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_ABSTRACT

Heats of reaction, at 250, in the liquid phase have been
measured in an adiabatic reaction calorimeter,

The heat of hydrolysis of liquid silicon tetrachloride in an
excess of aqueous hydrofluoric acid has been measured, This datum
has been used to calculate AHf°(31014, 1ig.,) = =170.2 + 0,8 keal,/mole,
The mean bond dissociation energy, D(Si-Cl) = 97.2 + 0.7 kcal,/mole,
is derived, together with the heat of formation of the radical,
AHfo(SiCI3, g) = 86.1 + 4.8 keal,/mole.

The heats of hydrolysis of trimethylchlorsilane in water,
and of hexamethyldisilazane in an aqueous solutien of excess hydrogen
chloride have been measured, These data are used to calculate the
values AHfo(Me3SiCl, 1iq.) = =987.50 + 4,37 keal,/mole and
A, [ (Me,81) NH, 1iq.] = -123.76 + 4,40 koal./mole, These values,
together with other heats of formation are used to derive bond
dissociation energies for bonds involving silicon atoms,

The heats of reactien between bromine, in carbon tetrachloride,
and two forms of arsenic (cryst., a, rhomb.) and (amorph., B) to give
arsenic tribromide in solution have been measured, The heat of

-47.57 + 0.10 kecal,/mole, and the

formation, AHfo(AsBr3, eryst,)
heat of transition, AH = +3.24 + 0,03 kcal./g.-atom, for the process
As(cryst., a, rhomb,) » As(amorph,, §) have been caloculated, The

heats of hydrolysis of arsenic tribromide, arsenious oxide, and



arsenic oxide in an aqueous solution of sodium hydroxide, and the
heat of oxidation of sodium arsenite to sodium arsenate, using liquid
bromine, have also been measured, The data are used to calculate the
following heats of formation: AHfO(A5203, eryst,, octa.) = =160,30 +

0.22; AH, (As)0g, oryst.) = =222.14 & 0.35; AH,°[NaAsO,, in 64 NeOH,

09
2000 H,0] (1ig.) = ~164.57 £ 0.20; AHfo[Na3Asoh, in 60 NaOH, 2002 H,0]
(1iq.) = =389.97 + 0,30 kecal,/mole,

The heat of combustion of arsenic (cryst., a, rhomb,) has
been measured in a 1otating-bomb calorimeter and used to derive
AHfO(ASZOB, oryst., octa.) = =160,14 + 1,60 kcal,/mole,

The mean bond dissociation energy D(As-0) = 77.6 + 0.1 kecal,/
mole is calculated for arsenious oxide,

An appendix on the heat of combustion of cyclo-octadecanonaene,

([18]-annulene), is also included.
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(1ig.) = =389.97 + 0.30 kecal,/mole,

The heat of combustion of arsenic (cryst., a, rhomb,) has
been measured in a rotating-bomb calorimeter and used to derive
AHfO(A5203’ oryst.,, octa.) = -160.14 + 1,60 kcal,/mole,

The mean bond dissociation energy D(As-0) = 77.6 + 0.1 kecal,/
mole is calculated for arsenious oxide,

An appendix on the heat of combustion of cyclo-octadecanonaene,

([18]-annulene), is also included.,
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CHAPTER I

Introduction

All chemical and physical processes involve energy changes,
and it is those energy changes which accompany changes of state and
chemical reactions which constitute the subject matter of thermo-
chemistry.

In order to derive useful thermochemical data of a system it
is necessary to refer the energy content of the system to some
reference state in which the energy content is arbitrarily set equal
to zero, For this purpose it is assumed that the heat contents of
elements, in their standard states, is zero,

The standard state of an element is the naturally occurring

isotopic mixture of the element at 25°C and 1 atm, pressure, or

unit fugacity for a gas. Similarly the standard state of a compound
is that state in which the compound normally exists at 25°C and 1 atm,
pressure, Where two or more allotropic forms of an element exist,

or where there is more than one crystalline form of a compound, one

of these has generally been agreed to be the standard state,

Thus the standard heat of formation, Aﬂfo, of a compound may
be defined as the change in heat content in forming one mole of the
compound, in its standard state, from its constituent elements in
their standard states, The standard state values are denoted by the

superscript & Thus, AH® is the change in heat content under
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standard conditions, For compounds which are not gases in their standard
states it is sometimes useful to know the heat of formation of the
compound in the gaseous state. This may be calculated by incorporating
the molar latent heat of vaporisation in the case of a liquid, or of
sublimation, where the compound is a solid, The molar latent heat may
be defined as the change in heat content, at 25°C, 1 atm, pressure, for

the process liquid - gas and is denoted by AHvap 3 for solid - liquid,

AHfusion; and for solid - gas, AHsub.‘ The heat of formation of
a gaseous compound AHfo(g), is given by the sum AHfo(liq.) + AHvap A

In general terms the heat of any reaction may be equated to
the difference between the sum of the heats of formation of the products

and the sum of the heats of formation of the reactants, i,e,

AH = EAHfo(products) - EAHfo(reactants)

From a knowledge of the heat of a reaction, in which all the participants
except one have known heats of formation, the heat of formation of the
remaining compound may be calculated using Hess's Law,

In a reaction AB » A + B, the products A and B may be either
molecules, atoms or radicals, If they are atoms, then the terms AHfo(A, g)
and AHfo(B, g) are the heats of formation of the atoms (sometimes called
the heat of atomisation of the element) which is defined as the change in
heat content when ¢ne gram-atom of the element, in its standard state,
is converted into free atoms, in their ground-state at 25°C, 1 atm,
pressure, If on the other hand the products A and B are radicals then
the terms AHfO(A, g) and AHfO(B, g) refer to the heats of formation of

o



the radicals,
Using these terms it now becomes possible to calculate bond

dissociation energies from the relationship
o )
D(A - B) = AH,(A, g) + AH.°(B, g) - AH,°(4B, ¢)

for the gas-phase reaction AB » A + B, The bond dissociation energy
DOO(A - B) of the bond (A - B) is defined as the energy change AEO°, at
absolute zero of temperature, in the ideal gas state, for the reaction
AB » A + B, the products being in their ground states, The subscript %
refers to the zero'th vibrational level of the molecule, Often, the
change in heat content, AH, at 2500, of this reaction has been used as a
measure of the dissociation energy, designated D, to avoid confusion
with Doo values, Generally, these two values, Do0 and D do not differ
Qreatly, many of the data obtained by measurement of the latter quantity
are not sufficiently precise to warrant the correction, for which in many
cases the heat capacity information is of'ten lacking,

If we consider the molecule ABx’ for the gas-phase reaction
AB_ > A + xB where x(A - B) bonds are broken, the heat of the reaction
is xD(A - B). Here, D(A - B) is the mean bond dissociation energy.
This mean value is not necessarily the same as the energy required to
remove the first or subsequent groups, since there may be different
energies of reorganisation of the radical remaining after removal
of each B group.

Similarly, the bond dissociation energy of a bond between given
atoms may vary considerably amongst molecules containing this bond,
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since the bond may differ in character from molecule to molecule,

Two types of methodsfor determining bond dissociation energies
can be distinguished, One is to determine the energy change for the
reaction AB » A + B either directly or by way of a set of equilibrium
measurements, The other method is to measure the rate of some process
and relate it to thermodynamic properties by an assumption about the
mechanism of the process, More specifically, some of the experimental
methods which have been used are (a) thermal equilibria, (b) kinetio,
(o) electron impact, (d) spectroscopic, and (e) the calorimetric

method, The general outlines of these methods are as follows,

(2) Thermal Equilibris

The heat of dissociation may be deduced thermodynamically if
the equilibrium concentrations of AB, A and B are known over a range

of temperature, Using the Van't Hoff isochore,

dlnk _ ~AH
a( 1/:1') R

a graph of la K against % may be plotted, whose skope is—é;'. This
method suffers the disadvantage that a large temperature range is
required, It is necessary to calculate AH09 the heat of dissociation
at OOK, from AH at high temperature,

It is also possible to derive AH from equilibrium measurements

at one temperature provided the entropy change is known, using

; A(c°.-Ho°) A _°
"RlﬂK: ﬁ 4 T ’
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A(6° - H,°)

T
from molecular data by the methods of quantum statistical mechanics,

where is the "free energy function" which may be calculated

The inherent difficulty in these methods lies in the determination
of the concentrations, which of'ten cannot be measured directly,
Experimental techniques have involved, for example, menometric,
effusion and equilibrium flow methods,

Davis, Anthrop and Searcy1 measured the vapour pressures of
both silicon and silicon carbide using Knudsen effusion cells, The
reaction vessel, used in this method, has a hole in it leading to
an evacuated space, The rate at which gaseous molecules pass through
the hole depends only on the mean component of velocity of the molecules
and the number present, and may be caloulated to be

5 molecules per second,
(2mkr)*
where 2 is the area of the hole, p, the pressure, m, the mass of the
molecule, and k, the Boltzmannconstant., Combination of the data
measured with known entropies yielded a value of 108.h.: 3 keal,/mole

for the heat of sublimation of silicon to silicen atoms at 2500,

and a value of AH = 126,0 + 3 keal,/mole for the reaction

SiC(cryst,, B, cubic) - 8i(g) + C(graphite),

(b) Kinetic Methods

Commonly, in a kinetic study of the reaction

AB -+ A+ B
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it is assumed that the activation energy for the recombination o
radicals is zero, and therefore that the activation energy of the
dissociation reaction is equal to the heat of reaction,

Szwaro2 devised a method of ensuring that complicating side
reactions do not confluse the kinetics of unimolecular dissociation. He

found that toluene reacts with many radicals thus,

06H LCH, + A » 06H .CH2 + A,

hasd 5
The radicals A and B, formed during a dissociation reaction, carried
out in a flow systen. using toluene as carrier gas, are largely
surrounded by toluene molecules, They react preferentially with the
toluene producing the stable molecules /H and BH, thus preventing back
reaction and possible chain reactions, Under the experimental
conditions the benzyl radicals do not react in the hot zone and
eventually dimerize outside the main reaction zone, The rate of the
initial dissociation may be measured from the amounts of AH, BH or
dibenzyl which are formed,

Trotman-Dickenson et 2_1.3 used thisapproach to investigate
the kinetics of pyrolysis of a number of hydrazines and benzylamines,
These workers obtained values of 57.1, 51.9 and 49.6 koal./mole
for the N = N bond dissociation energies in HZN - NHZ’ HZN - NHCH3 and

HN - N(CHB)Z, and 59.8 and 57.7 kcal./mole for D(PhCH, - NH2) and

2
D(PhCH,, = NHCHB) . From these and available heats of formation, the

o (o]
values OHy (NHy, g) = 39.8, AH, (NHCHy, g) = 34.5 and AH,°(N(CH,),) =
29,5 keal./mole were derived,

g



(¢) Electron Impact

In this method electrons of known energy are allowed to
interact with molecules to produce ionization and dissociation, Under
certain conditions the lowest electron energy required to produce
a given ion by dissociation and ionization is equal to the sum of
the dissociation energy and the ionization potential of the fragment,
The fragments produced may be identified by a mass speotrometer,

The method can be applied to both polyatomic and diatomic molecules, but
for the former, identification of the process taking place is often
difficult and the required ionization potentials of radicals are not
always known sufficiently acocurately.

b have obtained the value

Recently, Steele, Nichols and Stone
D(CLBSi - Cl) = 106 + 4 kecal,/mole from electron impact data for the
dissociation energy of the first silicon~chlorine bond, These authors
have also reported similar measurements on the alkyl silanes, RSiH3,
and alkylohlorcsilanes, RSiCls, (where R = le, Et, ipr, *Bu) giving
values for the dissociation energies of carbon - silicon bonds,

The status of both this method and the kinetic method has
5

been critically assessed by Sehon and Szwarc,

(@) Spectroscopic Methods.

Spectroscopy can give values farthe dissociation energies
of simple diatomic molecules, Accurgte values may be obtained for
a few molecules (hydrogen, oxygen, halogens) from the convergence limit

of the absorption spectrum, at which the bands due to quantized vibrations

=47



give place to a continuum, The limit corresponds to the energy at
which the amplitude of the vibration becomes so great that the atoms
separate, The products are usually one ground-state and one excited
atom, hﬁg the energy of excitation can be allowed for amd the grouna=-
state energy of formation of the two atogziggiained. For many molecules
the absorption bands cannot be observed, or show no convergencej a
value for the dissociation energy can still be obtained by extra-
polation from the bands of the observed emission spectrum, The result
depends on the method of extrapolation and on the number of bands that
can be observed, and may provide only an upper limit to the true value
of the dissociation energy,

The dissociation energy of chlorine has been established
spectroscopically, the absorption spectrum being mainly continuous, Weak
bands have, however, been observed.6’7 giving a convergence limit at
20,850 + 20 cm.-1. Allowing for the excitation of the chlorine atom
this corresponds to D(C1l - C1l) = 2,476 ev, and AHfo(Cl, g) = 28.94 kcal,/

g.—-atom,

(e) Calorimetric

Direct calorimetric measurement of the heat absorbed when
dissociation takes place is rarely possible., In a few instances it is
possible to measure the exothermic recombination of atoms or radicals,
For example, Bichowsky and Copelands were able to measure the heat of
recombination of hydrogen atoms by direct calorimetry, However,

calorimetry contributes to the determination of dissociation energies by
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providing acourate heat of formation data, which may be used in
conjunction with heats of formation of radicals, determined by other
methods, to derive dissociation energies.

From the point of view of experimental teahniques it is
convenient to divide reactions, for which changes in heat content are
measured, into two main types. These are (i) combustion reactions,
in which a compound is completely oxidised, usually by gaseous oxygen;
and (ii) all other reactions such as hydrolysis, halogenation and
hydrogenation., The techniques are referred to as combustion calorimetry

and reaction calorimetry, respectively,

The heat of combustion, AHco, is the change in heat content
per mole when a compound, in its standard state, reacts with oxygen to
form gaseous carbon dioxide at 1 atm, pressure, and liquid water at
25°C. If elements other than carbon, hydrogen and oxygen are present
in the compound, then all other products must also be in their standard

states,

This process is not realisable exactly in practice, but AHOO can
be derived precisely by applying certain corrections to the value of
the heat evolved, when the substance is burned in oxygen under pressure
in a bomb, These corrections will be discussed later,

Three main types of combustion calorimeters are in general use,

the flame, the static-bomb, and the rotating-bomdb calorimeter,

Flame Calorimeter

This type of calorimeter is used to measure the heats of
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combustion of gases or vapours, generally in oxygen, at constant pressure.

Oxygen and the sample under investigation are led into the
reaction chamber through separate inlet tubes at controlled rates.

The gases are ignited by a spark at the burner, and the water produced
by the reaction is condensed and collected in a chamber,

The carbon dioxide produced is collected and weighed, This
provides a measure of the amount of reaction.

Rossini9 has obtained highly accurate data for the reaction
between hydrogen and oxygen to form water in a flame calorimeter, This
reaction is now used to calibrate such calorimeters,

The flame calorimeter has not been widely used but several
important studies have been carried out with it; e,g. heats of combustion

of carbon monoxide, methane,10 ethane, prOpane;'1 and the butanes.12

13,14

More recently, Pilcher, et al. have successfully adapted
the flame calorimetric technique to some volatile ethers to obtain

reliable AHGO and AHfo values,

Static-Bomb Calorimeter

The modern static-~bomb is based on that designed by
5

Prosen and Rossini.1 The combustion 6f an organic compound is usually
a fast reaction undar the conditions in the bomb. The isothermal
calorimeter of Dickinson's16 design is suitable for the stuly of these
fast reactions, This calorimeter is isothermal in the limited sense

that the external water jacket is maintained at a econstant temperature,

The static-bomb calorimeter is suitable for acourate



measurement of heats of combustion only when the products of
combustion and their thermodynamic states can be uniquely defined, It
can be used for the precise measurement of the heats of combustion of
compounds containing C, H, 0 and/or N. In the ocase «f compounds
containing no other than these elements it is usual and sufficient

to analyse the bomb gases for 002, and the bomb liquid for nitric acid.
In general, it cannot be used to obtain precise heats of combustion of
organic compounds containing halogens, sulphur, or metals,

However, by adopting special techniques (g&g. raising the
pressure of oxygen in the bomb from the usual 30 atm, to 40 atm.),
Davies, Pope and Skinner17 burned some alkyls of tin satisfactorily.
They found only traces of unburnt tin (determined by weighing as less
than 1% of the total tin content) in the combustion products, and only
one oxide of tin, Sn02, (determined by X-ray analysis). The precision
of their results was ca. * 0,03%.,

Pope and Skinner18 also used a static-bomb calorimeter to
obtain AHfo values of =48.4 + 0.8 and =72.7 keal./mole for liquid

Et, Ge and Pr,Ge, in terms of the heat of formation19

& L

the metal oxide formed in these combustions,

of Geoz(oryat., hexa) ,

Although the heats of combustion of a number of metals, in oxygen,
have been measured in static-bomb calorimeters the derived heats of
formation of the corresponding mctal oxides are usually accurate to only
+ 0.5%., Combustion is generally incomplete, and it is neoessary to

determine the amount of oxides formed, together with their crystalline
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forms, The difficulties of this analysis limits the acouracy of the
derived heat of formation of the oxide.

A recent example 38 the work of Mah and Adami?o who burned
crystalline Ge to Ge02( cryst., hexa) using paraffin as a kindling agent,
The combustions were reported to be 97,8 - 98.8% complete, as determined
from weight increase of the residue on ignition, A value of
AHfo (Geoz, cryst,, hexa,) = =129,08 + 0413 keal,/mole was obtained,

Likewise, Humphrey and 0'Brien’! have derived the heat of

formation &£ Sn02( eryst,) from measurements of AHOO for the reaction,

Sn(cryst.) + Oz(g) - Sn02(oryst.).

After correcting for traces of unburned tin, (1 = 4%), they derived
0H,%(5n0,, cryst.) = =138,82 + 0.09 keal,/mole.
Attempts to determine AHQo values for non-metal oxides,
by combustion of the clement in oxygen, have been made, but again
imprecise analysis limits the accuracy of the results, The difficulties
are reflected in the published values for AHQo of elemental boron, which
range from =270 to =368 kcal,/mole B203. In a recent determination
Gal'chenko et _941;.22 preheated boron to 1000o in the bomb to assist
combustion, and obtained AHfo(BZOB’ amorph.) =299 1 #2978 kcal ,/mole,
Due to unsatisfactory analysis of both elemental silicon and
the products of its combustion in oxygen, Humphrey and Kin523 obtained
a value AHOo = =209.33 + 0,25 kcal./mole for the proocess,

8i -+ SiOz(a-cristobalite) :



which is now nown to be some 8 kcal,/mole in error,
Static=bomb combustion calorimetry has been more successful in

& burned

determining the heat of combustion of phosphorus, Holmes
a-white phosphorus, coated with a film of Perspex, in oxygen. Correotions
were made for the partial hydration of the product, Php10’ by the water
formed on combustion of the protective Perspex coating, and for traces
of unburnt phosphorus remaining in the crucible (estimated by oxidation
with I,, or by HNOB). The derived value of AHfo(PhQ1O, cryst., hexa,)
was =713.2 + 1 kcal,./mole,

A new approach to static~bomb calorimetry is that, developed
by Hubbard and co-workers, of charging the bomb with fluorine gas
instead of oxygen,

This technique enabled Hubbard et 22.25 to obtain a "clean"

combustion of elemental silicon

si(eryst.) + 2F (g) ~ SiF, (&),

and also of silica under the same conditions
SiOz(a-quartz) + 2F,(g) - SiFh(g) + Oz(g),

From the difference between these heats of fluorination the value
A, %(810,, a-quarts) = =217.72 & 0.34 keal,/mole was obtained, By
using a2 similar technique these workers have also determined the

2
> UF4,26 and BF3.27

heats of formation of SiFu,
Heats of explosion of unstable gaseous hydrides, when mixed

with stibine in a copper block calorimeter28 have been measured by
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Gunn and co-workers, The heats of formation of SiH#, SiZHG’ GeHI+ and
I and S:'L}H8 and Ge3H830 have been determined in this way,
3

2
Getig
Baibuz and Medvedev” wused a spherical bomb of Monel metal

(10x1% capacity) to measure heats of explosion and have derived the

heats of formation of some fluorine-chlorine substituted kethanes,

Rotating-Bomb Calorimeter

In the combustion in a static bomb of an organosulphur compound,
in oxygen, the final thermodynamic state cannot be uniquely defined, A
mist of sulphuric acid forms over the inner surface of the bomb, The
concentration of this acid is not identical at different places in the
bomb, and, since the heat of dilution of sulphuric acid is large, and
is not a linear function of concentration, significant errors may be
introduced,

In an attempt to overcome these diffiiculties Popov and
Schirokikh32 in 1933 developed a bomb that could be oscillated during
the combustion period, This technique was later e xtended by Smith
and Sunner,33 who introduced a bomb that could be rotated about its
vertical and horizontal axes at the same time, This technique enables
the inside surfaces of the bomb to be washed by the liquid placed
inside the bomb, ensuring homogeneity of the final products in solution,
A modern development of such a bomb haa been described by Good, Scott,

and Waddington.34

The rotating-bomb used in work reported in this thesis
is deseribed later,

Good, Lacina, and MCCU11°u6h35 used a similar bomb to measure
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the heat of formation of dilute sulphuric acid by direct combustien

of rhombic sulphur,

S(cryst., rhomb,) + 2/2 02(3) + 116 Hzo(liq.) o
[H,80,, 115 H,0](1iq.).
The AHco value was reported as -143,85 + 0.06 kcal./mole leading to
AHfo[HZSOLL’ 115 H20](liq.) = =212,17 + 0,06 keal,/mole, The results

36

for the same reaction obtained by Mansson and Sunner’  are in close

agreement,

With a sound value for Anf°[stoh, 115 H20](liq.) it became
possible to determine the heats of formation of many organosulphur
compounds using the techniques of rotating-bomb calorimetry, A review
of this topic has been published by Mackle and 0'Hare.37

Likewise, with organofluorine compounds the accuracy of the
results obtained from heats of combustion measurements depends on
accurate knowledge of the heats of formation of HF (g) and HF(aq.), A
discussion of the status of these heats of formation is given later,

Conventional bomb calorimetry applied to organoboron and organo-
silicon compounds has not yielded very satisfactory results, A method

developed by Good,38

which involves mixing the boron or silicon compound
with an oréanic fluorine containing compound as a combustion promoter,
and burning the mixture in the rotating-bomb calorimeter containing
aqueous HF as solvent has given good results., Under these oonditions,
no solid products of combustion remain after rotation of the bomb, The

final product is a homogenecous solution of HBFu or H281F6 in aqueous HF,
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and combustion of the original compound is complete,

Good38

used this technique to measure the heat of combustion
of pure silicon admixed wifh vinylidene fluoride polymer, thé
rotating-bomb éontained aqueous HF as solvent; Under these conditions
ail the éiliéon wés converted to flubrosilicié acid dissolved in HF

solution, If Si0 wés formed as a reaction intermediate it was

2
totally dissolved by the aqueous HF on rotation, These experiments

gave AH = =250.3 + 0,3 keal./mole for the reaction

8i(cryst.) + 0,(g) + [47 HF, 172 HZO](liq.) -
[B,81F , 14 HF, 174 H,0)(110.).

The combustion of boron, in essentially the same manner, has been
achieved by Good, Mgnsson and McCullough.39 The measurements gave

AH © = ~173.41 + 0,20 kecal,/g.-atom for the combustion reaction
% s

B(oryst.) + 0.75 0,(g) + [18.674 HF, 57.219 H,0](1iq.) »

[HBF) , 14.674 HFy 58.719 Hy0](1iq.),

which, together with other data, yields AHfo(B203, amorph,) =
: . 0
-299. 7% * 0.4 kcal./mole (thls may be compared with AHf (B203, amorph,) =
-299,1 + 1,8 keal,/mole obtained from static~bomb combustion oalorimetryzz)
and AHfo(B203, cryst,) = =304.10 + 0,41 keal,/mole, both these values
being with reference to crystalline boron,
: 8

Values of AH,® for (HSiF, aq.)?° and (1, , 2q.)”? obtained

by this technique have made it possible to measure AHOO and therefore

AH ° for organosilicon and organocboron compounds, Thus, Good.,l*O using
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a similar procedure to that used in the combustion of elemental
silicon, was able to derive AHfo for hexamethyldisiloxane,

Me SiOSiMeB, from combustion measurements.

3
Reaction Calorimetry

For a particular compound it is sometimes possible to study
the heat of a reaction, other than combustion, which is more well-
defined,. which is accompanied by a much smaller heat change, and where
the heats of formation of the reaction products are more well-established
fhan in the case of degradative oxidation,

The design of apparatus used in reaction calorimetry depends
to a large extent on the particular reaction studied, Dewar vessels
have been used extensively, mainly because of their simplicity and
low cost.

Sunner ancl'WzJ.dstSl"JI

designed and tested a number of vacuum=
jacketed calorimeters and showed that the main disadvantage of glass
Dewar vessels, as reaction calorimeters, is the long time, usually
several hours, required for them to reach thermal equilibrium, They
developed a brass calorimeter with a glass reaction vessel, which was
accurate 1:030.05% and which equilibrated in less than two minutes.
For fast reactions (duration of reaction less than about

20 min.) constant=temperature environment calorimeters are preferable
and have been mostly used, However, for the study of reactions of

long duration, the ddiabatic method is more suitable, The main advantages

of this method may be briefly listed as follows,
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(1) In the evaluation of the heat leakage correction in
non-adiabatic calorimetry, the assumption is made that the lcakage
modulus, k, remains constant during an experiment, Errors due
to variation in k, and to deviation of the heat exchange from
Newton's Law are reduced in the adiabatic method since the multiplier
of k, the taermal head (the difference between the jacket temperature

and the calorimeter temperature) is small,

(ii) Maintenance of a small thermal head reduces convection in the

air gap between the jacket and the calorimeter., It is thus permissible
to use considerably wider air gaps, with corregpondingly smaller

leakage moduli, in thc adiabatic method. This advantage may be employed

in other methods by incorporating convection shields,

(iii) Troubles due to evaporation from an incompletely sealed
calorimeter are less serious, It is, however, desirable to have

tight sealing if possible,

(iv) The greatest advantage is in the application of the adiabatic
method to prolonged reactions. In such cases the heat-loss corrections
in other methods might be as large as, or even larger than, the total
quantity of heat to be measured, In the adiabatic method the hegt-loss
term can be held to a small fraction of the total,

Using an adiabatic calorimeter similar to that deseribed by

Carpon, Hartley, and Skinner,42 Carson et gl.uB studied the reductions

L3 Ly

in ethereal solution of methyl iodide, ~ benzyl bromide, benzyl iodide,
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45
ethyl iodide and ethyl bromide by lithium aluninium hydride in the

presence of lithium hydride, The reactions may be reprecsented as
RX + LiH - BRH + LiX,

and by combining the enthalpy change of this reaction with that

of the reaction

LiH + # X, - LiX + %%

2
the heat of formation of the organic halide was derived in terms of
the heat of formation of the corresponding hydrocarbon RH, From these
studies the heat of formation of the benzyl radical and the bond
dissociation energies D(GH3-I), D(GZHS-I) and.D(GZHS-Br) were derived,
In recent years, great advances have alsc been made in the
study of very slow reactions. The twin calorimeters of Buzzel and
Sturtevant46 and the microcalorimeter of Kitzinger and Benzingerl+7 have
been used extensively in stuaies of the enzyme hydrolysis of phosphates,
Calvetl“8 has ured a twin micro=-calorimeter for studies of many slow
rcactions, including thermogenesis processes lasting for several days,
Another interesting innovation in reaction calorimetry is the

I These workers measured the

apparatus designed by Lacher et al.
heats of hydrogenation of a number of organic halides at elevated
temperatures (103o - 24800), using palladium—-on-carbon catalyst., The
calorimeter was an isothermal type in which the reaction heat was

transferred to a surroundirg liquid, which was cooled simultaneously

by bubbling an inert gas through it, A steady state was obtained when
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this cooling just balanced the heat evolved by the reaction,

The measurement of the heats of hydrolysis of inorganic
compounds, using solution calorimetry, is an important approach
to obtaining the heats of formation of these compounds. A

50

rocking=bomb reaction calorimeter has been described by Gunn,”  and

used to measure the heats of hydrolysis of diborane and boron
trichloride.51 The heat of formation of BF3 has also been determined52
from its heat of hydrolysis in an aqueous solution of HF, when
the product is a solution of fluoroboric acid, The heat of formation
of BF4 depends, therefore, on the value for AHfo(HBFA, ag,). Guon
Eﬁ.ﬂl' have also measured.s3 the heats of solution and dilution of some
ammonium salts in liquid ammonia at 25°C, demonstrating the versatility
of this important new reaction calorimeter.

Kingsu has reported measurements on the heat of solution of

pure quartz in aqueous hydrofluoric acid, from which a value for the

following reaction can be obtained,
sio, + 6HF - (HQSiF6 + 2 }120) in aq, HF soln,

By incorporating the heat of combustion of silicon in oxygen, in

38

the presence of aqueous HF, Good”  derived the value AHfo(SiOZ, a-quartz)

= =217.5 * 0.5 kcal,/mole, which is in close agreement with that obtained
by Wise, et 2_1;.25

A similar approach has been adopted by Bills and Gotton55’56
to determine the heat of formation AHf°(EtI+ce, 1iq.) = =50.0 + 1.9 keal,/

mole., These authars measured the heat of combustion of tetraethylgermanium



in oxygen in the presence of aqueous HF, using a rotating=bomb
calorimeter, By replacing the rotating-bomb with a wide-mouthed
polythene bottle, they adapted the rotating-bomb calorimeter into a
reaction calorimeter, and measured the heat of solution of germanium
metal in a solution of both aqueous HF and H202. They also measured
the heat of solution of Ge02 in aqueous HF for which the value
AHfO(GGOZ, cryst., hexa,) = -132,2 + 1,2 koal,/mole was obtained;19

upon which the heat of formation, AHfO(EthGe, liq,) = =484 + 0.8 kecal,/

18

mole, obtained by Skinner - is based,

Measurements of the heat of the reaction

PCl3(1iQ-) + Bry(aq.) + 4H,0(1iq.) » H3P0h(aq-) +

3 HC1(ag.) + 2HBr(ag.)

by Neale and Williams,§7and the heat of the hydrolysis

P013(1iq.) + 3 H,0(1iq.) + aq. > H P03(aq.) + 3 HC1(aq.)

3

by Charnley and Skinner,58 have been used in conjunction with the value
reported by Holmeszh for AHOo (phosphorus) to provide a firm value
dA%%%mycmMJ=-WL5:Q8mﬂJmh.

Heats of halogenation reactions have proved fruitful sources
of accurate AHfo values, Gross and}ﬁyman59 have developed a reaction
calorimeter in which the heats of halogenation of some metals have been
measured by burning the metals in chlorine vapour in a glass reaction
chamber, Values for AHfo for VClh and HfClL have been reported,

A different approach to heats of halogenation reactions is

that of Duus and Mykytiukéo who obtained the heat of formation of
M



PF., by measuring the heat of fluorination of PCl3, using a fluidised

3

bed of CaF. at 356°C.

2

Key Heats of Formation

Key heats of formation are important because they serve as
stepping-stones in the indirect determination of the heats of
formation of numerous other compounds.

The most widely used indirect method of determining heats of
formation is that of combustion in oxygen, For simple organic compounds

containing only C, H, O and N the products are 002, H20 and HNO When

3'
organohalogen compounds are burned the acids HX are formed, Organo-
sulphur compounds yield HZSOA’ and organophosphorus compounds oxidise
to HBPOL' When organometallic compounds are burned in a static bomb,

the metal oxides form, and, if the bomb is charged with an acid solution,

the metal appears as a solution of the metal salt of the acid, e,g.
61,62

3.

complex fluoro-acid, €.8. HZSiF6’ H2GeF6, HBFL.

PBNO In some cases the products of oxidation will be the

The heats of formation of all these compounds are key data,

Values for the heats of formation of the following are now well

63 64 65

established; C0,, Hy0,” HNO,,** HBr, 101, 1,80, %936 4na mopo, 2+

27 534"
The heats of formation of metal oxides have been reviewed by Holley-67
and also by Skinner.68

The heat of formation of HF is not as well established as
69

those of the other haloacids, Armstrong and Jessup ° measured the

heat of combustion of ammonia in a fluorine flame-calorimeter, at

000
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constant pressure, to give AHf.o(HE', g) = =64,63 + 0,07 kecal,/mole,
The heat of reaction of fluorine and excess hydrogen, measured70 at
100° toa void non-ideality corrections, gave AHfO(HF, g) ==6k .46 +
0.1 koal,/mole, Hubbard et al.’’ obtained AH.(HF, g) = ~64.92 +
0.12 keal,/mole by combining the measured heat of combustion of silica
in fluorine with the heat of hydrolysis of SiFh_, as determined from
the equilibrium studies of Lenfesty et 9_1;.71 These values indicate
that AHfo(HF, g) is more negative than that given in Circular 5oo,66
of =64,2 kcal,/mole, From the available data Skinner68 has chosen
AHfO(HF, g) = =64.7 + 0,5 kcal,/mole as the "best" value,
Reference has been made (pp.16 and22) to the heats of
formation of HBFA, HZSiFé and HZGeF6. Fig. 1 shows the dependence
of the heats of formation of some boron compounds on AHfo(HBFL_, aq.)39
which has been determined from the heat of combustion of crystalline
boron (a, in the figure). This leads, with heat of solution
measurements, to AHfO values via b, for H3B03(cryst.)39, c, for
H3B03(aq.),72’73 d, for HBOZ(cryst.),73 e, for B203(amorph.) ,72 and,
f, for B203(cryst.).72 The heat of farmation of I{BFlgaq.) is also
used to find AHfo values for BFB(g) ,52 from the hydrolysis, g, and
for MejNBH:,)( cryst.)59 from its heat of combustion, h, The heat52’7l°'
of decomposition, i, Me,N.BH; > Me,N + % B,He, yields a value for the
heat of formation of ByH. This is also known from its heat” */2 of
hydrolysis, j, to H3B03(aq.) or from the heat’” of decomposition, k,

to B(amorph,) and the heat of transformation, 1, to B(cryst.) _75.76
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A key datum in silicon thermochemistry is the heat of
formation af(HZSiFs, ag,) which will enable the heats of formation
of some silicon compounds to be determined, Thus, it is possible
to determine the heat of formation of silicon tetrachloride from
the heat of hydrolysis in an excess of aqueous hydrofluoric acid to
an aqueous solution of fluorosilicic acid, hydrofluoric acid and
hydrochloric acid, This determination is reported in this thesis,

40

The heat of formation' of hexamethyldisiloxane, Me,SiOSiMe

3 5
has also been determined from its heat of combustion, to HZSiFs(aq.),
in a rotating bomb. This value may then be regarded as a secondary key
thermochemical datum since this allows the heats of formation of other

silicon compounds of the general f ormula (MeSSi)nX, to be obtained, if

it is possible to measure the heats of the hydrolysis reaction
: n/ n/ .
(MGBSl)nX + 72 HO 2(M8381) 20 + XH .

Heat measurements of two such reactions, involving trimethylchlorsilane,

SiCl, and hexamethyldisilazane, Me

Me SiNHSiMeB, are reported in this

3 3

thesis,

The heats of formation of a number of arsenie compounds are
based on the heat of formation of either orystalline arsenious oxide, or
of sodium arsenite in an agueous solution of sodium hydroxide, In
arsenic thermochemistry these are key compounds, Long and Sackman77
have shown by X-ray analysis that the products of the combustion of
elemental arsenic, in a static bomb, are arsenic oxide, arsenious
oxide and arsenic tetroxide formed from the combination of arsenic

T



and ersenious oxides,

% A8205 + % Aszo3 - A3204 .
These oxides appear as sublimates on the bomb walls and as a glass

in the crucible. Variation of the initial oxygen pressure produces
differing proportions of the oxides after combustion, They also

found that some or all of the uncombined A3203 in sthe bomb exists

as an unusually active and soluble form, Heat of solution measurements
on the bomb products indicated the presence of an oxide strongly
endothermic with reswect to ordinary As203 - A5205 mixtures, These
authors concluded that static-bomb combustion calorimetry was not
suitable for this problem,

An aquecus golution of sodium arsenite is the reaction
product of the hydrolySis,78 and of the combustion in a rotating-bomb,79
of trivalent arsenic compounds in the presence of an aqueous solution
of sodium hydroxide,

The 'selected! value for the heat of formation of arsenious
oxide given in Circular 5oo,66 AHf°(A5203, cryst,, octa.,) = =156,97 koal./
mole, is based on Schuman's8o determinations of the free energy of
formation from c2ll measurements, combined with And.erson'ss1 entropy

data, and is supported by more recent work of Kirschning and Plieth.82

83

De Passillé measwred the heat of combustion of metallic
arsenic in oxygen, By vavrying the pressure of oxygen, different
ratios of arsenious oxide and arsenic oxide were produced, so that it

was possible to calculate the heats of formation of both oxides. The
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values AHfO(ASZOB, oryst., octa,) = -154,7, and AHfO(ASZOB, cryst.) =
-218,3% kcal,/mole were obtained, The value for arsenious oxide is

the same as that obtained in much earlier work by Thomsen
(=154,7 kcal,/mole), whilst the value obtained by Berthelot85

(=156 .4 kcal,/mole)is closer to the 'selected' value. The ‘selected!
value for the heat of formation of arsenic oxide, -218.6 kcal./mole is
slightly more negative than that obtained by de Passillé, but less so
than Thomsen's value of =219.4 kcal,/mole., The heats of formation of
these oxides are, therefore, in doubt, It was with the object of

providing sound values for these key data that investigations reported

in this thesis were undertaken,
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CHAPTER IT

Adisbatic Reaction Calorimeter

The calorimeter was manufactured by A, Gallenkamp and Co, Lid.
(type C.B.-040), Fig, 2, and was designed for use with a single valve,
static combustion bomb, For the work reported in this thesis, only
the adiabatic jacket and the calorimeter can, shown in Fig, 3, were
used, Use of the adiabatic jacket in conjunction with a combustion bomb
has been described elsewhere.86 Three reaction vessels were used

and these occupied the position normally taken by the combustion bomb,

The water-jacket

The adiabatic jacket and hollow lid (diam, 21,6 cm., height
33.0 cm.) were constructed of stainless steel, the inside surfaces
being highly polished. An electrically driven centrifugal pump
mounted at the rear circulated water through the jacket and 1id., The
Jacket contained an overflow tube, two electrode heaters and an
internal coil through which cooling water could be passed. A hole
in the top of the jacket accommodated a thermistor, while a second
hole allowed the jacket to be filled, and the level of water to be
inspected,

Attached to the floor of the well in the jacket were three
tufnol pegs that supported the calorimeter ocan centrally in the well,
The jacket and calorimeter can were separated by an air space of 1,5 om,

Two holes in the hinged, hollow 1id permitted entry of the
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platinum resistance thermometer, a thermistor, and the leads to
the resistance heater, into the calorimeter can, A third hole
supported the neck of the glass reaction vessel, or the ampoule

support rod in the case of the copper reaction vessel,

The calorimeter can

The can and 1id (diam, 14 cm,, height 21,0 cm,) were made
of stainless steel polished on the outside., Three metal pegs on the
base of the can supported the reaction vessels in position and
permitted free circulation of water round the vessels, A wire lif'ting
handle facilitated lifting the can and contents into the water Jjacket,
The can was also fitted with a stainless steel shaft equipped with
two stirring rotors., A plastic sleeve minimised heat flow along the
shaft. The stirrer was driven by the pump motor through .-
pulleys, rubber belts, and an intermediate lay shaft for speed

reduction, The stirrer operated at 400 r,p.m.

The control unit

The control circuit flor the jacket temperature coneisted of an
energised Wheatstone Bridge with two thermistors representing two arms
of the Bridge, One thermistor was placed in the jacket and the other
in the calorimeter can, The other arms of the Bridge consisted of
high stability resistances, When the jacket temperature fell below that
of the calorimeter can and its contents (i.e. the system), the electrode
heaters situated in the jacket were automatirally operated by an out

of balance signal from the Bridge, The temperature of the jacket
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therefore followed that of the calorimeter can and its contents, The
cooling coil in the Jacket helped to ensure satisfactory jacket

temperature control,

Reaction vessels

Three different reactions vessels were used,

Copper reaction vessel

The reaction vessel, Fig. 4, was a cylindrical copper can (A)
(diam, 7.5 cm., height 12,0 cm.) fitted with a P,T,F.E, washer (B)
and closed by e flanged 1id (C), The 1id was provided with three
chimneys (internal diam, 1.9, 1.5, and 1.3 cm,) in which P,T.F.E,
rings (D) were set, in order to close the system and prevent the
escape of reactants, A stirrer shaft (E) supported by two stainless
steel ball races (F) passed through the rings in the largest chimney,
A P.7.F.E, rod, which passed through the rings in the intermediate-sized
chimney held an inverted phial (G), to contain one of the reactants,
which could be broken by pressing it on a spike in the base of the vessel,
For some experiments the vessel also contained a resistance heater (H),
the leads of which passed through a tube, which was supported by
pP.T.F.E. rings in the smallest chimney, When not in use for this purpose
the chimney wasz closed by a P,T,F.E, plug. Except where otherwise
indicated all copper surfaces were rhodium plated,

The vessel was immersed in water, to 1,0 cm, below the top

of the chimneys, contained in the calorimeter can, The wheel (I) at the
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top of the shaft of the calorimeter can stirrer was connected by
a rubber belt to a similar wheel (J) attached to the stirrer shaft (E)
in the reaction vessel,

Three legs on the base of the vessel fixed its position on the

pegs in the calorimeter can,

Glass reaction vessels

Reactions were performed in one of two Pyrex glass vessels,
Fig., 5, which were of a similar design., The internal capacities of the
two vessels were approximately 200 ml, and 400 ml, They were made from
a length of Pyrex glass tubing by sealing one end and fumsing into the
other a B.34 Quickfit socket., To facilitate the breaking of glass
ampoules in the reaction vessel at the eommencement of a reaction, the
base of the vessel was provided with five spikes, A combined stopper
and stirrer guide for the reaction vessel was made from a B,34 Quickfit
cone to which a piece of glass tubing (diam, 0,7 cm,, length 11 cm,) had
been joined.

A thin-walled ampoule, blown from glass tubing, was used
to contain and separate one reactant from the other in the reaction
vessel, The filled ampoule was fitted into a glass sheath attached
to the end of the stirrer rod. A thin smear of Araldite adhesive
produced a firm seal between ampoule and sheath,

The stirrer rod was made of glass (diam, 0.5 om,, length 35 cm.),
at one end of which were fastened the stirrer blades, These blades were

made of glass, for reactions involving large amounts of bromine, and of
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rubber for reactions in which bromine was either absent or present only
in small quantities, More efficilent stirring could be achieved with the
longer rubber stirrer blades, which could be folded when passing
through the neck of the reaction vessel. This stirrer was driven at

60, 120, or 180 r.p.m, by a constant speed motor, The reaction time

for slow reactions was shortened by using the fastest stirring speed

(180 r.p.m.).

Temnerature measuring system

The platinum resistance thermometer was of the nickel sheathed
type (Cambridge No. C.654287), It had a fundamental interval of
9,8047. The thermometer was used in conjunction with a Smith's
Difference Bridge (Cembridge, L.303552), and a Cambridge short period
galvanometer, The thermometer resistance was therefore measured in
a Wheatstone Bridge circuit, one arm of which consisted of the thermometer
and a continuouvsly variable resistance, With this arrangement the current
through the instrument was the same at all-temperatures. In this work
a quick response, and adequate sensitivity, were essential in the
galvanometer, Therefore an instrument having a period of 1,9 sec, and
a deflection of 40O mm, at 1 metre for 1 pamp. at maximun sensitivity
(controlled by a Cambridge Universal Shunt) was used, This meant that
a change of 0,00001 ohm in the resistance of the thermometei gave a

deflection of 0,2 mm, on the scale,

Calibration

The energy equivalent, EB(kcal./ohm) , of the calorimeter

.



system was determined by the dissipation of a measured amount of
electrical energy through the calibration heater, The heater (101.00 +
0.05 ohms) was constructed from manganin wire wound non-inductively
on a mica sheet and encased in a thin oil-filled sheath., This heater
was connected in series with a standard resistance of 41,0003 ohms, at 230,
and with a current supply. The current supply consisted of three banks,
each of four, 40 amp, hr,, 12v lead accumulators joined in series, The
banks were connected in ﬁarallel to give a potential of 48v., In order
to ensure that a steady current flowed through the heater the accumu-
lators were discharged through a dummy heater for at least 2 hr, before a
calibration experiment, The dummy heater consisted of a variable
resistance adjusted to match the resistance of the calibration heater,
The calibration heater was also connected by heavy copper leads
(16 s.w.g., total length L yd,, resistance 0,0298 ohm) to two standard
resistances of 100,004 and 10,900,4 ohms, joined in series, The circuit
was similar to that described by Skinner, Sturtevant, and Sunner.87
The current, i, flowing through, and the potential, e, across, the
cdidbration heater were determined from the potentials across the 1 ohm
and 100 ohm resistances, measured with a Pye precision vernier
potentiometer capable of reading 0,000C1 v, in conjunction with a
cadmium cell (Pye and Co. Ltd.), having an e.m.f. of 1.01860 v at 20°C
(temperature coefficient, -0,00004 volt per °C),

The duration of current flow through the heater was measured

by a transistorised Millisecond Stopclock, (type T.S.A.k, Venner

- 32 -



Electronics, Ltd,) to an accuracy of better than + 0,01 sec,

The calorimeter can was filled with 2 1, of distilled water
(combined weight, 3000 g.) and weighed to an accuracy of + 0,05 g.
using a precision balance capable of weighing up to 10 kg. Over a
period of 8 hr, the loss of water, due to evaporation, from the can,
when assembled in the adiabatic jacket was less than 0.5 g. i.e. < 9.025%
of the total weight. The quantity of water used was sufficient to cover
the reaction vessel to within 1 cm, from the top of its neck, The
same amount of water was used throughout a given series of experiments,

The calorimeter can plus the standard amount of water was
weighed and then positioned in the jacket well, The reaction vessel
was then located on the pegs in the base of the calorimeter can, The
lids of the calorimeter can and the jacket were then fitted into position,
The leads to the calibration heater were passed through the appropriate
hole as the 1lids were lowered, When the copper reaction vessel was in
use the stirrer to the vessel was connected to the calorimeter can
stirrer before the lids were fitted, In the case of the glass vessels
the stirrer guide was passed through its holes in the lids as the lids were
lowered, The stirrer motor, for the reaction vessel was clamped vertically
above the stirrer guide and the stirrer rod was connected to the motor
by a short length of rubber tubing. The platinum resistance
thermometer, the two thermistors and the drive belt for the calorimeter
stirrer were placed in position and the stirrer motors started, The

adiabatic control circuit, together with the jacket water pump, were
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then switched on, Finally, a steady flow of cold water was circulated
through the cooling spiral in the jacket, and the leads from the
calibration heater connected into the calibration circuit,

After the establishment of thermal equilibrium, resistance~iime
readings were taken every 2 min, over a period of 20 imin, - the
fore-period. Electrical energy was then dissipated during a heating
period, and subsequently resistance-time readings were taken again every
2 min, for a further period of 20 min, - the after-period, The

resistance~time readings taken during the foreand after-periodswere

expressed graphically,

The temperature of the calorimeter system normally rose during
the fore and after-periods because the heat of stirring was greater
than the heat losses to the cooling coil and to evaporation through
apertures in the lids., This heat of stirring resulted mainly from
friction between stirrer guide and stirrer rod, It was minimised
by lubricating the stirrer rod with grease, Ideally, the slopes

of the resistance=time graph over the fore and after-periods should

be the same, indicating a steady rate of heating due to stirring,
Generally, this situation was attained. In all experiments these
slopes were always in the same sense and were never greater than
0,00010 ohm/2 min, During any one experiment the resistance-time

slopes during the fore and after-periods never dif'fered by more than

0,00003 ehm/2 min, Equilibrium between the reaction vessel and its

contents and the water in the can was generally attained within the
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first 10 minutes of the after-period.

The change in resistance, AR, of the platinum resistance
thermometer was obtained from the resistance-time graph by extrapolating
the fore and after-periods of the graph to the mid-point of the heating
period, The resistance change during calibration was arranged to
be as near as possible to the change in resistance occurring during
a reaction,

The energy equivalent of the calorimeter system was then
calculated as follows., The potential drop, e, across the calibration

heater, was given by

e:l(')"i'o—OV2=1O1 V2
100

where V2 was the potential across the 100 ohm standard resistance, The
current through the 1 ohm resistance was equivalent to V,, the potential
across this resistance. The current, i, passing through the calibration

heater, was given by

\
i=V1 L S— =V1—0.01 v2o
100

The total heat, Q(keal.), evolved during the dissipation

of electrical enecrgy was given by,

(e) x (i) x (heating time)

g =
Fd0T>

Since calibration was normally performed after a reaction, the
temperature of the system prior to calibration was in the range
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25.0°C to 25.500. Table 1 shows the vaiues obtained for the energy
equivalent at three different temperatures, These values indicated
that, within the experimental error, the energy equivalent of the
system was independent of temperature within the range 24 - 26°C. In
these calibrations the glass reaction vessel was charged with carbon

tetrachloride,

Table 1

Energy Equivalent, Es(kcal./ohm)

Temp, 21,°c 25°¢ 26°¢
23,760 23,706 23,756
23,713 23,745 23,714
23,722 23,750 23,702
23,739 23,724 23,735
Man B, 23,733 + 0,010 23,731 + 0,010 23,727 + 0,012
(kcal./ohm) =
ol + 0.042% + 0.042% + 0,051%

Initially, the copper reaction vessel was charged with water,
and the cnergy equivalent of the system was determined with the calibra-
tion heater placed (a) in the reaction vessel and (b) in the calorimeter
can, The mean valucs of the two energy equivalents differed by only
0.015%. In all subsequent determinations of the energy equivalent the
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calibration heater was placed in the calorimeter can for convenience,

Reaction procedure

The calorimeter system was set up as described tnder calibration,
the reaction vessel being loaded with the relevant reactants, The
calibration heater was used to bring the temperature of the system up
to 24.9800, which was equivalent to a resistance reading on the
Smith's Difference Bridge of about 20,632 ohm, The calorimeter was then
allowed to stand for a period of 90 min, in order to attain thermal
equilibrium, During this period the heat generated by the stirrers
raised the temperature of the system to 25,00 + 0.0100.

After thermal equilibrium had been established, resistance~time

readings were taken over a fore and after-period in the same way as for a

calibration, During the reaction-period recadings were taken as of'ten as
possible in order to follow the course of the reaction,

Reactions were initiated by depressing the stirrer rod, in
the case of the glass reaction vessels, and the ampoule support rad,
in the case of the copper reaction vessel, onto spikes in the base of the
vessel, The resistance change, AR, in the resistance of the platinum
resistance thermometer was evaluated from the resistance~time graph,
This change in resistance was taken as the difference between resistance
readings at the time corresponding to the commencement of the reaction-
period, and the reading obtained from the extrapolation of the af'ter-
period to the same time, OSimilarity between the slopes of the fore

and after-periods of the graph was attained within the limits described

-



under calibration,

The temperature rises produced by reactions ranged from 0.005°C
for some heats of solution to 0.500 for some heats of reaction,

The majority of the reactions studied were exothermic, When
reactions were endothermic (e.g. reactions 3 and 4, Chapter VI) the
rate of stirring in the reaction vessel was reduced. As a result the
heat loss from the calorimeter system to the cooling coil and through
the apertures in the lids, was greater than the heat of stirring, and
the temperature of the system fell throughout the experiment, It was
assumed that this procedure would give a more accurate measure of the heat
of an endothermic reaction, Had this procedure hot been adopted the
temperature change due to the endothérmic reaction would have been in

the opposite sense to that in the fore and after-periods, The

cooling coil, in the adiabatic jacket,allowed the temperature of the
jacket to follow this fall in temperature of the calorimeter system,

The heat of the reaction, AH, was given by the expression

o Es - ZER x Molecular Weight of sample keal,/mole

Wt. of sample

The calorimeter was tested by measuring the heat of solution
of tris(kydroxymethyl)aminomethane (THAM, sample D, suppliecd by
Dr, I, WadsB, University of Lund, Lund, Sweden) in 0,100 M HCl, to give
a final solution of concentration 5 g./l. Five experiments gave
AH = =710k + L4 cal,/mole compared with the recommended value of
-71014.1 3 cal ./mole.88
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CHAPTER TIT

Rotating=Bomb Calorimeter

An "exploded" view of the rotating-bomb calorimetric system
is shown in Fig. 6. The main components are, (2) thermostat can,
(b) thermostat can 1id, (c) the calorimeter can, (d) thermostatting
unit, (e) calorimeter can 1id, (f) calorimeter vessel, (g) 1lid of

calorimeter vessel, and (h) bomb,

Constant temperature jacket

(a) Tnermostat can, This was constructed of high-grade, stainless

steel plate (1 mm. thick), argon welded, There were no attachments
to either the walls or the bottom of the can,

(b) Thermostat can 1id., Stainless steel (4 mm, thick) of the same

quality as that used in the construction of the can was used for the
1id, Fouriuzen stainless steel nuts and bolts (h mm, diam.) secured
the 1id to the canj; a rubber gasket was placed between the surfaces,

The can was filled with water to within about 25 mm, from the
top through an inspection hole in the lid,

(c) Calorimeter can (calorimeter well), The calorimeter can was made

of welded, nickel-plated, copper plate (1,25 mm, thick). The can was
fixed underneath the thermostat can 1lid, a 2 mm, rubber gasket being
used to obtain a leakproof seal, Fitted to the inside wall of the
can were three supports of “reinforced phenolic resin from which the

calorimeter vessel hung,
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d) Thermostatting unit, The thermostatting unit was placed at one
& p

end of the thermostat can and held in position, in the lid, by four
screws, A diagrammatic representation of the unit is shown in Fig. 7.
The unit consisted of a central vertical tube (a), to which two other
vertical tubes (b and ¢) were attached, as well as a horizontal
branched outlet tube (d). The two branches passed along each of

the long sides of the calorimeter well,

A heater (e), around which a cooling coil (f) was wound was
fitted inside tube (b), The heater and cooling coil constituted a
separate unit which sould be easily removed, The heater (650 watts)
was enclosed in a straight, welded nickel tube, With a voltage of
30 = 50 v across the heater, the thermostat operated at 25 - 28°C. The
particular voltage used depended on the rate of flow and temperature of
the water passing through the cooling coil, room temperature, etc.

The main, central, tube (a) also accommodated a stirrer with
two propellors (g), and, at the bottom, a centrifugal pump (h). The
stirrer was fitted with a cogged wheel (i) at the top of its shaft and
was driven by a geared motor mounted on the top of the thermostat can,
The stirrer shaft was supported at the top by a ball-race (j) and at
its base by a slide-bearing (k) of nylon,

Water entered the unit through holes (1) in tube (b) and passed
around the heating rod and into the central tube, From here the water
rasged up into the branched outlet tubes, each of which had a number

of holes drilled on the underside, through which the water was forced,
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Efficient circulation of water was obtained by this method. Water
was also pumped through the narrow tube (c) into the 1id of the
calorimeter can,

The bulb of a Shandon, mercury-contact thermometer (m) was
situated in the central tube, This activated a Sunvic, electronic
relay that controlled the heater. By adjusting the voltage on the
heater and the flow rate of water through the cooling coil, the on/off
times (as indicated by 2 signal lamp) could be made equal and about
15 sec, The temperature variations in any one part in the thermostat
were about + 0.001°C and between different places in the bath less
than 0.002°C. To attain these conditions the stirrer was operated
at 950 - 1000 r.p.m,.

(e) Calorimeter can 1lid, This wgps made by soldering a top and a

bottom plate of brass onto a framework of brass (12 mm, square), A
central partition wall divided the 1id into two halves, Two hinges at
one end held the lid in position and also acted as the inlet and outlet
for the circulating water, Two 9,3 mm, x 2,6 mm, rubber O-rings
provided efficient seals at the hinges., Two lock pins enabled the
1id to be held in & closed or open position, The 1id, hinges and
lock pins were nickel plated, A good seal was achieved between the lid
and the thermostat cen by fitting a chamois leather gasket,

Four holes in the 1id accommodated the platinum resistance
thermometer, the shafts of the bomb rvtation and calorimeter stirrer

motors, and the plug for the electrical connections to the bomb, The
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hole for the resistance thermometer was threaded and equiped with a brass
extension tube to support the thermometer. The three-pin plastic plug
for the electrical connections to the bomb engaged a corresponding
socket in the 1lid of the calorimeter vessel when the 1id was closed.

The synchronous motors for bomb rotation and for aalorimeter stirring
were fixed to the side of the 1lid,

(f) Calorimeter vessel, This was manufactured from plate (1.25 mm,

thick), ergon welded, nickel plated and highly polished., The vessel
had brass adaptors at each corner to which the 1id was secured with
SCTews,

(g) Lid of calorimeter vessel, The lid was made of nickel-plated

brass and was highly polished. The bomb rotation mechanism, the
calorimeter heater, and stirrer were fixed to the underside of the 1lid,
Fig. 8, showa the 1lid, with motors and bomb in position, mounted on
a demonstration stand.

The stirrer, which was mounted in two stainless steel ball-races,
consisted of a hollow shaft (2) fitted with two propellors (b)., The
top of the shaft, which protruded about 5 mm, above the surface of
the 1lid was connected to a similar shaft from the stirrer motor by a
self-centering crown clutch,

The manganin coil heater (12 v, 3 amp) in a strong copper sheath
was so positioned that the heating coil encircled the stirrer shaft at
a point midway between the two propellors, A transformer supplied the

power to the heater,



The platinum resistance thermometer, used for temperature
measurement of the calorimetric liquid, passed through a hole in the lid
wihich was provided with a neoprene washer to ensure a firm fitting.

A plastic socket, for the electrical connections to the bomb,
was screwed into the 1id and held three metal connections, one to the
heater, one to the ignition system, and one to earth,

Three short, steel bars which protruded from the 1lid fitted
snugly into the phenclic resin supports when the calorimeter was in
position. By this means, the calorimeter vessel hung inside the well
and was separated from the walls of thec well by a constant air space
89

of 1,0 cm,

Bomb rotation mechanism,

The rotation mechanism, Fig, 8, was attached to the underside
of the calorimeter 1lid, supported by stainless steel blocks,

The drive shaft (d) was mounted in two stainless steel ball-
races, The upper end of the shaft passed through the 1lid, protruding
ahout 3 mm., and wae connected to the similar shaf't of the rotation
motor by a self-centering crown clutch,

At its lower end, the shaft was attached to a small mitred
gear (e). This gear engaged a larger gear (f) which drove a yoke (g)
mounted on a large stainless steel ball-race. A fixed horizontal shaft
passed through the centre of this ball-race, ending in a cog (h)., The
bomb (i) was mounted withir the yoke by two pivots at ends of the arms

of the yoke, The two pivots, which had atainless steel ball bearings
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at their ends to reduce friction, fitted into two centered indentations
in either end of the bomb,

The rotation device gave the bomb a twofold rotationy the motor
drove the shaft and mitred gear which in turn drove the yoke, giving
the bomb an end-over=end rotation, As the bomb rotated, the gear ring,
mounted around it, engaged the stationary cog (h), causing the bomb
to rotate about its longitudinal axis., The ratio of end-over-end
to longitudinal motion was 4:1,

The synchronous motors (j) for driving the calorimeter stirrer

and the bomb rotation were manufactured by AER (No, SSIK 375, 220 v,
50 cycles, 4 watts, 375 r.p.m.). Motors of low torque were chosen so
that if the supports were wrongly adjusted and the shafts not central
the resulting friction caused the motors to stop. The rotation motor
was geared to give ca, 47 r.p.m.

The shafts of the motors were made of stainless steel rod, and
were e quipped at their ends with self--centering crown clutches for
coupling into the corresponding clutches in the 1id of the calorimeter,
The shafts were carried in sliding sleeves, fitted with spring loaded
catches, by which the positions of the shaf'ts were fixed on the main
drive shaft of the motors, The clutches were cngaged by sliding the 3
sleeves down to the lower position,

Bomb ignition system

A wire, from a connection in the plastic socket fixed in the

1id of the calorimeter vessel, ran down the supports for the rotation
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system to a steel pointer, This pointer was held in contact with a
brass ring fitted in the centre of the yoke, The ring was insulated
from the yoke by a tufnol gasket. Another wire was led from this ring
down one arm of the yoke to a steel strip (20 mm, x 3 mm,) mounted on
a tufnol block, When the bomb was placed in the yoke, it was so
positioned that a steel cap on top of the ignition electpvode of the
bomb made good contact with this steel strip.

Power to the ignition circuit was supplied by a transformer

giving 12 v at 6 amp,

Bomb

The bomb was of conventional three~part typc and Fig, 9 shows
from lef't to right; the sealing sleeve, the bomb head with crucible, and
the body of the bomb,

The inner surface of the body and the underside of the head were
coated with a thin (0,20 mm,) layer of platinum to protect the surfaces
from corrosion by combustion products, The internal volume of the bomb
was 0,261 1.

The head was fitted with two platinum tubes (only one shown in
Fig, 9), the longer one projecting about 20 mm, into the bomb, when the
head was in pooition, These tubes were for gas inlet and outlet and
were hard soldered to the bomb head before deposition of platinum on the
surface of the head,

A platinum electrode, used for ignition of the sample, passed

through the head into the bomb, and was insulated from the head by a
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P.T.F.E, plug. A spring was fitted over this electrode and connected
to a steel cap, which protruded from the head, The spring and cap were
insulated from the head by a tufnol plug, which fitted inside a screw
holding the ignition electrode in position,

A hole was tapped in the centre of the underside of the head
and a plug was screwed into this hole., The crucible holder, which
can be seen in Fig, 9, fitted into the plug and was held in position
by a screw, passing through the side of the plug, From a horizontal
croga=bar at the end of the central support, two vertical rods projected
dovmwards, each terminating in a hook, The crucible ring was supported
by these hooks, All these parts were of platinum/ruthenium alloy, The
platirum combustion crucible sat loosely in the ring,

The bomb could be inverted so that the crucible and ring
rotated smoothly, without disturbing the contents of the crucible,

At *he top of the body of the bomb, there was & rim in which
fitted a neoprene O-ring gasket, such that when the head was placed
on top of the body a good seal was obtained,

The outside of the top of the body was threaded to take the
sealing sleeve which screwed down over the head onto the body. The
upper side of the head was protected hy a loose steel ring onto which the
screws of the sleeves clamped, and held the head firmly against the
neoprene gasket, A large gear ring was fitted round the outside of the
bomb,

The gas flow to and from the bomb was controlled by two valves,
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The valves were of the same type as high pressure commercial valves, and
a diagram of their construction is shown in Fig, 10, By use of a screw
(a) which passed through a large central screw (b), a P,7,F,E, gasket
(c) was pressed ageinst a seat (d) in which the platinum tube (e)
carrying the gas ended, In order to obtain 2 uniform pressure, the screw
did not press directly on the gasket but on a hemispherical steel knob
(f) which in turn pressed on the gasket, Only moderate tightening
of the valve was necessary to ensure a good seal, With this type of
valve the only part to wear out was the P,T.,F.E. gasket which was
easily replaced,

The gas supply to the valve came via a horizontal channel (g)
in the bomb head leading from a threaded hole (h) drilled in the top
of the head, A brass connection screwed into this hole, and the
oxygen supply line was coupled directly to this connection, The gas
outlet was of similar construction, When the bomb was filled and the
valves closed, the brass connection was removec and the two holes
closed by screws and nyloh gaskets,

Temperature measuring system,

This was identical to that described under Adiabatic Reaction
Calorimeter,
Galibration.,

The'energy equivalent of the calorimeter system was determined

by measuring the temperature rise produced by burning weighed samples

of B.D,H, thermochemical standard benzoic acid (batch no, 760161) in
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the bomb, The heat of combustion of the benzoic acid was accurately
known by comparison with a measured quantity of electrical energy
and was certified as 6%91+ 0,7 cal,/g., standard deviation
+ 0,01%. The benzoic acid was supplied and burned in pellet form,
the pellets being weighed in the crucible to 0,01 mg,.,, and a eorrection
applied to obtain the weight in vacuum taking 1,32 g./ml, as the
density of benzoic acid, The crucible was then placed in the support
ring hanging under the bomb head,

Thin platinum wire (0,08 mm, diam,) was connected between
the ignition electrode and the central rod of the crucible holder,
At its mid-point was fastened a weighed cotton thread which was placed
in contact with the sample in the crucible,

Water (0,78 ml,) was placed in the bomband the bomb assembled,
The gas-inlet of the bomb was connected to a cylinder of oxygen and air
was removed from the bomb by flushing it with oxygen for 10 minutes, The
gas~outlet valve of the bomb was then closed and the bomb filled with
oxygen)to a pressure of 30 + 0,1 atmospheres, measured on a Budenberg
gauge, The homb was carefully inverted so that the crucible stayed in
the support, and was fitted into the yoke of the rotating mechanism such
that the ignition head was in contact with the ignition strip, The
ignition circuit was checked with a test-meter,

The calorimeter vessel was polished, and water, heated to
about ZA.BOC,was added, The whole was weighed to + 0,05 g+, the

weight (9000 g.) being the same for each experiment.
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Immediately after weighing, the bomb was placed in the
calorimeter vessel and the 1lid of' the vessel fixed in position by
four screws., The calorimeter was placed in the well of the thermostat,
The calorimeter 1id was closed, and the pletinum resistance thermometer,
ignition and heater connestions, together with the stirrer and rotation
motors were put in position, The calorimeter stirrer was started,

The calorimeter was heated until a bridge reading corresponding
to 24.9500 was attained and then left to attain thermal equilibrium
(about 20 min,)., When equilibrium had been established resistance-time
readings were taken every two minutes for the fore-period,

At time 20 mins, the charge was ignited by applying a 12 v
potential ( 6 amp) to the ignition circuit, This caused rapid
heating of the platinum to its melting point thereby igniting the
cctton, which in turn fired the sample, The melting of the platinum
being practically instantaneous (as shown by an ammeter in the ignition
eircuit) the ignition energy was assumed to be constant for each
experiment and was not measured,

At time 21 min, the bomb rotation motor was switched on and
the bomb rotated for 4 min,

For the first three minutes of the reaction-period the times
were noted at which the temperature reached certain preselected
values, With practice these values could be chosen so that the time
intervals during the reaction-period were separated by approximately

twelve to Fifteen seconds,
g,
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From 23 min, to 25 min, the resistance was read each half
minute, and each minute from 25 min, to 36 min, During the after-
period, which began at time 36 min,, the resistance was read every
2 min, for a further 20 mins.

After dismantling the apparatus, the bomb gases were slowly
released through the outlet valve, and the liquid in the bomb,
plus the washings of all interior parts, was transferred to a
volumetric flask to be analysed for nitric acid.

The energy equivalent of the system wasthen calculated from
the corrected temperature rise and the mcaa °f benzoic acid used

and its known heat of combustion,

Calculation of the corrected temperature rise,

A comhustion experiment may be divided into three parts:
a fore-period of 20 mins., when the temperature change was due entirely
to heat of stirring and thermal leakage; a reaction-period lasting
16 mins,, when rapid temperature changes were produced by the combustion
taking place in the bomb, the rate of temperature change falling off
towards the end of this period as equilibrium was re-established;
and an after-period of 20 mins, when heat of stirring and thermal
leakage only were regponsible for temperature changes,

A graph of temperature, 8, against time, t§y Fig. 11, was plotted
in order to calculate what proportion, AS, of the observed temperature
rise was due to thermal leakage and heat of stirring., Lines a - b

anda e - £ correspond to the fore and after-periods, respectively,
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The lines ab and fe are extrapolated to the points h and d at time

tx to determine &6, This time was determined by the shape of the curve
bece in the reaction-period, The time tx was chosen such that the two
shaded areas in the diagram were equal, It may be shown that when this
condition applied, the temperature rise, (Gd - Gh) is equal to the
temperature rise which would have occurred if there had been no

thermal leakage or heat of stirring, This was the corrected temperature
rise, Aeéorr.'
Physically, this meant that if heat could have been put into

the system at time tx ingtantly and perfectly distributed at once, the
temperature of the calorimeter would have followed the curve ahcdef'.

The method used here for determining tx was proposed by
Dickinson.16 It had the advantage of being less laborious, but may
yield somewhat lower precision then other methods, A vertical component
was constructed so that ¢ cut the temperature-time curve at 63% of the
observed temperature rise, ( 8y, - oe), and the time at which the
temperature of the calorimeter reached this value was noted, Extra-
polation of the after and foreperiod curves to thif time gave Aecorr.'

The above method is adequate, but for higher precision the
data are best treated by the Regnault-Pfaundler method,

The calculation can be carried out assuming that the rate, u,
of the temperature rise of the calorimeter, due to heat of stirring, is

constant, and that the thermal leakage is proportional to the difference

between the temperatures of the jacket and calorimeter,
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The total rate of temperature rise due to heat &f stirring

and thermal leakage is glven by

88 - wudy k(6 - 6) (1)

where k is the cooling constant of the calorimeter, ej, is the

temperature of the jacket and 9 i@ the temperature of the calorimeter,

Now, for the condition 6 = 800, we have %—S = 0 and

900 is the temperature the calorimeter would attain in an infinite
time if Bj and the rate of stirring remained constant,

Thus, from equation (1), we mey write

Wiz k(o . = 6}, (2)
dt

if Ri and Rf represent the values of %% at the mean temperature, Gi

and 8., of the fore and after-periods, then from equations (1) and (2)

k = R&.— Rf (3)
ef - Bi
and
u= Ry + k(6, - ej) (&)

These calculated values of k and u should be virtually the same from
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experiment to experiment and provide a useful check on the thermal

reproducability.

Integration of equation (2) yields

t

-k je (eoo - 9)at

%

A6

Ko - 0.)(t, - ) (5)

where O is the average temperature of the calorimeter wall in the
reaction period, Gm may be easily ealculated, If (n - 1) values of

the temperature at equal time intervals are taken between r = 2 and

=n =1, where r = 1 is tb and r = n is te’ then

6 = 2-16 + ab 5 Ge At
m - r
r=2 2 te - tb
n-1| 6, + 0
n -1 S r >

Thus, A9 can be calculated from equation (5) and the corrected

temperature rise is given by

B i (6, = 6,) + 46 . (7
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The energy equivalent of the calorimetric system

The energy equivalent, E, of a fixed calorimetric system

is defined by the relation

Q
E =
Aecorr. (8)
where Q is the heat added to the system, and A8 is the corrected

corr,
temperature rise of the system,

When the temperature rise is produced by combustion (or some
other reaction), the situation is different, The calorimetric system
is noc fixed, since the reactants in the bomb are replaced by the
products of the combustion reaction, so that, in general, the energy
equivalent of the system changes. Also the combustion takes place over
a range of temperature,

However, it may be shown90 that the energy equivalent, Ei’ of

the fixed initial system, and the cnergy equivalent, Ef, of the fixed

final system are given by

Q +

e}
corr,

and

Yoy (10)
Agcorr.

where Qe represents the quantity of heat which would have been evolved

by the system if the reactions in the bomb had taken place &t the
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constant temperature 8, If m, grams of benzoic acid were burned in

the bomb then
(80500 +a6)) * Ut %y

E, = (11)
1 16
corr,
and
ms(—AUB(eb)) + qi + qn
e = (12)
A%}
corr,
where -AU

() represents the heat of combustion, per gram of bensoic
acid, at the temper:ture 6, and under the conditions of the actual
bomb process; 4 is the energy used to ignite the charge, and a, is
the energy produced by the formation of nitric acid in the bomb,

When the heat of combustion of a compound is determined with
a bomb calorimeter, neither Ei nor Ef can be applied directly, The
material in the initial system will be other than benzoic acid, and
the products of combustion in the final system will usually be different,
and in different amounts from those when benzoic acid is burned, Thus,
it is convenient to reduce the results of determinations of energy
equivalent to the basis of a standard calorimeter system, which does
not involve benzoic acid, or its products of combustion,

The standaré calorimeter system may be defined arbitrarily
in a number of different ways, For example, Esi’ may be taken as the
energy equivalent of the system with a specified mass of water in the
calorimeter vessel, and with the bomb containing the firing fuse,

and a gpecified quantity of oxygen, but no benzoic acid or other
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combustible material, If Ei is the value of the energy equivalent
of the initial system obtained in an experiment with benzoic acid, then
the value, Esi’ of the energy equivalent of the standard initial

calorimeter system would he given by

Boy = By = Boys (13)
where Eci’ would be calculated from the specific heat of benzoic acid
and the mass used in ithe experiment, and the specifiic heats and
diff'erences in mass of any other materials present in different amounts
than in the standard initial system,

Similarly, Esf may be taken as the energy equivalent of the
system with a specified quantity of water, the bomb containing only the
crucible, Then, if Ef represents the energy equivalent of the final

system as determined with benzoic acid, the energy equivalent of the

standard final calorimetric system would be given by

E

: sf = Ef T ch’ (14)

where ch would be calculated from the heat capacities of the oxygen,
water, and carbon dioxide in the bomb at the end of the experiment with

benzoic acid,

Combustion procedure

All the combustions were performed in the same manner as
deceribed for the calibration, each being initiated by a platinum

wire, cotton thread, and an additional fuse of benzoic acid,
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After a combustion, the corrected temperature rise was
determined and used, in conjunction with the standard energy equivalent,
to calculate the heat of the combustion process, AUB. To derive AHOO,
the heat of combustion for the reaction under standard conditions, further
corrections have to be applied. These result from the critical
investigation into the actual bomb process and of the thermodynamics
of the conditions existing in the bomb,

Corrections have to be applied to take account of the ancillary
processes,

The heat evolved in the combustion of the cotton thread fuse was
taken as 3,881 kcalq/g.9o

The amount of nitric acid, produced in the btomb by oxidation
of nitrogen, present as impurity in the oxygen, was determined, for
calibration experiments, by titration of the final bomb solution and
washings against standard sodium hydroxide solution, using methyl
orange indicator., The heat correction was then calculated using the
value =-13%,81 kcal./mole91 for the heat of formation of 0.IN nitric
acid from nitrogen and water, The nitric acid formed during the
combustion of arsenic, in the presence of sodium hydroxide solution was
completely neutralised by the sodium hydroxide solution on rotation,
Theref'ore, the same oxygen supply was used for the calibration and
combus tion experiments. The mean correction, measured in the calibration

experiments, was applied to all other combustion experiments,
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Reduction to standard heat of combustion

The heat evolved, -AUB, when the combustion of a substance
takes place in the bomb calorimeter may differ significantly from
the decrease in internal energy far the reaction under standard
conditions -AU®, In 1933, this was pointed out by'Washburn,92 who
treated in detail the corrections to be applied to bomb calorimetric
data, in order to obtain values of the standard change of internal
energy, Such corrections are now termed "Washburn corrections",

Washburn' s scheme applied to compounds which contained only
carbon, hydrogen, and oxygen, but the treatment has been extended to
include compounds which also contain sulphur, 93 nitrogen,94 or one of

the halogens.95

For a compound CaHbode’ the process to which ~AUE refers,
may be represented by the following equation, with all the reactants
at pressure P, (water vapour at Pw) and temperature t,, and all the

'
products at a pressure P, (water vapour at B ) and temperature ot
!
. \ A i
n1CaHbOCNd(11q. or cryst,) + r102(g) + m1H20(g, + m1H20(11q.)
(r202 8N, & q2002)(g) + mpH ,0(g) + (qzco +m HZO)(llq )
The thermodynamic standard reaction to which -AU® refers may

be written

n,  CHON(lig. or oryst.) + [a + (%) = (/2)1o(e)

ac0,(g) + /o H,0(1ia.) + 72 Ny(e)
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with all the reactants and products in their thermodynamic standard

states at t emperature tf.

The main quantities which must be calculated to obtain the dif-

ference between --AUO and -AUB are:

(1) the change in energy of r, moles of oxygen from O atm, to P

(1i) the change in energy of a mixture T, moles of oxygen from P2 atm,

atm;

to 0 atm, (plus that of s, moles of nitrogen, and a9, moles of

2
carbon dioxide):
(iii) the energy of condensation of (m2 - EH) moles of water;
(iv) the energy of vaporisation of qé moles of carbon dioxide from
mé moles of water,
In the ocombustion experiments reported in this thesis only

items(i) and (ii) were calculated,

Correction to constant pressure

The value =AU® obtained is the heat of combustion at constant
volume, and it is nccessary to convert this to an enthalpy value at
constant pressure,

For any thermodynamic system, the change in internal energy,
—AUO, will be equal to the change in enthalpy, —AHO, of the system
less any work performed by the system, If the system is at constant
pressure we may write

(o}

AU° = AR - PAV

or, assuming idecality

(o}

AU° = AH® - AnRT

° _ AU° + AnRT.
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where An represents the change in the number of moles of gas present

in the initial and final states,
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Symbols and Units

In the subsequent chapters equations and tables are numbered
for the individual chapter and not consecutively throughout,

Heat quantitics are given in units of the thermochemical
calorie, 1 cal, = 4,184 abs.J. exactly, The atomic weights used are

96 All heats of

those recommended by the International Union in 1961,
formation and reaction quoted from other sources have been recalculated,
where nesessary, in terms of these atomic weights, Weights used were
calibrated against N,P,L. standards,

In the work reported in this thesis, the standard deviation,

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

e )

n(n - 1)

where x refers to an individual result, The standard deviation,
expressed as a percentage of the mean value, is given by Qg—) 100%.

The uncertainty interval, within which future determinatiois, in

other laboratories, of the same value may be expected to lie, is defined
as + 25. When an "overall" standard deviation, s, was required, for
example, in the combination of different heats of reaction, the value s'

was obtained from the expression, 8t = (312 + ;éz + ...)s Where 31,

32, «sey represent individual standard deviations,
The symbols used ir. the tables contained in Chapters IV, V, and

VI have the following meanings:
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m(g) = mass of sample, in vacuo;
AR(ohm) = change in resistance of the platinum resistance thermometer
proportional to the temperature rise;

Es(kcal .,/ohm) = calibration constant,

Other symbols, which are used, are defined in the appropriate

places in the text,
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CHAPTER IV

Hydrolysis of Silicon Tetrachloride

The currently accepted value for the heat of formation of
silicon tetrachloride is bascd on measurements of the heats of the
reactions:

SiClu(liq.) + 2H0 _AH(1) SiOZ(colloidal soln,) +

4 HC1(aq.) (1)

Si(cryst.) + Oz(g) _au(2), SiOZ(a-quartz) (2)

and on the heats of the transformations

o2 SiOz(low-cristobalite) (k) | Si02(a.morph.)

2u(5) 810, (colloidal soln.)

SiOz(a-quartz)

The heat of hydrolysis, AH(1) = =70,11 + 0,15 kecal,/mole, was

measured by Roth and Schwartz,97and confirmed by Chernick (reported by

98).

Flitcroft and Skinner The heat of oxidation of silicon to a~-quartsz,

AH(2), was measured by two independent methods as =217,75 + 0.32 kcal./

mole®?. and =217.5 + 0,5 kcal./mole,38

the mean value being =217.63 +
0.32 kcal,/molc, AH(3) and AH(L) were measured by Coughlin99 and by
Humphrey and King,23 as + 0,35 + 0,55 and 41,19 + 0,05 kcal,/mole,
respectively. The heat of transformation of amorphous silica to a
colloidal solution is less certain, as the final state is not well
defined, However, Thiessen and Koerner1 Q0 measured the heats of

hydration of amorphous silica to a number of distinct hydrates, including
s



810, ,.,2H,0, ZSiO.BHZO, and SiOZ.H O. The heats lie in the range

2
It seems likely, therefore, that -1,5 kcal,/

D 2
~1.2 to =1,5 kcal,/mole 810,.
mole is a minimum value for AH(5). Taking these values for AH(1) to

AH(5), and the heats of formation: HzO(liq.) - 68,3149 + 0,0096 kecal,/

66(a)

mole,63 and HC1(aq,) =40,02 kcal./mole, the heat of formation

AHfo(SiClh, 1iq.) is caloulated to be =170.9 + 0.7 keal,/mole. A mare
direct determination using the heat of reaction, AH(6), of silicon

tetrachloride with aqueous hydrofluoric acid (reastion 6), which is

well-defined thermochemically has been measured,

SiClA(liq.) + [185 HF, 802 HZO](liq.) > [H8iF¢, 179 HF, 4 HC1, 802 H,0](1ig.)

(6)

[HéSiF6, 179 P, /58 H,0](1iq.) + 4[HC1, 11 HZO](liq.) >
[H,SiFg, 179 HF, 4 HC1, 802 H,0](1liq.) (7)
HCL(g) + 11 HZO(liq.) -+ [HC1, 11 HZO](liq.) (8)

31014(1iq.) + [185 HF, 802 HZO](liq.) -
[H SiF¢, 179 HF, 758 HZO](liq.) + 4 HCL(g) + Lk HZO(liq.)
(9)

The heat, AH(7), of mixing an aqueous solution of hydrochlorie
acid with an agueous solution of fluorosilicic acid and hydrofluoric
acid (reaction 7) has also been measured, These data, together with the
well-ostablished heat of solution, AH(8) = 16,72 + 0,01 koal”/mole66(a)
(reaction 8) make it possible to calculate the heat of reaction (9), from

the relationship
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AH(9) = AH(6) - AH(7) - LAH(8).

Good>C measured the heat, AH(10) = =250,3 + 0,3 keal,/mole,
of reaction (10), so that with the additionsl heat, AH(11), of the
dilution reaction (11), it is possible to calculate AH(12) from the

relationship
AH(12) = AH(10) + AH(11) - AH(9)

Si(oryst.) + 0,(g) + [47 HF, 172 HZO](liq.) -

[H,8iF¢, 41 HF, 174 Hy01(1iq.) (10)

[H,SiFg, 11 HF, 174 HZO](liq.) + [138 HF, 58 H20](liq.) -

[HZSiF6, 179 HF, 758 H20](liq.) (11)

8i(cryst.) + 0,(g) + [47 HF, 172 H20](1iq.) + [138 HF, 584 HZO](liq.) +

4 HC1(g) + 44 H,O0(liq.) = SiClh(liq.) + [185 HF + 802 HZO](liq.) (12)

The heat of formation of silicon tetrachloride can then be

calculated from the expression

e . (o} (o] 5
AHfo(SlclA, 1iq.) = AH(12) + 4AH,(HCL, g) ~ 20Hp°(H,0, 1iq.) + BAH_

where
BOH = 47AHS[HF in 3,66 H20](1iq.) + 138AHS[HF in 4.24 Hzo](liq.) -
1850 [HF in 4,33 H,0](1iq.).
The heats of formation, H20(1iq.) - 68,3149 * 0.009663 and HC1(g)
-22,061 + 0.01,%6(2)

-11.246, HF(g) in 4,24 H,0,-11,289, and HF(g) in 4.33 H,0,11.293 keal,/

and the heats of solution, HF(g) in 3,66 H,0,

:
mole°6(a) are also required, The calculated heat of formation of silicon
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tetrachloride depends only on the heats of formation of liquid
water and of gaseous hydrogen chloride, on the heats of solution of
hydrogen chloride and hydrogen fluoride in water, and on the heats of
reactions (6), (7), (10) and (i1).

The heats of reactions (6) and (7) were measured in the

adiabatic calorimster using the copper reaction vessel,

Procedure

Silicon tetrachloride was distilled into thin glass ampoules
on a vacuun line, The outside surfaces of the ampoules were coated
with Flucalub-H (a suspension of P,T.F.E, in Freon). This prevented
reaction between the hydrofluoric acid and the ampoule before it was
broken, Independent measurements showed that, al"ter the ampoule was
broken, the rate at which it dissolved in the hydrofluoric acid solution
was constant and slow, Correction for this heat was made by simply
interpolating the rate of heating during the post reaction period to the
time at which the ampoule was broken,

Reactions were initiated by breaking glass ampoules of silicon

tetrachloride into a 20% soiution of hydrofluoric acid (400 ml,)., All

reactions were performed in the rhodium=-plated copper vessel,

Gompounds

Silicon tetrachloride was supplied by B.D.H. Ltd., (redistilled).

(ks 57°/760 mm.), e number of

It was distilled, b.p. 57.5 /748 mm, (1it,
times through a 36 in. Fenske column in an atmosphere of oxygen free
nitrogen, Hydrofluocic acid (40%) and hydrochloric acid (36%) were

L A



supplied by B.,D.,H, Ltd., (AnalaR). They were diluted to the required

concentrations before use,

Results
TABLE 1

$iCl,, M, 169.898
Experiment 1 2 3 L 5
m, (8101, g.)  3.30250 4 7902 4.,09586 5.10645 4 66000
AR (ohm) 0,07270 0.,10555 0.09050 0,11335 0.10350
-AH kcal,/mole 97.38 97.05 98.20 98.25 97.48
B, = 26,038 + 0,013 keal./chm Mean AH =-97.81 + 0,36 kecal./mole
8B, = £0.05% SAH = + 0,18%

The heat of mixing of hydrochloric acid solution and an agueous
solution of fluorosilicic acid in hydrofluoric acid, AH(7), was
measured as +0,80 + 0,04 kcal,/mole., The errors sAH(6) and sAH(7),
associated with the heats of these reactions, are twice the standard
deviations of the mean values, The design of the calorimeter made it
difficult to measure the heat of the dilution reaction (11)., However,
since the initial concentration of fluorosilicic acid in this reacfion
is already very low, the heat of diluvion is likely to be very small

and is neglected,

Discussion
Calculations using the values of AH(6) and AH(7) and other
thermochemical data given above yield AHfO(SiCIl'_, liq,) = =170,2 + 0,8
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kcal./mole. This value is close to that calculated from the heat of
hydrolysis in agueous solution, =170.,9 * 0.7 kcal,./mole,
An entirely independent measurement of the heat of formation

102

of SiClA has been made by Schifer and Heine, These workers

measured the heats of the reactions,
8ic1, (1iq.) + [149.1 HF, 6451 Hy0)(11q.) + [18.03 HF, 15.73 AgF, 659 Hpl(1iq,)

> L AgCl + [H231F6, 165.1 HF, 11,73 AgF, 7110 H20](liq.),
and

Si(eryst,) + [149.1 HF, 6451 HZO](liq.) + [18.03 HF, 15,75 AgF, 659 H,0](1iq.)

+ L Ag + [H,SiF,, 165.1 HF, 11.73 AgF, 7110 H,0](1iq.),

This approach leads to a value for the heat of formation of
8iC1, which is dependent only on the heat of formation AHfO(AgCI, cryst.) =
~30.30 kcalq/mole.103 This leads to the value AHf°(Sic:12+ lig,) =
-163,9 kecal,/mole, It was necessary to apply a number of corrections to
the measured heats of reaction, so that these would refer to the reactions,
In particular, it was found that in the reaction between SiCla, HF, and
AgF, there was a tendency for some HCl gas to be evolved, and also the
precipitated AgCl trapped some unreacted SiClA. In the reaction between
Si, HFy, and Agl'y some hydrogen gas was evolved, Also the silicon
contained about 0,3% of Si02. Notwithstanding these difficulties the
difference between the heat of formation obtained by Scha¥fer and Heine,
and that reported in this thesis, is large.

66(a)

Accepting the value AHvap = 7.0 kcal,/mole for the heat
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of vaporisation of silicon tetrachloride, the heat of formation
AHf°(Sic14, g) = =163,2 + 0.8 keal,/mole is obtained,
The mean bond dissociation energy, D(Si - C1) = 97.2 + 0,7 keal,/

mole, can be calculated from the expression

- 1 (o T o bt 0
D(8i - Cl) = T M, (8i, g) + OH, (c1, g) T, AHg (smlh, g)

This value is based on the heat of formation of gaseous silicon
tetrachloride, givea above and the values AHfo(Cl , 8) = 28,94 keal,/
g.-a‘com,ﬂm+ and AHfo(Si,, g) = 110 + 2 keal,/g,-atom, Measurements of the
vapour pressure of silicon and the dissociation pressure of silicon
ca,rbide1 yielded values of 108.4 + 3 and 112,6 +.3 keal,/g.-atom,
respectively, f or the heat of form tion of gaseous silicon, The latter
value also depends on & value for the heat of formation of silicon
carbide of =13 + 1 kcal,/mole, which is in some doubt, However, until
the discrepancy between the two values for the heat of formation of
gaseous silicon is resolved, it is reasonable to take a mean value of
140 % 2 kcal,/g.=ztom,

Steele; Nichols and Stone" obtained the value D( C1,81 - cl) =

106 + 4 kcal,./mole from electron-impact data, for the dissociation

energy of the first silicon - chlorine bond, From the expression

O e ) : Opeis o
AH, (31013, g) = D(01381 - C1) + ABp (s:_clh, g) - AH,, (c1, g)
and the data given previously, the value AHfO(SiCJ.B, g) = 86.1 x 4.8 kecal,/

mole is calculated,
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CHAPTER _V

P

Hydrolysis of Trimethylchlorsilane and Hexamethyldisilazane

With the establishmentho of the heat of formation of
hexamethyldisiloxane, (Me53i)20, it is possible to determine AHfo values
for compounds of tne general formula (Me3Si)nX if the heat of the

hydrolysis reaction

(Me,81) X + "hHG > T/ Me,S108iMe, + XH

2 3
could be measurec,

Both trimethylchlorsilane (¥ = Cl, n = 1) and hexamethyl-
disilagane (X = NH, n = 2) undergo hydrolysis of this type. The heats,

AH(1) and AH(2), of the two reactions (1) and (2) were measured,

2 Me,8iC1(1iq.) + 1601 H,0(lig.) -

3
iMe,51) ,0. 2 HCL, 1600 H,0](1iq.) (1)

(MeBSi)éNH(liq.) + [3 HO1, 1601 H,0](1ig.) »

[(MeBSi)ZO, NH,C1, 2 HC1, 1600 H20](liq.) (2)

Two heats, AH(3) and AH(L), of solution (reactions 3 and 4) were

also measured,

(Me3Si)2O(liq.) + [2 101, 1600 H,0](1iq.) »

[(MeBSi)ZO, 2 HC1l, 1600 HZO](liq.) (2)

[(MeBSi)ZO, 3 HCl, 1600 HZO](liq.) + NHLCl(cryst.) >

i’ 4 2 G0
L(Me}S*)ZO, NH, C1, 2 HC1, 1600 H20](liq.) (4)
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The heats, AH(5) and AH(6) of the idealised reactions (5) and

(6) may then be calculated from the relations:

pH(5) = AH(1) - AH(3); and
AH(6) = BH(2) - AH(3) - AH(A).
2 Me3SiCl(liq.) + [1601 HZO](liq.) -

(Me481) ,0(14q.) + [2 HC, 1600 H,0](1iq.) (5)

(MeBSi)éNH(liq.) + [2 HCL, 1601 H20}(1iq.) >
(HeBSi)ZO(liq.) + NH401(cryst.) + [2 HC1, 1600 H,0](1iq.)
(6)
The heats of formation of trrimethylchlorsilane and hexamethyldisilazane

may be derived from the following thermochemical relations;

AHf’(Me33i01, liq.) = AHfo[(Me3Si)20, liq.] + 2 AH,[HC1, in
800 1,0)(11q.) = AH.°(H,0, 1ig.) - aH(5);  (7)
and

AHfﬂzMeBSi)éNH, ligq.])= AHf°[(Me331)zo, liq.] + AHfo[NHLCl, cryst,] -
AHfO[HCl, in 800 H,0])(1iq.) - AH.(H,0, 1iq.)

- 0H{6) - AH g

where AHd = =0,05) kcal,/mole is the heat of dilution of hydrogen chloride

2[HC1, in s H,0] » 2[HC1, in 800 H,0]; and the heats of formation:

3
40 NHIFCl(cryst.), -75.37;66(

(Me3Si)20(1iq.),-194.7,¢ 108 a) [HC1, in
and H20(liq.), -68,315 + 0,010 kcalq/mole.GB

800 HZO](liq.), -39:870;66(a)
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Prooedure

Ampoules of trimethylchlorsilane and hexamethyldisilazane
were broken into the appropriate solution to initiate reaction, Ampoules
were filled with the relevant compound by distillation on a vacuum

line. For both reactions the larger (400 ml,) glass reaction vessel

was used,

Compounds

Trimethylchlorsilane (Hopkin and Williams, Ltd., pure grade)
and hexamethyldisilazane (L, Tight and Co,) were distilled a number of
times through an 18" Fenske column in an atmosphere of oxygen-free
nitrogen; b.p. 49.55/742 nm, and 125,5°/747 mm, respectively (Lit. 57.3°%/

105 s espestively) s - Hydvoohlerio acdd

760 mn,'® and 125,7 - 126.2°/760 mm.,
(B.D,H., Ltd., AnalaR, 36%) was diluted to the required concentration
q

before use.

Results
TABLE 1
MeBSia M, 108.65
Experiment 1 2 3 L 5
m, (Me3SJ'.Cl, g.) 2.49142  3,31605 = 3,60916 2.89255  2,82245
AH( ohm) 0,01001 0,01288  0,01438  0,01144%  0,01141

E_(keal./ohm)  25.921 26,063 26,064 26,046 26,019
~AH(keal,/mole) 11,315 10.999 11,283 147,492 11,128
Mean AH = =11.18 + 0,06 kecal,./mole

sAH =:0.51%
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TABLE 2

(MeSngNH M, 161,397
Experiment 1 & 3 L Bim 6
m[(MeBSi)éNH, g.] 2.62360 2,29795 3.18425 2,18954 2.19681 2,21713

AR( ohm) 0.,02194 0.01911 0,02647 0,01815 0,01828 0,01843
-AH(kcal,/mole) 34,671 34478  3L,465 34,368 34,499 34,48

25,688+ 0,021 keal,/olm Mean AH = =3L4.49 + 0,04 keal,/mole

+ 0,08% SAH +0.12%

1)
1

E
8
Eo
8

Reaction (3) was thermoneu’rs ., and the heat, AH(4) of reaction (4) was

measured as +3,683 + 0,022 keal ./mole,

Discussion

From equations (7) and (8) the following heats of formation are

calculated, AH,%(Me

it 3
AHfo[(MeBSi)ZNH, 1iq.] = =123.76 + 1.40 keal,/mole, Incorporating the

8iCl, 1liq.) = =97.50 + 1,37 kcal./mole, and

4 e 105 : )
AHvap. terms, AHvap.(MOBSlcl) = 7.22 kecal./mole "7 and AHvap? [(Me3S:.)2NH] =

g9 kca.l./mole1 07 then we calculate, AHfO(MeBSiC]., g) = =99.28 + 1,37
keal./mole, and AH",O[(Me}Si) AHy g] = =113.86 + 1.40 keal./mole,

A value for D(MeBSi ~ (1) has not been determined experimentally,
It is likely that D(MeBSi - Cl) will be some 5 kcal./mole greater than
D( Cl3Si - Cl), since there is indirect evidence that the heat of the gas-

phase redistribution reaction,
e 81 + 8101, - Me,SiC
i A i apEly
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is in the region AH = =3 %o -7 kcal./mole, However, until this bond
dissociation energy has been measured it seems reasonable to assume that
D(Me}Si - €1) = D(C1,81 - Cl) = 106 *x L koal./mole,* so that a lower
limit for AH%O(MeBSi, g) ==13,2 + 5 keal,/mole may be calculated frou
the relation

8, %(Me5S1, &) = D(Me,81 - C1) + AH,°(Me,8iC1, g) - MH,°(C1, g),

o
where AH, (c1, g) = 28.92 +_ 0,03 kcal./g.-atom.106

This in turn may be used to caloulate D(Si - N)=. 84,1 koal./mole
for (Me3Si)éNH and D(Si - 0 = 109.4 kcal./mole for (MeBSi)ZO from

the following relations;

D(si - N)

1 o (7] 4 = o]
. [AHf (NH, g) + 2 D" (Me,S1, g) - MM, [(Me3Si)2NH, gl 1,
and

D(si - 0)

I

% [8H,°(0, g) + 2 AH°(Me,Si, ) - AH. [(Me,51),0, &] 1,

0 A
where AH,’(NH, g) = 81 9 Ahfo(O, g8) = 59.5k koal,/g.-atom,! %
Table 4 gives the mean bond dissociation energies of some
silicon compounds. The errcrs assoclated with these values do not

include the uncertainties attached to the heats of formation of the

radicals,
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Compound

SJ’.Cl4

(MeBSi) 50
( MeBSi) NH

MeBSi.NEt

EtL‘_Si

SiZH6

2

Compound

SiClA

(Me3Si) 50

(Me3s~;) HNH

Me3SJ..N'Et2

St

SisH,

Et

TABLE 3

(onergy values in keal./mole)

M (14.) ;e
-170.2 x 0,81 7.0%6(a)
ST g R 892112
423.8 + 4.4 9.9'

76,2 + 0,013 g.0113

-67.0 + 1.0

14

TABLE
Bond
Si-H
51 -F
8i - CL
8i -0
Si-N
Si-N
Si - Et
Si - S5i

- 75 =

88, (g)

e | o

+7.3 + 0,3
-386.0 + pretid
-163,2 + 0,8
—185.8 + 1.3
“113.9 + 4,4

~67.2 + 2.5

174 + 0,32

D(kcal./mole)

491+ 0,3
142,5 + 0,2
97.2 + 0.3
10950+ 4,3

84t + 1.4

i+

89.0 + 2

66.8 + L4
813403



The following values were used in computing D values;

104

NH(S4, g) = 110 + 2; MH.°(H, g) = 28,943 * AH,(F, g) = 18.5 keal./

g.-a’com.1 Ol
Pope and Skinner'C estimated D(Si - Et) by comparing values

of D(M - Et) with D(¥ - H) for M = C, Ge, Sn, and Pb, to be within

the rangs 63 + Iy kcal./mole. Heat of combustion measurements by

Lautsch! 1%+ lead to MH,°(BY, S, 11q.) = =67 koal,/nole which corresponds

to D(8i - Bt) = 66,8 keal,/mole, in fair agrecment with expectation,

A value for AHfO(NE‘cz, g) = 25+ 5 keal,/mole was extrapolated

115

from AHfO(Eﬁ\IH, g) = 33 * 3 keal./mole by comparison with the series

AHfO( NHZ.,g) =M +2 kcal./molc-:“5b and AHf°( MeNH, g) = 37 + 3 koal,/
mole, and AHfO(MeZN, g) =34 +3 kcal./mole.115
The value D(HBSi -H) =94 +2 lccal./moleu may be used to derive

AHfO(SiEI3, g) = 49.2 keal./mole from the relation
P ; Of )
AHf (SlH_-D-! 6) = D(H3SI x H) b AHf (SlH}_}_! g) T AHf (H’ g)'

This value may be used to obtain the bond dissociation energy
D(H3Si - SiH3) = 81,3 keal./mole from the heat of formation AHfO(SiZH6, g) =
9

+17.1 & .03 ]gccal./mole,2 using the expression

D(H,S81 - SiH;) = 2AHf.°(H3Si, g) - MH . (SiH, g).

This value cf D(HBSi - SiH3) = 81.3 kcal,/mole may be compared with

the value 82 k:cal./molc;H6 cbtained by Steele and Stone from electron

impact data,
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CHAPTER VI

Arsenic Tribromide, Arsenious and Arsenic Oxides and Aqueous

Solutions of Sodium Arsenite and Sodium Arsenate,

Metallic arsenic dissolves in liquid bromine to give arsenic

117 The reaction, which is almost explosive,

tribromide quantitatively,
may be moderated by dissolving the bromine in carbon tetrachloride,

in which arsenic tribromide is also soluble, Measurement of the heat
of this reaction, AH(1), together with the heats of solution of bromine
and of arsenic tribromide, in a mixture of carbon tetrachloride and

bromine, AH(3), and AH(%4), respectively, yields the heat of reaction,

AH(5) and the heat of formation of arsenic tribromide from the relation;
AHfo(AsBrj, cryst.) = AH(5) = AH(1) + AH(3) - AH(L).

As(cryst., @, rhomb,) + [27.5 Bry,, 77.7 CClA](liq.) >

[AsBr3, 26 Br,, 77.7 c014](1iq.) (1)

As(amorph, B) + [27.5 Br,, +77.7 0014](1iq.) -
[AsBrB, 26 Br,, 77.7 CClh](liq.) (2)

1.5 Bry(liq.) + [26 Br,. 77.7 001#](1iq.) >
[27.5 Bry, 77.7 €C1, }(1iq.) (3)
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AsBrB(cryst.) + [26 Br,, 77.7 CClh](liq.) *
As(cryst,, a, rhomb,) + 1.5 Brz(liq.) - ASBP3(0rth.) (5)

Measurement of the heat of reaction, AH(2), of amorphous
arsenic in a solution of bromine in carbon tetrachloride, under the
same conditions as those in reaction (1), yields the heat of
transformation of crystalline to amorphous arsenic, AH(6) = AH(1) = AH(2).
The heat of hydrolysis of arsenic tribromide in sodium
hydrodide solution, AH(7), and the heat of solution of sodium bromide
in an aqueous solution of sodium arsenite and sodium hydroxide , AH(B),
lead to the heat of reaction, AH(9), from the relation; AH(9) = AH(7) -
AH(8). Use of the formula NaAsO,, to represent sodium arsenite in
the aqueous solution is a purely formal one, and is not meant to indicate
the species which are actually present, The thermochemical state ¢f the
solution is defined uniquely however, by the reactants and physical

conditions,

AsBr3(cryst.) + [68 NaOH, 1998 H20](liq.) ->

[NahsO,, 3 NaBr, 64 NaOH, 2000 H,0](1ig.) (7N

3 NaBr + [WaAsO,, 6L NaOH, 2000 H,0j(1ig.) »

[NaAsO,, 3 NaBr, 64 NaOH, 2000 H,0](1iq.) (8)

=78 b



AsBr3(cryst.) + [68 NaOH, 1998 H20](liq.) ->

3 NaBr(oryst,) + [NaAsO,, 64 NaOH, 2000 HZO](liq.) (9)

The heat of formation of sodium arsenite in an aqueous solution of

sodium hydroxide can then be calculated f rom the relation;

AHfo[NaAsoz, in 64 NaOH, 2000 H,0](lig.) = AH(9) +
AHfo(AsBrE, oryst,) = 3 AHfo(NaBr, cryst,) +
L AHfO[NaDH, in 29,38 H,0](1iq.) -

(o] N
2 M, (H0, lig.) = 8H, ,

where AHg = +0.45 keal,/mole, is the heat of dilution of sodium
hydroxide solution [6.4 NaOH, in 1880 HZO] - [64 NaOH, in 2000 HZO], and
the heats of formation are; [NaOH, in 29,38 HZO](liq.), -112.452 +
0,006;56(2)» 118 H,0(1iq.), =68.3149 + 0.009656(8) 4na NaBr(oryst.),
-86.23 kcal,/mole, The heat of formation of sodium bromide quoted here
is 0,20 kcal,/mole more negative than that given in reference66(a),~since
the heat of formation of an aqueous solution of HBr, on which it is
based, has been revised recently by this amount.119
This thermochemical datum can then be used, in conjunction with
the heat of reaction of arsenious oxide with sodium hydroxide, AH(10),
and the heat of dilution, AH(11), to derive the heat of formation of
arsenious oxide from the relation;
8, *(hs, 05, cryst., oota.) = 2 AH,°[NaAso,, in 6L NaOH,

2000 H,0](1liq.) + AHfO(HZO, T4

2 AHfO[NaOH, in 29.38 H,0](1iq.) - AH(10) +

2 AH(11) + AHy ,

-9 =



where AH, = +0,22 koal./mole is the heat of dilution of sodium

d_ -—
hydroxide solution [32 NaOH, in 940 H20] » [32 NaOH, in 1000 H20],
and the heat of formation is; [NaOH, in 29,38 H,0]( lig.) = 112,452 +

0,006 kcal./mole .66( a) ’ 118

A5203(cryst., octa.) + [34 NaOH, 999 HZO](liQ-) 4

2[NaAs0,, 16 NaOH, 500 H,0](1iq.) (10)

[NaAsO,, 16 NaOH, 500 Hzo](liq.) + [48 NaOH, 1500 H,0](1iq.) =

[NaAs0,, 6L NaOH, 2000 H,0](1iq.) (11)

X Na.AsOZ(cryst.) + [ 32 NaOH, 1000 Hzo](liq.) -

[_J_gl\Ié.Ast, 32 NaOH, 1000 HZO](liq.) (12)

Since the heat of reaction of arsenious oxide with sodium
hydroxide solution (~12,03 kcal,/mole)is so much less than that of arsenic
tribromide (=62,69 kcal,/mole), it was necessary to use larger quantities
of the oxide to obtain a temperature rise which could be ascurately
measured, It was for this reason that the concentration of sodium
arsenite in reaction (10) was four times greater than that in reaction (9).
The heat of dilution, AH(11), was not measured, However, the heat of
solution of sodium arsenite, AH(12), has been measured, where x =
0.5 - 1.0, Within the limits of accuracy of the measurements, AH(12)
is independent of x, in this range. The heat, AH(11), is, therefore,
likely to be small,

The heat of oxidation, AH(13), of a solution of sodium
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arsenite to sodium arsenate, using an excess of liquid bromine,
together with the heats of solution, AH(14) and AH(15), may be used
to cdlculate the heat of the idealised reaction, AH(16), from the
relation; AH(16) = AH(13) - AH(14) - AH(15).

yBrz(liq.) + [Na.Ast, 6L NaOH, 2000 HZO](liq.) -

[Na;As0, , 2 NaBr, 60 NaOH, 2002 H,0, (y - 1) Br,](1iq.) (13)

(y - 1) Bry(lig.) + [NezAs0, , 60 NaOH, 2002 H,0](1ig.) ~

[Na3Aso 60 NaOH, 2002 H,0, (y = 1) Brz](liq.) (14)

R
2 NaBr(cryst.) + [NaBAsoh, 60 NaOH, 2002 H,0, (y = 1) Brz](liq.) -

[NaBAsol‘_, 2 NaBr, 60 NaOH, 2002 H,0, (y = 1) Brz](liq.) (15)

Brz(liq.) + [NaAs0,, 64 NaOH, 2000 HZO](liq.) ->

[Naghs0, , 60 NaOH, 2002 H,0](1ig.) + 2 NaBr(cryst,) (16)

The heat of formation of sodium arsenate, in solution, may be

calculated from the relation;

AHfo[Na3Asoh, in 60 NaOH, 2002 H,0](1ig.) =
AH,°[NaAsO,, in 64 NaOH, 2000 H,0](1iq.) -
2 AH, (H,0, 1iq.) + 4 AH,°[NaOH, in
31.25 H,0](1iq.) = 2 AHfO(NaBr, oryst,) +

AH(16) - AHg

where AH, = +0,420 kcal,/mole is the heat of dilution of sodium
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hydroxide solution [60 NaOH, in 1875 H20] » [60 NaOH, in 2002 HZO],
and the heat of formtion is; [NaOH, in 31.25 H,0](1iq.), =112.446 +
0,006 kcal./mole.66(a) »118
Measurement of the heat of solution, AH(17), of arsenic oxide
in an aqueous solution of sodium hydroxide, and the heat of dilution,

AH(18), allows calculation

A5205(cnyst.) + [66 NaOH, 1998 HZO](liq.) -

2[Na5As0, , 30 NaOH, 1001 H,0](1iq.) (17)

[NaBAsOA, 30 NaOH, 1001 H20](1iq.) + [30 NaOH, 1001 HZO](liq.) -

[Na3A30 60 NaOH, 2002 HZO](liq.) (18)

R
of the heat of formation of the oxide from the relation;

(o]
MM (48,05, oryst.) = 2 AH?O[Na3ASOL, in 60 NaOH, 2002 H,0](1iq.)
+ 3 MH.°(H,0, 1iq.) - 6 AH,[NaOH, in 30.27
H,0)(1iq.) - AH(17) - 2 AH(18) + AHy

where AH, = +0,48 keal,/mole is the heat of diluion of sodium hydroxice

d
solution [60 NaOH, in 1816 H20] - [60 NaOH, in 2002 HZO], the heat of
dilution, AH(18), is assumed to be negligable, and the heat of formation
1s [NaOH, in 30.27 H,0]1(1iq.), ~112.450 + 0,006 koal,/mole,b6(2)s 118
Finally, the heats of neutralisation, AH(19) and AH(20), were

measured, The heat of the oxidation reaction, AH(21), has been given

120,121

as =76.6 + 0,2 keal,/mole, The arsenious oxide would be present

as the virtually undissociated acid H3A303, whilst the arsenic oxide would

be present as two moles of the acid H3AsO partially dissociated

=0 PN
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to the ions H+ and HZASOA-' Correction has been made for the heat of

this ionisation, so that the value:of AH(21) refers to an idealised

reaction, in which the acids are completely associated,

[A5203’

[A8205,

[As203,

[ASZOB’

200 HZO](liq.) + [130 NaOH, 3799 HZO](liq.) ->

2[NaAs0,, 64 NaOH, 2000 Hzo](liq.)

200 HZO](liq.) + [126 NaOH, 3801 H,0](1liq.) -

2[Na3AsoA, 60 NaOH, 2002 HZO](liq.)
907 H,0](11q.) + 0,(g) » [Ax}, 907 H,0)(1iq.)

200 HZO](liq.) + Oz(g) - [A5205, 200 H20](liq.)

Under the conditions in reaction (22) the arsenic would be

about 24,3% ionised, The heat of ionisation of the first hydrogen

atom of arsenic acid is =1.69 + 0,04 kcal./mole",zzand if' we assume

that the heats of dilution of unionised arsenious and arsgenic acids

(19)

(20)

(21)

(22)

from the concentrations in reaction (21) to those in reaction (22) are

the same, then we calculate AH(22) = =77.4 + 0,07 kcal,/mole, which

refers to a reaction in which the arsenic acid is dissociated,

The difference between the heats of formation of sodium

arsenate and sodium arsenite in solution can then be calculanted

from the relation;

= 8% -



A (o]
Ach,[Na 5480, in 60 NaOH, 2002 Hy0](1iq.) = AH, [NaAsO, in
64 NaOH, 2000 H,0](1iq.) = % AH(20) + § AH(22) - % AH(19) -
AHf°(H20, 1iq,) + 3 AH,”/NaOH, in
30.17 H,0](1iq.) - AHfo[NaOH, in

where AH, = + 0,78 kcal,/mole is the heat of dilution [128 NaOH, in
3470 Hzo] - [128 NaOH, in 4000 HZO], and MHg, = + 1,19 keal,/mole is
the heat of dilution [120 NaOH, in 3620 HZO](liq.) -+ [120 NaOH, in
LO0Y HZO], and the heats of formation are; [NaOH, in 30,17 H20],
-112,450 + 0,006 kcel,/mole and [NaOH, in 29,22 HZO], -112.452 + 0,006
kcalw/mole.66(a)’ 118

The heat of reactions (1 - 4, 7, 8, 10, 12 - 15, 17, 19, 20)
have peen measured, Details of these measurements are given in
Tables 1 - 12,

Measnrements of the heats of reactions 1, 2, 4, 12, 14, and 17

were made in collaboration with Mr, E. G, Tyler, B,A,

Eosoelids

Reactions werd initiated by breaking glass ampoules of
reactant into the relevant solution, The smaller reaction vessel,
capacity 200 ml,, was used for reactions (1 = 4). All other reactions
were performed in the larger reaction vessel,

The concentrations of hromine in carbon tetrachloride and

sodium hydroxide in water (gg. 2M) were chosen to minimise reaction

SR



times which were never greater than 4O minutes, The reaction times
for slow reactions were also reduced by using a high rate of stirring,
(180 r.p.m. ). For reactions (1 - 4), bromine (ca. 35 ml,) and
carbon tetrachloride (32. 175 ml,) were used, TFor rcactions {74 85:10;
12 = 15 and 17) sodium hydroxide (ca, 30 g.) and water (400 ml,) were
used,

In reaction (14) the heat of solution per mole of bremine,
-10.145 kecal,, was found to be independent of the quantity of bromine
used over the molar range y (moles of bromine) = 2,3 to 17. The dif-
ference AH(13) = A(14) was found to be constant, -84.41 kcal,/mole,
within the limits of accuracy of the calorimeter, If, however, (y =~ 1)
in reaction (13) was less than 1,3, then oxidation appeared incomplete,
This was reflected in a lower value, -82,25 kcal./mole for the difference
AH(13) - AH(14) obtained under these conditions., |

In reactions (19) and (20), ampoules containing aqueous
solutiong dfarsenious oxide or arsenic oxide (gg. 30 ml,) were broken
into sodium hyiroxide solution (400 ml,), Complete breakage of a
30 ml, ampoule at the commencement of a reaction was difficult to -
achieve, Part of the arsenious or arsenic oxide solution was often
trapped in the upper, unbroken, portion of the ampoule, To avoid this
occurrence the glass stirrer rod, to which ampoules were sealed, was
replaced by glass tubing of the same diameter and length, The lower
end of this tubing projected into the ampoule, By passing a small

quantity of nitrogen down the hollow stirrer shaft complete mixing of
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reactants was effected, The amount of nitrogen used did not produce

an observable temperature change in the system,

Compounds

Arsenious oxide was supplied by B,D.H, Ltd., (AnalaR),
Before use the arsenious oxide was dried in an oven to constant weight
at 105°C and then stored in a dessicator, Due to its high stability
arsenious oxide was taken as a reference standard in arsenic anniyqes.
Five consecutive analyses for arsenic in arsenious oxide, by the méthod
desoribed below, yielded the following results; 99.942%, 99.945%, 99 .944%,
99 .942%, 99.944%, 1In these analyses the amount of arsenic in the
solutions analysed was 0,55 + 0,04 g, For solutions containing less
than 0,51 g, As the analyses showed considerable variation, see Fig. 12..

Analysis for arsenic relied upon the precipitation of a complex
ammonium arsenate from alkaline solutions containing arsenic in the
pentavalent state. The precipitation was effected by the addition
- NH, C1 solution, The complex precipitate was collected

2 L
in a Vitreosil filter crucible and subsequently converted to

of MgCl

magnesium pyroarsenate, MgA5207, in a muffle furnace at 850°C, This
method of analysis has been described in detail by Vogel.123
Arsenious oxide readily dissolved in 2N sodium hydroxide to
yicld a solution of sodium arsenite in which arsenic is present in the
trivalent state, Oxidation of trivalent arsenic to pentavalent arsenic,
prior to analysis, was performed with a 0,1N solution of potassium

bromate,
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To ensure the presence of the octahedral form in reaction (10)
the arsenious oxide was recrystallised from concentrated hydrochloric
ac:i.d,ml’L the temperature of the final sample being kept below 70°C
to prevent the possible conversion to the monoclinic form,

The aqueous solution of arsenious oxide used in reaction (19)
was readily attacked by atmospheric carbon dioxide., This resulted in
low and inconsistent values for AH(19). The oxide solution was, therefore,
prepared by dissolving arsenious oxide in distilled water, free from
carbon dioxide, under an atmosphere of nitrogen, The filling of ampoules
was similarly performed under a nitrogen atmosphere, ‘

Arsenic oxide was prepared from arsenious oxide by oxidising
the latter with concentrated nitric acid, Arsenious oxide was dissélved
in an excess of oconcentrated nitric acid and the resulting solution

maintained at a temperature of 60°C for 48 hours, Evaporation of this
solution under reduced pressure at 60°C yielded white solid arsenic acid
which was converted into Aszo5 by heating at 35000 until constant
weight was attained, Analysis for pentavalent arsenic in Aszo5 gave
100,000%, This analyais was carried out by the method previously
described after first dissolving the arsenic oxide in 2N sodium
hydroxide solution,

Agqueous arsenic oxide solution, used in reaction (20) was
prepared in the same way as the arsenious oxide solution,

Arsenic, crystalline, a, orthorhombic, and amorphous, £, arsenic

was supplied by L, Light., Both forms of arsenic were crushed into small

Sy



fragments, ca. 0.1 mm,, before use, The fragmentation of the arsenilc
and the filling of ampoules was performed in = dry box filled with
nitrogen,

Estimation of the percentage purity of both forms of arsenic
was performed by the method previously described after dissolving the
metallic arsenic in concentrated nitric acid, The resulting solution
of arsenic acid contained arsenic in the pentavalent state, Both
forms of arsenic were estimated to be 99,999% pure.

Arsenic tribromide was supplied by B.D,H, Ltd, It wag purified
by zone refining using a Baird and Tatlock semi-micro zone refiner,
Each sample of zone refined arsenic tribromid? was analysed for arsenic
after dissolving the compound in 2N sodium hydrcxide solution, and
oxidising the resulting sodium arsenite solution with 0,1 N potassium
bromate sclution,

The resulting solution of sodium arsenate contained arsenic in
the pentavalent state, Analyses ranged from 99,810% to 100,000% arsenic.
Correction was made to the weight of arsenic tribromide used, on the
assumption that the impurity made no contribution to the temperature
change occurring in the reaction, The ampoules were filled with arsenic
tribromide under a nitrogen atmosphere in a dry box,

Bromine was supplied by Hopkin and Williams (AnalaR) and was
purified by two successive distillations on a vacuum line, The
second distillate was collected in an ampoule attached to the wvacuum

line, The neck of this ampoule was provided with a constriction to
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facilitate sealing of the ampoule when filled with bromine, By
immersing the filled ampoule in liquid nitrogen the bromine was
solidif'ied and the constricted neck of the ampoule easily sealed with
the aid of a blow pipe,

Other compounds were supplied by the manufacturers listed in
parentheses, Carbon tetrachloride, sodium hydroxide (B,D.H, Ltd.,,
AnalaR); sodium arsenite, sodium arsenate, (Hopkin and Willians,

AnalaR); sodium bremide (Whiffen, pure grade),

—Bgs



Results

Derived Heats of Formation

AHfo(AsBrB, oryst,) = =47.,57 + 0,10 kecal./mole
AHfo(ASZOB’ cryst,., octa.) = =160,30 + 0,22 keal,/mole
AHfO(Aszos, cryst,) = =222,44 + 0,35 keal,/mole
MH°[Nahs0,, in 64 NaOH, 2000 H,0)(1ig.) = =164.57 4 0.20 keal./mole

-789,97 + 0.3%0 kcal./mole

AHfO[Na.),AsOLL, in 60 NaOH, 2002 H,0](1ig.)

AHfO[NaBAsOLF, in 60 NaOH, 2002 H,0](1ig.) - AHfO[Na.AsO in 64 NaOH,

2’
2000 H20](liq.) = =225.40 + 0,10 keal,/mole (as calculated from

the heats of reactions 19 and 20),

Heat of transition for the process As(cryst., a, rhomb,) - As(amorph., B) =

+3.24 + 0,03 koal,/g.~atom,

=50 =



TABLE 1
As, M, 74.922

Reaction (1)

Experiment 1 2 3 4 %
my(As, oryst., g.) 1.66193 2,01080 1.80639 1,60754 1,87755
AR( ohm) 0,04114  0,04965 0.,04472  0,03965 0,0463%9
By (keal,/ohm) 23,855 23,882 23,883 23,928 23,877

=AH(1) (kecal./g.~atom) 44,23 L 18 44,30 Ly 22 L4 .20

dpgs 5473 g./ml, Mean AH(1) = =44.22 + 0,02 koal,/g.-atom

SAH(1)=+ 0,04%

TABLE 2
Reaction (2)
Experiment 1 2 3 4 5
m,(As, amorph., g.) 1.16956  1.36021  1,14862  1,00968  1,16287
AR( ohm) 0.03090 0,03583 0,03020 0,02658 0."3055
E ((kcal,/ohm) 23,969 23,998 24,007 24,440 24,093

~AH(2) (keal,/g.=atom) 47.L5 47.36 47.29 47.61 L7.42

dy5s 4a70 go/ml. Mean AH(2) = =47.46 + 0.03 kcal,/g.~atom
SAH(2)=+ 0,07%
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TABLE

Br,, M, 159.818

Reaction (3)

Experiment 1 2 3 L
n,(Br, g.) 6.86233 6.57066 6.93482 7410903
AR( ohm) 0,00085 0.00056 0.00079 0.00071
Eg(keal,/ohm) 23.952 24,005 23,880 23,896
8H (kcal,/g.-atom) 0.239 0,166 0.217 0.191
d25, 2.98 g,/ml, Mean AH = +0,203 + 0,015 kecal,/g.~atom
Mean AH(3) = +0,61 + 0.045 kcal./1.5 Br, mis
SAH( 3)5:47.368%
IABLE L

AsBr-.5 s My 314,650

Experiment 1 2 3 I
m,(AsBr, &.) 7.49072 6 43524 6.51170 469047
% Purity 99,810 100,000 99.851 99.901
AR( ohm) 0.00392 0.00334 0,00340 0.00245
E s'( kecal,/ohm) 24,182 244 24,157 24 44
AH(4) (kecal,/mole) 3.978 394 %:965 3.967
dpss 340 &, /ul., Mean AH(L) = +3:963 + 0:008 kcal./mole

BAH(4)=# 0.20%



TABLE

Reaction (7)

Experiment 1 2 3 4 5
n,(AsBrs, g.) 1.09209  3.4880 3.5M488 | 4.63351  3.67001"
AR( ohm) 0,03100 0,02615 0,02687 0,03518 0,02793
E (koal,/ohn) 26,347 26,103 26,192 26,214 26,201

-AH(7) (kcal,/mole) 62,80 62.82 62,47 62,63 62.75

Mean AH(7) = =62.69 + 0,07 keal,/mole

BAH(7)=+ 0.10%

TABLE 6

Reaotion (10) As 0z, M, 197.811

Experiment 1 2 53 4 5
m.(Aszo3 g 4,84528  4.84LO0L  4,80297 4,80578  3.10741
AR( ohm) 0.01135 0,01139 0,01110 0,0112% 0,00721
E_(keal ./ ohm) 26,054 26,056 26,063 26,058 26,043

=AH(10) (kcal./mole) 12,08 12,13 11.92 12,06 11.96

Mean AH(10) = =12,03 + 0,04 keal,/mole

=93 -



TABLE

NaAst. M, 129.910

Reaction (12)

Experiment 1 2 3 L
ms(NaAsoz, ge) 3,06915 3419370 6429865 6.33335
AR( ohm) 0.00434  0.,00461 0.00901  0,00915
ES( kcal,/ohm) 25,865 25,494 26,251 25,938
-AH(12) (koal,/mole) 4,79 4,90 4,92 491

Mean AH(12) = =4,88 + 0.03 keal,/mole

SOH(12)= + 0,61%

TABLE 8

Reaction (13)
Experiment 1 2 3 L 5
n,(A8,035 &:) 0,51070 0.50898 0.72356 0.63265 1.03389
my(Br, g.) 7.80452 14,00835 3,46760 6.58197 3,88853
Y 9.45899 17.03536 2,96632 6,39312 ~“2,32796
AR( ohm) 0.03365 0.,04849 0,02914 0,03385 0,03896
E (kcal,/ohm) 26,1527 126,210, 572652091\ 126,278 426,240
-AH(13) (koal./mole)470.46 247,01 104,42 139,09 97.70

8l 47 8,38 84.23

-[AH213) - AH(14)] 8L.6k 84,33

cal,/mole
e Mean [AH(13) - AH(14)] = =8k, + 0,07 koal fmle
8[AH(13) = AH(14) ]=x 0.08%



TABLE 9

Na.,As0

374

Reaction (14)

y M, 207.889

Experiment 1 2 3 L 5
m.(NaBAsoh, ge) 1.3826 " 0.8550 - 2,7526. : 11,5050 "\ :2.3118
my(Br, g.) B.99114 10,53976  4,16089  6,23974 2,35963
Nl 8.45899 16,03536 1.96632 5.,39312 1,32796
AR( ohm) 0.02179 0,02557 0,01009 0,01508 0,00574
Eg(kcal,/ohm) 26,196 26:185 26,209 26,209 26,100
-AH(14) (kcal,/mole) 10,146 10,153 10,157  10.123 10,147

Mean AH(14) = =10,145 + 0,006 koal,/mole

SAH(14)=40.06%

TABLE 10

Reaction (17)

As,0c, M, 229.840

Experiment 1 2 3 L 5
my(As,055 &.) 2,79227 2,65002 2,77149  2.86436  2,7209L
AR( ohm) 0.03988 0,03762 0,03957 0,04089 0,03856
Eg(koal,/chm) 26,477 26,563 26,528 26,572 26,640
-AH(17) (kcal,/mole) 86,91 86.67 87.05 87.19 86,77

a-25’ 25-009 8-/mlo

Mean AH{17) = =86,97 + 0,09 keal,/mole
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TABLE 11

Reaction (19)

Experiment 1 2 3 k: 5

m,,(AseO3 5 E4) 0,37289 0,75527 0,97826 0,84798 0,75629
AR( ohm) 0,00135 0,00282 0,0034 0.00307 0,00375
Fy ( keal,/chm) 25.215 25,342 25,980 25,863 25,680

-AH(19) (koal,/mole) 18,06 18,72 18,48 18,53 18.47

Mean AH(19) = =18,39 + 0,11 kcal,/mole
SAH(19)=+ 0.60%

TABLE 12
Reaction (20)
Experiment 1 P 3 L
m,(A5205, g) 0.61303 0.58509 0.62961 0.61617
AR( ohm) 0.,00832 0.00795 0.00851 0.00836
E (keal ./ ohm) 25.157 25.150 25 ¢555 25.214
-AH(20) (keal,/mole) 78.47 78.54 78.77 78.63

Mean AH(20) = =78,60 + 0,05 kcal,/mole

'SAH(20)=+ 0,06%

The heats of reactions (8) and (15) were measured as, AH(8) = 0,18 +

0,02 kcal,/3 NaBr, and AH(15) = =0.12 + 0,01 keal./2 NaBr, respectively,
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Discussion

The heats of solution of arsenious and arsenic oxides in
approximately 2N sodium hydroxide solution have previously been
measured by Long and Sackman125 who obtained the values =12,16 +
0,10 and '87007.i 0.28 kcal./mole, respectively, These values are
close to the values reported in this work, AH(10) = =12,03 + 0,04 keal,/
mole, and AH(17) = =86,97 + 0.09 koal,/mole, although the fiaal
concentrations obtained by Long and Sackman are slightly different from
those obtained in reactions (10) and (17).

The heats of neutralisation of aqueous solutions of arsenious and
arsenic oxides have been measured previously,79 and it is noted that the
value AH = =9,77 + 0.05 kecal,/mole for the heat of neutralisation of an
aqueous solution of arsenious oxide in approximetely 4N sodium hydroxide
was erroneously reported, The value 9,77 kcal,/mole refers to one mole
of the product, sodium arsenite, so that the correct value per mole of
arsenious oxide is =19.54 + 0,10 keal,/mole, Thisvalue is 1,15 + 0,20
kcal, more negative than that for the neutralisation in approximately
2N sodium hydroxide, AH(19) = =18,39 + 0,11 kcal,/mole, A similar
difference of 1.hO.: 0,10 kcalw/mole is observed between the heat of
solution of crystalline arsenious oxide in approximately 4N sodium,

126 and the value

hydroxide solution, AH = =13.,43 + 0,06 koal,/mole
reported here in approximately 2N sodium hydroxide solution of AH(10) =
-12,03 + 0,04 kecal,/mole, This dependence of the heat of neutralisation

of arsenious oxide on the concentration of sodium hydroxide is explained
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by the fact that arsenious acid is a weak acid,

The previous value AH = =78,24 + 0,30 koza.l./rnole-,9 for the
heat of neutralisation of an aqueous solution of arsenic oxide with
approximately 4N sodium hydroxide solutien is virtually the same, within
the combined experimental errors, as the value of AH(20) - -78;60 +
0.05 for the heat of neutralisation in approximately 2N sodium hydroxide,

As a stronger acid, the heat of neutralisation of arsenic acid is less

dependent on the alkali concentration,

The heat of solution of bromine in approximately 2N sodium
hydraxide, AH(14) = =10,145 + 0,006 keal,/mole of bromine, compares
with the values of =10,879 + 0,084 keal,/mole in 0,IN sodium hydroxide,
and =10,595 + 0,203 keal./mole in 0,032N sodium hydroxide solution
reported by McDonald and Cobble .1 27

The results reported in this thesis have been wed to calculate
the heat of Pormation of arsenio tribromide Aﬁf°(AsBr3, oryst.) = =47.57 *
0.10 kcal,/mole, This value canbe compared with the value =46,61 koal,/

128

moleé6(a) based on measurements made by Berthelot, The derived

heats of formation of the oxides, AHfo(ASZOB, oryst., octa,) = =160,30 +
0,22 kcal,/mole, and AHfo(Aszos, cryst,) = =222,14 + 0,35 keal,/mole,
are both more negative, to the extent of 3.4 keal,, and 3.6 kcal,,
respeotively, than the 'sclected' valueS.66(°')

The heats of formation AHfO[NaBASOA’ in 60 NaOH, 2002 HZO](liq,)

"'389197 _+. 0030 kcal./mole, and AHf.O[N&ABOZ, in 614- NE.OH, 2000 HZO](liq.)

~164.,57 + 0,20 kcal,/mole have been derived, The difference between

AT



these two heats of formation =225.,40 + 0,15 keal,/mole is the same,
within the combined limits of error, as the difference of =225,59 +
0,10 keal,/mole, caloulated from the heats of reactions (19), (20),
and (22), |

From the difference between the heats of reaction of sodium
hydroxide and arsenious oxide, both crystalline and in aqueous solution,
the heat of solution AH(23) = +6,36 + 0,12 keal,/mole is obtained,

Similarly, the value AH(24) = =8,37 + 0,10 koal,/mole is calculated

for arsenic oxide,

A8203(oryst., octa) + 200 Hzo(liq.) > [ASZOB, 200 H,0](24q.) (23)

A5205( oryst,) + 200 H20(liq.) - [ASZOS, 200 H20](1iq.) (24)

66(a)

These compare with 'selected' values of +7,3 and =6,0 koal,/mole,

respectively,

The heat of the transformation As(cryst,., a, rhomb,) -

As(amorph., B.), AH(6) = +3.24 + 0,03 keal,/g.-atom is more positive

than the 'selected! value66(a) of +1,0 kecal,/mole,
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CHAPTER VII

The Combustion of Arsenic

Heats of combustion of elemental arsenic have been measured,
hitherto, only in static-~bomb calorimeters§3’84’85 The combusticn
products consist of a mixture of solid arsenic oxides (A3203, A3205,
Aszoh) as sublimates on the bomb walls and as a glass in the crucible.125
Long and Sackman have shown that some or all of the uncombined.A8203
in the bomb "exists in the form of an unusuwally active and soluble
variely"., They have further shown that a calorimetric determination
on the bomb products indicates the presence of an oxide strongly
endothermic with respect to ordinary ASZOB, A5205 mixtures, The
mixture is, therefore, difficult to analyse and thermochemically
ill-defined, By using a rotating=bomb calorimeter, containing a
solution of sodium hydroxide, it has been possible to measure the heat
of combustion of arsenic, where the only product is a homogeneous,
aqueous solution containing sodium arsenite, sodium arsenate, sodium

carbonate (formed from the 002 produced by combustion of a benzoic acid

fuse), and sodium hydroxide,

Procedure

Three separate series of experiments were performed,

a) The energy equivalent, E ., of the standard initial calorimeter
gy €q si ’

containing neither sample, water, nor oxygen, but containing a platinum

a4 00w



crucible, was determined by combustion of & sample of benzoic acid
(B.D.H, Thermochemical Standard, batch No, 76016), having -AUj =
6.3191 + 0,0007keal,/g., standard deviation, 8B = + 0,011% under
92

recommended conditions, The recommended conditions”™ were used, in

that the bomb was charged with 0,78 ml, of water and oxygen at an
initial pressure of 30 atm,

(b) The heat of combustion of arsenic (0.5 g.), contained in a fused
silica crucible, was measured in the bomb charged with 50 ml, of
water, 6,12 g, sodium hydroxide and oxygen at 30 atmospheres, An
additional fuse of 3 benzoic ncid pelle*s (gg,‘ols.g;)'wns used,

the arsenic being placed in the centre of the well formed by leaning the
pellets on the side of the crucible,

(c) A comparison experiment was made in which ca. 0,5 g. of benzoic
acid, in a fused silica cruclble, was burned in the rotating bomb in
the presence of 50 ml, water, 6,12 g, sodium hydroxide, and 0,5 g. As
in the form of As203.

The amount of arsenic present as arsenite ions in the liquid
phase after combustion was determined volumetrically by titration with
0,1 N potassium bromate solution, The bomb solution, and washings, was
made up to 100 ml, in a graduated flask, Threc samples (25 ml,) of this
solution were analysed volumetrically for AsIII. The Asv present in
the bomb solution and washings was assumed to be the difference between

TEL

the mass of arsenic burned and the mass of As as determined

volumetrically,
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In only one case did a solid white residue remain in the

I1IT

crucible after combustion, This was analysed for As™™", as above,

after dissolution in hot sodium hydroxide solution, The analysis

showed that AsIII only was present in this residue,

Compoumds
| Arsenic, crystelline, a, orthorhombic, was supplied by
L. Light, It was burned in small pieces weighing approximately 0,5 g,
Sodium hydroxide was supplied by B,D,H, Ltd, (AnalaR),

Results
The overall process for the combustion of arsenic, if account is

taken of the oxidation of a fraction of the sodium arsenite to sodium

arsenate, may be considered to take plaoé'in stages represented by the'soheme,

As(oryst,) + 0.75 Oz(g) + 0,5 A3203(cryst.) (1)

0.5 A5203(cryst.) + [65 NaOH, 1999.5 H20](liq.) -
[NaAst, 64 NaOH, 2000 Hzo](liq.) (2)

which, when combined, give the reaction

As(oryst.) + 0,75 02(3) e 3 [65 NaOH, 1999.5 Hzo](liQO) >
[Naks0,, 6L NaOH, 2000 H,0](1iq.) (3)

for which the change in internal energy is AU(3),

The combustion of benzoic acid, and the subsequent solution

of carbon dioxide in the alkaline solution,

CglisCOOH(oryst.) + 7.5 0,(8) = 7 C0,(gs p atm.) + 3 H)0(1iq,) (&)
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7 CO,(gs p atm,) + [Nads0,, 64 NaOH, 2000 H,0](1lig,) -
[NaAs0,, 50 NaOH, 7 Na,C05, 2007 H,0](1iq.) (5)

combine to give the reaction

csnscoon( oryst,) + 7.5 02(3) + [NaAs0,, 64 NaOH, 2000 H,0](1iq.) -

[NaAs0,,, 50 NaOH, 7 NayC0;, 2010 H,0](1iq.) (6)

Results of the measurements of heats of combustion experimants a, b, and

Cy are shown in Tables 1, 2 and 3,

meanings,

‘.I(As, g.)
m(B oloy 80)

mi( 30)
ARc( a), ARO( b) and
AR (c)(ohm)

g (cal,)
qi(cal.)

Eo(a)(calq/ohm)

il

i

The symbols have the following

mass of arsenic, in vacuo;
mass of benzoic acid, in vacuo;

mass of cotton thread fuse;

change in resistance of the platinum resistance
thermometer, proportional to the corrected
temperature rise, for the experiments (a),
(b), and (c),respectively;
heat evolved in the formation of 0/ JNnitric
acids
heat of combustion of the cotton thread
fuse, 3,881 kecal./g.;
correction for energy absorbed by the benzoic
acid, water, and oxygen present before
combustion, over the temperature rise
AR (a)(ohm);
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Esi(cal./ohm)

s‘Es:i.

a(astE

’ 8-)

m(Asv: 80)

IIX

m(As" ", oryst., g.)

ag » (cal.)

qsn(oal.)

qcoz(cal.)

i

energy equivalent of the standard calorimeter
system;

standard deviation of the mean of Esi;

mass of.AsIII present in bomb solution and
washings as determined volumetrically;

the assumed mass of Asv present in bomb

solution and washings [i,e, m(As, g.) -

n(as™, g.)1;

mass of AsIII rcecovered from o rucible after

combustion;
n(B.A., g.) X AUy, where AU = =6,319.1 cal./e.
benzoic acid;

the heat evolved in the formation of an
aqueous solution of sodium nitrate, produced
by neutralisation of nitric acid formed by
oxidation of nitrogen present as impurity in
the oxygen, =27,0 kcal./mole;éé(a)

heat evolved by solution of CO, in bomb solution;

2
gilven by

- ]
%0, = [m(COz) x m(B,A,) + m (002) x mi]AU(5),
where m(coz) is the mass of CO, produced by
combustion of 1 g, benzoic acid, 2,52272 g,;

m'(COZ) is the mass of CO, produced by the

2
combustion of 1g, of cotton thread fuse,
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%oxta, (001.)

qw(cal.)

i

1.618 g.; and

)]

- ¥

-[ARb<°) = Esi o (qB.A. iy qsn

-3 A\
10 7 x m(As') < AH

where,
M(As)

oxid,’
M(As) is the atomic weight of arsenic,

0
AH = AHf [Na3A50

S ) in 62 NaOH, 2001 H20](1iq.)
- AH, [NahsO,, in 64 NaOH, 2000 H,0](1iq.)
(o]
- ¢Hf°(H20, 1iq,) = 2 AH, [NaOH, in
3.25 H,0](1iq,) + OHy = -68.8 +
0,10 keal,./mole NajAs0,
where,

AHI.O[Na3A80b‘, in 62 NaOH, 2001 H,0](1ig.)

- AHfo[Na.Aso in 64 NaOH, 2000 H,0](1iq.) =

>
-225,40+ 0,10 kcal,/mole (Chap. VI, p.99 );
Ay = +0.424 koal,/mole is the heat of
dilution 62 [NaOH, in 71.25 H,0] - 62[NaCH, in
32,27 HZO], and the heats of formation are
[NaOH, in 31.25 Hy0l, =112.446 + 0,006,

[NaOH, in 32,27 Hzo], 112,444 + 0,006 koal,/
mole.éé(a);

the thermal correction corresponding to the
conversion of the reactants and products to

their standard states, It is difficult to
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evaluate this quantity for eqn, (3) and
carrection was made only for the change of
r

1
the change in energy of ry moles of oxygen

moles of oxygen from O atm, to P1 atm, and

from P2 to 0 atm,;

the isothermal correction due to the energy

E_(b)
absorbed by the charge present in the bomb

before combustion, over the temperature
chanle, produced by the combustion of arsenio
alone, The following values for specific
heats were usedy As, 0,0822; Pt, 0,324;
Silica (fused), 0,200; NaOH solution, 0.908;

benzoic acid 0.287; and oxygen 0.1555 cal./g. 27

The value, AU(3), is calculated from the relation
o
M0°(3) = MU(3) =B (b) + q,
(8 (b) x By = (ap 5 + @ * Q + Qpyn *+ 905 ) =

Ec(b) 5 qw] ﬁﬁ:g * -

The standard heat of reaction, AHO( 3), may be derived from the relation
aH%(3) = aU°(3) + AnRT,

where An is the difference between the number of moles of gas present

before and after reaction (3).
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Experiment 4
m(B.A.y 8.)° 1.120225
m, (g.) 0.004547
ARG( a)( ohm) . 0,09962
q;(cal %) 17.66

g, (cal.) 1.33
Ec(calq/ohmo 19.20

Esi(cal./oh.m) 71229,2%

"dy5 = 1,320 g./nl.

TABLE 1

Experiment (a)

2 3 L : 5
1.124699 1.154652 1.124879 1.149250
0.003479 0.002642 0.002725 0.003413
0.09993 0.10238 0.09991 0.10206

13.50 10,25 10,58 13425

1.28 1,04 1,20 0.

19.21 19.30 19.24 19.28

71248.,98 71247.81 71245.63 " 71270.55
Mean E_; = 71248.L4 + 6.6 cal./ohm

1 + 0,009%



Experiment
m(As, g.)
m(B,A., g.)
m,(g.)

AR (b)( ohm)

v
m(As, go) S

IIT
m(As, g.)

n(As,III

o 4 (cal.)

g;(cal.)

Ey(cal.)

-AU°(3) keal./

g.—atom As,

crystees g.)

TABLE 2

Experiment (b), As, M, 74.922

1 2 3 b
0.507257 0.527930 0.502972 0.521124
0.5?2835 0.558891 0.579306 0.570289
0.003528  0.003916  0,003313 0.,003213
0.07181 0.07048 0.07266 0.07179
0.105311 04110251 0.116385 0.,114308
0395203 0417679 0.386587 0.406816
0.006743 = = =

3619.78 3531 .67 3660,68 3603.70
13.69 15.20 12,86 1247
0.72 0.72 0.72 0.72
809.67 790.32 818.53 805.74
‘96.71 101.25 106.88 104,97
0.55 0.56 0.54 0.56
5,02 5.02 5.02 5.02
85.70 83.28 86 .66 85.08

Mean AU°(3)

AnRT = =0.23

5
0.505757
0.575140
0.00292%
0.07218
04121792
0.383965

3634.35
11.35
0.72
812,31
111 .84
0.56
5.02

85.42

6 3
0.492545
0,56980%
0.003157
0.,07172
0.12281
0.369730

3600.65
12.25
0.72
805.01
112,78
0.56
5.02

88.79

-85.85 + 1,60 kcal,/g.-atom As

AH( 3) = 86,08 + 1.60 kcal.{g.-atom As

7
0.516311
0.561519
0.003782
0.07L7L
0.107997
0.408314

3548.28

14.68
0.72
793.90
99.17
0.55
5.02

85.30
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Experiment

n(B.A., g.)

(&)

6 () ohm)
(call,)

9%.A.

qi(cal.)

agp(cal)
-AU(5) cal./g. CO

2

TABLE 3

Experiment (c)

1 2
0.565106 0,562945
0.003456 0.,003734

006157 0.06125
3570.94 3557.29
13.14 1449
0.72 0.72
560416 554,95
Mean AU(5)

sAU(5)

3
0.557326
0.003421

0.06066

3521.78

13523
0.72

557.19

~558.04 + 1.3 cal./g. CO,

+ 0.23%

b
0.570226
0.003123
0.0620L

3603.30

1212
0.72
557.10

D ik
0.571353
0.00343L
0.06226
3610.42
13.33
0,72
560,81



g;_s_ous sion

The heat of combustion, AHO(S) = =86,08 * 1.6 kcal,/g.-atom As
refers to the combustion of arsenic in oxygen, in the presence of sodium
hydroxide, to form an aqueous solution of sodium arsenite in sodium
hydroxide, The heat of reaction of Aszo3 with sodium hydroxide has
been measured as -12,03 + 0,04 keal,/mole (Chap, VI, p.93), and thus

we may calculate AH °° = =80,07 + 1.6 koal,/g.-atom As for the reaction
As(cryst,) + 0,75 02(3.) - 0,5 A5203(oryst., octa,),

leading to AHfo(A3203, oryst,, octa,) = =160,14 + ¥,6 kcal,/mole, This

is in good agreement with the value AHfo(Aszos, eryst., oota,) = ~160,30 +
C.22kcal,/mole obtained by reaction calorimetry and reported in the
previous Chapter,

The divergence between the value Aﬁfo(A3203, cryst,, octa,) =
«160,14 +1 .6 koal./mole and other values determined from combustion
calorimetry (see p.25 ) may be attributed to the presence of an oxide
in the combustion products, strongly endothermic with respect to

125

ordinary ASZOB - A5205 mixtures, Use of a rotating bomb calorimeter

obviates this problem,

Arsenious oxide exists in the gas phase, at 25°C, as the ABAOG
molecule, and the heat of sublimation for the process Ashos(cryst” octa)
- ASAOG(g) has been given as AH = +24,93 kc&lfl-./mole,130 hence the heat
of formation of the gaseous A5406 molecule is calculated as follows;
Al‘lfo(Ash%’ g) =2 AHfo(Aszo}’ cryst., oota.) + 24.93 = -295,81 +

0,70 kcal,/mole,
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The mean bond dissociation energy ']-)'(As - 0) in ASAO6 is given

by the relation;
D(As - 0) = === [4 AH,O(ks, &) + 6 AH.°(0, g) - AH.%(As,0,, g)]
8 =73 £ s 8 £ s B £ L6 g

108

Taking the values AHfo(O, g) = 59,54 kcal,/g,~atom, and

AHfo(As, g) = 69.k koal,/g.-atom, the value D(As - 0) = 77.6 + 0,1 keal,/
mole is calculated., The value AHfO(As, g) = 69,4 kcal,/g,~atom, which
is higher than the previously estimated value of 60,0 kcal,/ g.-—a.'t:om,mz'r
has been proposed by Sinke and Stull1 3 on the basis of a review by

Brewerand Kane1 2 of -available vapour pressure and spectroscopic data,
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Conclusion

As a result of the work reported in this thesis, the
thermochemistry of arsenic compounds has been put on a firmer basis,
The way is now open to extend the use of rotating-bomb calorimetry and
reaction calorimetry to a wide variety of arsenic compounds,

Measurements of heats of hydrolysis, using aqueous solutions
of hydrofluoric acid in a reaction calorimeter, could yield the heats
of formation of a number of other silicon compounds, such as the series
Siana-n’ where X is a halogen, With the technigques of rotating-~bomb
calorimetry, which have already been applied successfully to some

organo-silicon compounds, considerable developments in silicon

thermochemistry may now be expected,
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