym) X(Cj,X4)x+T(Cj,X4)t s gXfCgX^yr ... (I.3)

(Unsym) X(CXg.CTg)x + Y(CXg.CTg)T # X(CXg.0X2 )7 + TfcXg.GTgyx (I.4)

Thus there will be 6 relations of additivity for the properties of the 

10 compounds and so only 4 of the compounds can be independent of the 

rest. Further inspection showsthat these correspond to the 4 groups 

contained in the series:

c-(c)(x)jî C-(C)(t)̂ ; C-(C)(X)(Y)g; C-(c)(x)g(Y).

If we are given the properties of any 4 compounds in the series in each 

of which is contained at least one of these groups, then it is possible 

through the 6 disproportionation equations to deduce the properties of 

all others. While this may be done through the use of such equations, 

the group additivity property leads to the direct method of writing 

the properties of a compound as the sum of the properties of its groups.

Thus, (Ĉ Xg) = 2[C-(C)(X)^] while CX^.CY^ = [C-(c)(x) ] + [C-(c) (Y) ],etc.

Groups are obtained from measured data. For example, in the case 

of AH° for dimethyl peroxide 2[C-(o)(h)+ 2[0-(o)(c)] = -125.5» so that 

the sum of the AH°[C-(o) (ll) and [0-(0)(c)] groups is -62.8. Pairs of 

groups are awkward to handle, so the convention adopted is that all 

[C-(x)(s)are assigned the same value. The heat of formation 

[G-(x)(h)^] is -42.3, giving [0-(o)(g)] = -20.5. The group [0-(o)(ïï)] 

is obtained directly from hydrogen peroxide, 2[0-(0)(ïï)] = -136.0, that is 

[0-(0)(n)] = -68.2. We now have the values of the groups necessary to 

calculate the heat of formation of methyl hydroperoxide. The result is
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[C-(0)(h)j] + [0-(o)(c)] + [0-(o)(h)1 = -42.3 -20.5 -68.2 = -130.9 kJ mol"\
which is, of course, identical to that obtained by the simple disproportion
ation reaction:

CH^OOCH^ + HOOH # 2CH^00H ... (I.5)

Aside from their obvious use in calculating thermodynamic properties, 

the additivity rules can be extremely useful in many auxiliary contexts as 

well. One immediate use is in the checking of data for self-consistency; 

also in a series of homologous or related compounds the rules can be used 

to check errors either in the data or in calculations.

A very important use of the laws of bond or atom additivity is in

deriving heats of reaction from the measurement of equilibrium constants 

at a single temperature. The usual method of measuring K (equilibrium) 

at two different temperatures in order to calculate AH may be either 

difficult, impractical because of a side reaction, or very inaccurate.

In such cases a relatively poor measurement of K(eq) together with 

estimates of AS from either the rules of atom or bond additivity may give

a value of AH with good precision. Thus, since AH = AG -TAS =

-RT In Keq + TAS, a measure of K eq to - 20^ will introduce an error 

in AH of only - 1.6 kl at 4OO E, and - 3*2 kJ at 800 K. An estimate

of AS to - 8 kJ mol will represent - 3.2 kJ in AH at 4OO K and only

- 6 .5 kJ at 800 K.

Finally, disproportionation equations may be used directly to 

predict heats of reaction among a related series of compounds where other 

thermodynamic data are lacking and the heats of reaction of a few members 

of the series are known.
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APPEEDIX II

Computer Analysis of Thermochemical Data 

CATCH Tables



This Appendix lists standard enthalpies of formation of some 

organoboron and inorganic boron compounds derived from a set of 

enthalpies of reaction compiled at Royal Holloway College and 

processed by Dr. J.B. Pedley at the School of Molecular Sciences, 
University of Sussex.

In the method described,standard enthalpies of reaction are 

punched on to cards, and a computer generates tables of self-consistent 

standard enthalpies of formation of the substances involved.

Computers can obviously be used for storage and routine up-dating of 

standard enthalpies of formation as new data becomes available. Thus 

even though there may still be doubt concerning the absolute 

reliability of a given standard enthalpy of formation, it is possible 

to ensure that all data is at all times mutually consistent and 

up-to-date. The conventional typesetting and proof reading of tables 

which include numerical data is very tedious and subject to error.

The use of automatic typesetting techniques operated directly by the 

computer virtually eliminates this source of error.

The method of analysis is as follows:

The standard enthalpy, AH? of a reaction at 298.15 K is given by the 

equation:

... (II.1)

where is the stoichiometric number (positive for products, negative 

for reactants) of the substances i in the reaction j and AH°^ 

is the standard enthalpy of formation of i.
Some of the simultaneous equations are overdetermined and the 

standard enthalpies of formation can be obtained by the method of least 

squares by use of the equations:
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^ 4  ^  ij "j ^kj - 2 1  *H° ... (II.2)

where i and k denote substances and j the corresponding reactions.

The weighting factors are set equal to the reciprocals of the

uncertainty intervals. When the enthalpy of formation of a substance

k is determined from only one reaction, equations (ll.?) reduce to a 

single equation:

^ k j < k  = - 2  AH°4 (II.3)

where denotes summation over all substances except k.
i

The residuals associated with each of the interdependent reactions 

are computed from the expression:

à. = AH° - AH°. ... (II.4)

The values of Aj indicate the compatibility of the interdependent

enthalpies of reaction.

The output consists of the empirical formulae of the compounds,

their names, their molecular weights, the reactions in which they occur

and the derived standard enthalpies of formation at 298.15 K. These

are followed by a list of substances, other than boron compounds, which

appear in the list of reactions. These enthalpies of formation of

these compounds are taken from results of other compilations^^or 
117are key values. The compiled enthalpies of reaction are listed

numerically along with their respective 'residuals', that is, the 

differences between the experimental value of the standard enthalpy of 

reaction and that calculated from the derived standard enthalpies of 

formation of the species in the reaction. The uncertainties (errors) 

on the standard enthalpies of formation are calculated by the usual
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square root of sum of squares rule from the uncertainty of the reaction 

and the standard deviation and stoichiometric coefficients of the 

other species in the reaction.

The following symbols are used to indicate the states of the 

substances involved.

(c) crystalline solid 

(l) liquid 

(g) gaseous 

(Am) glassy or amorphous 

(a) completely dissociated species at infinite aqueous dilution 

(AO) undissociated species at infinite aqueous dilution

For solutions which are not infinitely dilute, the number of moles 

of water associated with one mole of solute is indicated in brackets, 

eg (1000 HpO).

Elements in their standard reference states are indicated by the 

symbols (CS), (LS) and (GS) and these, with the hydrogen ion at infinite 

dilution and the gaseous electron, are defined to have zero enthalpy of 

formation.

The literature search for results on substances containing boron 

was not exhaustive, nor was the assignment of reliability unambiguous. 

Nevertheless, the tables represent values which are mutually self-consistent 

and it is a trivial matter to incorporate new values and recalculate the 

standard enthalpies of formation.
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8 1 < (  (  H 0 3 ( 1 3 ) 1 8 2 . 1 5 8 > 7 8 .2 8 3 1 . 0 0 0 • 3 2 7 . 5 3 6 20

8 1 < (  (  1 9 3 ( 0 3 ) 1 8 2 . 1 5 8 > 6 3 .9 8 3 1 . 4 1 4 • 2 6 7 . 7 0 $ 30

8 1 < ( 1 1 2 (  1 0 ) 3 ( 1  ) 2 2 ( . 2 3 9 - 1 0 8 , 3 7 6 n . s u e • 4 5 3 . ( 4 6 31
33

32

8 1 < ( 1 1 2 (  1 9 ) 3 ( 0  ) 2 2 ( . 2 3 9 - 9 1 . 1 7 6 0 . 7 7 7 • 3 8 1 . ( 8 1 34



IIS'

m 1 < C 1 1 3<C ) 742 . 1 2 8 11 .5 2 2 1 . 6 6 7 4M ,2118 35

» 1 < C A 3 > 3 (0 ) 242 . 1 2 m 31 .0 2 2 1 . 7 4 0 129 . 7 9 6 36

< c 6 M i l 3 A 1(C ) 260 .2 7 2 •  114 .6 2 8 2 .5 0 0 •  479 ,6 0 4 57

( c 6 N i l 1 A 1 (0 1 260 .2 7 2 -9 3 . 1 2 8 2 . 6 9 3 •  398 . 0 1 6 SH

( e 6 W13 3 A 1 ( 1 ) 266 . 3 2 0 •  116 . 2 7 7 0 .27 1 - 4 8 6 . 5 1 5 39 40

t t 6 M13 3 A 1 (0 ) 266 . 3 2 0 - 9 3 .0 7 7 0 .7 6 4 •  397 . 8 0 4 41

( c 7 MIS 3 A 1 (1 ) 308 .40 1 - 1 3 3 . 0 1 0 0 . 2 5 8 •  556 . 5 1 4 42

< c 7 M i l 3 A 1 (6 ) 308 .401 •  108 .6 1 0 0 .7 5 3 •  454 . 4 2 4 43

( c A H17 3 A 1 ( 1 1 ) 330 . 4 3 2 - 1 3 0 .5 0 0 0 .2 7 8 •  629 .6 9 2 44

( c A H17 3 A 1 ( 0 1 ) 330 .4 8 2 •  122 .9 0 0 0 .7 6 6 •  514 . 2 1 4 45

( c A M17 3 A 1 ( 1 2 ) 330 . 4 8 2 •  141 .8 0 0 0 . 3 3 3 •  589 . 1 0 7 46

( c A M17 3 A 1 ( 6 2 ) 350 . 4 8 2 •  114 .2 0 0 2 . 0 2 8 •  477 . 8 1 3 47

BIO C 2 H12 ( C l ) 144 .2 1 8 - 4 0 .7 4 7 1 . 6 6 7 •  170 .4 8 5 4»

BIO C 2 Hl2 (C 2) 144 .2 1 8 •  57 .6 4 7 1 . 6 6 7 •  241 .1 9 5 49

BIO C 2 HI? (0 3 ) 144 218 •  74 .4 4 7 1 . 6 6 7 •  311 . 4 8 6 50

B 1 H 3 C 0 1 ( 0 ) 41 844 -2 A .0 4 2 .1 3 5 •  19» . 9 6 0 51

B 1 H 1 < 0 1 e 1 H 3 ) 2 ( 1  > 73 887 •  144 .4 7 3 0 . 2 7 0 • 6 0 4 . 4 7 5 52

B 1 H 1 ( 0 1 c 1 M 3 ) 2 ( 0  ) 73 887 - 1 3 8 .3 3 3 1 . 0 3 6 - 5 7 8 . 7 8 5 53

B 1 < 0 1 c 1 H 3 ) 3 (1 ) 103 913 •  223 . 0 3 8 0 . 1 2 7 • 9 3 3 .1 9 1 54

B 1 <• 0 1 c 1 H 3 ) 3 (0 ) 103 913 •  214 .7 3 3 0 . 5 1 6 ■ 898 . 4 6 4 55

C s M i l 1 B 1 ( 1 ) 97 932 - 9 3 .3 6 2 0 .3 6 0 •  390 . 6 2 6 56 37

e 6 M s 8 1 ( 0 1 N 1 ) 2 ( 0  ) 121 931 -1 7 2 098 0 213 •  720 ,0 5 8 5»

c 6 H s A 1 ( 0 1 H 1 ) 2 (4  ) 121 931 •  168 89 8 0 .23 5 - 7 0 6 669 59

( C 3 H 7 0 1 ) 2 B 1 H 1 (1  ) 129 905 •  182 379 0 202 •  763 075 61 62

B 1 ( 0 1 c 2 M 3 ) 3 (1 > 145 994 •  250 503 0 132 - 1 0 4 8 105 63

B 1 ( 0 1 c 2 H S ) 3 (0 ) --------- 445 . 9 9 4 - •%40 . 0 0 3 - _ J 0 ^ 5 U - -100.4 , 1.73 .64

< c 4 H 9 ) 2 A 1 0 1 H 1 ( 1  ) 142 049 •  1.4A .3 4 0 0 . 9 1 5 •  612 . 2 8 7 65 66

( c 4 H 9 ) 2 A 1 0 1 H 1 ( 6  ) 142 049 •  131 ,3 4 0 2 . 2 0 0 •  54V . 5 2 7 67

C 9 H21 n 1 B 1 (L ) 156 076 -1 3 1 .9 5 0 0 . 3 7 3 - 5 5 2 . 0 7 7 68 69

B 1 < 0 1 c 3 M 7 ) 3 (1 ) 188 075 •  269 .5 5 3 0 . 1 3 2 • 1 1 2 7 . 8 1 0 70

B 1 < 0 1 c 3 N 7 ) 3 (0 ) 1A8 075 •  257 .7 5 3 1 009 • 1 0 7 » .4 3 9 71

C12 M i l 0 1 A 1 ( 1 ) 182 029 - 7 7 ,2 4 9 0 ,8 3 7 •  323 . 2 1 0 72

C12 H27 0 1 A 1 (1 ) 198 157 •  156 488 0 447 •  654 746 73 74

C12 H27 0 2 a 1 ( 1 > 214 157 •  227 248 1 11» •9 5 0 806 73 76

B 1 ( 0 1 e 4 H 9 ) 3 (1 ) 230 156 •  28A 745 0 129 -1 1 9 9 741 77 78

B 1 ( 0 1 c 4 M 9 ) 3 (0 ) 23 0 . 156 -2 7 4 243 1 008 -1 1 4 7 441 79

( Ç 1 H 3 0 1 ) 4 8 2 (1 > 145 . 758 •  278 880 0 625 •  1166 834 80

< e 1 N 3 0 1 ) 4 A 2 (0 ) 1 4 5 . 758 •  268 200 0. 626 - 1 1 2 2 , 149 81

CIO H3A 0 1 S 2 ( 1 ) 26 6 . 083 •  212 , 899 0, 830 •  8 9 0 , 769 82 83

< €12 Him ) 2 A 2 0 1(C > 3 4 6 . 043 - 8 4 058 0 . 714 • 3 5 1 , 698 84

< c « H 5 B 1 0 1 > 3 (0 ) 31 1 . 746 •  3 0 1 , 431 1 . 000 - 1 2 6 1 . 186 85

( c « H 3 a 1 0 1 ) 3 (0 ) 3 1 1 . 746 •  2 6 9 . 931 2 . 236 - 1 1 2 9 . 39u 8»

< c 1 H 3 ) 2 c 1 ( A 2 K « ) 2 (0 1 0 1 . 405 - 2 8 . 570 0 . 326 •  1 1 9 . 537 87

BIO C 2 M i l e 1 1 n 1 H 1 ( 0 1 ) 1 8 8 . 278 •  1 2 9 . 598 2 . 300 •  5 4 2 . 238 88

BIO C 2 H11 c 1 0 1 0 1 M 1 ( 0 ? ) 1 8 8 . 228 • 1 5 7 . 598 2 . 300 • 6 5 9 . 390 89

Bio c 2 N i l c 1 0 1 0 1 N 1 ( 0 3 ) 1 8 8 . 278 • 1 4 9 . 79 8 2. 300 • 6 2 6 . 755 90

C 1 H 3 B 1 7 2 (0 > 6 3 . 842 •61 800 10. 000 • 2 5 » . 571 91

c 1 N 2 C 1 H 1 A 1 7 2 (0  ) 75. 833 4 9 . 000 3 . 333 2 0 5 . 016 92

c 2 H 5 B 1 f 2 (0 > 77. 8A9 • 7 6 . 000 3 . 3 33 • 3 1 7 . 984 93

c 1 H 7 A 1 t 2 (0 > 9 1 . 896 • 81 . 000 3. 333 • 3 3 8 . 904 94

( c 1 M 3 1 2 0 1 A 1 7 3 ( 1  1 1 1 3 . 875 - 3 3 7 . 59 2 0 . 311 - 1 4 1 2 . 485 9 3



lié

1 H s ) 2 0 1 n 1 f 3 (8 > 1 1 3 .8 7 3 •  3 2 8 . 7 9 ? 0 238 •  1375 666 96

2 H % > 2 0 1 R 1 r 3 (1 I 1 4 1 .9 2 9 • 3 5 4 . 2 6 2 0 311 -1 4 8 2 232 97

2 H i )  2 n 1 B 1 f 3 (0 ) 1 * 1 , 9 2 9 • 3 4 1 . 5 6 ? 0 2 ) 8 •  1437 463 9ri

H i n I C I 2 ( 1 ) 1 3 8 . 8 2 2 • 7 1 . 6 6 4 384 •  299 842 60

N i a I C I 2 (r. ) 1 3 8 . 8 2 2 • 6 0 . 3 6 4 0 554 •  252 563 99

4 H Q ) 2 I C I K L > 1 4 0 . 4 9 3 • 9 9 . 3 7 1 0 921 •  415 769 100

4 H 9 1 2 1CL 1 (6 ) 1 8 0 . 4 9 3 • 8 7 . 3 7 1 0 969 •  365 561 101

6 N s ) 2 B 1CL K L ) 2 0 0 . 4 7 3 • 3 1 . 3 5 0 0 855 •  132 005 102

A M i ) 2 R U L 1 ( 6 ) 2 0 0 , 4 7 5 • 2 1 . 6 5 0 0 972 •  90 504 103

H 4 0 2CL 1 R K L  ) 1 0 6 . 3 1 8 • 1 8 0 . 5 1 6 0 625 . 7 5 5 279 104

1 H 3 0 1 ) 2 B 1CL K l ) 1 0 8 . 3 3 2 • 1 8 6 . 3 0 6 n 233 •  779 504 105

1 H S 0 1 ) 2 B 1CL 1 (6 ) 1 0 8 . 3 3 2 • 1 7 8 . 1 0 6 0 382 •  7 * 5 196 106

H S n 1 8 I C I 2 ( L  ) 1 2 6 . 7 7 7 • 1 5 7 . 3 8 7 0 833 •  658 507 107

H i A 1 B I C I 2 ( 6  ) 1 2 6 . 7 7 7 • 1 4 8 . 9 8 7 0 857 •  623 362 108

H S c 1 II I C I 1 H 1CL 3 ( L  ) 1 9 5 . 6 6 7 • 1 6 8 . 3 8 8 0 152 •  704 535 109

H 6 0 2Cl 1 R K L  > 1 2 0 . 5 4 3 • 1 9 1 . 0 6 6 0 523 •  799 420 110

2 M i 0 1 ) 2 R 1CL K L ) 1 3 6 .3 8 6 • 2 0 5 . 4 0 3 0 714 •  859 406 111

2 H s 0 1 ) 2 B I C I 1 (6 ) 1 3 6 , 3 8 6 • 1 9 6 . 1 0 5 n 742 •  820 49 5 112

H S A IBM 2 ( 1 » 2 4 7 . 7 2 * •  4 1 . 5 1 0 n 384 •  172 841 115

H 5 N 1BR 2 ( 6 1 2 * 7 . 7 7 4 - 5 0 . 8 1 0 0 630 •  128 9 09 114

4 H 9 B 1BB K L ) 2 0 4 . 9 4 6 • 8 4 . 8 9  3 0 657 •  355 195 21

4 H 9 B IBB 1 (0 ) 2 0 4 . 9 4 6 • 7 2 . 3 9 3 0 7 2 * •  302 89 5 115

6 H i B IBM K L ) 2 4 4 . 9 2 6 • 1 5 . 8 9 6 0 927 #66 509 116

6 H S B 1 RR 1 (6 > 2 4 4 .9 2 6 •  1 . 4 9 6 1 054 - 6 260 117

4 H 9 B 1 1 K L ) 2 5 1 . 9 4 7 - 6 6 . 8 2 5 1 021 •2 7 9 596 22

g g J J . « g ) J 5 1 . 9 4 7 - - 5 3 . 8 2 3 y 1?8 • 2 2 5 2(14 -11 ri

1 M 3 S 1 B 1 H 3 ( L ) 7 5 . 9 6 4 • 2 0 , 3 1 0 0 260 ■ 84 97? 119

1 N 3 S 1 H 1 M 3 (6 > 7 5 . 9 6 4 • 1 0 . 2 1 0 0 167 •  42 719 120

1 H 3 ) 3 R K L ) 1 5 2 . 0 9 5 - 4 9 . 8 1 5 0 323 •  208 426 121

1 H S ) 3 B 1(6 ) 1 5 2 . 9 9 3 • 5 6 . 9 1 5 0 380 •  154 452 122

2 N 3 S 1 B 1 M 3 (6 ) 1 0 4 . 0 1 8 •  2 1 . 6 1 0 0 167 . 9 0 416 123

2 H S ) 3 B K L ) 1 9 4 . 1 7 6 • 8 1 . 4 0 5 0 417 •  340 599 124

2 H S ) 3 B 1 ( 6 ) 1 9 4 . 1 7 6 - 6 6 . 7 0 5 0 651 •  279 094 125

N 9 S K L ) 1 8 0 . 0 9 0 - 3 2 . 2 0 8 0 553 •  134 758 126

N i l S K L ) 1 9 4 . 1 1 7 • 3 6 . 7 8 8 0 635 •  155 921 127

3 H 7 ) 3 n K L ) 2 3 6 . 2 5 7 - 1 0 0 . 2 8 5 0 625 • 419 592 128

3 H 7 ) 3 R K O ) 2 3 6 . 2 5 7 - 7 9 . 4 8 5 0 800 •  532 565 129

4 H 0 ) 3 M K L ) 2 7 8 . 3 3 8 ■ 1 ) 6 . 6 7 5 0 323 •  488 168 130

4 H 9 » 3 B 1 ( 6 > 2 7 8 . 3 3 8 - 9 3 . 7 7 3 0 595 . 3 9 2 355 131

S Mi l ) 3 B K L > 3 2 0 . 4 1 9 . 1 5 5 . 2 2 5 0 235 •  565 781 132

5 Mi l ) 3 R 1 (6 ) 3 2 0 . 4 1 9 • 1 1 0 . 2 2 5 0 551 • 461 181 133

A 5 1 3 B K C ) 3 3 8 . 3 0 8 1 6 . 2 8 5 0 323 68 136 134

« N S I 3 B 1 (6 ) 3 3 8 . 3 0 8 4 6 . 2 8 3 1 698 193 656 135

H 4 S 2 C l 1 R K l  ) 1 3 8 . 4 3 7 • 6 5 .6 8 8 0 417 •  274 839 136

N 6 % 2 C l 1 B k l k 1 3 2 . 4 6 4 - 7 2 . 6 6 8 0 * 1 7 •  504 045 137

H i t 2C l 1 B K l 2 1 1 3 2 . 4 6 4 - 7 1 . 9 6 8 0 417 •  301 114 138

N S N 2 C 1 ri S(C » 6 4 . 8 9 2 • 2 0 . 9 2 0 0 238 •  47 529 139

1 M 3 N 1 R 1 M 3 ( 6 1 ) 7 2 . 9 * 6 - 1 0 . 7 4 7 0 263 •  82 621 14(1

1 H 3 B 1 » 1 ri 3 (C 2 ) 7 2 . 9 * 6 - 6 7 . 5 1 9 1 021 •  ?82 * 9 9 1*1

1 H 3 B 1 N 1 H 3 ( 6 2 ) 7 2 . 9 4 6 - 5 3 . 7 1 9 1 o u i •  224 760 142

( e 1 1 3 N 1 ri 2 r 1 ri 3 (C  ) 8 6 . 9 7 1 - 3 ? , 9 ) 9 1 021 •  221 496 143
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iI
I
i

f H

1 < C 1 M 1 J 1 n 1 h 2 C 1 «

( 1 H

C 1 H S > 4 N 1 B 1 H 4 ( 4  ) 

C 1 H 5 ) ] N 1 R 1 ( C 1 H S  

e i H 3 ) 3 N 1 B 1 ( C 1 H S  

C 2 H 3 ) 3 m i b i h  3 ( 1 2 )  

e 2 M 3 ) 3 N 1 B 1 H  3 ( 0 2 )

C 1 M S ) 6 N 3 R K L  >

C. 1 H 3 ) « N 3 B K O  )

T «20  N 1 B K C  )

7 N20 N 1 B K O  ) 

C 4 H 9 ) 2 r 1 N 1 H  2 ( 1 1 )  

C 4 « 9 ) 2 b i n i h  2 ( 1 2 )  

C 4 h 9 ) 2 b 1 n 1 H 1 C 4 h 

4 N 9 R 1 ( N 1 H 1 C 4 M 9 )  

1 < N 1 H 1 C 4 H 9 )  3 ( l 1)

1 < N 1 H 1 C 4 M 9 ) 3 ( 1 2 )

C 1 H 3 ) 2 m 1 B 2 H S ( L )  

C 1 « 3 ) 2 n 1 B 2 H S ( G )  

1 < 0 1 C 1 h 3 ) 3 U 1 H 3 ( C  

1 C 9 N 1 0 I  H22( L  )

C 1 H 3 )  3 N 1 B 1 F 3 ( 0  )

C 1 H 3 )  2 N 1 B 1CL 2 ( L  )

C 1 H 3 > 2 N 1 R 1CL 2 ( 0  )

e 1 H S ) 4 M 2 B 1CL K l  >

C 1 K 3 )  4 R 2 R I C I  K G  )

e l H 3 ) 3 P l 8 1 ( C 1 « 3  

(  1 M 3 )  3 R 1 R 1 ( C 1 H 3

1 F S P 1 (  e 1 M 3 )  3( C >

l F S p 1 ( e l H 3 ) 3 ( G )

C 1 N 3 ) 344 1 R 1 ( C 1 H 3

1 F 3AS 1 (  C 1 H 3 ) 3 ( C )

2 ( 6 S )

2 0 K L  )

2 ( 0 3 )

2 0 2(1 )
2 I) 2 ( 4 0 )

9 ( L  ) 

2(1 )

1
1C 
1C 

N 1C 
W 1C 
H 1C 
H 1C 
N 1C 
N 1C 
H 1B 

N 1B 

N 1 8  

M 1B 

N 1

K 3 , 0 H ? n )  

1 ( 1 5 0 0  «20)  

1 ( 2 0 0 0  «20)  

1 ( 5 0 0 0  «20)  

K O  )

1 ( 4 0 0 0  «20)  

1 ( 3 0 0 0  «20)  

1 ( 4  )

1(10 h2q) 
K O  >

1 ( 7 0 0 0  «20)  

K 2 0 O 0  «20)  

1 ( 1 5 0 0  «20)  

K O  )

RB 973 - 4 1 , 2 3 9 1 .1)01 - 1 7 2 , 5 4 3 144

RB 9R9 - 3 4 . 0 R 7 2 . 5 0 0 • 1 5 9 . 3 5 4 145

RB 9R9 - 3 2 , 5 4 7 7 . 5 0 2 - 1 3 6 . 3 4 2 14»

115 027 - 6 6 . 1 0 9 1 .0 2 1 • 2 7 6 . 5 9 9 1 * 7

115 077 - 5 2 , 1 0 9 1 .0 0 1 • 2 1 8 . 0 2 3 144

115 077 -4 4 . 4 2 R 0 . 4 1 7 • 1 4 5 . 8 4 6 149

115 027 - 2 9 . 9 2 R 0 . 4 6 2 • 1 2 5 . 2 1 8 159

143 040 - 6 9 . 6 1 0 0 . 3 2 ) • 2 9 1 . 2 4 8 151

143 040 - 5 4 . 4 1 0 0 . 3 8 0 • 2 4 4 . 3 8 7 152

129 054 . 7 4 . 4 9 9 1 .0 2 1 • 3 3 0 . 1 1 3 153

129 054 - 6 2 . 5 9 9 1 .0 0 1 • 2 6 1 . 9 1 4 154

1*1 065 - 4 4 . 3 5 4 0 . 6 2 5 • 3 6 9 . 6 7 1 156

141 065 - 9 0 . 0 5 4 0 . 6 2 5 • 3 7 6 . 7 8 4 157

197 173 • 1 0 4 . 4 9 4 0 . 5 5 9 • 4 5 3 . 9 3 9 158  159

212 147 - 1 2 0 . 1 7 5 2 . 5 0 0 • 5 0 2 . 8 1 2 169

227 202 • 1 4 1 . 5 3 2 0 . 8 3 3 • 5 9 2 . 1 7 2 161

227 202 • 1 1 0 . 7 3 5 0 . 8 3 3 • 4 6 3 . 3 0 5 162

70 737 - 2 4 . 2 4 6 0 . 7 1 4 • 1 1 8 . 3 4 9 163

70 737 - 2 1 . 3 9 6 0 . 7 1 6 • 8 9 . 5 2 1 164

120 944 • 2 5 4 . 1 1 8 0 . 5 5 3 - 1 0 6 3 . 2 3 0 165

171 091 • 1 4 6 . 1 1 9 0 . 5 0 0 • 6 1 1 . 3 6 4 166

126 917 • 3 0 3 . 9 7 2 0 . 2 3 # • 1 2 7 1 . 8 1 9 167

125 79 3 • 1 0 4 . 6 5 2 0 . 8 3 3 , • 4 3 7 . 8 6 4 168

125 793 - 9 5 . 7 5 2 0 . 4 8 7 • 4 0 0 . 6 2 6 169

13* 416 - 4 9 . 7 4 7 0 . 8 3 3 • 3 7 5 . 5 0 1 170

13* 416 - 7 9 . 7 4 7 0 . 9 7 2 • 3 3 3 . 6 6 1 171

131 904 - 8 1 . 2 3 9 1 . 0 0 6 • 3 3 9 . 9 0 3 172

131 994 - 6 7 . 7 3 9 0 . 9 8 6 - 2 8 3 . 4 1 9 173

1 * 3 8R4 - 3 2 7 . 0 0 2 0 . 2 5 7 - 1 3 6 8 . 1 7 6 174

143 4R4 > 3 1 2 . 2 0 2 0 ,1 6 1 - 1 . - 0 6 . 2 5 3 175

175 942 - 4 9 . 2 3 9 1 .0 0 1 • 2 0 6 . 0 1 5 176

1R7 832 • 2 9 1 . 5 0 2 0 . 2 3 8 - 1 2 1 9 . 6 4 4 177

31 999 0 . 0 0 0 0 . 0 0 0 o . o o o

16 015 - 6 4 . 3 1 5 0 . 9 0 0 • 2 8 5 . 8 3 0

2 016 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

34 015 - 4 4 . 4 8 0 0 . 0 0 0 • 1 8 7 . 7 7 8

34 015 - 4 5 . 6 9 0 0 . 0 0 0 •  1 9 1 . 1 6 7

20 006 - 7 6 . 7 3 5 0 . 0 7 0 - 3 2 1 . 0 5 9

36 461 - 3 9 . 4 4 8 0 .0 0 1 • 1 6 6 . 7 2 4

36 461 - 3 9 . 8 5 9 0 .0 0 1 • 1 6 6 , 7 7 9

36 461 - 3 9 .8 8 6 0 .0 0 1 • 1 6 6 . 8 1 3

56 461 - 2 2 . 0 6 3 0 . 0 0 3 • 9 2 . 3 1 2

36 461 - 3 9 . 8 7 9 0 .0 0 1 • 1 6 6 . 8 5 4

36 461 - 3 9 . 4 7 3 0 .0 0 1 • 1 6 6 . 8 2 9

36 461 - 3 9 . 9 3 3 0 .0 0 1 • 1 6 7 . 0 8 0

36 461 - 3 9 . 5 0 2 0 .0 0 1 - 1 6 5 . 2 7 6

80 912 - 8 , 6 9 5 0 .0 0 1 • 3 6 . 3 8 0

80 912 • 2 9 . 0 0 2 0 .0 0 1 • 1 2 1 . 3 4 4

RO 912 - 2 4 . 9 7 1 0 .0 0 1 - 1 2 1 . 2 1 5

RO 912 - 2 4 . 9 6 2 0 .0 0 1 •  1 2 1 . 1 7 7

177 913 6 . 3 0 0 0 .0 0 1 2 6 , 3 5 9
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1 I  1 (7 0 0 0  H?0> 1 2 7 . 9 1 3 •  11. '566 0 . 0 0 4 - 5 6 . 7 6 0

1 H 3 (0  ) 1 7 ,0 31 ■ 1 0 ,9 8 0 0 . 0 0 3 • 4 5 . 9 4 0

? (0 S ) 2 8 . 0 1 3 0 . 0 0 0 0 , 0 0 0 0 , 0 0 0

1 0 2 (0  > 4 4 . 0 1 0 • 9 4 , 0 5 1 0 . 0 0 0 • 3 9 3 . 3 0 9

? H 4 ( 0  ) 2 8 .0 5 4 1 7 . 4 5 0 0 , 0 0 0 5 2 .0 9 1

K C S ) 1 2 .0 1 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

4 H10(C ) 5 8 . 1 7 4 • 3 0 . 3 6 0 0 , 0 0 0 • 1 2 7 . 0 7 6

4 M  K G ) 5 8 . 1 0 8 ■ 4 , 2 6 0 0 . 0 0 0 •  1 7 . 8 2 4

6 M $ 0 1 H K C  ) 9 4 . 1 1 3 • 3 9 .4 5 0 0 . 0 0 0 • 1 6 5 . 0 5 9

« H11 0 1 H K l ) 1 0 0 .1 6 1 • 8 3 . 2 0 0 0 . 0 0 0 • 3 4 8 . 1 0 9

6 H1 2 (L  ) 8 4 . 1 6 2 •  17. '290 0 .0 0 0 • 7 2 . 3 4 1

7 H14(L  ) 9 8 . 1 8 9 • 2 3 . 3 3 0 0 . 0 0 0 •  9 7 . 6 1 3

B H 1 « (L 1 ) 1 1 2 . 2 1 4 •  2 9 . 1 1 0 0 . 0 0 0 •  1 2 1 . 7 9 6

S N U ( L 2 ) 1 1 2 . 2 1 6 • 2 9 . 1 1 0 0 .0 0 0 •  1 2 1 . 7 9 6

1 0  K G ) 2 8 . 0 1 0 • 2 6 . 4 1 7 0 . 0 0 0 - 1 1 0 . 5 2 9

1 H 3 0 1 M K A ) 3 2 . 0 4 2 • 5 8 . 7 4 9 0 . 0 0 0 • 2 4 5 . 8 0 6

1 K 3 0 1 H K l > 3 2 . 0 4 2 • 5 7 . 0 1 0 O.OOO • 2 3 6 . 5 3 0

C 1 H 3 )  2 C 1 0 K L  ) 5 8 . 0 8 0 • 5 9 . 2 7 0 0 , 0 0 0 • 2 4 7 . 9 8 6

3 rt 7 0 1 H K L 2 ) 6 0 . 0 9 6 • 7 6 . 0 2 0 0 . 0 0 0 • 3 1 8 . 0 6 8

2*H 5 0 1 H K l  ) 4 6 . 0 6 9 ■6 6 , 4 7 0 0 . 0 0 0 • 2 7 7 . 9 0 1

3 « 7 0 1 H K l I ) 6 0 . 0 9 6 - 7 2 , 5 1 0 0 . 0 0 0 • 3 0 3 . 3 8 2

4 H 9 0 1 H K L  ) 7 4 . 1 2 3 - 7 8 . 2 9 0 0 . 0 0 0 • 3 2 7 . 5 6 5

1 M 3 0 1 H K 2 3 0 0 0 H 2 0 ) 3 2 . 0 4 2 • 5 8 . 7 4 9 o . o g o ■ 2 4 5 . 8 0 6

C 1 H 3 )  2 0 1 ( 0 2 ) 4 4 . 0 6 9 - 4 3 . 9 9 0 0 . 0 0 0 • 1 8 4 . 0 5 4

1 H 3(G ) 1 3 .0 3 5 3 3 . 2 0 0 0 . 0 0 0 1 3 8 . 9 0 9

1 H 2 C 1 H K G  > 2 7 . 0 4 6 1 6 0 . 0 0 0 0 , 0 0 0 6 6 9 . 4 4 0

2 H 5 ( 0  ) 2 9 . 0 6 2 2 5 . 0 0 0 0 , 0 0 0 1 0 4 . 6 0 0

3 H 7 ( 0  ) 4 3 . 0 8 9 1 5 .0 0 0 0 . 0 0 0 6 2 . 7 6 0

C 2 H S )  2 0 1 ( 0 2 ) 7 4 . 1 2 3 • 6 0 . 2 6 0 0 , 0 0 0 • 2 5 2 . 1 2 8

1 O l C 1 H 2 e l H 2 0 1 H 1 ( L > 6 2 . 0 6 9 • 1 0 8 . 7 3 0 0 . 0 0 0 • 4 5 4 . 9 2 6

2 H 3 0 1 H 1 (3 5 0 0  H70) 4 6 . 0 6 9 • 6 8 , 9 0 0 0 , 0 0 0 • 2 8 8 . 2 7 8

1 H 3 e 1 0 1CL K l  ) 7 8 . 4 9 8 - 6 5 . 6 0 0 0 , 0 0 0 • 2 7 4 . 4 7 0

3 H « 0 2 ( L  ) 7 6 . 0 9 6 • 1 1 9 . 5 8 0 n . o o o • 5 0 0 . 3 2 3

2 N 5 0 1 H 1 (2 5 0 0  N20) 4 6 .0 6 9 - 6 8 . 9 0 0 0 , 0 0 0 ■ 2 8 8 . 2 7 8

C 1 H 3 > 2 S 1 ( 0 2 ) 6 2 . 1 3 0 - 8 . 8 9 0 0 , 0 0 0 • 3 7 . 1 9 6

1 H 3 S 1 H K G  ) 4 8 . 1 0 3 •  5.-400 0 , 0 0 0 - 2 2 . 5 9 4

C 2 H 5 > 2 S 1 ( 0 2 ) 9 0 . 1 8 4 - 1 9 . 8 9 0 0 , 0 0 0 • 8 3 . 2 2 0

2 H J S 1 M K L ) 6 2 . 1 3 0 • 1 7 , 5 3 0 0 , 0 0 0 • 7 3 . 3 4 6

1 8  1 C 1 N 2 C 1 N 2 $ 1 H 1 ( L > 9 4 . 1 9 0 • 1 2 . 8 4 0 O.OUO . 5 3 . 7 2 3

1 S 1 < e 1 H 2 )  3 $ 1 M K L I ) 1 0 8 . 2 1 7 •  18. '820 0 , 0 0 0 • 7 8 . 7 4 3

3 H 7 8 1 H K L  ) 7 6 . 1 5 7 • 2 5 . 7 9 0 o . o u o • 9 9 . 5 3 7

9 0 . 1 8 4 - 2 9 . 7 2 0 0 . 0 0 0 • 1 2 4 . 3 4 8

S N i l  S 1 M K L  ) 104 .21 1 • 3 6 . 0 7 0 0 . 0 0 0 •  15W .917

« N 3 S 1 H K L  ) 1 1 0 . 1 7 * 1 5 . 3 0 0 0 . 0 0 0 6 4 , 0 1 5

3 H < 3 2 ( L 2 ) 1 0 8 .2 1 7 - 1 8 . 8 2 0 0 . 0 0 0 • 7 8 . 7 4 3

1 H 3 N 1 H 2 ( 0  ) 3 1 . 0 5 8 S . 500 0 , 0 0 0 2 3 . 0 1 2

e 1 H 3 ) 1 N 1 ( 0  } 5 9 . 1 1 2 • 5 . 6 7 0 O.ooo • 2 3 . 7 2 3

C 1 H 3 )  2 N 1 H 2CL 1 (5 0  * 2 0 ) 8 1 . 5 4 6 - 6 8 . 5 6 7 0 . 0 0 0 • 2 8 6 . 8 8 4

JC 2 N 5 )  2 K 1 H 1 ( 0  ) 7 3 .1 1 9 • 1 7 . 1 6 0 0 , 0 0 0 • 7 1 . 7 9 7

e 1 H 3 )  2 N 1 H 1 ( 0  ) 4 5 . 0 8 5 - 4 . 6 6 0 0 . 0 0 0 •  1 9 , 4 9 7

e 1 M 3 )  2 N 1 M 2CL 1 (4 0 1 0  «2 0 ) 8 1 . 5 4 6 - 6 8 . 6 4 5 0 , 0 0 0 • 2 8 7 , 2 1 1
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C 1 *  3 ) 1 P 1 (6  ) 7 6 . 0 7 9 - 2 7 . 1 0 0 O.OOd • 9 4 . 1 4 0
( 1 * 3 ) 3* 1  1 ( 6  ) 1 2 0 , 0 7 7 2 .8 0 0 0 .0 0 0 1 1 , 7 1 5
2 0 3 (4 M ) 6 9 , 6 1 8 • 2 9 9 . 6 3 7 0 . 2 ) 6 • 1 2 5 3 . 6 6 1
3 B 1 0 3(C ) 8 1 , 8 3 2 • 2 6 1 . 5 6 6 0 .1 1 7 •1 0 9 4 , 4 0 1
2 H 6 ( 6 ) 2 7 . 6 6 8 9 . 3 6 0 0 .2 6 4 3 9 . 1 6 2

K C * ) 1 0 . 8 1 0 0 . 0 0 0 0 .0 0 0 0 .0 0 0
2 0 3(C ) 6 9 . 6 1 * • 3 0 3 . 9 9 6 0 .2 3 5 - 1 2 7 1 . 9 1 9

3 8 1 0 3 ( 4 0 ) 6 1 . 8 3 2 • 2 5 6 . 1 6 0 0 .1 1 7 • 1 0 7 1 . 7 7 3
3 B 1 0 3 ( 2 3 0 0 0 * 2 0 ) * 1 . 8 3 2 • 2 5 6 . 1 6 7 0 .1 1 7 - 1 0 7 1 . 8 0 3

1 F 2 ( 6 ) 4 8 . 8 0 7 0 . 0 0 0 n .o o o 0 . 0 0 0

1 F 3 ( 0 ) 6 7 . 8 0 5 • 2 7 1 . 5 0 2 0 .1 2 7 - 1 1 3 5 . 9 6 4

3 B 1 0 3 ( 3 5 6 0  * 2 0 )  . 6 1 . 8 3 2 • 2 5 6 . 1 7 4 0 .1 1 7 • 1 0 7 1 . 8 3 2

1CL 3 ( 1 ) 1 1 7 .1 6 9 • 1 0 2 . 1 0 8 0 .1 4 4 • 4 2 7 . 2 2 0

3 B 1 n 3 ( 2 5 0 0  * 2 0 ) 6 1 . 8 3 2 • 2 5 6 . 1 7 5 0 .1 1 7 • 1 0 7 1 . 8 3 6

( 1 * 3 ) 3 N 1 B 1 H 3 (C 1 ) 7 2 . 9 4 6 • 3 3 . 3 4 7 0 .1 6 7 • 1 3 9 . 5 2 4

1 B 1 0 2 (C 3 ) 4 3 . 8 1 7 • 1 8 4 . 5 2 0 o .o o o • 7 8 6 . 7 6 8

1 B 1 F 4 ( 4  ) 8 7 . 8 1 2 - 3 7 6 . 3 5 4 0 .1 6 2 - 1 5 7 4 . 6 6 5

3 8 1 0 3 (4 0 0 0  * 2 0 ) 6 1 . 8 3 2 • 2 5 6 . 1 7 3 0 .1 1 7 • 1 0 7 1 . 8 2 8

1 0  1 * K C  ) 3 9 . 9 9 7 • 1 0 1 . 9 9 0 0 ,0 0 0 • 4 2 6 . 7 2 6

I C L  K C ) 5 8 . 4 4 3 - 9 8 . 2 3 2 0 .0 0 0 ' - 4 1 1 . 0 0 3

REACTIONS

1 H 3 )  3 ( L  ) 

1 K 3 )  3 ( L  )

«12 0 2 ( 6 3 )  ,  1 8 2 0 3(AM)  « « C 1 0 2 ( S  ) * 9 H 2 0 K L  )

•  12 0 2 ( 6%)  ■ 1 0 2 0 3(RM)  4 6 C 1 0 2 (C ) *  9 H 2 C K L  )

1 H 3 )  3 ( L  ) « 6 0 2 ( 6 S )  •  1 N 3 B 1 0 S(C ) *  3 C 1 0 2(G )  « 3 N 2 0 K L  )

1 M 3 )  3 ( L  ) ■ 1 B 1 ( C 1 H 3 )  3 ( 6  )

1 H 3 )  3 ( L  )  •  1 B 1 (  e 1 H 3 )  3 ( 6  )

2 H S )  3 ( 1  ) *21 0 2 ( 6 3 )  1 1 8 2 0 3 ( « “ ) * 1 2  C 1 0 2 ( 6  ) * 1 5  H 2 U K L  )

2 N 5 )  3 ( L  ) «21 0 2 ( 6 3 )  ■ 2 H 3 B 1 0 3(C )  «12 e 1 0 2 ( 6  )  «12 H 2 0 K l  )

( 6 ) •  « e 2 H 4 ( 6  )  ■ 2 B 1 (  C 2 H 5 )  3 ( L  )

2 H 5 )  3 ( L  ) ■ 1 B 1 ( C 2 H 5 ) 3 ( 6  )
2 H 5 )  3 ( L  ) ■ 1 « 1 ( C 2 H 5 )  3 ( 6  )

* 1 7  H 2 ( G s )  *  2 B K C S )  ■ 2 C 8 H17 I  K L  )

B 1 ( 1  )  * 2 6  0 2 ( 6 3 )  # 2 *  3 8 1 0 3(C ) * 1 6  C 1 0 2 ( 6  )  « 1 *  * 2 0  K L  )

1 * 7 )  3 ( 1 1 )  «30 0 2 ( 6 3 )  ■ 1 B 2 0 3 ( A ’( )  «18 C I O  2 ( 6  )  *21 H 2 0 1 ( L  )

3 * 7 )  3 ( L 1 )  «30 0 2 ( 6 3 )  « 1 * 2 0  3( C ) «18 C 1 0 2 ( 6  ) «21 H 2 0 i ( L  )

3 * 7 )  3 ( L 1 )  «30 0 2 ( 0 3 )  • 2 * 1 * 1 0  5( C )  «1 *  C 1 0 2 ( 6  )  «18  *  2 0 K L  )

1 * 7 )  3 ( 1 1 )  •  1 B 1 ( ( 1 * 7 )  3 ( 6 1 )

1 * 7 )  3 ( 1 2 )  «10 0 7 ( 0 3 )  # 1 *  7 0 3 ( 4  ' )  «16 C 1 (» 2 ( 6  ) «71 *  2 "  K L  >

ERROR
- 1 4 1 0 , 4 0 » 2 , 0 0 0 6 4 / 1 4

4CS1DU4L 0 . U 4 3
- 1 4 1 U . 6 0 0 5 , 0 0 0  4 9 / 5

b e i i o u a l • 0 . 3 5 7

•  714 ,  500 5 , 4 0 0 6 1 / 1 2
* 4 11 09 4 1 • U . 0 0 2

4 , 8 3 0 0 , 0 2 0 6 1 / 1 2
REBIpUAL 0 , 0 0 1

4 , 8 0 0 0 , 1»0 6 5 / -
KCI I DOAL - 0 , 0 2 9

- 2 3 6 0 , 2 0 0 2 , 0 0 0 6 4 / 1 5
REKOOAL 2 , 1 1 8

- 2 3 7 8 , 4 0 0 7 , 2 0 0 6 1 / 1 2
BEI I OUAL 2 . 4 7 2

- 1 7 2 , 5 0 0 2 , 1 0 0  6 3 / «
BEt l D UA L 2 , 2 1 6

8 , 8 0 0 0 . 1 0 0 6 1 / 1 2
8 , 8 0 0 0 , 1 0 0  6 3 / 8

• 9 2 . «OO 2 , 2 0 0  6 6 / 5
BEI I OUAL 0 . 4 5 0

- 2 8 9 1 , 0 0 0 1 . 0 0 0  7 2 / 2
BEI I OUAL 0 , 1 1 2

- 3 2 9 4 , 4 0 0 2 , 0 0 0 6 4 / 1 5
BEI I OUAL • 0 , 0 2 4

- 3 2 9 * . 8 0 0 3 , 1 0 0  6 3 / 9
BEI I OUAL ■ 0,1165

- 3 ) 1 2 , « 0 0 3 , 1 0 0  7 2 / 2
BEI I OUAI 0 , 1 3 0

1 0 , 0 0 0  0 , 3 0 0  4677

« 3 2 * 7 , 0 0 0
■ * « l n u * i

2 . 110064 / 15  
■0 . 144
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15
16

17

18

19

20

21
22

23

24
23

26

27

28 1 ■ 1 ( 0 4 * 9 ) 3 ( 1 ? ) ■ 1 B 1 (  C 4 H 9

29 2 8 1 ( 0 4 M 9 ) 3 ( 1 5 ) «39 n 2 ( 5 » ) ■ 1 B

30 1 8 1 ( C 4 M 9 ) 3 ( L 5 ) ■ I B 1 ( C 4 H 9

31 2 8 1 ( 0 1 M 2 C 4 * 9 )  S ( L ) «48 0 2 ( 6 :

32

33

< e S H 7 >
( e s H 7 )
( c 3 H 7 )
CIO M2KV.  >

( e 4 N 9 )

(  C 4 M 9 >

(  C 4 H 9 )

( C 4 H 9 )

( C 4 H 9 ) .

( 0 4 * 9 )

(  C 4 H 9 }

( 0 4 * 9 )

* 6 ( 6 ) 4 6

( 0 4 * 9 )

1(12)
3 ( 1 7 )

3 ( 1 2 )  

«32 0 

3 ( 1 1 )

3 ( 1 1 )

3 ( 1 1 )

3 ( 1 1 )

3 ( 1 1 )

3 ( 1 1 )

3 ( 1 ? )

3 ( 1 2 )

C 4 H

3 ( 1 ? )

«30 0 2 ( 0 » )  ■ 1 8 2 0 3 ( 0  )  «18 (  1 0 2 ( 6  ) «21 *  2 0 K l  )

♦ 30 0 2 ( 6 » )  ■ 2 *  3 8 1 0 3 ( 0  ) «18 C 1 O 2 ( 6  ) «18  H 2 0 K L  }

• 3 2 9 1 , 4 0 *  
H d l O U A L

" 3 3 0 5 , 0 0 0  
k l I t O U A L

2 . * 0 0  6 3 / 9  
«0 ,1*1

2 . * 0 0  7 2 / 2  
0 , 4 1 9

•  1 S 1 ( C 3 H 7 ) 3 ( 0 ? ) 1 0 , 0 0 0 0 , 3 0 0  4 6 / 2

2 ( 6 3) ■ 2 *  1 R 1 0 5(0  ) «20 C 1 0 2 ( 5  ) «18 H ? 0 k l  ) - 3 4 9 9 , 2 0 0 1 , 2 0 0  7 2 / 7

«39 0 2 ( 5 » )  ■ 1 B 2 0 3(4-1)  * 24 C 1 0 2 ( 6  ) «27 *  2 0 K L  ) - 4 2 3 6 . 4 0 0 2,  UOll 6 4 / 4
4ESI PUAI - 2 , 6 * 3

«39 0 2 ( 6 » )  ■ 2 N 3 R 1 0 3 ( 0  ) «24 C 1 0 2 ( 6  ) «24 * 2 O K I ) - 4 2 5 4 . 6 0 0 4 , 8 0 0 6 1 / 1 2
RESIDUAL - 2 , 7 2 9«39 0 2 ( 6 » )  ■ 2 * 3 B 1 0 3<C ) «24 0 1 0 2 ( 6  ) «24 * 2 O K I ) - 4 2 5 1 , 2 0 0 1 , 0 0 0  6 6 / 1
r e s i d u a l 0 , 6 / 1

« 1 H 1RR K G ) ■ 1 ( C 4 H 9 ) 2 B i b r  k l  ) « 1 0 4 * 1 0 ( 6  ) > 2 2 . 1 6 0 0 , 5 0 0  5 3 / 2
r e s i d u a l 0 , 0 7 3

« 1 M 1 I  K G ) ■ 1 ( C 4 H 9 ) 2 S 1 : 1 ( 1 ) * 1 C 4 * 1 0 ( 6  ) • 2 0 , 1 6 0 1 , 5 0 0  5 3 / 2
r e s i d u a l • 0 , 6 0 0

•  1 R 1 ( 0 4 H 9 ) 3 ( 5 1 ) 1 4 , 8 0 0 0 . 1 0 0  6 3 / H

«39 0 2 ( 6 » )  ■ 1 B 2 0 3 (AH)  «24 C 1 0 2 ( 6  ) «27 M 2 0 K L  ) - 4 2 1 * . 2 0 0 2 , 0 0 0 6 4 / 1 5
r e s i d u a l 4 , 8 1 1

«39 0 2 ( 5 » )  ■ 1 B 2 0 3 ( 0  ) «24 0 1 0 2 ( 6  ) «27 H 2 0 K L  ) - 4 2 2 2 , 6 0 0 1 , 3 0 0  6 3 / 9
«ESI OUa L 4 , / 7 0

8 ( 6  )  ■ 2 8 1 ( C 4 M 9 )  3 ( 1 2 )

«39 0 2 ( 6 » )  ■ 2 *  3 8 1 9 3 ( 0  ) «74 C 1 0 2 ( 6  )  «24 H 2 0 1 ( L  )

5 ( 5 2 )

0 3(AM) «24 C 1 0 2 ( 6  )  «77 H 2 0 K L  )

3 ( 5 3 )

■ 1 8  2 0 3 ( 4 * )  «50 C 1 0 2 ( 6  )  «53 H 2 0 K L

(  C 1 H 2 C 4 H 9 ) 3 ( L  ) «48 0 2 ( 6 » )  ■ 1 B 2 0 3 (C )  «30 C 1 0 2 ( 6  ) «55 H 2 0 K l

( C 1 *  2 C 4 H 9 )  3 ( L  )  «48 0 2 ( 6 » )  ■ 2 H 3 B 1 0 3 ( 0  )  «30 C 1 0 2 ( 6  )  «30  H 2 0

34 1 » 1 ( C 1 H 2 C 4 K 9 ) 3 ( L ) ■ 1 B 1 ( C 1 *

33 1 » 1 ( 0 8 * 5 ) 3 ( 0 ) ♦ 3 * 2 0 2 (L ) ■ 3 0 6

36 1 8 1 ( C 6 * 5 ) 3 ( 0 ) ■ I B 1 ( C 6 * 5 ) 3 ( 5

37 1 (  C 6 *11 ) 3 B 1 (0 ) « 3 H 2 0 2 ( L ) ■ 3 C 6

38 . 1 (  C 6 *11 ) 3 B K C ) ■ 1 ( C 6 *11 ) 3 B 1 (5

39 1 8 2 * 6 ( 6 ) « 6 C 6 * 1 2 ( 1  ) ■ 2 ( 0 6 *1 3 )  3

4 * 1 3  )  S B K L  )  «57 0 2 ( 5 » )  ■ 2 *  3 R 1 0 3(C ) «36 C 1 0 2 ( 6  )  * 3 6  *  2 0 K L  )

■ 1 4 6 , 2 0 0
r e s i d u a l

• 4 2 3 0 , 0 0 0
r e s i d u a l

1 3 , 8 0 0

- 4 2 4 4 , 8 0 0

1 4 , 3 0 0

) - 5 1 5 9 , U 0 O

r e s i d u a l

) - 5 1 6 3 , 4 0 O

r e s i d u a l

1 - 5 1 7 7 , 0 0 0

r e s i d u a l

1 7 , 2 0 0

■ 2 5 6 , 8 0 0

1 9 . 5 0 0  

■ 2 6 1 , 9 0 0

1 9 . 5 0 0

■1)0,600
r e s i d u a l

- 6 1 ) 4 , 6 0 0
r e s i d u a l

1 , 5 0 0  6 3 / 8  
1 5 . «55

1 . 3 0 0  7 2 / 2  
5 , 5 6 1

2 , 0 0 0 6 4 / 1 5  

2 . 0 0 0 6 4 / 1 5  

1 . 0 0 0 6 4 / 1 5  

2 . 0 0 0 6 4 / 1 5  

- 0 , 1 9 0

1 . 6 0 0  6 3 / 9

.'oTrsi
1 . 6 0 0  7 2 / 2  

0 , 3 0 4

0 , 6 0 0  6 5 / 9  

1 , 8 0 0  6 7 / 5  

0 , 5 0 0  6 7 / 5

2 . 3 0 0  6 7 / 5

1 , 0 0 0  6 7 / 5

0 , 8 0 0 6 1 7 1 3  
1 , 1 7 1

0 , 7 0 0  7 2 / 2  
1 , 1 5 7

41 t c 6 * 1 3 ) 3 B K L ) ■ 1 { 0 6 * 13 ) 3 B 1 ( 5  ) 2 1 , 2 0 0 0 , 7 0 0  6 3 / 8

42 •  2 M 6 ( 6 ) « 6 C 7 * 1 4 ( 1  ) ■ 2 ( C 7 * 1 3 ) 3 B K L ) ■ 1 3 5 , 4 0 0 0 . 4 0 0 6 1 / 1 3

43 ( c 7 * 1 3 ) 3 B K l ) ■ 1 ( C 7 HIS ) 3 B 1 ( 0  ) i 2 4 , 4 0 0 O. / OU 6 3 / B

44 B 2 H 6 ( 5 ) 6 6 C 8 * 1 6 ( 1 1 ) ■ 2 ( 0 8 * 1 7 ) 3 B K L I ) • 1 3 5 , 7 0 0 0 , 5 0 0 6 1 / 1  1

43 ( c 8 * 1 7 ) 3 8 1(1.1) ■ 1 ( C 8 * 1 7 ) 3 B 1 ( 5 1 ) 2 7 , 6 0 0 0 , 7 0 0  6 3 / *

46 B 2 H 6 ( 6 f « 6 e 8 * 1 6 ( 1 2 ) ■ 2 ( 0 8 * 1 7 ) i  B K L ? ) ■ 1 1 6 , 3 0 0 0 , 6 0 0 6 1 / 1 1

47 ( C 6 * 1 7 ) 3 B K L ? ) ■ 1 ( C 8 * 17 ) 3 B 1 ( 6 2 ) 2 6 , 6 0 0 2 , 0 0 0  6 3 / A

48 BIO e 2 H 1 2 ( C D ♦ 23 0 2 ( 6 » ) «18 M 2 0 K l ) ■ 20 * 3 B 1 0 3(C ) • 4 C 1 0 2 ( 6 ) - « 2 9 6 , 4 0 0 2 , 6 0 0  7 2 / 2

49 BI O c 2 * 1 2 ( C 2 ) «23 0 2 ( 6 » ) «18 M 2 0 K L ) ■20 * 3 B 1 0 3 ( 0 ) • 4 C 1 u 2 ( 6 ) - 4 2 6 2 , 6 0 0 3 , 2 0 0  7 2 / 2

SO •  10 C 2 * 1 2 ( 0 5 ) ♦ 23 0 2 ( 6 » ) ♦ 18 H 2 0 K l ) ■ 20 * 3 B 1 0 3(C ) * 4 c 1 0 2 ( 6 ) - 4 2 2 9 , 0 0 ( 1 3 , 2 0 0  7 2 / 2

31 • 1 H 3 C 1 0 1 ( 6  ) ■ 1 B 2 M 6 ( 0 ) ♦ 2 0 1 0 1 ( 6 ) 6 , 6 1 0 0 . 0 5 0  5 2 / 4

32 B 1 H 1 ( 0 1 C 1 H 3 ) 2 ( 1 ) • 3 M 2 0 K L ) ■ 1 * 2 ( 6 » ) « 1 * 3 B 1 0 3 ( 4 0 ) ♦ 2 C 1 *  3 - 2 4 , 2 4 0 0 , 2 4 0 6 0 / 1 5

0 1 M 1 (A )

S3 B 1 * 1 ( n 1 C 1 * 3 ) 2 ( L ) ■ 1 B 1 M 1 ( 1) 1 e 1 M 3 ) 2 ( 0 ) 6 , 1 4 0 1 . 0 0 0 6 0 / 1 5

34 B 1 ( 0 1 f 1 M 3 ) S(L ) « 3 M 2 0 K L  ) ■ 3 e 1 * 3 0 1 *  1 (L ) ♦ 1 3 -  1 « 3 ( 0  ) • 4 , 6 1 5 U , u 5 0  5 2 / 5
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51 1

56 10

57 2

58 1 

1

59 1

60 1

61 1 

62 1

63 1 1 ( 0 1 C 2 H 5 ) 3 ( 1  ) « 3 M 2 0 K l  ) ■ 3 C 2 *  5 0

66 I 1 ( 0 1 f ? ri 5 ) 3 ( L  ) ■ 1 B 1 ( 0 1 e 2 * S ) 3 ( 0 >

65 1 C 6 *  9 ) 2 B IBR K L  ) « 1 N 2 0 K L  ) a 1 ( C 4 N 9000 *20)

66 1

67 1

68 18

73 26

76 2

75 26

76 2

77 1

78 2

â3 1 

86 1 

1

1 ( 0 1 C 1 N 3 )  3 ( 1  ) « 1 B 1 ( 0 1 C 1 * 3 )  5 ( 0  I

I I C S )  «11 *  2 ( f l S )  ♦ 2 » 1 ( C 1 )  » 1 0 2 ( 0 » )  •  2 C 5 *11 0 .1 i  K l  ) . 1 6 6 , 6 0 0

« I I I D U A I

5 *11 0 1 8 K L  ) «16 0 2 ( C 1 )  ■ 2 *  3 I  1 0 3<C ) «10 e 1 0 2 ( 0  ) ♦ B *  2 0 K l  ) - 1 * 2 3 , * 0 0
r i t S I uUAL

6 * i i 1 ( 0 1 M 1 ) 2(c ) « 1 M 2 0 2<l ) ■ 1 e 6 * I 0 1 H K C  ) « 1 * 1 a 1 0 3(C ) -66,000

6 * 3 B 1 ( 0 1 * 1 ) 2(C ) « 1 M 2 0 2(1 ) • 1 c 6 * S 0 1 H K C  ) « 1 H 3 a 1 U 3(C ) "-OKOiô

RESIDUAL

6 *  5 B 1 ( 0 1 * 1  1 2 ( C ) •  1 C 6 *  5 » 1 ( 0 1 * 1  )  2 (A ) 3 , 2 o o

6 N 3 B I C I  2 ( 1  ) « 2 N 2 0 K L  ) -  1 C 6 *  5 B 1 ( 0 1 * 1  ) 2 ( 6  )  « 2 *  I C I  1 ( 1 1 0 0  * 2  - * 0 , 3 0 0

8 , 3 0 0  0 , 1 0 0  1 2 / 3

2 * 6 ( 6 ) « 6 ( C 1 M 3 ) 2 C l 0 K L ) a 2 ( C 3 * 7 0 1 ) 2 B 1 H  K L  )

2 *  6 ( 0  ) « * C 3 * 7 0 1 H  K L 2 )  ■ 6 N 2 ( 0 S )  « 2 ( C S * 7 0 1 ) 2 B 1 *  K L  )

■ 1 3 7 , 4 0 0
r e s i d u a l

- 6 9 , 9 0 0
r e s i d u a l

■ 1 , 3 8 0

10,100

r e s i d u a l

C 6 H 9 ) 2 B 1 I K L  ) *  1 * 2 0 K L  ) ■  1 ( c 6 * 9 ) 2 B 1 0 1 H K L  ) * 1 H 1 I  1(7 - 2 4 , 9 * o
0 *20)

r e s i d u a l

1 5 , 0 0 00 6 * 9 ) 2 8 1 0 1 *  1 ( L ) - 1 < C 4 H 9 > 2 B 1 0 1 H K t i )  

K C S )  «21 *  2 ( « S )  « 1 0 2 ( GS)  « 2 B K C S )  ■ 2 C 9 *21 o 1 B K L  ) ■ 2 6 3 , 8 0 0
r e s i d u a l

i , * o u  ton
U, 1 24

0 , «no  72/2 
U, U42

0 , 4 0 0  6 6 / e  

0 . 0 * 0
0 , 2 U0  6 6 / 6  

-0,010 

0 , 1 0 0  6 6 / 6  

0 , 3 0 0  6 7 / 1

0 , 7 0 0 6 2 / 1 4
- 0 , 3 6 1

0 , 4 0 0 6 2 / 1 4
0 , 1 3 V

0 , 0 6 0  5 2 / 3  

0 , 1 0 0  1 2 / 3  

0 . 7 5 0  5 3 / 2  

0 , 1 7 4

0 , 7 5 0  5 3 / 2

- 0 , 1 7 4

2 , 0 0 0  5 3 / 2

1 , 8 0 0  70 / 1  
0 , 0 9 9

69 2 9 *21 0 1 B K L } «29 0 2(GS) a 2 * 3 B 1 0 3(C ) «18 c 1 0 2 (0 > *18 * 2 0 K L  ) - 3 1 8 1 ,«00 0.800 72/2
r e s i d u a l 9,025

70 1 1 < 0 1 C 3 * 7 ) 3(1 ) « 3 ri 2 0 K L > ■ 3 C 3 ri 7 0 1 * K L I ) ♦ 1 ri 3 8 1 0 3(C > - 4 ,6 0 0 0 ,06  0 52 /1

71 1 1 ( 0 1 c 3 H 7 > 3(1 > ■ 1 a 1 ( 0 1 C 3 M 7 ) 3(6 ) 11 ,600 1,000 12 /3

72 1 C 6 W 5 ) 2 B ICL 1 (L ) ♦ 1 * 2 0 1 (L ) ■ 1 C12 *11 0 1 B K L  ) « 1 * ICL 1(2000 *20) - 1 7 ,2 0 0 0 , 2 0 0 6 7 / 5
r e s i d u a l 0 , 0 * 3

1 c 6 w 5 ) 2 B IC I K l ) « 1 * 2 0 K L ) ■ 1 C12 *11 0 1 B K L  ) ♦ 1 * ICL 1(2000  *20) • 1 7 , 2 5 0 0 . 0 * 0 6 7 / "
r e s i d u a l  - 0 , 0 0 7

K C S )  «27 *  2 ( GS)  « 1 0 2 ( GS)  « 2 B K C S )  ■ 2 C12 *27  0 1 B K L  )

12 * 2 7  0 1 B K L  )  * 3 6  0 2 ( GS)  ■ 2 *  3 B 1 0 3(C ) «2*  C 1 0 2 ( 0  )  * 2 4  *  2 0 K L  )

K C S )  «27 H 2 ( CS)  « 2 0 2 (GS)  *  2 B K C S )  ■ 2 C12 * 27 0 2 B K L  )

12 * 2 7  0 2 B K L  ) «37 0 2 ( S D  ■ 2 M 3 B 1 0 3(C )  * 24 C 1 0 2 ( 6  )  « 2 *  H 2 0 K l  )

1 ( 0 1 C 6 * 9 ) 3 ( L ) « 3 * 2 0 K l ) . 3 C 6 * 9 0 l * K L ) « 1 * 3 B 1 0  3 ( C )

■ 3 1 0 , 0 0 0
RESIDUAL

• 4 1 0 6 , 2 0 0
RESIDUAL

■ 4 4 8 , 0 0 0
RESIDUAL

• 3 9 6 5 , 6 0 0
r e s i d u a l

# 4 , 6 6 0
r e s i d u a l

2 . 0 0 0  70 / 1  
2 , 9 7 6

1 , 0 0 0  7 2 / 7  
0 , 7 * 4

4 , 6 0 0  70 / 1  
6 , 4 9 6

2 , 4 0 0  7 2 / 2  
1 , 6 2 4

0 , 0 6 0  5 2 / 3  
0 ,00*

1 < 0 1 C 6 *  9 )  3 ( L  )  «36 0 2 ( 6 S )  ■ 2 *  3 B 1 0 3(C ) «26 C 1 0 2 ( 6  )  * 2 4  *  2 0 K L  ) - 3 * 5 0 , 4 0 0  1 , 2 0 0  7 2 / 2

RESIDUAI  - 3 , 9 7 0

79 1 1 ( 0 1 C 6 * 9  ) K L ) ■ 1 B 1 ( 0 1 C 6 M 9 ) 3 ( 8  ) 1 2 , 1 0 0 1 , 0 0 0 1 2 / 5

80 1 C 1 M 
K 3 0

3 0 
1 *

1 ) 4 B 2 ( L  )
1 ( 2 5 0 0 0 * 2 ' ) )

« 1 * 2 0 2 ( A 0 )  « 4 * 2 0 K L ) - 2 * 3 B 1 0  3 ( 2 1 0 0 0 * 2 0 ) « 4 C - 1 4 9 , 1 0 6 0 , 6 0 0 72 / 1

81 1 C 1 ri3 0 1 ) 4 B 2 ( 1  ) ■ 1 ( C 1 * 3 0 1 ) 6 B 2 ( 0  ) 1 0 , 6 8 0 0 , 0 4 0 7 2 / 1

82 32 K C S ) «16 *  2 (GS)  « 1 0 2(0S> ♦ 4 B K C S ) • 2 C16 * 36  0 1 B 2 ( 1  } '• • ■ 4 2 5 . 6 0 "
r e s i d u a l

2 , 6 0 6
0 , 9 *

70 / 1

16 * 3 6  0  1 B 2 ( L  )  «26 0 2 ( GS)  ■ 2 *  3 B 1 0 3 I C ) «16 C 1 0 2 ( 0  )  «15 *  2 0 K L  ) " R f î ^ D U A l

( 1 2  * 1 0  ) 2 8 2 0 K C  ) « 6 *  2 0 2 ( L  )  ♦  1 *  2 0 K L  ) « 4 C 6 * 5 0 1 *  1 (C ) ♦ 2 H 3 - 3 4 9 , 0 0 0

'  ® * r e s i d u a l

C 1 2  * 1 0  > 2 B 2 0 K C  J ♦  4 *  2 0 2 ( L  )  ♦ 1 H 2 0 K L  > .  4 C 6 *  5 0 1 *  K C  > ♦  2 *  3 - 3 4 9 , 0 5 0

1 0 3(C ) r e s i d u a l

r e s i d u a l

11.100

85 1 C 6 * 5 8
1 0 3(C )

1 C 6 M S B
1 II 3(C )

1 ( r 6 * S R l n l  I  %ir. ) ■ 1 ( C * * l R i o i )  s i g  > .

1 , 1 0 0  7 2 / 2  
0 , 0 7 *

1 , 9 0 0  6 6 / 6

0 , 0 4 3
0 , 7 5 0  6 6 / 6

. 0 , 0 0 7  

2,000 66/6
0 , 0 5 61,100 66/6

•0,012 
2,000 66/6
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87 ( C 1 H S ) 2 0 1(02)  « 7 8 2 * 6 (0 > ■ 1 ( 1 ri 3 ) 2 0 1 ( B 2 * 6 ) 2( 0 ) ■3 ,300 0.100  55/5
«S ■10 c 2 *11 c 

2(0 )
1 0 1 0 1 K K C 1 )  *75 0 2(01) 1* ri 2 0 K l ) ■20 ri 3 B 1 0 3(C ) * 6 C 1 0 •  4.106,800 3.600 72/2

89 810 C 2 *11 C 
7(6 )

1 0 1 0 1 * K C 2 )  *25 0 2(01) 18 * 2 0 K L ) aZO * s * 1 0 3(C ) * 6 C 1 0 - 4 2 5 0 ,8 0 0 3.600 72/7

90 #10 c 7 *11 c 
2(0 )

1 0 1 0 1 * K C 3 )  *75 0 2(61) 18 ri 2 0 K L ) a20 ri 3 B 1 0 3 ( (  ) « 6 C 1 0 •42 6 0 ,4 0 0 5.800  72/7

91 C 1 H 3 « 1 f 2 (0 ) ■ 1 C 1 * 3(0 ) * 1 8  1 2(0 I 95 ,0 0 0 10 .00062/15
92 C 1 N 2 C 1 * 1 B 1 F 2(6 ) • 1 C 1 * 2 C 1 K O ) # 1 R 1 F  2(0 ) 111 ,000 3 .00062 /15
93 C 2 H 5 e 1 F 2(0 ) ■ 1 C 2 H 5(0 ) ♦ 1 * 1 2(0 ) 101 ,000 3 .00062 /15
94 C 3 H 7 8 1 F 2(0 ) ■ 1 C 3 * 7(0 ) * 1 8  1 2(0 ) 9 6 ,0 0 0 3 .00062 /15
95 ( C 1 *  3 ) 2 0 1 8 1 F 3(1 ) •  1 ( ( 1 * 3 2 0 1 B 1 F 3( 0 ) 8 ,800 0 .200  42/1
96 ( C 1 N 3 > 7 0 1 B 1 F 3(0 ) ■ 1 ( ( 1 * 3 2 0 1(07)  * 1 8 1 F 3(0 ) 13 ,300 0.200  42/1
97 ( C 2 H 5 ) 2 0 1 B 1 F 3(1 ) ■ 1 ( ( 2 * 5 2 0 1 B 1 F 3( 6 ) 10 ,700 0.20060 /16
98 ( C 2 M S ) 2 0 1 B 1 F 3(0 ) ■ 1 ( ( 2 * 5 2 0 1(02)  * 1 B 1 F 3(0 ) 11 ,800 0 .20060 /16
99 C 6 H s 8 K l 2 (1 ) ■ 1 C 6 * 5 B K L  2(0 ) 11 ,300 0.400  70/2

100 ( C 4 * 9
000 *20)

) 2 a k l  K l ) ♦ 1 * 2 0 K L  ) ■ ( C 4 * 9 ) 2 B 1 0 1 * K l  ) *  1 ri K l  1( 5 - 1 8 . 5 4 0 0.100  53/2

101 ( C 4 H 9 ) 2 8 IC I  K l ) - 1 ( C 4 * 9 ) 2 K L K O ) 12 ,000 0,300  55/2

102 ( C 6 * S 
* 3 1 1 0

) 2 
3(C

B
)

K l  K L  ) 
♦ 1NA K L

*  2
K C

* 2 0
)

2( L ) * *4 1 0 1 H K C  ) ■ 2 C 6 * 5 0 1 « K C  ) ♦ 1 ■215,400 0.600 67/R

103 ( C 6 H 5 ) 2 B K l  K L ) ■ 1 ( C 6 * 5 ) 2 K L K O  ) 9 ,9 0 0 0 .500  67 /5

104 ( 2 * 4 0
1 * 2 ( 1

2CL 
* 7

1
0

B
1

K L  ) 
* K l )

3 * 2 0 K L  ) ■ 1 S B 1 0 3(C ) *  1 H K l 1( 6 ) * 1 * 1 0  1 e ■6 ,900 0 .60064 /16

105 ( C 1 H 3 
# 1 * 1 ( 1

0 1 
K O

)
)

2 R K L K L ) ♦ 3 H 2 0 K l » 1 * 3 8 1 0 3( C ) *  2 C 1 ri 5 0 1 M K l ) ■6 ,40 0 0 .20061 /15

106 ( C 1 * 3 0 1 ) 2 B K l K L ) •  1 ( ( 1 * 3 1 ) 2 8 K L K O  ) 8 ,2 0 0 0 .30061 /15

107 ( 2 * 5 0  
1 0  2 * 5

1 B
0 1

K l  2(1 ) * 3 
M 1(3500 *20)

* 2 0 K L  ) ■ 1 3 B 1 0 3(3500 *20) « 2 ri K L 1(4000 *20) * • 4 2 ,5 0 0 0.800  54 /4

108 ( 7 * 5 0 1 B K L 2( 1 ) • 1 C 2 * 5 0 1  B K 2( 0 ) 8 ,4 0 0 0.200  54/4

109 8 I C I  3 (1 ) ♦ 1 C 1 N 3 C 1 0 K L  K L  ) ■ 1 1 ri 3 C 1 0 K l  1 B K l 3 (1  ) ■0 ,680 0.050  58/5

110 ( 3 * 6 0  
2( 1 )

7Cl 1 B K L  ) ♦ 3 H 2 0 K L )  R i 3 B 1 0 3 ( ( ) *  1 ri K l K O  ) * 1 ( 3 * 8 0 ■7 ,200 ü.iOO 64 /5

111 ( C 2 H S 
*2 0 )  # 2 0

0 1 
7 M

)
S

2
0

B k l  K l  ) ♦ 3 «
1 * 1(2100 *2 f i )

2 0 K L ■ 1 * 1 8  1 0 3(2500 *20 )  * 1 ri K l  1(3000 - 2 3 , 5 0 0 0.700 54/4

112 ( ( 2 * 5 0 1 ) 2 B K L K L ) ■ 1 ( ( 2 * 5 1 ) 2 B K L K O  ) 9 ,3 0 0 0.200  54 /4

113 ( 6 * 5 8
0)

1*R 2( 1 ) # 2 H 2 0 K L  ) ■ 1 ( 6 5 B 1 ( 0 1 ri 1 ) 2( 4 ) *  2 ri 1RR 1(2000 *2 >48 ,900 U.30U 67 /5

114 ( 6 * 5 8 I BR 2( 1 ) ■ 1 C 6 * S B 18R 2( 0 ) 10 ,500 0.500  67 /5

115 . ( C 4 * 9 ) 2 8 l n *  K L ) . 1 ( C 4 * 9 ) 2 I BR 1( 6 ) 12 ,500 0.300  53/2

116 ( ( 6 * 5 ) 2 B 18R K L ) , 1 * 2 0 K L  ) ■ ( 12 *11 0 1 B K L ) * 1 ri i b r 1(1500 *20) * 2 2 ,0 0 0 0.401) 67 /5

117 ( ( 6 * 5 ) 2 8 IBR K L ) - 1 ( e 6 * 5 ) 7 Kr i 1( 6 ) 14 ,400 0.500  67 /5

118 ( C 4 * 9 ) 2 8 1 1 K l ) - 1 ( c 4 * 9 ) 2 1 1 1( 0 ) 15 ,000 U.6UU 53 /2

119 ( C 1 H 3 ) 2 S 1 B 1 * 3(1 ) •  1 I ( 1 * 3 2 S 1 * 1 * 3( 0 ) 10 ,1 0 0 0 .200  59/6

120 ( ( 1 * 3 ) 2 S 1 8 1 * 3( 0 ) ■ 1 8 2 N 6( 6 *  2 ( C I * 3 )  2 * K 6 2 ) 12 ,000 0.200  59/6

121 ( C l  * 3 8 1 ) 3 8 K l ) * 3 *  2 0 K L  )  ■ C 1 * 3 * 1 *  K O ) *  1 3 8 1 0 3 (4 0 ) ■1 7 ,6 00 0.300  67 /7

122 (  C 1 *  3 S 1 ) 3 8 K l ) . 1 (  C 1 * 3 1 1 3 B K O ) 12 ,900 0,200  67 /7

123 (  C 2 H S )  2 s 1 B 1 H 3(0 ) ■ 2 ( ( 2 * 5 2 S 1(62)  * 1 B 2 ri 6 (0 : 12 ,800 0,200  59 /6

124 ( C 2 H S 8 1 ) 3 B K l ) * 3 H 2 0 K l  ) ■ (  2 ri S * 1 ri K l ) * 1 ri 3 B 1 0 3 (4 0 ) ■22,400 0,400  66 /2

125 ( C 7 * S % 1 ) 3 B K l ) . 1 (  C 2 * 5 8 1 3 B K O ) 14 ,700 0.500 66 /7

126 ( 8 * 9 *
1 ( 0 1 *

7 B 
1 )

K l
2( 4

> *  2 
)

N 7. 0 K l  ) •  1 * 1 1 ( 1 H 2 ( 1 ri 2 * 1 ri K l  ) *  1 C 6 ri 5 B ■1 2,9 00 0.500  66 /7

177 e 9 *11 i  
( 0 1 * 1

7 B K l  
) 2( 4 )

) ♦ 7 N 2 0 K l  ) ■ 1 * 1 1 ( ( 1 * 2 ) 3 * 1 ri K l l )  * 1 C 6 * 5 B 1 - 1 4 , 3 0 0 0.6O0 66 /7

178 ( c s * 7 R 1 ) 3 B K l ) * 3 * 2 0 K l  ) ■ C S * 7 * 1 * K l ) *  1 3 8 1 0 3 (4 0 ) - 2 2 , 3 0 0 0.600  67 /7

129 ( c 3 N 7 S 1 ) 3 B K L ) . 1 ( C 3 * 7 * 1 3 B K O ) 2 0 , 8 0 " 0.500  67 /7

130 ( ( 4 * 9 R 1 ) 3 m K l ) • 3 H 2 0 K L  ) ■ C 4 * 9 * 1 ri K l ) •  1 ri 3 8 1 0 3(40) ■ 2 3 ,7 0 " 0.300  67 /7



123

131 1 C 4 H « » 1 ) 3 B K l  ) - 1 ( C 4 H 9 B 1 ) a 1( 6 ) 2 2 , 9 0 0 0 . 5 0 0 6 7 / 7

132  1 C $ M i l » 1 ) 3 ri K l  ) * 3 H 2 0 K L ) - 3 5 H11 S 1 1 (L ) ♦ 1 ri 3 B 1 0 3 ( A 0 ) ■ 2 4 , 2 0 0 0 . 2 0 0 6 7 / 7

133  1 C 5 H11 » 1 ) 3 B K l  ) • 1 ( C 5 H11 » 1 ) a 1 (S ) 2 5 , 0 0 0 0 . 5 0 0 6 7 / 7

134 1 C 6 ri 5 » 1 ) 3 B K C  ) * 3 2 0 K L ) . 3 6 H S » 1 K L ) ♦ 1 ri 3 « 1 0 3 ( 4 0 ) ■ 2 1 , 6 0 " 0 . 3 0 0 6 7 / 7

135 1 C 6 ri 5 S 1 ) 3 B K C  I - 1 ( C 6 ri 5 B 1 ) a 1( 6 ) 3 0 , v o n 1 . 6 0 U 6 7 / 7

136  1 2 H 4 S 7CL 1 B 1 ( 1 1 * 3 ri 2 0 k l  ) a 1 B 1 C 1 ri 2 C 1 ri 2 t 1 ri K L > *  1 ri 3 B - 3 b , 300 0 . 4 0 0 6 6 / 7
0 3 ( A 0 ) *  1 I C I  1 ( A  )

137 1 3 ri 6 S 2CL 1 B 1 ( 1 1 )  * 3 ri 2 0 K L  ) a 1 S 1 < C 1 ri 2 ) 3 S 1 H K L 1 ) 4 1 ri 3 B 1 « 3 7 , 3 0 0 0 , 4 0 0 6 6 / 7
3 ( 4  1) * 1 H I CL 1 (A )

138  1 3 ri A S 
(A )

2CL 1 8 K L ? )  * 3 H 2 0 K L  ) ■ 1 C H 8 S 2 ( L 2> *  1 ri 3 B 1 0 3 ( A 0 ) *  1 H K l -38,ÜOO 0 . 4 0 0 6 6 / 7

139

140

141

142

143

144

145

156

15?

158

159

160 

161 

142 

163

167

168

169

170‘

171

5 M 1 H 2 ( C ) ♦ 1

ri 3 ) S N 1 B 1 H

h 3 ) 3 b 1 * i 1 h

H 3 ) 3 e 1 N 1 H

C 1 H 3 ) 3 N 1 H

C 1 H 3 > 3 N 1 H

ri 3 ) 4 *1 1 B 1 M
1 0 2(C3>

8 2 ri 

3 ( C1> 

3( C2> 

3 ( 4 2 )  

2 C 1 

2 C 1 

4 ( C >

6 ( 6  ) ■ 2 B 1 h

■ 1 ( C 1 H 3 )

■ 1 ( C 1 h 3 )

■ 1  N i  ri 3 ( 0 )

ri 3 ( £  ) ■ 1 B 1

H 3 ( 6  ) ■ 1 B 1

♦35 0 2 ( 6 » )  #16

ri 1 ri 2 C 1 ri 3 ( C  ) - 6 2 , 2 0 0  11,400 5 6 / 5

ri 1 B 1 ri 3 ( 6 1 )  1 5 , 6 0 0  0 . 2 0 0  6 6 / 1

B 1 ri 1 ri 3 ( 6 2 )  1 3 , 6 0 0  0 . 2 0 0  4 4 / 1

1 B 1 ( C 1 ri 3 ) 3 ( 6  ) 1 5 , 4 0 "  0 . 2 0 0  4 4 / 1

C 1 H 3 ) 3 N 1 H 2 C 1 H 3 ( 6 )  1 1 , 7 0 0  0 . 2 0 0  4 4 / l

C 1 M 3 ) 3 ( 6  )  ♦ 1 C 1 H 3 N 1 H 2 ( 6  ) 1 7 , 4 0 0  0 . 2 0 0  4 4 / 1

1 0 2 ( 6  ) ♦ 2 N 2 ( 6 » )  * 3 0  ri 2 0 K L  ) ♦ 4 - 4 1 5 6 , 0 0 "  « . 0 0 0 6 0 / 1 5

146  1 C 1 ri 3 ) 4 N 1 B 1 H 4 (C  ) . 1 ( C 1 ri 3 )  4 ri. 1 B 1 ri 4 ( 4  ) 5 , 5 0 0 0 . 1 0 0 6 0 / 1 5

147  1 C 1 ri 3 ) 3 ri 1 B 1 ( C 1 H 3 ) 3 ( C 1 )  • 1 ( C 1 ri 3 ) 3 ri 1 B 1 ( C 1 H 3 ) 3 ( 0 1 ) 1 4 , 0 0 0 0 . 2 0 0 4 4 / 1

148  * 1 c 1 ri 3 ) 3 ri 1 B 1 ( C 1 H 3 ) 3 ( 0 1 )  ■ 1 B 1 ( C 1 ri 3 ) 3 ( 6  ) ♦ 1 ( C 1 * 3 ) 3 k K G 1 7 , 1 0 0 0 . 2 0 0 4 4 / 1

1 4 9  4 c 2 ri 5 ) 3 ri 1 a 1 ri 3 ( 1 ? ) * 4 5 C 2 ( 6 » ) * 1 6  ri 1 F K 3 . 0 H 2 C )  24 C 1 0 2 ( 0 ) * 2 ri 2 ( 6 » ) - 5 2 2 6 , 4 0 0 1 , 1 2 0 6 7 / 6
4 H 1 B 1 F 4 ( 4 ) * 4 2  ri 2 0 k l )

1 50  1 C 2 ri 5 ) 3 N 1 B 1 ri 3 ( l 2 ) • 1 ( C 2 K 5 ) 3 ri 1 B 1 ri 3 ( 6 2 ) 1 4 , 5 0 0 0 . 2 0 0 6 7 / 6

151 1 C 1 ri 3 ) 6 ri 3 B K l  ) ♦ 3 2 0 K l  ) 4 3 ri K l 1 ( 5 0  H2 0) ■ 1 ri 3 B 1 0 3 ( 4 0 )  4 3 ( C - 6 8 , 8 0 0 0 . 3 0 0 5 3 / 3
H 3 ) 2 1 ri 2 C l 1 ( 5 0  H2U)

152 1 C 1 H 3 ) 6 ri 3 B K L  )  -  1 ( C 1 H 3 ) 6 ri 3 B 1 ( 6  ) 1 1 , 2 0 " 0 , 2 0 0 5 3 / 3

153  1 7 H20 1 B 1 (C ) ■ 1 C 7 H20 ri 1 B K C ) 1 6 , 3 0 0 0 , 2 0 0 4 7 / 1

154 1 7 * 2 0 ri 1 B K O ) ■ 1 (  C 2 H 5 ) 2 N 1 ri 1 ( 6 ) * 1 B 1 ( C 1 ri 3 ) 3 ( 0  ) 1 6 , 1 0 0 0 . 2 0 0 4 7 / 1

155  16 1 (CS) * 2 0 H 2 ( 0 » ) *  1 N 2 ( 6 5 ) * 2 B K C » ) • 1 9 0 , 4 0 0 1 . 8 0 0 7 0 / 1

ri 9 1 2 B 1 ri 1 ri 2 ( 1 1 )  «55  0 2 ( 6 » )  ■ 4 H 3 B 1 0 j ( C  )  * 3 2  C 1 0 2 ( 6  )  * 3 4  ri 2 0 1 
2 ri 2(6»)
ri 9 ) 2 B 1 ri 1 H 2 ( L 2 )  * 5 5  0 2 ( 6 » )  ■ 4 ri 3 B 1 0 3 (C ) * 3 2  C 1 0 2 ( l i  )  * 3 4  H 2 0 1 
2 ri 2 ( 6 » )

S)  * 2 8  H 2 ( 6 $ )  *  1 ri 2 ( 6 » )  * 2 8  K C S )  ■ 2 ( C 4 H 9 ) 2 B 1 r i 1 M 1 C 4 K  9 ( L  )

H 9 )  2 B 1 ri 1 M 1 C 4 M 9 ( L  )  * 7 9  0 2 ( 6 » )  ■ 4 H S B 1 0  5 ( C  )  * 4 8  C 1 0  2 ( 6  }  * 5 0 -
K l  ) *  2 ri 2 ( 6 S )

9 B 1 ( ri 1 H 1 C 4 H 9 ) 2 ( L  ) * 4 0  0 2 ( 6 » )  ■ 2 ri 3 B 1 0 3 (C ) * 2 4  C 1 0  2 ( 6  )  * 2 6 .
K l  ) *  2 N 2 ( 6 » )

ri 1 H 1 C 4 ri 9 )  3 ( H )  * 8 1  0 2 ( 6 » )  ■ 4 H 3 B 1 0 3 (C ) * 5 4  H 2 0 K L  > * 4 8  C 1 0 2> 
6 N 2 ( 6 » )

ri 1 H 1 C 4 ri 9 ) 3 ( l 2 )  * »1  0 2 ( 6 » )  •  4 H 3 B 1 0 3 (C ) *54 ri 2 0 1 ( l  )  * 4 8  C 1 0 2-  
6 N 2 ( 6 » )

H 3 ) 2 r i 1 B 2 H 5 ( L ) * 6 H 2 0 K L > r i 1 ( C l H 3 ) 2 N l H K 6 ) * 2 H 3 B 1 0  
* 5 ri 2(6»)

164  1 C 1 ri 3 ) 2 K 1 B 2 ri 5 ( 1 ) •  1 ( C 1 H 3 ) 2 ri 1 B 2

165  1 1 ( 8 1 C 1 ri 3 )  3 ri 1 ri 3(C )  . 1 B 1 ( 0 1 C 1 ri 3

166  4 1 C 9 ri 1 0 1 M ? 2 ( l ) * 5 9 0 2 ( 0 » ) ■ 4 ri 3 B 1 0 3(C )
( 6 8 )

ri 3 ) 3 ri 1 6 1 F 3 ( 6  ) ■ 1 ( C 1 N 3 ) 3 N 1(6 ) * 1 a 1 F 3(6 )

H 3 ) 2 ri 1 B I C L  2 ( 1  ) *  3 ri 2 0 K L  ) ■  1 H 3 B 1 0 1 ( 4 0 0 0  H20)  *  1 (  C 1 H S ) 2
2CL 1 ( 4 0 0 0  M2 " )  *  1 ri I CL  1 ( 4 0 0 1  * 2 0 )

ri 3 ) 2 N 1 B ICL 2(L ) ■ 1 I C 1 H 3 ) 2 ri 1 B ICI 2(6 )

ri 3 ) 4 ri 2 8 I C I  K l .  )  *  3 N 2 0 K L  ) *  1 H I C I  1 ( 5 0  n 2 0 )  ■ 1 N 3 B 1 0 3 ( 4 i l )  *  2
ri 3 )  2 ri 1 ri 2CL 1 ( 5 0  H20)

( C 1 ri 1 ) 4 ri 2 ri ICI • (l ) ■ 1 ( C 1 ri 3 ) 4 ri 2 B ICI 1(y )

K F . | 1 0 U A L * « 1 9 0 . 4 0 U  

- 6 0 2 5 , 2 0 0  2 . 6 0 0  7 2 / 2

■ 6 0 1 8 , 4 0 0  2 . 6 0 0  7 2 / 2

- 2 1 6 , 0 0 0  2 . 6 0 0  7 0 / 1
K E I I D U a L 0 . 9 8 8

8 5 4 2 , 0 0 0  2 , 4 0 0  7 2 / 2

R E I I D U A I  0.49*
4 3 1 6 , 2 0 "  6 , 2 0 0  7 2 / 2

« 6 8 3 , 6 0 0  3 . 2 0 0  7 2 / 2

8 8 0 6 , 8 0 0  3 . 2 0 0  7 2 / 2

- 8 9 , 6 2 0  0 , 6 5 0 6 1 / 1 4

6 , 8 9 0  0 , 0 5 0 6 1 / 1 *

2 8 , 4 0 0  0 , 2 0 0  5 9 / 7

- 6 4 4 3 , 6 0 0  1 . 8 0 0  7 2 / 2

2 6 , 8 0 8  0 . 2 0 0  5 6 / 5

- 5 5 , 1 0 0  0 , 8 8 0  5 4 / 5

8 , 9 0 0  0 , 3 0 0  5 4 / 5

- 5 9 , 1 0 0  0 , 6 0 0  5 4 / 5

1 0 , 0 0 "  0 . 5 0 0  5 4 / 5



I2if

172  1 < C 1 H 3 ) 3 P 1 *  1

173  1 (  C 1 M 3 J 3 P 1 B 1)
1 7 *  1 B 1 f  S P 1 ( C 1 H 3

175  1 B 1 F 3 P 1 { C 1 H 3

1 76  1 ( C 1 H 3 ) 3 a s  1 B 1>
177 1 B 1 F 3 * S  1 < C 1 H 3

C 1 h 3 ) 3 ( C > p 1 ( C 1 h 3 ) 3 p 1 b 1 ( C 1 h 3 )  3 ( Q  ) 1 3 , SO" 0 , 2 0 0  4 v / 4

C 1 H 3 > 3 ( 0  > ■ 1 ( C 1 H 3 ) 3 P 1 <S ) *  1 il 1 ( C 1 ri 3 ) 3 (G  1 3 , 9 0 "  0 , 1 0 0  4V/4

3(C > • 1 8 1 F 3 P 1 < C 1 H 3 ) 3(0 )

3(0 ) > 1 ( C 1 H 3 ) 3 P 1 ( G > * 1 B 1 F  3(0 }

C 1 H 3 ) 1 ( C > P l ( C 1 H 3 )  3AS K G  ) *  1 H 1 ( C l  M 3 )  K O  

3(0 > « 1 ( C 1 H 3 ) 3AS 1(8 ) ♦ 1 B 1 F 3(6 )

1 4 , « 0 0  0 . 2 0 0  5 2 / 4

1 8 , 2 0 0  0 . 1 0 Û  5 2 / 4

2 2 , 7 0 0  0 , 2 0 0  5 1 / 2

2 2 , 8 0 "  0 . 2 0 0  5 1 / 2



\1S

compound

B i ( r ^ )

B 1 ( L  )

B 1 * <G )

B ?<û )

B 1 (I H G  )

B 1 n 2(G >

B 1 O 2 -(A >

B 2 •) K G  >

B ? 0 ?(G )

B 2 I) 3(L )

B 2 n 3(G )

B 1 H K G  )

B 1 H 2<G )

B 1 H 3( r ,  >

B 1 h *  - ( A  )

B A m O ( G  ) 

e » h 9 ( 1  )

B 5 h 9(G )

B 5  .ni(L I 

B 5 h 1 K G  )

B 6  H l O ( l  )

B 6  H l O ( G  )

«10 HU ( C  )

« 1 0  t , 1 * ( L  )

B i n  H l * ( 6  )

M 1 B 1 0 2 ( c n

H i  B 1 0 2(C?)
H 1 H 1 0 2(CJ)

K 1 B 1 0 2(G )

« 1  ( 0 1 H i  ) 2(G )

H 2 H 1 0 1 H 1 (G )

H 1 B 1 < 0 1 M 1 ) 2(G )

M 3 R 1 0 3<G )

B ? ( 0 1 H 1 > A(C )

B 2 (  n 1 H 1 > 4(G )

B 3 II  3 H 3(r >

( B 1 0 1 H 1 > 3(G )

( H 1 B 1 0 2 ) 3(0 )

B 1 F 1(0 )

B 1 F 2(0 >

B 1 F 4 - ( A  )

B 2 F 4(0 )

B 1 0 1 F 1 ( 0 )

B 1 11 1 I 2(.. )

F O R M U L A A  Hr ERRO R AMf
V U E I ^ K T kcjtJl >« 7 ^ ' ' * t T W ' '

10 .81(1 0.01 ,0 0 . 0 0 0 O.OUO

1 0 . RIO 5 , 2 6 0 1 . 0 0 0 2 2 . 0 0 8

1 0 . RIO 3 2 6 . 1 0 0 1 . 4 2 9 1 3 6 4 . 4 0 2

2 1 . 6 2 0 1 9 2 . 7 0 0 5 . 0 0 0 8 0 6 . 7 5 7

2 6 .R 0 9 - 4 4 . 8 0 0 5 . 0 0 0 - 1 8 7 . 4 4 3

4 2 . 8 0 9 - 7 4 . 3 3 » 2 . 5 1 9 - 3 1 1 . 0 3 1

4 2 . H 0 9 - 1 8 4 . 6 0 0 0 .  100 • 7 7 2 . 3 6 6

3 7 . 6 1 9 2 3 . 0 0 0 5 . 0 0 0 9 6 . 2 3 2

5 3 . 6 1 9 - 1 0 5 . 7 8 0 2 . 4 1 1 - 4 4 2 . 5 8 5

6 9 . 6 1 8 - 2 9 7 . 4 1 6 0 . 6 1 7 - 1 2 4 4 . 3 9 0

6 9 . 6 1 8 - 1 9 6 . 5 7 3 4 . 0 0 2 - 8 2 2 . 4 6 3

1 1 . 8 1 8 1 0 4 . 6 5 3 1 . 4 2 9 4 3 7 . 8 6 8

1 2 , 8 2 6 4 6 . 1 8 0 2 . 5 0 0 1 9 3 . 2 1 7

1 3 . 8 3 4 2 4 . 2 8 0 2 . 5 0 0 1 0 1 . 5 8 8

1 4 . 8 4 2 1 1 . 5 1 0 0 . 1 0 0 4 8 . 1 5 8

5 3 . 3 2 0 1 6 . 8 8 8 1 . 2 5 0 7 0 . 6 5 9

6 3 . 1 2 2 1 1 . 1 6 4 1 . 2 5 0 4 6 . 7 0 9

6 3 . 1 2 2 1 8 . 4 2 4 1 . 2 5 0 7 7 . 0 8 5

6 5 . 1 3 8 1 7 . 5 0 0 1 .1)00 7 3 . 2 2 0

6 5 . 1 3 8 2 6 . 0 6 0 1 . 6 6 7 1 0 9 . 0 3 5

7 4 . 9 4 0 1 3 . 4 5 0 0 . 1 0 0 5 6 . 2 7 5

7 4 . 9 4 0 2 4 . 2 3 2 2 . 5 0 0 1 0 1 . 3 8 7

1 2 2 . 2 1 2 - 7 . 2 7 9 1 . 5 6 2 - 3 0 . 4 5 7

1 2 2 . 2 1 2 - 2 . 0 4 9 1 . 5 6 2 - 8 . 5 7 2

1 2 2 . 2 1 2 1 0 . 7 7 0 1 . 5 6 2 4 5 . 0 6 3

4 5 . 8 1 7 - 1 8 9 . 8 6 6 0 . 1 0 9 - 7 9 4 . 4 0 0

4 3 . 8 1 7 - 1 8 9 , 8 0 0 0 . 3 3 3 - 7 9 4 . 1 2 3

4 3 . 8 1 7 - 1 8 8 . 0 0 0 0 . 3 3 3 - 7 8 6 . 5 9 2

4 3 . 8 1 7 - 1 4 0 . 0 7 4 2 . 5 1 9 - 5 8 6 . 0 6 9

4 4 . 8 2 5 - 1 1 4 . 0 0 0 1 0 . 0 0 0 - 4 7 6 . 6 7 6

2 9 . 8 3 3 - 6 9 . 1 6 9 0 . 3 3 3 - 2 8 9 . 4 0 4

4 5 . 8 3 3 - 1 5 3 . 1 1 9 0 . 2 7 6 - 6 4 0 . 6 4 9

6 1 . 8 3 2 - 2 3 7 . 2 5 8 0 . 6 2 5 - 9 9 2 . 6 8 7

« 9 . 6 5 0 - 3 3 4 . 6 5 5 5 . 0 0 0 - 1 4 U 0 . 1 9 7

8 9 . 6 5 0 - 3 0 7 . 0 0 0 5 . 0 0 0 - 1 2 8 4 . 4 8 8

8 3 . 4 5 2 - 3 0 1 . 8 6 0 1 . 1 7 1 - 1 2 6 2 . 9 8 2

8 3 . 4 5 2 - 2 9 1 . 1 6 0 0 . 6 1 0 - 1 2 1 8 . 2 1 3

1 3 1 . 4 5 0 - 5 5 5 . 2 6 7 1 . 9 0 7 - 2 3 2 5 . 2 3 7

2 9 . 8 0 8 - ' 8 . 7 4 1 2 . 4 2 5 - 1 2 0 . 2 5 4

4 8 . 8 0 7 - 1 3 0 . 0 0 0 5 . 0 0 0 - 5 4 5 . 9 2 ( 1

8 6 . 8 0 4 - 3 7 6 , 4 0 0 1 . 0 0 0 - 1 5 7 4 . 8 5 8

9 7 . 6 1 4 - j 4 4 . 2 0 0 1 . 0 0 0 - 1 4 4 0 . 1 3 3

4 5 . NOB - 1 4 3 . 5 4 4 0 . 9 4 7 - 6 0 0 . 5 8 7

6 4 . 8 0 6 - 2 5 0 . 0 ( 1 0 5 . 0 0 0 - 1 0 4 6 . 0 0 0

REACTIONS 

FOR AHJ*0 T

11
42
55

28
27

43
64



< H 1 1 f  1 > 310 î 13 7 . 4 2 3 - 5 6 5 . 1 0 2 0 . 6 1 2 - 2 3 o 4 . 764 51 55
56 n2
63

B 1 II 1 F 2(C. ) 4 9 . 8 1 5 - 1 7  6 . 3 8 1 0 . 33. 3 - 7 5  7 . 9  79 57

B 1 ( 1 N 1 > 2 F K f i  > 6 3 . 8 2  3 - 2 4 9 . 3 7 3 0 . 5 1 5 - 1 0 4 3 . 3 / 5 58

B 1 <1 1 H 1 F 2 ( 0  ) 6 3 . 8 1 4 - 2 6 0 . 6 8 7 0 .  30 5 - 1 0 9 0 . 7 1 6 59

B 1 F 3 0 1 H 1 - ( A  ) 6 4 . 8 1 5 - 3 6 5 . 0 0 0 1 . 0 0 0 - 1 5 2 7 . 1 6 0 60

B 3 II 3 F 1 H 2 ( 0  ) 1 0 1 . 4 4 3 - 3 8 2 . 9 9 5 0 . 9 5 0 - 1 6 0 2 . 4 4 1 61 63

126

B 3  0 S F 2 H K G ) • 4 7 6 . 4 6 3 1 . 2 4 4  - 1 9 9 3 . 6 0 3  62 63
64

B 3 r 4 0 3 0 1 M 1 - - ( A > 17 3 , 429 - 7 5 3 , .5 0 0 5,,0 0 0 - 3 1 5 2 , ,6 4 4 65

B i r u K G > 46, .2 6 3 32 .4  89 1,.4 2 9 135 .9 3 4 66

B IC I . 1 ♦ (G ) 46 , .2 6 3 269 .1 3 9 0..5 2 6 112 6 , .0  78 67

B IC I . 2(G ) B1 ,.7 1 6 - 1 5 0 . .1 7 9 2 .2 4 4 - 6 2 8 .3 4 9 68

B IC I . 2 ♦ (6  ) 81 ,. 716 158 . . 2 2 8 0,.5 2 6 662 , .0 2 6 69

B I C l 3 * (G ) 1 17 , .1 6 9 1 71 ,.01  7 0,.5 2 6 715 .5 3 5 70

B 2CL 2 ♦ (G ) 9 2 , .5 2 6 86, .57 1 2..241 362 , .2 1 3 71

B 2C1. 3 * (6  ) 1 27 , ,9  79 - 1 6 , .3 4 0 2..1 8 2 - 6 8 , .3 6 7 72

B 2 C l 4 ( 1 ) 163 .4 3 2 - 2 6 0 .9 6 6 2,.OOP - 1 0 9 1 .8 8 2 73

B 2C1. 4 (G ) 1 6 3 , .4 3 2 - 2 5 3 , .05 1 2..1 2 4 - 1 0 5 8 , .7 6 5 74

B 2 C l 4 4 ( 6  ) 1 63 . 432 - 1 5 , .05 1 2.. 1 8 2 - 6 2 , .9 7 3 75

B 1 0 I C I K G > 6 2 , .2 6 2 - 7 5 . .0 0 0 1,.6 7 9 - 3 1 3 . . 799 76

( F 1 0 I C I  1 ) 3 ( 6  ) 1 86 , . 7 8 7 - 3 8 8 , .5 8 9 1..1 7 5 - 1 6 2 5 .8 5 7 77

< 6 1 0 I C I  1 ) 4 ( 6  ) 2 49 , .0 5 0 - 5 0 2 , .0 0 0 10 . .0 0 0 - 2 1 0 0 , .3 6 8 78

B 1CL 2 H 1 ( 5 ) 82 ,. 724 - 5 9 . .67 1 0..2 0 4 - 2 4 9 , .6 6 2 79

B 3 0 3 ri 2 C I K G  ) 1 17 , .8 9 7 - 3 1 4 , ,0 0 0 S.,0 0 0 - 1 3 1 3 .7 7 6 81

B 3 ù S H i c i 2 ( 6  ) 152 , .3 4 2 - 3 3 9 , . 0 0 0 5,. 0 0 0 - 1 4 1 8 , , 3 7 6 82

B ICU 1 F 1 ( 6 1 6 5 , .261 - K O . .0 8 9 3..7 0 9 - 5 8 6 .1 3 4 83

B I C L 1 F 2 ( 6 ) 84, . 260 - 2 1 2 .6 7 2 0, .1 9 6 - 8 8 9 , .821 84

B 1CL 2 F K G ) 100 , .7 1 4 - 1 5 4 , .1 2 3 0 . 2 0 8 - 6 4 4 .« 4 9 es

B 1B« K G ) 90, .7 1 4 53 .7 3 5 2. .5 0 0 224 . 8 2  7 86

B 188 2(G ) 170 . 6 1 8 15,. 0 0 0 10, . 0 0 0 62,.7 6 0 87

B 18« 3 ( 1 ) 25 0 , .5 2 2 - 5 7 . .141 1. . 0 0 0 - 2 3 9 , ,0 7 8 88

B 188 5 ( 6 ) 250 , .5 2 2 - 4 8 . .9 4 1 1. .4 1 4 - 2 0 4 , .7 6 9 89

B 1 II iB R 1 ( 6 ) 10 6 , .7 1 3 - K O . .5 6 5 7..071 - 4 6 2 . .6 0 4 90

B 184 2 ri 1 ( 6 > 171 . .6 2 6 - 2 5 , . 0 0 0 5., UOO - 1 0 4 , . 60 0 91

B 1 08 1 F 1 (G ) 10 9 , .7 1 2 - 5 7 , .5 0 0 6. 124 - 2 4 0 . ,5 8 0 92

B 168 1 F 2 ( 6 ) 128 . .711 - 1 9 7 . .3 1 5 1.,7 3 2 - 8 2 5 . .5 6 6 93

B 1 F IBR 2 ( 6 > 1 8 9 , .6 1 6 -1 2 .3 . .1 2 8 1. 9 1 5 - 5 1 5 . ,1 6 6 94

B U k I C I K G ) 1 2 6 . .1 6 7 - 6 7 . ,5 8 9 5. .7 0 7 - 2 8 2 . ,7 9 4 95

B IC I . 2BP 1 ( 6 ) 16 1 . .620 - 8 0 . ,6 3 6 1 ..7 3 2 - 3 3 7 . ,3 8 0 96

B IC I . iB R 2 ( 6 ) 2 0 6 . .071 - 6 4 . .7 8 8 1 . 915 - 2 7 1 . ,074 9 7

B 1 1 K G ) 1 3 7 . 715 7 3 . . 000 5. OcO 305 .,43 2 98

B 1 t 2 ( 6 ) 2 6 4 . .61 9 58 . . 000 1 0 . ,000 2 4 2 . ,6 7 2 99

B 1 1 3 ( 0 ) 391 .. 523 - 9 . 9 3 7 1 .,00(1 - 4 1  ,,5 7 6 100

B 1 I 3 ( 6 ) 391 . 523 5,.5 6 3 1 ..7 4 4 23. ,2 7 6 101

B 1 S K G ) 42 . .87 0 79 . .0 8 0 10. ,0 0 0 330 . .871 102

B 1 s 2 ( 6 ) 2 4 . ,9 3 0 2 9 . , 000 1 ., 000 121 . ,3 1 6 103

B 2 s 2 ( 6 ) 8 5 . , 740 36,, 000 1 . 00(1 1 5 0 , 624 104

B 7 S 3(1 > 117 , ,800 - 5 7 , , 500 1 .,00(1 * 2 4 0 , ,88(1 105

B ? 5 3 (6 ) 1 1 7 . 800 1 6 . , 000 1 . 000 66. 9 * 4 106

1 F 4 B 1 F 3 ( 0  ) 1 7 5 . 859 - 4 8 4 . , 000 1 . 000 - 2 0 2 5 , OSA l u  7
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A 1 1 ( 6 ) 24 A1 7 1S4 0 72 1 .10II 6 4 * 617 0 6

( N 1 3 ) 2 2 H 6 ( C ) 61 729 -  4 A l i no 1 l i no - 1 9 2 4 6 * 09

A } S H 6 ( 1 ) AO 490 - 1 2 9 300 1 00 0 -  5 40 W 1 10

h S 3 ri 6 ( 8 ) «0 49 8 - 1 2 2 510 1 ono - 5 1 1 7 l S 11

RIO M R k 2 (C ) 154 257 - 2 0 5113 3 333 - 2 9 * 9 34 12

k 1 1 4 B 1 0 2 ( 6 ) 60 847 - 2 1 6 270 1 000 - 9 0 * 874 1 3

N 1 II 4 D 1 11 2 ( 2 ? 0 h 2 i i ) 60 847 - 2 1  6 Ono 1 000 - 9 0 1 7s4 1 4

k 1 H 4 B 1 0 3 ( 6 ) 76 847 - 1 9 5 400 1 ono - 8 1  7 5S* 1 5

< M 1 H 4 B 1 3 > 2 H 2 n 1 (C ) 171 709 - 2 3 8 300 1 000 - 9 9 7 047 1 6

N 1 8 3 8 1 F 3(C ) A4 836 - 3 2 3 600 1 000 - 1  353 9 42 1 7

B 3 3 H 3 Cl 3(C > 1R3 833 - 2 5 4 9 6 3 0 769 - 1 0 6 6 765 1 a

B 3 N 3 H 3 Cl 3 ( 0 » 1 83 833 - 2 1 7 863 1 262 - 9 9 5 219 19

B 1 P 1 (C ) 41 784 - 1 9 . 0 0 0 1 000 - 7 9 496 21)

B1 3 P 2(C ) 202 478 - 4 0 000 1 000 - 1 6 7 361) 21

( P 1 N 3 > 2 B 2 6 ( C ) «5 664 - 2 7 . 0 0 0 1 000 - 1 1 2 9 6 8 22

P 1 f 3 R 1 H 3(G ) 101 803 - 2 0 4 100 1 000 - 8 5 3 954 23

P 1 U I C l 3 a I C l 3 ( C ) 270 501 - 2 5 6 300 1 000 - 1 0 7 2 359 24

P 1 H 3 n I C l 3(C ) 151 167 - 1  20 900 1 000 - 5 0 5 846 25

B 1 C 2(G ) 34 832 169 750 2 500 710 234

PB 1 0 1 R 2 0 3(C > 292 818 -J79 536 5 000 - 1 5 8 7 9 79 27

PB 1 o 1 8 2 0 3 ) 2<C ) 362 4 36 - 6 8 3 632 2 000 - 2 8 6 0 516 28

PB 1 " 1 B 2 0 3 ) 3 ( C ) 43? 054 - 1  004 828 2 UOO - 4 2 0 4 200

(PB 1 0 ) 2 ( B 2 0 3 ) 5 (C ) 79 4 490 - 1 6 9 6 660 2 500 - 7 0 9 8 825 30

«L  1 a 2(1: ) 46 601 - 1 7 651 3 333 - 7 3 853 31

A l  1 B12(C > 156 702 - 6 3 446 0 9 9 5 - 2 6 5 456 32

A l  1 8 1 2(G ) 69 790 - 1 2 9 400 3 333 - 5 4 1 410 34

A l  1 ( B H 4 ) 3 ( 1 ) 71 508 - 7 6 000 3 333 - 3 1 7 9 84 35

A l  1 ( B H 4 ) 3 ( 0 ) 71 508 - 6 8 400 3 480 - 2 8 6 186 36

CR 1 R 2 ) 73 6 16 - 3 1 000 5 000 - 1 2 9 70 4 37

MO 1 R 1 > 106 750 - 2 1 000 5 000 - 8 7 864 38

HO 2 8 1 ) 202 690 - 2 9 000 5 000 - 1 2 1 336 39

V 1 B 2 > 72 561 - 2 4 000 S 0(10 - I O O 416 40

NB 1 B 2 ) 114 526 - 3 6 000 5 000 - 1 5 0 6 24 *1

TA 1 m 2 ) 202 568 - 5 1 700 1 000 - 2 1 6 313 * 2

T l  1 B 1 ) 58 710 - 3 8 300 10 UOO - 1 6 0 247 * 3

T l  1 B 2 > 69 520 - 7 7 080 0 909 - 5 2 2 501 44

T i  1 b 2 ) 69 520 - 4 5 000 5 ono - 1 8 8 280 45

2H 1 B 2 ) 112 840 - 7 8 702 1 118 - 3 2 9 287 46

ZR 1 6 2 ) 112 840 - 5 4 190 0 100 - 2 2 6 731

MF 1 8 2 > 200 110 -78 600 2 000 - 3 2 8 862 49

BE 1 H 1 0 2(G ) 51 821 - 1 1 5 200 10 000 - 4 8 1 9 9 7 50

BE 1 R 2 0 4(G ) 9 4 6 30 - 3 2 3 000 10 000 - 1 5 5 1 432 5 i

BE 3 rt 2 0 6(C ) 144 653 - 7 4 1 9 60 2 000 - 3 1 0 4 361 52

MG 1 m 2(C > 45 9 25 - 2 1 950 2 6 00 - 9 1 839 53

HC 1 II 4 ( C ) 67 5 5 - 2 5 100 1. * 2 9 - 1 0 5 018 54

11 1 B 1 0 2(C > 49 750 - 2 4 4 8 84 0 102 - 1 0 2 4 593 55

11 1 8 1 0 2 ( 1 ) 750 - 2 * 0 414 0 1 * 3 - 1 C 0 5 890 56

11 1 B 1 n 2(G ) 49 750 - 1 6 1 9 7 4 II,143 - 6 7 7 , 698 57

11 1 H 1 H 4(C > 21 783 - 4 5 775 0 154 - 1 9 1 523

11 ? •1 4 II 7(C ) 169 118 - 8 0 3 600 1 000 - 3 3 6  2 262 59

11 ? 8 4 (1 7 ( 1 ) 169 118 - 7 9  2 900 . 1. 667 - 5 5 1  7 * 9 4 60

1 * 7

158
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o
rs
tz
Ba

I I ? B 6 01PCC > 2 3 B . 716 - 1 1 0 7 . 4 4 9 2 . 1 0 5 - 4 6 3 3 . 5 6 6 161

I I Z B B 0 1 Î ( C  ) 3 0 « . 3 S 4 - 1 4 0 5 , 4 1 5 2 . 4 / 1 - 5 8 8 0 . 2 5 7 162

NA 1 5 1 n z<c  ) 6 3 . 7 0 9 - . M l .  99 8 0 . 1 2 8 - 9 / 9 . 0 4 8 164

NA 1 « 1 0 Z ( L  ) 6 Î . 7 V 9 - 2 2 9 . 3 3 8 0 . 1 6 3 - 9 5 9 . 5 5 0 166

NA 1 « 1 0 Z( f .  > 6 3 . 7 9 9 - 1 6 0 . 9 V 8 3 . 3 3 6 - 6 7 3 . 6 1 6 165

NA 7 fl A 0 7CC ) 2 0 1 . 2 1 5 - 7 7 9 , 4 3 3 1 . 5 8 9 - 3 2 6 1 . 1 4 6 167

NA 7 B 4 n 7 ( l  ) 2 0 1 . 2 1 5 - 7 7 4 . 6 3 3 1 . 5 8 9 - 3 2 4 1 . 0 6 3 168

NA ? B 6 0 1 0 ( 0  > 2 7 0 . 8 3 4 - 1 0 8 9 , 1 6 9 1 . 8 5 5 - 4 5 5 7 . 0 6 2 169

NA 1 B 1 II * ( C  > 3 7 . 8 3 2 - 4 4 . 9 6 4 0 . 1 5 4 - 1 8 8 . 1 2 9 170

K 2 fl 4 0 7 ( C  ) 2 3 3 . 4 4 0 - 7 9 6 , 9 0 0 1 . 0 0 0 - 3 3 3 4 . 2 3 0 171

K 7 B 4 0 7 ( 1  ) 2 3 3 . 4 4 0 - 7 8 6 , 1 0 0 1 . 0 0 0 - 3 2 8 9 . 0 4 2 172

K ? h 6 0 1 0 ( C  ) 3 0 3 . 0 5 8 - 1 1 0 1 . 4 4 9 2 . 1 0 5 - 4 6 0 8 . 4 6 2 173

K Z II fl 0 1 3 ( 0  ) 3 7 2 . 6 7 6 - 1 4 1 3 . 0 6 5 2 . 6 6 4 - 5 9 1 2 . 2 6 4 174

N 2 0 8 0 1 3 ( 1  ) 3 7 2 . 6 7 6 - 1 3 9 5 . 7 1 5 2 . 4 7 1 - 5 8 3 9 . 6 7 2 175

K 1 B 1 M 4 ( 0  ) 5 3 . 9 4 4 - 5 4 . 1 1 5 0 . 4 5 5 - 2 2 6 . 4 1 7 176

K 1 B 1 F 4 ( 0  ) 1 2 5 . 9 0 6 - 4 1 3 . 7 8 5 0 . 3 2 3 - 1 7 3 1 . 2 7 7 177

0 2 ( G S ) 3 1 . 9 9 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

H 1 ( G ) 1 . 0 0 8 5 2 . 1 0 3 0 . 0 0 0 2 1 7 . 9 9 9

H Z ( GS ) 2 . 0 1 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

H Z 0 K l ) 1 8 . 0 1 5 - 6 8 . 3 1 5 0 . 0 0 0 - 2 8 5 . 8 3 0

F
r

2 ( g S) 3 7 . 9 9 7 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

K 1 . F  K G  > 2 0 . 0 0 6 - 6 5 . 3 2 0 0 . 0 7 2 - 2 7 3 . 2 9 7

N 1 F K 3 . 0 h 2 o ) 2 0 . 0 0 6 - 7 6 . 7 3 5 0 . 0 7 0 - 3 2 1 . 0 5 9

H 1 F 1 ( 2 5  h2 i)> 2 0 . 0 0 6 - 7 7 . 0 1 5 0 . 0 7 0 - 3 2 2 , 2 3 0

c i K g ) 3 5 . 4 5 3 2 8 . 9 8 9 0 . 0 0 1 1 2 1 . 2 v 0

CL 2 ( G S ) 7 0 . 9 0 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

N l O L  K g ) 3 6 . 4 6 1 - 2 2 . 0 6 3 0 . 0 0 3 - 9 2 . 3 1 2

• N 101  1 (200- 120) 3 6 . 4 6 1 - 3 9 . 7 2 1 0 . 0 0 1 - 1 6 6 . 1 9 J

■ R K G  ) ■ 7 9 . 9 0 4 2 6 . 7 3 5 0 . 0 0 1 1 1 1 . 8 5 9

•  r 2 ( I S ) 1 3 9 . 8 0 » 0 . 0 0 0 0 . 0 0 0 O.OOO

H I B K  1 ( 2 0 0 0  h 2 0 ) 8 0 . 9 1 2 - 2 8 . 9 7 1 0 . 0 0 1 - 1 2 1 . 2 1 5

12 ( C S ) 2 5 3 . 8 0 9 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

H 1 l  1 ( 2 0 0 0  h 2 i i ) 1 2 7 . 9 1 3 - 1 3 . 5 3 7 O. OO* - 5 6 . 6 3 9

S K G  ) 5 2 . 0 6 0 6 6 . 2 0 0 0 . 0 0 0 2 7 6 . 9 8 1

S K C S ) 3 2 . 0 6 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

N 1 ( 1 0  3 ( 1 0 0 0  H?0) 6 3 . 0 1 3 - 4 9 , 4 4 2 0 , 1 1 2 - 2 0 6 . 8 6 4

N 2 ( G S) 2 8 . 0 1 3 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

K 1 il 4CL K 3 0 0 H 2 n ) 5 3 . 4 9 2 - 7 1 . 6 7 8 0 . 0 0 2 - 2 9 9 . 9 0 1

M 1 N 1 0 3 ( 1 0 0 x 2 0 ) 6 3 . 0 1 3 - 4 9 . 3 9 8 0 . 1 1 2 - 2 0 6 . 6 7 9

P K C S ) 3 0 . 9 7 4 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

C 1 ( e s ) 1 2 . 0 1 1 0 . 0 0 0 O.OOO 0 . 0 0 0

PB 1 0  1 ( 0 2 ) 2 2 3 . 1 9 9 - 5 7 . 3 4 0 0 . 0 0 0 - 2 1 8 . 9 9 1

B K C S ) 1 0 . 8 1 0 O.OOO 0 . 0 0 0 O.OOO

B K g ) 1 0 . 8 1 0 1 3 0 . 5 0 0 1 . 0 0 0 5 4 6 . 0 1 2

B 2 i» 3 ( 0  ) 6 9 . 6 1 8 - 3 0 3 . 9 9 6 0 . 2 3 5 - 1 2 7 1  . 9 1 9

B 2 II 6 ( 0  ) 2 7 . 6 6 8 9 . 3 6 0 0 . 2 6 4 3 9 . 1 6 2

B 1 ( A M) 1 0 . 8 1 0 1 . 1 7 2 0 . 2 1 4 4 . 9 0 4

H 3 fl 1 0 3 ( 0  ) 6 1 . 8 3 7 - 2 6 1 . 5 6 » 0 . 1 1 7 - 1 0 9 4 . 4 0 1

N 3 '1 1 0 3 ( 3 0 0 x 2 , 1 ) 6 1 . 8 3 7 - 2 5 6 . 1 8 2 0 . 1 1 7 - 1 0 7 1 . 8 6 5

H 5 tl 1 0 3(1 ' l OO H?n) 6 1 . 8 3 7 - 2 5 6 . 1 7 9 0 . 1 1 7 - 1 0 7 1 . 8 5 3

n 2 '1 3 ( A f l ) 6 9 . 6 1 8 - 2 9 0 . 6 3 7 0 . 2 3 6 - 1 2 5 3 . 6 8 1
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B 1 1 S ( i .  > 6 7 . ROS - 2 7 1 . 5 0 ? 0 . 1 2 7 - 1 1 3 5 . 9 6 4

B I C I  J<G ) 1 1 7 . 1 6 V - 0 6 . 4 8 1 0 . 1 7 0 - 4 0  5 . 6 8 5

H 3 n 1 0 î c s n n o  h ? , ' ) 6 1 . « 1 2 " 2 5 6 . 1 7 3 0 . 1 1 7 - 1 0 7 1 . « / «

H 3 b 1 0 3(71)00 H?0) 6 1 . 8 3 2 - 2 5 6 . 1 7 1 0 . 1 1 7 - 1 0 7 1 . « 1 9

B 1 N U C  ) 2 4 . 8 1 7 - 6 0 . 0 2 8 0 . 2 2 2 - 2 5 1 . 1 5 7

K 1 n 1 F 4 (A  ) « 7 . 8 1 2 - 3 7 6 . 3 5 4 0 . 1 6 2 - 1 5 7 4 . 6 6 5

N 3 B t  0 3 ( 3 0 0 X 2 0 ) 6 1 , « 3 2 - 2 5 6 . 1 8 8 0 . 1 1 7 - 1 0 7 1 . «VI

B A C 1 (C  ) 5 5 . 2 6 1 - 1 7 . 0 0 0 1 . 0 0 0 - 7 1 . 1 2 8

M 3 B 1 0 3 ( 1 0 0 X 2 0 ) 6 1 . 8 3 2 - 2 5 6 . 2 0 7 0 . 1 1 7 - 1 0 7 1 . 9 7 0

H 3 n 1 n 3 ( A 0 ) 6 1 , « 3 2 - 2 5 6 . 1 6 0 0 . 1 1 7 - 1 0 7 1 . 7 7 3

A l l ( C S ) 2 6 . 9 8 1 O.OOO 0 . 0 0 0 0 . 0 0 0

AG 1 N 1 0 3(1000 x20) 1 6 9 . 8 7 3 - 2 4 . 3 2 8 O.OOO - 1 0 1 . 7 8 8

AC 1 (C S) 1 0 7 . 8 6 8 0 . 0 0 0 O.OOO 0 . 0 0 0

CR K C S ) 5 1 . 9 9 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

MO K C S ) 9 5 . 9 4 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

V K C S ) 5 0 . 9 4 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

NB K C S ) 9 2 . 9 0 6 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

TA K C S ) 1 8 0 . 9 4 8 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

T l K C S ) 4 7 . 9 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

ZN 1 c K C  ) 1 0 3 . 2 3 1 - 4 8 . 5 0 0 O.OOO - 2 0 2 . 9 2 4

ZN 1 I I  2(C  ) 1 2 3 . 2 1 9 - 2 6 3 . 0 4 0 0 . 0 0 0 - 1 1 0 0 . 5 5 9

Z r K c s ) 9 1 . 2 2 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

HF 1 (C S) 1 7 8 . 4 9 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

BE K C S ) 9 . 0 1 2 0 . 0 0 0 0 . 0 0 0 O.OOO

KG 1 0 K C  ) 4 0 . 3 0 4 - 1 * 3 . 8 1 0 0 . 0 0 0 - 6 0 1 . 7 0 1

KG 1 (G ) 2 4 . 3 0 5 3 5 . 3 0 0 0 . 0 0 0 1 4 7 . 6 9 5

CA K G  ) 4 0 . 0 8 0 4 7 . 6 0 0 0 . 0 0 0 1 7 8 . 2 3 8

CA 1 F 2 (G  ) 7 8 . 0 7 7 - 1 8 6 . 8 0 0 0 . ono - 7 8 1 . 5 7 1

CA 1 F K G  ) 5 9 . 0 7 8 - 6 5 . 0 0 0 0 . 0 0 0 - 2 7 1 . 9 6 0

I I 2 n K C  ) 2 9 . 8 8 1 - 1 4 2 . 4 0 0 O.OOO - 5 9 5 . 8 0 2

I I 1 N 1 0 3 ( 1 0 0 X 2 0 ) 6 8 . 9 4 6 - 1 1 5 . 7 2 1 0 . 0 0 0 - 4 8 4 . 1 7 7

I I K C S ) 6 . 9 4 1 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

I I 1CC 1 ( 6 0  H2 0) 4 2 . 3 9 4 - 1 0 6 . 2 2 1 0 . 0 0 0 - 4 4 4 . 4 2 9

NA 2 I I  K C  > 6 1 . 9 7 9 - 9 9 . 4 0 0 0 . 0 0 0 - 4 1 5 . 8 9 0

NA ICC 1 ( 6 0  H2 0 ) 5 8 . 4 4 3 - 9 7 . 3 4 0 0 . 0 0 0 - 4 0 7 . 2 7 1

K K C S ) 3 9 . 1 0 2 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

K 2 I I  K C  ) 9 4 . 2 0 3 - « « . 4 0 0 O.OOO - 3 6 1 , 4 9 8

K I C I  K C  ) 7 4 . 5 5 5 - 1 0 4 . 1 7 5 0 . 0 0 0 - 4 3 5 . 8 6 8

K 1 M 1 0 3 (C  ) 1 0 1 . 1 0 7 - 1 1 7 , 7 6 0 0 . 0 0 0 - 4 9 2 . 7 0 8
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RE/VCT(ONS

1 1 a K C S )  4 1 B 1(1.  ) 5 . 2 6 0 1 . 0 0 0 7 1 / 2

2 1 B K G  ) •  1 B 1 4 ( 6  ) 1 9 5 , 6 0 0 1 . 0 0 0 MBS

3 1 B 2(G ) ■ 1 B 1 (G ) 4 1 0 1 ( r s ) - 6 2 , 2 0 0 5 .  OOO 6 2 / 1

6 2 B 1 0 K g ) - 2 B 1 (G ) 4 1 0 2 ( GS) 5 5 0 , 6 0 0 1 0 . 0 0 0 7 1 / 2

S 2 B ? 0 3 ( l 1 4 1 0 ?(GS) - 4 R 1 0 2 ( 6  ) 2 9 7 . 4 8 0 1 0 . 0 0 0 6 1 / 2

6 1 B K C S )  ♦ 1 0 2 (OS)  ■ 1 R 1 0 2 . ( A  ) - 1 8 4 . 6 0 0 0 . 1 0 0 kBS

7 4 B K C S )  4 1 n 2 ( GS)  ■ 2 B 2 0 1 ( 0  ) 4 6 , 0 0 0 5 0 . 0 0 0 7 1 / 2

8 2 B K C S )  4 2 8 2 0 3 ( L  ) . 3 B 2 0 2 ( G ) 2 8 2 , 0 0 0 1 5 . 0 0 0 5 6 / 1
RE Si  d u a l 4 . 5 0 9

2 B K C S )  « ? B 2 0 3 ( L  ) 3 R 2 0 2 ( 0  ) 2 6 7 , 9 3 0 1 5 . 0 0 0 5 8 / 2
r e s i d u a l - 9 . 5 9 1

9 2 B K C S )  4 2 B 2 0 3 (G ) 3 B 2 0 2 (G ) 7 4 . 4 0 0 1 5 . 0 0 0 5 6 / 1
RESIDUAL - 1 . 4 0 6

10 2MG 1 0 K C  ) * 2 B K C S ) . 2MG 1 ( 0  ) 4 1 B 2 0 2 (G ) 2 5 5 . 4 0 0 5 . 0 0 0 5 7 / 1
r e s i d u a l 2 . 9 6 0

11 1 B 2 O I K ) 1 B 2 0 3 ( L ) 2 . 8 8 0 1 . 000 7 1 / 2
r e s i d u a l - 3 . 7 0 0

12 1 B 2 0 5 ( L  ) 1 B 2 0 3(G ) 1 0 0 , 1 4 0 5 . 0 0 0 71 / 2
r e s i d u a l - 0 . / 0 3

13 1 B I N  I K ) . I B  I K ) 4 1 8 1 (G ) 7 7 . 9 5 0 1 . 0 0 0 6 1 / 3

14 1 B 2 H 6 ( G 1 . 2 B 1 8 ?(G ) 4 1 H 2 ( GS) « 3 , 0 0 0 5 . 0 0 0 64/6

15 1 B 2 N 6 ( G ) - 2 B 1 8 3 ( G ) 3 9 , 2 0 0 5 , 0 0 0 64/6

1 6 . 1 B K C S )  4 7 8 2 ( G S)  ■ 1 B 1 8 4 - ( A  ) 1 1 . 5 1 0 0 . 1 0 0 MBS

17 1 B 4 H10(G ) • 4 8 K A M ) 4 S 8 2 ( G S ) - 1 2 , 2 0 0 1 . 0 0 0 61 / 5

18 1 B 5 8 9 ( L  ) . 1 B 5 H 9 ( G ) 7 . 2 6 0 0 . 0 3 0 5 6 / 2

19 2 B 5 N Q(G ) ■10 8 1 (AM) * 9 8 2 ( G S) - 2 5 . 9 8 0 0 . 8 0 0 5 8 / 1
r e s i d u a l - 0 . 8 5 2

2 B 5 8 9 ( G  ) • 1 0  6 1 (AM) 9 8 2 ( GS) * 1 9 , Son 2. UOO 6 1 / 5
r e s i d u a l 5 . 3 2 8

20 10 B K C S )  4 l 1 2 ( GS)  ■ 2 B 5 8 1 1 ( 1  ) 3 5 , 0 0 0 2 . 0 0 0 NRS

21 2 B 5 N i l ( G  ) •  10 B K A M ) 411 8 2(GS> - 4 0 , 4 0 0 2 . 0 0 0 6 1 / 5

22 6 B 1 (CS)  4 S 8 2 ( G S )  ■ 1 B 6 8 1 0 ( 1  ) 1 3 , 4 5 0 0 . 1 0 0 MBS

23 1 e 6 8 10 ( G ) • 6 8 K A M ) 4 5 8 2 ( G S ) - 1 7 , 2 0 0 2 . 0 0 0 6 1 / 5

24 1 810  H14( C 1 «10  B l ( A ' ) * 7 2<GS) 1 9 , 8 0 0 1 . 4 0 0 6u /4
r e s i d u a l 0.801

1 BI O H14( C ) ■10 B 1 ( * M ) 7 8 2<GS) 1 8 . 0 0 0 1 . 0 0 0 6 2 / 5
r e s i d u a l - 0 . 9 9 9

25 1 BI O N14( C 1 1 810  8 1 4 ( 1 ) 5 . 2 5 0 0 . 0 1 0 5 5 / 1
r e s i d u a l 0 . 0 2 0

26 1 BI O 8 1 4 ( 0  ) ■10 B 1 (AM) 4 7 8 2 ( G S ) 1 . 2 0 0 0 . 5 0 0 61 /S

27

28

1 BI O H U ( C  

1 BI O H U ( C  

1 B I O H U ( C  

1 8 1 0  H U ( C

1 BI O HU(L 

1 BI O r i 1 4 ( l

• 1 BIO H U < G  >

■ 1 BIO H 1 ( ( G  )

■ 1 810  H1 4 ( C )

■ 1 BI O H U ( G  )

■ 1 810  H U ( G  )

■ 1 BI O H14( G )

29 2 B 1 ( CS)  4 8 2<GS) * 7 0 2 ( G S ) • 2 8 1 R 1 0 2 ( C 1 )

SO 2 B K C S )  4 H 2 ( G S) 4 7 0 2 ( C S ) ■ 2 8 1 R 1 0 2 ( C 2 )

31 2 B K C s )  4 8 2 ( GS) 4 2 0 7 ( 0 S ) • 2 8 1 R 1 0 2 ( C 3 )

32 1 6 2 0 1 ( L 4 1 H ? 0 1(1 ) •  2 8 1 B 1 0 7 ( G )

1 B 2 0 3 ( L ♦ 1 8 2 0 1 ( 1 ) ■ 2 8 1 B 1 0 2(G )

1 B 2 0 3 ( l ♦ 1 8 2 0 1(1 ) •  2 H 1 A 1 0 2 ( 0 )

1 B 7 n 1(1 4 1 8 ? 1 (L ) •  2 H 1 B 1 (1 2(0 )

8 E S I 0 U 4 L  0 . 2 5 0

I B . 200
r e s i d u a l  

1 6 , 6 1 0  
RESIDUAL  

I B . 270
r e s i d u a l

1 7 . 8 1 0  
RES I dual

1 3 , 0 6 0
r e s i d u a l

I 3 . 2 B U
RESIDUAL

.382,/;I0
r e s i d u a l

- 3 7 V , 6 00  

. 3 7 6 . 0 0 0  

« 0 , 3 2 0
r e s i d u a l88.2, It 
RES lOUAi .

8 8 . 1 4 0
residual

81 . «Oil 
RESIDUAL

0.V3O 5 5 / 1  
0 . 1 5 0
0 . V 3 0  5 5 / 1  

- 1 . 4 2 0  
O. U l O  6 1 / 2  
0.220
0 . 0 1 0  6 3 / 2  

- 0 . 2 4 0

0 . 0 6 0  5 5 / 1  
U . 2 4 1
0 . 0 6 0  5 5 / 1  
0 . 4 6 1

0 . 7 0 0  7 1 / 1  
- 2 . 4 6 8

0 . 6 8 0  7 1 / 1

Ü . 6 8 0  7 1 / 1

1 0 . 0 0 0  6 0 / 5  
4 . 7  17

1 0 . 0 0 0  6 U / 6  
2 . 6 5 7

1 0 . 0 0 0  6 2 / 6  
2 . 5 5 7

1 0 . 0 0 0  6 2 / ' ,  
- 3 . 7 8 1
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1 e 2 U 1(L ) ♦ 1 H 7 a I d ) .  2 1 fl 1 0 ?( ( .  ) 78 ,  6011 1 0 . 0 0 0 62 / 6
M l S 1 d u a l - 6 . 9 6  1

1 R 2 0 K L 1 ♦ 1 H ? 0 I d ) ■ 7 1 R 1 0 7(G ) 8 0 . 4  00 10. 1)00 6 2 /  a
RES 1 DUAL 0 . 8 1 7

33 1 B K C S )  * 1 H ? ( GS) ♦ 1 ? ( G S) 1 R 1 ( 0 1 X I  ) 2 ( 6 ) - 1 1 4 , O' ,0 1 5 . 0 0 0 7 1 / 2

34 1 B 2 H 6 ( G ) ♦ 1 H 5 R 1 0 5( C ) 3 H 2 H 1 0 1 H 1 (8 ) 4 4 . 7 0 0 1 . 000 6 4 / /

35 1 R 2 H 6<U ) 4 4 H 3 a 1 0 3 ( 0  ) 6 X 1 B 1 ( 0 1 X 1 ) 2 ( 0  ) 1 1 8 . 2 0 0 1 . 500 64/7

36 1 H 3 B 1 0 3( C ) ■ 1 H 3 B 1 0 5( ) 2 4 , 3 1 0 0 . 6 0 0 3 7 / 1

37 1 H 1 B 1 0 2 I C 1 ) ♦ 1 X 2 0 I d ) 1 M 3 R 1 0 3 (C ) * 1 . 2 8 0 U. 500 6 0 / 7
r e s i d u a l 2 . 1 0 7

38 1 H 1 B 1 0 ? (C1 ) *  1 X 2 0 K L  ) 1 H 3 R 1 0 5 ( 5 0 0 X 2 0 ) 1 . 760 0 . 0 1 0 61 76
RFSI OUAL - 0 . 2 5 9

39 1 B 2 ( 0 1 M 1 ) 4(C ) * 7AG 1 N 0 3 ( 1 0 0 0 X 2 0 )  * 2 X 2 0 1 ( L ) ■ 2 * 6  K C S )  4 2 H 3 B 1 0 - 9 1 . 3 0 0 5 . 0 0 0 6 5 / 2
3 ( 1 0 0 0 H2I I )  ♦ 2 H 1 1 0 3 ( 1 0 0 0 1120)

40 2 B K C S )  ♦ 7 H ? ( GS) ♦ 7 0 2 ( G S) 1 B 2 ( 0 1 x 1 )  4 ( 0 ) . - 3 0 7 , 0 0 0 5 . 0 0 0 7 1 / 2

41 1 B 3 0 3 H 3(C ) •  1 ( B 1 0 1 M ) 3 ( 0 ) 1 0 . 7 0 0 1 . 0 0 0 7 1 / 2

42 3 H 2 ( C S )  ♦ 7 B 1 (AM) * 2 R 2 0 3< ) ■ 2 ( R 1 0 1 H 1 ) 3 ( 0  ) - 1 1 , 8 0 0 2 . 0 0 0 6 5 / 5
RESI DUAL- 2 1 . 9 6 9

43 2 ( B 1 0 1 M 1 ) 3 ( 0 ) . 1 B 2 1 (0 ) * 2 R 2 0 3 ( C  ) * 2 2 . 2 2 , 1 2 . 0 0 0 64/8

45

46

54

55

Z ( B 1 II 1 H 1 > 3 (G ) ■ 1 B 2 H

3 B 2 0 J ( L  ) ♦ 3 H 2 0 1 ( L  ) .  2

2 B K C S )  4 1 B 1 F 3 ( 0  ) B 3 B 1

47  1 B 3 F 3(G ) 4 I CA K G  ) ■ 1 B 1

4 8  1 B 3 F 3 (G ) 4 2CA 1 (G ) -  1 R 1

53 1 < B 1 o 1 r 1 ) 3(0 ) ■ 3 B 1 0

B K C S )  4 

B 1 F 3 (G 

B 1 F 3(G 

B 1 F 3(G 

B 1 F 3(G 

B 1 F 3<G

1 0 2 ( GS)  4

) 4 1 B 2 0

) ♦ 1 B 2 0

) ♦ 1 R 2 0

>♦1620 
) ♦ 1 B 2 0

2 F 2 ( G S )  

3 ( 1  ) .  1 

3 ( 1  )  ,  1 

3 ( 1  ) .  1 

K L  ) ■ 1 

3 ( L  ) > 1

1 B 1 F 3(0 ) 4 1 B 2 0 ï(C ) . 1

H 2 ( 6 5 )  4 

B 3 0 3 F 

B 3 0 3 F

1 (8101 
? K 1 (G ) ■ 

1 H 2 ( G > ■

F 1 )  3 ( 0  

1 B 3 0 3 

1 (  R 1 0

(G ) 4 2 R 2 0 3 ( A H )

M 1 B 1 C 2 ) 3 ( G )

K O  )

1 ( 0  )  4 I CA 1 F 2 ( 0  )

1 ( 0  > 4 2CA 1 F 1 ( 0  )

F K G )

2 B 1 0 1 F 2 ( G }

B 1 0 1 F 1 )  3 ( 5  )

B 1 0 1 F 1 ) 3 ( 0  )

B 1 0 1 F 1 ) 3 ( G )

R 1 0 1 F 1 ) 3 ( 0  )

B 1 0 1 F 1 ) 3 ( 6  )

B 1 0 1 F 1 > 3 ( 0  >

■ 1 H 1 F 1 ( G } 4 1 B 3 0 3 F 2 H 1 ( G )  

1 M 2 ( 0  ) 4 1 ( 8 1 0 1 F 1 ) 3 ( 0  )

H 1 ) 3 ( G ) 4 l B 3 0 3 F 2 H 1 ( G )

RESIDUAL - S . V 0 8

*24 . 4211
r e s i d u a l -

2,000 64/4 
1 6 . 8 2 6

" 1 3 . 5 4 0  4 . 0 0 0  6 4 / 9

1 8 3 , 8 4 0  
H E S l DUAL

K . 2 . ) 0
r e s i d u a l

2 9 . 8 0 0
r e s i d u a l

1 5 . 0 0 0 6 4 / 1 ( 1
- 1 . 4 3 6

5 . 0 0 0  6 5 / 3  
- 1 . 1 6 1

5 . 0 0 0  6 5 / 3  
2 . 2 3 9

49 1 B K C S )  * 1 F 2 ( 0 3 ) ■ 1 6 1 F 2 ( 0  ) - 1 3 0 , 0 0 0 6 . 0 0 0 6 2 / 7

50 1 B K C S )  * ? F 2 ( 0 3 ) . 1 B 1 F 4 - ( A  ) - 5 7 6 , 4 0 0 l . u O Q NBS

51 2 8 K C s )  ♦ 2 F 2 ( G s ) - 1 B 2 F 4 ( 0  ) - 3 4 4 , 2 0 0 1 . 0 0 0 48$

52 1 B 2 0 3(1 ) * 1 B 1 F 3 ( 0 ) ■ 3 B 1 0 1 F 1 ( 0  ) 1 4 9 . 0 ) 0
r e s i d u a l

5 . 0 0 0
1 0 . 7 1 3

6 2 / 8

1 2 9 , 8 0 0
r e s i d u a l

3 . 0 0 0  6 3 / 4  
- 4 . 7 6 1

. 5 0 U . O0 O 5 0 . 0 0 0  7 1 / 2

4 , 3 3 0
r e s i d u a l

4 . 0 6 0
r e s  I du a l

3 . 4 1 0
r e s i d u a l

4 . 0 3 0
r e s i d u a l

5 . 2 5 0
r e s i d u a l

2 . 5 6 0
RESIDUAL

0 . 3 0 0 6 2 / 1  "1 
0 . 6 0 4
1 .1100 6 3 / 4  
0 . 3 3 4
1 . 0 0 0  6 1 / 7  

- 0 . 3 1 6
1 . 0 OD 6 1 / o  
0 .  304
1 . 0 0 0  6 2 / 9  
1 . 5 2 4

1 . 0 0 0  6 2 / 9  
- 7 . 7 4 6

1 B 2 H 6( G ) ♦ 4 R 1 F 3 ( 0 ) ■ * 1 H 1 F 7 ( 0 ) 1 « . 3 6 0 2 . 0 0 0  6 5 / 5

1 B 1 F 3 ( 0 ) 2 H 3 B 1 0 3 (G ) 3 a 1 ( 1 1 1 ) 2 F 1 ( 0 ) - 2 , 1 0 0 0 . 9 0 0 6 2 / 1 0

2 B 1 F 3 (G ) ♦ 1 H 3 a 1 0 3 ( 0  ) 3 B 1 0 1 H 1 F 2 ( 0 ) - 1 , 8 0 0 0 . 6 0 0 6 2 / 1

2 B i ( C S )  « 3 F 2 ( 0 3 ) * 1 0 2 ( G S ) 1 N 2 (OS)  « ? B 1 F 3 0 1 N 1 - < A  ) - 7 5 0 , 0 0 0 2 . DUO 48S

6 B K C S )  « 3 0 Z( GS) * ? H 2 (  I S) 1 F 2 ( G S )  ■ 7 B 3 0 3 F 1 H 2 ( 0  ) - 7 6 6 . 0 0 0 2 D . 0 0 0  43S
RESI DUA!  - 0 . 0 1 5

18.800 
RESIDUAL

1 . 7 2 0
r e s i d u a l

- 2 , 0 4 0
r e s i d u a l

2 . 0 O 0 6 2 / 1 1 
- 4 . 5 9 0

2 .  001, 62/  1 1 
> 3 . 0 6 0

1 . 0 0 0 6 2 / 1 1
- 0 . 3 8 5

6 B K C S )  * A F 2 ( 0 5 )  • 4 0 7 ( 0 S )  *  1 H 2 ( G S )  ■ 7 B 3 F 4 0 3 0 1 H  1 — ( A ) - 1 5 0 7 , 0 0 0 1 0 . 0 0 0 4BS

1 B 1CL K O  ) . 1 R 1 ( 0 ) « 1CL 1 (G ) 1 2 7 , 0 0 0 1 . 0 0 0 6 0 / 9

1 B I C I  5 (G ) . 1 B 1CL 1 4 ( 0  ) ♦ 2' :L 1 ( 0  ) 4 2 3 . 6 0 0 0 . 5 0 0 6 9 / 4

1 e 2CL 4(G 1 . 1 R K l 7 * ( 0  ) *  1 B K L  2 ( 0  > 261.1,10 0,50(1 6 9 / 4
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6V 1 B iri 1(r, ) » 1 R 1 7 * (G ) 4 ICI K G  ) 28.3. 70(1 Ü.SUO AV/A
70 1 B ICI i(C, ) - 1 m 1 3 ♦((. ) 267. 3,)0 U.50Ù 69/4

71 1 B 7Cl 4(li ) . 1 R 7 ? *(0 ) 4 2Cl K O  ) 397,600 0.700 69/4

77 1 B 7Cl 4(G > • 1 R 7 3 *(0 ) 4 ICI 1(0 ) 26i,7.)0 0.500 69/4

73 1 R 2Cl /.(t ) ♦ ICI 7 CS) ■ 2 B ICI 3(0 ) 68,000 2.000 59/5
7* 1

1
B
B

2Cl 4fL 
7Cl 4(1

)
)

1 B ? 
1 B 7

4(0
4(6

)
)

7,800 
RFSIOUAl 

6.U50 
RESIOUAL

1.000 
-0.115 
1 .000 
Ü.115

kOS
54/1

75 1 B ?Cl 4(0 ) 1 B 2 4 *(G ) 238,000 0.5(10 69/4

76 1 B 2 0 3(1 ) ♦ 1 R 1 3(6 ) ■ 3 B 1 0 I C I  K G  ) 168,900 5.U0074/11

77 1 B 2 0 3(1 ) ♦ 1 R 1 .1(0 ) « 1 ( 8 1 0 ICI 1 1 3(0 ) 5.310 1 .000 63/5
78 4 B KCS) ♦ ? (1 ?(GS) 7CL Z(GS) • 1 ( R 1 r ICI 1 ) 4(6 ) -502,000 lü.OuO 4BS

79 1 8 ICI 3(0 ) ♦ 1 H 7(0$) ■ 1 fl ICI 2 H K O  ) * 1 H ICI 1 (G ) 15.050 
RESIdual

1 .000 
0.301

65/6

80 6 B ICI 2 H 1 (C ) • 1 B 2 H 6(0 ) ♦ 4 B ICI 3(0 ) -18.470
residual

1.00064/17 
0. 078

81 6 B KCS) * 3 0 ?(GS) 2 H 2(0S) 4 ICI 7(0S) a 2 B 3 0 3 N 2Cl 1 (G ) -628,000 10.0110 vas

87 6 B 1(CS) ♦ 3 0 2(GS) 1 H 7(0S) 4 2CL 2(0S) a 2 B 3 0 3 H ICI 2(0 ) -676,000 10.000 NBS

83 1 B ICI 2(0 ) ♦ 1 B 1 2(0 ) a 2 B ICI 1 F 1(G ) 0,000 5.000 71/2
64 2 B 1 F 3(6 ) ♦ 1 R ICI 3(6 ) ■ 3 R ICI 1 F 2(0 ) 1,470 0.50062/10
65 2 a ICI 3(0 ) ♦ 1 R 1 3(6 ) a 3 B ICI 2 F K O  ) 2,100 0.50062/lu

86 1 B IBR K O ) - 1 8 K O ) 4 IRR 1 (G ) 103.500 2.000 60/9
87 1 B KCS) * 1PR 2(LS) • 1 R IRR 2(0 ) 15,000 15.UOO 71/2

88 . 1 B IBR 3(1. ) ♦ 3 H 2 0 1 (1 ) ■ 1 H 3 B 1 0 3(5onn H20) * 3 H IBR 1(2001 M20) -81,000 1.000 55/2
89 1 B IBR 3(L ) . 1 B IRR 3(0 > 8.200 1.000 55/2

90 1 B 1 0 1RR 1 (6 ) ■ 1 B 1 0 1 (G ) 4 1 BR 1 (G ) 92,500 5.000 71/2
91 2 B KCS) * ?0R 2(1 S) 4 1 H 2(0S) a 2 B I BR 2 H 1 ( 0 ) -50.000 10.000 71/2

97 1 B IBR 2(0 ) 4 1 B 1 F 2(0 ) • 2 B IRR 1 F K O  ) 0,000 5.000 71/2

93 2 6 1 F 3(0 ) ♦ 1 B IBR 3(0 ) ■ 3 B IRR 1 F 2(0 ) 0,000 5.000 71/2
94 2 B IBR 3(0 ) ♦ 1 B 1 F 3(0 > ■ 3 B 1 F IRR 2(6 ) 0,000 5.000 71/2

95 1 B ICI 2(0 ) ♦ 1 B IRR 2(0 > ■ 2 B IBR ICI 1(0 ) 0,000 5.00U 71/2
96 1 B IBR 3(0 ) 4 2 R ICI 3(0 ) a 3 B ICI 2RR 1(6 ) 0,000 5. OuO 71/2

97 2 B IBR 3(0 ) 4 1 R ICI 3(0 ) a 3 B ICI IRR 7(0 ) 0.000 5.UU0 71/2
98 2 B KCS) ♦ 1 I 2(CS) - 2 B 1 I 1(0 ) 146,000 20.000 71/2

99 1 B KCS) ♦ 1 ( 2(CS) - 1 8 1 ! 2(0 ) 58.0UO 15.000 71/2

luO 1 B 1 t 3(C ) 4 3 H 2 0 1(1 ) a 1 H 3 B 1 0 3(7or,0 H20) 4 3 H 1 I 1 (2000 H20) -81,900 1 .OUO 65/2

101 1 B 1 I 3(0 ) - 1 B 1 I 3(0 ) 15,500 1.50062/12

102 1 B 1 S 1 (0 ) . 1 B 1(0 1 4 1 S K O ) 117,620 18.UOO 71/2

103 1 B KCS) * ? S 1 (CS) ■ 1 B 1 S 2(0 ) 29,000 1.000 NBS

104 2 B KCS) * 2 s 1 (CS) - 1 B 2 S 2(0 ) 36.000 1.000 NBS

105 2 B 1(CS) ♦ 3 s 1 (CS) - 1 B 2 S 3(0 ) • -57.500 I.ÛOO NBS

106 2 B KCS) * 3 s 1 (CS) - 1 B 2 S 3(0 ) 16,000 1,000 NBS

1u7 2 S KCS) ♦ 7 F ?(0S) * 2 m 1 (CS) a 2 S 1 F 4 B 1 F 3(C ) -968,000 2,000 NBS

108 1 B 1 N K C ) . 1 B 1 1 (0 ) 214,100 1.000 NBS

109 1 N 2(60) ♦ ? 8 KCS) ♦ 6 H 2(GS) a 1 ( N 1 H 3 ) 2 B 2 H 6(C ) -46.0UO 1 ,U(I0 NBS

110 6 B KCS) • 3 N ?(CS) 4 « H 2(0S) • 2 B 3 R 3 H 6(1 > -258,600 2.UOO NRS

111 6 8 KCS) « 3 N ?(GS) * A H 2(GS) a 2 B 3 N 3 ri 6(0 ) -244,420 2.000 NBS

112 1 610 H18 N 7(C ) *12 0 2(GS) *40 M 1 F 1 ( 3 . R M 7 i ) )  a 1 N 2(0S) «10 H 1 8 1 F 4(4 ) *24 H 2 0-2243,21)0 1 .500 66/1
K l  )

113 Z B K C s ) *  1 N 2 ( 0 5 ) *  4 H 2 ( 6 5 ) 4 2 0 2 ( G s ) ■ 2 N 1 H 4 B 1 0 2 ( 4  ) - 4 3 2 , 5 4 0 2 . 0 0 0 nB$

114 2 B K C S ) *  1 N ? ( 0 S ) *  4 H 2 ( 6 5 ) 4 2 0 2 ( CS ) ■ 7 N 1 N 4 R 1 0 2 ( 2 2 0 H 2 0 ) - 4 3 2 , 0 0 0 2 . 0 0 0 NBS

1 l 5 2 a K C j ) *  1 N 2 ( f l S ) *  4 H 2 ( G s ) 4 3 0 2 | f i s ) a 2 N 1 ri4 B 1 0 3 ( 4  ) - 3 9 0 , 8 0 0 2 .  UOO NRS

116 4 k K C s ) *  2 N 2(Ci s ) * 1 0 H 2 ( 0 5 ) * 7 0 2 ( 6 $ ) a 2 ( N 1 ri4 R 1 0 3 ) 2 H 2 0  K C  ) - 4 7 6 . 6 ( 1 0 2 , 0 0 0 N«S
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17 1 N 7 ( 1-, .11 ♦ 7 a 1 ( CS) 1 F 7 ( 0  M  * X 7 ( 0 S ) • 7 N 1 M 3 4 1 F 3(C ) - 6 4 / . 2 U 0 2 .  liOO *RS

18 1 a 3 K 1 X 3Cl 3 (C ) H 7 0 1(1. - 3 X 3 R 1 0 3 ( S . ) 0 h 7 iI )  * 3 N 1 H 4C|_ 1 ( 1110x70) - 1 1 3 . 8 ) 0 0 . , 'no 5 2 / /

19 1 B 3 N 1 X 3Cl 3(C ) 1 R 3 N 3 X Cl 3 ( 0  ) 1 7 , 1 0 0 1 . 0 0 0 5 2 / 2

20 1 m 1 (CS) 1 p 1 (CS) 1 1 P 1 (C -19. (10, 1 1 . 0 0 0 ses

21 13 8 1 (Cs ) ? r 1 ( C M 1 013 P 2 (C -  4 U , 01) P 1 . 0 0 0 XdS

72 7 p K C s ) ? 1 ( C s ) H 7 ( 0 S >  « ( P 1 x 3 ) 2 R 2 H 6( C ) - 2 7 , 0 0 0 1 . 0 0 0 SBS

73 2 P K c s ) 3 F 2 ( f , S ) 2 B K c s )  * H 2 ( r . s ) - 7 P 1 F 3 B 1 H 3 ( 6 ) - 4 0 8 , 2 0 0 2 . 0 0 0 kPS

74 2 P 1 ( CS) 1 0 2( GS) 8 CL 2 (OS)  * a 1 < c S ) - 7 P 1 0 I CL  3 B I C L 3 ( c  ) - 5 1 2 . 6 0 0 2 . 0 0 0 kBS

25 2 P K c S ) 3 H 7 ( gS) 7 R K c s )  * CL 2 (OS) • 7 P 1 X 3 B I CL 3 ( C ) - 2 4 1 . 8 0 0 2 . 0 0 0 kBS

26 1 a 4 C K ) ♦ 7 C K C S ) 4 a 1 c ( 0 ) 6 9 6 , 0 0 0 1 0 . 0 0 0 6 4 / 1

27 I r a 1 0 K 7) * 1 B 2 1 3 C ) ■ 1 PR 0 1 B 7 0 3 ( C ) - 2 3 ,  2 i ) „ 4 . 0 0 0 7 1 / 7

28 1 PB 1 0 1 ( 7 ) ♦ 2 0 2 0 3 C ) ■ 1 PB fl 1 ( R 2 n 3 ) 2 ( C  ) • 2 3 , 3 0 0 2 . 0 0 0 7 1 / 2

29 I PB 1 0 K 2 ) ♦ 3 B 2 I 3 C ) « 1 PB 0 1 ( R 2 0 3 ) 3 ( 0  ) • 4 0 . 5 0 0 2 . 0 0 0 5 4 / 3

30 2 p b 1 0 K 2) ♦ 5 8 2 0 3 c ) ■ 1 (P 1 0 1 ) 2 ( a 2 0 3 )  K C ) - 7 2 , 0 0 0 2 . 0 0 0 5 4 / 3

31 l A l

1 A l

K c s )  

1 (CS)

7

2

B

R

K C S )  

1 (CS)

1

1

L

I

1

1

B 2 ( C 

B 2 (C

- 1 6 . 0 0 0  3 . 0 0 0  
r e s i d u a l  1 . 6 5 1  

- 3 6 . 0 0 0  1 0 , 0 0 0  
r e s i d u a l - 1 8 . 349

6 7 / 3

kBS

32 1 AL 1 (CS) 12 R 1 (CS) 1 I 1 B12 ( C - 4 8 . 0 0 0
r e s i d u a l

1 0 . 0 0 0
1 5 . 4 4 6

6 7 / 3

33 1AL K C S ) 12 8 1 (CS) 1 1. 1 B12( C - 6  3,60,1
r e s i d u a l

1 . 0 0 0
- 0 . 1 5 4

kBS

34 1AL 1 (CS) 1 B 1 (CS) 1 fl 2 ( G S )  ■ AL 1 a 1 0 2 ( 6 ) - 1 2 9 . 4 0 0 4 . 0 0 0 7 1 / 2

35 1 A l 1 (CS) 3 R 1 (CS) 6 H 2( G S)  ■ AL 1 ( R 1 X 4 ) 3 ( 1  > - 7 6 , 0 0 0 4 . 0 0 0 6 9 / 2

3 8 . 1 * 1 1 ( R 4 ) 3(1 . 1AL 1 ( 8 H 4 ) 3 ( 0 ) 7 . 6 0 0 1 .  000 4 0 / 1

37 ICR 1 (CS) 2 R 1 (CS) ICR 1 8 2 (C - 3 1 , 0 0 0 5 . 0 0 0 5 5 / 4

38 IHO 1 (CS) 1 8 1 (CS) 1M0 1 B K C - 2 1 . 0 0 0 5 . 0 0 0 6 9 / 1

39 2M0 1 (CS) 1 a 1 (CS) 1M0 2 a 1 ( 0 - 2 9 . 0 0 0 5 . 0 0 0 6 9 / 1

40 1 V 1 (CS) 2 a 1 (CS) 1 V 1 a 2 (C - 2 4 . 0 0 0 5 . 0 0 0 5 6 / 4

41 1N8 1 (CS) 2 a K C S ) 1 NO 1 B 2 ( C > - 3 6 , 0 0 0 5 . 0 0 0 5 5 / 4

42 1TA 1 (CS) 2 a 1 (CS) 1TA 1 a 2 (C - 5 1 . 7 0 0 1 . 0 0 0 6 2 / 1 3

43 1T1 1 (CS) 1 8 1 (CS) 1 T I 1 a i ( C - 3 8 , 3 0 0 9.UOO 7 1 / 2

44 1 T I

K l

1 (CS)  

1 (CS)

2

?

B
a

1 (CS)  

1 (CS)

1 T I

K l

1

1

B 2 ( C 

R 2 (C

- 6 6 , Boo 
r e s i d u a l

• 7  7.6. J0  
R E S I d u a l

4 . 0 0 0
1 0 . 2 8 0
0.900

- 0 . 5 2 0

7 1 / 2

6 6 / 4

45 I T ! K C S ) 2 a 1 (CS) K l 1 R 2 ( 1 - 4 5 , 0 0 0 5 . 0 0 0 7 1 / 2

121
22*

1 6  2 ( C ) *  

1 6  2 ( C ) *

1 2 *  K C S )  *  ? R 

I H f  K C S )  *  ? 8 

I RE K C S )  *  1 B

1BE K C S )  *  ? B

3BE 1 ( CS )  *  2 B

2«6  1 6 2 ( C  ) ■

I h O 1 B 4(C ) •

111 2 0 K C  ) *

I I I  1 6 1 0 ?<e

111 1 6 1 0 71C

1 r 1 (CS) ■ i Z R  1 c

5 0 2 (G S )  ■ 2 2 *  1 0

1 (CS)  ■ 1 2 *  1 B 2 ( 1  

K C S )  ■ I HF 1 B 2 (C 

K C S )  *  1 0 7 ( r , S )  .

K C S )  *  7 0 7 f G S )  ■

1 ( C S )  *  3 0 2 ( G S )  .

1MQ K Û  ) * IMG 1 R

l u r .  k g  ) *  4 B K C S

1 R 2 <1 3 ( C ) ■ 2 l l

(C ) * 2 a 1(G )

(C ) * 7 a 2 0 3 ( * M )

RE 1 R 1 0 2 ( 6  )

RE 1 a 7 0 4 ( 6  )

RE 3 a 2 0 A(C )

(C )

a 1 0 2 ( C  )

58 111 1 a 1 „  ? ( C

1 0 3 ( in cH 7 i i )

59 411 1 (CS)  * 8 8

60  411 K C S )  *  8 a

81 111 2 0 1(C , *

) ■  111 1 B 1 0 2( 1  
) ■  111 1 B 1 0 2(0 

) » 1 H 1 N 1 0-3(10PH7ii) * 1 X 2 0  K l  ) ■ 111 1 N 1 0 3(100x20) * 1 X

1(CS) *  7 0 7 ( f i S )  ■ 711 7 a 4 0 7(C )

1 (CS) * 7 0  ?(f.S) . 21 I 2 a * 0 7(1 )
3 R 7 <1 1(1 ) • 11I 7 8 8 ni(i(C )

2 8 9 . 7 0 0
r e s i d u a l

- 9 6 7 . 2 0 0  
residual
-54.190

- 7 6 . 6oo

. 1 1 5 . 2 0 0

. 3 2 3 , 0 0 0

- 7 4 1 . 9 6 0

5 4 , 1 0 0

6 0 , 4 0 0

- 4 5 . 2 0 0
residual

4 . 4 7 0  

8 2 , 9 1 0  

J B - l u . 9 3 0

r e s i d u a l

- 1 6 0 7 , 2 0 0

- 1 5 8 5 , 8 0 0

1 . 0 0 0 6 4 / 1 3  
- 1 . 5 0 2

2 . 6 0 U6  4 / 1 *  
0 .  751

Ü . 1 0 0  7 1 / 2  

2 . 1 0 0  6 7 / 4

8 . 0 0 0  7 1 / 2  

1 0 . 0 0 0  7 1 / 2

2 . 0 0 0  7 1 / 7

5 . 0 0 0  5 8 / 4

1 . 5 0 0  5 8 / 4

0 . 1 0 0  5 4 / 3  
- 1 . 8 2 9

0 . 1 0 0  7 1 / 2

0 . 1 0 0  6 3 / 6

0 . 0 5 0 6 0 / 1 3

- 1  . 5 9 8

2 . 0 0 0  7 1 / 2

5 . 0 0 0  7 1 / 2  

1 .01,0 5 4 / 3
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111 2 u 1 (C. 1 ♦ 4 n 2 v1 3(1 ) ■ 111 2 R « 01 3 (C ) -73.350 0.100 54/1

163 111
0)

1 B
4

1 M 4<C 
H 2(6S)

) « 1 H ICl 1 (2'!.)n2n) ♦ 3 H 2 0 K L ) ■ 111 ICL 1 (60 H20) * 1 M 3 B 1 C 3(A -71 .940 0.1 00 49//

164 1X4 2 U 1 (C > ♦ 1 2 0 3(C ) ■ 2nA 1 B 1 n 2(C ) -64.600 0.100 71/2
165 1NA 1 B 1 0 ?(C ) . 1"A 1 R 1 0 2(G ) 73,000 3.000 6 3 / /

166 1HA 1 B 1 n ?(C ) - IN 4 1 R 1 () 2(L ) 4,660 0.100 71/2
167 1NA 2 0 1 (C ) ♦ 2 H 2 0 3(1 ) ■ INA 2 B 4 0 7(C ) -85,200 1.000 5 4 /  1

168 1NA 2 n 1 (C ) * 2 R 2 0 3(1 ) ■ INA 2 8 4 0 7(1 ) -80,4(10 1 .000 54/1
169 1NA 2 0 1 (C ) ♦ 3 B 2 0 3(1 ) ■ INA 2 B 6 010(C ) -97,520 0.100 5 4 / 3

170 INA
0)

1 B
4

1 H 4 (C 
H 2(r,S)

) * 1 H I C l 1(2D0H2O) ♦ 3 H 2 0 1 ( I ) ■ I NA ICl 1 (60 K20) ♦ 1 H 3 8 1 0 3(A -63.870 0.100 4 9 / 2

171 4 K KCS) ♦ 8 B 1 (CS) ♦ 7 0 2(6S) > 2 K 2 8 4 0 7 (C ) 1593,800 2.000 71/2
172 4 K KCS) ♦ 8 B 1 (CS) ♦ 7 n 2(6S) . 2 K 2 B A G 7(1 ) 1572,200 2.000 71/2
173 1 K 2 0 1 (C ) ♦ 3 R 2 0 3(1 ) " 1 X 2 B « 010(C ) -122,8o0 1.000 54/1
174 1 K 2 0 K C ) ♦ 4 B 2 0 3(1 ) ■ 1 K 2 B 8 013(C ) -137,000 1.000 54/3

175 1 K 2 0 1 (C ) ♦ 4 B 2 0 3(1 ) ■ 1 K 2 B « 013(1 ) -119,650 0.100 54/3
176 1 < 1 B 

2(65)
1 H 4(C ) * 1 H I CL 1 (G ) ♦ 3 K 2 0 1 (1 1 K ICI 1 (C ) « 1 H 3 6 1 0 3(C ) * 4 h -84.620 0,44091/11

177 1 M 3 B 1 3(C ) * 4 H 1 F 1 (75 H20) * 1 K 1 N 1 0 3 ( 0 ) ■ 1 K 1 B 1 F 4(C ) ♦ 1 H 1 N 1 0 19,260 0 . 0 0 0
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APPENDIX III

Standard Enthalpy of Formation of 

Tertiary-hutyl hydroperoxide

Ih3
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It is extremely difficult to obtain standard enthalpies of 

formation of either peroxides or hydroperoxides from combustion 

calorimetry or other thermochemical measurements. The reasons for 

this are at least twofold. Firstly there is the difficulty of 

obtaining pure compounds and secondly problems imposed due to their 

thermal instability. Both of these are minimal for the fairly stable 

tertiary-butyl peroxide and maximal in the case small alkyl hydro

peroxides which decompose heterogeneously on metal and glass surfaces.

There are two independent values for AH°[t-BuOOH,l] both determined 

by combustion calorimetry; -266.9 - 1.3 kJ mol  ̂ in 1949^̂  ̂and 

-293*7 - 5.0 kJ mol  ̂in 1964.^^ In a review^^^ of the kinetics of 

pyrolysis and 0-0 bond dissociation energies of some alkyl hydro

peroxides, an estimated value of AH°[t-BuOOH, g] using a group additivity 

scheme revealed a difference of 26.4 kJ mol  ̂when compared with the 1949 

value (Table A III.I). Combining this estimate with AH^^

(47.74 - 0.17 kJ mol"1)^9 gives AH°[t-BuOOH, l] = -292.7 - 4 kl mol“\  

which is in good agreement with the I964 figure.

The solution calorimetric method used in this work is based on 

reactions (2.3) - (2.5) described in Chapter II. This exploits the 

observation that in the presence of excess ferrous ion, (2.4) 

predominates (2.5) following the initial quantitative reaction (2.3).

The calorimetric fluid used was O.9 mol dm  ̂ammonium ferrous sulphate
“"3 3“4"in 1 mol dm freshly prepared and checked for Fe ion content.



11^

The relevant equations are:

t-BuOOH(l) + Fe^+ --^ t-BuO*+ Fe^+ + 0H“ ... (?.3)

t-BuO‘+ Fe^+ +  > t-BuOH + Fe^+ ... (2.4)

t-BuO* --^ (CH ) ̂ 00 + CE ' ... (2.5)

The methyl radicals produced in (2.5) react to form ethane, 2CE^ --^
CpHg,g.44' 157

The relative proportions of reactions (2.4) and (2.5) can therefore 

he determined from a ferric iron analysis of the final reaction mixture 

since (2.3) is quantitative. A standard spectrophotometric method was
158used and the usual precautions to prevent aerial oxidation were 

observed. The derived thermochemical equation relating reactions

(2.3) - (2.5) is given below:

AH°[t-BuOOH,l] = (l-x) .AH°[t-BuOH,aq] + (2-x) .AH°[Pê '̂ ,aq] + AHjOH~,aq]

+ x.AH°[(CE^)gCO,aq] + x/2.AH°[CpHg,g] - (2-x) .AH°[Pe^+,aq] - AE°[E+,aq]-AH.

(III.I)

where x (moles) is the fraction of t-BuO* radicals reacting via route (2.5)• 

Post-calorimetry analysis (Table 3.3, Chapter III) gave x = O.I6 (average 

of three independent results). This value in combination with AH 

(Table 3.2, Chapter III) gave AH°[t-BuOOH,l] = -293.3 - 4.1 kJ mol“\  

which is compared with other values in Table AIII.2.
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Table AI1I.1

Comparison of some observed values of AH^ for ROOR(g) and ROOH(g) 

with those estimated by a group additivity method.

Compound -AE°/kJ

Observed

-1mol

Estimated^- 4kJ mol”)
A

354.4 - 4 357.7 3.3
Me^O^ 133.9 - 4 130.2 3.0

200.0 200.0 0.0

n-Pr^OB . . . 241.8 -

i-PrgOg . . . 276.6 -

MeOOH . . . 134.3 -

EtOOH 188.2 -  48 168.2 20.0

n-PrOOH . . . 189.1 -

i-PrOOH . . . 206.3 -
X *n,,/̂r\TT OM p D 26.4

n-C^H^ OOH 245-2 - 5 251.0 5.8

n-CyE^ OOH 276.1 - 5 271.9 4.2

n-CgE^ -2-OOE 259.4 - 5 268.2 8.8

n-C^E -2-OOE 292.0 ± 5 289.1 2.9
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Table AIII.2

Collected standard enthalpies of formation of 

t-BuOOH(l)

-AH°/kJ mol”1 Source

266.9 - 1.3 combustion, 1949^^^

293.7 ± 5.0 . 79combustion, I964

292.7 - 4.0 estimate

293.3 - 4.1 solution calorimetry

using = 47.7 kJ mol \  ref. 69.

This independent determination of the standard enthalpy of 

formation of t-BuOOH(l)allows a high accuracy to he achieved in the 

derived value of AH°[$;-BuOO)^B,l]; the interdependence of the standard 

enthalpies of formation of the two peroxides can he gauged from 

equation (].l) (Chapter III)

(t-BuOO)^B(l) + (N + 3)HgO(l)  > [3.t-BuOOH + B(OH)^]N.ÏÏ20,aq. ... (3.I)
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APPEKDIX IV

Estimation of Lattice Energies



The lattice energy of an ionic compound, at OK, may he defined 

as the internal energy change that takes place when one mole of the 

compound (at one atmosphere pressure) is converted into its gaseous ions 

at infinite separation. At OK these ions are stationary.

MXn(c) ---- > + nX”(g) AH = U ... (iT.l)

This energy arises predominatly from the coulombic attraotion and 

interatomic repulsion terms. At temperatures ahove OK a further small 

quantity, (n+l)RT, must he added to take account of the volume work in 

expanding (n+l) moles of gas (assumed ideal).

The lattice energy at 298 K, can he related to other

thermodynamic quantities hy the Born-Haher cycle; this is shown helow:

X"(g)
« ( c )

-hE hRT

M(g)

M(s .s)

AH°[MX^,c], AH°[M,g] and AH°[X,g] are the enthalpies of formation of
n

crystalline gaseous M and gaseous X. is the sum of the first

n ionisation potentials of M and is the electron affinity of the 

radical X; these values are converted to enthalpies and corrected to 

298 K hy the addition of — hRT terms. This follows from:



IS’O

M(g)  > + e (g) I =

M(g) ---> M'̂ (g) + e (g) UggQ

2̂98"U^^o“ U_ = jAC^dT

/ (|r + |r - |r) dT = |rT

= I + iRT

¥ow

- Uggg + RT

= I + |rT + RT = I + |rT 

** ^298  ̂ 2'Ï̂T.

Fo interaction need be considered between the ions M̂ "̂ (g) and X (g)

as they are in the hypothetical ideal gas state. From the Born-Haber

cycle the following equation is derived,
n

U^^qCmxJ  = AH°[M,g] + nAH°[X,g] +
1

Consider m (s .s .) — » M^’̂(g) + ne (g) AH°[M̂ "̂ ,g]

and nX(s.s.) + ne (g) -H^nX (g) nAH°[X,g], then equation (2) becomes,

Uggg[MX^] = AH°[M+,g] + nAH°[X,g] -AH°[MX^ p]-(n+l)RT ... (IV.3)

The lattice energy at 298 K is related to the lattice energy at OK by,

^298 = ^0 + I  ̂  (C°[M'̂ ] + nC°[x] - C°[MXj)dT - (n+l)RT ... (IY.4)
o

assuming the specific heats and C°[X"] are *̂ R for an ideal monoatomic
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gas, then equation (4) becomes.

^298 = ^0 + -

.298
C°[HXjdT ... (IV.5)

This integration can be performed if the specific heat - temperature 

function of the compound MX^ is known from 0-298 K.

The use of the Born-Haber cycle in calculating lattice energies 

is necessarily restricted to those compounds for which the appropriate 

ionisation potentials and electron affinity data are available. For 

ionic compounds with exactly known structural parameters, lattice energies 

can be obtained from extended 'term by term* calculations. These 

calculations involve the summing of attractive and repulsive interactions
118and have been discussed in detail.

A semi-empirical expression has been developed for the determination
139of lattice energies in cases where structural data are lacking.

It was demonstrated that if the Madelung constants (the coefficient of the 

sum of the coulombic interaction terms characteristic of a crystal structure) 

for a number of structures were divided by V, the number of ions in one 

molecule, the values obtained were almost constant, (Table A IV.1).
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Table A TV. 1 

The ratio m/V for a number of structures

Structure Madelung 
Const.M

m/v Average 
coordination 
Fo.

Caesium chloride 1*763 0.88 8.0

Sodium chloride 1.748 0.87 6.0

Fluorite 2.519 0.84 5.33
Wurtzite 1.641 0.82 4.0

Rut ile 2.408 0.80 4*0

Amattase 2.4P0 0.80 4*0

Cuprite 2.221 0.74 2.67

The equilibrium internuclear distance, r̂ , in an ionic compound generally 

increases slightly with coordination number, thereby making the variations 

in M/Vr^ even less than m/v . This alternative treatment considers all 

salts to crystallise in a sodium chloride type lattice.

The Born-Meyer expression for calculating the lattice energy of a 

cyrstal is given by:

U = o 1 - (IV.6)

where F is the Avogadro constant, M = Madelung constant, ẑ  and ẑ  are 

the cationic and anionic charges, e = electronic charge, r^ = equilibrium 

internuclear charge andyp is a constant. For the six-coordination 

sodium chloride lattice, M/Vr^ is 0 .874/r^ and ^  is almost constant at

0 .345* It was further assumed that the cation and anion 'touch* so that
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may be replaced by r^ and r̂ , the cationic and anionic radii for 

s ix-coordinat i on.

Thus the modified Born-Meyer equation becomes:

287.2 V.
O (IV.7)

an equation, initially derived by, and now associated with the name of 

Kapustinskii. It is generally found that lattice energies given by the 

semi-empirical equation (7) are lower than those by extended calculations 

or Born-Haber cycles. Attempts to extend this equation by wholly 

empirical deductions give closer results but do not, of course, have a 

firm theoretical justification.

A difficulty when using the Kapustinskii equation is to assign a 

value to the ionic radius if a complex cation or anion is present.

A method has been proposed which overcomes this difficulty.

Consider the reaction:

MX(c) --> M'̂ (g) + X~(g)

the enthalpy of reaction is given by + 2RT. It therefore follows

that :

+ 2RT = AH°[M'^,g] + AH°[X-,g] -AH°(MX,c]. (lV.8)

How, if two salts, M^X and MpX, have a common anion, then:

IT., + 2RT = AH°[M4 >g] + *H°[X",g] -AH°[M.|X,o] ... (IV.9)

Ug + 2RT = AE°[Mg+,g] + AH°[X",g] -AH^lMgX.e] ... (IV.IO)



If4-

Equation (9) - (IO) yields:

- Ug = AH°[M4 ,g] -AH°[Hg'*',g] -AH°[M^X,c] + AH°(MgX,o] ... (lV.1l)

Prom the Kapustinskii equation:

U^-U^ = const. 1 0.345______ )_ 1 (■ 0.345 ^

... (IV.12)

Therefore, if the enthalpies of formation of the gaseous ions and crystalline 

salts and the ionic radii of and are known, equations (II) and (12) 

may he equated and the quantity r^- calculated. A radius calculated in 

this way is known as a ’thermochemical radius’. Calculated values 

inserted into equation (?) yield lattice energies of salts containing that 

anion provided, of course, that the ionic radius of the cation is known.

Also, substitution of the lattice energy into equations (9) or (10) will 

give the standard enthalpy of formation of the complex anion, AH°[X ,g].

Although it is necessary to make several assumptions in obtaining the 

modified equation (7), it provides a widely used and simple technique for 

estimating lattice energies in the absence of detailed structural 

information.
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Royal Holloway College, Englefield Green, Surrey

The standard enthalpies of formation of o- and p-tolyldichloroboranes have been determined from a thermochemical 
study of their oxidative hydrolyses in an isoperibol reaction calorimeter. Combination of these results with enthalpies 
of vaporization give the standard enthalpies of formation of these com pounds in the gas phase ( - 2 5 3 - 8  ± 2 - 7  and 
-294-1  ± 3-8 kJ m o h ^  respectively) from which the boron-carbon  bond energy is derived. Structural implica
tions of these  results are discussed.

P r e v i o u s  thermochemical studies of PhBXg (I), 
PhgBX (II), PhgB (III), and (cyclo-CgHii)gB (IV) where 
X = Cl and Br showed the order of boron-carbon bond 
strength {E) in these molecules to be E(I) > E(II) > 
E(III) > £'(IV). The marked enhancement of the 
boron-aromatic-carbon bond energy compared with the 
boron-aliphatic-carbon bond energy was discussed in 
terms of pn-p-r: bonding. The successive decrease in E 
on replacement of halogen by phenyl in the series 
Pha.nBXn (n = 0, 1, and 2) was rationalized by suggest
ing increasing steric interaction causing the phenyl 
groups to be twisted out of plane with concomitant 
reduction in resonance stabilization. By inference, 
ori/îo-substitution in PhBClg should cause a decrease in 
E and ̂ ’«̂'«-substitution should have no steric effect. 
Accordingly, calorimetric measurements on o- and p -  
Me-CgĤ 'BClg were made.

E X P E R I M E N T A L

M aterials .— The aryld ichloroboranes were synthesized  by 
estab lished  procedures according to  th e  reaction  schem e

Mg/THF HgC],/THI-
Me-CgH^'Br-------- ► Me'CgH '̂MgEr

reflux

Me-CgHi'HgCl BC1,/C.H,
reflux

-► Me-CçH^-BCU (A)

(A) (T H F  =  te tra h y d ro fu ra n ) . T he b .p .s w ere 362 K /12 
m m H g I  fo r o-Me-CgH^'BClg (lit.,® 361— 365 K /12 m m H g) 
an d  363 K /10 m m H g for A-Me'CgH^’BClg (lit.,® 365 K /IO  
m m H g). A nalyses for chloride on hydrolysis an d  for boron 
w ere b y  conven tional titr im e tric  procedures (Found  for 
oyfAo-isomer; B, 6  25; Cl~, 4T1. F o u n d  for para-isoro.er\ 
B , 6  26; C l", 40 6 . Calc, for C^H^BClg: B, 6  25; Cl, 
41-02% ). T his syn thesis occasionally  resu lts  in  th e  con
tam in a tio n  ® of th e  ortho-isomer b y  m eta-isom er from  
isom erization. H ence th e  isom eric pu rities of th e  sam ples 
w ere checked b y  ^H n .m .r. spectroscopy. C om parison of 
th e  in ten s ity  of th e  signal from  th e  m eta-isom er m e th y l 
p ro tons (S =  2-15 p.p .m .) w ith  th e  in tensities of th e  signals 
from  th e  ^®C sa te llites from  th e  ortho-isomer m e th y l p ro tons

t  Throughout this paper, mmHg =  (101-325/760) kPa.
 ̂ A. Finch, P. J .  Gardner, E. J. Pearn, and G. B. W atts, 

Trans. Faraday Soc., 1967, 63, 1880.
* A. Finch, P. J .  Gardner, and G. B. W atts, Chem. Comm., 

1967, 1064.
® H. E. Ramsden, A. E. Balint, W. R. Whitford, J .  J .  Wal- 

bum , and R. Cserr, J . Org. Chem., 1957, 22, 1202.
* L. G. Makarova and A. N. Nesmeyanov, in ' Methods of 

Elemento-Organic Chemistry,’ ed. A. N. Nesmeyanov and K. A. 
Kocheskov, vol. 4, ch. 2, N orth Holland, Amsterdam, 1967.

(S =  2-44 p.p .m ., J c -K  — 127 Hz) show ed th e  concen tra tion  
of rweffl-isomer in th e  or^/m-isomer sam ple to  be less th a n  
0-5 m ass % (S values re la tive  to  te tram eth y ls ilan e ). No 
isom eric con tam ina tion  could be detec ted  in  th e  sam ple 
of th e  para-isom er. T he isom eric p u r ity  of th e  ortho
isom er w as checked a f te r  ca lo rim etry  and  no significant 
increase in im p u rity  w as found.

Calorimeters.— T he glass calorim eter w as opera ted  in th e  
isoperibol m ode a t  298-15 ±  0-01 K  or 303-15 ±  0-01 K , 
an d  is fully  described elsewhere.»*® T he perform ance w as 
checked periodically  b y  m easuring  th e  e n th a lp y  of n eu tra l
ization  of tris(hyd roxym ethy l)am inom ethane  (THAM) in 
excess of 0-1 m ol dm"® HCl. T he m ean  of ten  d e te rm in a 
tions w as AH(298-15 K, 1200 <  AT <  1364) =  -2 9 -7 9  ±  
0-08 k J  m ol”». H ill et al.^ rep o rt A7/(298-15 K , 1182 <  
V  <  1569) =  —29-744 ±  0-006 k J  m ol”» for th e  sam e 
reaction . jY is th e  mole ra tio  of w ate r to  THAM . Sam ples 
for ca lo rim etry  w ere hand led  in d ry  n itrogen  an d  con
ta in ed  ® in glass am poules w ith  tw o frac tu re  bulbs.

D ifferential Scanning Calorimetry.— T he en th a lp y  of 
fusion of ^ -to ly ld ich loroborane w as determ ined  b y  use of th e  
P erk in -E lm er D.S.C. IB  in s tru m en t. ‘ V olatile Sam ple ’ 
p ans (p a rt no. 219-0062) w ere filled in an  a tm osphere  of 
d ry  n itrogen  an d  th e n  sealed. T he in s tru m e n t w as cali
b ra ted  w ith  pu re  ind ium  m eta l (99-999 m ol % , H alew ood 
Chem icals L td .). T he h e a t of fusion of ^-to ly ld ich lo ro - 
borane w as calcu la ted  from  th e  average a rea  of th ree  rep li
ca te  scans of th e  sam e sam ple, th is  process being repea ted  
for tw o fu r th e r sam ples. N o a tta c k  of th e  alum inium  
sam ple p an  and  lid  w as ev iden t from  th e  observed constancy  
of th e  scan a rea  for several repea ted  m eltings an d  freezings 
of th e  sam e sam ple. E xo therm ic  peaks w ere n o t observed 
on any  of th e  scans; th is  w as tak en  as add itio n a l evidence 
of no chem ical reaction  tak in g  place.

Enthalpies o f  Vaporization.— These w ere determ ined  from  
vapour pressures ob ta ined  over a  range of tem p e ra tu re  
(360— 440 K) by  use of sem im icro ebulliom eter based on th e  
design »® of H oover et al. an d  te s ted  as described.» These 
en thalp ies w ere converted  from  th e  m ean  of th e  experi
m en ta l tem p e ra tu re  in te rv a l to  298-15 K  b y  use of W a tso n ’s 
equation.»»

Errors.— U ncerta in ties are  quo ted  th ro u g h o u t as ± 2 s

® W. Gerrard, M. Howarth, E. F. Mooney, and D. E. P ratt, J . 
Chem. Soc., 1963, 1582.

® C. Eggers, Ph.D. thesis. University of Sheffield, 1965.
» A. Finch and P. J. Gardner, J . Chem. Soc., 1964, 2985.
® G. R. Wellum, Ph.D. thesis, London, 1969.
® J. O. Hill, G. Ojelund, and I. Wadso, J . Chem. Thermo

dynamics, 1969, 1, 111.
»® S. R. Hoover, H. John, and E. F. Mellon, Analyt. Chem., 

1953, 25, 1940.
»» J .D . Cox and G. Pilcher, ' Thermochemistry of Organic and 

Organometallic Compounds,’ Academic Press, London, 1970,
p. 1 0 2 .
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(s being  th e  s ta n d a rd  dev ia tion  of th e  m ean) excep t in th e  
case of th e  d.s.c. re su lt (see T ab le  3).

R E S U L T S

T he ca lo rim eter con tained  200 cm® of an  aqueous solution, 
0  1  m ol dm ”® w ith  respect to  HgOg, and  1  0 0  m ol dm ”® w ith  
respect to  N aO H  (th is m ix tu re  designated  aqueous excess 
of base, a .e.b .). Q uan tities of ary lhalogenoborane were 
chosen so th a t  b o th  peroxide and  base w ere in  excess. T he 
para-isom er w as stud ied  a t  303-15 K  w here th e  sam ple is 
liqu id  an d  th e  correction  of th e  resu lts  to  298-15 K  w as 
ignored  as w ere th e  en thalp ies of m ixing of th e  products. 
T he en tha lp ies  of so lu tion  of HgOg, NaCl, an d  N aO H  in 
(a.e.b.) were assum ed equal to  th e  corresponding values in 
w ater. T he th e rm al effect of th e  ca ta lysis of th e  decom posi
tio n  of HgOg by  base w as found  to  be negligible. Therefore

Table 1
E n th a lp ie s  of reaction  for equation  (1) a t  298-15 K : 
n  is th e  mole ra tio  of w a te r to  ary lhalogenoborane

—AH,/kJ mol'» 
n for ortho-isom^r n

—AHi“/kJ mol'» 
for para-isomer

28 812 720-9 25 431 6 8 6 - 2

23 760 723-4 20 269 677-8
35 540 724-2 32 499 679-9
23 269 720-0 24 028 687-0
42 414 715-5 28 115 685-3
28 182 715-0 26 159 6 8 6 - 2

25 671 722-2 28 878 678-2
30 727 716-7 20 508 675-7
30 341 716-3 30 054 674-9
29 230 
32 387

718-4
720-9 Mean (±25) 681-2 ±  3-3

Mean (±25) 719-4 ±  1-9
"A t 303-15 K.

for reaction  (1) w here A r =  o- or /)-Me-CgH^' we have  re la 
tio n  (B). E n th a lp ies  of n eu tra liza tio n  of th e  phenols

A rB C l2 (liq) +  [H^Og +  2N aOH ] (a.e.b.) =
[A rO H  -f  H 3 B O 3  4- 2NaCl] (a.e.b.) (1)

AHfHArBClg.liq] =  AHf<>[ArOH,a.e.b.] +
AHf0 [H 3 BO 3 ,a.e.b .] -f  2AHf<>[NaCl,a.e.b.] -  

2AHfO[NaOH,a.e.b.] -  AHf«[H 2 0 2 .a.e.b.] -  AH^ (B)

(ArOH) w ere determ ined  in th e  sam e calorim eter. T he 
corresponding figure for boric acid is available.»®

from  ref. 13. U sing hea ts  of fo rm ation  for th e  cresols from  
ref. 11, A //f“[H 3 B 0 3 ,c] =  —1094-5 ±  1 2  k J  m ol”» (m ean 
of tw o »̂ ' »® reliable determ inations) an d  th e  en thalp ies of

T able 2
E n th a lp ies  of neu tra liza tion  for A rO H  (cryst.) - f  a .e.b . =  

[A rO H ,a.e.b.] a t  298-15 K : m is th e  mole ra tio  of w a te r
to  phenol

n
— AH/kJ mol'» 
for ortho-isomer n

— AH/kJ mol'» 
for ^ara-isomer

979 15-5 738 17-3
860 15-5 656 17-4
884 15-9 737 16-7
925 16-3 776 16-9
855 16-3

Mean (±25) 17-1 ±  0-3
Mean (±25) 15-9 ±  0-4

fusion an d  vaporization , we o b ta in  th e  derived en thalp ies 
of fo rm ation  collected in T able  3.

DISCUSSION

The boron-carbon bond energy in the arylhalogeno- 
boranes is defined by equations (2) and (3). Hence the
MeCeH,-BCl2(g) =

Me'QH,.(g) 4- B(g) + 2Cl(g) Alf, (2)
AHg = 2E(B-C1) 4- H(B-C) (3)

difference in the bond energies for the isomers is given by 
equations (4)— (7). Equating the term in parentheses 
E(B-C)y — £’(B-C)o =  E H ^ { p a r a - \ s o T a e x )  —  

Alfg (oz/Ao-isomer) (4)
=  AHfO[o-Me*C6H4-BCl2,g] -

AHfV-Me-CeH,-BCl2,g] 4- (Aa^fCC^-Me'CA'.g] -  
AiYtO[o-Me-CeH4-,g]) (5)

% AYfO[o-Me'CeĤ 'BCl2,g] -
Â iO[̂ -Me'QH.'BCIg,g] (6)

= 40-3 ± 4-7 kJ mol-i (7)
in equation (5) to zero is equivalent to equating the carbon 
to or/Ao-hydrogen bond dissociation energy to the carbon 
to /)«rfl-hydrogen bond dissociation energy in toluene.

Table 3
E n th a lp ies  of fo rm ation  an d  tran s itio n  for 0- an d  ^ -to ly ld ich loroboranes a t  298-15 K  in  k J  m ol”»

AH,0(c)------------AH(c----- ► liq) AH,o(liq) A H(liq------ ► g) AH,o(g)
o-Me-CgH^-BCh — — -300-7  ± 2 - 5  46-9 ± 0 - 9
/,-Me'CgH^-BClg " -339-2  ±  3-6 4-39 ±  0-13 ‘ -334-8  ±  3-6 40-7 ±  1-3

® M.p. 300-1 K. * The uncertainty interval is the range of three determinations and includes a calibration error

-263-8  ±  2-7 
-294-1 ±  3-8

E x p erim en ta l resu lts  are  in T ables 1 an d  2. W ith  th e  
above approx im ations th e  te rm  (AHR[NaCl,a.e.b.] — 
AHfO [N aOH , a.e.b.]) reduces to  (AHx“[Cl~,aq] — AH,"- 
[O H “ ,aq]) an d  th is  an d  th e  value for H 2 0 2 (aq) w ere tak en

»® A. Finch and P. J. Gardner, Trans. Faraday Soc., 1966, 62, 
3314.

»® D. D. Wagman et al., U.S. Nat. Bur. Stand. Tech. Note 
270—3, U.S. Govt. Printing Office, Washington, D.C., 1968.

There is no direct evidence to support this assump
tion but it is Hkely that the steric effect of a methyl group 
on an oriAo-hydrogen is small and that the difference in

»® W. D. Good and M. Mansson, J . Phys. Chem., 1966, 70, 97.
IS G. K. Johnson and W. N. Hubbard, J. Chem. Thermo

dynamics, 1969, 1, 459.
»« E. W hittle, personal communication.
»» D. M. Golden, personal communication.
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the electronic effect of the methyl group on the ortho- 
and ^am-hydrogens is similarly small. The assumption 
is probably vahd to within ± 4  kJ mol”». In order to 
derive explicit values for the boron-carbon bond energies 
rather than their difference it is necessary to estimate 
AITf"[Me'CgH^',g]. If we assume that D(CgHg-H) »  
D(Me-CgH^-H) this function is readily obtained from 
equation (8 ). In support of this second assumption,

AIfx«[Me-CgH4,g] =  D(CgHg-H)»8 -  &YfO[H,g]»= +
AHfO[MePh,g]i3 =  192 ±  8  kJ mol”» (8 )

gas-phase kinetic studies»® indicate ^(CFg'CgH^-H) =  
456 d: 10 kJ mol, a figure close to the accepted value »® 
for D(CgHg-H) =  460 ±  8  k J mol”». I t  is probable that 
-CFg will have a more marked influence on the ring C-H 
bond energies than “CHg so the assumption is probably 
vahd to within the difference between jD(CFg'CgH^-H) 
and D(CgHg-H), i.e., ± 4  kJ. Values for the carbon- 
boron bond energies in the title compounds are compared 
in Table 4 with corresponding recalculated results for

Table 4
V alues for th e  b o ron -carbon  bond  energy  ̂ [defined b y  

equations (2) an d  (3)] in  ary lhalogenoboranes an d  tr i-  
pheny lbo rane  a t  298-15 K

Compound £(B —C) “/kJ mol'»
o-Me-CgH^BCh 463 ±  10
^-Me-CgH^-BClj 504 ±  10
PhBClg 508 ±  10
PhB B r, 489 ±  10
PhjBCl 485 ±  10
PhgBBr 475 ±  10
PhgB 462 ±  10

“ The major p a rt of the error in these values is from 
AH{®[B,g] and AH,®[aryl radical, g.] The difference between 
appropriate values will lead to error cancellation. * Ancillary 
heats of formation a t 298-15 K required for the calculation of 
these results were taken from ref. (2 1 ) unless indicated other
wise and are as follows: B(g), 555-6 ±  16-7; Cl(g), 121-0 ±  
0-1; Br(g), 111-9 ± 0 - 3 ;  Ph(g). 325 ±  8 ;»® PhBCl.(g).
-  265-9 ±  1-7; PhBBr^g), -  115-5 ±  1-7; PhjBCl(g),
-  84-1 ±  3-8; PhgBBr(g), 2-5 ±  3-8; PhgB(g), 143-1 ±  4-2 kJ 
moT»; also required are E  (B—Cl) =  440-1 and E  (B—Br) =  
365-7 kJ mol-» BXg.

Phs.ftBXn {n =  0, I, and 2, X =  Cl and Br). The 
latter results differ from those originally reported 
because of {a) the use of AHf®[CgHg',g] =  325 ±  18 »® kJ 
mol”» instead of 301 i  18 »’®° kJ mol”» and ip) the con
version ®» of the original » enthalpies of vaporization to 
298-15 K by use of Watson's equation.»®

»® G. A. Chamberlain and E. W hittle, Trans. Faraday Soc., 
1971, 67, 2077.

»® T. Berces, F. Mârta, and Szilâgyi, J.C .S. Faraday I ,  1972, 
68, 867.

A. Finch and P. J . Gardner, Progr. Boron Chem., 1969, 3,
177.

The difference between the boron-carbon bond energy 
in ̂ -Me-CgĤ 'BClg and PhBClg is 4 kJ mol”» which is 
within experimental error and so is not significant. 
If we accept the validity of the assumptions discussed 
above and the transferabihty » of the B-Cl bond energy 
from BClg to ArBClg, this implies that the electronic 
effect of a _̂ ara-methyl substituent on the B-C bond 
energy in the aryldichloroboranes is small. In contrast, 
the B-C bond energy in ̂-Me-CgĤ -BClg is greater than 
in the or/Ao-isomer by ca. 40 kJ moT». This is significant 
and reflects the steric effect of an or/Ao-methyl sub
stituent. It is known that the atoms in PhBClg(g) are 
coplanar and a vibrational spectroscopic study of 
the diphenylhalogenoboranes supports the suggestion » 
that the phenyl groups are twisted out of the skeletal 
plane in these molecules. Similarly, it is probable that 
in o-Me'CgĤ 'BClg(g) the -BClg group is twisted out of 
the ring plane to minimize steric interaction resulting in 
loss of pTz-ff-K character to the B-C bond. A significant 
p-K contribution persists in this bond, however, as the 
boron to aliphatic carbon bond strength » {ca. 370 
kJ mol”») is much smaller.
A mass spectrometric study ̂  of photoionization 

yields from BgCl̂  and BClg gives Ailf®[BClg*,g]298 = 
— 61 ± 5 kJ mol”». Using this result we can calculate 
bond dissociation energies in the aryldichloroboranes

T able 5

B ond dissociation energies in  th e  ary ld ihalogenoboranes 
a t  298-15 K

Compound
E(Aryl-BClg)/kJ

mol'»

o-Me-CgH4 -BClg ÿ-Me-CgHg-BClg PhBCl* 
485 ±  10 525 ±  10 530 ±  10

which do not include the implicit assumption of bond- 
energy transferability as do the bond energy calculations 
described above. The same trends are observed in the 
bond dissociation energy results although the absolute 
magnitudes differ.

W e th a n k  th e  S.R .C., th e  P e tro leum  R esearch  F u n d  of th e  
A m erican Chem ical Society, th e  Nuffield F ounda tion , and  
th e  C en tra l R esearch F u n d  of th e  U n ivers ity  of L ondon  for 
financial support.
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®» P. J. Gardner, in Supplement to  Mellor’s Comprehensive 
Treatise on Inorganic and Theoretical Chemistry, Boron, Long
mans, London, in the press.

K. P. Coffin and S. H. Bauer, J. Phys. Chem., 1955, 59, 193.
F. C. Nahm, E. F. Rothergy, and K. Niedenzu, J . Organo

metallic Chem., 1972, 35, 9.
V. H. Dibeler and J. A. Walker, Inorg. Chem., 1969, 8, 60.



Synthesis  and Thermodynamic Functions  of  Rubidium and Caesium 
Tetrachioroborates
By A rth u r F inch,* P e ter J. G ard ner,* N orm an  H ill,* - t  and (in part) N igel R oberts , Department of Chemistry, 

Royal Holloway College, Egham Hill, Surrey TW 20 OEX

Reprinted from

J O U R N A L
O F

THE CHEMICAL SOCIETY

DALTON TRANSACTIONS

1975



1975 357
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Pure rubidium and caesium tetrachioroborates have been prepared by a modification of an established method. 
Their standard heats of formation at 298 15 K are —220-7 ± 0 4 and - 2 2 5  0 ± 0 3 kcal m o h »  respectively as 
obtained from a thermochemical study of their hydrolyses. Dissociation pressures of caesium tetrachloroborate 
have been determined over the range 55—80 ‘C, from which the equilibrium constant for the dissociation at 25 °C 
has been estimated as 8 x 10-*.

In contrast to the ready preparation of tetrafluoroborates, 
corresponding tetrachioroborates have proved difficult 
to isolate and were not characterised until 1957 » when 
pyridinium tetrachloroborate was prepared. Subse
quently Muetterties ® reported autoclave syntheses at 
500 °C of M»[BC1J (M =  Cs, Rb, and K) from M»C1 and 
BClg (under these conditions Na[BClJ was not formed). 
This synthetic route was modified later ® by inclusion 
of a nitrobenzene solvent when smooth reaction 
proceeded at ca. 100 °C. Approximate measurements 
by Muetterties revealed that the alkali-metal tetra
chioroborates are thermodynamically less stable 
than the corresponding tetrafluoroborates in terms 
of both lower enthalpies of dissociation and higher dis
sociation pressures.

This paper describes a modification of Muetterties’ 
synthetic procedure for rubidium and caesium tetra
chioroborates and the aqueous-solution thermochemistry 
of these compounds; dissociation pressures and derived 
thermodynamic functions are reported for Cs[BClJ.

E X P E R I M E N T A L

M aterials.— R ubidium  and  caesium  chlorides (B .D .H .) 
w ere d ried  a t  110 °C. Chloroform  (ethanol rem oved by  
w ater ex trac tion ), n itrobenzene, and  carbon  te trach lo ride  
w ere d ried  over ty p e  4A m olecular sieves (B .D .H .).

Syntheses.— Caesium chloride [6 0 g o r rub id ium  chloride 
(4 0 g)] w as added  to  n itrobenzene (50 cm®) in a  P y rex  glass 
am poule (a spherical b u lb  w ith  an  8  cm  neck and  volum e of 
ca. 80 cm®) in  a  nitrogen-filled dry-box. T he am poule 
con ten ts w ere cooled to  ca. —80 °C an d  boron trich loride 
( 2 0  cm®) w as added  a fte r  w hich th e  am poule w as sealed. 
T he au toclave  (series 4652, in te rn a l volum e 500 cm®, P a rr  
In s tru m e n t Co., Moline, Illinois) w as charged w ith  th e  
am poule an d  isopentane ( 1 0 0  cm®) to  a c t as a  pressure 
equaliser (rough calcu lation  indicates th e  p ressure differen
tia l across th e  am poule w all a t  90 °C w as 0 9 a tm  an d  th e  
to ta l au toclave in te rn a l p ressure w as 7 a tm ).J  T he au to 
clave w as m ain ta ined  a t  90 °C for 4 h w hen th e  am poule w as 
rem oved an d  opened a t  — 80 °C. T he following operations 
were carried  o u t in  a  nitrogen-filled dry-box. T he am 
poule con ten ts were w ashed in to  a  conical flask w ith  n itro -

t  Present address: Admiralty Materials Laboratory, Holton 
Heath, Poole, Dorset BH16 6 JU.

$ 1 cal =  4-184 J, 1  atm  =  101-325 kPa, 1 Torr =  (101-325/ 
760) kPa, and 1 A =  10"»® m.

» M. F. Lappert, Proc. Chem. Soc., 1967, 121.
* E. L. Muetterties, J . Amer. Chem. Soc., 1967, 79, 6563.

benzene (50 cm®), allowed to  settle , and  th e  su p e rn a tan t 
liquid decan ted  in to  chloroform  (500 cm®) w hen th e  te t r a 
ch loroborate  p rec ip ita ted . The im pure p ro d u c t w as col
lected  on a  glass sin te r (No. 3) and  vacuum -dried , followed 
b y  redissolution  in n itrobenzene-boron  trich loride ( 1 0 0  cm®; 
15 cm®) and  rep rec ip ita tion  w ith  chloroform . T he w hite 
p rec ip ita te  was filtered off, w ashed w ith  chloroform , and 
dried  a t  room  tem p era tu re  for 2 h  a t  0-001 Torr.

A nalysis.— R am an  spec tra  (Coderg PH O , 6 471 A exciting 
line) were com pared w ith  lite ra tu re  spec tra  * of o th e r te t r a 
chioroborates and  th e  presence of [B C IJ” and  th e  absence of 
BClg confirm ed. A lkali-m etal con ten ts w ere determ ined  
g rav im etrically  * using a  sodium  te trap h en y lb o ra te  p recip i
ta n t  and  to ta l chloride con ten ts w ere ob ta ined  from  a  Vol- 
hard  ti tra tio n  * on th e  hydro lysate . T he liberated  h y d ro 
chloric and  boric acids in  th e  hydro lysa te  w ere determ ined  
via  po ten tiom etric  ti tra tio n  {Found: B, 4-55; Cl” , 59-5; 
Cl" (equivalent to  libera ted  HCl), 44-6; R b, 36-0. Calc, for 
R b [B C lJ : B, 4-55; Cl, 59-55; R b , 35-9. F ound : B. 3-80; 
Cl~, 49-5; Cl” (equivalent to  libera ted  HCl), 37-2; Cs, 
46-6. Calc, for C s[B C lJ: B, 3-80; Cl, 49-65; Cs, 46-55%}. 
D ensities a t  25 °C were m easured u nder carbon  te trach lo ride  
as 2-40 and  2-68 g cm"® for R b [B C lJ and  Cs[BClg] respec
tively .

Solution Calorimeter.— This w as of all-glass construction , 
opera ted  in th e  isoperibol m ode a t  25 °C an d  has been 
previously  described » excep t for th e  following m odifications. 
T he calorim eter (of round -bo ttom ed  design) contained  
liquid ( 2 0 0  cm®) and  add itional stirre r blades [fabricated  in 
po ly(tetrafluoroethylene) (ptfe)] w ere fixed to  th e  stirre r 
sh aft ca. 1 cm  below th e  surface of th e  liquid. T he cali
b ra tio n  h ea te r w as replaced by  a  nom inal 1 0 0  £ 1  p tfe- 
encapsu lated  resisto r (T ronac Inc., P rovo, U tah ) of low 
th e rm a l capacity , and  th e  p la tinum -resistance  therm om eter 
for ancillary  tem p era tu re  m onito ring  has been abandoned . 
The out-of-balance bridge signal w as d isplayed d irec tly  on  a 
1 m V  pen  recorder so th a t  th e  sensitiv ity  w as ca. 1 Q cm"» 
pen displacem ent w ith  a  th e rm is to r of ca. 150 D K ”». T he 
reaction  resistance change w as ob ta ined  by  back  ex trap o l
a tio n  to  a  po in t corresponding to  63% of th e  to ta l change 
and  th e  ca lib ra tion  resistance change ob ta ined  sim ilarly  to  
a  p o in t corresponding to  50% of th e  to ta l change. T he 
am poules had  tw o frac tu re  bulbs ® and  reaction  w as in itia ted  
b y  break ing  th e  bulbs w ith  th e  s tirre r blades. T he th eo 
re tica l precision of th is  system  has been discussed briefly in

® E. L. Muetterties, J . Inorg. Nuclear Chem., 1960, 12, 365.
* J. A. Creighton, J . Chem. Soc., 1965, 6589.
* A. I. Vogel, ' Q uantitative Inorganic Analysis,’ Longmans, 

London, 1961, p. 564.
* Ref. 5, p. 266.
» A. Finch and P. J. Gardner, J . Chem. Soc., 1964, 2985.
* G. R. Wellum, Ph.D. Thesis, London, 1969.
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refs. 9 and  10 an d  th e  experim en ta l precision and  
accuracy  w ere checked by  m easuring  th e  en th a lp y  of 
neu tra lisa tion  of tr is[ (hydroxym ethyl) am ino] m ethane (thm ) 
in  excess of 0 1 m ol dm ”® aqueous hydrochloric acid. T he 
m ean  of 10 runs w as AH(298 15 K , 1 200 <  iV  <  1 364) =  
— (7-12 ±  0 02) kcal moT». H ill et aZ.»» ob ta ined  AH 
(298-15 K, 1 170 <  H  <  1  574) =  -(7 -1 0 9  ±  0-003) kcal 
moT», w here N  is th e  mol ra tio  of w ate r to  thm . T he u n 
certa in ties in th e  solution calorim etric resu lts  a re  quo ted  as 
± 2 (7 , a  being th e  s tan d a rd  dev ia tion  of th e  m ean.

Dissociation Pressures.— These w ere m easured  w ith  a 
stra in -gauge pressure tran sd u cer (Bell and  Howell, ty p e  4- 
366) fused to  a glass U tube . T he sensitiv ity  of th is  tra n s 
ducer is low (%0-08 m V  T orr”») so th e  o u tp u t w as am plified 
using a chopper-stabilised  am plifier (Ancom, ty p e  15C-3) 
and  displayed on a 3 ± d ig it d ig ita l vo ltm eter. T his com bin
a tio n  gave a sens itiv ity  of »  12 m V  T orr”», giving a  th eo re ti
cal resolution  of % ± 0 -0 8  T orr, b u t th erm al zero and  sensiti
v ity  sh ift com bine to  give an  opera ting  resolu tion  of «  ± 0 -3  
Torr. T he gauge w as te s ted  using w ater an d  th e  g rad ien t 
of a  g raph  of logg(output voltage) aga in s t 7^» gave AH 
(vaporization, 316 K) =  10-4 kcal mol”» (lit.»® 10-52 kcal 
mol”» a t  298-15 K). T he resu lts  from  th is  experim en t were 
also used to  ca lib ra te  th e  gauge. T em pera tu re  m easure
m en t w as accura te  to  ± 0 -0 5  K.

R E S U L T S

T he te trach io robo ra tes  hydrolysed rap id ly  an d  q u an 
ti ta tiv e ly  ® according to  equation  (1). T he observed

M[BCl4](c) ±  (n ±  3)H,0(1)
=  (MCI ±  H 3 BO 3  ±  3H Cl),«H 20(soln.) ( 1 )

en thalp ies of reaction  are  collected in  T able  1 . S tan d ard  
en thalp ies of fo rm ation  w ere ca lcu la ted  from  equation  (2 ), 
w hich assum es th e  en thalp ies of m ixing of th e  p roduc ts  are

Table 1
H ea ts  of hydro lysis of rub id ium  and  caesium  

te trach io robo ra tes

-AH(M == Rb)/ -A H (M  =  Cs)/
n * kcal mol"» n * kcal mol"»

14 411 50-15 10 725 47-56
14 374 60-82 10 394 47-65
12 237 50-43 9 815 47-67
11 167 50-53 9 721 47-31
10 203 50-24 9 004 47-72
9 842 49-89 7 754 47-53
9 747 60-00 7 068 47-79
9 078 50-19 Mean (±2o) 47-5 ±  0-1
9 004 49-99
7 559 49-92

Mean ( ±  2er) 50-2 ±  0-2
* These mol ratios from equation (1) include a buoyancy 

correction for sample mass.

zero, an d  th e  following ancillary  d a ta : AHf®(RbCl, 10 000 
H 3O) =  -9 9 -9 2 3  ±  0-037; »®'»4 AHi®(CsCl, 10 000 H 3O) =

• A. Finch, P. J . Gardner, and K. Radcliffe, J . Chem. and Eng. 
Data, 1968, 18, 176.

»® A. Finch, P. J. Gardner, and C. J. Steadman, J. Phys. 
Chem., 1971, 75, 2326.

»» J. O. Hill, G. Ojelund, and I. Wadso, J . Chem. Thermo
dynamics, 1969, 1, 111.

»* D. D. Wagman, W. H. Evans, V. B. Parker, I. Halow, 
S. M, Bailey, and R. H. Schumm, U.S. N at. Bur. Stand. Tech. 
Note 270-3, U.S. Govt. Printing Office, Washington, D.C., 1968.

-1 0 1 -6 0 6  ±  0-037; »®>»* AHi®(HCl, 3 300 H 3 O) =  39-875 ±  
0-021;»®-»* A Ht^HgBOg, 10 000 HgO) =  -2 5 6 -3 4  ±  
0-31; »®-i«-»» and  AHf®(H2 0 , 1) =  -6 8 -3 1 5  ±  0-010»» kcal

AHf«(M[BCl4 ],c) =  A(Hf«MCl, 10 000 H^O) ±
AH{^(H3B03, 10 000 H 3O) ±  3AHj®(HCl, 3 330 H^O 

-  3 AHf®(H2 0 ,l) -  AH(M =  R b  or Cs) (2)

m ol”» (ignoring th e  the rm a l effect of th e  d ifferent ex ten t of 
d ilu tion  of th e  p roduc ts in troduces a  m axim um  erro r of 
0-025 kcal mol”»). H ence A H f^(R b[B C lJ,c, 298-15 K) =
— 220-7 ±  0-4 kcal mol”» and  AH{®(Cs[BCl4 ],c, 298-15 K) =
— 225-0 ±  0-3 kcal m ol”». The dissociation-pressure

T able 2
D issociation pressures for Cs[BCl4 ]

6c/°C
pjTorr

55
20

60 
4 0

65
6-7

70
10-5

75
16-7

80
27-2

m easurem ents for Cs[BCl4 ] a re  given in  T able 2. A least- 
squares fit of th e  resu lts  in T able 2 gives equation  (3).

loge/» =  - [ ( 1 1  790 ±  360)/T] ±  (36-7 ±  10 ±  1) (3)

DISCUSSION

Assuming the dissociation of Cs[BClJ is given by 
equation (4), we may write Kp =  ^bci, Torr and Kpjp^ =

Cs[BCI,](c) ^  CsCl(c) ±  BClg(g) (4)
0-001316 pBc\ taking the activities of the crystalline 
phases as unity. Hence equation (5) applies over the

In Kp,p^ =  -[(1 1  790 ±  360)/r] ±  (30-1 ±  1-1) (5)

range 55—80 °C. From equation (5) we obtain at 
the mid-point of the temperature range, i.e. AH** 
(341 K) =  23-4 ±  0-7 kcal mol”». Using AHf^(BCl3 , 
g) =  —96-15 ±  0-30 kcal mol”»,»® AHf^(CsCl,c) =  
— 103-5 ±  0-3 kcal mol”»,»̂  and the calorimetric results 
described above, may be obtained directly, i.e.
AH4®(298-15 K) =  25-3 ±  0-5 kcal mol”». Using heat 
capacities of similar substances, ACj,®(4) «  —3 cal K”» 
mol”», gives a correction of » 0 - 1 2  kcal mol"» for the 
temperature difference in two measurements of AH4 ®. 
Thus the agreement is only fair, although more confidence 
should be attached to the calorimetric result. Fxtra- 
polating equation (5) to 298-15 K we obtain the following 
estimates at 298-15 K: Kpjp^ « S x  10"®; ùsG^ «  6  kcal 
mol”» ; and AS4® «  60 cal K"» mol”».

Heats of formation of two salts with a common anion

»® ' Tentative Set of Key Values for Thermodynamics—P art 
I I ,’ CODATA Bulletin, vol. 6 , December 1971.

»♦ F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and 
1. Jaffe ' Selected Values of Chemical Thermodynamic Properties,' 
Nat. Bur. Stand. Circ. 500, 1952.

»» Report of the ISCU-CODATA Task Group on Key Values in 
Thermodynamics, November 1971, J . Chem. Thermodynamics, 
1972, 4. 331.

»* W. D. Good and M. Mansson, J . Phys. Chem., 1966, 70, 97.
»» G. K. Johnson and W. N. Hubbard, ] .  Chem. Thermo

dynamics, 1969, 1, 459.
»» P. J. Gardner in Supplement to Mellors, ' Comprehensive 

Treatise on Inorganic and Theoretical Chemistry, Boron,’ Long
mans, London, in the press.
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may be used,»® in combination with readily available 
ancillary data, to determine a ' thermochemical radius ’ 
for that anion. This permits estimation of the lattice 
energies of salts containing that anion via Kapustinskii’s 
equation.»®’^  This method of estimation is only useful 
when crystallographic dimensions are not available and 
hence a more refined calculation »® of lattice energy is not 
possible. The equation for ' thermochemical radius ’ is 
a quartic whose coefficients include the differences 
between the heats of formation of the salts and the cation 
gases. Unfortunately the heats of sublimation »̂-®® of 
Rb and Cs, and hence the heats of formation of the ion 
gases, are not known to high accuracy. Hence the 
derived thermochemical radius for [BCIJ" (4-48 ±  1 45 
Â) has a large uncertainty. The ancillary data for this 
calculation were: r(Rb+) =  1 48; r(Cs+) =  T69 Â; ̂  
AHr(Rb+,g) =  116-78 ±  1-00; z» ^  and AHr(Cs+,g) =  
109-58 ±  TOO kcal moT».®^-  ̂ From covalent bond 
lengths and van der Waals radii, the radii of circumscrib
ing spheres for [BCI4]" and [BF4]" may be estimated as 
3-5 and 2-9 À respectively. The ‘ thermochemical 
radius ’ of [BF4]" is 2-4 Â (calculated using recent heats 
of formation ^  for the Group 1 tetrafluoroborates) and 
this figure in comparison with the radii derived above 
leads us to prefer the lower limit of 3-0 Â for the ‘ thermo
chemical radius ' of [BCI4 ]".

Using this value in the Kapustinskii equation we ob
tain the lattice-energy estimates AATL(Rb[BGl4 ]) =  119 
and AHl(Cs[BC14]) =  114 kcal moT», from which 
AHf^([BCl4 ]-,g) « -2 2 0  kcal moT» {cf. 
g) «  —432 kcal moT», calculated using 2-4 Â for the 
thermochemical radius of [BF4]" in Kapustinskii’s 
equation and recent heat of formation ^  data for 
Li[Bp4], Na[Bp4], and K P F 4]}. The sensitivity of 
these lattice enthalpies to choice of anion radius is ca. 2 0

»• T. C. W addington, Adv. Inorg. Chem. Radiochem., 1954, 1, 
167.

A. F. Kapustinskii, Quart. Rev., 1956, 10, 283.
*» V. Piacente, G. Bardi, and L. Malaspina, J .  Chem. Thermo

dynamics, 1973, 5, 219.
D. R. Stull and H. Prophet, JANAF Thermochemical 

Tables, U.S. Dept, of Commerce, 1971.

kcal moT» Â”». The enthalpy change in the gas-phase 
formation of [BCI4 ]" [equation (6 )] is —65 kcal moT» 
compared with —79 »® for [BH4]" and —96 for [BF4]".

BClg(g) +  CT(g) [BCl4]-(g) (6 )

Thus the thermodynamic instability of the te tra 
chioroborates compared with tetrafluoroborates m ay not 
be readily deduced from the relative magnitudes of the 
lattice energies {AHi,(Rb[BF4]) «  135, AHr,(Cs[BF4 ]) «  
129 kcal moT» via K apustinskii’s equation}, although the 
difference in the gas-phase heats of formation of the

Table 3
E n th a lp y  changes and  dissociation pressures for th e  reaction

M »[BX J(c) — ► M»X(c) +  BXg(g, ^BX.) (M =  R b  or Cs;
X  =  F o r  Cl)

Compound
Rb[BClJ
R b[B FJ
Cs[BClJ
Cs[BFJ

AH® (25 °C)/ 
kcal mol"»

fBX, (60 ®C)/ 
Torr 

»20 *
5 X 10-»» Î 
4-06 X 10-»» X

217 
> 44  t  

25 3 
> 4 4  t

* Unpublished results, f Based on AH®(Li[BFJ) <  AH® 
(Na[BFJ) <  AH®(K[BFd) =  44 kcal mol"».®* J E x tra
polated (J. H. de Boer and J. A. M. van Liempt, Rec. Trav. 
chim., 1927, 46, 317).

complex ions is significant. The relative stability  is 
clearly dem onstrated in the dissociation pressures and 
enthalpies given in Table 3.
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