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ABSTRACT

A new method has been develaoped in the present work for determining
the heat of combustion of perfluoroaromatic and halogen substituted
perfluoroaromatic compounds. The basic differences from previous meth-
ods are that no auxiliary substances are used and no water is present
in the bomb. The combustion of both hexafluorobenzene and octafluoro-
toluene in a platinum lined bomb yields COZ’ CF&’ and Fz. The combust-
ion of iodopentafluorobenzene in a platinum lined bomb yields o,, CF4,
IFS’ Iz, and Fz. In each case the material balance indicates that com-
plete combustion is obtained. The value for AHE 298(06F6,g) obtained by
this method is -223.9 kcal/mol, for AH® (C F CFB,g) is -300.2 kcal/

£ 29876 5

° —
mol, and for AHf 298(C6F51,g) is -104.3 kecal/mol.

Kinetic studies on iodopentaflﬁorobenzene performed by the stand-
ard toluene carrier gas flow method yielded a value of 69.2 kcal/mol
for D[CGFS—I] based on a mechanism proposed by Krech and Price.

The determination of enthalpies of formation for C6F6’ C6FSCF3’ and

C6FSI along with the bond dissociation energy, D[C6F5—I], allow for the

° — —
calculation of AHf(C6F5,g), D[C6F5 Fl, and D[C CF3].

6 s

Une nouvelle méthode a été développée pour déterminer la chaleur
de combustion des composés aromatiques perfluorés et des composés hal~- 3
ogénes substitués aromatiques perfluorés. Les différences de base aux
méthodes précédantes, sont l'absence de toute substance auxiliare et de
l'eau dans la bombe. La combustion de 1'hexafluorobenzéne et de 1'octa-
fluorotolugne dans une bombe 2 revétement de platine, conduit au COZ’
ii



CF4, et Fz. La combustion de l'iodopentafluorobenzéne dans une bombe

3 revétement de platine, conduit au C02, CF4, IFS’ I.,, et F En chaque

2 2°

cas la balance pondérale indique une combustion compl&te. La valeur de
AH; 298(C6F6’g) obtenue par cette méthode est -223.9 keal/mol, pour

(-]
g 208
~104.3 kcal/mol.

(C6FSCF3’g) est ~300.2 kcal/mol, et pour AH; 298(C6FSI,'g) est

La pyrolyse de l'iodopentafluorobenzene, étudiée dans un systéme
a2 courant de toludne, conduit au valeur de 69.2 kcal/mol pour D[C6F5—I]
fondée sur un méchanisme proposé par Krech et Price.

Le détermination des chaleurs de formations de C6F6’ C6F5CF3, et

C6F51 avec l'energie de dissociation, D[C6F5—I], améne au calculation de
° - —
AHf 298(C6F5,g), et D[CGF5 CF3], et D[C6F5 F].
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PREFACE

"The researcher must have a hypothesis that tells him
what to look for. He can not merely ferret around like
the Ashby fox, without purposes. He must have a method
or design which persons competent in this particular
subject would say was well calculated to turn up the

data which would verify or refute the hypothesis. He
must have the means and the instruments for measuring

the data against the hypothesis, and for testing how

far he has achieved what he has set out to do. The best,
if not the only way of deciding whether these standards
and procedures are adequately provided for the particular
case, and whether satisfactory results have been achieved,
is review by persons competent and experienced in the
area of investigation."

The above statement was taken from Quest for the Optimum: A

Report of the Commission to Study the Rationalization of University
Research. It is within the framework of the ideas embodied in this
statement that this dissertation is presented for review by persons
'competent and experienced' in the particular area of investigation
under question.

No statement of printed words can adequately express the thanks
that are owing to my research director, Dr. S. J. W. Price. His
quest for the optimum and continual encouragement never faltered.

Special thanks must certainly also be extended to Drs. M. Krech,
and J. Kominar for their involvement in this present work. Drs. W.
Clark, M. Jacko, and J. Richard along with Dr. R. C. Rumfeldt gener-
ously provided helpful suggestions during the course of this work.

It is then to these people, together with a wonderful family,
many friends, and a great research group, that I dedicate this
dissertation.

wW.F.J.Y.
February, 1973
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CHAPTER I
INTRODUCTION
Introductory Concepts and Definitions

The strength of the chemical bond is of prime importance for the
quantitative treatment ot cuemical reactions. There are several in-
terpretations which can be made of the term bond strength. Bond
strength can be viewed as the quantity of energy that is required to
break a bond or it can Be interpreted as a bond energy term which is
characteristic of each bond and which, when summed over all of the
bonds in a molecule, yields its heat of formation from atoms.

When the expressions "bond dissociation energy™ and "“bond strength"
are used interchangeably it becomes necessary in the determination of
the energy required to break a specific bond to determine with enffici-
ent exactness the fragments into which the molecule is broken. The
dissociation energy, D[Rl-Rz], in the molecule R.R, is the endotherm-

12
icity of the reaction where RlRZ is decomposed into the fragments Rl
and R2 under the provision that the recombination of R1 and R2 proceeds
with zero activation energy (1). This endothermicity is calculated for
both reactants and products at absolute zero in the ideal gas state.
Rle . R1 + R2 [1.1]
Considering equation [1.1];

D[Rl—Rz] = AHE(RI) + AH;(RZ) - AHE(RI—RZ) [1.2]
where AH;, the heat or enthalpy of formation, should properly be refer-
red to 0°K. AHE(Rl.RZ) can generally be determined from ordinary thermo-
chemical results and thus if D[Rl—R2] is determined and AHE(Rl) is

1



known for the case where Rl = R2’ AHE(RZ) can often be determined.
Thus the derivation of one bond energy term may lead to the computation
of an entire series of dissociation energies involving that common rad-
ical by the sequential use of Hess's Law. Therefore bond dissociation

energies and enthalpies of formation can be seen to be integrally

interrelated.

Determination of Enthalpies of Formation

Enthalpies of formation, determined from heats of reaction, are
ﬁound calorimetrically. Calorimetric methods involve the determination
of the temperature rise of a given amount of a calorimetric fluid when
" the process under investigation liberates heat. This determination
must be coupled with an independent determination of the energy equiv-
alent of the calorimetric system, either by electrical calibration or
by compafison with a reaction of known heat content.

The flame, reaction, and bomb calorimeters are three types of cal-
orimetric apparatus used to measure enthalpies of formation. The bomb
calorimeter, which is used almost exclusively in the present work, is
a constant volume system in which a reaction occurs under oxygen pres-—
sure. The energy released is usually of tlie order of several thousand
calories. The enthalpies éf formation of the commonly formed products
are normally well established in bomb calorimetry and the instrument-

ation for energy measurement is well developed.

Determination of Bond Dissociation Energies

The estimation of bond dissociation energies by bond breaking pro-



3
cesses can be divided into three main divisions, governed by the method
in which energy is supplied to the dissociation molecule. (2). When
energy is in the form of radiation, dissociation energy investigations
can be based on absorption spectra, predissociation phenomena, photo-
decomposition, and photosensitized decomposition. While the first two
methods are limited to simple molecules, the latter two only provide an
upper limit for the dissociation ehergy.

In the determination of dissociation energy by electron impact
methods, the fragments formed may possess excess kinetic energy. This
mathod only produces an upper limit bond dissociation energy.

If the energy supplied is in the form of thermal energy, dissocia-
tion energies can be determined by either the equilibrium or the kinet-
ic method.

The equilibrium method measures the equilibrium constant of the
reaction in the gas phase where

R.R, = R, + R

172 1 2
While the equilibrium method is well suited for diatomic molecules, it

11.1]

is sometimes difficult to apply to the case where radicals are involv-
ed due to a combination of attack by the radicals formed on the parent
species and reactions between the radicals formed which might lead to
products other than the parent compound.

With the kinetic method the assumption is made, and supported by
experimentation for small molecules, that the reverse process
has zero activation energy. Thus the activation energy, Eexp’ in a uni-
molecular process is equated to the bond dissociation energy. The
accuracy of the determination of bond energy terms by this method de-
pends, naturally, on the accuracy of the rate constant and on the ex-

tent of the temperature range used.



Nature of the Present Research

Presently, there is only limited thermochemical information avail-
able on perfluoroaromatic and halogen substituted perfluoroaromatic com-
pounds. A study gf their thermodynamic properties is warranted by the
increasing importance of many of these compounds to the chemical industry.

The present thermochemical work was undertaken with the aim of dev-
eloping a more direct method of determining the enthalpies of formation
of this group of compounds. The only previous thermochemical studies on
this class of compounds was performed by Cox and coworkers (3) using aux-
iliary materials and water in the combustion bomb. The compounds studied
included CGFG’ C6F5CH3, C6F50H, C6F5H, and CGFSCI. No previous thermo-
chemical work is reported for C6F5CF3 and C6FSI' The present work de-
scribes thermochemical and kinetic studies on perfluoroaromatic and hal-
ogen substituted perfluoroaromatic compounds; specifically, C6F6’ C6F5CF3,
and C6FSI' The latter compound is the only one to be the subject of a
kinetic investigation.

Since each of the compounds studied in the present work as well as

all those investigated by Cox (3) contained a common C6F5 group, it was

thought to be most useful to find AHE (C6F5); a value which would lead

to the determination of various D[C6F5-X] because AHE(X) is already known.

To determine AH;(CGFS) it was necessary to investigate one of the
compounds chosen for study both thermochemically and kinetically. It was
felt to be advantageous to carry out this kinetic study in a toluene
carrier flow system so that the toluene might act as a radical scavenger.
C6F51 was chosen as the subject of the kinetic investigation since it was
expected that D[C6F5-I] would be sufficiently low as to allow the kinetic
work to be performed at temperatures low enough to prevent decomposition

of the toluene carrier.



CHAPTER II

THEORETICAL CONSIDERATIONS

Calorimetric Determination of Bond Energies

General Precepts

For any thermochemical investigation, it is the quantity of energy
associated with a unit amount of a given chemical reaction or physical
process that is determined (4). As well as the determination of the
energy and extent of the process under investigation, it is necessary
to determine the nature of the thermodynamic property involved, the
temperature of the process, and the corrections required to refer the
process to a standard or reference state.

Factors which may influence the value of the energy associated
with a reaction or process such as temperature, concentration, pressure,
and state of the material must be specified with an accuracy warranted
by their individual effects on the value of the measured energy if any
degree of significance is to be attached to this measured energy. With
the reactants and products so defined, it becomes a simple matter to
correct each quantity to its thermodynamic standard state.

As the thermodynamic property‘measured is either a change in inter-
nal energy, AE, or a change in the heat content or enthalpy, AH, it is
important to specify which quantity is under consideration. From the
first law of thermodynamics

AE = qg+w+u [2.1]
where q is the energy absorbed in the form of heat, w is any PV work

done on the system, and u is other energy absorbed by the system and is
5



6
normal;y zero since it is involved with such things as changes in mot-
ion of the entire system or variations in electric or magnetic field
strengths.

At constant volume, V, PAV = 0 and AE = q, the heat absorbed by a
process occurring in a calorimeter at constant volume.

At constant pressure, P, VAP = 0 and w = —PAV. Substitution into

[2.1] gives
' AE = q - PAV [2.2]
so that
AE + PAV = g [2.3]
and
AE + APV\f A(E + PY) = ¢ [2.4]

If a definition is stated such that
E+ PV =H [2.5]
then
AH = g [2.6]
Thus for a process in a calorimeter at constant pressure, the heat
absorbed by the process is the change in enthalpy, AH.
The difference between AE and AH may be evaluated for a specified
process from the relation
AH = AE + APV I12.7]
Any thermochemical process consists of a calorimetric part, involv-
ing the determination of a quantity of energy evolved, and a chemical
part, involving the measurement of the extent of the given reaction or
process which has occurred.
The calorimetric part consists of a determination of the energy

equivalent of the calorimeter either by use of a known amount of elect—~
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rical energy to produce a temperature rise or by use of a known amount
of a chemical reaction of well characterized reaction heat. Since the
energy equivalent is defined as the known amount of energy divided by
the temperature rise it produces, it is intuitive that for the same
calorimeter an equal temperature rise produced by a rezction of unknown
energy will have released the same energy.

The determination of the nature and completeness of the chemical
reaction constitutes the chemical part of a thermochemical investigation.
It is preferable that the reaction produces a limited number of prod-
ucts in well defined thermodynamic states, enabling the determination
of the completeness of the reaction either by measurement of the
amount of one of the reactants consumed or, as is more often the case,
by identification and measurement of the products of the reaction.

A method must be determined for correcting the heat evolved from
a chemical reaction to a standard state, namely 298°K. At constant
pressure

AR = Hproducts B Hreactants [2.8]

Differentiating with respect to temperature, T

SAH/ST = suprodlar - GHreact/dT I12.9]

But, by definition, 6H/ST (at constant pressure) is the heat capacity
at constant pressure, Cp. Therefore,

SAH/6T = Cp(prod) - Cp(react) = ACP 12.10]

It is thus only required to know the difference in heat capacities of
the products and reactants to determine the variation of the heat of
reaction with temperature.

When the calorimetric investigation is not done at the pressure



defined in the standard state definition the first and second laws

allow
dE = T 4S - P 4V [2.11]
so that
SE dT + S§E dP = TéS dT + T&S dP - P8V dT - PSV dP [2.12]
aT §P 8T 8P 8T 6P
and
(@_-Ts_s+1>6_v)dP+(gg-'r§+P§_g)dT=0 [2.13]
(6P sP SP) @t 8T &T) *
For the relation to hold
SE - Tds _ P&V [2.14]
Sp 4P 6P
and since
8s _ _Sv [2.15]
8P ~ T &T
SE_ _ TSV _ P&V [2.16]
éP 4T &P

and it becomes important to find 8V/ST and 6V/SP data for the quantit-

ies concerned. For the enthalpy

H=E+ PV [2.5]
SH 8E , P&V
B st gtV [2.17]

Substitution and simplification give

SH _ T8V [2.18]
sp-"ar TV

The temperature assigned to a reaction is either that at which the
reactant material is at at the beginning of the calorimetric experiment
or is the one that all products material is at at the conclusion of the

experiment.



Rotating Bomb Calorimetry

One of the most well developed areas of thermochemistry is the
degradative oxidation of organic compounds. The reaction is usually
caried out at constant volume under a pressure of approximately thirty
atmospheres of oxygen. The reaction vessel is a corrosion resistant
steel tubular vessel of about 0.35 litres in internal volume having a
screw on cap equipped with valves for the introduction and emission of
gases. This vessel is normally termed a bomb. The bomb, containing
the sample in a crucible suspended in a gimbal, is immersed in a can
of water, the temperature of which rises on ignition of the sample by
electrical means. From the measured temperature rise of the water in
the can, supplemented by a prior determination of the energy equivalent
of the system, the amount of heat liberated by the combustion of the
sample can be determined.

Often, the limiting part of a thermochemical investigation is more
the chemical than the calorimetric part of the determination (5). It
is necessary to have sufficient analytical and physicochemical data to
precisely define the amount and states of reactants and products. Such
data include: (a) the mass, purity, and state of the primary reactant;
and, (b) the masses, chemical nature, and states of the products.

The rotating or moving bomb calorimeter, the use of which was not
an absolute necessity for the present experimental work, provides a
means for producing a final state of the bomb process that is easy to

characterize both chemically and thermodynamically in certain cases.
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Calibration of the Bomb with Benzoic Acid

Benzoic acid is often chosen as a calorimetric standard substance
because it (a) can be obtained in a stable solid form; (b) can be pur-
ified relatively easily; (c) is not noticeably volatile at ordinary
room temperatures; (d) does not absord moisture from the atmosphere;

(e) burns quantitatively in the calorimetric bomb; and, (f) can be com-
pressed into tablets (6).

Only if the following conditions are met can the certified value
of the heat of combustion for benzoic acid be used to determine the
energy equivalent of the calorimeter. These conditions are that (a)
the combustion reaction is referred to 298°K.; (b) the sample is burned
in a bomb of constant volume in pure oxygen at an initial pressure of
thirty atmospheres at 298°K.; (c) the number of grams of benzoic acid
burned is equal to three times the internal volume of the bomb in litres;
and, (d) the number of grams of water placed in the bomb prior to com~
bustion is equal to three times the internal volume of the bomb in
litres.

Small departures from the above conditions are allowed but these
require the use of the correction factor

£ = 1+ 107°[(20)(2-30) + 4201,/y-3) + 30(4 /V-3) - 45(T~298)] [2.1g]
where P is the initial pressure in atmospheres of the oxygen at the
temperature T, to which the reaction is referred. Ms 1S the mass of the
benzoic acid in grams and Mw is the mass of the water placed in the bomb
in grams while V is the internal volume of the bomb in litres. The
value of the heat of combustion of benzoic acid as supplied by the Parr
Instrument Company is 6318. cal/g.

If the quantity of heat released by a sample of benzoic acid, q,
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produces a net temperature rise, AT, the energy equivalent of the cal-
orimeter system, C, may be defined as
C = q/AT [2.20]
Besides the heat from the combustion of the benzoic acid, there are
also contributioms from the ignition energy, 9> and the energy from the
formation of nitric acid due to the presence of small amounts of nit-
rogen in the bomb, q,- Therefore the energy equivalent of the system
after combustion may be written as
Cf = (q + qy + qn)/AT [2.21]
However, to define a system which is invariant from calibration to
calibration, it is necessary to exclude the energy equivalent of the
products, so that
CCor = Cf - Ccf [2.22]
where Ccf is calculated from the heat capacities of the crucible, oxy-
gen, carbon dioxide, and water in the bomb at the end of the combustion
of benzoic acid. Also included should be the specific heats and differ-
ences in mass of any other materials present in different amounts in the

standard calorimeter systems and the system as actually used.

Evaluation of the Corrected Temperature Rise

In isoperibol calorimetry, the temperature change of the calori-
* meter during the main period of a combustion experiment is generally
not determined solely by the amount of heat liberated or absorbed by
the particular process under investigation. Part of the change is due
to heat exchange with the enviromment and to extraneous thermal effects
within the calorimeter such as heat of stirring. The term "corrected

temperature rise" is defined as the temperature change which the cal-



12
orimeter would have experienced in the absence of these perturbations
(neglecting thermal gradients within the calorimeter, the effect of
which is minimized by the method of comparative experiments) (7). This
term multiplied by the energy equivalent of the calorimeter gives the
amounE‘of heat attributable to the process under investigation.

A method has been described by Dickinson (8) wherein tangents to
the time-temperature curves at the beginning and the end of the main
period are extrapolated to a defined time such that the difference of
their values at that time is equal to the corrected temperature rise.
The extrapolated time is determined from a graphical integration of
the time-temperature curve during the main period.

The temperatures of the calorimeter during the initial, main, and
final periods are designated as Ol’ Py and 03 respectively. The rate
of change of temperature during the initial and final periods can be
described by Newton's Law.

g = do/dt =y + (@, - O [2.23]

3
where
u = ple [2.24]
and p represents the sum of all constant thermal powers in the calori-
meter while € is the energy equivalent of the calorimeter and its con-
tents. & is defined as the thermal leakage modulus and ej is the jack-
et temperature.
1f do/dt = O in equation [2.23] and 6 _ is defined as a convergence
temperature which © approaches with increasing time, then
0, = Gj + n/e [2.25]
Substitution of [2.25] into [2.23] gives

g = do/dt = (o, - 0) [2.26]
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Integrating [2.26] for el and 03 yields

)

3 o, - (G°° - Oe)epr—z(t—te)] 12.28]

where Ob and Oe are temperatures at times ty and te which represent the
beginning and the end of the main period respectively.

It is assumed that u, &, and ej are constant and that equation
[2.26] is a representation of that part of the temperature change in
the main period due to heat exchange with the environment and to the
constant thermal powers, p, within the calorimeter. Thus the corrected
temperature rise may be written as

Aecor = Oe - Ob - 60 [2.29]

where

t
s0 =2 /R, -0yt [2.30]
b

The thermal leakage is calculable from

= (gy = 8g)/ ©p - 0y) 2.31]

where equation [2.31] is derived from equation [2.26] and gy and gp are
the values of do/dt at the mean temperatures O, and O of the initial
and final periods. Rearranging [2.26] yields a value for the conver-—

gence temperature

0, = ef + gf/R. = ei + gi/z [2.32]

Equations [2.27], [2.28], and [2.29] are exact insofar as the assumption
that u, &, and qjare constant is valid. Since the exponents 2(t - tb)
and &(t - te) are generally quite small, [2.27] and [2.28] may take

on the form of a quadratic expression. Rewriting [2.27] and [2.28] so
that they each approximate the equation of a straight line into which

the time-temperature data of the initial and final periods may be fit
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yields
0, = eg + gi(t - tb) [2.33]
04 = Oé + g%(t - te) [2.34]

The "corrected temperature rise' from these linear equations 1s then

1 =0' - 0 = U
Aecor M eb §0 12.35]
where

so' = o' Fe(e' - 0,)at 12.36]

£, © 2

| - | . 1 -—

L - ' | B ' ‘ 4

o, 0 + gf/z 0, + gi/z [2.38]

The difference between the two correctad. temperature rises represented
in equations [2.29] and [2.35] is

- ' = - 0'Y - - o
Aocor Aecor (Oe Ge) (Ob @b) 12.39]

The difference (Aeéor - Aocor) is sufficiently small and constant so

that A0 may be used in place of 40 . Dickinson showed that
cor cor

Aecor = O3xa - lea 12.40]

where
lea = @b + gb(txa - tb) 12.41]
E)3xa = G)e + ge(txa - te) [2.42]

if the time, txa’ is selected so that

t
fxa TS
tb (62 - Ob)dt = tﬁa(ee - Oz)dt [2.43]
or so that the shaded areas in Figure 1 are equal. The time, t__, is

xa

that time when the temperature rise has reached sixty per cent of its
total amount (9) and is the point when the calorimeter is no longer

heated at a rate equivalent to that in the initial period and begins to
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be heated or cooled at the rate as in the final period.

Calorimeter Design and Temperature Measurement

The determination of the corrected temperature rise is based on
the validity of equation [2.23]. It has been found that this equation
is valid over the range of temperature differences usually encountered
in bomb calorimetry (10, 11) provided the following conditions are
satisfied: (a) no insulating material other than air can be used in the
space between the calorimeter and the jacket; (b) the thickness of the
air space between the calorimeter and the jacket must not exceed 12 mm
(for a 3° maximum temperature difference between the calorimeter and
the jacket); and, (c) the evaporation of water from the calorimeter
must be reduced to a minimum.

The scale of temperature measurement used in bomb calorimetric
measurements is, in itself, unimportant. The commonly used temperature
measuring instruments are mercury—-in-glass thermometers, platinum res-
istance thermometers, thermocouples, and thermistors.

The mercury-in-glass thermometer has the advantage that it provides
a direct reading, and is relatively inexpensive. Short-interval mercury
thermometers, particularly the Beckmann type, are quite satisfactory
for calorimetric measurement of moderate precision since they are able
to be read, with a lens, to 0.002°C. The mercury-in-glass thermometer
is subject to several sources of error arising from secular changes in
bulb volume, effect of pressure, exposure of the stem and irregular
movement of the meniscus (12).

The platinum resistance thermometer is both accurate and reprod-

ucible in performamceand is thus suited for high precision temperature



In the case of thermocouples, in order to obtain a high degree of
accuracy, they must be constructed from carefully selected wires which
do not contain regions of 1nhomogeneity. The e.m.f, developed by a
thermocouple is usually quite small, and the accuracy of measurement of
it will depend largely on the type of potentiometer used.

The most striking characteristic of the thermistor is the very
high negative temperature coefficient of resistance. The greater reg—
ponse of the thermistor ag compared to hoth the platinum resistance
thermometer and the thermocouple allowa much more latitude in the choice
of instruments for measuring the change in resistance, thusg allowing
for detection of a temperature change of the order of 0.0001°C with a

Wheatstone bridge and mirror galvanometer. However, in using thermig-

imental work, it 18 necessary to take Precautions to ensure reproducible
behaviour or, failing that, to recalibrate the thermistor periodically.
For the relatively smalil temperature range usedin calorimetric
work the relationship (13)
InR = A/T + B [2.44]
where 1n R is the natural logarithm of the thermistor resistance, R, and
T 1s the absolute temperature, is valid. The constantg A, B are det-

ermined by a plot of 1n R versus 1/T.

Kinetic Determination of Bond Energies

General Precepts

‘-t:ﬂ'
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Transition state theory (l4) predicts that the rate constant for

a unimolecular reaction is

k = ¢ KT o*(T) e /KT [2.45)
h ¢ (T)

where ¢(T) and ¢*(T) are the total partition functions for the normal-
molecule and the activated complex, respectively.

These total partition functions &(T) and ¢*(T) may be divided into
their translational, rotational, and vibrational components.

The translational portion of the partition function is

32,3 [2.46]

@t(T) = (27mKT)
and it will be the same for both ®(T) and 3*(T).
The rotational partition function is

/2 Ayt 23 [2.47]

Qr(I) = 8ﬂ2(2ﬂmKI)3
As in the translational case, the rotational partition function will
be the same for both ®(T) and ¢*(T).

If each mode of internal vibration behaves as a harmonic oscillat-

or, the expression for the rate constant, k, becomes

— ~hv#* -]
L=xo (A*B*C*)1/2 3ng7 g - MV /KT) o~D/RT [2.48]
ok (ABC) 3nﬁ6 (1- e—h\)/KT)
If the temperature is relatively high such that hv<<KT, the terms
a- e_h“/KT) may be replaced by KT/hv, such that
k=xg peen)t/? PR, p/mr [2.49]

o*  (ABC) 3057 ¥

For the case where hv>>KT, taking natural logaritms of equation [2.48]

and differentiating with respect to T yilelds

d(1nk) = D/RTZ [2.50]
aT
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Thus examining equation [2.5Q], it can be seen that the Arrhenius actiy-
ation energy Eexp = D.
Performing the same operation on equation [2.49] where hv<<kTt
yields

d(nk) = (D + RT)/RT2 [2.51]
a1

Equation [2.5]] yields Eexp =D + RT, and hence

D g Eexp € D + RT I2.52]
It should be mentioned that in the preceeding discussion the experiment-
al energy involved is the high pressure activation energy determined in

the pressure independent region.

Toluene Carrier Gas Technigue

The toluene carrier gas technique is an elegant and useful method
of ensuring that complicating side reactions do not confuse the kinet-
ics of unimolecular dissociation reactions.

Generally in order to measure the activation energy of a process
such as

R R2 -+ Rl + R

1 [1.1]

2
it is necessary to be able to determine the rate of the primary dissoc—

iation process. 1In order to accomplish this accurately, the strength

of the bond under study must be considerablx less than that of any

other bond in the molecule. The primary dissociation process is follow-
ed by reactions of the radicals produced either with themselves or with

other undecomposed molecules.

The primary dissociation process may be isolated to some extent
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by using a flow system in which reactants pass through the hot reaction
zone in a short time so that the radicals produced have little time to
undergo subsequent reaction. However, even very high flow rates would
not, in all probability, eliminate all reaction and these high flow
rates would cause problems in thermal equilibrium.

The use of a scavenger which does not lend itself to the initiation
of chain processes combines the advantages of a flow system and allows
for contact times which do not produce thermal equilibrium difficulties.
Toluene overcomes the threat of chain processes by producing benzyl
radicals on reaction with other radicals (15).

CH..CH, +R~>C HS.CH + RH [2.53]

65°"3 6 2
Under the conditions normally used, benzyl radicals are thermally stable
and are removed either by combination with a radical or dimerization.
The toluene carrier gas technique may be used at temperatures which
produce decomposition of the toluene itself provided that either the

products coming from this fragmentation process are identifiable or that

suitable corrections for this fragmentation are made (16).



CHAPTER III

DETERMINATION OF ENTHALPIES OF FORMATION

Materials

Hexafluorobenzene

The hexafluorobenzene used was obtained from the Imperial Smelt-
ing Corporation and was analyzed by means of a gas chromatograph equip-
ped with a thermal conductivity detector using a 6 £t x 1.4 in. o.d.
polypropylene glycol column. The column temperature was 110°C and
the flow rate of helium, which was used as the carrier gas, was set at
60 cc/m. The only detectable impurity was approximately 0.027% penta-
fluorobenzene.

Physical properties of the compound including index of refraction,
boiling point, and melting point, were measured and compared to those

previously published (17). These values are shown in Table 1.

Octafluorotoluene

The octafluorotoluene used was obtained from the Imperial Smelt-
in Corporation and was fractionally distilled to remove any impurities
which might be present. Analysis by means of a gas chromatograph
equipbed with a thermal conductivity detector and using a 6 ft x 1/4
in. o.d. polypropyleneglycol column operated at 110°C with a helium
carrier flow rate of 60 cc/m showed approximately 0.01% impurity.

Physical properties of this compound including index of refract-
ion, boiling point, and specific gravity were measured and compared to

21
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publighed values (17). These values are shown in Tahle 1.

Todopentadf luorohenzéne

The iodopentafluorobenzene used was obtained from the Tmperial
Smelting Corporation and was fractionally distilled to remove any
traces of Imprrities which might be present. Analysis was done by a
gas chromatograph equipped with both a flame fonization and electron
capture detector and fitted with a 6 £t x 1/8 in. o.d. Silicone Qil
DC-710 column bperated at 105°C with a nitrogen carrier gas. The
compound showed approximately 0.017% impurity.

Physical properties of the compound including index of refract-
ion, boiling point, and specific gravity were measured and compared to

published values (17). These values are shown in Table 1.

Sodium Arsenite Solution

The arsentc (III) oxide used was obtained from Anachemia Chemicals
Limited. 2.4725 g of dry arsenic (III) oxide were completely dissolved
in 20 ml of 1N sodium hydroxide solution. To achieve neutrality, 1N
sulphuric acid was added. The solution was diluted to 500 ml to pro-
duce a 0.1N sodium arsenite solution.

When 5 & pH € 9 the titration is accurate to +0.1% (18), however .
when pH § 5 the reaction is retarded and the end point is vague. The
pH may be adjusted to the correct range by the careful addition of

sodium bicarbonate solution.
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Table 1: Physical Properties of Perfluoroaromatic and Halogen Sub-
stituted Perfluoroaromatic Compounds

Compound Source Index of Boiling Melting Specific
Refraction Point Point Gravity
nSS *C °C g/ml
Hexafluoro- Present 1.3762 80.1 5.2
benzene Work
Ref. 1.3761 80. 5.2
17)
Octafluoro- Present 1.3649 - 103.8 1.762
toluene Work ' ‘
Ref. 1.3656 104. 1.766
an
Todopenta- Present 1.4954 165. 2,114

fluorobenzene Work

Ref. 1.4950 166. 2.2122
an
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Apparatus

The rotating bomb calorimeter used, as shown in Figure 2, made
from plated brass, was similar, in design, to that used in the Bureau
of Mines Laboratories, Bartlesville (19). The major modification was
the rotating mechanism which involved the use of a low r.p.m. high
torque motor coupled to the rotating mechanism on the bomb by a series
of gears and shafts. The shaft going through the 1lid of the calorimeter
was of two portions, one fixed, and one capable of being raised and low-
ered which allowed coupling to the gear on the motor when rotation was
desired.

The stirring and circulation of water in the calorimeter jacket
and 1id was accomplished by a blade stirrer and a circulating pump
- driven by two Electrohome 115 V, 1.25 amp motors of r.p.m. 1550. One
of these motors, as well as driving the circulating pump, also supplied
power to the blade stirrer in the calorimeter bucket.

The calorimeter jacket contained two circular heaters, one 500
watt and one 250 watt, and a set of cooling coils. Cool, thermostated
water from an external bath regulated to 16 +0.01°C, was circulated
thfough the coils and worked against the heaters in keeping the jacket
at 25.000°C. The temperature of'the external bath was monitored by a
Hicke temperature controller working against a cooling coil from a
portable cooling unit supplied by Precision Scientific Company. Power
to the circular heaters contained in the calorimeter jacket was supplied
by a Thermotrol Proportional Temperature Controller, Model 1053. This
device allowed the temperature of the jacket to be controlled to
+0.001°C.

In addition to the blade stirrer and part of the rotating mechan-
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ism, as illustrated in Figure 3, the calorimeter bucket also contained
a 15 watt rod heater and the mechantsm for coupling the bomb to the ig-
nition unit. The rod heater was used to adjust the temperature of the
water in the calorimeter bucket to a desired starting point. The coup-
ling mechanism involved a spring clip which released when the rotation
mechanism was activated.

The rotating bomb calorimeter was used only as a matter of conmven-
ience in the present work. A static system of the same precision would
have worked equally as well provided it was equipped with a platinum
lined bomb.

The temperature of the water in the bucket was monitored by a
2000 ohm thermistor used in conjunction with a Honeywell Wheatstone
Bridge, Model 1081 and a Leeds and Northrup D. C. Null Detector with
variable gensitivity. The thermistor was calibrated against a Parr
certified thermometer capable of being rea& to £0.Q01°C. The resistance
of the thermistor could be estimated to 0.0l ofm (about 0.0001°C) with
the null detector set at low to moderate sensitivity. Time was meas—
ured and recorded on a Simplex timer capable of recording time to 0.0l
m.

The ignition unit consisted of two 250 microfarad capacitors, a
2000 ohm resistor, and a 250 V diode. The diode rectified the current
from a 115 V alternating current powerstat.

The bomb used was a platinum lined, high pressure Parr Bomb, Model
1004C. A collar and a gear which produced a twisting end over end mot-
ifon when the rotation was effected, was attached to the exterior of the
bomb. A special clamping handle which fitted into two small holes near

the bottom of the bomb was used to lower the bomb in an inverted posit—



Figure 3:

A photograph of the calorimeter bucket (20)

27
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ion into the calorimeter bucket. The inyerted position of the bomb
directs the flame of the combustion towards the bottom of the bomb and
thus protects the interior fittings from damage. Platinum crucibles
used in the combustions were purchased from Fisher Scientific Company.

In order to fill the bomb in an inverted position, a brass ring,
the interior of which was capable of accomodating the bomb, was fitted
with three large set screws to hold the bomb inverted and steady while
it was being prepared for a combustion experiment.

In sealing the bomb prior to a combustion, the head was placed in
the bomb aqd the cap screwed down. The set screws in the head were
tightened from side to side until ail had been tightened. The bomb was
allowed to set for ten minutes to allow the Teflon gaskets in the head
to flow and subsequently the set screws were given a final tightening.

The calorimeter bucket‘contained approximately 3800 g of weighed
water. The bucket was placed in the calorimeter and the bomb set in-
to the bucket and the firing mechanism was engaged. The calorimeter
was closed and the system was allowed twenty to thirty minutes to equil-

ibrate.

Characterization of the Thermistor and Calorimeter

In bomb calorimetric work, one of the important aspects of the
calorimetric, as opposed to the chemical, part of the investigation, is
the measurement of the temperature increase with time and the subseguent
calculation of the corrected temperature rise, ATcor' The use of a
thermistor as the temperature measuring device requires calibration
over the temper#ture range to be used. This calibration is shown in

Table 2.



Table 2:

Thermistor Calibration

29

Temperature Resistance
°K obm
295,860 2543.3
296.022 2524.3
296.198 2505.2
296.363 2487.2
296.555 2463.3
296.878 2428.2
297.202 2393.2
297.528 2359.5
297.856 2325.7
298.150 2297.4
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For the thermistor used, the following formulae have previously

been tested (20).

In R = (A/T) + B a3) . I3.1]
In R = Ic/(T +6)] +D (21) [3.2]
T=A"1ln R 22) [3.3]

where R 1is the resistance, T the absolute temperature and A, B, C, D,
and A' are constants. Of these equations, [3.2] is reported to be the
most accurate (23) while [3.3] is only applicable for small temperature
changes of about 0.75°C (23).

A plot of 1/1n R versus T, as shown in Figure 4, was necessary to
determine © in equation [3.2] which was confirmed to be 121.6 as pre-
viously reported (20).

In order to use the equations presented in Chapter Il to determine
the corrected temperature rise, a study of the effects of stirring and
heat exchange for the calorimeter were necessary. These studies, which
had previously been conducted by Clark (20), involved taking time and
temperature readingsfor the calorimeter system with an empty bomb over
the range of temperatures used both with the bomb stationary and rotat-
ing. Clark (20) plotted the slopes of the time and temperature readings
against the mid-point of each temperature interval used and a repres-
entation of his data on the calorimeter used in the present work is
shown in Figure 5. Figure 5 shows a linear relation for the calorimeter
whether or not it was rotating. It was therfore assumed that equation
[2.23], that is

g = do/dt = p + 2(0, - 0) [2.23]

h|

holds for the calorimeter and the temperature range used.

Clark (20), by means of generating hyperbolae similar to, the time-
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temperature curyve produced in a combustion, developed a numerical meth-
od based on the equation

b 4 m x

Ly = B Ly /P ] X B & [3.4]
which approximated the area under the curve generated to the fifth sig-
nificant figure when time intervals of 0.07 m were employed. The re-
sults of Clark's work in this regard are shown in program subroutine
GO5ARA which was based on Lagrangifan interpolation. Program subroutine
GO5ARA was used in the present work to determine ATcor'

The critical factor in the calculation of ATcor is the choice of

the time at the end of the main perfod. This problem was solved by
Clark (20) by incorporating an iterative feature into the calibration
program of evaluating AT over a time range judged to extend from the
main period into the final period of time and temperature readings. At
the point at which the end of the main period was reached the AT values
would start to converge. This convergence is shown in Table 3 for sam-
ple combustions and illustrates a refinement of Clark's original program
in that the number of iterations was doubled to forty in an effort to
follow the temperatre rise through the main period and well into the

final period.

Determination of the Energy Equivalent of the Calorimeter

Benzoic acid which was standardized for calorific purposes and
olitained from Parr Instrument Company was used to determine the energy
equivalent of the calorimeter used. The benzoic acid was purchased in
the form of tablets of approximately 1 g in weight and was stored in a

desiccator over calcium chloride. The results of the combustion of
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benzoic acid are shown in Table 4. Runs 1 and 2 represent determinations
of the energy equivalent of the calorimeter where 1 ml of water was
used in the bomb and the nitrous and nitric acids produced in the com-
bustion were titrated with standardized sodium hydroxide solution.

Runs 3 to 6 inclusive in Table 4 represent combustions where the bomb
containing the benzoic acid to be combusted was flushed for fifteen
minutes with analytical grade oxygen prior to pressurizing, in an
effort to remove all the nitrogen from the system and hence eliminate
the need for corrections due to the enthalpies of formation of nitrous
and nitric acids.

Table 4 also illustrates the per cent recovery of carbon dioxide
produced in the reaction. This was determined in runs 1 to 3 inclusive
with Indicarb 6-10 Mesh and in runs 4 to 6 inclusive with Lithasorb,
both being obtained from Fisher Scientific Company.

Using the heat of combustion of benzoic acid as 6318. cal/g, the
average energy equivalent of the calorimeter used is calculated to

be 4252.1 #1.6 cal/g.

Development of the Experimental Method

One of the purposes behind the present experimental work was to
develop a method which would facilitate the determination of enthalpies
of formation of perfluoroaromatic and halogen substituted perfluoro-
aromatic compounds without the use of any auxiliary materials. To
accomplish this stated purpose several preliminary experimental methods
were attempted before an acceptable procedure was devised.

The first of these experimental methods included combustion of the

compound under investigation in an open steel crucible in a steel bomb.
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The compound was weighed into a preyiously weighed steel crucible and
sealed immediately after removal from the balance into a steel bomb
which was in the upright position. Combustions in an open steel cruck
ble in a steel bomb are represented By run 1, Table 5 on page 49, This
method was soon abandoned because these combustions produced a green
colouration on the inside of the bomb which was visual indication of
compounds presumed to be iron fluorides. Subsequent testing of the
coating on the bottom and walls of the bomb for Fe+++ and Fe++ gave a
positive reading with potassium thiocyanate. Henceforth a platinum
lined bomb and platinum crucible were used in all combustions.

The second method involved sealing the compound to be studied into
glass ampoules. The ampoules were constructed from Pyrex glass and
were in the form of flat discs with one very thin wall to facilitate
breaking of the ampoule when ignition was effected. The ampoules were
weighed prior to filling‘with the compound under investigation, and then
after sealing were reweighed along with any glass which was removed
during the sealing process. Aside from the practical problem that the
ampoule containing the compound often did not survive intact under the
pressure inside the bomb until ignition had occurred, great difficulty
was experienced in obtaining consistent results from combustions in
ampoules. This was attributed, in part, to occlusion of some portion
of the compound in pieces of the ampoule when the ampoule was broken,
and to incomplete combustions, partial evidence for which included the
presence of a sooty deposit in the platinum crucible after a combustion.
Combustions attempted using the sealed glass ampoule are represented,
in part, in Table 5, page 49, by runs 2 to 4 inclusive. With the

seeming fallure of this particular method it became necessary to deyel-
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op an alternate experimental procedure, keeping in mind the stated pur-
pose of the experimental waork.

Subsequently an experimental method was attempted which did not
involve the use of any type of contaimment for the compound other than
the platinum crucible. The bomb and its fittings, the crucible, the
compound to be studied, an electric balance, and other necessary tools
were kept in a cold room set a -20°C. This method involved weighing
the now solid compound that was to be combusted into the weighed cruc-
ible, sealing the crucible and compound into the bomb, and pressurizing
with the necessary amount of oxygen. Besides the obvious practical
problems for ithe experimentor in pursuing this method, there were dif-
ficulties involved in condensation of water vapour on the platinum cruc-
ible and in the interior and on the 1lid of the bomb. The presence of
this albeit small amount of water vapour was not tolerable if, as was
previously stated, the purpose of producing combustions of these com-
pounds without the use of any auxiliary materials whatsoever was to be
maintained. The failure of this particular method, as related to the
bbject of the experimentation, can be evidenced in Table 5, page 49
by representative runs 5 and 6 in which liquid was found in the bomb
at the conclusion of a combustion experiment.

Despite the fact that it had been reported (24) that it was not
possible to obtain complete combustions of perfluoroaromatic compounds
without containing them and without the use of auxiliary materials, the
next method attempted, which eventually with minor refinements, proved
to be quite acceptable, involved no containment for the compound with
the exception of the platinum crucible and the use of no auxiliary

materials whatsoever.
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Before each calorimetric experiment the bomb was baked out in a
drying oven at 110°C for 1/2 h to remove any traces of moisture. The
bomb was then removed from the drying oven and allowed to come to room
temperature. Approximately one ml of the compound to be combusted was
pipetted into a previously weighed platinum crucible. The welght was
recorded and a stopwatch wﬁs started. After several weight—time read-
ings were taken, the crucible and compound were removed f;om the balance
and fitted into the gimbal which had previously been fitted with a weigh-
ed platinum fuse wire (12 cm long, 36 guage). A diagram illustrating
this may be found in Figure 6. The 1lid assembly, including the crucible,
compound and fuse wire was fitted as quickly as possible into the bomb
which was clamped in an inverted position.

The homb was sealed by means of a screw cap and sealing bolts.

The length of time from taking the weight of the crucible and compound
to the insertion of the 1id into the bomb was measured to the nearest
0.1 s. The amount of compound lost by evaporation could then be cal-
culated from the rate of evaporation of that compound which was deter-
mined from the weight-time readings taken prior to removal of the cruc-
ible and compound from the balance.

Prior to, and just up to, insertion of the 1id containing the cruc-
ible, compound, and fuse wire into the inverted bomb, analytical grade
oxygen was flushed into the open bomb in an effort to eliminate the need
for corrections due to the formation of nitric and' nitrous oxides pro-
duced in a combustion from the presence of nitrogen in the bomb. After
the bomb had been sealed, it was pressurized to 450 p.-s.i. with analyt-
ical grade oxygen. Table 5, page 49, runs 7 to 24 inclusive and all

runs in Table 7 and Table 9 (pages 58 and 67 respectively) illustrate
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the use of this method.

Since the sample undergoing combustion was not contained in any
manner, it was necessary, in the computation of a valid AHE 298(3)’ to
determine the amount of that compound which would exist in the vapour
state at the conditions inside the bomb prior to combustion. To that
end the Gibb's equation in the form

ln(Pl/Pz) = W&(rel = P o) {RT 13.5]

was employed. In equation [3.5], T represents the absolute temperature
of the bomb at the beginning of a combustion experiment, Pel is the
pressure in atmospheres in the bomb when filled with the appropriate
amount of oxygen, and Pe2 equals one atmosphere. Vl is the molar vol-
ume of the liquid being combusted and P2 is the vapour pressure of

that compound when the external pressure is Pe2' The Gibb's equation

is then solved for Pl which is the vapour pressure of the compound under

an external pressure of Pe The value obtained for P. is substituted

1° 1
into
P.V = nRT 13.6]
which can be rewritten as
P,V = (_wg/M)RT [3.7]
where wg ;s the weight of the substance which will be in the vapour
state and M is its molecular weight. R is expressed in l.atm/deg.mol.
Substitution into equation [3.7], where V is the internal volume
of the bomb in litres, will give a numerical value to wg and hence allow
for a determination of a correction to AHE 298(compound,l) for the com-

pound which is to be combusted that reflects only that portion of the

compound in the liquid state when combustion occurs.
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The Enthalpy of Formation of Hexafluorobenzene

Tn the determination of the heat of combustion of hexaf luoroben-
zene, by the method previously described, only the compound and oxygen
were used in the calorimetric bomb. Figure 7 illustrates a typical
weight lost from evaporation versus time curve for hexafluorobenzene.
The average rate of evaporation for the hexafluorobenzene was determin-
éd to be 0.274 mg/s. The time between weighing the crucible and hexa-
fluorobenzene and the sealing of the bomb was such that evaporation of
the hexafluorobenzene was Q.5% of the total sample weight or less.

This correction for evaporation is estimated to be accurate to
within at least *#3%. The error in weight generated by this correction
procedure should therefore be less than 0.02% of the total sample
weight.

After a fifteen minute period during which the bomb achieved therm-
al equilibrium with the water in the calorimeter bucket, time and temp-
erature readings were taken every 10 to 15 s for approximately 10 m.
Subsequent to this pre-combustion period, ignition was effected and
time and temperature readings were taken as often as every 0.05 m for
the ensuing 25 m. Rotation of the bomb was started 3m after ignition
and was continued throughout the remainder of the calorimetric experi-
ment.

Before analysis, the exteriox of the bomb's 1id was thoroughly
dried with acetone with special attention being given to the inlet and
outlet valves to insure that no molsture was present. As a precaution
that no acetone remained in the inlet or outlet valves, house vacuum
was applied to them for a short period of time. The bomb was then

connected by means of copper tubing and a short Tygon sleeve to an
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analysis train consisting of a Teflon bubbler, a drying tube contain-
ing magnesium perchlorate, a gas sample collection vessel, and a carbon
dioxide collection vessel. The bomb outlet valve, now connected to the
analysis train, was opened and the gases were allowed to pass through
the analysis train until the bomb had been emptied. Analytical grade
oxygen was khen passed through the inlet valve of the bomb and allowed
to escape from the outlet valve and into the analysis train for about

1 1/2 h to flush the bomb of any remaining combustion products. With
an initial oxygen pressure of 450 p.s.i., the total emptying and flush-
ing of the bomb took approximately 16 h.

The Teflon bubbler was a Teflon graduatelcylinder equipped with a
2-hole rubber stopper into which was fitted two lengths of Teflon tub-
ing. The Teflon tubing through which the effluent gases from the bomb
entered the bubbler portion of the analysis train extended very nearly
to the bottom of the bubbler and was drawn there to a point. The séc—
ond piece of Teflon tubing provided for the exit of gases from the
bubblet and extended just beneath the rubber stopper but not into the
solution which was contained in the bubbler. The bubbler contained
100 ml of solution comprised of 5 ml of concentrated hydrochloric acid
and 95 ml of distilled water. The presence of the hydrochloric acid
was a precaution to prevent carbon dioxide, which 1s present in the
effluent gases, from dissolving in the bubbler solution.

A 10 ml aliquot of the solution contained in the Teflon bubbler
was removed from the bubbler, after the bomb had been emptied and flush-
ed, and added to 25 ml of Total Ionic Strength Activity buffer solution
from Orion Company which caused the pH to be adjusted to approximately

5.5. This mixture of the bubbler solution and the buffer solution was
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analyzed for F using a fluoride specific ion electrode in conjunction
with an Orion, Model 701 digital pH meter, capable of reading relative
millivolts to the nearest Q0.1 mv. The meter was calibrated prior to
each determination of F using a series of standard solutions ranging

in concentration of ¥ from 1 x 1074

to 1 x lO-l molar and prepared by
the addition of 0.1 molar fluoride standard solution from Orion Company
to the appropriate amount of distilled water and Total Jonic Strength
Activity buffer solution.

The gas collection tube w#s constructed from a short length of
Pyrex tubing with high vacuum stopcocks at each end. The stopcocks
were obtained from Ace Glass Company and had a Teflon barrel with Viton
O-ring seals. The gas collection tube of 4 cc volume was normally con-
nected in the analysis train immediately after the Teflon bubbler, but
from time to time its position in the analysis train was altered to
test the composition of the effluent gases at all stages of the analy-
sis train. When the gas collection tube was removed from the analysis
train for analysis on a gas chromatograph it was replaced with either
a similarly constructed collection vessel or a short length of Tygon
tubing.

Analysis of the contents of the gas collection tube was performed
on a Perkin Elmer, Model 154, gas chromatograph equipped with a therm-
al conductivity detector. A silica gel column of dimensions, 6 ft x
1/4 in. o.d. operated at 25°C and a helium carrier flow rate of 15 cc/m
was used in the analysis. The chromatographic conditions employed gave
separation of the tetrafluoromethane peak from the massive oxygen peak
and thus permitted a determination of the ratio of carbon dioxide to

tetrafluoromethane. A sample chromatogram, obtained in the analysis

~—zht
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of the contents of the gas collection yessel for a hexafluorohbenzene
combustion, is shown in Figure 8.

The vessel contalining the magnesium perchlorate, which was placed
before the carbon dioxide collection tube,was used to remove any moist-
ure from the effluent gases which might have been picked up from the
Teflon bubbler.

A drawing of the U-shaped Pyrex carbon dioxide collection tube is
shown in Figure 9. Both Indicarb 6-10 Mesh Carbon Dioxide Absorbant
and Lithasorb, an indicating, high capacity carbon dioxide absorbant,
each provided by Fisher Scientific Company, were used in separate carb—
on dioxide determinations. Lithasorb, bBecause of its ease of handling
and high capacity, was used in all combustions beginning with run 9 in .
Table 5. When Lithasorb is used it must be followed in the carbon diox-
ide collection vessel by a drying agent such as magnesium perchlorate
to retain the water liberated when Lithasorb absorbs carbon dioxide.
The collection tube was evacuated to a constant weight prior to use in
the analysis train and was again evacuated to a constant weight subsequ-
ent to the flushing procedure (through the magnesium perchlorate end to
prevent lbés of liberated water).

Allowance was made for the small amount of carbon dioxide removed
in the gas chromatography sample in the determination of the total
yield of carbon dioxide.

The results of the hexafluorobenzene combustions are shown by rep-
resentative experiments in Table 5. As noted earlier, run 1 was per-—
formed in a steel bomb, runs 2, 3, and 4 represent combustions in seal-
ed glass ampoules and runs 5 and 6 were those done when the bomb was

filled in a cold room set at -20°C.
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Gas chromatographic analysis of the gases contaipned jn the gas
collection tube when it was pasitioned following the Teflon bubbler gaye
peaks for oxygen, tetrafluoromethane, and carbon dioxide. Analysis of
the gases at the exit of the carhon dioxide collection tube (using
either Indicarb or Lithasorbs showed only oxygen and tetrafluoromethane.
Both gas chromatographic and mass spectrometric tests failed to show
even traces of oxygen difluoride.

Gas chromatographic tests for the presence of FZO were conducted
on a Perkin Elmer, Model 154 gas chromatograph, equipped with a thermal
conductivity detector. The flow rate of helium, which was used as the
carrier gas, was set at 15 cc/m. The column temperature was adjusted
to -60°C by immersing the column in a constant temperature acetone-dry
ice bath while the cclumn was still connected to the chromatograph.

The column used was a 6 £t x 1/4 in. o.d. silical gel column. Donohue
and Jones (25) report success in measuring F,0 in the presence of 0,

and further that F, O may be determined quantitatively to *2%. They also

2
observed that the relative retention time of oxygen difluoride to oxy-

gen was 3.75 so that if F_O had been present in the combustion samples

2
in the present work it would be clearly identifiable under the above
mentioned conditioms.

From Table 5, the average molar ratio of carbon dioxide to tetra-
fluoromethane is 4.54 +0.05 and omitting runs 7 and 9 is 4.54 #0.02.
It should be noted here that a change of 0.0l in this COZ/CF4 molar
ratio gives rise to a change of about 0.25 kcal/mol in AHE 298(C6F6,g).

Since only relative amounts of CO, and CF4 are important, many of the

2

possible errors normally associated with gas chromatographic calibration

are negligible. However, in establishing the relative response of CF4
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it is necessary to use a tetrafluoromethane-oxygen mixture whose comp-
osition is similar to that of the samples from the cambhustion experi-
ment. Use of pure CF4 yields a response factor that is lower by 4.6%
than that obtained with tetrafluoromethane—oxygen mixtures. The car-
bon dioxide calibration is unaffected by the presence of oxygen. The
net result is that if relative response factors which are determined

with pure CF4 and CO2 are employed, a value for AH? 298(C6F6,g) is

f
obtained that is about 5 kcal/mol in excess. With c6F6 only approx-
imately 9.3% of the oxygen used in the bomb reacted to produce combust-
ion products.
Based on the observed products and the average COZ/CF4 molar
ratio, the combustion reaction for hexafluorobenzene may be written
C

6F6 + 4.917 O2 + 4,917 GO, + 1.083 C’F4 + 0.834 F2 [3.8]

2
The data for fluorine shown in Table 5 and more particularly in
~Table 6, average out to within 0.23% of the value predicted from equat-
ion [3.8]. 1If a COZ/CF4 molar ratio of 4.53 instead of 4.54 was used

in the calculation, exact agreement is obtained.

The data in Table 6 illustrates that, with respect to the carbon
dioxide collection, the CO2 yield is in good agreement with that pre-
dicted by equation [3.8]. Runs 9 to 12 inclusive and run 14 indicate
a carbon dioxide yield that was 0.78% to 1.82% low, indicating for the
majority of these runs a small loss of carbon dioxide, possibly due to
surges inflow which sometimes occurred when the outlet valve of the bomb
was opened too quickly.

In applying equation [3.8] to the experimental combustion process
1t must be remembered that the hexafluorobenzene sample is not contain-

ed in any way other than in the platinum crucible. The combustion
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occurs in a 0.32Q litre bomk with an initial temperature of 23.5°C and
and initial pressure of 45Q P.s.1. Application of the Gibh's equation
in conjunction with the ideal gas law as outlined in equations [3.5],
[3.6]), and [3.7]) and the necessary anciliary data produces a value of
wg = 0.30 g as the amount of hexafluorobenzene which is in the vapour
State at the time of combustion. Thus only (W - 0.30) g of liquid
hexafluorobenzene are involved in a combustion under the aforemention-
ed conditions where W is the total liquid sample welght initially pres-
ent in the bomb. This presence of slightly over 20% of the hexafluoro-
benzene in the vapour state undoubtedly aids combustion and may in fact
be responsible for producing complete combustion in the absence of any
auxiliary materialg.

For the calculation of AH; 298(C6F6’g} as shown in Table 5, the
standard enthaplies of formation of the combustion products were taken

as (26)

AH°

£ 298(002’8) = ~94.0517 kcal/mol

A HE 298(CF4,g) = =221.0 kcal/mol

[ - 0.30)/wyag, o0 (o) [3.9]
was based on a heat of vaporization of 8.7 kecal/mol (27). From runs 7
tc 24 inclusive in Table 5, the average value of AHE 298(C6F6,g) obtain-
ed is ~223.9 1.2 kecal/mol. The previously reported values for this
AHE 298(C6F6,g) of -220.4 kcal/mol (24) and -228.7 kcal/mol (28) were

based on AH°

f298(HP.20H20) = =75.63 kecal/mol and -76.96 kcal/mol respect~

ively.
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The National Bureau of Standards selected value far AH:,_’ 298(}11-‘.20

1{20) is ~76.28 kcal/mol (26). A recent determination of the heat of
solution of HF (29) lends support to tkis National Bureau of Standards
. 1TO
value. If the value of AH.f 298

recalculate the results of Cox and coworkers (24,28), then a value of

(HF.ZOHéOI = =76.28 kecal/mol ig used to

AH; 298(C6F6,g) = =224.3 kcal/mol ig obtained. This last figure is in
excellent agreement with the value obtained in the present work.

For the present time, the National Bureau of Standards values for
the enthalpies of formation of CF4 and HF are preferred basically since
National Bureau of Standards data is internally consistent. Both the
present experimental work and that of Cox and coworkers (24,28) can be
recalculated using a value AH% 298(CF4,g) = =223, kecal/mol (30) which
was determined directly by the combustion of graphite in fluorine. This
leads to a value of ~76.35 kcal/mol for AH®

£ 298
these alternate enthalpies of formation, the present work yields

(HF.ZOHZO). Based on

AH; 298(C6F6’g) = =225.9 kcal/mol and the work of Cox and coworkers

gives -225.1 kcal/mol.

The Enthalpy of Formation of Octafluorotoluene

As was the case with the hexafluorobenzene, in the determination
of the heat of combustion of octafluorotoluene only the compound and
oxygen were used in the bomb.

Figure 10 illustrates a typical weight lost from evaporation ver-
sus time curve for the octafluorotoluene. The average rate of evapor-
ation for the octafluorotoluene was determined to be 0.1l mg/s. The

time between weighing the crucible containing the octafluorotoluene
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and sealing the bomb was such that evaporation of the octafluorotoluene
was 0.3%7 of the total sample weight or less. If the correction for evap-
oration is estimated to be accurate to within at least *3%, the error in
welght generated by the correction for evaporation should be less than
0.01% of the total sample weight.

The same procedures, both in the calorimetric and chemical parts
of the thermochemical investigation, were followed for octafluorotoluene
as for hexafluorobenzene.

The results of the CGFSCFS investigation are shown by represent-
ative experiments in Table 7. Gas chromatographic analysisvof the
products contained in the gas collection tube, when it was positioned
following the Teflon bubbler, gave peaks for oxygen, tetrafluoromethane,
and carbon dioxide. Both chromatographic and spectrometric tests failed
to show even traces of FZO’ 4

From Table 7, the average molar ratio of carbon dioxide to tetra-
fluoromethane is 3.83 +0.05. In the case of the C6FSCF3’ approximately
10.5% of the oxygen used in the bomb reacted to form combustion products.

Based on the fact that Table 8 illustrates a product mass balance
for runs 1 to 7 inclusive, and using the average COZ/CF4 molar ratio,
ﬁhe combustion reaction for octafluorotoluene may be written as

CF CF3 + 5.552 O2 + 5.552 CO, + 1.448 CF4 + 1.103 F [3.10]

6" 5 2
The data shown for the F2 and CO2 yields in Table 8 average out to 0.9%
and 0.77 respectively from the values that are predicted from the applic-
ation of equation [3.10].

In applying equation [3.10] to the combustion process to calculate

AHE 298(C6F50F3,g), allowance must again be made for that portion of the

total liquid sample originally placed in the bomb which is in the vapour
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state when combustion occurs. The combustion is carried out at a pres-
sure of 450 p.s.i. of oxygen in a bomb of 0.320 1 internal volume and
at an initial temperature of 23.5°C.

Application of the Gibb's equation, the ideal gas law, and anciliary
data as outlined in equations [3.5], [3.6], and [3.7] gives a value of
wg = 0.125 g as the amount of octafluorotoluene which is in the vapour
state when combustion occurs. Therefore only (W - 0.125) g of liquid
C6F5CF3 are involved in the combustion under the present experimental
conditions, where W is the initial total weight of the liquid CGFSCF3
prior to combustion. Again, the presence of about 10% of the sample in
the vapour state undoubtedly is a reason for obtaining comﬁlete combust-
ion without the use of auxiliary materials.

The National Bureau of Standards values (26) for the enthalpies
of formation of CO2 and CF4 were taken as —94.0517 kcal/mol and -221.0

kecal/mol respectively. The allowance for the amount of octafluorotoluene

in the vapour state before combustion, that is,

[(W - 0.125) /W]AH:,ap (C6F5CF3) [3.11]

was based on an enthalpy of vapourization of 9.47 kcal/mol (31).
The average value of AHf 298(C6F5CF3,g) obtained from the data
presented in Table 7 is -300.2 *1.2 kcal/mol. Employing AHE(CFé,g) =

- ° = — td
223. kcal/mol leads to a AHfZQS(CGFSCFS’g) 303.1 keal/mol (30).

The Enthalpy of Formation of Iodopentafluorobenzene

As was the case in the previous two perfluoroaromatic compound
combustions, only iodopentafluorobenzene and oxygen were used in the

combustion bomb.
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Figure 11 illustrates a typical weight loss from evaporation versus
time curve for the C6F5I. The rate of evaporation for this compound
was determined to be 0.0099 mg/s. The time between weighing the cruc-
ible containing the iodopentafluorobenzene and sealing them into the
bomb was such that evaporation of the iodopentafluorobenzene was 0.02%
of the total sample weight or less. If the correction for evaporation
is estimated to be accurate to *37%, the error generated by such an evap-
oration loss correction should be less than 0.001%. In the case of the
C6F51, the loss due to evaporation of the compound is not likely to be
the limiting factor on the accuracy expected since the projected maximum
total loss of 0.001% of the total sample weight very closely approximates
the limits of accuracy of the balance used.

While the calorimetric part of the investigation of C6FSI was simi-
lar to that involved with the C6F6 and C6F5CF3 combustions, the nature
of the combustion products necessitated, in this instance, alterations
in the chemical part of the investigation.

The products formed by the combustion of fodopentafluorobenzene
were identified as carbon dioxide, tetrafluoromethane, iodine, fluorine,
and iodine pentafluoride.

COZ’ CF4, and F2 were identified in the same manner as was previous-
ly used for the combustions of 06F6 and C6F5CF3.

Ample evidence was available for the presence of 12 as a combustion
product, as the bottom and sides of the bomb were coated with a layer of
crystals having the characteristic purple-grey colour of iodine. Titrat-
ion of a solution formed by the addition of saturated potassium iodide

solution to the solid contents of the bomb with a standard solution of

0.1N sodium arsenite and determination of I~ by means of an iodide spec-
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ific ion electrode further confirmed that I2 was a combustion product.

The confirmation and determination of IF5 as a combustion product
posed some difficulties. In preliminary, non-analytical combustions,
the presence of a small amount of a deep red liquid in the platinum
crucible and at the bottom of the bomb when it was opened subsequent to
a combustion, gave some preliminary indication of the possible formation
of an interhalogen compound. During these preliminary comﬁustions, a
white smoke was given off from the liquid in the bomb when the bomb was
opened in the laboratory. These observations led to a detailed invest-
igation of the liquid compound formed in the combustion of CGFSI'

The first step in the identification of the liquid present in the
bomb after a combustion was to isolate it from the other combustion prod-
ucts. To accomplish this the bomb, following a combustion, was connect-
ed, by means of short pieces of Tygon tubing, to two traps in series fol-
lowed by a vacuum pump. The first trap contained a small amount of mer-
cury in the bottom and was equipped with two high vacuum stopcocks (with
Teflon barrels and Viton O-ringseals), one at each end, so that the trap
could be removed and sealed. It was important to take careful precautions
that this entire system which was connected to the bomb was moisture free.
The first trap containing the mercury was set in a cooled acetone bath
adjusted to -45°C. The second trap was placed in a liquid nitrogen bath.
The bottom half of the bomb itself was set in an ice-water bath at 0°C
in an attempt to prevent excessive amounts of iodine from being deposited
in the trapping system once pumping on the bomb was started.

The pump was started and the outlet valve of the bomb was opened and
closed intermittently until all the combustion gases had been emptied from

the bomb. With the outlet valve now remaining in the open position, pump-



64

ing was continued for approximately 20 minutes. The outlet valve of
the bomb was then closed sealing it off from the trapping system. The
first trap containing the mercury was also sealed off by means of the
stopcocks at either end and the pumping was terminated. The first trap
was then removed from the trapping system and from its cooled acetone
bath and warmed slowly to room temperature.

The contents of the trap were in the form of a deep red liquid and
this liquid was shaken with the mercury originally placed in the bottom
of the trap. When the red liquid in the trap was shaken with the mer-
cury it was decolourized arnd in a few seconds formed a clear, very slight-
1y blue liquid which rested on the surface of the mercury. This reaction
was noted to be similar to that reported by Aynsley (32) for the reaction
of IF5 with mercury.

The trap containing the liquid was then attached to a high vacuum
system by means of a ground glass joint using Kel-F brand grease. The
liquid was distilled, under vacuum, intora capillary tube suitable for
Raman spectroscopy. The capillary, during the distillation, was set
in a cooled acetone bath at -45°C. While the compound in the capil-
lary was still frezen, the capillary was sealed under vacuum and removed
from the vacuum system for subsequent Raman spectrographic analysis.

98% pureiodine pentafluoride was obtained from Matheson Company.

The liquid was distilled under vacuum, making sure that all apparatus
was moisture free and that Kel-F brand grease was used on all greased
Joints, into a vessel containing mercury in the bottom set in a cool-

ed acetone bath adjusted to -45°C. The distilled IFS’ which was a deep
red colour, was warmed to room temperature and shaken with the mercury

in the bottom of the vessel. In a few seconds, the liquid IFS had
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changed from a deep red to a clear, almost colourless liquid with a
very faint blue tinge, indicating that the excess iodine present in the
original sample had reacted with the mercury, leaving a substantially

purer sample of IF The once-distilled IF_. was then distilled again,

5° 5
under vacuum, into a capillary suitable for Raman spectroscopy. The
capillary was sealed under vacuum and removed from the high vacuum sys-
tem for subsequent analysis on a Raman spectrograph.

The Raman spectrum of IF5 has been reported by Gillespie and

Clase (33), Lord (34), and Begun (35). These authors reported response

1 1

in the Raman spectrum of IF_ at 275 cm_l, 572 em —, 595 cm—l, 694 cm ,

5
and 705 cm ©. The responses at 694 cm—1 and 705 cm-l were in the form

of a doublet as previously reported by Gillespie and Clase (33). The

Raman spectra of both the liquid removed from the bomb and that of the

5 were similar producing response at 565 cm—l, 595 cm—l,

692 cm L, and 706 cm .

purified IF

A crude melting point determination was attempted on the liquid
sample collected from the combustion bomb, and the value of 9.6°C which
was obtained was in good agreement with the value reported for the melt-

ing point of IF_ of 9.7°C (36).

5
From the supporting Raman spectra and comparison of physical prop-
erties, it was concluded that the liquid formed in the combustion of
iodopentafluorobenzene was IFS'
After the Raman spectra had been run on the pure sample of IF ¢ and
on the sample obtained from a combustion experiment, the sealed capillar-
ies containing the IF5 were individually broken under water and tested

for iodine and fluorine. The resultant solutions were individually mix-

ed with solutions of sodium arsenite. Two aliquots of each of the re-

A
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sultant solutions were taken and prepared for analysis with an lodide
specific ion electrode and a fluoride specific ion electrode. In both
instances, the yields of iodine and fluorine were in good agreement
with that predicted from a knowledge of the original amount of IF5
present.

It now became necessary to quantitatively determine the amount of
each of the combustion products in order to determine the enthalpy of
formation of C.F.I. The analysis train used to accomplish this was

65
identical to that used in the C,F, and C F_CF, combustions. Gas chrom-

6 6 653

atographic analysis of the contents of the gas collection tube, when it
was positioned immediately after the Teflon bubbler in the analysis
train, gave peaks for C02, CF4, and 02. From Table 9 the average COZ/
CF4 molar ratio was determined to be 1l1.11. The total carbon dioxide
produced in the combustion of a sample of iodopentafluorobenzene was
again determined using the carbon dioxide collection vessel filled with
Lithasorb and magnesium perchlorate. The 002 experimental yields are
shown in Table 9. Table 10 shows a calculation of the theoretical yield
of COZ’ based on the average C02/CF4 molar ratio and the assumption that
CO2 and CF4 were the only carbon containing combustion products. The
average per cent yield of 002 was found to be 100.11% as compared to the
theoretically determined value, thus producing a carbon mass balance.

Preliminary analytical investigations of combustion products pro-
duced difficulty in the quantitative determination of F, in the Teflon
bubbler, since it was found that a portion of the IF5 formed in a com-
bustion reached the Teflon bubbler and was detected by the fluoride

specific ion electrode. Even when the bomb was cooled to 0°C in an

ice-water bath prior to emptying and flushing, some of the IF5 was
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still detected in the Teflon bubbler.

The fluorine yield was determined as total F , that is, the F_
produced from F2 in the bubbler and the F produced by the IF5 both in
the Teflon bubbler and that which remained in the bomb. The F_ in the
Teflon bubbler was determined as with the CGF6 and CGFSCFS combustions
using the fluoride specific lon electrode. The combustion products re-
maining in the bomb after emptying and flushing, were dissolved either
in a saturated solution of potassium iodide, as in run 3, Table 9, or
in a solution of sodium arsenite, as in runs 5 to 9 inclusive, Table 9.
An aliquot of this solution was prepared for analysis with a fluoride
specific ion electrode to determine the amount of F_ present in the
bomb ( and due to IFé
to F2 and IF5 is then the sum of the fluoride found in the Teflon bub-

remaining there). The total fluoride yield due

2 and IF5 and the fluoride found in the bomb due to IFS'

Table 9 shows the total fluoride yields due to F2 and IF5 expres—

sed as grams of F2 and Table 10 calculates the theoretical F yield

bler due to F

due to F2 and IF5 based on the average C02/CF4 molar ratio. Comparing

the total fluoride yield from F2 and IFS’ expressed in grams of F2,

with the theoretical yield of fluoride, again expressed as grams of F2,

Table 10 illustrates a recovery of 100.05%. The analytical procedures
employed thus produced a mass balance for fluoride.

With a determination of total fluoride due to F2 and IF5 accompligh-
ed, it became necessary to analytically evaluate the amount of IF5 pro-
duced in a combustion of C6F51. Since IF5 could be present both in the
Teflon bubbler énd in the bomb, it was necessary to determine the amount
of IFS in each of the two locations. The amount of IF5 present in the
bomb after emptying and flushing could be related to the fluoride found

in the bomb, which is due entirely to IF5 and which was determined pre-
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viously with the fluoride specific ion electrode. The amovnt of IF5
found in the Teflon bubbler could be related to the amount of iodide
present in the bubbler.

To insure that the lodide that was detected in the Teflon bubbler
was due entirely to the presencé of IF5 and not to any 12 which might
have left the bomb and entered the bubbler, an experiment was performed
whereby a weighed amount of iodine was placed in the combustion bomb.
which was then sealed and pressurized to 450 p.s.i. with oxygen. The
bomb was set in an ice~water bath at 0°C and connected, as was the case
in a normal combustion experiment, to the analysis train. The bomb was
emptied and flushed and an aliquot of the solution in the bubbler was
tested with an iodide specific ion electrode for the presence of iodide
after it had been properly diluted with godium arsenite solution and
buffered with sodium bicarbonate solution. This testing showed no
trace of detectable iodide in the bubbler indicating that it was reason-
able to assume that during a combustion analysis all the iodide present
in the bubbler was due to IFS'

The analysis of the solution in the bubbler to determine IF5 during
a combustion experiment was accomplished with an iodide specific ion
electrode which had previously been calibrated with standard iodide
solutions obtained from Orion Company. Before analysis with the lodide
specific ion electrode, the aliquot used was buffered with an aqueous
solution of sodium bicarbonate to adjust the pH to between 5 and 9.

Care was taken to insure that effervescence was not so vigorous as to
carry away any iodine.

The total moles of IF5 were then determined as the sum of one-fifth

of the moles of fluoride found in the bomb and the total moles of iodide
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found in the Teflon bubbler. The IFS produced by the combustion of
C6FSI and determined in the previously described manner, expressed in
grams, is shown in Table 9 and verified by a mass balance of total F
from both F2 and IFS'

The determination of the total iodide yield remained to be per-
formed so as to arrive at a complete mass balance. The iodide yield
determined by the sum of the iodide produced from 12 and IF5 was det-
ermined by the iodide present in the bomb and in the Teflon bubbler.

The lodide in the bomb is due to the I, and IF5 present there. The

2
iodide in the Teflon bubbler 1s due to the IF5 in the bubbler, a value
for’ which has already been determined.

In the event that one of the other two reported interhalogen cém—
pounds, that is, IF or IF7 was formed in the combustion of C6FSI’ an
experiment had to be devised whereby their presencé could be detected.

Sidgwick reports (37) with regard to IF, that "it seems to be cur-

7
iously stable to water" and Ruff (38) says "the gas can even be blown
through the liquid (water) with the formation of clouds, but with only
very slight decomposition'. 1In light of the preceeding statements, a
combustion was performed and the bomb was connected to an analysis train
in which there were two Teflon bubblers placed in series, identical

in all respects except that the first bubbler contained 100 ml of dis-
tilled water and the second bubbler contained the usual solution of 5

ml of concentrated hydrochloric acid in 95 ml of distilled water. It

was postulated that if IF_ were present it would pass through the first

7
bubbler containing the distilled water without reaction and be collected
in the second bubbler containing the acidified solution. When tested for

fluoride in the usual manner, the second bubbler containing the acidified
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solution showed a negligible amount of fluoride, while the total fluor-
ide yleld, computed from the fluoride found in the distilled water bub-
bler and the fluoride found in the bomb was 99.80% of the total fluoride
yield predicted from theoretical conmsiderations.

The presence of IF as a reaction product was discounted in that
neither the isolation of IF nor the determination of its physical prop-
erties have been reported. Durie and Gaydon (39) confirm that IF has
been identified only by spectra and indicate that IF5 is the most stable
of this group of three interhalogen compounds, exhibiting stability at
temperatures up to 400°C.

Several methods were attempted to determine the total iodide pres~
ent in the bomb as the sum of I2 and IF5. These included dissolving the
contents of the bomb, after emptying and flushing, with a saturated pot-
assium iodide solution followed by titration with standard 0.1N sodium
arsenite solution and determining the total iodide by means of an iodide
specific ion electrode. Determination of iodide by these methods, when
expressed in grams of lodine, yielded a value which was between 65% and
73% of the total theoretically determined yield.

It should be noted here that after the bomb had been emptied and
flushed and was opened in the laboratory for amalysis, the presence of
a white smoke was immediately observed. In an effort to eliminate this
smoke and improve the per cent recovery of iodide, the bomb was opened
in a dry box under a nitrogen atmosphere. Under these conditions no
smoke was observed when the bomb was opened. However, when the sodium
arsenite solution was added to the contents of the bomb to prepare them
for iodide analysis, the white smoke appeared and again the iodide yield

was approximately 70% of the theoretical amount.
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At this juncture several experiments were attempted using U.S.P.
iodine from Fisher Scientific Company and IFS obtained from Matheson
Company. The IF5 was distilled under vacuum as previously described and
was then distilled again under vacuum into a preweighed detachable fing-
er. The finger and distilled IF5 were then weighed in order to calculate
the amount of IF5 present. This finger containing the IF5 was then at-
tached, by means of a ground glass joint, to a vessel containing a
weighed amount of iodine set in a cooled acetone bath at -45°C. The
IF5 was subsequently distilled under vacuum into the vessel containing
the ifodine. The vessel now containing the I, and IF5 was sealed, remov-
ed from the vacuum system, and warmed to room temperature. The contents
were shaken and then one of the three methods previously employed for
the analysis of iodide in a combustion sample was carried out on the
sample of pure 12 and IF5; that 1s, addition of a saturated solution of
potassium iodide and titration with 0.1N sodium arsenite solution, or
addition of sodium arsenite solution and determination of iodide with
an iodide specific ion electrode, or opening the vessel in a dry box
under a nitrogen atmosphere, adding sodium arsenite solution and deter-
mining iodide with an iodide specific ion electrode. Each of these
methods produced the same results on the mixed samples of I2 and IF5
as it did on the combustion sample taken from the bomb. The per cent
recovery expressed in grams of iodine varied from 68% to 73% relative
to the total iodine that was originally present plus the contribution
of the IF5 added.

The following equations were postulated to account for the observed

shortfall in recoverable iodide in the combustion samples and in the

comparison experiments.
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moist

2 I2 + IFS + 5 02 alr

5 102F [3.12]
and

102F + H2

o - IOZ(OH) + HF [3.13]
These reactions are supported by Aynsley and coworkers (32) and
the work of Schmeisser and DLang (40) confirms the formation of IOZ(OH)
in the form [102+.0H"].
The IOZF, iodyl fluoride, is a white solid which 1s stable in dry
air but evolves HF on exposure to moist air. The product IOZ(OH) shown

in reaction [3.13] is not in the form of iodic acid, HIO,, but is report-

3
ed by Schmeisser and Lang (40) to be in the form [102+.0H—] which must
be undetectable as iodide in either titration with sodium arsenite sol-
ution or determination with the iodide specific ion electrode. The
reactions [3.12] and [3.13] still predict & theoretical vield for fluor-
ide from IF5 that is unchanged from that determined earlier and in good
agreement with the experimentally determined yield shown in Table 10.

It was thought that if the I, and IF_ in the bomb could be separ-

2 5

ated before exposure either to moist air or aqueous solutions, there
might be a possibility of determining total iodide. To accomplish this
the bomb, after a combustion, was emptied and opened in a dry box under
a nitrogen atmosphere. Dry carbon tetrachloride was then added to the
contents of the bomb. The colourless carbon tetrachloride became pink
and the contents of the bomb readily dissolved in the solvent. Iodine
pentafluoride is reported to react with carbon tetrachloride, at room
temperature, to produce CCl3F.ICl, Ic1, and traces of CCl,F, (38). The
solution, originally containing I2’ IF5 and CCl4 was vigourously shaken

and sodium arsenite solution was added to it in a separatory funnel until

all the pink colour had been removed from the non-aqueous layer. When
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an aliquot of the aqueous layer of the solution was tested with an
{odide specific ion electrode, a 637% yield, as compared with that ex-
pected from theoretical considerations, was obtained for the icdide.
The procedure was repeated using a weighed amount of iodine and a weigh-
ed amount of purified IFS’ as described in earlier test experiments, and
a 65% yield of iodide was obtained.

Faced with a similar apparent iodide shortfall both in the combust-
ion analyses and test experiments with IF5 and 12, and having obtained
a material balance for both the total fluoride and total carbon in coﬁ—
bustion experiments, it was assumed that all the iodide not found as IF5
was present as 12. The C02/CF4 average molar ratio can then be used
with the CO2 and IF5 yields to give the required combustion equation.

The data for the IF5 produced in runs 5 to 9 inclusive in Table 9
along with the average COZ/CF4 molar ratio were employed to calculate
the following equation which is representative of the combustion of

iodopentafluorobenzene

CGFSI + 5.504 02 -+ 5.504 CO2 + 0.496 CF4 + [3.14]

0.213 IFS + 0.394 12 + 0.975 F2

Before applying equation [3.14] to the combustion process, it was
necessary to calculate the heat of association of the liquid IF5 with
the I2 in the bomb. This experiment was carried out in a reaction cal-
orimeter which had previously been calibrated and whose energy equiva-
lent was found to be 157.2 cal/°C. A measured amount of IF5 contained
in a sealed vessel with a stopcock at the bottom was added to a measured
amount of 12 in the reaction vessel in the calorimeter. The IF5 was
treated as the limiting reagent. From this experiment, the heat of

association of IF5 and I. was found to be -10.4 kecal/mol of IF A

2 5°
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sample of 0.8625 g of IF_ produced a temperature rise of 0.2573°C in

5
the reaction calorimeter used. A similar experiment was performed in
the rotating bomb calorimeter. Initially the iodine was sublimed on to
the bottom and walls of the bomb and a weighed amount of IF5 was sealed
in a thin-walled glass ampoule. The ampoule was then broken by means of
a hot platinum fuse wire and the rotation of the bomb was started. This
method for the determination of the heat of association of IFS and 12
produced a value that was in good agreement with that determined previous-
ly in the reaction calorimeter.

In applying equation [3.14] to the combustion process to calculate
BHe 598
sample originally placed in the bomb which was in the vapour state when

(C6F51,g), allowance was made for that portion of the total liquid

combustion occurred. Again the combustion occurs under 450 p.s.i. of
oxygen in a bomb of 0.320 1 internal volume and at an initial temperature
of 23.5°C.

Application of the Gibb's equation, the ideal gas law, and anciliary
data as outlined in equations [3.5], [3.6], and [3.7] gives a value of
wg = 00091 g as the amount of iodopentafluorobenzene that is in the
vapour state when combustion occurs. Therefore only (W -~ 0.0091) g of
liquid iodopentafluorobenzene are involved in the combustion under the
present experimental conditions, where W is the initial total weight of
the liquid iodopentafluorobenzene prior to combustion.

The National Bureau of Standards values for the enthalpies of form-
ation of CO, and CF, were taken as -94.0517 kcal/mol and -221.0 kcal/mol
respectively (26), The standard enthalpy of formation of IF5 was
taken as -210,437 (47), The allowance for CeFsI in the vap-

our state,
[(w - 0.0091)/w]AH;ap(c6F51) [3.15].
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was based on an enthalpy of vapourization of 13.97 kecal/mol (31).
From the experimental results in Table 9, the average value of AH; 298

(C6F51,g) obtained is -104.3 *0.9 kcal/mol.

Discussion of Thermochemical Results

A method has been developed which permits the determination of
enthapies of formation of perfluoroaromatic and halogen substituted per-
fluoroaromatic compounds that requires ne auxiliary substances whatso-
ever to achieve complete combustion. No published values exist for the
_enthalpies of formation of octafluorotoluene and iodopentafluorobenzene.
The value which has been reported by Cox and coworkers (28) for the en-
thalpy of formation of hexafluorobenzene is in good agreement with the
present work, lending credence to the method which was devised in this
work.

The present work calculates the enthalpies of formation of the
compounds studied as follows

° = -
AHf 298(06F6’g) 223.9 #1.2 kcal/mol

° = e
AHZ 298(C6F5CF3,g) = -300.2 #1.2 keal/mol

o - _ +
AHZ 500 (CEFSIs8) 104.3 +0.9 kcal/mol

For the convenience of those persons using the joule as the unit of

energy, the enthalpies of formation have been recalculated on that scale.

Using 1 calorie = 4.1840 absolute joule, the enthalpies of formation are

as follows

° Y
AHZ 298(C6F6,g) 936.8 kJ/mol

AHZ 298(C6FSCF3,8) = -1256.0 kJ/mol
AHZ (CGFSI’g) = =436.4 kJ/mol

f 298



78
If the bond energy term for the C-F bond in fluoroaromatic com-
pounds is constant, that is, transferable from one molecular structure
to another, then enthalpies of formation can be calculated based on
the relation
AHE(Cstx,g) = AHZ(CHX,g) + SAHZ (CHGF,g) - SAHZ(CgHesg)  [3.16]
The following values of AHE(g) were used in the calculations of

AHE(CGst,g), all being referred to 298°K

AHE (C6H51,g) 38,35 kcal/mol (41,42)
AHE(CBHSF’g) = =27.76 kcal/mol (19)

19.83 kecal/mol (26)

©
AHf(C6H6,g)
They give rise to the following calculated enthalpies of formation.

° B -
AHf(C6F6,g) = =265.7 kcal/mol

AHf°(C6FSI,g) =<99,6 kcal/mol

The experimentally determined values of AH;(C6F6,g) and AH;(C6FSI,g)
at 298°K are -223.9 kcal/mol and -104.3 kcal/mol respectively. They
differ from the values obtained via equation [3.16] by 41.8 kecal/mol
and 95,3 kcal/mol respectively. These differences are far greater than
can be explained by all the uncertainties involved in obtaining the ex-
perimental number. It can thus be concluded that the assumption made
about the constancy of the difference between the C-F bond energy and
C-H bond energy terms is not justified. The value of AHE(g)(experiment-
al) - AHE(g)(calculated) can be referred to as AHdestabilization and is
calculated to be 41.8 kcal/mol and 95,3 kcal/mol for hexafluorobenzene
and iodopentafluorobenzene respectively. The AHdestab of octafluorotol-

uene can not, at present, be determined since the value of AHE(CGHSCF3,g)

is lacking.
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There is an alternate approach to the problem of calculating de-
stabilization energies in molecules of the type CGFSX' Calculation of
the energy of interaction between dipoles in C6x6 indicate that two-
thirds of the total interaction energy arises from interactions with the
C6X5 group and one-third from interaction between the C6X5 group and the
remaining C-X dipole (24). This enables a very approximate estimate of
the destabilization energy in C6F5X to be made by the relation
[3.17]

AHdestab(c6F5x) = 2/3AHdestab(c6FG) + l/BAHdestab(C6X6)

This calculation can not be performed‘at present for the iodopentafluoro-
o .
benzene since a value for AHf 298(0616’3) and hence AHdestab(C6I6) is

not available.



CHAPTER IV
THE PYROLYSIS OF IODOPENTAFLUOROBENZENE
Apparatus and Procedure

A schematic diagram of the toluene carrier flow system used in the
pyrolysis of iodopentafluorobenzene is shown in Figure 12.

The vacuum source of the system was a two-stage mercury diffusion
pump backed by a two stage oil-sealed rotary vane fore pump, Balzers
Duo 5. All ground glass joints were lubricated with Dow Corning High
Vacuum Silicone Stopcock Grease. Any heated taps were lubricated with
Apiezon T grease, while Apiezon N grease was used for lubrication of
the unheated taps. Due to the fact that toluene tends to attack grease,
high vacuum stopcocks obtained from Ace Glass Company, equipped with a
Teflon barrel and three Viton O-ring seals, were used in the carrier
inlet system.

An electric furnace was used to heat the reaction vessel. The furn-
ace was constructed from a quartz cylinder three inches in diameter and
twenty-four inches long with a wall thickness of one-quarter inch. The
quartz cylinder was wound with Chromel-A resistance ribbon, 2 mm wide
and 0.2 mm thick, having a resistance of 0.603 ohm/ft. The windings were
cemented into place with Sauereisen Cement, Number 31. The spacing of
the windings is shown in Figure 13. The heating element was tapped at
seven points so that the temperature profile could be adjusted by shunt
resistances. An inconel liner 2.5 in. in diameter, 12 in long, and
0.25 in thick was centred inside the quartz cylinder to even out the
temperature profile.

The quartz tube was centred horizontally im a box of dimensions

80
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12 in X 12 in X 24 in. and constructed of 0.25 in. asbestos sheeting
with a 0.75 in. angle iron frame. The ends of the asbestos box had

3 in diameter holes to accomodate the quartz tube. A mixture of powder-
ed alumina and Fibrefrax ceramic fibre from Carborundum Company filled
the remainder of the box to provide insulation. The furnace was con-—
nected through a Type W 20 HM Variac (Autotransformer) to a 220 V alt-
ernating current laboratory power source. The maximum operating temp-
erature of the furnace was 1200°C.

A 10 ohm platinum resistance thermometer was mounted along the
inside wall of the quartz tube to act as the sensing element for a
Sunvic Resistance Thermometer Controller, Type RT 2. The measurement
of the voltage across a movable Chromel - P - Alumel thermocouple, which
was inserted in the axial thermocouple well of the reaction vessel, pro-
vided a means of monitoring the temmerature in the vessel. A Leeds and
Northrup Millivolt Potentiometer, Model 8691 was used in the measure-
ment of this voltage. With the inconel liner extending over the length
of the reaction zone, the temperature was maintained withir *2°C with
a steep fall-off of temperature at the ends as shown in Figure 14.

The reaction vessel was made of fused quartz with graded quartz to
Pyrex seals a few inches beyond the ends of the furnace. The vessels
were 40 mm o.d. and 6 to 8 inches in length, sealed to 20 mm o.d. ends.
An axial thermocouple well constructed of 10 mm o.d. tubing ran the
length of the reaction vessel as illustrated in Figure 12. The shape
of the reaction vessel was designed to minimize turbulence and chaunel-
1ipg. The reaction vessel employed in this work was treated with hot
fuming nitric acid before use. The residual acid was baked out under

vacuum after the vessel was installed in the system. The bake-out pro-
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cedure was carried out at 100°C to 200°C higher than the temperature
used in the experimental work.

The flow rate through the reaction zone was controlled by the length
and inside diameter of the sealed in éapillaries at the outlet of the
furnace as illustrated in Figure 12.

The tubing on the inlet side of the reaction vessel was wound with
Chromel-A asbestos covered heating wire conmnected to a Variac. This
alloweéd the tubing to be heated up to approximately 90°C when necessary.

After the furnace was steady at a particular temperature and the
vacuum had reached 10_4 mm Hg or better, a run could begin. The toluene

used was stored in a detachable vessel, R,, Figure 12, so that it could

1°
be weighed before and after each run. A constant temperature water bath
maintained the required toluene carrier pressure. The pressure of the
toluene carrier was read on a dioctylphthalate-mercury differential man-
ometer, represented by D in Figure 12, having a 10.4 magnification fact-
or as compared to a mercury manometer.

A small amount of the iodopentafluorobenzene was distilled from its

detachable vessel, R2, to the finger F. under vacuum as shown in Figure

1

15. A fixed temperature bath in a Dewar flask was placed around F, to

1
obtain the desired iodopentafluorobenzene pressure. The vapour pressure
of iodopentafluorobenzene was, at all times, greater than the toluene
carrier pressure to prohibit any back diffusion of toluene vapour into
the iodopentafluorobenzene injection system. The magnitude of the dif-
ference in vapour pressures determined the concentration of iodopenta-
fluorobenzene in the toluene stream.

To begin a run, the flow of toluene was commenced and the pressure,

as recorded on the differential manometer, was noted. A prerun flow of

toluene which extended for five minutes was performed to help stabilize
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the flow conditions. After the prerun period, tap Sl as shown in Fig-
ure 15, was opened and the iodopentafluorobenzene was admitted into

the toluene stream. The flow of iodopentafluorobenzene continued from
25 m to 30 m depending on the reaction conditions used. This period

was followed by a fiveminute postrun with the toluene alone. The iodo-
pentafluorobenzene remaining in Fl was redistilled into R2 and then both
R1 and R2 were weighed. The weights of Rl and R2 afterthe run had been
performed were compared to their respective weights taken prior to the
run and the respective amounts of .toluene and iodopentafluorobenzene used
in the run were determined.

Trap Tl’ Figure 12, thermostated at -80°C with an acetone-dry ice
bath, collected the liquid products. In the event that some of the
liquid products passed by Tl and were not trapped, T2 was maintained at
liquid nitrogen temperatures for insurance. The remaining gaseous mix-
ture, if it passed by T2, could be transferred by means of a Toepler
pump past a non-return valve to a calibrated gas burette. A sample of
the gaseous products could then be sealed into the collection vessel, C,
after the pressure, volume, and temperature data of the mixture had been
obtained.

During a run the total pressure and the iodopentafluorobenzene temp~
erature were checked and recorded every two minutes. The furnace temper-
ature was recorded every two minutes and then averaged. The variation
was never more than 1.5°C over the period of the run.

The gaseous products were analyzed using a Perkin Elmer, Model 154
gas chromatograph equipped with a thermal conductivity detector. A 6 ft
X 1/4 in. o.d. silica gel column was used. The column was maintained at

80°C and a helium carrier flow rate of 20 cc/m was used.
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The liquid sample collected in Tl was removed from the trap and
sealed in an airtight, amber coloured sample bottle. The liquid prod-
ucts were analyzed on a Perkin Elmer 900 gas chromatograph equipped
with a flame ionization and electron capture detector. A 6 ft X 1/8
in. o.d. Silicone 0il DC-710 column was used in the analysis and operated
at 105°C.

Synthetic mixtures containing the components present in the 1iqﬁid
sample, that is pentafluorobenzene, toluene, and iodopentafluorobenzene
were made by weighing each component into a 100 ml amber volumetric of
known weight. From these calibration mixtures, calibration curves were

constructed.
Materials

Toluene

The toluene used was from sulfonic acid and was purchased from
Eastman Organic. It was dried by refluxing over sodium ribbon under

vacuum and then degassed by bulb to bulb distillation.

Iodopentafluorobenzene

The iodopentafluorobenzene used in the kinetic work was from
the same batch as that used in the thermochemical investigation of
the compound by bomb calorimetry. A description of pertinent physical

properties may be found in Chapter III.

Experimental Results and Discussion

The pyrolysis of iodopentafluorobenzene was undertaken in conj-
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unction with Dr. M. Krech (43) who is presently continuirg with detail-
ed analytical work on this subject with Dr. J. Kominar to give further
confirmation to the mechanism proposed by Krech and Price (44). The
object of this present experimental work was to investigate the Arrhe-
nlus equation proposed by Krech for the pyrolysis of iodopentafluoro-
benzene and either substantiate or alter his proposed values for the
activation energy and the pre-exponential factor.

The data obtained for the present work on the pyrolysis of iodo-
pentafluorobenzene is found in Table 11. The present work studied the
thermal decomposition of CstI from 900.2°K to 978.2°K and pressures
of 11.21 mm to 19.05 mm with contact -times ranging from 0.397 s to
2.010 s.

The rate constants were calculated using the first order rate
equation in the form

k = (2.303/tc) log [100/(100 - x)] [4.1]
where x represents the per cent of reactant decomposed. The contact
time, t,s was evaluated from the expression

t, = (V/22416.)(P/760) (273/T) (1/F) [4.2]
where V in cc represents the volume of the reaction vessel, P is the
overall pressure during the run in mm, T is the temperature in °K, and
F in moles/s is the molar flow rate through the reaction zone. The per
cent decomposition was calculated from the residual C6FSI remaining after
pyrolysis and determined by chromatographic analysis of the liquid pro-
ducts collected from a run, that is

x = (g of C6F51 used) - (g of C6FSI recovered) [4.3]

g of C6FSI used

It is interesting to note that both in the analysis of the liquid
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products and in the construction of calibration curves for their anal-
ysis, ratios of peak areas served as the basis for comparison. Areas
were calculated by means of a Perkiﬁ Elmer printing integrator and
comparison between the calibration mixtures and the liquid sample ob-
tained from a run was on the basis of relative areas of pentafluoroben-
zene to toluene and iodopentafluorobenzene to toluene. This method was
employed because it gave excellent reproducibility in the aforementioned
ratios.

The presence of HI as the only detectable major gaseous product was
confirmed by gas chromatographic analysis of the collectable gas products.
Quantitative determination of the HI present was not attempted since the
HI was found to react both with the mercury in the Toepler pump on the
pyrolysis system and with the mercury in the gas chromatographic inject-
ion system.

t ,s

Mulcahy and Pethard (45) recommend that 3.0» Pc'cm »0.5 to avoid
.

significant thermal equilibrium problems. Approximately 70% of the runs

in Table 11 fall within these recommendations and there appears to be no
problem with those remaining runs whose value of (tc/P) falls below the
recommended limit. The results calculated for runs 4 and 5, runs 6, 7,
and 8, and runs 9 and 10 support this conclusion. The negligible effect
on k of a variation by a factor of 3.1 in molar toluene to iodopentafluoro-
benzene ratio (3.7 in iodopentafluorobenzene concentration) at 927°K and
by a factor of 2.8 in molar toluene to iodopentafluorobenzene ratio at
900°K coupled with the investigations on this aspect by Krech indicates
that the decomposition is first order.

Relating the fact that the parent C6FSI has approximately eighteen

effective oscillators to the work of Pritchard, Sowden, and Trotman-
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Dickenson (46) indicates that all the studies performed in the present
work are essentially producing the high pressure limiting value of the
rate constant, k.

The agreement in Figure 16 with the experiments conducted in unpack-
ed vessels and those in packed vessels which were performed by Krech,
shows that no detectable surface reactions are occurring.

The mechanism used in the determination of the first.order rate

constant is postulated by Krech and Price (44) to be

CeFsl ~ CeFg + I [4.4]
CeFg + CHLCHy > CoF H + CHSCH, [4.5]
I + C HCCHy > HI + C HCH, [4.6]
I+I+M >I,+MN [4.7]

2 CEHCH, > (CHGCH,), [4.8]
CeHCH, + I > C HCH,I [4.9]
2CF, > CeF=CcFo [4.10]
CF. + C_HCH, + C,H.CH,-C F {4.11]

65 652 652 65

The present calculation of the rate constant is based on the fact
that equation [4.4] is the rate determining step and that the pyrolytic
decomposition of C6F51 is the initial rupture of a C-I bond rather than
a C-F bond. It may be concluded from a cursory examination of the C-F
and C-T bond strengths that it is very favourable energetically to rup-
ture the C-I bond rather than the C-F bond.

What must now be examined to add credence to the mechanism proposed
is evidence that other forms of attack on the parent C_ F_.I do not play

65

a part in the determination of the rate comstant. Attack on the parent



C_F_I could conceivably come in the following manner

65
CeFg + CFol + CFo + CgF I [4.12]
I+ CFI+CF,+1, [4.13]
I + CGF I + C(F,I + IF [4.14]
CeHsCH, + C.F I + CHCHF + C.F,I [4.15)
CEHCH, + CF I + CHCH,T + C F, [4.16]

Reaction [4.12] does not affect the rate constant since it is a
thermoneutral reaction which, if it occurred, would produce the parent
CGFSI as a product. It has further been shown through the pentafluoro-
benzene yield in Table 12, that approximately 807% to 100%Z of the CGFS

produced reacts via reaction [4.5] to form C6F5H.

When the toluene to iodopentafluorobenzene mola; ratio was rel-
atively low, és in runs 6 and 12, Table 11, the C6F5H produced accounted
for only about 65% of the C6F5 produced, but no effect was observed on
the value of the rate constant, k. These facts lend support to the con-
clusion that k_1 is insignificant.

The relative roles of reactions [4.13] and [4.6] depend upon the
toluene to iodopentafluorobenzene molar ratios. No ol servable change in
k[4.4] occurs even with a ratio change from 62.7:1 to 475:1. It seems
unlikely therefore that reaction [4.13] plays any significant role. React-
‘ion [4.6] exhibits an endothermicity of approximately 13 kcal/mol. Based
on D[C6F5-I] = 69 kcal/mol, reaction [4.13] has an endothermicity of 17
kcal/mol. It therefore seems reasonable to assume that the rate constant
of reaction [4.6] is greater than that of reaction [4.13]. Based on a mol-
ar ratio of 150:1, reaction [4.13] should account for a maximum of 0.07%

of the I removal (0.07% of reaction [4.6], not taking into account
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reactions [4.7] and [4.9]).

It is probably valid to assume that in C6FSI’ D[C-F]>>110 kcal/mol.

Using AH° 298(IF,g) = =22.86 kcal/mol (47), D[I-F] = 67 kecal/mol. React-

f
ion [4.14]) is therefore endothermic by at least 43 kcal/mol, making it

an unlikely possibility for attack on the parent C6F51.

For reaction [4.15] to proceed a C-F bond must be ruptured. Again

setting D[C~F]>>110 kcal/mol in C6F5I, the endothermicity of the reaction

can be examined. Benson (48) estimated D[C6HSCH2—Br] = 57 kcal/mol and

D[C6H5CH2—CI] ~ 68 kcal/mol. From this it is reasonable to assume that

D[C6H5CH2-F]>68 kcal/mol and possibly in the area of 90 'kcal/mol. This
gilves reaction [4.15] a minimum endothermicity of 20 kecal/mol and makes
it unfavoured for attack on the parent C6F5I. It is also probable th?t
C6H5CH2F would be seen in the analysis of the liquid pyrolysis products
at a retention time between that of toluene and C6F5I if it was present
as a product of reaction [4.15].

In the same manner as the endothermicity was determined for reaction
[4.15], reaction [4.16] can be examined. If D[C6F5—I] is set at 69 kcal/
mol and with the knowledge that D[C6HSCH2—I]<57 kcal/mol (48) and is
probably close .to 50 kcal/mol, reaction [4.16] exhibits an endothermicity
of approximately 20 kcal/mol making it unfavoured compared to reactions
[4.8] and [4.11].which exhibit thermoneutrality and reaction [4.9]
which is exothermic.

This diséussion then leads to the conclusion that reaction [4.4],
as the originally proposed rate determining step, is the only favoured
reaction of parent C6FSI'

A least squares analysis of the points used to obtain the plot in

Figure 16 gives
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log k (s™}) = 15.9 - 69200/2.3RT [4.17]
The observed activation energy of 69.2 kcal/mol should then be a reason-

able measure of D[C6F5-I].



CHAPTER V
THE CALCULATION OF BOND ENERGIES

The present work has produced the following data

D[C6F5-I] = 69.2 kcal/mol
AH°f 298(C6F6,g) = -223.9 kcal/mol

AH?

2 298(C6FSCF3’g] = -300.2 kecal/mol

2 = -
AHg 298(C6F51’g] = -=104.3 keal/mol

Using the relationship, referred to 298°K and in the gaseous state
D[CGFS—I] = AHE(C6F5) + AH;(I) - AH;(CsFSI) [5.1]
and the value
AHE(I) = 25.5 kcal/mol (47)
in conjunction with the aforementioned enthalpies of formation, pro-
duces

JHE(CGFS) = -60.6 kcal/mol

The values of D[C6F5—X] calculated from
D[C6F5-x] = AHE(CGFS) + AHE(X) - AHE(C6F5X) [5.2]

are shown in Table 13.

In work done by Dibeler (49), the observed ionization potential of
C6F6 was approximately 0.7 eV greater than that of C6H6 which was deter-
mined to be 9.2 eV. Kandel (50) reports I(C6H5) = 9.9 eV which is 0.7 eV
greater than 1(06H6). Based on a similarilty of structure and of ioniz-
ation processes, Dibeler (49) therefore estimates I(CGFS) = 10.6 eV. The
appearance potential of C_F + from C_F, is 16.9 eV (49, 51). This leads

65 66
to D[C6F5-F] = 6.3 eV or 145 kcal/mol. This varies from the value obtain-

98
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ed in this work based on AHE 298(C6FSI,g) and the kinetically determined
D[C6F5-I] by 37.2 kcal/mol.

An approximate direct measurement of the ionization potential of
C6F5 was performed in the present work (see Appendix B), and produced
a value of I(CGFS) = 9.3 #0.4 eV. Using this value with the appear-
ance potential of C6FS+ = 16.9 eV (49, 51) gives rise to a value of
D[CGFS-F] = 175.3 kecal/mol and allows the second set of D[C6F5-X] values
shown in Table 13 to be calculated. From Table 13, is can be seen that
the bond dissociation energies determined by thermochemical methods vary
by 6.9 kcal/mol from those calculated from electron impaetconsiderations.
It should be noted that this difference is within the limits of experi-
mental error placed on the ionization potential of CGFS'

Table 13 shows that D[C6F5—CH3] > D[C6FS-CF3] by 58.4 kcal/mol. It
is postulated that this large difference in bond dissociation energy may
be due to the fact that the fluorine in CF3 tends to be strongly electron
withdrawing, thus weakening the C6F5-CF3 bond.

Figure 17 1is a plot of D[C6F5—X] (where X = F, C1, I, and H) versus
D[CFB—X] as reported by Semenov (52), Figure 17 indicates those values
of D[C6F5-X] which were determined in the present work and those which
were calculated from the enthalpies of formation determined by Cox (28).
It can be seen that the values of D[C6F5—F] obtained in. the present work

and calculated from the work of Cox (28) agree.

It is expected that Figure 17 might produce a linear plot. Provided

the bond dissociatiéon energy for C6F51 (kinetically determined) is cor-
rect, the possibility seems to exist that D[CGFS—CI] and D[C6F5-H], as
determined from their respective enthalpies of formation, are incorrect.

The enthalpies of formation of both these compounds were determined by
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Cox and coworkers (28).

It is possible that, since the system used by Cox in these deter-
minations was relatively complex, significant errors could be present in
the determination of their enthalpies of formation. To achileve linearity
in Figure 17, D[C6F5—H] and D[CsFS—Cll would have to be set at approxi-
mately 147 kcal/mol and 108 kcal/mol respectively. These alterations
require AHE 298(C6F5H’g) = ~155 kcal/mol and AHE 298(06F5C1’g) = =140
kcal/mol representing changes of approximately ~-46 kcal/mol and -63 kcal/
mol respectively. A further study of these compounds is obviously war-

ranted.



APPENDIX A

SUGGESTIONS FOR FURTHER WORK

Since only limited thermochemical data is presently available for
perfluoroaromatic and halogen substituted perfluoroaromatic compounds,
it would be useful to continue in the determination of heats of combust-
ion of such compounds as chloropentafluorobenzene and bromopentafluoro-
benzene, both of which are now available, by the method developed in this
work. The heat of formation of chloropentafluorobenzene has recently
been determined by Cox (28) and a determination of this enthalpy of form-
ation‘by the method outlined in the present work would prove an interest-
ing check on the procedures used to determine it.

If both kinetic investigations leading to the calculation of D[C6F5-X]
and thermochemical investigations leading to AH% 298(C6F5X,g) were perform-
ed on the same compounds, useful information which could serve as a basis
for comparison of values calculated in the present work, would bécome avail-
able.

Some limited work has already been undertaken on the pyrolysis of
C6FSCF3' The elevated temperatures that were required to achieve a reas-
onable degree of decomposition did not permit the use of toluene as a car-
rier gas and radical scavenger. No particularly useful chemical inform-

ation was produced in the brief study of C FSCF3 except that the gaseous

6
products included F2 and CZFG' It would seem to be instructive to devise

a system which could readily study the pyrolysis of C6FSCF3 and hence serve

as a comparison for some of the data calculated in the present work.

Naturally, additional analytical work on the confirmation of the
103
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mechanism proposed for the pyrolytic decomposition of iodopentafluoro-
benzene would reinforce the values of the parameters of the Arrhenius
equation as determined in this present work and in the work undertaken
by Krech.

Very generally then, investigations of any sort on the series of
perfluoroaromatic and halogen substituted perfluoroaromatic compounds
would seem to be a most fruitful exercise since only a limited number

of these compounds has received any chemical attention whatsoever.



APPENDIX B
DETERMINATION OF IONIZATION POTENTIAL

Figure 18 is a plot of ion current versus electron energy to det-

+
6F5 from CGFSI° The data was treat-

ed by the linear extrapolation method which produces an upper limit value

ermine the appearance potential of C

for the appearance potential (53). From Figure 18 the apﬁearance potent-
1al of CF.' from CEF,I is determined to be 12.6 £0.2 eV.

Based on a comparison of appearance potentials obtained by the lin-
ear extrapolation method and two more exact procedures (53) for ten sets
of data, the linear extrapolation method generally produces an appearance
potential that is about 0.3 #0.2 eV too high. The actual appearance pot-
ential for C6F5+ from C6F51 i1s therefore probably about 12.3 0.4 eV.

Provided the fragments are not formed with any appreciable excess
kinetic energy

I®;)) = AR™) - DIR -R,] [B.1]
where I(Rl) is the ionization potential of a fragment iom, Rl’ and A(Rl+)

is its appearance potential.

For C6F5I the present work has determined D[C6F5—I] = 69.2 kcal/mol
3.0 eV by kinetic experiments. Using this value along with A(C6F5+) =
12.3 £0.4 eV in conjunction with equation [B.1l] yields I(C6F5) = 9.3 *0.4
eV. The value of 9.3 %0.4 eV obtained in the present work differs by
1.3 eV from a value of 10.6 eV estimated for the same quantity by Dibeler

(49) from structural considerations.
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APPENDIX C

COMPUTER PROGRAMS USED IN THE

ANALYSIS OF THERMOCHEMICAL DATA

107



108

(3AVLCINIACTA0TS VIS UMt NI L dWIL)0STIG09 1TV

* 0=3AVl

*0=INTA

*0=34071S

2t 1=1 021 nqa

JI=Vvi]

I=vr

0%¢ 1=1 0€2 00
dWL=(TI)dWAL=(T)dWIL
WW*T=1 L6 04
{T)dWILl=dWlL
{WW*dW3 1) d02G09 TV
(WWéT=T¢( DV dWIL( D) IWI L) ‘avay
AJvrl

L43SVEA4Z0d® TACOZHAS Y IMME DN IME ASNIME ZNTBME QT DT WWéNNY L tavad
N3SVA¢L1dI*20024202'0¢HI*02HA ‘av3ay

£°¢=35n43
*§1€9=7ZN393

2¢° =W0AA

£=0W

Z=0N

8ZeLl*G—=1

G2 0° =V

ONI* I=fIN 99 0Q
ONI *qav3y

(64G)30°(00G)IWIL*(00S5)dWIL NOISNIWIA

OWCON* 30 AWI L dWI L NOWWOD

MILIWINOTYVI FHL ONILVHAI TVI Y04 WVH90Md NIVW
INFWLHVAIA AYLSIW3IHD G3YVA INAVM

SHIAWNN G0 39 LSNW GI ¢ D31 ‘WW 3JLON
Y¥FLIWIYNTYI JHL INTLVYEI VI U4 WvdO0Ud
3JI¥d°r*S *0ST 92#dN*¥904€096LS AIJLVM

a0

o~
>

621

aor

2
)
J
o)
$

972
42
72
el
22
[¥4
(V24
61
g
L1
9{
Sl
7

LB VAT SRV P

oHd 23BNOTED puE JI9IPWEIOTED 9Y3 93BIQITED 03 Weidoid



o an3 85
& L1X3 1) 2 LS
= ©8°02394%14XT) Luw¥nd 062 96
INNTLINDD 99 35
INNILNDD 0€2 %5
€ 0L 09 (W4*03°aT) 41 5
2+01=01 2s
SYAWD*4 1730401730 (24 2) 30* ( T* 1) 30° SASI*NNYI® 062 INTYd 15
NLdxLd 9-N20 3% 2099~ INZ0% 20 I-NOZH#0 ZH I~ S¥IWI=S AS D 0s
60° 66 T/( IYIMM+INYIM) =N Ld 6
NIA%® €+910° 8 T/0ZHM=NDZH 8Y
N3 8% 0° L=NZ07 Ly
NI G ® L ~INZO=4NZD 9%
((*062+(I1)dWIL) 280" 0) /( WOHA% 20dd) = IN20) 3
21° 221/ZN3gM=N34 9
9110 /80=SVaWd 0<1 Zh
3SN43%3 SN4M+ AT IVI+ NI 3+ IZNI 83 INIGM=00 2
8° € T«NI SY8x3ISVAA=QT1Dv3 Ly
(9x%* 0 Tx% 8T %) /( TA* TA%" 006)=N913 0%
4% N3 93=0ZN393 6%
(9% 0T) /(((dWL=0"8) ~(WW) dWIL) #°* T
Gh=(* €= (WO /OZHM) ) % OF+ ( *E=(WOAA/ZNAGM) ) Zh+( * OE~20dd) £* 02) +* T=4 8
0 2HA%0ZHA=02ZHM L€
L* % 1/(20d+L* % 1) =20dd 9E
1730=-( 3T )dW3L-(AT)dW3IL=D1130 1432
(QI41¢3IWI L dWI L) 0NYS09%( 24 2) 30+ (( IV IWIL-( A1) IWIL) *( T* 1) 30= 1130 v
(OW*ON*3DIWISS09 1TVD €€
INNTLINDD 02Z( 2¢
WW=Y 1 1€
ql=vr 0%
3401S=(€41) 3D 62
IAVL=(2¢ 1130 82

*T1=( 141130 Le



110

ON3 z
N¥NL3Y (4]
(OSXSxIIX=XS%XS) /L AS%OSXS~AX S#XS) = INA (8
(OSXSxTIX=XSkXS) /(AXS*IIX-AS%XS)=d1S 08
HI-T+II=11X 5.
INNTLINOD L 7R
(3D XXX=(IT)XXX+OSXS=DSXS LL
(IT)AAA%(IT) XXX+AXS=AXS 9L
(30 AAA+AS=AS 1l
(IT)XXX+XS=XS 7L
IT¢HI=31 L na =L
* 0=0SXS L
* 0=AXS (L
*0=AS 0L
¢ 0=XS 59
IIX/AWNS=3AVA 89
HI=-T+II=11[X L9
INNTINOD 8 99
(9T XXX+ XWNS=XWNS 99
(91) AAA+AWNS=AWNS %9
II*HI=91 8 0Q =9
* 0=ANWNS 29
¢ 0=XWNS (9
(002)XXX*(002) AAA NDISNIWIQ 09
dITHSNOTLYI3Y ¥VINIT NO SISATVNY SIYVNOS LSY31 N0A 0L INILNOHANS J

(FAVALINACAASE TTHI“ XXX AAA) OSTG09 INILNOYENS 649



111

aNd
NdNL3IY

JNNTLINDD 0%

LA L+VYVY309=VdVG09

*9/(4+3+M A (M ILAZ+M I x(( A TL-(2+F) TL)=L01L

((LT+M IL-A T

Z4+C)TL) R ((MA)IL=(Z+ M) TLVZCCLT+ ) TLx*E=( M) TL+(2Z+F) TLx* 2) % (2+M) L) =4
(240 TL=( T+ I D= (( M TLI=(T+M I /L2 TL=( M T «( T+ 3LV =3
(((2+r)1

IL= (P I« (( T+ TL=(MTIL)) /0((2+M) TL=( M) Il 2=( T+F) T1x* €)= (M) 3L =0
ZEWWEN=PL 0% Od

0® 0=V4Vv609

C —HWN=WNW

v INWYO04 NVIONYHOVT INI SN JANND HIANN VIUV INIANTH d0d « VHOINULANS
(002)I14(002)31L NOISNIWIA

(WNEN® TLEIL) VEIYG09 NOILINNS

anNd

NYNL3Y

(T*DO/((2° 2002 TI0-(e* DHO=(T‘T)O

((142)0%(2°TIO=( T D022 /(T D0t TIN-(T* D Ox(E* 1 0)=(2°2)0
(G4G)DC(002) AL (002) XL NOISNIWIA

SNOILVYNOI ¥YINT T SNNINVLINWIS 40 NNILNTOS ¥0d4 INILNOAANS

(dWédN*D) WISS09 3INILNDYENS

¢o1
fot
ool
56
86

06

68
88
L8
98
68

78



112

*nN6Z-((°gee+
MW W% OEIGRE TTNN® + DXk h &
m.

JYNLVYIIWI L NL 3INVLISISIH 40 N
{

aN3d
NN L3N

INNTLNND 22
(DIW3al) /{exx* 01) )=(1IW3L
89€GG* Z+€218L69° T=(T)W3IL
LL=(*0Tx((1)W3AL)INTV)=IX
NN® T=1 22 04
WW=NN
(002)W3AL NOISNIWIA
OISY3ANDD Y04 WVY¥I0U4ANS
WW¢W31)dNIG03 3INTLNAYENS

211
111
ottt
601
801
LO1
901
601
701

=01



113

(N3
d01S
INNTINGD 3T
B///¢9°014¢SI A32NA0Yd 24 40 LHIOTIMHYZ ¢ XT ¢

/¢9°0144SI 039nA0Yd 2N) 40 LHOTIMHG 2 X T4 /49° 0T4* ST ©42/200HOT*XT¢ 2
749°014¢SI Q3asN 8419 40 LHOTIMHZZEX T /4514 HIAWNN NNYHOTS X T) Lwwdnd4 1

ZAMEZO0IME TLYHE 84LIMENNYT “ L INTYd

(Z2L9M%84LIML) /( Z4M4%:2430 0% 84LIM) =2 4M

T/ H=(L L/ ) & T+TLVEY ) )=2430)

( CLYHxRILIMS) /(2N DML TLVHx84LIM) =20IM

SL/U THTLYMY =2 1Y

\ho.omm.omm.mm.Ho.¢¢\wmﬁuxm.wxzm.mcuzm viva
OTLYY $43/200 3HL SI TLvH J

TLVI84LIMENNAT ¢avIYy

ONI* 1=1 91 na

. . ONI¢Gv3Iy
24 NV 209 40 SAIFIA 1YI113¥03IHL IHL FLVINIIVI 3L WYH9INYd J
AYLSIWIHD -= (3YVA INAVM AWVNS
SASHIS
I2THd°F*S  *0ST 9Z#dN*H904E096LS AIJLYM aors

mmo &°D Jo uorisnquod e ur

52 Nm pue ¢0o Jo SPTeTA TeOTI2109Yl 9yj 23e[noTed o3 ueiloig



114

(N3 01
dOLs 5
JNNILINDD 6T 8

n///%9° 01d* ¢

SI 0OIlvH $49/200H9T¢X T¢/49°0T4¢ ST 03dNA0Yd 200 40 LHOI3MHGZ*X1'/Z

tg9e0144SI 03asSN 16499 40 THOTIMHEZEX T4 /4% 1* ¥FQWNN NNYHOT X T) LvWwdnd L
TLVY® 20OM 84LOMENNYTI ¢ L INTHd
AAmmhuzmﬁmouzvl.nmﬁuz*Nauzm*ﬁv.\Awwwuzmwmauz.uﬁhqx

OILvd 42/200 dHL ST T1vd J

/L0°9€2Z410° 4% /84LIOM4* Z0IMd V1V(
84LOM¢ 20 0MENNYT ¢ V3N
ONI* T=1 6T 04
ONI *Qv3d

2097 40 1H913M 3H1 N3IAIO £49/200 40 OILvY JHL GNId U1 Wvd9o0Yd J
3IIHd° P S *0ST 9Z#IN*¥90JE096LS AT4LVUM a0rs

<y cu‘

—_ N

mmummoo JO UOTISNqUOD B UT poonpoad Noo jo 3y3tem 9yl uaAT3 OoT3ea aeToU qmo\moo ay3y pury 03 weadoid



115

(N3
dO 1S

INNTINOD ST

n///%9°01l4'¢

SI OILVY %42/200H9T¢XT¢/49°0T4¢SI dIINAMId 24 40 LHITIMHHZEXT* /2
$9°014¢SI QASN 84LD 40 LHYIIMHZZX T /¢ HT4UIAWNN NAYHOT XT) LVWHOS
TIVH*Z2dM: @JLIOMENNYT ¢ L LNTNd

{((2dM%84L IML) =(B84L M2 4Mdx¥y) )} /( ( 2dMI:B8ILIM*: 0T ) +( 84LIMJx2dM) ) =T LV Y
DILYY #43/200 3HL ST TivH

/L0°9€24966°LE/84LIMI424Md VLV

BALIME 2IMEWNYT ¢ (V3N

ONI¢T=I 6T 0Q

ONI ¢Qav3y

24 40 1H9I3M 3JHL NIAI9 %40/200 40 OILVH 3JHL ONI4 Ol Wvdd0dd
14 S *0ST 9Z4d¥ #904€0N96LS Al4LVM

mmomhou jo uot

L

J
a0rs

© g <
ot

W o~

'_'N“'\T

3snquoo ¥ UT paonpoad Nm Jo 3ySTem 93 USATS OTIE1 JBTOU qmo\moo say3 pur3 o3l ueadoid



an3
daniLs

ANNILINGD 01

0///74€°94440 NILv #403/2ND V 404HZZ* X T /4% 0142
ST 8440 40 NOILSNAWND 4N LVIHHEZX T /4% 1493aWNN NNYHOT X T) LvWd0d

DILYH 84L045NNYL ¢ G LNI¥Nd
MAO=-(Z2LVd/(%424+(2004%N1LVYE) ) ) =84L04
CL/*T + AILVY) = ZL7¥

/0000° 122~ L160°%6~/%424*2004 vivQ
MO*OILVYENNAET ¢ Y3y

NANI¢TI=I 01 na

ONTCOv3Y

NILVY #42/203 JHL

WOM4 84490 40 NNTLSNAWND 40 LvaIH JHL ONTILVINDIIVI ¥ild WyHINdd
IDIHA LS *0OST 92#dN*H904€096LS AIdLVM

G

J
J
qaors

[

H(\.“‘\'f‘"‘sc“m

0Tle1 IeTOUW qmu\moo 9yl uaATrSd mmom.mmo JO UOTISNqUOD JO 38dY Y3 9JBTNOTED 031 weidoig



10.
11.
12.

13.
14,

15.
16.

17.
18.

19.

20.

21.

BIBLIOGRAPHY

T. L. Cottrell. The Strengths of Chemical Bonds. 2d ed. London: But-

terworths Scientific Publications, 1958. Pp. 1-12.

M. Swarc. Proc. Roy. Soc. A207, 5 (1957).

J.D.Cox. Thermochem. of Organic and Organometallic Cmpds. N.Y.3 Acad.

Press. 1970.
F. D. Rossini. In Experimental Thermochemistry. Vol. 1, ed. F. D.

Rossini. New York: Interscience Publishers, 1956.

G. Waddington. In Experimental Thermochemistry. Vol. II, ed. H. A.
Skinner. New York: Interscience Publishers, 1962. Pp. 287-294.

J. Coops, R. S. Jessups, and K. van Nes. In Experimental Thermochem-—
istry. Vol. I, ed. F. D. Rossini. New York: Interscience Publish-
ers, 1956. Pp. 27-57.

S. R. Gunn. J. Chem. Thermodynamics. 3, 19 (1971).

H. C. Dickinson. Bull. Nat. Bur. Std. (u.s.). 11, 189 (1914).
Technical Manual, Number 130. Parr Instrument Company. (1960).
J. Coops, K. van Nes. Rec. Trav. Chim. Pays-Bas. 66, 161 (1947).
J. Coops, K. van Nes. Rec. Trav. Chim. Pays-Bas. 66, 142 (1947).
J. A. Hall, V. M. Leaver. J. Sci. Instr. 36, 183 (1959).

F. Daniels et al. Experimental Physical Chemistry. 6th ed. New York:
McGraw-Hill Book Co. Inc., 1962.

A. F. Trotman-Dickenson. Gas Kinetics. London: Butterworths ocientif-

ic Publications, 1955. Pp. 30-43.
M. Swarc. Chemical Reviews. 47, 75 (1950).
S. J. W. Price. Can. J. Chem. 40, 1310 (1962).

Highly Fluorinated Aromatic and Alicyclic Compounds. Imperial Smelt-
ing Company. Bristol, England.

I. M. Kolthoff et al. In Quantitative Chemical Analysis. 4th ed.
Londop: MacMillan Publishing Co., 1969.

W. Good, D. Scott, G. Waddington. J. Phys. Chem. 60, 1080 (1956) .

W. D. Clark. Ph. D. Thesis, University of Windsor, Windsor, Ontario.
(1968).

G. Bosson, F. Gutmann, L. M. Simmons. J. Appl. Phys. 21, 1267 (1950).
117



22,

23.

24,

25.

26.

27.

28,

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.
39.
40.

41.

118

H. 0. Pritchard, H. A. Skinner. J. Chem. Soc. 272 (1950).

H. A. Skinner, J. M. Sturtevant, S. Sunner. In Experimental Thermo-
chemistry. Vol. II, ed. H. A. Skinner. New York: Interscience
Publishers, 1962,

J. D. Cox, H. A. Gundry, A. J. Head. Trans. Faraday Soc. 60, 653
(1964).

J. A. Donohue, F. S. Jones. Analytical Chemicsty. 38, 1858 (1966).

Selected Values of Chemical Thermodynamic Properties. National Bureau
of Standards. U. S. Technical Notes Number 270-3, 1968.

M. Krech, §. J. W. Price, W. F. Yared. Can. J. Chem. 50, 2935 (1972).

J. D. Cox, H. A. Gundry, D. Harrop, A. J. Head. J. Chem. Thermodyn-
amics. 1, 77 (1969).

C. E. Vanderzee, W. W. Rodenburg. J. Chem. Thermodynamics; 3, 267
(1971).

E. Greenberg, W. N. Hubbard. J. Phys. Chem. 72(1), 722 (1968).

M. Krech, Waterloo Eutheran University, Waterloo, Ontario. Private
Communication.

E. E. Aynsley, R. Nichols, P. L. Robinson. J. Chem. Soc. (london).
623 (1953).

R. J. Gillespie, H. J. Clase. J. Chem. Phys. 47, 1071 (1967).

R. C. Lord, M. A. Lynch, W. C. Schumb, E. J. Slowinski. J. Am. Chem.
Soc. 72, 522 (1950).

G. M. Begun, W. H. Fletcher, D. F. Smith. J. Chem. Phys. 42, 2236
(1965).

M. T. Rogers, J. C. Speir, H. B. Thompson, M. B. Panish. J. Am.
Chem. Soc. 76, 4843 (1954).

N. V. Sidgwick. The Chemical Elements and their Compounds. Vol. II.
Oxford: Clarendon Press, 1950. Pp. 1158-1160.

0. Ruff, R. Keim. Z. Anorg. Chem. 193, 176 (1930).
R. A, Durie, A. G. Gaydon. J. Phys. Chem. 56, 316 (1952).
M. Schneisser, K. Lang. Angew. Chem. 67, 156 (1955).

A. A. Zil'berman-Granovskaya. J. Phys. Chem. (U.S.S.R.) 14, 759 (1940).



42,

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

119
S. Carson, E. M. Carson, B. Wilmhurst. Nature 170, 320 (1952).
Krech, J. Kominar. Waterloo Lutheran University, Waterloo, Ont-
ario. Private Communication.
Krech, S. J. W. Price. Waterloo Lutheran University, Waterloo,
Ontario and University of Windsor, Windsor, Ontario. Private
Communication.

F. Mulcahy, M. R. Pethard. Aust. J. Chem. 16, 527 (1961).

0. Pritchard, R. G. Sowden, A. F. Trotman-Dickenson. Proc. Roy.
Soc. 218A, 416 (1953).

D. Cox et al. Computer Analysis of Thermochemical Data. National
Physical Laboratory, 1972.

W. Benson, H. E. O'Neal. Kinetic Data on Gas Phase Unimolecular

Reactions. Nat. Bur. of Std. Number 21. Washington, 1970.

H. Dibeler, R. M. Reese, F. L. Mohler. J. Chem. Phys. 26(2),
304 (1956).

J. Kandel. J. Chem. Phys. 22, 1496 (1954).
R. Majer, C. R. Patrick. Trans. Faraday Soc. 58, 17 (1962).

N. Semenov. Some Problems in Chemical Kinetics and Reactivity.
New York: Pergamon Press, 1958. Pp. 24.

W. Kiser. Introduction to Mass Spectrometry and Its Applications.
Englewood Cliffs: Prentice Hall, 1965. Pp. 167-169.




VITA AUCTORIS

Wayne Ferris Joseph Yared

Born:
July 3, 1947 at Windsor, Ontario, Canada
Son of Mr. Nicholas and Mrs. Agnes Yared

Primary Schools:
Gordon MacGregor, Windsor, Ontario
David Maxwell, Windsor, Ontario
Ada C. Richards, Windsor, Ontario

Secondary School:
Riverside Secondary School, Windsor, Ontario

University:
University of Windsor, Windsor, Ontario
1969 - Honours Bachelor of Science, Chemistry and Physics
1969 - Entered Faculty of Graduate Studies

Awards:
1965 - 1969 Gerber Preducts of Canada Limited Scholarship
1969 University of Windsor Alumni Award
1970 - 1972 Province of Ontario Graduate Fellowship
1973 Rotary International Scholarship

Offices Held:
1969-Vice-President, Students' Administrative Council, Univer-
sity of Windsor
1970-President, Canadian Union of Graduate Students
-President, Graduate Student Society, University of Windsor
-Board of Directors, Association of Universities and Colleges
of Canada
~University of Windsor Senate
1971~ President, Canadian Union of Graduate Students
-President, Graduate Student Society, University of Windsor
-Board of Directors, Association of Universities and Colleges
of Canada
-Commission on the Rationalization of University Research
-University of Windsor Senate
—~Chairman, Senate Committee on University Government
1972-President, Graduate Student Society, University of Windsor
~Commission on the Rationalization of University Research
-University of Windsor Senate
~Chairman, Senate Committee on University Government
-Board of Governors, University of Windsor

Publications:

M. Krech, S. J. W. Price, W. F. Yared. Can. J. Chem. 50, 2935
(1972).

120






2935

Determination of the Heat of Formation of Hexafluorobenzene
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A new method has been developed for determining the heat of combustion of perfluoro aromatic com-
pounds. The basic differences from previous methods are that no auxiliary substance is used and no water is
present in the bomb. The combustion of hexafluorobenzene in a platinum lined bomb yields CO,, CF,, and F,.
Visual inspection and the material balance indicate that complete combustion is obtained. The value of
AHP,44(CeF.g) obtained by this method is —224.0 + 2.0 keal/mol. Recalculation of the result of Cox et al.
(1, 2) obtained from combustion of C¢F, in mylar bags in the presence of hydrocarbon oil and water leads to

AHP305(CeFe.g) = —224.3 keal/mol.

Une nouvelle méthode a été développée pour déterminer la chaleur de combustion des composés aro-
matiques perfluorés. Les différences de base par rapport aux méthodes précédentes, sont I'absence de toute
substance auxiliaire et d’eau dans la bombe. La combustion de I'hexafluorobenzéne dans une bombe a revéte-
ment de platine, conduit au CO,, CF,, et F,. L'examen visuel et la balance pondérale indiquent une combustion
compléte. La valeur de AH?,05(CeFe,8) obtenue par cette méthode est —224.0 + 2.0 kcal/mol. Le résultat

de Cox et al. (1, 2) recalculé, donne AHP,05(CoFe.8)

= —224.3 kcal/mol, & partir de la combustion de C¢F¢

dans une enceinte étanche en présence d’huile d*hydrocarbure et d’eau.

Canadian Journal of Chemistry, 50, 2935 (1972)

Introduction

The determination of the heats of combustion
of perfluoro aromatic compounds has received
relatively little attention. Cox and co-workers
(1) determined the heat of combustion of hexa-
fluorobenzene in a platinum lined rotating bomb
calorimeter using hydrogen-containing organic
auxiliary substances. The value determined by
Cox and co-workers for the heat of combustion
of hexafluorobenzene in the ideal gas state was
—220.4 kcal/mol. Based on a new value for
AH;,05(HF.20H,0), this value was later re-
vised to —228.4 kcal/mol (2).

The present paper describes the measurement
of the heat of combustion of hexafluorobenzene
in a platinum lined rotating bomb calorimeter
without the use of any auxiliary substances.
This work determines that complete combus-
tion, substantiated by a product mass balance,
makes it unnecessary to use any auxiliary sub-
stance and that the liquid hexafluorobenzene
need not be contained in any manner but simply
weighed into the platinum crucible.

[Traduit par le journal]

Experimental

Hexafluorobenzene

The hexafluorobenzene used was obtained from Imperial
Smelting Corporation and was analyzed by means of a
thermal conductivity gas chromatograph using 6 ft x 1/4 in.
o.d., polypropylene glycol column (110 °C, 60 cc/min He).
The only detectable impurity was approximately 0.027,
pentafluorobenzene.

Index of refraction at 25 °C, 1.3762 (n3® = 1.3761 (3)).
Boiling point, 80.1 °C; freezing point, 5.2 °C (published
values, 80 °C and 5.2 °C, respectively (3)).

A modified Ramsay-Young system was used to measure
the vapor pressure of C¢F, over the range 8 to 62 °C.
Approximately 80 vapor pressure measurements were made
in four separate runs. The conventional plot of log p ts.
103/T was very slightly curved. The data are adequately
represented by

[1] log P (cm)=27.498 — 2,797.2/T — 6.945 log,o T

The resulting heat of vaporization and average heat ca-
pacity difference (vapor — liquid) are AH2s = 8.69 +0.02
kcai/mol and (AC,>g_s2:c = —13.8 £2.0 cal deg™! mol™".
The error limits on AH are representative of the uncertainty
in the precision only. The value of AHY; is in good agree-
ment with the previously reported value (1), 8.65 kcal/mol.
It is interesting to note that the boiling point of CeFs is
virtually identical to that of C¢H, and that the {AC,,> value
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over 8-62 °C is close 1o {AC,ys-c for benzene, —13.0 cal
deg™! mol™! (4).

Apparates and Calorimetric Procedure

The rotating bomb calorimeter used was similar to that
used in the Bureau of Mines Laboratory, Bartlesville (5).
The combustion bomb was a platinum lined Parr Model
1004C bomb, 320cc in volume. It was equipped with a
geared rotating mechanism which rotated the bomb axially
and end-over-end beneath the water in the calorimeter
bucket.

The calorimetric jacket was maintained at 25.000 °C by
using a Thermotrol Proportional Temperature Controller
Model 1053 to balance the output of small heaters against
cooling by a cooling coil supplied from a bath regulated to
16 £ 0.01 °C.

The rotating bomb calorimeter was used only as a matter
of convenience. A static system of the same precision would
have worked equally well provided it was equipped with
a platinum lined bomb. A limited number of combustions
was done in a static steel bomb but these combustions pro-
duced a green coloration on the inside of the bomb which
was visual indication of the formation of compounds pre-
sumed to be iron fluorides.

The temperature of the water in the bucket was monitored
by a 2000 ohm thermistor in conjunction with a Honeywell
Wheatstone Bridge Model 1081 and a Leeds and Northrup
D.C. Null Detector with variable sensitivity. The thermistor
was calibrated against a Parr certified thermometer capable
of being read to 0.001 °C. The resistance of the thermistor
could be estimated to 0.01 ohm (about 0.0001 °C) with the
null detector at low to moderate sensitivity. Time was
measured and recorded on a Simplex timer capable of
recording time to 0.01 min.

In a determination of the heat of combustion of hexa-
fluorobenzene only the compound and oxygen were used in
the bomb. Care was taken to insure that the interior of the
bomb and the inner portion of the bomb lid were clean and
moisture free. The sample of hexafluorobenzene to be com-
busted was weighed in a platinum crucible which was then
placed in the gimbal which had previously been fitted with a
weighed platinum fuse wire (12 cm long, 36 gauge) fixed to
the terminals of the ignition circuit. The lid containing the
crucible, compound, and fuse wire was then fitted into the
bomb which was in an inverted position and the bomb was
sealed by means of the screw cap and sealing bolts.

The length of time from taking the weight of the crucible
and hexafluorobenzene to the insertion of the lid into the
bomb was measured by means of a stopwatch to the nearest
0.1 s. The amount of hexafluorobenzene lost by evaporation
could then be calculated from the rate of evaporation which
was determined prior to each experiment. The time between
weighing the crucible and compound and the closing of the
bomb was such that evaporation of the compound was 0.5%,
of the total sample weight or less. The correction for
evaporation is estimated to be accurate to within at least
+3%. The error in weight generated by the correction
procedure therefore should be less than +0.02%, of the
sample weight.

After a 15 min period during which the bomb achieved
thermal equilibrium with the water in the calorimeter
bucket, time and temperature readings were taken every
10-15's for about 10 min. After this pre-run period, ignition
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was affected by discharging a pair of 250 mF capacitors
charged to a measured voltage (approximately 140 V) and
time and temperature readings were taken as often as every
0.05 min for the ensuing 25 min. Rotation of the bomb was
started 3 min after ignition and was continued throughout
the remainder of the calorimetric experiment.

A computer program was used to calculate the corrected
temperature rise (6). The procedure used was based essen-
tially on Dickinson’s method (7, 8). The correction to
standard states followed the method of Good and Scott (9).
The energy equivalent of the calorimeter as determined using
standard benzoic acid was 4250.9 + 0.2 cal/deg.

Analysis of Reaction Products

Before analysis the lid of the bomb was thoroughly dried
with special attention being given to the inlet and outlet
valves so that no moisture was present. The bomb was then
connected by means of Tygon tubing to an analysis train
consisting of a Teflon bubbler, a drying tube containing
magnesium perchlorate, a gas sample collection tube and a
carbon dioxide collection vessel. The bomb outlet valve was
opened and the gases were allowed to pass through the
analysis train until all the gases had been emptied from the
bomb. Analytical grade oxygen was then passed through the
inlet valve of the bomb and into the analysis train for about
14 h to flush the bomb of any remaining combustion prod-
ucts. The entire process of emptying the bomb and flushing
with oxygen lasted approximately 16 h.

The solution from the bubbler was analyzed for F~ using
a fluoride specific ion electrode in conjunction with an Orion
Model 701 digital pH meter capable of reading relative
millivolts to the nearest 0.1 mV. The 4 cc gas collection tube
was removed periodically for analysis on a Perkin-Elmer
154D thermal conductivity gas chromatograph (6 ft x 1/4 in.
o.d., silical gel column, 25 °C, He carrier 15 cc/min). When
the gas collection tube was removed from the analysis train
it was replaced with a short length of Tygon tubing. The
chromatographic conditions used gave separation of the
tetrafluoromethane peak from the massive oxygen peak and
thus permitted a determination of the ratio of carbon
dioxide to tetrafluoromethane. The carbon dioxide collec-
tion tube contained Lithasorb and magnesium perchloratc.
It was evacuated to a constant weight prior to use in the
analysis train and was again evacuated to a constant weight
subsequent to the flushing procedure (through the mag-
nesium perchlorate end to prevent loss of liberated water).
Allowance was made for the small amount of carbon dioxidc
removed in the gas chromatography samples. Analysis of
the gases at the exit of the carbon dioxide collection tube by
gas chromatography did not show any carbon dioxide.

Results and Discussi n

Gas chromatographic analysis of the gases
contained in the gas collection tube gave peaks
for CO,, CF,, and O,. Both gas chromato-
graphic and mass spectromatic tests failed to
show even traces of F,0. From Table ! the
average molar ratio of CO, to CF, is 4.54 £
0.05 (omitting runs 1 and 3, +0.02). It should
be noted that a change of 0.01 in this ratio leads
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TanLe l. Combustion data and calculated heat of formation for hexafluorobenzene
Mass C¢F, AT corr. CO,/CF,* CO;collected F; collected AHP,65(CeFe.8)
Run () (°C) (by g.c.) (g) (8) (kcal/mol)
1 1.437 0.8772 4.48 1.663 0.236 -222.3
2 1.465 0.8890 4.52 1.679 0.248 —224.6
3 1.404 0.8508 4.59 1.608 0.249 —225.7
4 1.427 0.8720 4.56 1.646 0.248 —222.0
S 1.467 0.8883 4.54 1.688 0.243 —226.0
6 1.418 0.8641 4.52 1.619 0.247 -222.9
7 1.432 0.8685 4.55 —225.4
8 1.40i 0.8489 4.54 1.612 —225.7
9 1.418 0.8637 4.54 1.656 —-223.2
10 1.406 0.8570 4.56 0.226 —222.8
11 1.373 0.8368 4.54 1.594 —223.2

*Molar ratio. Additional typical data (see ref. 7 for notation): AE. ign/cal = 2.41. e(cal)(—Ar,)/cal = —3706.79,

AE®/M (compound)/cal g™' = —2628.36.

to a change in AHP,04(CsFs.g) of about 0.25
kcal/mol. Since only the relative amounts of
CO, and CF, are important many of the pos-
sible errors normally associated with absolute
gas chromatographic calibration are unimpor-
taizt. However, in establishing the relative re-
sponse of CF, it is important to use a CF,-0,
mixture whose composition is similar to that of
the samples from the combustion experiment.
Use of pure CF, leads to a response factor that
is lower by 4.6%,. The CO, calibration is un-
affected. The net result is that if relative response
factors determined with pure CF, and CO, are
used a value for AH®,55(CoFe.g) is obtained
that is about 5 kcal/mol too high.

Based on the observed products and the
CO,/CF, ratio the combustion reaction may
be written

[2] CeFe +4.9170, —» 4.917 CO, + 1.083 CF, +0.834 F,

The F, data in Table 1 average out to within
0.4%, of the value predicted from this equation
(if CO,/CF, = 4.53 rather than 4.54, then exact
agreement is obtained). In three of the nine runs
in which CO, analyses were done the CO,
yield is also in good agreement. In the other
six runs the CO, yield was 0.8 to 1.67; low
indicating a small loss of CO,, possibly due to
surges in flow which sometimes occurred when
the bomb valve was opened too quickly.

In applying eq. 2 to the experimental com-
bustion process it must be remembered that the
CoFe sample is not contained in any way and
that combustion occurs in a 320 cc bomb with
an initial temperature of 23.5 °C and an initial

pressure of 450 p.s.i. The experimental pro-
cedure therefore involves the combustion of
0.30 g C4F, vapor and (W — 0.30) g C.F, liquid
where W = weight CF, sample in grams. This
presence of just over 20%, of the samples in the
vapor state undoubtedly aids combustion and in
fact is probably responsible for the fact that
complete combustion is obtained in the absence
of any auxiliary compound.

For calculation of AHP,55(C¢Fe.g) the stan-
dard heat of formation of the combustion
products were taken as (10) '

AHP565(CO,,g) = —94.0517 kcal/mol
AHP,05(CF4,8) = —221.0 kcal/mol

and the required correction for the C¢Fg in the
liquid state, [(W — 0.30)/ WIAH?,45(vap) was
based on a heat of vaporization of 8.7 kcal/mol.
The average value of AHP,05(CeFe.g) ob-
tained is —224.0 + 2.0 kcal/mol. The previously
reported values —220.4 (1) and —228.7 kcal/
mol (2) were based on AHP,45(HF.20H,0) =
—75.63 and — 76.96 kcal/mol, respectively. The
NBS selected value (10) is —76.28 kcal/mol.
A recent determination of the heat of solution
of HF (11) lends strong support to this value.
If the NBS value is used to recalculate the result
of Cox et al. (1, 2) then a value of AH 395 (C¢Fe.
g) = —224.3 kcal/mol is obtained, a result in
excellent agreement with the present work.
Although for the present, the NBS values for
the heat of formation of CF, and HF are pre-
ferred, if for no other reason than the check for
internal consistency made on all NBS data, both
the present result and that of Cox et al. can also
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be calculated using the slightly more recent
value AHL,05(CF4.g) = —223 keal mol™" (12).
This result leads to a value of about —76.35
kcal mol™! for AHE,o5(HF.20H,0). Based on
these values the present value for AH? ;93 (CF.
g) becomes —226.0 kcal mol™* and that of Cox
et al. —225.1 kcal mol™".

Inconclusion the present experimental method
seems to provide a simpler and more direct
method for determining the heat of formation
of perfluoroaromatic compounds. Complete
combustion is easily obtained without the aid
of heat shields, auxiliary oils, etc. and a simple
static bomb calorimeter should produce just as
good a result as a rotating bomb system. With
slight modification the procedure should be
suitable for compounds of the type CcFsX
where X is another halogen and also possibly
for other related compounds.
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