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SUMMARY

The basis of this thermochemical study has been the
determination of enthalpies of formation‘from measured
enthalpies of hydrolysis.

The enthalpies of formation of the gaseous hexafluorides‘
of tungsten, molybdenum and rhenium, the solid pentafluorides
of tungsten and molybdenum and the solid oxytetrafluorides of
‘tungsten and molybdenum have been determined as -411.85i 1.4,
-374.8’:2.5, -322,6%3,2, -349.9% 3.5, -331.4%*1.3, -358.5% 2.2,
“and -329.8.t1.2 kcal mol-l respectively. Bond strengths and

stabilities have been discussed.

<l
<l

Thgrenthalpies of formation of the salts KW—Fs, KMo—Fs,
" and K2W£lCI6 have been determined as -53%32.0% 2.6, -495.251_1.9
and -329.9t 1.8 kcal mol"l respectively.

(from the enthalpies of formetion, the first electron
affinities of tungsten and molybdenum hexafluorides and the
second electronvaffinity of tungsten hexethoride have been
estimated as 117.9%* 4, 115.4*4 and -52.0 kecal mol'l resp-
ectively.(at O ﬁ). The fluoride ion affinities of solid
tungsten and molybdenum pentafluorides have also been estimated
as 119.1t 6 and 98.1 %6 kecal mol'l'respectively (at 298 X).

The use of fluorides in tungsten halogen incandescent
lamps has been in#estigated. Using infra-red spectroscopy, it
hae been found that all the covalent fluorides which were
investigated formed silicon tetrafluoride in small quartz
envelope incandescent lamps.

Radiochemical tracer experiments in twin filament lamps

[or}



have shown that tungsten is transferred from a cold (non-

running) filament to a hot (running) filament in the presence
of & suitable fluoride. The distribution of the transferred
tungsten has been measured and compared with transfer in the
presence of a bromide. The hypothesis thét the presence of
fluorine in a lamp leads to the setting up of a regenerative
cycle which minimises the rate of formation of "hot spots"‘
and hence extends filament life is supported.

Preliminary attempts to prepare mixed bromide fluorides
of tungsten (VI) have shown N.M.R. evidence for tungsten(VI)

bromide pentafluoride.
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CHAPTER 1 . INTRODUCTION.

l.1. The Development of Inorganic Fluorine Chemistry.

Because of the very high oxidation potentigl of F~
(-2.87eV>1, early attempts to prepare fluorine by electro-
lytic methods in aqueous solutions failed} Fluorine was
first isolated by Moissan? in 1886 by electrolysis of
fluorides with no other anions present. However, it was not
until 1946 that a cheap, safe and efficient source of |
fluorinelbecame readily available.

Since that time progress has been rapid, with much
of the early work of Ruff and co-workers being repeated
and in some caseé corrected. For example, the highest
fluoride of osmium, originally reported‘to be the octa-
fluoride? has since been shown to be the hexafluoride4.
Also, in this thesis (section 2.5.2), the enthalpy of form-
ation of rhenium hexafluoride, originally reported as
-275kcal mol.'5, has been shown to be -322.6kcal mol™l.

In the field of refractory metal fluorides, signifi-
cant advances have been made in the preparativa line (for"
>example, the recent ingenious preparation of t;ngsten pent -
.gfimoride)s, and in the reactiom of the fluorides (for exa -
mple, the comparison of the reactions of tungsten and
molybdenum hexafluorides’). Some physical measurements have
algo been made, for example, the vapour pressure measurements
OXi tuﬁgsten heiafluqride;8 Only é small amount of the
thermdchemistry of the transition metal fluorides has been
- investigated.

Some @meileﬁt reviews éf some aspects of refractory

metal fiuoréne chemistry are available.’ 10 11



1.2 Thermochemical Data on Refracto}v Metal Halides

The oniy pre 1960 experimental data on the fluorides
are those of Buf£5 which are unreliable (see previous Section),
However, estimates of some enthalpies of fdrmation12 were
made. These have since proved to be very’unreliable. The
first reliable enthalpies of formation were detefmined in

1960 by Myers and Bradyl3 (Wrg, MoFg, and NbF. ). The dev-

5
elopme£t-of the fluorine bomb calorimeter led to some pre=
‘cise and reliable enthalpy data, which have, however,been
limited to the binary fluorides, (for example, tungsten
,hexéfluoride)l4. Some data, have been obtained by mass
spectrometric ﬁethods, for example,the enthalpy of formation
of gaseous tungsten oxytetrafluoride,l5 but this method
lacks accuracy. In this thesis (Chapter 2) the hydroiysis

. method of Myers and Brady has been extended.

Thermochemical data on_refréctory metal chlorides

- are in far greater abundance, thanks to the work of
Shchukarev and cofworkess (on; for example, molybdenum and

tungsten chlorides and bxychloridesls).

l.3. Application of Thermochemical Data

One of the many applications of existing thermo -
chemical data on tungsten fluorides has been the prediction
(vased on t;e temperature dependence of the equilibrium
W(s) + nF(g);ﬁ“ﬂh(g) ) that tungsten will be .deposited from
-gaseoué tungsten fluorides at temperatures above n.}lOOOC

whereas below that temperature fluorine will attack solid

tungsten. These are highly desirable characteristics for

. the so-called "tungsten fluorine" incandescent lamp since
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the rate of formation of "hot spots" on tungsten filements
could then be minimised and the filament life extended (see
also Chapter 3).

The proposed "tungsten fluorine" lamp would be of the
same family as the.well known quartz.ibdine lamp. The choice
of iodiné-for the first tungsten halogen lamps was based on

12

thermochemical data which is now knowvn to be incorrect.

.1.4. The Lim of this Thesise.

The aim of the work describéd in this thesis has been to
extend the thermochemical knowled;e of fluorides (and to a
lesser éxtent chlorides) of the refractory metals (partiéularly

tungsten and molybdenum) in order that chemical reactions can
be more easily understood.

In addition to this thermochemical sthdy,'a study of the

“tungétéﬁ fluoriune" lamp has beer made.
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CHAPTER 2. THERMOCHEMICAL PROPFRTIES OF SOME FLUORIDES

(AND SOME CHLORIDES) OF REFRACTORY METALS.

2.1. Introduction

To understand chemical processes it is necessary to
understand the energetiés of the systems involved. Thermo -
chemistry is a study of the determination and application
of these energetics.

An important part of thermochemistry involves the
determination of enthalpies of formation. The determination
of enthalpies of formatién of transition metal fluorides
was neglected until recently and much work is still
necessary. More data aie available for transition metal
chlorides (see Section 1.2.)

Although numerous methods have been used in the
determination of enthalpies of formation, such methods may
be classified in two groups: direct methods, invol¥ving the
direct combination or dissociation of the elements concerned;
and indirect hethods, which invoke Héss's'Law of constant
heat summation&h One common method which has been used -
extensively in this thesis, for the determinatioﬁ of
enthalpies o;.formation of transition metal fluorides (and

KoWClg), is the indirect method via the enthalpies of

hydrolysis.

Footnote#

‘Hess's Law of constant heat summation (1840) states that if
areaction starting with the reagents in defined conditions
and finishing with the products in defined condition;, is
carried out in stages, the algebraic sum‘of the quantities

of heat evolved in the separate stages is equal to the total

evolution of heat when the reaction occurs-directlv.




5«

From the enthalpies'of formation in this thesis ‘it has
been possible to determine bond strengths, electron
affinities and halide ion affinities for various compounds.

These quantities are useful in comparisons of reactivities.

2.2, Useful Hvdrolysis Reactions of Halides of Refractory

Metals.
2.2.1. Hydrolysis of Tungsten and Molybdenum Halides.

The hydrolysis of tungsten (VI) and molybdenum (VT)
halides in water or acidic solution is complex with the
formation of tungsten or molybdenum blues. However, in
alkaline solution the hydrolysis proceeds completely to
form aqueous WOiﬁor aqueous Mooi_. This létter_(alkaline)
hydrolysis has previously been used in thermochemical
determinations by Myers and Bradyl3 (for the enthalpies
of formation of tungsten and molybdenum hexafluorides) and
by Shchukarev and co-worke%g’l7(for the enthalpies of form-
ation of tungsten hexachloride and hexabromide).

Alkaline hydrolysis of halides of the lower oxidati&n"
states of tungstep or molybdenum is complex unless the

N

products are oxidised to Woi'(aq),or Mooi-(aq)._Shchukarev
17

and co-worke%g’ have used hydrogen peroxide and brohine
oxidations gn the determination of the enthalpies of form-
ation of molybdenum pentachloride.and tungsten pentabromidé
'respectiyely. In this thesis basic hypochlorite solutions
have been used'extensively, for exémple, molybdenum penta-

fluoride has been hydrolysed (Section 2.6.2) according to

e e



.the equation

MoFg + éocl-(a:q) + 7OH-(aq)-—>MoOi-(aq) +5F (aq)+

#C17(aq) + 7H,0(1liq)
2

2.2.2, Hydrolysis of Rhenium Halides.

Rhenium heptafluoride, thé only halide of rhenium (VII),
is hydrolysed to ReOZ(aq) in alkaline solutionla. Rhenium |
hexafluoride is hydrolysed to ReOZ(aq) and hydrated R90219.

King and Cobble20 have shown that basic hypochlorite
solutions quantitétively oxidise ReClB(c) to ReOZ(aq)
giving‘a reactién useful for calorimetric determinations.’
‘Busey et a12l have since used a similar reaction to
determine the enthalpy of formatioh of the hexachlororhenaté‘
(IV) ion. In this thesis (Section 2.5.2.) the basic hypo-
chlorite solutions have been used to hydrolyse rhenium

N

hexafluoride to ReO,(aq) thus

4
ReFg + 0017 (aq) + 70E (aq)—> Re0j(aq) + ZC17(aq)+

6F (aq) + %Hzo(liq)

2.2.%3. Hydrolysis of Osmium Hexafluoride.
Osmium hexafluoride hydrolyses in alkaline solution to
give Os04(aq), P (aq) and Ong-(aq). Although the basic

hypochlorite hydrolysis of osmium hexafluoride gives mainly

0504(aq) according to the reaction

0sF, + O'Cl-(a.q) + 60H (ag)—p 0so4(aq) + 6F (aq) + C1 (aq)

+ 3H,0(liq)

o
)

a certain amount of the stable species OsF (aq) is also

formed4.



2.3. Method for the Determination of Enthalpies of

gydrolysis and Formation.
2.3.1.‘ Apparétus

In this thesis heats (enthalpies) of hydrolysis were
determined using a simple calorimeter (Figure 2.3.1). The
calorimeter consisted of a cylindrical Dewar vessel of
approximately 150ml capacity (A). Into this fitted a teflon
stopper (B) attached to an isothermal copper shield. A
stirring rod (C), a heater(D) and a thermistor(E) were
inserted into the calorimeter through holes in the stopper.
A thin walled glass.bulb (F) of known capacity (5-15ml
known to 0.lml), containing an accurately known mass of
the compound to be hydrolysed, was fused on to the end of
the stirring rod. A P.T.F.E. coated steel spike(G) rested
on the bottom of the Dewar vessel. The whole calorimeter
was contained in a copper case(H) which was immersed in a
-thermostatically controlled (25°¢C) water bath. The temper-
ature of water bath was controlled using a heating coil
wnose operétion was governed by a relay system connected
to a Beckmann thermometer. A cooling coil could éiso be useq
if the air temperature was slightly greater than 25°C4i

The temperature changes of tthe contents of the_ﬂ
caiorimeter were compared using a single thermister (S.T.C.
Ltd. tyne F - of resistance™N200 ohms) incorporated in.a

Wheatstone bridge circuit (Fipure 2.%.2). The Wheatstone

Footnote ¥
The experimemnts were discontinued if the air temperature

rose more than a few degrees above 25°C.
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bridge was supplied by a 1.5 - 4 volt stdﬂlised supply.

The thermistor made up one arm of the bridge. Large resis-
tances were used.for the two rétio arms of the bridge to
minimise the current and so prevent any internal heating
effect in the thermistor. A recorder (type Kipp BD2 or
Kipp-Zonen BD5), used as the galvanometer arm of the bridgé,
measured the out of balance of the bridge caused by the |
changing resistance of fhe thermister with temperature.

‘The recorder was calibrated by supplying a known amount of
heat into the calorimeter through the heater..

The heater qonsisted"of 386 swg 'Eurecka' resistance wire
wound round a glass.tube, enbased in an outer glass tube,.
and the wiole sealed with 'Araldite' T . (Figure 2.3.3)

The resistance of the heatér was acéurately known. The
heater circuit (Figure 23.4) was supplied by a-6 volt
stakilised supply. The curreat sunplied to the heater was
controlled by a variable resistance in series with the
heater, and determined by measur}ng (with a potentiometer)
the potential difference across a standard 10 ohm resistance
in series with ﬁhg heater. The potentiometer was suppiied

from a 2 volt steadilised supply.

2.3.2. Experimental Procedure.
(a) Stummarised Procedure.
For each determination a frangible glass bdbulb,

containing a known mass of the compound, was broken into

Footnote ¥

Tradename
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FIGURE 2.3.2. The Wheatstone Bridge Circuit.
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FIGURE 2.3.4. The Heater Circuit.
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the hydrolysis solution contained in the calorimeter. The
temperature change of the contents of the calorimeter was
followed using the thermistor whose changing resistance
was monitored on the Kipp recorder. The recorder was then
calibrated by supplying a knovm. amount of heat into the

calorimeter through the heater*

(b) Detailed Procedure.

The compounds considered were all extremely moisture
sensitive so that moisture-free techniques were necessary
for the introduction of the samples into the frangible
glass bulbs. The particular technique used was dependent on
the volatility of the sample.

With volatile samples, the bulb was made up with a
U-tube (Figure 2.5»5)* The volume of the bulb to A was
measured (to 0.1ml accuracy) before the whole piece (b)
was washed and dried to constant mass. A set of bulbs was
assembled on a vacuum line (Figure 2.$.5(a)) with an
ampoule (c¢) containing the compound being considered. The
apparatus was evacuated for several days and flamed out
before the break-seal -(D)>was broken and part of the sample
distilled into oulb 1 (at -1$6°C). Whilst at -1$6°C, bulb 1
was sealed off at A. The procedure was repeated with the
other bulbs and any excess sample was distilled into"trap E
which was then also sealed off. As a precaution against
impurities the first and last portions of the distillate
were discarded. On completion of the filling procedure the
U-tubes were washed and dried. The mass of.ecach U-tube and
bulb was determined (to constant mass). The bulbs were kept

at -50°C until required.
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For non-volatile samples it was necessary to fill the

bulbs in a dry box (see Section 5.1.2(c) ). Each frangible
bulb was fitted with a BYJ 'Quickfit' cone .(piece B in

Figure 2.3.6.). The volume of each bulb (to A) was measured
before it was washed and dried to constant mass. The bulbs
were attached to piece C. The whole piece D was evacuated
for several days and flamed out before being introduced

into the dry box. A sample of the compound being considered
was introduced into each bulb before the whole piece D was
removed from the dry box and evacuated. Each bulb was sealed
off at A. After the cones had been washed and dried the

mass of each bulb and cone was determined (to constant mass).

The bulb, containing a known mass of a sample/was
sealed on to the .glass stirrer of the calorimeter. With
volatile compounds it was necessary to cool the bulb to
-1$6°C during this operation. Approximately 150ml of sodium
hydroxide solution or sodium hydroxide and sodium hypo-
chlorite solution was poured into the Dewar flask of the
calorimeter. The calorimeter was assembled, immersed in the
constant temperature water bath (257Q and allowed to
equilibrate for at least twelve hours. The stirrer was
rotated at constant speed and the Kipp recorder and the
galvanometer attached to the potentiometer were switched
on. A further three to four hours were allowed for the
system to come to equilibrium.

After the recorder pen had been activated for at
least fiye minutes, the glass stirrer was depressed, causing

the frangible bulb to be smashed on the steel spike. The
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hydrolysis was recorded as a deflection on the Kipp
recorder. A'cooling curve was plotted on the recorder for
about twenty minutes after the completed hydrolysis (Figure
2.3.72(&}). The deflection due to hydrolysis was measured.

The recorder was then calibratea by introducing a
knov.n quantity of heat into the calorimeter by means of the
heater. The heater resistance had previously been accurately
measured. The recorder pen was activated for five minutes.
The heater current was switdied into the heater circuit for
a known length of time (measured to O.ls on a Junghans
stopwatch). This heating of the calorimeter contents v/as
recorded on the Kipp recorder. During the heating, the
heater current was measured as in Section 2.3.1. After the
completion of heatin(: a cooling curve was plotted on the
recorder so that an accurate recorder deflection could be
obtained (Figure 2.3.7(b)). Several heating calibrations
w.ere carried out.in connection with each hydrolysis

determination.
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FIGURE 2.3.5(a)1 Apparatus for Filling Bulbs with Volatile

Samples.
manometer
— - : L L
: —>

trap E (for

excess compound)

break-seal (D)
ampoule (C)
"~ with volatile
compound

<—buldb 1 J{<—buld.{<—buld 3 .

- to ligqmid N2
trap and
rotary &

diffusion pumps

FIGURE 2.3.6. Apparatus for Filling Bulbs with Non Volatile

Samples.

: Bl4 cone -»

——tap

- B7 "Quickfit"
cones and gockets

—_—— level A

frangible glass
buld



16.

FIGURE 2.3.7. Recording of the Temperature Changes on the
- Kipp Recorder. ‘
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(¢) A Typical Experiment.
If tﬁe'volume of the bulb is V(ml), the mass of ithe
bulb empty is W1(g), the mass.of the buldb filled is W,(g)
and the density of air at room temperature22 iS/° y then
the actual mass of fhe sample, W(g), is given Dby
W= (wz'- W) tpv ; (g)
If for the_hxdrolysis of this sample:#
" Recorder deflection for hydrolysis resction = A (mm)

. Recorder deflection for heater calibration = B (mm)

Heater resistance = R*(ohm)
Heater current = I (4)
Time of passing current through heater = T (s)
Molecular weight of .compound = M
Then
Heat introduced into calorimeter by heater = IZRT joule
f ' : = I°RT_ cal.
) . - . 4.1840
. . ' : . 2 -
"o% Heat liberated during the hydrolysisg ISRT _.A cal. .
4.1840 B

Then the heat (enthalpy) of hydrolysis of the compound in

the solution used is 1

I 2R calorie mol™ ",

4.1840

.-A_.M
B W

Thé enthalpy of formatiancan vbe calculated from this
enthalpy of hydrolysis with a knowledge of the hydrolysis

reaction and the standard enthalpiés of formation of the

Footnote *

-\sée Section 2.3.3
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other specieé involved. For-éxample, the hydrolysis of gas-
sous tungstén hexafluoride in dilute sodium hydroxide
proceeds according to the equation

WFc(g) + 80H (aq)—’rWO “(aq) + 6F° (aq) + 4E O(llq)

Then ifQH is the enthalpy of hydrolysis of the reaction.

hyd
. - 2= o - [+] )

and AH;(OH Y., 4H§(W04 ), AH,(F7) and 8E (H,0) are the
standard enthalpies of formation of OH (ag), WOZf(aq),

F (aq) and H,0(liq) respectively; the enthalpy of formation

of gaseous tungsten hexafluoride, AH;(WF6), is given by

) - o 2w ° - ' o o
Aﬁf(VlF6) —AHf(WO4 ) + 6aH(F )_-,- 48H o (E,0) - 8AHf(OH’}
L3 :

2.3%.3. Expression of the Resulits.
o (a) Units.
The fhermoéhemical ;esultS'in this theéis have been
expressed in terms of the thermo§hemica1 'defined' calorie

(4.1840 &bsolute joule).

(b) Mean.: Values and Standard Deviations.
In the determination of any enthalpy, x, a series of
‘'n measurements, xi,*of the enthalpy have been obtained.

rd

The mean value, X, defined as
i=n
=1 X has been quoted as the
112
i=l

enthalpy. 4 standard deviation, s, defined by

"
it
=]

u

B

(xi-i , follows each enthalpy

[
i

so that the enthalpy is quoted thus:-

The enthalpy, x, of a given change= X £ s .

v
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2.3.4. Reliability of the Apparatus.

The reliability of the apparatus was tested by repea-
ting the previously investigated calorimetric studies of
the precipitation of silver chloride, the solution o'f tris
(hydroxymethyl) methylaminé, and the alkaline hydrolysis
of tungsten hexafluoride.
| . The precipitation of silver chloride involved the
reaction of a known mass of a known strength of potassium
chloride solution (in the frangible bulb) with an excess-af
dilute silver nitrate solution (in the calorimeter). The
enthalpy of precipitation of silver chloride wasSmeasured
directly. The values obtained (see Table 2.3.4(a)) were
consistent with the literature.valugs’24 .

The enthalpy of solution of a known mass (approx. 0.7g)
of tris (hydroxymethyl) methylamine (known as TRIS or THAM)
was measured directly in C0.1N hydrochloric acid. The
values qbtained (Table 2.3.4(b)) were consistent with the
literature valugg)26. |

The enthalpy of hydrolysis of gaseous tungsten hexa-
‘fluoride in sodium hydroxide solution (0.1 and 1.0N) was
measured directly and the values obtained (Table 2.5.1(a))
were consistent with the values oﬁtained for the hydrolysis
of liquid tungsten'hexafluoridel3 taking into consideration

‘the enthalpy of vaporisation of tungsten hexafiuoridee.
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(a) Enthalpy of precipitation of silver chloride.

SamplejMass of KCl|Strength of |[Calorimeter|{Enthalpy of
No. solution(g) [KCl solution|solution precipitation
| - (keal mol-1>
1 0.635% 18.2636g in [150ml N -15.68
260.50g soln AgNo;O |
3 |1.0798 " " -15.77

Enthalpy of precipitatidn of silver chloride

Literature values are -15.7023 and —15.7424 kcal mol~

(b) Enthalpy of solution of TRIS.

1

L

Sample | Mass of Calorimeter | Enthalpy of solution
No. TRIS(g) | solution (cal mol~1l)
1 0.703%4 150ml O.1N -6991
| HC1
3 0.7578 " -6989

Enthalpy of solution of TRIS = -6990 éal mol .

Literature values are -710425 and~ 7111

26

cal mol~t.

-15.72kcal moli
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2,4, Experimental Accuracy.

2.4.1. Accuracy of the Inthalpies of Hydrelysis.

The'aceuracy of an enthalpy o6f hydrolysis is dependent
on the accuracy of the calorimetric apparatus and the
purity of the sample used.

(a)fAccuracy of the Apparatus.

In consideripg the accuracy of the apparatus several
factors must be considered:

(i) Consistency of Stirring.

Stirring of the solution in the calorimeter was
achieved with a glass stirring roq attached to an electrical
stirring device whose speed was governed by & wvariable
rheostat. |

The correct rate of stirring, set at the beginning of
each experimeht,‘was sufficient to ensure the desired
unifermity of temperature but no# high enough to preduce
excessive amounts of heat. The rate of stirring was kept
constant throughout each experiment so that the small amount
of heat produced by stirring wa s compensated for in the
measurement of the recorder deflections.

(ii) Accuracy of the Thermistor‘Circuit.

The temperature increases in the calorimeter were
monitored using a thermistor inserted into the calorimeter.
The thermistor was particularly suitable.for theee measur;
emente being compact and having a low heat capacity.
Although the error resulting from the use of a thermistor
- would be small, the circuit incorporating fhe thermistor
(Figure 2.3.2) might cause an error in the deflection

produced on the Kipp recorder of the order of 1%.



(iii) Accuiacy of the Measurement of the
| ' Deflections.

The value of the deflection of the hydrolysis Wwas
obtaiﬁed, on the recorder, as dl,'by extrapolating back
the cooling curve (Figure 2;3.7) to the time of initiation
of the hydrolysis.

Using this mefhod of measurement with tﬂe fast hydrol-
ysis reactions the loss of accuracy was‘;ery small @(%%v.
With*the electrical heating calibrations the deflection.
was taken at the mid time of passage of current and the
error was again small.

(iv) The Heater Current.

At the mid point in the time of passage of the heating.
~current, a potentiometer was usedlto measure the potential
difference across a standard ten ohm resistance incorporated
in the heater circuit (Figure 2.3.4.). The heating current
was calculated from this potential difference. The cﬁrrent
was normally of the order of 0.1 to 0.15A, measured té an
accuracy of 0.0001A, and varied less than 0.000SA during
the period over which it was passéd. 4

(v) The Timing of the Heating.

Thertimé over which»the current was passed was measured
using a Jﬁnghans-sfopwatch..Sihce the stopwatch énd current
switch were operated manually, and not electronically
connected, a small 'operator' error might have occurred.

(vi) The Resistance of the Heater.
The resistance of the heater wés of the order ofv30 ohm and

was measured, before insertion into the calorimeter, on a
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Wheatstone bridge to an accuracj of 0.01 ohm. It wag
.necessary to measure the resistance of the heater with its
connecting leads and also to‘measure the resistance of the
equivalent leads in ordef to obtain the.truq resistancé of .
the heating coil.

(vii) Thermostafic Control of the Water Bath.

The enthalpies of hydrolysis were all measured at 25°¢C
and are quoted af this temperature. Since the enthalpies
vary with temperature, any variation in the temperature of
the thermostatically controlled water bath would lead to
an error in the resultant enthalpy of hydrolysis. In the
system used (Section 2;3.1) the variation iﬂ the temperature

of the water bath was very small (K0.1°C) and the resultant

errors in the enthalpies of hydrolysis wexne negligible.

(b) Purity of ihe Compounds.

The hydrolyses_were‘carried}out on as pure samples as
could be obtained. In all cases, except the non-volatile
solids, the'compounds were purified by successive vacuum
distillations. In the case of rhenium hexafluoride further
purification_was also carried out by passing the gaseous
hexafluoride over heated rhenium metal (Section 5.2.2.).
Analyses were carried out (Chapter 5) and in some cases
X-ray powder photographs were also obtained as a check on

the purity of the (solid) compounds. Only in the case of the

non-volatile solids (KWF6, KMoFg and KgWClG) might the

impurity levels be expected to cause noticeable errors.
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However, there is no evidence for significant errors in
these samplés{

Moisture is released during thg sealing-off pfocess
§f pyrex glass. Therefore, the use of frangible glass
bulbs for contaiﬁing the samples ﬁight be expected to lead
to a reduction in the purity of the samplea4ﬁowever, with
the rigorous drying of the bulbs before the introduction
of the samples this effec¢t, and the subsequent error,

would be expected to be small.

2.4.2. Accuracy of the Enthalpies of Formation.

The enthalpies of formation of hydrolyséd compoﬁnds
are determined using ‘the equation of hydrolysis, the enthalpy
of hydrolysis and the standard, enthalpies of formation of
the other species in the equation of hydrolysis. Thereforé,
the ap&uracy of the calculated epthalpy of formation of é
~compound 1s dependent on-the stoichiometry of the hydrolysis
reaction, the accuracy of the enthalpy of hydrolysis B
(Section 2.4.1.) and the accuracy of the other known entha-
- lpies of formation.

(a) Stoichiometry of the Hydrolysis Reactién.

If the hydrolysis reaction is entirely the expected
‘reaction then the measured enthalpy of hydrolysis can be
"used with the equatipn of hydrolysis to determine the
standard enthalpy of formation of the compoﬁnd. However,
if side reactibns occur in the hydrolysis, the measured

enthalpy of hydrolysis cannot give a true enthalpy of

formation »Ff the compound. The only hydrolysis, studied in
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this thesis, giving a significant side hydrolysig.reaction
is the oxidative hydrolysis of osmium hexafluoride. In this
case, since the formation of a certain amount of the species
Ost-(aq) was indicated4, the cohsisfent values forsthe
enthalpy of hydrolysis could not be used to determine the
enthalpy of formation of osmium hexafluoride. Side hydrol-
ysis reactions do not occur to any appreciable extent in

the othen» compounds considered in this: thesis. Therefore,
the enthalpies of hydrolysis can be used to give reasonably
accurate standard enthalpies of formation.

By making a'comparison of the standard ehthalpies of
formation of compoundé obtained by differeqﬁ methods, it is
possible to judge the accuracy of these methods.

The enthalpies of formation of MoF6(8), WFc(g) and
_WFS(S) which have been obtained by'hydrolysis are the same
(within experimental error) as those obtained by the direct
and accurate fluorine bomb calorimetry meﬁhod (Tablé
2.4.2£a)) suggesting that the hydrolysis calorimetry is - -

reliable and accurate within' the limits shown.

(b) Accuracy of the other known Standard Enthalpies
of Formation.

In the determination of the standard enthalpies of
formation of compounds from their enthalpies of hydrolysis,
it'has been necesséry to use the standard enthalpies of
formation of the following sp.eciesz OH'(aq),Héo(l),F"(aq), ol (),
0c1™(aq), Woi‘(aq), Mo05 (aq), Re0y(aq), 0s0,(aq) and

K¥*(aq). Table 2.4.2(b) shows the values of the enthalpies
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TABLE 2.4.2 (a).

Standard enthalpy of formation (kecal mol'l)

Obtained by hydrolysis{ Obtained by fluorine

Compound ' | bomb calorimetry.

This thesis|Myers & % Hubbardt4?27 | schroder &

Brady13 ' Sieben?8

MoFgz(gas) | -374.8%2.5 | -387.4%4 [-372.3%0.2 —
WFPg(gas) | -411.8521.4| -411.2%4 |-411.5%0.4 =411.720.5

WF5(solid) -349.9%3.5 - — -346;1:2°g

¥ these enthalpies of formation have been recalculated
using the heats of hydrolysis of Myers & Brady with the more

~recent enthalpies of formation of Table 2.4.2(b).

" TABLE 2.4.2(Db)

Species Standard enthalpy N iSource Ref
of formation(keal mol"1;)l 7
0H"(aq) 5497 | ¥BS 270-3 | 29
H,0(1liq) | :.-68-315 . |NBS 270-3 - 29
F~(aq) - =79.50 | NBS. 270 -3 | -; - 29
C1{aq) " -39.952 NBS 270-3 | 29
01 (aq) | 26,2 McDonald et al | 30
wo42‘(aq) . -257.1 ) NBS 270-4 1o
Mooi}(aQ) - -238.2 ' Graham & Hepler . 32
|Re0,"(aq)| -189.2 |Boyd et a1 . |. 33
k7 (aq) ~ -60.32 ~ |NBS 270-3 |29
080,(aq) | -90.4 |¥Bs 270-4 N
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~which have been used in this thesis and the sourceé from
which they have been obtained.

Although these are the most recent and reliable valuesg
which are available at present, it is possible that any
of the values may be revised at some future date. Any
such revision will necessitate the revision'of those
enthalpies of formation whose calculation involved the use
of. the enthalpy being revised.

In all the hydrolyses it‘was necessary to use a large
excesé of the hydrolysing agent (and, if used, the o;idising
agent) so that the change in dilgtion of these reagents was
minimised. It was then possible to use constant enthalpies
of formation for the reagents (Oﬁ-(aq) and OCl-(aq))
without introducing errors due to the enthalpies of diiution
of the reagents. Although the énthalpy values ﬁéed (Table
2.4.2(b)) for these reagents were those at infinite dilution,
the error due to thé actual concentration of the.reagents

was negligible.,
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2.5 Enthalpies of Formation of Hexafluorides.

2.5.1, ‘Tungsten and Molybdenum Fexafluorides.

In this thesis the enthalpies'of formation of gaseous
tungsfen and molybdenum hexafluorides have been determined
via their enthalpies of hydrolysis.

(a) Enthalp& of formation of gaseous tungsten hexaflu-

oride.

Tungsten hexafluoride was prepared, purified and anal -
ysed as described in Sections 5.2.1 énd 5.3. The enthalpy
éf hydrolysis of gaseous tungsten hexafluoride was measured:
using the calorimetric procedure described previously (Sectiqn
2.3.). The calbriﬁetric measurements were carried out on
four samples (from three separate preparationé) of gaseous
tungsten hexafluoride eacﬂ being hydrolysed in aﬁ excess of
sodium hydroxide solution (either 0.1N or 1N). The four
consistent results obtained (Table 2.5.1(a).) gave an aver-
age value for the enthalpy of'hydrolysis of gaseous tungsten
hexafluoride of -155.75<i,1.4kgél mol'l. The enthalpy of
hydrolysis of liquid tungsten hexafluoride has previously
been measured by Myers and Brady13 as =150.1 # 4kcal mol'l.
Since the enthalpy of —wvaporisation of tﬁngsten-hexafluorigé
is 6.15kcal mol™! these two enthalpies of hydrolysis are
found.'to be in close agreémentt .

The hydrolysis of tungsten hexafluoride in an excess
of a sodium hydroxide solution proceeds'accofding to the
equation:-

Whg(g) 4+ 80E (aq) —> W05 (aq) + 67" (aq) + 4H,0(1iq)
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Using the standard enthalpies of formation of the species
OE (aq), woi‘(aq),'F'(aq) and Hp0(liq), (Table 2;4.2(b))
and the measured enthalpy of hydrolysis, fhe standard enth-
alpy of formation of gaseous tungsten hexafluoride has
been calculated to be -411.85:t1.4kca1 mol'l. This value

. 14
is in close agreement with the values of -411.5%*0.4kcal mol_'1

-1 28

and -411.7 %0.5kcal mol obtained by fluorine bomb cal-

orimetry.

v(b) Enthaléy’of formation of gaseous molybdenum hexa;
fluoride. |
The enthalpy of hydrolysis of gaseous molybdenum hexa-
fluoride (prepared, purified and analysed as described in
Sections 5.2.1 and 5.3) was measured using the calorimetric -
procedure described previously kSection 2.3).

The calorimetric measurements were carried out oﬁ five
sampies (from two separate ﬁieparations) of gaseous molybdenum .
hexafluoride e#ch being hydrolysed in an excess of sodium
hydroxide solution (either 0.1N or 1N). The five consistent
“values oﬁtainedf(Tdblé 235.1(b)) gave a value for the enth-
alfy of hydrélyéié of gaseous molybdenum hexafluoride of
_-173.9:&2.5kca1 mol™t. The enthalpy of hydroly;ié of liquid
.molybdenum hexafluoride has previously been measured by
Myers and Bradyl3 as -l54.7i:4kcal mol"l;_Howevei, since the
enthalpy of évdporisation'of mglybdénum hexafluoride is only
'6.63kcal moi'l 55”;”(or 6.85kcal'mol*; sﬁégt can been seen
th;t the tw§ enthalpies of hydrolysis are not in agreement.

The hydrolysis of molybdenum hexafluoride in an excess

of sodium hydroxide solution proceeds according to the equ-

ations-
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"TABLE 2.5.1

(a) Enthalpy of hydrolysis of gaseous tungsten hexafluoride.

Mass of

Enthalpy of hydrol-

Set |Sample Hydrolysing

No. |No. :sample(g) Agent ysis (kecal hol'l)
1 2 0.1284 150ml N NaOH -154.65'

2 2 |o0.3750 150m1 N NaOH -155.1

3 1 0:0945 150ml1 N NaOH -155.1

3 , 2 0.2203 . 150ml lNO NaOH -158.15,

Enthalpy of hydrolysis of WF5(gas) = -155.75ﬁ1.4kca1 mol .

i

1

(v) Enthalpy of hydrolysis of gaseous molybdenum hexafluoride,

Set |Sample|Mass of Hydrolysing Enthalpy of hydrol-
No.{No. sample(g) | Agent " “ysis (kcal mol’l).
1 3 - 0.1081 150m1 N NaOH -173.5
1. |5 0.0192 150ml N NaOH -169.3
2 |1 0.0903 150mi:¥)NaOH -176.0
2 |2 0.1511 150ml N NaOH -175.8

|2 f 3 0.1029 150ml:§ NaOH -174.9

Eﬂthalpy.of hydrolysis of MoFg(g) = =173.9% 2.5 kcal‘mol'l.
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MoF g 80H"(aq)-‘>Moo§'(aq)-r 6F~(aq) + 4E,0(1iq)

Using the standarﬁ enthalpies of formation of the species
08" (aq), Mooi'(aq), F~(aq) and H2O(1iq) (Table 2.4;2(b))
and the measured‘enthélpy of hydrolysis, the standard enth-
alpy of formation of gaseous molybdenum hexafluoride is
calculated to be =374.8%* 2.5kcal éol'l. There is'reasonablé
agreement between this value and thevvélue of -372.3:t0.2.:

27

keal mol™} obtained by fluorine bomb calorimetry.

2.5.2. Rhenium Hexafluoride.

The enthalpy of oxidative hydrolysis of gaseous rhenium
hexafluoride.(prepared, purified and analysed as described
in Sections 5.2.1, 5.2.2 and 5.3) has been measured using the
usual calorimetric procedure (Sectﬁon 2.3). The calorimetric
measurements were carried out on ten samples (from three
separaté preparationé}of gaseousArﬁenium hexafluoride each
‘being hydrolysed in an éxcess qfra solution of sodium -
hydroxide (0.1N ar lN) and sodium hypochlorite (41.5 to
2. 5p). The ten consistent values obtained (Table 2.5.2) gave
a value of -204. 81:3 2kcal mol™! for the enthalpy of oxid-
ative hydrolysis of gaseous rhenium hexafluoride. The
hydrolyéis under consideration proceeds according to the
equation:- , '

ReFg(g)+ 20017 (aq) + 70E™(aq)~>Re0;(aq) + 67 (aq)+ 1c17(aq)
| ' | + 7/28,0(1iq).
Using the standard enthalpisd formation of 0€13faq),
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rhenium hexafluoride

Enthalpy of hydrolysis of gaseous

' Set |Sample

Noe No.

Mass of

sample(g)

ydrolysing

Agents

Enthalpy of

Hydrolysis(kcal mol”

1)

11 2

0.0665
0.0368
0.0522
o.o7é§
0.0955
0.1166
0.0498
0.0503

0.0382

130ml N NaOH &

1.0
20ml 12% NaOfl

' 120ml N NaOH &

10
30ml 12% NaOEl

. 120ml N NaOH &

10
30ml 12% NaOCl

120ml N NaOH &
10

30ml 12% NaOCl

120ml N NaOH &
10
30ml 12% NaOCl

130ml1 N NaOH &
10

20ml 12% NaOCl

120ml1 N NaOH &

30ml 12% NaOCl

130ml N NaOH &

10
20ml 12% NaOCl

" 120ml N NaOH &

30ml 12% NaOCl

120ml N NaOH &

. =202.07
-201.01
-202.53

;201;oé
-206.08 -
-204.60
-209.72

.208.95
-208.19

-203.50

20ml 12% NaOCl

Enthalpy of hydrolysis of Rer(g)=1204;76z3.2kpal.mol-l
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0H-(aq), ReOZ(aq), P (aq), C1-(aq) ;nd HEO(liq) (Table
2.4.2(b)) and the measured enthélpy of hydrolysis, the-
standard enthalpy of formatioq of gasedus rhenium hexafluo=-
ride is calculated to be -322.6 £3,2kcal mol l.

When Ruff and co-workers first investigated rhenium
hexafluoride5’19’36they obtaineq‘a value of -275kcal mol~%
for the enthalpy of fo?mation of gaseous rhenium hexafluor;m:
ides. However, ﬁalm and Séliglesuggest that, judging by
vapour pressure data, Ruffs material contained a conside-
rable - amount of rhenium heptafluoride. The material used

in this thesis was shown to be pure by analysismThug it is

concluded that the new value quofed here is correct.

:2.5.3. Osmium Hexafluoride.

The enthalpy of oxidgtive hydr@lysis of gaseous osmium
hexafluoride (prepared and purified as described in Section
5.2.1.) has been measﬁred using fhe.uéual calorimefric pro-
cedure (Section é.B). The calorimetric measurements were
 carried out on eight‘samples (from three separate preparat:
ions) of gaseous osmium hexafluoride, each being hydrolysed
in en excess of & solution of sodium hydroxide (:N ) and
sodiwm hypochiori%e (~1.5 to 2.5%). The seven c;gzistent
values obtained (Table 2.5.3.)_ga§e & value of =97.5+ 4.3
kcal mol-1 for the enthalpy of oxidétive hydrolysis of gas-
eous osmium hexafluofide.

In order to estimate the standaxd enthalpy of formation

of osmium hexafluoride it is necessary to assume that the

hydrolysis ﬂroceeds'according to the equation:-
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34.

osmium hexafluoride.

Enfhalp& of hydrolysis of gaseous

Sample

Set Mass of Hydrolysing - Enthalpy of
Nq. Noe. sampie(g) Agents : Hydrplysis(kcal mol-l)
1 2 .| 0.0255 130ml N NaOH & .=106.80
: S 10
20ml 12% NaOCl
1 3 0.0499 120ml1 N NaOH & -97.80
' . 10
30ml 12% NaOCl
2 1 0.0392 : -96.13
’ "
2 2 0.0392 . =94.58
’ " .
2 3 0,0260 -95.12
. n
3 1 0.0192 -99.10
- ‘ "
3 2 0.0439 . -92.90
Enthalpy of hydrolysis of 0:3F6(g)-.-.-97.5t4.3kca.1.mcl-l
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OSFG(g)' + gcl'(aq) + 60H'(aq)—>0so4(aq) + 6F (aq) 4~Cl (aq)
’ - - + 3E,0(1iq)
Thén using the known standard enthaipies»of'formation of
OCl'(aq),.OH;(aq), 0504(aq), F (aq), C1 (ag) and Hzo(liq)
(Table 2. 4 2(b)) and the measured enthalpy of hydrolysis,
standard
theAentha}py of formation of gaseous»osmlum hexafluoride
is estimated to be =358.84 4.3kecal mol-l. However, this
enthalpy of‘formationfwill be incobrecf since a certain am-
ount of the stable species Ong-(aq) will also be formed in

the hydrolysis.4'

2.6. Enthalpies of Formation of Pentafluorides.

2.6, l. Enthalpy of Formatlon of Tungsten Pentafluoride.
The enthalpy of oxidative hydroly51s of solid tungsten

pentafluoride (prepared and analysed as deSOr;bed in
Sections 5.2.3 and 5.3) has been:.measured using the usual
caiorimetric procedure (Section 2.5). The calorimetric
measurements were carried out on four samples of solid tun--
:gsten pentafluorlde, each being hydrolysed in an excess of
a solutlon of sodium hydroxide (0.1N or 1N) and sodium
)  hypoch1orite (ﬂvl.jltp 2%) The four consistent values obta-

:ined (Table é.é.l)“éave_é?value of -165.9%3.5 keal moJ,."'1 ,
for the enthalpy of oxidative hydrolysis.of solid tungsten
'-pentafluoride.
. ‘The oxidative hydrolysis proceeds according to the
| equatlon.-A |
WF5( s) 4—1001 (aq) =+ 70H (aq)-+>wo “(aq) + 5F (aq)

+ %017 (aq) + 7/2520(1iq)
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JTABLE 2.6.1

Enthalpy of hydrolysis of solid tungsten pentafluoride.

Set|Sample|Mass of Hydrolysing Enthalpy of
No. No; sample(g)| Agents . hjdrolysis(kcal mol 1)
1 1 o.2671k 70ml N KaOH, | '
30ml 10% NaOCL & -170.48
. |s0m1 0. '
2o | 1 |o.0872  |130m & ¥a0E, & . -160.72

20ml 10% NaOCl
2 2 0.1762 120ml N NaOH & T =166.22
30ml 10% NaOL1l

2 3 |0.2039 |120ml N NaOH & | = -166.18 -

30ml 10% NaOCl

Enthalpy of hydrolysis of WP (solid)z-165.9%3.5 kcal, mol ™1
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Using the standard enthalpies of formation of 0c1 (aq),
0" (aq), Woi'(aq), P~ (aq), c1*(aq) and H,0 (1iq).(Table
2.4.2(b)) and the measured enthalpy of'hydrolysis; the
standard enthalpy of formation of solid tungéten~pentafluo-
rlde is calculated to be =-349.9%* 3.5kcal mol -1, This value
is in agreement with the value, of 346.1::5 g kecal mol'l,

which has previously been obtained by Schr¥der and Sieben28

using fluorine bomb calorimetry.

236.?. Enthalpy of Formation of Molybdenum Pentafluoride:
- The enthalpy of oxidative hydrolysis of solid molybd-
~enum pentafluorlde (prepared, purified and analyséd-as.in
Sectlons 5.2. 4(&) and 5, 3 ) has been measured u31ng the us-
.ual calorlmetrlc procedure (Sectlon 2.3).
The calorimetric measurements were carried out on six
samples of solid molybdenum pentafluorlde, each being
hydrolysed in an excess of a solution of sodium hydrox1de
(0.1N or 1N) and sodium hypochlorite (~1.5 to 2.5%). The
six gonsistent values oﬁtgined (Table 2.6.2) gave a value
of -165.45*1.3kcal mol™! for the enthalpy of oxidative
hydrolysis of solid molybdenum pentafluoride.
. The oxidatife ﬁydrolysis proceeds according to the
equation:- .
MoF (s) ~ 3017 (aq) + TOH (aq)-e>Mooi (aq) =+ 5F (aq)
| + £017(aq) 4 7/28,0(1iq)
Then,usiﬂé the standard enthalpies of formation of OCl (aq),
OH'(aq); MoOi-(aq), F (aq), €17 (aq) and H,0(1liq) (Table
2.4.2(b))and the measured enthalpy of oxidative hydrolysis,
the sfandard enthalpy of formation of solid molybdenum pent-

afluoride is calculated to be -331.42:£1.3kca1 mol'l,
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TABLE 2.6.2_

‘Enthalpy of hydrolysis of solid molybdenum pentafluoride.

Set [Sample [Mass of Hydrolysing Enthalpy of
No. | No. |sample(g)| Agents | hydrolysis(kcal mol~1)
1 1 [0.2657 |120ml N NaGH & -166.11 |

30ml 12% NaOCl

1 2 0.2125 , _ -167.31
: ",

1 3 0.1857 ' : =166 .55
. "

1 4 0.1829 . -164.90

1 5 0.1109 {130ml N NaOH & -164.16
10

‘ 20ml 12% NaOCl
1 | 6 0.2195 120ml ¥ NaOH & |- -163.74
30ml 12% NaOCl /

Enthalpy of hydrolysis of MoFg(solid)?-165.4¢%1.3kcal. mol ™l
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2.7. Enthalpies pf Formation of Oxytetrafluorides.

2.7.1. Enthalpy of Pormation of Tﬁngsten Oxytetra~-
. fluoride.
The enthalpy of hydrolysis of solid fhngéten oxytetra-
fluoride (prepared, pﬁrified and analysed as described in
Sections 5.2.5 and 5.3.) has Been measured usihg.the usual.
calorimetgic procedure (Section 2.3.). The calorimetric .
measurements were carried out on eleven samples (from five
separate preparations) of solid tungsten oxytetrafluoride,
each being hydrolysed in an excess of a solution’of sodium
hydroxide (0.1N or 1N). The ten consistent values obtained -

1 for

(Table 2.7.1.) gave a vaiue of —91.731 2.2kcal mol”
the enthalpy of hydrqusis of solid tungéten oxytetrafluoride.
The hydrolysis proceeds thus:
w0F4(s_)+6OH'(aq)~>'wo§r‘(aq) + 47 (aq) + 3E0(1liq)

Using the standard enthalpies oﬁ‘formapion of 0H (aq),
Woz_(aq), P~ (aq) andAHzo(liq)-(iabie-2.4.2(b)) and the
measured enthalpy of hydrolysis, the standard enthalpy of -
' formation of solid tungsten oxytetrafluoride is calculated
to be -358.5%2.2kcal mol-l.

The standard enthalpy of Sublimation:of tungéten
oxytefrafluofide has been estimated37, from fapogr pressure
 defe;mipations, to be 16.49kcal mol-1 and the structure of
- 'the gasééﬁs tungsten oxytetrafluoride has been shown, by

38-41

’in:ra-red‘studies, 10 .be monomeric . Therefore; the
‘énthalpy of fé;mation of gaseous'monomeric tungsten oxytet-

rafluoride is estimated to be ¥342,0i{2.2kca1_m01-1. The

P Y
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TABLE 2.7.1

En%halpx of hydrolysis of solid tungsten oxytetrafluoride

Set |[Sample| Mass of Hydrolysiné Enthalpy of
No.| No. |sample(g)| Agent ‘ hydrol&sis(kcal mol';)
1 2  |0.1045 150ml N NaOH - =90.36
1 {3 - |o.0707 o -94.78
2 |3 0.0877 " ' -88.20
3 |2 |o0.0840 " | -88.86
4 |1 0.3071 150m1 N NaOH -92.38
4 |2 0.2237  |150ml N NaoOE © -91.30
14 | 3 _0.2_488 : "1 -94.12
5 1 0.1224 n | “93.25
5 |2 0.1477 .o . -90.24
5 |3 0.1914 " -93.80

Enthalpy of hyd?olysis of W0F4(s§lid)=-91.7332.2kcg1.m01'1
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- standard enthalpy of formation of gaseous monomeric tungsten

oxytetrafluoride has previously been estimated, from mass
. : 1 15

spectrometrio studies, to be =316 210koal mol”
42

wgrkers had previously reported a standard enthalpy of for-

« These

mation of gaseous tungsten oxytetrafluoride of -338.4%t6

keal mol~l.-

2.7.2. Enthalpy of Formation of Molybdenuvaxytetra-
, fluofide.

The enthélpy of hydralysis of s0lid molybdenum oxy-
tetrafluoride (prepared,purifiéd and analysed‘as described
in Sections 5.2.5 and 5.3) has been measured using the usual
calorimetric procedure (Section 2.3). Thé calorimetric
measurements were carried out on four samples (from two
separate prepafﬁtioné)of solid molybdenum oxytetrafluoride,
each being hydrolysed in an excess of a solution of sodium
hydroxide (0.1N). The four consistent values.obtained (Table
2.7.2) gave a value of -101.6 +1.2kcal mol=Y for the enthalpy
of hydrolysis of solid molybdenum ogytetrafluor{de. The o
lhydrolysis proceeds according to the equation:-

M00F4(s) + GOHTaq)-—>Mooi’(aq) + 4F (aq) +ﬂ3320(1iq)

Using the standard enthalpies of formation of OH (aq),

<M002-(aq), P”(aq) and Hy0(liq) (Tadle 2.4.2(b)) and the
measured enthalpy of hydrolysis;'the standard enthalpy of
- formation of solid molybdenum oxytetrafluoride ig calcul-

ated to be -329.8*1.2kcal mol'l.
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TABLE 2:¢T7.2,

Enthalpy of hydrolysis of solid molybdenum oxytetrafluoride

Set |Sample| Mass of Hydrolysing Enthalpy of

No. |No. sample(g)| Agent | hydrolysis(kcél mol™t) _
1 1 0.0399 150ml N NaOH -99.85 |

1 2 0.0397 TP =101.83

1 3 0-0276 u -103.09

2 |3 0.0325 w o ‘ -101.48

v

Enthalpy of hydrolysis of M00F4(solid)=-101.5521.2kca1.mol'l

S e e e 4 n 04 i
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2.8. Enthalpies of Fsrmation of some Salts of Hexahalides.
. 2.8.1., Enthalpy of Formation of Pofassium’hexaflu-
- orotungstate (V).

The enthalpy of oxidative hydrolysié of solid potass-
ium hexaflﬁorotungstate(V) (prepared and analysed as desc-
ribed in Sections 5.2.6 and 5.3) has been measured using
the usual calorimetric procedure (section 2.3.). The
caldrimetric measurements were carried out on sixvsamples
(from three sepafate preparations) of solid potassium
hexafluorotungstate(v), each being hydrolysed ih an excess
of a solution of sodium hydroxide (0.1N) and sodium hypochl-
orite (~1.5to0 2.5%). The six consistent values obtained
(Table 2.8.1) gave’a value of 123.6:t2.6kca1:mol"1 for the
éhthalpy of oxidative hydrolysis. The hydrolysis proceeds
according to the equation:- »

KWF(s) + z0C17(aq) + 70H'(aq)—> K+(_aq§ -+ _Woi'(aq) |

| 1017(aq) + 6F=(aq) + 7/26,0(1iq)
Using the standard enthalpies of formation' of 0Cl™(aq),
0B (aq), k*(aq), Woi-(aq), c17(aq), F~(aq) and H,0(liq)
(Table 2.4.2(b)) and the measured enthalpy of oxidative
hydrolysis, the standard enthalpy of formation of s&lid
potassium hexafluorotungstate(V) tiﬁ calculated to be

-532,0 *2,6kecal mol~L,

2.8.2. Enthalpy of Fo}mation of Potassiuh Hexafluoro-
| molybdate(V).
-The enthalpy of oxidative hydrolysis of solid potassium
hexéfiuoromquhdate(v) (prepared and analysed éé described
"in Sections 5,2.6 and 5.3) has been measured.usingrthe | |



TABLE 2.8.1
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Enthalpy of hydrolysis of solid potassium hexafluoro=

tungsfate (v).

Set |Sample| Mass of Hydrolysing Enthalpy pf
No. | No. samp}e(g) Agents hydrolysis(keal mol-l)
2 2 |0.0544 |130ml N NaOH & "=120.34
. ~ |20m1 fg% Na0Cl ¥
4 1 |0.0455 ; | -125.94
4 2 |0.0592 ) -125.88
4 5 |0.0960 |120ml N NaOH & -126.82
30ml ;g% ﬁaQCl '
5 1. |0.0829  [130ml ﬁ';ﬂadﬂ'& -121.71
20ml fg% Naoc1 -
2 3 0.0967 ) -120.90

Enthalpy of hydrolysis of'KWF6(8°1id);~123-61296k0&1-mol-;

7/

T ITEer r——



TABLE 2.8.2
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hexafluoromolybdate(V).

Enthal py of~hydr61ysis Sf s0lid potassium

Set Sampie Mass of |Hydrolysing Enthalpy of
"|Nos| No. |sample(g)| Agents ﬁydrolysis(kéal mo1~1)
1 | 1 |0.0879 130m1 N NaOH & -141.03
. 20ml fg% NaOCl
1 3'1 0.1041 120ml’ N NaOH & -144.31
L 30ml 125 NaOCl
3 | o1 o.0765 | 130ml N NeoH & -146.45
o E o 20m1 fg% Na0 C1
3 2 |0.0799 125ml N NaOH & -141.88
| 25ml fg% Na0Cl
3 3 |0.1165 120ml N NaOH & -145.60
) 30ml. 12% NaOCl
3 4 [0.0662 | 130ml N NaOE & -142.65
| 20m1 fg% NaOCl
3 5 0.1153 120ml N NaOH & -142.26

20ml 12% NaOCl

Enthalpy of hydrolysis of KMoFé(solid)=fl43.45:1.9kcél mol -1

, .
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usual éalorimetric procedure (Section 2.3). The’célorimetric
measurementsvweré carried out on nine samples &rbm three
Separate_preparations) of solid potassium hexafluoromolybd-
ate(V), each being hydrolysed in an excess of solution of
sodium hydroxide (0.1F or 1N) and sodium hypochlorite (~1.5
to 2.5%){ The seven consistent values obtained (Table 2.8.?)

-1

ga#e a yalﬁg of =143%3.4_*1.9kcal mol ,for‘the enthalpy of /

5
oxidative hydrolysis. The hydrolysis_procegds according to
the equation:- ' | |

KMoFGA(S) +-;l"001..'(aq)‘+ 705~ (aq) —> X *(aq) + Modi"(aq) |
, .+ #C17(aq) + 6F (aq) + 7/2 H,0 (lliq)
‘Uping the standard enthalpies of formation of 0C17(ag),
0™ (2q), K*(aq), M0027(aq), €17(aq), P7(aq) and E,0(11iq)
(Table 2.4.2(b)) and the measuredventhalpy of oxidativé
hydrolysis, the_étandard enthalpy of formation.of’solid
potassium hexafluoromolybdate(V):xis‘calculated to be
-493.25 1. 9kcal mol~1L, ‘ |

2.8.3. Enthalpy of Formation of Potassium f
‘Hexachlorotungstate (IV).

The enthalpy of oxidative hydrolysis of solid potaséium
hexaéhlorotungstate(IV) (prepared as described in Section
5/2.7) has been measured using the.usﬁal calorimetric pro-
cedure. The calorimetric meésurements were cérried out on
six sampies (froﬁ two separate preparations)»of.solid
potaséium hexachlorotuﬁgstate(IV), each being hydrolysed in
an excess of a solution of sodium hydroxide (N) and sodium

hypochlorite(ﬁv1.4%). The six consistent values obtained

(Tadvle 2.8.};) gave a value of -176.4%1.8kcal molfl for the
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TABLE '2.8.3

Enthglpy of.hjdrolysi@ of so0lid potassium

hexachlorotungstate(IV).

Set |Sample|Mass of Hydrolysing ; Enthabﬁy of
No. | No. - |sample(g)| Agents. hydrolysis(kcal mol-l)

1 1. |0.0786 120ml N NaOH & -176 .55
20ml 10% NaOCl

1 | 2 |0.0934 S | -174.05
H 5 lo.0973 " -173.85
2 | 1 lo.sess " -178.10
2 | 2 |o.ss98 " -178.55

2 3 |0.4280 o -177.20

Enthalpy of hydrolysis of K2w016(solid)=-176.4z1.ekcal.mol‘l

‘Footnote.
~'Measuréments made by undergraduate students as part

of a supervised prdject.‘
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enthalpy of oxidative hydrolysis. The hydroiysisiproceeds
according to the equation :- '
ALY (s) + 001~ (aq)-+ 605" (aq) —> 2K (aq)+W02 (aq)
| + 7C17(ag) +_3520(liq)

Using the standard enthalpies of formation of OCI’(aé),.
0E"(aq), K (aq), Woi-(aq), c17(aq) and HQO(liq)l(Tgble .
2}4.2(b))}dnd the measured enthalpy of oxidative hydrolysis;
the standard enthalpy of formatioﬂ of potassiumrhexachloro-'
tungstate(IV) is calculated to be -329.9%1.8 kcal mol~L,

The enthalpy of form4t10n has recently been determlned43

via the enthalpy .of combustion; to be 324.8:!6.3 kcal mol 1‘

2.9, Trends in the Enthalpies of Formation and the

Bond Strengths of Binary Metal Halides.

2.9.1. Trends in the Enthalpies of Formation.

Table 2. 9 1. shows the measured enthalples of formation
of the fluorides and chlorides of the second and thlrd row
'tfansifion elements in their +5 and +6-oxidation gtates.>
Thé'graphs of thé enthalpy of formation against molecular
weight (Graphs 2,9,1(a) to (c¢)) clearly show the general
1frend of a decreasing enthalpy of formatioﬂ+with‘increasing

molecular weight for each type of compound.
‘mole . .

From the graphs it is possible to make rough estimates

of some unknown enthalpies of fqrmatioh: [kH}(TcF5(s)g!

-260kcal mol™t; and AHEg(0sFg(g) = -190keal mol .

Footnote # : :
decreasing magnltude of the negatlve enthalpies of

formation.
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2.9.2. TUse of Bond Strengths.

ol

(a) Inadequacies of compérisons of enthalpies of formation
. The énthglpy of formafion of a compound is defined as the

energy absorbed when the'compoﬁnd in its standard state is
formed from its elements in their sténdard states. In the
case of the transition ﬁetal fluorides and chlorides, the
enthalpy of formation is the energy absorbed in the reaction:-

M(s) + QXQ(g)-%FMXn(gas ;r,solid) .
Therefore, a ibmparisbn of the'enthalpies of formation does
not‘take_into account changes in the lattice energy of the
metal, the_dissociation energy of the halogen or fhe state of
the halide. A better comparison with therﬁal stabilities and
~ c¢chemical reactivities can be obtained by considering either
the enthalpy of reaction Mxh(g)fé-M(g) + nX(g) (called ‘the.
enthalpy of atomisation) or the'average metal 'halide bond
~strength in the compound.

(b) Definition and derivation of bond strength.
Bond étrength is défined aé the enfhélpy changé gssociafed
with the reaction in which one mol. of the bond is homolyti-
call&-bnoken?fthe-reactants,and products being in the ideal
agas-st%}e at 25°C and i atmosphere pressure. |
:" -qu;a compound, MXn, the average metal halide bond
strength, Z&H(M#X),is derived from the thermochemical cycles
(Figure 2.9.24). Whefg the enthalpy of formation of the gaseous
mefal halidggis known,‘the average metal halide bond strength,

obtained using cycle (a), is given b&:-

Footnote. -

4 Gives positive bond strengths to ‘stable bonds
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D E(M-X) = AHS & nAH']),AH}.ggas) Eq. 2.9.2(a).

n

Figure 2.9.2. - Bond Strengths fromhthermoéhemical_Cyclqg.

(a) for gaseous metal halides.

nAH(M-x) .
¥(g) + nX(g) «— mx (g) . cvol
AF's T TnA HD . j AHf(gas) ,

M(s) + %Xg(g)

at 298K

(b) for solid metal halides.

n AE(M-X)
"M(g) +nx(g)  <«—— Mx,{g)
AE AE? ! '
Hs nAHp . AHsub(uX,)
M(sM nXo(g) —— > (MX_):(s0lid)
. > n’'x -
'Z}H;(sqlid)
cycle (b) " at 298K
Where _
. . , ,
\HBs is the enthalpy of sublimation of the metal (and
is equal to the enthalpy of formation of the

gaseous metal) .

* DEHS is the enthalpy of formation'of one halogen atom

. U i

(or half the dissociation energy of one halogen
molecule)
[&Hf(gas) is the enthalpy of formatlon of the gaseous

metal halide. °
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AEy(solid) is the enthalpy of formation of the solid
' metal halide. |
ZSHsub(MXﬁ) is the enthalpy of sublimation of the metal
' R " halide (including, if necessary,ithe diss-

ociation to the monomeric vapour)

When the enthalpy of the solid metal halide is known,

the average metal halogen bond strength, obtained using

cycle(b), is given by:-

NE(M-X). - AH§+nAH§ —‘AH;(soiid)-AHfsub(hmx;\') Eq 2.9.2(b)

n

v
p

\

- 2.9.3. Trends in.the‘Bond Strengths of Metai Halides.

(a) Bond Strengths in Hexahalides.

Values of‘the average metal halogeﬁ bond strengths in
the metal hexahalides ha&e been}calculatéd using equation
2.9;2(a) and the data shown -in ‘Tables 2.9.1 (enfhalpies of
4£ormatidn Af the gaseous hexahalides), 2,9.3(a).(enthalpiéé
of formation of the gaseous atomic halogené) ahd_2.9.3(b)
(enthalpies of formakion of the metals in their gaseous states).
 Th9 metal-halogen bond strengths of;the hexahalides are given
in Table 2.9.3(d).

(v) Bond'Strengfhs in Pentahalides;v

Values of the average me}al-halogen bond streng%hs.in,
the metal pentahalidés‘have been calculéted'using equation
.2.9.2(b). The data shewn in the Tables 2.9.1, 2.9.3(a) and
y2.9;3(b)‘héye been used directi&.

However, equation 2.9.2(b) requires the use, of the

-
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nalide
enthalpy of sublimation giving the,monomerichvapour at 298K,

In the case .of the pentachlorides, the measured enthalpies of
'éubljmation (Table 2.9.3(0)) are known to refer to sublimation

to the monomers. Since all these known enthalpies of sublima-

-1

tion of the pentachiorides are A20kcalmol™", the unknown

enthélpies of the sublimation of pentachlorideshave been tgken

as 20kcal mol=l, i
In the cése of tungsten pentafludride; Schréder hds

yshownAthat his enthalpy of sublimation (23.4kcal mél-l)s is.

for the reaction (WF5)4(solid)->(WF5)4(Vapour). Howéver,

he has also estimated the enthalpy of sublimation to the

1 28. Junkins et 218!

monomeric vapour to be 16 * 2kcal mol~
have estimated the enthalpy of sublimation of niobium penta~
fluoride;tofbé;22;4kcal}molfls~This=isiaséumed to refer to
sublimatioﬁ to'fhe monomer. The unknown enthalpieé df.subii—
mation of the pentafluorides'(MFﬁ(s)-aMF5(monomeric vapour))

- have been taken as 20kcal mol-l,’

The calculated metal-halogen bond stfengths'are shown in

Table 2.9.3(d) and on Graphs 2.9.3. (&) to (e¢)

(¢) Trends in the Bond Strengths.

‘The‘gréphs (2.9.3 (a) to (¢) ) clearly show the
decreasing bond strength{in a particular compound type) with
‘increasing molecular weight, It was,s;ggested earlier (Section
42.9.2) thaf'the_variatidn in the bond strengfh gives a better
indication of thermal-étability and chemical reactivity
trends within a series of compounds fﬁan do the vafiations in

the.enthalpies of formation.



60.

Table 2,9{j(al - Enthalpies of Formation of the Halogens and

Oxygen in the Gaseous Atomic State.

Species| Enthalpy of formation Source " | Ref.
° -
AHf298(kcal mol 1) |
F(gas) | .. " 18.88 NBS Tech. Note 270-3(1968) |29-
Cl(gas) 29.082 ' wooo "
Br(gas) ' 26.741 . " : . .
I (gas)| 25.535 L : n
0 (gas) 59.553 - "o o "
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Table 2.9.3%(b) - Enthalpiesof Formation of some Transition

Metals in the Gaseous Stete (from N.B.S.

Technital Notes).

Metal Enthalpy of formation Source* ‘ Ref.
Species AH;298(kca1 mo1l-1)

Nb(gas) 173.5 | NBS Tech Note 270-5(1971) 55
Mo(gas) 157.3% NBS Tech Note'27044(i969) 31
Tc(gas) 162 ; " "
Ru(gas) 153.6 " "
Rh(gas) 133.1 " "
Pd(gas) 90. 4 " "
Ta(gas) 186.9 NBS Tech Note 270-5(1971) | 52
W(gas) 20%.0 NBS Tech Note 270-4(1969) | 31 -
Re(gas) 184.0 o | "
0s(gas) 189.0 ; " "
Ir(gas) 159.0 : " "
Pt (gas) 135.1 " M

- % In general there are several similer values for each of

these enthalpies. The values from the Nu#éB.S. Technical Notes

have been used throughout for consistency. A good review of

the thermochemistry of the platinum group of metals is given

by Gbldberg and Hepler

review and N.B.S. Tech, Note 270-4.

62

. Close agreement exists between this'
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Table 2.9.3(c) ~ Known Enthalpies of Sublimation of Metal

Pentahalides. |

- -

Halide|Enthalpy of sublimation¢. . Source - Ref.

. -1
ZSngb298 (kcal mol )

NbFg 23.0 (22.4 at M.Pt) Junkins et al (1952) 61

corrected by Kubaschewski

et al (1967) 34
NbClg | 22.42%0.06 Keneshea et al (1968) 63
MoCl5 1858 : Saeki & Matsuzaki(1965) &| 64

JANAF Thermochemical 45

Tables (1971)

TaCl 21.63 Saeki et al (1968) 65
~23,4% Schroder and Grewe (1970)| 6
WFg + . _
i~16 | Schr8der and Sieben(1970)| 28
WClg 24 Shchukarev et al (1959) &| 66
‘ JANAF Thermochemical 45
rables(1971)

% 23.4 kcal per mole of tetrameric'vapour formed !

4+ 16 . keal per mole of monomeric vafour forme&

4+ The enthalpies of sublimation of the pentachlorides shown
are known to refer to sublimation'to the mon&mer. NbFé

ils assumed to refer to sublimation to the monomer. 3
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Table 2.9.3(d) - Bond Strensths in Halides.

Helide Type|Transition|Halide| Calculated Ave. Metal=Halogen
| Series Bond Strength(kcal moItbond™t)
Hexafluoride 2nd Row |loF —107.15
WF6 121.3%
3rd Row ReF6 ) 103.3
IrF6 67.05
Hexachloride 3rd Row |WClg 82.58
‘\bF l 06
FoT, 35
2nd Row MoFS 112.6 .
Pentafluori- RulF 88.3
de 3rd Row TaF5 143.26
WEF 125.
5 5.5
2nd Row NbCl5 97.43%
MoCl5 ,82.0
Pentachlor- 'l’aCl5 10%.18
ide 3rd Row WCl5 -89.4
ReClg 79.08 -
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(d) A Previous Demonstration of Bond Strength Trends.

In their review article, Canfgrford, Colton and
O'ﬁonnell11 have suggested that the alé(ﬁg)‘mode of.the
vébour phase - . spectrum of an hexafluoride may be
taken asva measure of the bond strength éince it isicompletely
symmetriéal vibration which does no% change.the‘symmetry of
the molecule or involve any movement of the central atom.
Graphs of the'aié frequencies against molecular weighf clearly -
_follow the decreasing bond strength with increasing molecular
weight for both transition. series.:{fable 2.9.3(e) shoﬁs‘

,

data on the third row hexafluorides).

(e) ‘Explanation of Bond Strength Trends.

" The decreasing bond strenéthfalong a series (for a
particular compound type) can be explained by a co#sideration
of the molecular orbitals in that compound. The 2nd row hexa-
fluorides are éonsidered in detail.

In a simple 9 bonding treatment of a hexafluoride, kﬁé
molecular orbitals are made up as shown in Figure 2.9.3(a).
The. oy, , GOpyy and Ge, ore bonding orbitals, the t,, are
hon-bonding’orbitals and the'CE;f, GZZ:" and G;;z“ are
anti-bonding orbitals.

Each of the six available ligand <T‘orbitals‘containé dne'
éléctron. Since the 6utervatomic strucéure of ‘molybdenum is 
‘531'4d5, there are twelve electrons electrpns available for
the ﬁr‘brbitals of-MoFs. Therefore, only the 6 U bonding
orbitals.will be filled. Pfoceeding aiqng thé period (to TcFé,-
RuFg; RhF, and PdF6) electrohg'are added to the tog non-bond-
'ing orbitals.and the number of U Dbonding electrons is

unchanged.
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Table 2.9.3(e) 3rd Row Hexafluoride Bond Strengths and

8l g f\)y) vibrational frequencies.

Hexafluoride \)‘(alé) v.ibratic6>r71'i’ Bond Strength’
fréquency(cm'l) (kcal mol'lzbohd']f)
WF¢ ‘ ST71.0 . | 121.3
ReFg s 103.3
0sFg o 730.7
IrF, 701.7 . 67.0
. 656.4

j
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Figure 2.9.3(a). Molecular Orbitals in Metal Hexafluorides
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. ' However, there are two factors which do lead to' & decr-

éase in bonding along thé ?eriod:

1. The G ’orbitals in the hexafluoride are modifief¥ by

the TV type p orbitals of the fluorine ligands thust-

N

71—* (antibonding)

fully occupied
tog T type P
orbitals ‘ orbitals of

fluorine

Figure 2.9.3(b) TV bonding in MF .

In the case of MoFg the tzg orbitals are upoccupied 80 ;
that only the 7Tibonding molecular orbitalé are filled.
However, with TeFg, the i2g orﬁitals contain one electron,
which must occupy a -7V* an%ibonding orbital. Therefore,
the [\ bond stabilisation energy of TcFgs is decreased with
respect to MoF6.'Proceeding along the period (to Ru?G, RhF,
and PdF;) further electrons are added to the —R*antibonding
orbitals leading to a steady decrease in the " Bonding

character (and,therefore, in the overall bond strength).

2. The t, electrons are ineffective in their screening

2g .
of the nuclear charge. Therefore, along each Period the effe-
ctive nuclear charge of the metal increases. Consequently the

d orbitalgize and the d g bonding overlap in the hexafluori-

des.decrease along the period. (ie. a decrease in the O~ bond

'§=That fluorine to transition metal T\ bonding does occur has
68,69 - 19 ’
been demonstrated by Dyer & Ragsdale in a “F NMR study of

nitrogen base adducts of titanium tetrafluoride.

-



strength occurs). Although the decreasing size of the d

orbitals would ten& to caﬁse a'decrease-in the bond lengths,
.the hexafluoride bond lengths show no such trend. This is
probably due to the opposing bond,lengthéning effeét of the
loss of “N-bonding characte;.

Each of these factors causés a decrease in bond strengths
(in either |\ or Q “bonding) aiong the 2nd row transition ;
series of hexaefluorides and their combination should explain
the observed trends. Similar .argunents>¢an be used for %he
3rd row hexafluorides, the hexachloridés;and,with more

difficulty, for the pentahalides.

(£) Bond Strengths, Therrﬁal Stability and .Ch‘e'mica.l t
| Reactivity

Althbugh the énergy required to break the firét bond.
is usually the decisive factor in'thermal stability and
chemical reactivity, the averaééﬁbond strength gives an
indication of this ener¢y and,thérefore,of the thermal-
stability and.chemical‘reactivity. o

The steady decrease in bond strength with inéreasing
'ﬁolecular‘weighf for a particular compound type would,
;therefofe:be‘expected to lead to a steady decrease in thermal
stability and a steady increase in. chemical feéctivity.

In the case of the hexafluorides,:thé_thermél stabilities
of the less stable hexéfluorides aré.in the following order:.

RuFg > RhFg > (PdF6)*

& O0sFg > IrFg > PtFg as expected.

~

The review of Canterford, Colton and O'Donnell11

showed ®me correlation between the,ﬁbnd strengths (based on

g PdFg is unknown,
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infra-red frequencies) and the chemical reactivities of the
hexafluorides. More specifically the reactiohs considered (with
'NO, NOF and Xe) show toe oxidising power of the third row
hexafluorides to be in the order Pt¥g > IrF. > 05F ¢ 7 ReFg
> WFg as suggested by Bartlett’l., If these reactlons are
. stralghtforward electron transfer reactions with no unusual
kinetic effects then this order of reactivity would be
expected to be dependent on the electron affinity of the
hexafluoride rather than the bond strength, However, the
'explanationvyfor the difference in the reactivities of M0F6
andWFg with nitric oxide (see discussion ‘in Section 2.13)
considers the 1mportant mechanistic step in . preventing the
reaction of WF6 to be |

No(g)tMPg(g) — MFs(s)_+N0F(g)
This step is dependent on the first bond strehgtﬁ.-(or the
average bond strength - see above). Extrapolation to the_other
.fhexafluorides_suggests that the reactions of the.hexafiuorides
’with nitric oxide should show some dependence on bond strengths
end this ie reflected in the reactivities (see Tabie 2.9.3(f)
thich compares the bond strengthe of the hexafluorides'with

'the products of the nitric oxide reaction),

In the case of the pentafluorides thermal breakdown
'_occurs by disproportionation and is not completely dependent
on pentafluoride bond strength. In particular, tungsten

6.

pentafluoride is thermally very unstable with respect to
disproportionation. Canterford et'al11 have pﬁt the irregular
progression of pentafluorideqthermal stabilities down to the

three different structural types of the pentafluorides.
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With the pentachlorides, there is some correlation

between bond strengths and thermal stability. Only the

. pentachlorides of niobium,:tantalum, molybdenum, tungsten

and rheni.m are known. Niobium and tantalum pentachlorides

are thermally

stable whereas with molybdenum, tungdéten and

rhenium pentachlorides thermal breakdown occurs relatively

easily.

Table 2.9.3(f). A Comparison of Reactivity and Bond Strength

for 3rd Row Hexafluorides

"3rd Row Reaction'Producté*of the Hexa-} Bond Strengtﬁ
Hexafluoride fluoride with nitric oxide. - (kcal mol'lbpnd-l)
WFg no reaction 121.3
ReF, NOReF, 103,3
OsFg KO0 sF - .
IrFg . NOIrFyg &(NO)éIrF6 67.0
PtF NOPtFy &(10) Pt -

< -

*:see references 11 and 71 to' 74.

o
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2:9.4.. Oxidation of Pentahalides..

From known and estimated-enthalpies of formation of the
pentahalides ahd~hexahalidés, the enthalpies of oxidation
of the pentahalides (to the hexahalides) have been calculated

and are shown in Table 2.9.4.

The table showsthat the three pentafluorides. are readfly'
oxidised. The fact that tungsten pentafluoride is the most
readily oxidised has been used to explamin differénces in the

‘oxidising properties of the hexafluorides (Section 2.13),
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2.10. Tungsten and Molybdenum Oxyfluorides,

2.10,1 ‘Enﬁﬁalpies of Formation and Stabilitiaﬁ of

.Oxytetrafluorides.

The enthalpies of formation of solid tungsten oxytetra-
fluoride and soli§ molybdenum oxytetrafluoridevhave been
" measured (Section 2.7) as -358.5:1:2..2 and~329,8%*1.2 kcal n‘1‘~<‘>l"'1
respectively.' ' |

The enthalples of subllmatlon of tungsten and molybdenum
oxytetrafluorlde are 16.5 and 13.1 kcal mol~™ -1 respectlvely37
Since the vapours are monomeric3§ -4l the enthalpies of forma;
tion of gaseous’monomeric’tungsten Qxytetrafluoride and
" molybdenum oxytetrafluoride are =342 and -316.7 kcgl mol"1
iespectively. . |

The stability of an oxytetrafluoride may be discussed
with respect fo possible thermél’decomposition reactions.,

(a) Decomposition to the eléments.

Here the possible decomposition reactions ares-

. selid Décomposition (1) MOP,(s)-»>M(s)+ % 20, +2F, (&)

n
Gas phase Decomposition (ii)'MOF4(g)—§M(s)‘*gOQ(g)*j2F2(g)
' (1i1) 10F,(g)-9M(g) +0,(e) +2F5(e)

Using the known standard enthaipies of formation (Sectionl2.7)
and known (or estlmated) standard entroples45 the frée energ-
1es Z&G298, of these decomposition reactions have been calc-
'ulated (Table 2.10. l(a)) The largeﬂp051tlﬁe free energies
‘indicate that these decompbsitions will not occur.

(b) Decomposition to oxides and fluorides.

Here the';poéSible decomposition reactions aret-

Solid Decomposition (i) MOF4(S)-—>_1_M03(3')+ 2MFc(g)
‘ _ | A . 3 ‘
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Gas Phase D&composition (ii) MOF4(gY-§l Moé(s)-hg MF6(g)
‘ : 3 3

(i11) MOF,(g)-»1M03(g) +2MFg(e)
4 53 £""6

Again using standard enthalpies of formation (Section 2.7 &
2.5 andJANAF Thermochemical Tables45) end known (or estimated)

entropies, (Aﬁpendix?2 and JANAF Thermochemical Tables45) the

~

free energies,(&Gg98, of thése deéompositionﬂreactions have:

been calculated (Table 2.10.1(b)). The positive values obtained
indicate that these decompositionfreactioné will not occur |
at room temperaturé..

Becéuse tﬁe entropy change of the 8o0lid decompo'sition
reaction (i) isbfavourable to decomposition, increasing the
temperature will make this reaction less unfavourable. Above
a certain tindetermined temperature decomposition would be
expected tbvéccur. However, bath oxytetrafluorides melt and 
boil without decompositioh. The entfopy changes of the gaseous
decomposition reactions (ii)'andi(iii) are unfavourable to

) the R ;
decomposition., Therefore, increasinghtemperature,will make these

decomposgition reactions more unfavourable. N
(¢) Decomposition to other oxyfluorides.
Here two possible decompositions/ are:-

(1) MOF —>%M92F2f-2;MF6

4
4

The only thermochemical data available on the other .

- (ii) .MOF, ~» MOF, =+ F,
oxyflﬁorides are the enthalpies of fofmation of the gaséous
dioxydifluofides determined by Zmbov, Uy‘and Margravel5 by
mass spectrometric methods. Using these and other known entha-
lpies of formation (Section 2.7 and 2.5) the-énthalpies of the

decomposition _MOF4(5)->§MOQF2(g)*-%MFs(g) have been determined
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as +28.6kcal mol=€ for tungsten.and 4.7 kcalvmbl—l‘for
molybdénum. This suggests that, in the case of molybdenum,
.the_decomposition might occur. However, since the free energies
of the decomposiwiqn ha?e”not been considered (due ﬁo lack of =
data) and since tﬁe error in the enthalpy of formation of "
‘molybdenum dioxydifluoride is *10kcal mol~! this is not

conclusive.

2.10.2. Ceneral Stability of Tungsten and Molybdenum oxy-

fluorides.

Known thermochemical data (Table 2.10.2) have been used
to consiruct a:gréph (Graph 2.10.2) of enthalpy of formation
against number éf okygen atoms, for the series of gaseous
lspecies‘MOnEs_zﬁ(M-W'or Mo). The graph is an :‘excellent
illustration of the " subétitutipn principle"7which predicts
the existence of oxyﬁalides with}enthalpies of formation.
intermediate between the corresponding.binary oxid&{and
halides. The curving nature 6f the graph gives the stabiligy
of the ox&fluorides towards decomposition to the binary
oxidés and H&lidés;»Ffom the graph it appears that, in a
.con81deratlon of stablllty towards decomp081t10n, MoO Fz(g)

‘is more stable than MoOF (g) but WOF (g) is more stable than‘

WO,Fy(g) (see also‘prev1ous)8ection).
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Table 2,10.2 - Enthalpies of formation of gaseous oxides,

fluorides and oxyfluorides of tungssten and

molybdenum.

(a) Tungsten Compounds.

MéOB(g)

~86.2 JANAF Thermochemical Tables

-Species |Enthalpy of ) - Source Ref.
format ionAlyg
(kcal Qol'l)
WF6(g) -411.5 O'Hare and Hubbard 14
WOF4(g) =342.0 this thesis (Sections 271 & 210.L.)
W02F2(g) -215 Zmbov, Uy end Margrave ' 15
WOB(g) ~70 JANAF_Thermobhemica; Tables 45
(p) Molybdenum Compounds
Species | Enthalpy of . " Source Ref.
formation,AHjy :
(keal mol~=1) ) -
MoFg(g) ~372.% .. | Settle, Feder & Hubbard 27
MoOF, (&) ~316.7 this thesis (Section 2.10.1)
M002F2(é —268_ | Zmbov, Uy and Margrave 15
45




GRAPH 2.10.2. - Enthalpies of Formation of Gaseous Oxyfluorides,

>
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2.11, Electron Affinities of Hexahalides.

'2.11.1, Introduction to Elettron Affinities.

The electron affinity of an eleﬁent or compoun& is a
measuie of the ease with which that element or compound reacts
with an electron (or electron donor). It.isAdefined as the
energy given oﬂt when one g.atom of the‘eleﬁent (or ig.mole{
of the compound) reacts with an equivalent number of electrons
(at © K)?

Although the electron affinities of the elements are
fairly well documgnted, few electrén affinities of compounds
hgve been reportea; From the reactions of transition metal
'hexaflqog}des wifh oxidisable molecules sugh as 02,NO and

NO Bartiet£71 has made -qualitative estimates of the minimum

2’
values of the electron affinities of PtF6(156), IrFg(135),
OsF6(108), and.ReF6(90kcal mol-l) but so far these have not

been confirmed quantitatively.

Footnote ' o ‘.;
' Electron,affinities‘have been calculated from thermo-
chemical cycles at 298K. The enthalpy of the reaction,
Aleg)+ e>A"(g), at 298K, 25H298,is related to the electron

o 298
thus: AHQ% = AT, + o% A CpdT

“affinity at 0 X, -AU,,

By assuming heat capacities to be zero at 0 K, the heat
capacities of A(g) and A™(g) to be equal, and the heat capa-

city of a gaseous electron at 298K to be 5R, the expression

298=AU0 - ‘ERT or AUO-n ,AH298+1.5 ,kica.l_mol':l

.

becomes AH

Where two electrons are involved, ie. A(g)*—2e‘>A2-(g), the

éxp:jession’ becomes AHO—AH298 +3.0 kcal mol-l.- In the follow-

ing work electron affinities are quoted at 296K and O K.
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Electron affinities of WFc, MoFg, and WClg have now been
calculated from the enthalpies of formation of KWIFG,AKM&FFS,
2WZZCI6 end the hexshalides.
'2.11.2., Electron Affinit& of Tungsten Hexafluoridef
N in order to calculate the electron affinity of tungsten
hexafluoride we have pre#iously determined (Section 2.8.1. )
the enthalpy of formation of KWYF ¢(8) to be -532.0%2.6 kcal

-1

mol ~. The enthalpy of fo:mation of gaseous tungsten hexa-

fluoride has also been determined (Section 2.5.1.) to be
-411.8% 1.4 kcal mo1~L,

iKWEFé has a structure which is slightly distorted tetra-
gonel variant of the CsCl type76; the K-W distance, deduced

from the lattice constants, is 4.4043, from which a lattice

energy, U,,of 122.5 kcal mol™! has been calculated (assuming

an undistorted CsCIl structure) uéing the Born Mayer equatioﬁ'?8
(Equatlon 2.11. 2). The lattice enthalp% 43H298 qu-ZRT, is
123, 7 kecal mol” l e |
Ualng the method discussed by Waddlngton78 and the
approprlate ‘thermochemical cycle (Figure 2.11.2.), the
'elqctron affinity of‘gaseous tungsten hexafluoride has been
'vcaléulated_fo belil7.9i=4kcal mol'l»kat 0 K).
Footnotes o ‘ .
¥ We héve previously reported this work in the literéture77.

% This assumes that the lattice energy is independent of

fempératupe ie. U, =‘U298' In this and other latiice energy

equations London or Van der Vaal - forces and zérquoigt ‘energy

‘have been neglected.



85.
Bartlett's data suggest : & minimum value for the electron
affinity of tungsten hexafluoride of 75 - 80 kcal mol~t.
'This can be reconciled_with the'present estimate if allowance
is made for the probable exothermic nature of the gas react-

ions considered by Bartlett and the entropy changes in them.

Figure 2.11.2 - Thermochemical cycle (figures im keal mol™}

B IR

at 298 K)

AH . "t"....-b
() + Wrg(g) ——>K"(g) + F,(g)

4 )

122.9 ~ =411.8 | lattice enthalpy
, l : ', .‘ (-123.7) :
' Y
K(s)+ W(s)+ 3F,(g) —————> 'KWF_(s)
-532.0 6

'

at 298K,>electron affinity of WFG(g)==-AHE== 119.¢kca1 mol—l

at 0 K, electron affinity of WF6(g), - AU = -(ZSHEfl.S)‘

=117.9kcal mol”l, :

Equation 2.11.2 - Simple Born Mayer equation

;

fLatti_ce energy, .U(')-.-.— NMleze?(l -/_? )
, | | el o
" where - N is Avagadro's number

. M.is thé Madelung constant

Z) & Z, are the valencies of the ions |

.

e is the charge on the electron
nearest

rokis the distance between)Pplike ions.
... 0
f? is a constant (0.3454)
The value 'of the Madelung constant, M, for a'particular
_strucfural type has been taken from Table 11 of Waddingtonﬁ'

paper.
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2.11.3 .Electron Affinity of Molybdenum Hexafluoride

The enthalpies of formation of géséous molybdenum
uhexafiﬁoride and solid.KMdiFG have previously been determ;ned
(Sections 2.5.1 and 2.8.2) to be 5374.81 2.5 and -493;2:1:1..9_‘
kcal mol respectively. Like KW§F6 (and also KRer), KMo Fg
has the slightly distorted CsCl type of structure76; the B

K-Mo distance, deduced from the lattice constants, is 4.3753

from which a lattice enthaipy;£§H298 = Ub+—2RT, of 124}4v

-1 i , .
kcal mol has been calculated using the Born Mayer equation
‘ ‘ )
(Equation 2.11.2).
Using the same method as for tungsten hexafluoride (and the
_ thermochemical cycle shown in Figure 2.;1.3), the electron

affinity of gaseous molybdenum hexafluoride has been calcul-

ated to be 115.4+*4 kcal mol™l(at 0 K). . .

Figure 2.11.3 - Thermochemical cycle :(figures in kcal‘molflﬂk
at 298K). e f
+ . AH . -+ : - ~
K (g) + MoFg(g) E > K (g) + MoFg(g)
- A A E o |
+122.9 T | =374.8 - S lattice
enthalpy
~(U + 2RT)
SR AR C E7 9 B
- ~493.2 : —
K(s)fMo(s)+3F2(g) S KM0F6(s) Ty

at 298K, electron affinity of MoFS(g): - AHEgp =116.9kcal mol'l. |
" at 0.K, electron affinity of MoFs(g),‘-[§U°= f(IXHE4fl.S)

= 115.4 kcal mol™t,
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2.11.4 The First and Second Electron.Affinities of
Tungsten Bexachloride, |

The enthalpy of formation of KWYCI6(s)-from potassinom
chloride and tungsten pentachloridé has been determined by
Zaitseval to be -11,3%ckcal molfl. Using'the‘enthalpies'of
formation of potassium chloride and tungsten pentachlorlde45
the standard enthalpy of formation of KWCl,(s) has been
calculated to be -238.3 kcal mol™l: The enthalpy of formation |
of gaaeous tungsten hexachloride is -118.0 kcal mol~%,45

The lattice energy, U_, of KWClé(s) has been determlned,

: o’
| using Kapustlnskzrs equat10n78 80 (equatlon 2.11. 4) and
standard ionic radll, to be 94.6q‘kca1 mol 1, The lattice
centhalpy ,[§H298=,U + 2RT, of KWClg(s) is 95.85kca1'mol'

031ng the appropriate thermochemical cycle. (Figure 2.11.4

(a)), the first electron afflnlty of gaseous tungsten hexachl-

oride has been calculated to be 145.8 kcal mol” (at OK),

t

ZB 80

. Equatlon 2.11.4 - Kapustinskii equatioi for lattice energy.'

Lattice Enérgy, U, = 287.2\)ZIZ2 [1 -vg4§45‘] kcal mol~1
v : o '
: T

“where .i)'is the number of ions in the chemical molecule
:Zl & Z, .are the valencies of the ions .
nearest ,

end T is the distance between,unlike ions (and may

'be'replaced by T + ry, the sum of_the cationic x

L and anionic radii)
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Figure 2.,11.4(a) - Thermochemical cyclef (figures in kecal mol'lﬁ

[
A

| at 298K).

4 Alg + -

K (g) + WClg(g) ——> K (g) + Welg (&)

-/F- A | -

+122.9 =118.0 : . lattice enthalpy
—(U -+2RT)
| Vootese
- -238.3 T

K(s)+w(s)+301,(g) —— > KWClc(s)

ét;298K,first electron affinity of WCl6(g)== QAHE ="147.3%

kcal m‘ol'1

at 0 K,first eleatron affinity of WClg(g), - AU = -(AHg+1.5)
=145.8 kcal mol~L, | -
_ The enthalpy of formationvof K;WCI6(sy has previously
been determined (Sectlon 2.8.3) to be -329,94 1.8 kecal mol -1,
2WCl (s) hae a structure of the cubic K2Pt016 (antl

fluorite) type8 , the K - W distance, deduced from the lattice
A . , : . 3

parameters, is 4.2763 from which a lattice enthalpy'has been

calculated using the Born Mayef equation7B(Equation 2.11.2),

as -360.9kcal mol~L,

'Footnote - , L
The known enthalpies of formation have been tak'en from.
the JANAF Thermochemical Tables (1971)45. If the enthalpies of

formation (of WCl, andWCl.) are taken from the NBS Tech Kote

5
1 N
270/43- the- results are:

at 298K, first electron affinity of WClg(g), -[kHE==138.7
‘kcal mbl_l. » - |
at 0 K, first electron affinity of WClg(g), ‘ZSU0=:157'?

kcal mol 1
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Using the appropriate thermochemical cycle (Figure 2.11.4(b)),

the sum of the first and second electron affinities of gaseous
tungstén hexathloride has been calculated to beu93:é keal mol~l,

(at 0 K).

Pigure 2.11.4(b) = Thermochemical cycle (figures in kecal mol"1
" n at 298K) . ' "

+ AE '
2 (e) + Welg(e) —2E—>2k"(g) + we1Z™ (g)
5 . ./L ) L

+245.e‘ 3 -118.0 | "1attice enthalpy

~360.9-

. 2K(s)+w(s)*3012(g)_____;_4>K2w016(s)
. ‘ -529-9

at 298K, sum of first and second.eléctron affinities of WCl6(g)

= -AH2E=96."8-kcal rﬁol'l.

‘at 0 K, sum of first and second electron affinities of WCl6(g%
- AUO—_-. -(AHZE +3.0) = 93,8, kecal mol~t.”

Then we have : ’
. : o . ' s at 0 K at 298K
~.1l8t electron affinity of gaseous WCl6 145.8 =~ 147.3%

~2nd electron affinity of gaseous WClg -52.0 . «50.5

~

Sum of lst and 2nd electron affinities

. of gaseous WClg 93,8  -'96.8
. ’ ’ \ LA

i } &

- (figures in keal mql”l)
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2.12. TIon Affinities of Pentahalides.

2.12.1, Intfoduc%ion.to Ion Affinities.

The ion affinity Qflé compound is é measuré o£ the ease
with ﬁhich that compound reacts with the ion concerned. It is
~defined as‘the energy evolved when lg. mol of the compound
reécts with an equivalent quantit& of the ion.,

In %he case of an anion, the ion affinity is fhe heat%
ve&olved in the reaction A+B ™ —»AB~. Since this reaction is a
'Lewis acid/base reaction, fhe anion affiﬁity of A is g measure
of its Lewis acidity. | B

In this thesis halide ion affinities of pentahalides
*(particularly tungsten and‘molybdenuﬁ) have been considered.
The halidé ion affinity of a pentahalide might be useful in
such considerations as:

(i) The action of the pentahglide in the non‘aqueous
hydrogen halide solvent. For example, antimony and niobium

82,to act as

pentafluorides have been (qualitétively) sho wn
weak acids in anhydrous hydrogen fluoride thus

MF +-2HF-=9H2F+41MF6" with antimony pentafluoride being

>
the more acidic (better F~ acceptor)

(ii) The formation of inorganic salts eg. KMoFg & NOMoFg
(iii)'The formation of less common cations. For example,

antimony pentafluoride reacts with propyl, butyl and pentyl

fluorides forming Sng'and stable carboniumn ionssj.

"Foétnote

4 To be in line with electron affinities, ion affinities
:shoula be defined at 0 XK. However, here the cglculations have
been limitéd to 298K. Aé qith electron affinities, a° simnle
:con;ersiop to O K,iﬁvolviﬁg 5HT,"can be made (see footnote to

. : 2.. . ‘
Section 2.11.1). ‘ ‘ |
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2.12.2 Fluoride Jon Affinityiof Tungsten ?éntafiuoride.

The enthé}py of oxidation of solid tungsten penéafluoride
to the gaseous hexafluoride is -61.9kcal mo1~L. Thé'electron
affinify of gaseous tungsten hexafluoride is 119.4kcal mgl'lw

"(Section 2.11.2).Using these eﬁthdlpies and the enthalpy of
formation of F'(g)45, in the appropriate thermochemical cycle~
(Figure 2.12. 2), the fluorlde ion affinity of solid tungsten

pentafluorlde has been calculated to be 119, 1116kca1 mo1l-L,

Figure 2.12.2 - Thermochemlcal Cycle(figures in" kcal molq'at

-61.9 | 298K
WF (s)+ fpz(g)___——ﬁhWF6(g) %)

l—ez.z 51191@-- ;
WP, (8)+ P~ (g) ———>WF" (&)
lkHP .

Fluoride Ton affinity of WF5(8)=r}£3HF==119;1kcal mol-1.

2.12.3. Fluoride Ion Affinity of Molybdenum Pentafluoride.
The enthalpy of oxidation o? solid molybdenum penta-
- fluoride to the gaseous hexafluoride is 743.4kca1 mol'l
(Section 2;9.4).
The electron affinitj of gaseous molybdenum hexafluoride
.is 116.9kcal mol-l. Using the same method as with tungsten
 [pentaf1uoride (Section 2.12.2) and the.thermochemical cycle
shéwn in Figure 2.12. 3, the fluoride. ion affinity of solid

molybdenum pentafluorlde has been calculated to be 98 1 t6

kcal mol~ 1
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'Figure'2.;2.3 - Thermochemical Cycle (figures in kcal mol'l'at

298K)
L =43
MoFs(s)-P 3F,(g) —> MoFg(g)
-62.2 | | -11649
Aty 7
MoFg(s) + F~(g) —> MoFs"(g)

Fluoride Ion affinity of MoFS(s')—.- -AHp=98.1kcal mol™l,

~ 2.12.4. Chloride ion Affinity of Tunésten Pentachloride.
Using the enfhalpies of formation of Cl"(g), WCls(s)
end WCl.(g)%5and the first.slectron affimity of WClga (Section
2.11.4) in the thermochemical cycle (Figure 2.12.4), the chlo-
'ride'idn affinity of solid tungsten pentachloride has been

calculated to be 86.8 kcal mol'l.

Pigure 2.12.4 ~ Thermochemical C&cle (figures in kcal mol'1
| at 298K) |
wel (s) + #01,(g) - > wel, (g) .
5 v 2 e’ 6 ‘
-55.9 electron affinity
| -147.3
welg(s) + c17(e) ~Wcl 5 (g)
b DE

cl _
Chloride Ton Affinity of WOl (s) = - AH, =86.8kcal mo1~1,
| Several groups of workeré have ;hown that tungsten
pentachloride acts as a chloride ion acceptor, for example,
~ an examination -of the systems ﬁbCl.- WCl5 and’Csbl“;‘WCl5

has shown®4 the presence of RbWClg and CsWClg.
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'

Table 2.12.5. Summary Tables of Electron and ioh Affinities

ay_298K.

(a) Electron Affinities. -

Species |1lst electron éffinity 2ﬁd electron affinity
(kcal mol=1l) -  (keal mol-1)

M0F6(g) 116.9 +4 —

WFg(g) 115.4'i4 -

welg(eg) 147.3 | -50.5

(b) Ion Affinities..

Compound Ion Ion Affinity
species | (kcal mol=1)
MoFs(s) E-(g) | » 98.1‘16
WFs(s) - (g) 119.1.%6
W015(s) | c1 - (g) 86.8,




- 94.

2,13, Oxidation Reactions of Hexafluorides.j

2.13,1, Introduction,

Intérest in the oxidation reactions of hexafluorides stems
.mainly from theadisquery of the ionic dioxygenyl hexa-
flmoroplatgzésg,(v) (Oé’PtF6-).'In order that the oxidation
of molecular oxyggn (with an ionisation potential 1(02)¢281.
kcal mol'1)67' by platinurd hexafluoride, should ocecur
spontaneously, Bartlett7l has suggested, using a Born Haber
cycle, that the electron affinity of the hexafluoride must be
greater than 156kcal mol;l.vAfter the oxidation of'molecular
oxygen, attention was focused on the'possible oxidation of
xenon (with ionisation potential I(Xe) = 280 kcal mo1~1)87
and, as expected, the oxidation of xenon by platinum hexa-
fluoride occumed spontaneously at room temperatureee. The

products of this reaction-are XePtF. (formulated Xé‘PtFG‘)

and Xe(PtF6)2 (formulated XeF'PtéFil)-

2.13,2, AvComparison of the Oxidising Properties of Hexa~
.flﬁorides | |
‘(a) Periodic Trends in oxidising reactions of the
hexaflﬁoiides.

In a comparison of the hexafluorides only platinum,
iruthehium andcrhddium hexafluorides were found to be‘capable
;QfVoxidising.xenon. Nitrié oxide (with‘anlionisation potential
.I(No)-j213kca1 mol'l) and nitrosyl‘fluoride'héve also been
-ﬁsedlas the reducing agents in a comparisonvof the oiidising
pbwepAof the third row hexafluorides. The results, shown ini
.Tablé 2.13.2, suggést a smooth increase in the oxidising power

of the hexafluorides from WFg to PtF,.
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- From the reactivity of the hexafluorides with phosphorus
trifluoride, arsmic trifluoride and carbon disulphide,
Canterford et al 90 have suggested that rhenium hexafluoride

is a stronger oxidising agent than tungsten hexafluoride.

Table 2.13.2. Cxidation Produtts of the Third Transition

Series Hexafluorides.

3rd Row Reaction" Productd with j
Hexafluoride No . NOF Xe
WF¢ ‘|no reaction| NOWF, or (NO) ,WFg | no reaction
ReF6 NORéFs‘ (NO)QReFB : "
OsF6 | NOOsFg NOOsF7,&ANOOsF6 "
IrFg (NO),IrFg &| NOIrF, o
' NOIrFg
PtFg (N0) oPtFg & (NO)ZPt36_ &
’ NOPtF, - NOPt P Xe(Pt¥g)x
vFootnoteﬂqb

from references 11, 72-74, 88 and 89.

I
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(v) Oxidising properties and electron affinity predictions
(see also Section 2,11)
From the results in Table 2.13.2 and other similar

oxidation reactions, Bartiett71 made qualitative estimates

of the minimum value§+ of the electron affinities of PtF6
'.(156)’ IrF6(135), 0sFg(108) and ReF¢ (90kecal mol'l). As noted
earlier (Section 2.1}.2)'the trend of Bartletts date suggests
a minimum value for the electron affinity of WFg of 75 - 80

. kecal mol;l.' ‘ ~

" (¢) Oxidation mechanisms of hexafluorides (see also Section
2.13,3)
. Hexafluorides are reduced in tw6 possible ways (ie
MF + e —> MFg~ andMFg~> MF5

be considered in terms of both oxidation types and possible

+F) and individual oxidations must

reaction mechanisms. For example, from the actual value of the
electron affinity of tungéten‘he£afluoride (117 .9k cal mol—1 -
Section 2.11:2)'itlcan be shown that thé_reaction,

) w@6-f.ndf4f;> NO*WF6- hés a favourable enthalpy of reacfibn.
4Hoﬁevér, the mechanism for the nén reaction of nitric oxide
with tungsten heiafluoride is considered'(in Section 2.13.3)
‘to involve two stepé. (Step 1 WF6+JWP#$WF54-NOF, and Step 2

WF5+-N0F~>N0*@F6‘) with step 1 being unfavourable (ie it is

Footnote ¥

These values ignore entropy ghdnges in the oxidation o
.frgactions. The minimum value of each electron Affinity is
that value which would lead to a zero entha1§y for the most

difficglt oxidation which occurs.

Ty



97.

the lack of reduction of WFe to WF5 rather tﬁan ‘& low
electron affinitonf WF, which prevents the reactioh). It

can be éeen, therefore; that although the reaction of a.
hexafluoride wi;h nitric oxide can give & minimum value for

the electron affinity of the hexafluoride, the lack of reaction
cannot necessarily be used 'dn a consideration of this

electroh affinity.

(d) Reduction of hexafluorides to pentafluoridés.

For the third transitiogzgexafluorides, the only available
thermodynamic dafa on the reduction to the pentafluorides (this
thesis Section 2.9.4) are the enthalpies of reduction of
WF6 (4 61l.9kcal mol'l) and ReFg (+28.5kca1 mol'l). These
datg.adequately explain thé differing reactivities of tungsten

and rhenium hexafluorides towards nitric oxide using the
above éwo step me chanism. )
2.13.,3, A Comparison of the Oxidising froperties of Tungsfen
gnd’MolySdehum Hexafluorides.

91,92 suggested that tungsten and - -

Early literature
molybdenum hexafluoride are very reactive and almost identical .
in chemiéal as well és pﬁysical properties. However, more
recent literature has shown molybdenum'hexafluoride to be the
more reactive.

Sgyeral workers have recently ma¢é comparisons of the
Aéxidising properties of ﬁungsten and molybdenum hexafluoride

By‘chemical methods.'Géichman et al75’89 have studied the

' kdxidation reactions of both hexafluorides with nitric oxide

A}
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and nitrosyl chloride. The results, shown in Table 2.13.3(a)

suggest that molybdenum hexafluoride is the stronger oxidising
7+90,93-96

agent. O'Donnell and co-workers - have made several

studies of‘the oxidising reactions of hexafluorides and penta-

.

fluorides from which they have deduced the order of oxidising

strengths

VFg > UFg > MoF 2= ReFg > WF, > TaFy ¥=NbFg

From a study of band positions,in the charge transfer
| -99
spectra* of the fluorides with:.organic donors, Hammond97 2
has suggested that the molecular electron affinity of molybde-

num hexafluoride is greater than that of tungsten hexafluoride.
However, \/pax velues ofAcharge transfer spectra of

100,101 (oi4y WF, and MoFg and

McLean, Sharp and Winfield
* Group IV compounds) show no. simple dependence on the ionisation

potential of the donor or the electron éffinity of the fluoride.

;Fo‘otno‘l.;‘a. $+

‘ A;chérge transfer band or spectrum is.produced when the
“absorption of fadiation causes an electronic transition
between molecular orBitals largely iécatéd in different parts

oF.the molecule oz~ complex.

R \ . ' I R Foa -
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Oxidising;reaotiggs of tunreten and molybdenum.

Table 2.1313(a)

N

hexafluoride with nitric oxide and nitrosyl

Product
Reagent | with MoFg wifh WF¢ Réf.
'NO NotMoFg~ no reaction 73
NOCl1 NO¥M0F6- no reaction |

e9
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Quéntitative measurements of the oxidising power of
tungsten and molybdenum hexafluoride have now been made, ihé
electron affinities of tungéten and ‘molybdenum hexafluoride

~are 119.4 andllé6.9kcal mol~1 (at 298K) respectively (see
Section 2.11), The enthalpy of reduction of the gaseoué
hexafluoride to the solid pentafluoride is<6l.9kca1 mol~1
for tungsten and 4?,4kcal mol~! for molybdenum. (see Section
2.9.4.)

The difference in the fwo sets of figures is acceunted
f&r by the-difference in thelfluoride ion affinity of the
pentafluoride as shown in the following thermochémical

cycle (Figure 2.13.3).

Figure 2.13%3.3, - Thermochemical cycle showing thensfﬁnificancq

of the fluoride ion affinity.

MFg(g) —reduction to s MF5(g)

pentafluoride ,
‘ fluoride ion affinity
electron : S

affinity >jMFg(g)ﬁ

Both theAsets of figures are measures of the oxidiging
power of the hexafluorides and individual oxidation réactions
‘must be considered ih the light of both and possible reaction
4meéhanisms. R

The results of tﬁese chemical reactionsvwhich suggest
that mol&bdenum hexafluoride is a stronger oxidising agent tr.:
tungsten hexafluoride must be explained iﬂ térmé of the diffe-~
rence in the enthalpy of the reduction.of the hexafluoride to
the penfafluoride. Take, for example, the different behaviour

of the hexafluorides with nitric oxide (ie MoFg is reduced by

v
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nitric oxide but WF_ is not). The basic reaction under

6

consideration is NO-fMF6-%>NO+ﬁ-MF6'. However, Géichman73
has suggested, on the basis of gas phase infra red evidence

and fhe reaction of molybdenum pentafluoride with nitrosyl
fluoride, that the oxidation of nitric oxide by molybdenum
hexafluoride takes place in two steps thus:-

Step 1. N0o(g) + Mo % F6(g)—9'Mo F5(s)-+ NOF(g)

Step 2. NOF(g) + Mo"’FS(s) =» NO MoFé'(s)

This.has now been taken as the general meeﬁadism for the
‘exidation of nitric oxide by an hexafluoride. Although the
overall :eapfion is dépendent-on.the electron affinity of the
hexafluoride, Step 1 of the mechanism is dependent on the
reduction of the hexafluorlde to the pentafluoride and Step 2-
of the mechanism is dependent on the fluoride ion affinity of
the pentafluoride.

No*MoFéf(s) has a cubic strdcture73. From the unit cell
constant (a, = 5.0802) the mean NO—Mo distance has been
calculated as 4.3993. The lattice enthalpy, U+ 2RT, of
NO‘M0F6'(S).has been calculated, using the Born Mayer equation
(equation 2.11.2) to be 123.8kcal mol™'. The lattice enthalpy

'of the unprepared NO+WF6'(e) has also been taken as 123.8kcal
mo (cf. the lattice enthalples of KM0F6 and KWVF, which are
'124.4 and 123 Tkcal mol~ -1 respectively - see Section 2.11).
U91ng known standard enthalpies of formation (Table 2.13. B(b))
- and the calculated lattlce enthalpies, the enthalpies of Step 1
and Step 2 of the mechanism have been calculated for the
reaction of nitric oxide with molybdenum hexafluoride'and for

the possible reaction of nitric oxide with tungsten hexaflu-

oride. The results (Table 2.13.3(c) and Graph 2.15,3) suggest



102,

' & high energy barrier to the reaction between WF6(g)'and No(g)
but not to the reaction between MoFé(g) and NO(g). Therefore,
the thermodynamic evidence, based on the méchanism of Geichmap,
is compatible with the present experimental evidence.,

| Although the differing oxidising properties of.tungsten
and molybdenum hexafluorides are, therefore, compatible ﬁith
the differing ease of reduction to the penfafluorides, an
explanation 1is not simple., It involves differences in bond

-strengths* in Soth t he pentafluorides and the'hexéfluorides

uantum number outer

resulting :from the hig erhprbitals and the ineffective

spreéning by the 4f electrons in the tungsten compoundé.

Pootnote *F
- .Frénd'ﬂbonding overlap may be'involved'in both hexafluoride .

and pentafluoride bonding.
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TABLE 2.13.3(b) Xnown Standard Enthalpies of Formation.

Enthalpy of

affinity of WFe - Section 2.11.2

I3

R format ion,AHs'm‘

»Sbecies (kcal mol'lf Source

NO(g) +21.58 ,

NO+(g) +236.66 JANAF Thermochemical Tables(l971)45

NOF(g) -15.7 |

MoFs(s) -%331.,4%t1,3 .This thesis - Section 2.6.2

WF5(s) -349.9% 3.5 | This fhes;sf- Section-2.6.1

MoF6(g) -374.8%X 2.5 | This thesis - Section 2.5.1(D)

WF(g) -411.85:-1.4 This thesis - Section 2.5.1(a)

MoFé'(g) -491.7 This thesis - from electron affinit:
of M0F6 - Section 2.11,.3

WFe™(g) -531,2 This thesis - from the electron
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-

TABLE 2.13.3 (¢) - Stepwise FEnthalpies of Reaction for the

Reaction of Nitric Oxide with Fexafluorides.

Reacting Rquation of the mechanistiec Enthalpy of
Hexaflu- | step° the step,A”;,g
oride Step ' | (keal mol'l)
MoF 1 | No(g);MoF6(g)eNop(g)+MoF5(s) + 6.1

2 NOF(g)+MoF5(s)ewo*MoF6'(s) -31.7
overall | NO(g)+MoFg(g)»N0*MoFy™ (s) -25.6
Leaction
WF, 1 No(g)rWF6(g)»N0F(g)+WF5(s) +24.6
2 NOF(g)+WF5(s)aNQ*WF6‘(s) _352.7
| overall No(g)+WF6(g)+No*WF6’(s) -28.1
rgaction ' ‘
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GRAPH 2,15.5. - Enthalpy Chaiire Durinr the Reaction of Nitric
0X Jith and
i n!

m a .
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itl: pi:

iMi
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2.13.4. A Comparison of the Oxidising Properties of Tungsten

Bexafluoride and Tungsten Hexachloride.

Several oxidiéing reactions of fungsten hexafluoride and
tungsten hexachloride hav; been investigated.

Tungsten hexafluo;ide has been reduced by phosphorus
trifluoride7 and alkali iodides (in liquid sulphur dioxide)76.
It has been Shown that'neither‘nitric oxidez3 nd; iodinel02
feduce tungsten hexafluoride. Tungsten hexacliloride has been

81

reduced by potassium chloride ~, potassium iodideal,'@tannous

03

chlori'de1 and a number of organic donor molecules (for
example, 2,2%bipyridgl and 1,10-phenanthroline 4). Although
ﬁo systematic comparison of the oxidising sfrengths_of the -
hexafluoride ﬁnd hexachloride has been made the hexﬁchloride
does appear to undergo more reductions.,

From a sfudy of the positions of charge transfer bands'
between the halides and organic AOnors, Hammond99 has sugge-
sted that the molecular electron affinity of tungsten hexa-
chloride is greater than that of the hexafluoride.

The quantitative measurements of the oxidising power of
tungsten hexafluoride and tungsten hexachloride, which havé now
‘been made givé the first electron affinities as 119.4 and
+.147.3kcal mo1~t (at.298K)-respectively (Section 2.11) and the
enthalpies of reduction.of the gaseous heiahalidg to the solid
lpentahalide as 61.9 and -4.6kcal moiil.'1 reépectivqu (Sectiop
2.9.4).

As stated in the previous section, both ‘these sets of -
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~

figures are measures of the oxidising power of the hexahalide.
Individugl qxidations must be considered inltermé of both
sets of figures and possible reaction mechanisms. The figures
sugcest that tungsten hexachloride is the stronger oxidising
ageﬂt for both types of oxidatioﬁ. However, the difgerence in
the electron affinities of the hexahalides is small compared
with the difference in their ease of reducfion to the pents-
helides. Therefore, thé oxidation reactions involving the
reduction of the hexahalide to the pentahalide should show . -
laXger differences in reactivity between the'hexafiubride and
the hexachloridef

That tungsten hexachloride has a higher electron a&finity
- than fungsten Kexafluoride is explained as follows. The
electron affinity of a hexahaiide is influenced by its
electronic structure, which involve§ a basic dbonded structure
(see Section 2.9.3.) on to which is superimposed a certain
amount of /M bonding. In transit{pn metal fluorides the T vonding
is an interaction between the filled pvrérbitals of fluorine
and the metal dr orbitals. However, it has been suggestgalo5
thet in transition metal chlorides the-beonding is an inter-
action between the metal dor orbitals and the empty dxorbit-
als of chlorine. The N molecular orbitals for the hexahalides
of a d° transition metal (eg 'l ) are shown in figure 2.13.4.
‘It can be seen that for the addition of an extra.electron to
_ T
»fhe hexafluoride Astructure a 1e;ntibonding orbital must be

used whereas in the addition of an extra electron to the

hexachloride ' N structure a I\ bonding orbital may be used.
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Therefore, the hexachloride should have a greater tendency fo

accept electrons (ie. a higher electron affinity)..:

Figure 2.13.,4. I\ Bonding Structure in dofTrapsition Metal
| Hexahalideés.,

(a) Hexafluoride.

eg ——— e et ST
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t . f:i.lled »
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molecular - molecular orbitals
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(b) Hexachloride
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®e
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"q‘bonded ’ ; TC bonded ligand
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That the reduction of tungsten hexachloride to the
pentanalide.is more favourable than the similar reduction of
tungsten hexafluoride is dependent on the usual factors which
lead to stabilisation of high oxldation state fluorides ig. the

high electronegativity of fluoriie, its small size and the low

dissociation energy of the fluorine molecule:

2.14., A Comparison of the Fluoride Ion Affinities of

Tungsten and Molybdenum Pentafluorides.

The fiuvoride ion}affinityrof a pentafluoride is the energy
evolved in the reaction MF5(s) + F (g) =>MFg(g). Since this
can be considered as the reaction of an electron donor species
(the fluoride ion) with-the pentafluoride to form an addition
compound ( MFG-(g)‘), the fiuoride ion affinity is a measure
of the ease with which the pentafluoride will form addition
compounds with electron donors (1e its Lewis acidity)

Very little of the chemistry of tungsten and molybdenum
pentafluorides has been investigated. Sharp et allo6 107
have shown thatimolybdenum pentafluoride forms adducts with
,acetonitrile, pyridine, emmonia, dimethyl ether, dimethyl
sulphide, and chloroacetonitrile. Geichman et 8177 nave
:shown'that molybdenum pentafluoride adds a fluoride ion from
'.nitrosyl fluoride to form NO+M0F6'. However, since no similar
reactions have been investigated for tungstenipentafluoride,

‘it has not been possible to compare the addition reactioneof

“tungsten andnmolybdenum pentafluorides.
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The fluoride ion affinities of solid tungsten and molybd-
enum pentafluorides are 119.1 and 96.1 kcal mol”” respectively
(Section 2.12) indicating that tungsten pentafluoride is the
better fluoride ion acceptor. Therefore, tungsten pentafluoride
should be more likely to form adducts with electron donors and

it may even be useful in the production of stable carbonium

g% % *

ions (cf. anLimony pentafluoride ).

An explanation of the differences in the fluoride ion
affinities of tungsten and molybdenum pentafluorides is not
simple. It involves differences in bond strengths in both
the pentafluorides and the hexafluorometahate anions resulting

quantum number outer “"

from the higher”orbitals and the ineffective screening by

the 4f electrons in the tungsten compounds.
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CHAPTER 3. THE TUNGSTEN FLUORINE INCANDESCENT LAMP.

3.1.'Ear1y Incandescent Lamp Development.

The first commercial incandescent lamp; consisting of
& carbon filament mounted in an evacuated glass buldb, was
patented bj Edisonlo8 in 1880, The high vapour preséure of
‘carbon restricted the working filament temperature of the
lamp, in order to give a raasonable filament lifevand
prevent bulbd blackening. Subsequent developments. wefe
aimed at producing a more suitable filamen% material.
. Mixed oxides,109 the metals osmium and tantalum and sintered
' fungsten_powder‘were dsed‘befofe the advent of the drawn

tungsten filament iu 1910110

« Incandescent lamps are still
based on tungsten filaments.

Gas-filled bulbs were first successfully produced by
Langmuir11l<in 1913, The use of a préssure of an inert gas,
such as argon or nitrogen,in the buld had the‘effect of
reducing the effective evapdratién«of tungsten from the
filament by collision of the gaseous tungsten molecules
with the atoms or molecules of the gas-filling. Langﬁuirlll?
made & detailéd'étudy of the heat losses in the gas filling
and found“tkrat the filament was surrounded by a quasi stat-
'ionary layer of gas from which heat was lost onlf»by radi-
:ation and conduction. This heat loss was foﬁnd to be depen-
.dent on the filament length and diameter and was minimised
by the infroduction:of the coiled filament.which,i by causing
the Langmuir 1éyers to overlap, acted like a short Cylind-

ricai filament. The coiled-coil was_int&oduced latefllz;"
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Futher developments involyed the use of higher atomioc:
or molecular weight inert gases and 'getters' for the rem-

oval of trace impurities.

3.2:Development; and Theory of Tungsten Halogen ;ncandescent

The first attempt at the addition of a halogen to an
incandescent lamp in order to increase filament life and
preveg%iglgckening was made‘in ;882 when chlorine was
added to a carbon filament 1amp113g

In 1915 Langmuir114'took two tungsten wireé under a
" low chlorine préssure, to‘diffefent temperatures and showed»
that, at suitable temperatures, the hotter wire becaﬁe thi-
ckér and the cooler wire bacame thinner. This demonsfrated
"the.possibility~of transporting tungsten'to the hotter
parts-of the wire, where the evapormtion is greatest.

This"poéitive' tranﬁporting. property of the halogen,'
now adaptéd'to the fungsten haloéen incandescent lampf for
the redéposition of tungsten on the hot filament;'ié‘based .
‘on the equilibrias R | |

0 We) #nx(e) 2 Wrale) 1.

W(s) + ntp(e) = Wra(e) 2.

——— e U DU PN R, —_— = S O A UV T - Ve i Al
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The equilibria are temperature dependentrsuch that at low
temperatures the production of WXn(gas) is favourable,
whllst at high temperatures the decomposition of WXn(gas)
(and, therefore, the deposition of tungsten) is favourable.
The action of the halogen in a running lamp can be shown in;

‘a 'halogen cycle' as shown in Figure 3.2.1.

-

Figure 3.2.1 -— The Halogen Cycle.

WXn(egas)
attack of = . = ‘high temperature
halogen é’ decomposition
tungsten at a low| tungsten filamemt at
temperature ' : a high temperature

evaporation of tungsten from

the hotter

surface.

For each halogen the temperature at.whioh the decomposition
of WXn(gas) becames favourable, called the 'inversion temp-
. erature', is determined from thermodynamic information as
“the temperature at which the Gibbs free. energy, Z\G@ y of
the ' most favourable decomposition of the most stable hallde

Vspecies(wxn) is zero.
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The inaccurate theoretical wérk of Brewer12 on the
"tungsfen halides indicated that the 'inversion temperatures'
for the iodide, bromide.and shloride are 950, 1600 and
2200K respectively. With this informatibn it was thought
'that the only halogen which would be useful’.would be iodine
‘since the other halides would attack the’ cooler parts-of. |

the filament legs.

After a method was developed for‘sealing tungsten
filaments into small quartsz envelabes,the tungsten iodiné
lamp was developed (patented in 1949115 and first commercial
 details published in 1959116 ),

In this tungsten iodineﬂ‘incandqscént lamp it was

l» envisaged that the whole of the running fil#ment would be
maintéined above the'inversion temperafure'of the iodine
cycle so that the iodine would not attack the cooler filam-
ent legs. The filament life in this lampAias increased in
”the following way: o

1, The iodine prevents the dep081tion of tungsten on thel

" bulb wall axd redeposits’- the evaporating tungsten on
the filament. -
2, The enveIOpé size can th;refore be reduced (using
quaftz as the envelope material). |
3..With a strong small envelopeya high pressure (eg. three
atmospheres) of inert gas. can be'used to inhibit the
A Aev#pd:afion;of»tuﬂgstenwfrdm fheifilamgpt and, there-

- fore, extend the filament life.
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The colour of iodine and the difficulty of dosing
proved to be disadvantages of the tungsten io@ine‘lamp and
so attention was turned to the bromine cycle. It was found;
that, providing the maximum bromine partial bressure was
1 torr (in 3.5 atmospheres of argon), the colder filaﬁent
iegs were not noticeably attacked bj the bfominell7.'A
Therefore, with a fine control on the(brogine doﬁe a tungstén
bromine lamp could be broduced. |

A more safisfactory solution to the attack of the cold
filament legs by bromine was obtaiﬁed by modifyigg the.tun-
gsten bromine cycle with hydrogenllS, Hydrogen bromide does
not react with tungsten in tﬁe range of.conditions in a
1am§12’117.

Commercial tungsten bromine lamps are now_produbed
~with bromine introduced in the more convénient form of
alkyl bromideslle{_

A further developmend ‘has béén the introduction of
bromine in the form of bromophosphonitrilell7. The phosphorus
produced in this lamp acts as a 'getter' fo: oxygen and |
watqr vapour. |

Because of their reactivities, neither chlofine nor
fluorine has been used in a commercial tungsten halogen
'lamp, although some ﬁatentshave been granted, Fof'examp1e,

Schréder has patented a (tungsten fluorine) lamp in which

fluorine is introduced as tungsten hexafluoridellg}
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53 Recent Thermochemical Advances of Importance to_the

Iungsten Halogen Incandescent Lamp.

3.3.1 The Thermochemical Advances.

The ofigihal work on tungsten halogen incandescent
‘lamps was based on inaccurate theoretical work of Brewerl2.
.Recently further thermochemical estimations have been _
carried out. The most recent, those of Neumann and-Knatzlzo‘

which are based on the 1965-68 JANAF Thermochemical ﬂableBIZI’

suggest that no gasebus tungsten iodide is stable above
room temperature; a gaseous bromide(WBr4) is stable to
| ~s1500K, a gaseous‘chloride(WClz) is stable to A~ 2400K and
'a gaseous fluoride(WFa)‘iS'stable to A~ 3900K.

, Thermndyﬁamictcalcﬁlations which have now been carried _‘
out (Appendix 1) indicate that the 'inversion temperature'

for the equilibrium W(s) + 6F(g) = WFG(gas) is 3360K

3.3.2 The Effect of these Advances.

These estimates of Neumann and Knatz support the
suggestion of Rabenaailo9 that in the tungsten iodine lamp -,
oxygen impurity is necessary and that this lamp is based on:
the species WO,I,. Theyl?? also (rightly) suggest that the
,bromine, chlorine and fluorine cycles are possible without
‘the presence of oxygen but that if oxygen is present the
'important equilibria:’ wili involve the oxyhalides.

. Tungsten bromine lamps 5 -now +being: produced117
'contain brominé inithe form of bromophosphonitrile.vlh theaq
" lamps, phosphorus'acts as an 'oxygen getter' so thét a pﬁre’

tungsten bromine cycle (rathef than a tungsten oxy-bromine

‘cycle) must be in operation.
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3.4 The Special Si ificance of the Fluorine Cycle.

In the halogen lamps produced at present (containing
iodine or bromine) the halogen is used to remove tungstén
from the bulb wall (or prevent its'depositibn) and to
redeposit it on the filament. Since the whole, or great
majority, of thelfilament is above the 'inversion temperatgre'
this redeposition is_indiscriminate. In fact, near the hot :
zonés of the filament the tungsten halides might decdmpose
in the gaseous state (WXn(g)=»W(g) + nXx (g) ) withéut
redeppsiting the tungaten'on the filament. Then, in a lamp

~of this type, taking e&aporation into cqnsideratidﬂ, there
"is a gradual redistribution of tungsien on the filament aé

shown in Figure 3.4.1.

. FIGURE 3.4.1. - Redistribution of Tungsten Through Life in

a Tungsten Bromine'Lamp

i

Y
v

3000°¢C

[T

.~ Uniform filament N Seme filament at the end
at start of life.” of life after running in

~the presence of a bromidé.

The tungsten fluorine cycle has an 'inversion temper-
ature' of the order of 3100°C (Appendix 1) so that gaseous

tungsten fluorides will only deposit tungeten at points on
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the filament exceeding this temperature. Therefore, the add§

+

ition of fluqrine or a suitable fluaride +to a tungsten -

filament lamp should lead to a more selective deposition of
\tunésten only on the filament 'hot spots' = where evaporation
of tungéten is greatest and filament failure.occura (see
Figure_3.4f2). This should extend the fila@ent life, provided
' that the initial pressure of fluorine is low 8o that<the"*
attack of flﬁorine on the coolér,parts of the filament

(<31_00°C) is not detrimental to lamp life.

FIGURE 3.4.2 - The Sealing of ''Hot Spots' in the Presence

of a Fluoride.

I T,

3100°C+ - 3000°C ‘f
. : '~ The same filament after
A:section of a filament with. . ' ' '
, : - _ running in the presence -
a hot spot . X
. ‘of a fluoride.

The tungsten fluorine cycle should work as shown‘in

 Figure 3.4.3

’

:‘F A suitable fluoride is one which will decompose é.t, or
below, the running temperature of the filament to give

.fluorine atoms or~f;uorihe-moleculea.
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PIGURE 3.4.3. The Fluorine Cycle.

WFy,(gas
Attack of fluorine . : o High temperature deco-
mposition of fluoride.
Tungsten at loweri I Filament 'hot spots'
y‘temperatures o at > 3100°C

-Evaperation of tungsten from

hotter surface

345 Prev1ous Work on the Tungsten Fluorine Cycle.
. 6(a),109,123,124.
' Schroder and co-workers have shown thet:running an

artificially etched tungsten wire, with the thin part of the
wire at a.3106°c and the thick part of the wire at ~ 2800°¢,"
in the presence of a small pressure of WFg produces a unif-
6(a),109,124
orm wire. Diagrams from three of these references
suggest that the final temperature of the wire wa8a5100°C -
.(although this is not stated). This would imply that fluorine
'(or the fluoride),preférentially attacks tungsten at the (
.lower temperature but it does not prove any redeposition of
‘ the tungsten onto the hotter wire. From different diagrama
in two of the reference5123,124 it is not clear whether the

uniform wire was produced by selective thlnnlng of the thi-

cker part of the w1re, or by thlckening of the thinner

.part of the wire, or by both.

B¥ running a standard filament in the.presence of NF3,

109 :
Rabenau  has produced_a filament of uniform temperature.
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However, since this final uniform temperature was equal to
the maximum original temperature (ie. fherfilament was
thinned ) no regenerative properties of the tungsten fluorine
cycle were shown. | | -
Taking a iungsten filament lamp which had grown.black
during several hours operation at A2 3000°C in the presence
6(a),123,124
of 500torr argon, Schroder showed that the 1ntroduction-
' 6£ 2torr WF6 and 15¢minutes running at 3100 C led to the
removal of the black tungsten deposit from the bulbd wall;
This again proves thaf fluorine or the‘fluoride attacks’
tupgsten at the lower temperatufes to form a volatii;
prdducf. However, although this (like the other experiments)
'indicates‘that a tungsten fluorine cycle is in operation,

no proof of the redeposition of tungsten above'the_'invers-?

ion témperature' has been,published;

3.6 The Present Work.

"The work now documented on the tungsten fluorine
- incandescent lamp is split into two parts: .
_(1) A simple investigation into the effects of fluorides
: in quartz envelope, tungsten filament incandescent iamps.

(2) An investigation of the tungsten fluorine regen-
,érative cycle (and a comparison withAthe tungsten bromine

cygle) using'a‘fadiochemical tracer technique}

»
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37T An Investigation into the Effects of Fluorides in

gyaftz Envelope Tungsten Fllament Lampa.Using Infra-

Red Spectroscbpy;

3.7.1 Introduction.

The major chemical reactions of gaseous fluorides in
‘operating quartz envelope tungsten filament incandeécent
lamps have been investigated by infra-red spectroscopy.
The gas-phase infra-red spectrﬁm of a fluoride-was recorded.
A“qua;tz envelope incandescent lamp containing the fluoride
was run. The infra-red spectrum of the prqducts was recorded

and compafed with the firsfispectrum.

5.7.2 Experimental Procedure.

The apparatus (Figure 3.7.2) consisted of a standard
facuum system attached to which was a standard 12v: 55W
tungsten halogen lamp and an inffa-réd gas cell of optical

. length 91.5cm (with sodium chloride windows).

FIGURE 3.7.2 - Apparatus for Infra-Red Studies.

°

£ - to, r&tary and oil
diffusion vacuum
pumps

P205 drying
trap

-trap of liquid

gPNFQ)x
gilicon oil A
manometer )
cylinder of ‘
gaseous  13.2v.DC
fluori@e §tabilised:9upply

infra-red
gas cell

~-
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The spectrum of an unreacted gaseous fluoride was .
obtained by directly filling the gas cell with a known E
pressure of the fluoride, removing the gas cell from the‘
vacuum line and reoording the infrs¥red'spectrum (800~
2000cm'1) on a Unicam SP200 spectrometert |

The spectrum of the gaseous products of operating a
fluoride containing lamp was obtained as follows. With a
vacuum_in the gas cell and a high pressure of the fluoride
in the lamp (taps Tl and T2 closed) the lqmp was run at
13.2V for about 1 hour or until filament ‘failure occurred.
Tep Tl was opened and the gaseous products were distilled
into the gas cell (to equal’ pressures) With tap T1 closed,‘

'the gas cell was removed and the spectrum was recorded.

3.7.3. Experimental Results.
The results (Table 3.7.3) show that opersting a quartz
en#elope, tungsten filément inoandescent lamp containing a

gaseous covalent fluoride produces a compound with a strong

1nfra-red absorption at4\o10300m l._This is indicative of
128,129 '

- sildicon tetrafluoride which is presumably formed by the
. reaction of the fluoride, fluorine nolecules or fluorine
atoms with the silica entelope. Tne results suggestpthat a
'substantial proportion of the fluoride is oonverted'to
.'silicon tetrafluorlde durlng the first hour of lamp operat~.

i

ion. . .
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TABLE 3.7.3 Effects of Fluorides in Quartz Envelope

*

Tungsten Filament Lamps.

(a) Infra-Red Spectra of Fluorides Not Run infﬁhe Lamp.

- |Pluoride{Pressure Major.Absorpyion Peaks of ‘Reference
‘ in | the Fluoride (em™1). for
- Gas Cell Comparison
‘ (PNP;), | ltorr [1425(strong with shoulder
o | at 1490) 990(stvong and 125
sharp with shoulders at
970 & 955)
NFs- Ttorr 1030(medium and sharp) & }
{910(strong & broad with ‘126
shoulder. at 900)
CF4 15torr |[1280(very strong & broad) &
. 1240(ﬁedium & sharp) 127
siF4 '24torr 1200(medium wesk), 1180(med- )
| iﬁm weak ), 1030(very strong) 128,129
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3.8. A Radiochemical Examination of the Tungsten Fluorine

Regenerative Cycle.

3.8.1, Intro@uction.

Radiochemical tracer experiments in twin filament
incandescent lamés have been used to investigate the tungsten
fluorine regenerative cycle and, for coﬁparisen, the tungsten
"bremine cycle. |
When operating, theAexperimentel twin fiiament tungsten.
- halogen lamps have consisted of one hot (running ) filament
and one cold (non running) filament.

Around the cold filament the reaction
- W(s)+ nXx(g) > WX, (g) (or W(s)q-nXég)—)WX (g) ) is fa.vourable
provided that the temperature of the cold filament is less i
than the 'inversion temperature' for the reaction. However,
at positions on the hot filament‘where the temperature
exceeds'the 'inversion temperatu}e' the'reaetion |
‘ WXn(g)~§»W(s)4-nX(g) is.favourable and tungsten is deposited

on_thet fiiament, Therefore, if the tungsten halogen cycle is
operatlonal a certain amount of transfer from the cold
’filament to the hot fllament ‘should occur and the dlstrib-

_ utlon of the deposited tungsten should be dependent on the.

"1nversion temperature" : - B o
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A radiochenical tracer technique has been used to
determine if (and,if so, how much) transfer of.tungsten
occurs from the cold (mnon running) tungsten filament o
(labelled with 185W)‘to the hot (running) tungsten_filamentj
(unlabelled) in the presence of a halide. The-eccmrence of
transfer proves the operation of the particular tungsten
halogen cycle and the amount and distribution of the
transfer gives sn indication of the 'inversion temperature'
of the halogen cycle. |

The experiments have been carried out on lamps dosed
with various fluorides (to investigate the tungsten fluorine
cycle) and, for comparison, on lamps dosed with bromine in.
~ the form of bromophosphonitrile.

In aeder that the-distribution of any transferred tung;
.sten could be compared with the variation in temperature

' along the operating filament,,the temperatures at points

..

along a typical filament have been determined.

3.8.2 Experimental Procedure.
(a) Radiochemical Tracer Experiments.
Fllaments of standard 12V 55W +tungsten halogen auto
lamps ‘were irradiategz(at Harwell) for 30 hours with a
1

.neutron flux of 7x10 neutrons cm zsec- . At unload the

activity on 10g of the filaments was 50mCi oi?/a emitting

185 187
W and 3.2 Ci of x -emitting W. The filaments were
' 187
‘retained at Harwell until the activity due to " W was
‘negliglble. | '

Twin filament 12V  55W tungsten halogen type auto

lamps were constructed with one irradiated and one mon-
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irradiated filament in n fused quartz envelope (Figure
3.8.2(a)). Each lamp was dosed with & knowh pressure of mass
of a halide and a known pressure of argon on the vacuum
system shown in Figure 3.8.2(b). The procedure involved
condensing _gaseé . from. the system EA'.infbjithefIamp‘:ivg
and calculation of . the . resultant vlamp;_ptebsurbs. B gﬁ
The pressures liqithOLAVaeuum - system Were measuréd on
the Pirani gauge (for the low pressures of the fluorides)
’,and the Bourdon gsguge (for the higher pressures of argon).
Pirani gauge pressures were corrected for the differing
thermal conductivities of the gaées used.130

‘The non-irradiated filament of the dosed twin filament
lamp wad‘run at 'a known voltage until just before the
filament would be expected to fail (determined frnm previous
'life test experiménts) Thellamp was broken open, the operafga
filament removed, and the total radioactive count‘on this
filament was reéorded (using a fnin window Geiger Muller
.tube, Mullard MX123,and a Panax type D657 connter)-in Pable
3.8.2/1. The filament was then sectioned as shown in :;
Figures 3.8.2(c) or (d) and the radioactive count and mass
"of each section was recorded. TheLresults are expressed in

Tables 3.8.2/2 and 3.8.2/3 and Graphs 3.8.2/1 to 3.

r(b) Temperature Determinations.
Temperatures along the filament.of a 12V1 58W tungsten

halogen type incandescent lampidosed only with argon

(3 atmos.) have been measured.

-, The 12V. 55W..lamp was placed verticallf,)pinch down, -

inua draught free entlosure and a measured stabilised
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. , -
FIGURE 3.8.,2(a) -~ The Experimental Lamps.

markings

a5mm
. between
centres
Standard 12V 55W 12V - 55W filament
auto filamept. ‘ (labelled with 185W)
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)

FICURE 3.8.2(b) - Apparatus for dosing the lamps.
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. FIGURE. 3,8.,2(c). Filament Sections
N ‘ ~ (used in Table 3.8.2/2)

5 6 7
{
3 - ' : " Gentre of il .y
filament
coil
2 .
1 |
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ANL
. Front elevation of ha.lif filament . ~ End eleva‘l;ic)]n
o | 1 L of filament
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FIGURE 5,8,2(d). Filament Sections

(used in Table 3.8.2/3) =
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185 .
TABLE 3.8.2[2 - Distribution of W Transfer on to_the

Hot (running) Filaments in Lamps Containing

PNBr, and_Argon.

(a) Lamp 244 (containing 25ug PNBr, and_3 atmos. Ar).

Section of Section¥|Ave. Count min=1{Ave. Section| Count

filament ' No. lavove backgroundgMass (mg) min’]'m.g;"1
N " . —i

bottom of 1 T 139 2.41 336

filament legs : ‘

middle of 2 - 807 2.07 389

filament legs

top of 3 L. 646 2.45 263

filament legs |

end turns of 5 . 216 5.03% 42.9

coil |

next - turns 6 w127 ' " 4.87 26.0

of coil | | |

centre turns | 7 . 110 4.48 24.6

of coil

.




TABLE 3.8.2/2 (continued).
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and 3 atmos. Ar).

(v) Lamp 3A2 (containing 50pgz PNBr
N

2

Section of Section| Ave. Count min™t| Ave. Section Count 1
filament No.T | avove background|Mass (mg) min 1mg -1
bottom of —1 2694 | 0.95V - ‘2737
filament legs |

middle of 2 4051 1.05 3930
filament legs

top of 3 8951 2.54 3402
filament iege

end turns of 5 8543 11.74 727

coil

next turns of 6 2361 T.57 v 312 g
coil e i
centre turns T 1375 5.70 242 -
lof coil ? | |

(c) Lamps containing a fluoride as well as PNBr2

The dlstrlbution of

’(runnlng) fllament was noted for lamps 2B2 & 2B4 containlng

185

i

W transferred on to the hot

1l torr SiF4, 2§pg PNBr2 and 3 atmos.,Ar. There was no sign-:

.ificant difference in the dlstribution of the transferred

‘185

, w between the lamps containing 81F
I,

SlF (1.e. lampe 244 and 342).

4

and those without .

< The Section Nos. refer o Figure 3.8.2(c¢). | |
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W Transferred on to the

TABLE 3.,8.2/3 -~ Distribution of

Hot (running) Filaments in.Lamps containing

333 and Argon.

(a) Lamp 2NF4/A1 ( containing 6 torr NF, and 3 atmos. Argon)

1

Section of Section|Counts min " Section |[Counts
filament 'No."t above backggound Mass(mg) min-lmg"1
bottom of ol T4.7 3.1 24.1
filament legs
top of 3 36.9 2.47 14.9
filament legs: |
end turns of 5 257.1 14.4 17.9
coil

7 44 2.15 20.5

centre turns

of coil

hxﬂ(b) Lamp 2NF4/Bl (containing 6 torr NF_ and 3 atmos. argon)
J

of coil 7

Section of ‘Sebtion Counts min~1 Secfion Counts .
filament No.y\s above background Mas_s(mg) min"lmg'l
bottom of { 1 48 .5 3.57 13.6
filament legs; | _
; EIIOY ISR ys—.

top of | 3 6.7 2.57 2.6
*filament legsg -

end turns of 5 139.4 17.17 8.7

coil o :

centre turns 7 . 731-¢ 8.6 ?.35

X Se‘étion Nos refer to Figure 3.8.2(d) .




TABLE 3.8.2/3 (continued)

136.

(¢) Lamp 2NF4/D1 (containing 6 torr NF3 end 3 atmos. Argon)

Section of Section Couﬁts min~1 Section |[Counts
filkament Nof‘ bbove background|{Mass(mg) min-tmg1
bottom of 1 19.6 3,15 6.2
filament legs |

top of 3 8.6 2.85 3.0
filament legs ' |

end turns of 5 167 17.75 9.4
coil

centre turns f 52.8 6.75 7.8

of coil

% Section Nos. refer to Figure 3.8.2(d).

{
i
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GRAPH 3.8.2/1. Radiative Transfer on to Filantent 2A4,
\

(lamp contained 25%g PNBt2 and 5 atmos. Ar)

* refers to Figure 5%8.2(c)

Itinien ;:iegf ;;FLLfiiameht coil
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GRAPH 3.8.2/2. Radiative transfer on to Filament 3A2

(Iampicontained 50f€ PNBr, and 3 atmos Ar)‘ - : :

& refers to Figure 3.8.2(c)
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GRAPR 3.8.2/3. 'Radiative Transfer on to Filaments of the

¢

2NF4 Type.

(lamps contained 6 torr"N.F3 and 3 atmos Ar)

. % refers to Figure 3.8.2(d)
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voltage applied to the filament. The abparent (brightness)
temperature.of any part of the filament was measured by
comparing the brightﬁess of that part with the brightness
of the filament of a direct reading disappeéring filament
optical pyrometer (Pyro-Werk No3161 with specified lens G).
Several readings of the filament temperature were taken in '
order to minimise fisual errors. The apparent temferature A
was measured at various points‘ﬁoyh on the filamenf'lega

and on the inside and outside of the filament cbil.'The

apparent (brightness) temperatures were converted to true

131

temperatures, according to de Vos y using the formula

02(1 )zlog e().T)
Fy T
where: XJS the wavelength of the pyrometer filter (65003)
02 is the constant in the Planck equation for the
distribution of energj in the spectrum.
e(XE) is the emissivity of the part being measured*?
T is the true temperature.
99‘18 the'temperature measured on the pyroﬁeter. -
The results for an applied voltage of 13.2V are shown
on Table-3.8. 2/4 and Graph 3.8.2/4.

Further measurements of the temperature.of the centre

"Footnote ¥

The figures for the emissivity of the different parts
of the fllament at dlfferent temperatures were obtained from
reference 131 (filament legs and outside of coil) and refe-

rence 132 (inside the filament coil).
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TABLE 3.8.2/4  Temperature of a Filament at 13.2V.

[

True temperature

Position Apparent(brightngss) Emissivity
No¥ |Temperature (k) at 65008 (x)
1 3058 0.8 3155 .. .
2 2920 ' 0.4243 © 3292
3 3011 0.8 3105
4 2920 0.4243 5292
> 3018 0.8 3113
6 2920 0.4243 3292
7 ‘ 3020 0.8 . 5115
8 2¢e88 0.4249 - 3251
9 3013 ‘ofe 3107
10 2648 0.4257 3200
11 2956 0.8 3047
12 2745 0.4276 3068
13 ; 2888 0.8 2975
14 2586 0.4308 2868
15 ' 2322 0-‘4358 2544
16 2197 0.4381 2393
17 2095 . 0.4401 22717

The pOﬁition Nos. refer to Figure 3.8.2(e). .
o . . S

|
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TABLE 3.8.2/5. Variation in the Temperature of the Centre

of the Filament Coil with Voltaga.

Apparent(brightﬁess) | _ True
-+ |Voltage Temperature (K) |Emissivity | temperature(K?
Outside :|Inside  |Outside Inside | Outside| Inside
coil coil coil. coil coii coil
13 |2004  [3031 - |o.424g| 0.8 | 3272 | 3127
13.2 |2922-  |3058 0.4245 | 0.8 3265 | 3155
14 2984 |3111 0.423, [ 0.8 | 3375 | 3211
16 "« |3106 5249 . [0.4205 | 0.8 | 3535 | 3359
17 3138 3280 0.420, 0.8 3578 | 3392
18 5260 3365 | 0.417, o.e | 3768® | 3483

# The true tehperature measured on the outside surface

'of the coil is expected to be more accurate than that

(4

Emeasured on the inside surface of the coil becausé'the

emissivity‘of the outside sdrfaqe has been measured more -
. ' | |
accurately. ' : S ;
4 This figure,must e in error &ince it exceeds 'the
%meiting‘point of tungsten.
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GRAPH 5.8.2/5. 'True Temperature' of 12V 55W Filament

Coil against Applied Voltage.

titr: :

lovLid

iiitiii
soci

4t

are neasured

inal arfa'cQHO



»

145.

"FIGURE 3.8.2(e). Points.on Filament - used in the

Temperature Measurementa,(Table.5.8.2/4)

Centre of

filament

coil

P

AN

15

16

17

N

_ y
End elevation

of filament !

|
;

I
¢
{

|



146,

section of the filament were made at a range of voltages .

(Table 3.8.2/5 and Graph 3.8.2/5).

3.8¢3. Discussion of Experimental Results.

In a twin filament lamp, transfer of tungsten from the
.cold to the'hot filament has been found to occur when either
nitrogen trifluoride or bromophosphonitrile was introduced
~into the lamp. |

It has been suggested earlier (section 3.8.1), that
where transfer of tungsten occurs a tungsten halogen
reéenerative cycle is in operation. Therefore, it follows
' that with nitrogen trifluoride introduced into the lamp
a tungsten fluerinewregenerative cycle is set up, whereas,
with either silicon tetrailuoride or fluorophosphcnitrile-
introduced into the.lamp it is not.

This can be explained thermodynamically by considering
~ the decomposition of the introduced fluoride thus '
.~ AP, =2A 4 nF. At low temperatures the decomposition of the
"introduced fluoride is thermodynamlcally unfavourable ie.
for the forward reaction as shown the Gibbs free energy,
AqT“ is positive and the equilibrium constant, X, is
‘iess than unity. At high temperatures the deoomposition
-becomes favonrable QlG%a becomes negative and K becomes‘
'-greater than unity)- The temPQrature at which the decompo -
sition becomes favourable (-AG;.go and K31) is shown, for
the different introduced fluorides and forvtungsten hexa-~
fluoride, in Table 3.8.3/1

Since the highest temperatures ohtained in 12V‘.55W

tungsten halogen.type auto lamps (when run at 13.2V) is of
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TABLE 3.8.3/1

Temperature(K) at which
the Gibbs Free Energy of) .
Fluoride |Fluoride Decomposition Source Reference

(AG;) is Zero.

WF

6' | 3360 Apéendix 1
NF, 2150 o B.J. McBride,|)
SiF4 4450 %Y |[s. Hernel, 133
| PF, 3950 J.G. Ehler

& S. Gordon.
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s

the order of 3200-3600K (on the 'hot spots') it can be

seen that SiF will not be decomposed in a lamp,

4 and PF5

whereas NF3 will be almost completely decomposed and the

special case of WF_ will decompose only on the 'hot spots',

6
The setting up of a regenerative fluorine cycle'requires
the decomposition of the introduced fluoride in order to
provide free fluorine Atoms for the regenerative equilibrigﬁ
VI_W(s).+ nF(g) &= WF,(g). Therefore, of the fluorides consi-
dered only Nfa @nd WF,) will lead to the setting up of the
fluorine regénérativé cycle. |
buring the life of a fused quarts enveiope lam;
containing a covalent flgoride (NFB’ PNF,, CF4 and SiF,
were considered) SiF4 is formed (Section 3.7) by the action -
of fluorine or the fluoride on the fused quartz envelope.
When this“occur§ the fiuorine is 'trapped' ie. cannot form
free ;luorine‘atoms at the filaﬁgnt temperature'and,there- :
fore, tannot participaté in therrégenerative cycle. After
" 1-2 hours of normal running in a 12V. 55W auto lamp the .
majority of the fluorine is present as SiF4, so that after
this time the tungsten fluorine regenerative cycle will
cease to function in this lamp. This agrees with the expe-
 ‘rimental evidence (Table 3.8.3/2) which showed thﬁt as much
. transfer of radioactive IBSW occurred in a NF3 dasegllamp
.rﬁﬁ (at 13.2V) for lhour as in a similarly dosed lamp run
“(at 13.2V) for 16 or 20 hours However, this (latter)

evidence is not conclusive since re-evaporation of the

transfemed tungsten could have occurred.
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N

The resultgl(Tgble 3.8.2/1) show that several‘timesv
nore transfer of 85W has occurred in the normally run
'bromiéne' lamps than has occurred in the similarly run
'fluorin;' lamps. This is in Keeping withlthe aim of fluoride
doses (ie'for the fedeposition (or transfer) of tungsten
only on to the 'hot spots') It was expected ou thermodynamic
grounds since af any»tempérafure, throughout the consideiéd:
temperature range, the 'bromine'’ reacfion |

WBrﬁ(g)-JPW(s)l+ nBr(g) is more favourable than

the 'fluorine' reaction WFy(g)—» W(s)+ nF(g) (ie. the
Gibbs free enérgy at any cohsidered femperature,llG;;, is
more negative (or less:positive) in-theAcgée of the 'bromine'
reaction).‘ ) »

" Further experimental evidence on the 'fluorine lamp'

‘;" has shown that # gréater amount of transfer has océurred:
'whgn the teﬁperature of tﬁe runnihg filaﬁentnhas been
increased (Table 3.8.3/2) This ié also compatible with
the:modynamic data which suggest. that the fluoride decom~ _

position reaction WPy(g)—»W(s) + nF(g) becomes more
favourable as the temperature increases (Le.llG;} fof the
lreﬁction becomes more negative with increasing temperature)(

The results giving the distribution of transferred
’:tungsfen show thét in the case of the 'fluorine lamp' the

‘- transferred tungsten has been dep051ted along the whole

s i e e A e b e ey — e R

filament (Table 3.8. 2/3 and Graph 3.8, 2/3) whereas in the

'case of the 'bromine lamp' the maaority of the transfer has
been on to the fllament legs (Table 3.8, 2/2 and Graphs
3.8, 2/1 and 3.8, 2/2)
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The measureq distribution of the traﬁsferréd tungsten
on the hei running filament is determined by
(1) The deposition of transferring tungsten whithioccurs
‘ﬁ;: only above the 'inversion temperature'. Above this
temberature thé rate of deposition should be depe-
ndent on the temperature incregse above the"inve-:ﬂ
rsion temperature’. | ’
'(2) The re-evaporatioh of transferred tungsten. The
evaporation of tungsten from a particular point
~on the filament- is dependent' on‘w the temperature
of that point. |
'(3) The movement of the transferred tungsten along the
temperature .gradient of_the filament. The rate of
this movement is dependent on the témperature gradient.
With the 'fluorine lamp' (inversion temperature'VBIOOOC)
transfer éppedrs to have occurred on to sections of the |
filament where the-tempeféturq wﬁs only A~ 2000°C. This
suggests either that. the 'inversion temperature' in the
'flﬁqrine lamp! i; lower fhan.BIOOOC or that a substantiai
amount of movement of the transferred tungsten along the
hot (running) filament has occurred after the original
deposition. |
With the 'bromine lamp' (inversion temperature~1600°C)
.a combination qf the three factors might easily 1ead.to a
distribution of 185W of the type obtained.
' 3.844- Conclusioﬁs.
These radiochemical experiments have shown that transfer

of tungsten from a cold (non-running) filament to & hot :

(running) filament does occur in the presence of a suitable



152,

fluoride. This occurrence of transfer has proved that a
.'fluorine'reggnerative cycle' is in operation 'in a tungsten‘
fluorine lamp ahd‘that, in pfinciple, a healing cycle is
possible, which could minimise the rate of formation of
.,'hot spots' and increase filament life.
The'distribution of @ransferred tungsten with a fluori@e

dose is far more even than is obtained witheabromide dose.w7
However, the amount of transfer with & bromide dose is far '

greater than is obtained with a fluoride dose.,

. 3.9 Development of a Commercial Tungsten Fluorine

Incandescent Lamp.

Although it has been prdfed,that a healing cycle with
fluorine is possible, there are many problems to. solve
before the production of a commercial f;uorine lamp. The
two principle problems are:

(1) Early Lamp Failurel

It has been shown by life test experiments thét the
use of a relatively large fluorine dose in & lamp leads to
early failure. This is due to the attack of fluorine oA the
tungsten filament, fhe ﬁajority of which is below the
- 'inversion temperature' of the fluorine reaction. This
_attack might be compensated for by uéing.a mixed bromide/
fluoride dose. The 'broﬁine cycle' might then~§ause tungsten
- %o be redeposited on parts,of‘the fi1aﬁeﬁtlwhich are ’
.attqcked by fluorine.

(2) The ‘'trapping’ of fluorine as Siiicon tetra-
fluoridé. ~

It has been shown that,in a fused quartz envelope



153.

tungsten fluorine lamp, the fluorine attacks the quartz
envelope and is quickly 'trapped' as silicon tetrafluoride.
AWhen this occurs the fluorine can no longer take‘part in

the fluorine regenerative cycle. In a commercial tungsten
fluorine lampthe attack of fluorine on the fused quartz
envelope must be prevented. This can be done in two possib;p
wayss the internal fused quaftz surface can be protected
with a layer of a fluorine rgsistantAmaterial; or a different
envelope material can be used. In this latter case it would.
be necessary either for the envelope matérial to be comple~
"tely fluorine resistanf or for any fluoride produced to be
non-volatile so that a!layeriaffluoride.froducedAon the
envelope surface protects that surface from futher fluorine
attack.

In a patentll9, Schréder has‘suggested the use of
calcium fluoride or magnesium fluoride.as protective coatings
fof the internal surfadp of the éuartz envelope. However,
these coatings do not apfear to have been developed in a . _
commercial lamp. . | | |

The tungstén fluorine incandescent lamp is nowvbeing
developed by the Research Department, THORN LIGHTING ﬁIMITED;

.Leicegter.
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. CHAPTER 4. HALIDE FLUORIDES OF TUNGSTEN(VI).

4.1 Introduction to Hexavalent Branstion Metal Mixed Halides.

 Before_the.identification of a hexavalent transition
.metal’hikedﬁhalide, lower oxidation state transiti§n metal
mixed halides were well charécterised. Examples of these
lower oxidation state mixed halides are titanium chloride
trifluoride (TiClFa)}34 vanadium chloride trifluoride;
(vc1F3)}55 niobium tetrachloride fluoride (Nbc14F)}36
:tantaium tetrachloride fluoride (TaC14F)137'and osmium
iodide tetrafluoridei(bsIF4)138.-

The hexavalent tranéit10n metal mixed halide, tungsten
chloride pentafluoride (WClFs), was prepared by the exchange.
reaction between tungsten hexafluoride and titanium tétra-
chloride%39 |

Since that timé the complete range of tungsten(VI)
chloride fluorides WCl Fg._y, havé been prepared or identi-
fied7’l40’14land rhenium chloride péntafluoride hes beeh .
preparedl4% .

Although the mixed chloride fluorides of molypdenum(V),
| M0012F3145 and MoClaF144, pa#e been. prepared, no mixed
.chloride flﬁoride §f'molybdeum(VI) has been reported. The
.decisive factor must be the oxidising strengih of the
" hexafluoride since the halogen exchangé reactioms of molyb-
denum hexafluoride are more numerous than those of tungsten
hexafluoride but rédubtion of Mo(VI) always accurs’. For
example, boron trichlpride reaéts with tungsfen‘hexdfluoride

L)

to form AW'Cl F3 whereas the "reaction of boron trichloride

3
with molybdenum hexafluoride produces Mo,Cl;F¢.

-
. Caw
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Hexavalent transition metal bromide fludrideglhave
proved more difficult to prepare than the chloride fluorides.
Thermally unstable hexavalent IMgw%f4F2 (cis and Trans)
'énd'other“molybdenum(VI) bromide fluorides have been
reportedlosin.low yields in the preparation of the penta-

valent solid Mé'ng from the reaction between molybdenum’

4
hexafluoride and ﬁolybﬁenum hexacarbonyl in the presence
of bromine. There have been no other reports Qf hexavalent
transition metal bromide fluorides.
Although it is difficult to prepare the hexavalent

transition metal bromide fluoridés, sbme 6f the cor;esponding

Group‘Vl non metal bromide fluorides are fairly easy to
prepare. Tellurium bromide pentafluoride has been prepared

by the action of fluorine on tellu¥ium.tetrabromide at
25°Cl45l Sulphur bromide pentafluoride has been prepared By"
the bromination of disulphur‘decgfluoride at 150°Ci4s.and

by the action of bromine and bromine pentafluoride on

sulphur tetrafluoride at 100°c147,

C @.2 Stability of Hexavglent'Transitioﬁ Metal Mixed Halidgg.
The hexavalent transition metal mixed halides are |

« thermélly unstable: tunésten chloride pentafluoriﬂe ‘
!decomposes slowly at. room temperature (24hr) but is stable
for several weeks at -1000140,‘and rhehium chloride penta-
_fluoride decomposes rapidly at room temperature and slowly

143

even at -3000.
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4.3, Methods of Preparatlon of Hexavalent Tran81tlon Metal

Mixed Halides.

Hexavalent chloride fluorides can be prepared by
fluorination of an appropriatd.chyoride or chlorination;of o
an appropriate fluoride. All the known MClF5 cgmpouﬁds except
SeClF5 have been prepared by the slow fluoringtion of a -

chlorides SC1lF_. from sulphur dichloride at 1000148, TeClF5

5
142

from TeCl4145, WCLF; from WCl6l40;and ReClF; from ReClg
Sglenium chloride pentafiuoride has been prepared by chlorin-
ation of the salt CsSeF5 with ClSO3F149. Tungsten chloride.
fluorides have been prepared from the hexafluoride by halogen
exchange with titanium tetrachlor1d29’ , boron tr1chlor1de7
or trimethyl chlorosilane (in the presence of anhydrous
60,141
hydrogen chloride ).

Tungsten chloride fluorides have now been prepared by

the chlorination of tungsten pentafluoride (this thesis

- - Section 4.5).

Some attempts have been made. to prepare the bromide
fluorides 6f'tungsten (vr), (Section 4.6). Tungsten bromide
pentafluoride has possibiy been produced in the bromination of_
‘tungsten pentafluoride and in the bromofluorination of tungsten

‘hexacarbonyl.

‘4ed4. Identification of Hexavalent Transition Métal Mixed

Halides by N.M.R. Spectroscopy.

In this work on mixed halidés of the hexavalent
transition metals, the technique of 19? nucleér magretic

resonance spectroscopy (N.M.R.) has proved useful for the
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identification of reaction produéts without +the need for

150

separation, The book of Emsley, Feeney and Sutocliffe has

been used in the identification of chemical shifts.and
coupling constants. :

Experimental details of the N.M.R. Spedtroscopy‘are

given in Section 5.3%,9,

4650 Preparatioh of Tungsten(VI) Chloride Fluorides bz:

the Chlorination of Tungsten Pentafluoride.

iTungsten pentafluoride was prepared as described in
Section 5.2.3.

The previously dried appgratﬁs (Figure 4.5.1) was
asgsembled, evacuated and flamed out. After'breaking the
break seal (A), an excess of dry chlorine was distilled
on to the tungsten pentafluoride in trﬁp B (at -196°C).

Arcton (CPCIB) from trap C %as added to act as a
- solvent. The reaction mixture in trapB was held at ;40°C.
for 7 houfs'and then.atiﬁfc overnight.-During this time a
slow calour chaﬂge Qcéurred from yellow through deep red
to brown. Chlorine was distilled from the reaction mixture
at -96°C.

' | Some of the volatile products were distilled from
trap B (at -50°C) into N.M.R. tube D (at -196°C). The
N.M.R. tube was sealed off at X. The_l9F N.M.R. specfrum .
(at -3600) of this more volatile fraction (a pale yellow
solution) showed signals which.we;e'attributgble to tungsten
hexafluoride, tungsteﬁ chloridg pentafluoride and arcton.

Trap B, containing the less vélatile products, was .

sealed at f. The.liquid from this fraction was decanted into

e
el a8
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N.M.R. tube E which was sealed off at Z. At -30°C this.less.
volatile fraction was an orange sqlution (containing some
orange/yellow solid).whicﬁ gave a 19F N.M.R. spectrum

: (Figure 4.5.2) showing signals attributable to tuhésten"
hexafluoride, tuﬁgsten4chlonide pentafluoride and arctoﬁ
and a very weak signal attributable to irans tungsten

dichloride tetrafluoride.

FIGURE 4.5.1. - Apparatus for the Reaction Between Chlorirne

and Tungsten Pentafluoride.
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4.6. Attempted Preparations of Tungsten(VI) Bromide Fluorides.

4.6.1. By the Reaction between Bromine and Tungsten
. Pentéflﬁoride.- ‘ '

Tungsten pentafluoride was prepared as described in.
Section 5¢2¢3%. In this reaction it was used in a fgiriy
h impure form (coﬁtaminated with tungsten tetrafluoride).

Bromine was:purified by several distillations and dried
by sténding over phosphorus pentoxide for one day.

The ‘previously dried apparatus (Figure 4.6.1(a)) was
assembled, evacuated and flamed out. After breaking break.
seal A, a small quanfity'of bromine was'distilled on to the
tungsten pentafluoride in trap B (at ~196°C). Arcton was
distilled into trap B to act as a solvent. The reaction ..
mixture was held at -40°C for 12hr.

Some of the most volatile fraction was distilled from
trap B (at -78°C) to the N.M.R. btube C (at -196°C). The
N.M.R. tube was sealed off at X. The L7F N.M.R..spectrum
(at -éOOC) éf this volatile fraction (a pale yellow solution)
showed signals ﬁhich were attribufablé only to tungsten
hexafluoride and arcton. |

Trap B was‘segled off at Y, the liquid decante& into
 N.M.R. tube D, and this N.M.R. tube sealed off at Z. At
-20°C this less volatile fraction was #,red/brown solution
containing a brown/black solid. The 19F N.M.R. specfrum’of
this fraction was recorded at -20°C (Figure 4.6.1(b)) and
shéwed signals due to tungsten hexafluoride and arcton and

a very wesk doublet.which might be attrihutable to the

eduatorial fluorine atoms in tungsten b#omide bentafluoride.
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This doublet occurred at ~18ppm downfield from tungsten ".:
hexafluoride and had a coupling constant of+~67cps.

~

FIGURE 4.6;1(a). Apparatus for the Reaction between Bromine

~

e

and Tungsten Pentafluoride.
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4.6.2, By the Bromofluorination of Tungsten Hexacarbonyl.

Bromine was purifiedlby several distillations, d:ied
by‘sténding over phosphorus bentoxide, and distillqd into
trap A. Tungsten hexacarbonyl (3g).was purified by sublim-
ation beforé being introduced into the nickel reactor.

The previously dried apparatus (Figure 4.6.2(a)) was
"assembled on the standard fluorine‘generating system'
(Section-5.1.3). Dry nitrogen was passed overnight (through“
tap Ty ). With tap‘Tl closed and taps T2 and Tz open,
fluorine (diluted with nitrogen) was passed through the
apparatus at a rate of 7g/hr (the flmorine generator .was
set at 10A) for two hours. The fluorine passing through the
" bromine caused a’mixture of the bromofluofides (including ,
bromine and fluorine) to be passed over the tungsten hexa-
carbdnyl. The tuﬁgsten hexacarbonyl.was heated at regular
intervals with -a gas toréh. Non volatile products were
" collected in trap B (at room,teméerature) and voletile
products were-collécfed in trap € (at -183°C)

With tap T, open, nltrogen was passed through the
apparatus for several hours to expel fluorlne from the
system. The apparatus was connected to a vacuum system
(at J) and evacuated back to tap T3. Traps B and C were
'sealed off at X,Y and Z. '

' The volatile products in traf'c were fractipnally
_vaauum distilled through traps at -30°C, =78°C and -196°¢C
(Pigure 4.6.2(b)). Specimens from each trap were poured
_into the N.M.R. ‘tubes and the 19F N.M.R. spectra were

recorded.
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The_19F N.M.R. spectrum of the specimen from the -QBQ°C
'_frap(D) only showed a signal attributable to BrFa. The
19p N.M.R. spectrum (at -15°C) of the specimen from the

-196°C trap (F) showed signals attributable to WF, and

6
BrFs (a doublétr28ppm ~wupfield from WF; and a quintet
1l12ppm downfield froﬁ WF6) - see Figure 4.6.2(0). However,;
i the 197 N.M.R. §pectrum’ (at 0°C) of the specimen from the
-78°C trap (E) (ée; Figure 4{6:2(d))'showed signals due to
BrFg (as above) and BrFj (a broad vsignal 168ppm upfield *

from the BrF. doublet) and an unidentified doublet (6ppm

5
downfield from the BrF; doublet or 22ppm upfield from WF)
which might be attributable to the four equivalent fluorine‘.
‘atoms in WE5Bv. This doublet, with a coupling constant, ,
| (JF_F), of‘86cps-showéd further eplitting which.could.be

due. to 183y.19F cdupling.
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FIGURE 4.6.2(a) - Apparatus for the Bromofluorination of

QJFQ _ Tungsten Hexacarbdonyl.
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PIGURE 4.6.2(b) - Vacuum Distillation Apparatus.
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FIGURE 4.6.2(c) - '9F N.M.R. Spectrum from Trap F. '

J - :

‘ BrF - . ’ WF6 BI‘F5
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| : e——-E WF )

FIGURE 4.6.2(@)';‘19F N.M.R. Spectrum from Trap E.
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4.6.3. Unsuccessfgl Attempted Preparations of qumi@e
Fluorides of Tungsten(VI). |

. Several other poésible methods of preparation of
tungsten(VI) bromide fluorides-were attempfed but all
" proved to be completely unsuccqssful.,The reaction'betweenf
tungsten hexafluoride and boron tribromide (both in the
absence and in the presence of free bromine) produced oﬁlyﬁ
solid tungsten bromides eVeq in the presence of excess
tungsten hexafluoride. The reaction between fungsten
hexafluoride,-tungsten hexacarbonylland bromine was also
‘not successful in the production of tungsten(VI) bfomide

fluorides. .

v

4.7. A Discussion on the Formation of Tungsten(VI) Bromide

[4

Pentafluoride.,

4.7.1. The Conflicting Evidence.

" The ekperiments (Section 4.6) have shown two possible
methods of preparation of tungsten bromide‘pentafluoride. |
In both cases 19F N.M.R. evidence was used to suggest the
‘bresence of WF5Br in the product. However, the 197 N.M.R.
‘evidence from the reactions is conflicting. The products
. of the reaction between brominé»and tungsten pentafluoride:
show a very weak 19F N.M.R. doublét.at 18ppm downfield froﬁ
fungsten hexaflpofide, ﬁhereas, the products of thé bromoﬁf
fluorination of tgngstén.hexacarbonyl show awl9E N.M.R.
doublet at 22ppﬁ upfield from'tungsten hexafluoride; Each
doublet was origiﬁally assigned to the four equivalent
'fluofine atoms in'WFsBr. Clearly both>doub1ets cannot be

assigned to theae'atoﬁs,
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4.7.2. Possible Preﬁiction of Chemical Shifts in -
.angsten(VI) bromide pentafluoride.
19F N.M.R. chemical shifts are, like all N.M.R.
chemical shifts, dependent on the shieldihg of the nucleus
by the surrounding electrons i.e; on the electron d;nsity
around the nucleus.

-In & simple treatment of & mono substituted tungsten(VI)
fluoride the chemical shift is dependent on the electro=~
negativity of the substituted group (X). Decreasing the
electronegativity of this group causes aﬁ increase in the

electron density around the fluorine atoms (an increase in

shielding) and, therefore, an upfield chemical shift (Figure

4.7.2).

FIGURE 4.7.2. - Shielding Mechanisms

electron push (donor)

F < W oG X
higher : s&bstituent less
electron ' _ electroneggiive . o
density. ' than fluorine.

This upfield chemical shift is observed in the

o)

]éompoﬁnd MeOWF5 whose 19p chemical shifts are 47 and T6ppm
- upfield with respect to tungsten hexafluoridelsl.
Using this argumeht' the chemical shifts in WF5Br
) > .
would be upfield with respect. to WFg since bromine is less
electronegative than fluorine. However, the 19F N.M.R.
" 140,141 : : '
spectrum of WF501, which contains ‘a doublet at 16ppm
downfield froh WFg due to the four equivalent fluorine atoma

and a quintet at59ppm upfield from WFg due to the remaining
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fluorine atom, cannot be‘explained in terms of the electro?_ a

negativity of chlorine. In fact the factors contributing
to l9F chemical shifts are complex, so.that a prediction
of the chemical shifts in tungsten bromide pentafluoride

'is not possible. -

4.7.3. Assignment of the Conflicting N.M.R. Data.

It is now suggébted that the 17F N.M.R. doublet
observed at 22ppm upfield from fungsten hexafluo:ide
should be assigned to the four équivalent fluorine atoms
in WFSBr. The reasons for this are:

(1) This signal 1s a well characterised doublet showing
further coupllng (183W 19F coupling) whereas the
signal at 18 ppm downfield from WFg is very weak
(nardly more than noise) and no fine structure can
be observed;

* (2) The reaction between bromine and fungsten penta-
Ce fluoride was carried out in fhé presence of arcton )
. (CFCl;) and it is possible that an exchange reaction

might have ied to the formatién of WFSCl:'This
' would explain a weak doublet at ~ 18ppm downfield
5 from WF6 ( WFCl pioiuces a doublet at 16"5ppm
downfield from WF, 4 ).

The suggestions imply that the bromofluorination of

tungs%en hexacarbonyl (Section 4.612) produces some‘tungsten

bromide pentafluoride, whereas the reaction between'bromine'

and tungsten pentafluoride.(Section 4.6.1) does not.
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4.8 Conclusions and Suggestions for PFuture Work.

The evidence suggests that tungsten bromide penta-
fluoride is pr&duced, together with tungsten hexafluoride
‘and some non volatile.tungsten brdmides, in the bromoflu-
orination of tungsfen hexacarbonyl.'Ther?fore, this
' .preliminary preparative work shows the pos;ibility of
production of the series of tungsten(VI)‘bromide flu&rides.

IFurther work is necessary. A'further study of the bromo-"
1-f1uorination of tungsten hexacarbonyl might provg fruitful.

A compérison of the reactions of tungsten pentafluoride
with chlorine (giving WFg, WFgCl and WF4012‘) and with |
bromine (giving WFg with no o%her definite product)
suggests that the bromide fluorides of tungsten(VI) are
éven less stable than the corresponding chloride fluorides.
Theréfore, special care must beftakén in future preparative-
‘ﬁoék to ensure that any tunéste% bromide fluorides are not

inadverténtly_decompoaed;
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CHAPTER 5. -« EXPERIMENTAL METHODS.

5.l Reaction Procedures
5¢1.1 Introduction. A N
The halides which have been considered in tnis work |
are'extremely moisture sensitive and have requir;d special
“care in preparation. and pandlith_
) AFluorideé (the most rgactive'halides) attack glass
by reactions of the type
Si0, # 2NF, —» SiF4 + 2MOFn-2
In the presence of traces of moisture, the hydrolysis
ieads to a chain decomposition reaction thus
[

2MFn‘ + 2_@2

510 + 4HF =% SiF + 2K

o
Q —% 4HF + 2MOF__,

o2

which has chain terminating steps thus

SlF4+ 2H-F -'—)H231F6

3SiF, + 3H20 —’stiO + 2H281F6

. 4 3
. However, it has been possible to use pyrei‘ glass apparatus
for handlingthe fluorides at temperatures below 200°C

- provided that the glass was adequately dried.

5.1.2 General Handling Technique.
‘ _The halides have been handled in vacuum, dry gas flow
and dry box systems.

(a) Vacuum systems

Glass ‘vacuum systems have been widely used. The vaéuu%

[

" Footnote F
'Pyrei' is a tradename. A typical composition of pyrex
glass is 75.5? §10,, 17% ?3203,.2?3 41,0, 4% Nep & 1.5% K,0

. a

.,
%
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with pressures down to lo-itorr, was obtained by the use of

a 'Genevac' rotary pump and a mercury diffusion pump..

thré possible en the glass vacuum system, joining

was achieved by glass blowing. 'Quickfit!’ t&pe taps and

joihts were ‘used but were kept ?o & minimum, particularly

in the vicinity of the reaction. The 'Quickfit' taps and

- joints were greased with Edwardshigh vacuum grease‘pr

Apiezon L grease except in the Qic?nity of the reaction where

Kel F 96¥grease was used. | | |
Before use, éll glass vacuum systems were dried by . :

flaming under high_vacuﬁm; The'design of a reaction system

was vaiied to guit the particﬁlar preparation but the

pumping arrangement was not altered (Figure 5.1.2(a)).

k) ) <
;FIGURE“5JJ2(a). Vacuum Pumping Arrangement for Vacuum

Reaction Systems.

two way
tap

‘ mercufy'
manometer .
liquid e———1
nitrogen A
cold trap

mercury
diffusion pump

rotary
'~ vacuum pump

Footnote.7¥

' Tradename.'L polymeri?;gregse»(Cl(CFé-cFCl)x012)which‘is.

unreactive. L o
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(b) Gas Flow Systems.

The major gas flow system which has been used is the
fluorine/nitrogen gas flow system particularly for the
fluorination of metals.

A mixture of pure dry fluorine (see Section 5.1.3) and
'nitiogen wa; passed over the usually heated metal. A typical
reaction gpparatus is shown in Figure 5.1.2(b).’Sin¢e the :
.réaction temperature often exceeded 200°¢ (eithér by exter-;
nal heating or because the reaction was exothermic) it was |
necesdary to use a nickel reactor (A). The reﬁaindef of the

épparatus was usually ?yrér glass. Air tight seals were . b
obfained‘betwéen the réactof and the glass by means of |
compression unions and neoprene rings (B). For eage'of
installati&n, a nickel boat (C) was used to contain: the
reéctant metal. It was usual to further dry the gas mixture
before reactionvby passing through a liquid oxygen cold
‘trap (D) (at -183°C). Liguid niérogen (B.Pt. -196°C) T
.cannot be used because it would condense out lligquid fluorine
(B.Pt.)-187°C). The sulph;ric acid bubbler (E) at the end
of the~flow apparatus prevented ﬁ;isture entering the
'apparatus. | |

The products-of fluorination were condehsed in cold '

. traps (F), the nature of which was dependentAon the partic-

“ular flﬁorinat;on.

&,
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(¢) Dry Box Systems.

'Involatile halides were handled in an automatically
recirculating dry, oxygen free, Lintott Mark 11 glove box,
using.standard dry box procedure. The moisture and oxygen
were continuously removed from the glove box by molecular
sieve (type Lindé No. 5) and heated (25060) manganous oxide
-respectively; The regeneration of both agents could be )
carried out regulariy in situ. The entry/exit chamber was
connected to a vacuum pump and the fecirculating éae supply
so that moisture could be excluded when 1ntrodu01ng apparatus
into the dry box. In addition a11 apparatus was drled before
introduction into the dry box and foperations in the dry t

box were carried/out.as quickly as possible.

5¢1.3%3 Use of the\Fluorine'Generating Cell.
Reactions'involving fluorine gas were carried out using
a stahdard medium temperature floorine generator (Figure
5.1.3(a)) supplied- by Imperial Chemical Industries Ltd,l
Mond Division. The standard operating and servicing
instructions were followed.
‘ The fluorine pnoduced-was fred from hydrogen fluoride
' “by passage.through-a copper trap containing anhydrous
sodium fluoride. The last traces of hydrogen fluorioe were
‘removed in a liquid oxygen trap incorporated in the reaction
apparatus. ' | '
The permanent system (Figure 5.1.3(b)) was constructed
iof copper. The leads of é" copper tubing were connected to
the glass reaction apparatus u51n§mcompreesion unions and

neoprene rings.

The whole apparatus was enclosed in a fume ocupboard.
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FIGURE 5¢1.3(a) Fluorine Generating Electrolytic Cell

(diagranmtic )
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FIGURE 5.1.3(b) Fluorine Generating and Purification System.
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5.2. Preparations.

5e241, Preparation of Volatile Transition Metal Hexafluorides,
| The volatile transition métallhexafluorides WFgy MoFg, |

ReF, and 0sF, were all prepared by the same general method.

6 6
of fluorinating the meta19.

' Immediately before each preparation any oxide impuri--
ties were removed from the‘metalxgeating the metal to dull
;ed heat in a stréam of hydrogen for 13 hours and allowing -
1t to cool in the hydrogen stream. (seeFigure 5.2.1(a).)

The previously dried apparatus (Figure 5.2.1(b).) was
assembled on the standard fluorine generating system
(Section 5.1,3). Trap B contained anhydroug sodium fluoride

‘o§er which the hek;fluorides are generally stored. Trap A
was cooled in liquid §xygen (-18360) and dry oxygen free
nitrogen was passed through the appdratus overnight.

The fluorine generator waé éwitched‘on and the current.
‘slowly increased to 204 (giving i5g fluorine per hogrl A
mixture of fluorine and nitrogen. was passed slowly through -
the é&stém. Trap B was.cooled'with liquid oxygen. The
reaction was-initiafed and maintained at various times

.through tﬂe reaction by externally heating the nickel reactor.
.The volatile hexafluoride copdenged in Trap B. When‘the
ieactiqn was complete (i.e. after allowing sufficient time
for thelpassagé of lé,fimes the required amount of fluorine
plus one extra hour) the_fluorine generator was turned off.

- The apparatus was then purged with dry nitrogen forll to 2

" hours. With the nitrogen off and tap T closed'the épparatus
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FIGURE 5.2.1(a) =~ Reduction 6f Oxide Impurities in Metal

-Reactants.
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FIGURE _5.2.1(b) - Apparatus for the Preparation of

Volatile Hexafluorides. \
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" FIGURE _5.2.1(c) =~ Apparatus for the redistillation of

the V@lhtile Hexafluorides.
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"was sealed off at X. Joint Y was connected to a vacuum
system and the apparafus'sealed at Z.

- Using a standard, previously dried, vacuum apparatus
(Figure 5.2.1(c).) the hexafluoride was purified by disti-
llation into break seal traps (A) containing anhydrbus--ni
- sodium fluoride. Each trap was pumped at -78°C for a few
minutes (to remove any silicon tefrafluoride) before beihgﬂ

sealed at X.and stored (at -30°C) ready for use.

 5.2.2 Further Purification of Rhenium Hexafluoride.
Rhenium hexafluoride prep#red by this method (previous
séction) was contaminated with rhenium heptafluoridela. |
The impure hexafluoride was purified by passing over'heafed
rhenium metal (from which oxide impurities had just been
‘removed) in a stream of dry nitrogen.

1 The ReF6/ReF mixture was distilled into a special two

7 .
‘breakt sealxtrap(A), which was tpaibuilt into the purificé—
tion_épparatus. (Pigure 5.2.2). Dry nitrogen was passed
through the appafatus overnight. After flaming out the - -
apparatus, the-break seals (B) were broken, tap Ty was

. closed and the Rer/ReF7 wgs.swept over the héated rhenium,
‘with a slow stream of dry nitrogen, into trap C which was
cooled with liquid oxygen. On completion of the purification,
‘trap C was sealed at X, connected to a vacuum line.(at -
';Joipt J), pumped ouh“fbr a few minutes at -78°Cvandzsea1ed
off at Y. The hexafluoride in trap C was then ready for
pufificafién by vacuum Aiétillgtion (see previous Sestion)
and storage over'anhydrous sodium flubride-id-pjrex break

seal vessels at -3000.‘
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As well as reducing ReF, to ReFg, this purification
procedure also reduces any volatile ReOF5 impurify "~ to the
less volatile ReO?4. The ReOF4 was then<separated in the
subsequent distillation.

FIGURE 5.2.2. - Apparatus for the Purification of Rhenium

Hexafluoride.

' to fu
dry N_ inlet © ume
2 cupboard

nickel reactor 1

tap T,

rhen;um metal Trap C

in nickel
boat

two\break <
seal trap break seal

(a) (5)

sUlphufic
' acid bubbler
drying trap -

coolqd to

-183°¢



183,
5.2.3 Preparation and Purification of Tungsﬁén“
Pentafluoride. -
Tungsten pentafluoride was prepared from tﬁngsten.
hexafluoiide and heated,tungéten wires using fhe method
of Schrgdér and Grewe®. ‘

The special quartsz apparatus (euppliéd by Dr Schroder)
was sét.up as shown in Figures 5.2.3(a) and (b), evécuated,&
flamed out and the tungsten wires briefly brought to red
heat. The apparatus was filled‘with between 250 and 400torr -
of tungsten hexafluoride and tap T closed. A large Dewar
"vessel containihg covling liquid (at -60°C) was brought up
to the elecfrodes. The wires (A) were heatedAby passing ;n
AC current of ﬂvlf-l?A at 2.6 Volt. The wires were only
"allowed to reacﬁ.a.dull red glow. As the reaction proceeded
.and the wires became hotter the.heating voltage was reduced.
‘The cooliﬁg bath was maintained at =55 to -65°C throughout
the reaction. Tungsten pentafluo}ide was condensed on the
cold walls of the reaction vesssl. _

Tﬁé end of the synthesis (usually after about 7 hour)

" was determined éither by the consumption of the hexafluoride
~or by the burnigg through of the wires.
: After switching off the heater cﬁrrent and rem&ving the
vessel .
1arge'Dewa51,th? side arm (B) of the apparatus was coole
" to,-196°C. The tungsten penfafluoride was_theﬁsublimed into

the side arm. This purified tungsten pehtafluoride was scr-

aped into.}he ampoule(C) with the magnet(D), the excess of
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tungsten hexafluoride was pumped away and the ampoule was

sealed off (after cleaning the sealing off,point) at X.

FIGURE 5.2.3(a)

Apparatus for the Preparation of

Tungsten Pentafluoride.

‘eo T ' s = stopper(with
a s = .
P, g ~ retaining springs)
spring
central heating supply
tungsten , :
support
N electrodes
springs
copper .,
hOldéI‘(

CaEz‘sleeve

taut tungstpn,_————'”"
wires(a)¥ o
(dia O.4mm) . side arm (B)

ampoule (C)

. copper
cross

magnet (D)

Footnote % o A

- For modification in Sedtion_2.5.4(b)=these are replaced by
‘ .

molybdenum wires in thilpreparation of molybdenum pentaflu-
oride. o !

A
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‘FIGURE 5.2.3(b) = Vacuum System for the-Preparation.of

TungstenvPentaflﬁoride;
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5.2.4 Preparation and Purification of Molybdenum
Pentafluoride. |
| Molybdenum pentafluoride was first preparéd by the

reaction of elementary fluorine with molybdenum hexacarbonyl
at -7500152. It.has since been prepared by the reduction

of the hexaflﬁoride with mbljbdénum carbonyl or tungsten
carbonyl at 25°q;53, by the redhction of the hexafluori&e

" with molybdenum powder at 300-400°C'?2, and by the reaction

of dilute fluorine with molybdenum powder at 400 0153. The -

reduction of the hexafluoride with molybdenum powder has *»
been used as the standard method of preparation of molyb-
denum peﬁtafluoride in this thesis. Another method of
‘preparation of molybdenum pentafluoride, involving the
reductioﬁ of molybdenum hexafluoride by heated molybdenum
_wires, has been'developed. |
" (a) Standard Method of Preparation of Mélybdenum
— Pentafluoride. |
Molybdenum pentafiuoride.was prepared by the reduction’
of the hexafluoride with mohbdenum powder at 300-400°C.
Immediately before the preparation, any oxide impuri-
ties were removed from the molybdenum powder by heating
'the metal at dull red heat in a stream of hydrogen for lzhr
end allowing to cool in the hydrogen stream (see/Section
'5 é l) 'Usiﬁgfthe molybdenum hexafluoride in a special
'two break«seal' trap (A), the apparatus(Figure 5.2, 4) was
made up, drled and assembled. With tap Tl -open, dry oxygen- |

. free nitrogen was passed through the apparatus;overnight.

The furnace was set at 300-400°C. The break seals (B) were
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broken, tap closed and the molybdenum pentafluoride swept
slowly over the heated molybdenum in a slow stream of dry
nitrogen. Molybdenum pentafluoride ran down the sloping
nickel tube into trap C (at -78°C).

On completion of the reaction, the nitrogen supply was
.turned off’?mtirap C was sealed at X, connected to a vacuum
system(at joint j), pumped out at room temperature and sealed
off at Y.

The pentafluoride in trap C was purified by vacuum

sublimation.

FIGURE 5.2.4 - Apparatus for the Preparation of Molybdenum

Pentafluoride by the Standard Method.

break seal (B)

furnace
to fume
dry Ng cupboard
(C free)
trap D at
nickel
reactor
trap C
nickel boat
tra
containing
molybdenum
powder sulphuric

acid bubbler
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(b)  New Preparation of Molybdenum Pentafluoride.

. The method of Schroder and Grewes,

for the preparation
of tungsten pentafluoride has been slightly modified to
enable molybdenum pentafluoride to be prepared. |
' The new method differed only in detail from that used
in the preparation of tungsten pentafluoridé (Section 2.5.3%)
Using the standard apparatus (Figures 2.5.3(a) and (b) )
A 400 torr of molybdenum hexafluoride was reduced by
molybdenum wires (diameter 0.02") heated at dull red heat.
The cooling bath around the appératus was maintained at'-40f
to -SOOC. The, synthesis was usually complete after 5:to 6 3
hours. Purification was effected by sublimation of fhe
molybdenum pentafluoride (heated at 40 to 50°C) into the !
.51de arm (at -196°C). A
Molybdenum pentafluoride has also been prepared by the
reduétion of A~ 400 torr of moly£denum hexafluoride with
" heated tungsten wires under the same conditions. Analysis
. of the products of this latter reaction for tungsten in. N

the presence of molybdenum (by the method of Yagoda gnd

Faleslsﬂ) showed that tungsten was not present.

‘ 5.2.5 Preparation'and Purification of Oxytétrafluorides.

| Tungsten aﬁd molybdenum oxytetrafluorides were prepared
iby thé,oxyfluorination of their reépective powdered meta1537.
Since the:goxytetrafluorides can also be prepared by fluor-;
ination.of'the metalvoxid95155, it»was unnecessary to
remofe any oxide impurities from the powdered metals before.
.the Synthésis.

The previocudy dried apparatus (Figure 5.2.5) was
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assembled on the standard fluorine'genérating sysfem
.(SGCtion 5:1.3), Trap D, which was for the final collection
of any hexafluoride fofmed in the synthesis, contained
some anhydrous sodium fluoride. Usually, 20;30g of powdered
metal were used in the synthesis. With trap A at - 18360,
dry nitroéen was passed through the apparatus overnighf.’
After starting to pass a slow stream of oxygen through

tap T the fluorine generator was slowly turned up'to 20A

1’ :
(giving 15g of fluorine per hour) After allowing sufficiént:v
time for the fluorine to pass through to the rea;t§r, it :
(the reactor) was heated.with & low gas/oxygen flame in
ordexr to initiate'the reﬁction.

The oxytetrafluoride produced ran down the sleping
reactar and was collected in traps B and C( the latter being
cooled at -183°C). Any hexafluoride'produced was also
collected in trap C. It was sometimes necessary to clear ¢
blockages in trap B with an induétrial hot air blower.
Sufficient time for reaction was estimated by allowing time
‘for the passage‘of 13 times excess fluorine plus 1 hour. |
After this time .the fluorine generator and the oxygen supply
. were turned off and the éystem was purged with a élow o
stream'of.dry nitrogen for 1 to 2 hours.

With the nitrogen off and tap T, closed, fhe apparatus{
was sealed at V..Joint J was connected to a vacuum line and
" . the apparatus evacuated. With trap C at room temperature

' and trap D at -183°C, any hexaflﬁoride was distilled into
.ﬁrap D.-The apparatus was then sealed at W,X,Y and Z.

Trabé Bband C contained impure oxytetrafiuoride which
was stored ét room temperature until required . Purification
was carried oﬁt‘as required by vacuum sublimation at

approximaiely lOO?C.
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5.2.6 Preparation of Potassium Hexafluorotungstate(V) and
Potassium Hexafluoromolybdate(V).

' The salts kaG and KMoFg were prepared by the reduction
of the hexafluoride with potassium iodide in liquid sulphur
‘dioxide (solvent)T® thus KI 4 MFg =3 KMFg + 31, T.

AnalaR.pbfassium iodidevwas dried at 100°C under
vacuum and known masses were loaded into previously dried '
bulbs (Figure 5.2.6(a) ) in the dry box (Section 5.1.2).
These bulbs (A and B) were stoépered’removed from the dry
box and built into the previbuély dried apparatus (Figure
© 5.2.6(b) ) Ampoule C contained a known mass ( iwo to three
times excess) of the hexafluoride. The apparatus (including
_bulbs Aand .B) was évacuated and flamed out. The bulbs
A and B were sealed off at Q.

Break seal D was broken and the hexafluoride distilled
into bulb A (at -196°C). Dry. sulphur dioxide (about 20ml)
was also distilled into bulb A. The apparatus was sealed
-‘_off at X. With tap 'I'1 closed bglb A‘wés slowly allowed to: .
'warm up until the sulphur dioxide melted and reaction |
occurred'(liberating i&dine). By adjusting tap Ty.and
controlling the temperature 9f4bu1b A, the sulphur dioxide

and excess hexafluoride were distilled into .bulb B (at
~l9§°C). The reaction process wés répeated with the solvéntl
and excés# hewafluoride veing distilled back into buld A,

.The solvent and excess hexafluqride were‘distilled between

bulbs A and B several times to ‘ensure complete reaction.
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FIGURE'5.2:§(a) Bulbs for Loﬁding'with Potassium Todide.

.B 14 cone
S stopper

. \\\\\\\‘sealing off point Q

'Rotaflo!’ _ ' :

adjustable
tap .

FIGURE 5.2.6(b) Apparatus for the Preparation of Potassium
o " Hexafluorotungstate(V) and Potassium

Hexafluoromolybdate(V).
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The solvent excesé hexafluofide and‘some iodin; were
the#'&istilied into trap.E ( at -196°C) |
Bulbs A and B, coﬁtéining th? potassium salt and
iodinefwere heated to 100°C under vacuum fﬁr‘one to two
dayé'to completély remove the. iodine. The bulbs were then
sealed off at Y and Z. |
It was not possible to purify the potassium hexaflﬁoro
molybdate and tungstate but analysis for fluorine ahd
molybdenum or tungsten showed them to be r > 95%'- pure.
' 5.2.7. Préparation.of Potassium Hexachlbrotungstéte(IV).8l
Finely ground potassium iodide (1—2g) was introduced
into a dry Carius tube. The tube was heated in an oven at
130°C overnight. While still hot, the tube was stoppered
and‘transferred into the dry bvox. Tu#gstéh hexachloride
in a sealed ampoule was also int}oduced into £he dry box.
An excess of tungéten hexachlgride was introduced
into the Carius tube. The, Carius tube was stoppered, rem&véd
from the dry box, evacuated, sealed off, and then heated at
130°C for four days. After this time, the Carius tube was
opened, attached to & vacuum line and evgcuated. By heating
the Cariuélfube at 280°C under vacuum the liberated iodine
‘and‘expess fungsfen hexachloride were removed. The Carius‘
tube; cohpaining the dark red potassium hexachlorotungstate(lvz_

was sealed off. No further purification of the product was

Footnote %
- The tungsten'hexachloridevwas7suﬁplied by KQch-Light'

Laboratories Ltd. It was resublimed before use;
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‘possidble,

3.3. -Analyses.

5¢.3.1 Introduction.
The heats of hydrolysis of several compounds have
bgén determined (Chapter 2). It has been necessary to
analyse these compéunds as # demonstration of their purity.
The methods of analysis are described in the following

\éections. AnalaR chemicals were used throughout.

5.3.2 Analysis for Tungstenl’®,

Tungsten was determined by precipitation of the
s éinchbnine-tannin complex and’ignition to tungstic oxide.
(a) Procedure.
A known mass of the compound was dissolved in a small
amount of dilute sodium hydroxiée (10ml1) - or a 10ml
" aliquot of a larger solution was used. If necessary, the
tungsten was oxidised to:W(VI) by gently warming with a A

.few drops of concentrated nitric acid. Any precipitate

.

of tungstic oxide was re-disolved by adding dilute sodium
‘hydroxidg solution. The volume was adjusted to 200ml. 4N
am;;nium hydroxide (5ml) was édded, the solution heated

‘o 60°C, and tannin (lg dissolved in a little water) added.
-l:l'hydfochloric acid ﬁas added dropwise until the solution
was justAaéid (igdidated by the colour change). Powdered
cellglose.and 6% cinchonine hydrochloride solution (5ml) -

were stirred in. The precipitaté was allowed to stand

overnight, filtered (Whatman No. 41 filter paper), washed
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three times with cinchonine wash solution, returned to
the original beaker with a smail amount of wash liquid,
and iefiltered on the same paper. The precipitate and filter
paper were dried, by the gentle pumping of the filter pump,
before being transferred to a tared crucible. The precip-
itate and filter paper were charred and the crucible heate@\
at 800°C until constant mass was attained. Tungsten was. .
determined from:‘the mass of tungstic oxide'obtaiﬂéd.

(b) Preparation of Reagents.

Cinchonine hydrochloride solution wés‘prepared_py
dissolving cinchonine (5¢) in concentrated hydrochloric
acid (27ml) and water (63ml). The wash solution was
prepared by diluting this solution by thirty.

. ' 157,158.
5¢3+3 Analysis for Molybdenum.

Molybdenum was determined gravimetrically as the
. oxine complex.
60% perchloric acid (1lml) was added to a known mass of

. the compound (or a 10ml aliquot of solution) in a platinum ;

| .. dish. Too much perchloric acid would ruin the determination.

Thé solution  was evaporated t¢ dryness under an infra-red
,iamp and heated over a micro-burner to expel the excess
"perchloric.acid (which removed fluoride and oxidised the
.molybdenum to Mo(VI)} ). The residue was redissolved in a
sligﬁt excess of dilute sodium hydroxide solution. The
'sqlution (in a 250mi beaker ) was neutraliséd to méthyl red
and scidified with a few drops of 2N sulphuric acid. 2N

" ammonium acetate (5ml) was added. The solution was diluted
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to 150ml and heated to neariy boilingl The molybdenum was
precipitated by the dropwise addition of a 3% solution of
oxine*in dilute acetic acid. The mixture was.boiled for

3 minutes,.allowed to co§1 to.room temperature, and filtered
" through a tared sintered glass crucible. The precipitate

(of oxine complex) was well washed with hot water until
free‘from the reagent,and.dried at 130°C to cénsf&nt mass.
Molybdenum was de%ermined‘from the mass of oxine complnx,

Mo0,(CgHGON), obtained.

5¢3.4 Analysis fbr Tungsten and Molybdenum in the Same

Sample. | |

The analysis for tungsten and molybdenum in & sample
containing both was carried out by the method of Yagoda
end FaleslS4. .

TheAfollowing reagents were préparedx 2M formic acid,
30% W/V tartaric acid,50% W/V ammonium formate, distilled
* water saturated with hydiogeﬁ suiphide at 0°C and a
cinchonine solution (12.5g of cinchonine Aissolved in 50ml-
.6f-l.19 3.G. hydrochloric acid and 50ml of distilled water).

Avknown mass ofihegamphibeing analysed was added to
a soluﬁion of sodium hjdroxide. Hydrogen Leroxide (20vo1)
-was added slowly until fhe brown precipitate‘which‘had
been obtained wag\bémplefély dissolved and a yellow solution
~ of the metal peroxide was obtained. The solution was boiied
fo deqompdse the peroxide and a coloutless solution was

obtained which was-made up to 100ml in a volumetric flask.

Footnote F

dxine is 8 = hydrbxjhuindline (C9H7QN).
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To an aliquot of the solution was added 50¢ ammonium
formate (10ml), 30% tartaric acid (i0ml), water.seturated'
with hydrogen sulpnide at 0°C (100ml) and 2M formio acid
(10ml1). The mixture was heated on a' water bath at 6060 for
1l hour, a small quantity of ashless filter paperipulp added,
and the precipitation of molybdenum sulphide completed
with concentrated formic acid (10ml). The mixture was heated
lon a water bath for a further 30 minufes.:When the solution
had coo}ed, the.precipitate was filtered through an ashless
- filter paper. The precipitate was washed with.five portions
.(lOmlfeach) of'a wash solution (prepared from 5ml ef 50% |
ammonium formate, 5m1 of concentrated formic acid and 100ml
of distilled water). Both'fhe precipitate and filtrate were’
retained. | |

The precipitate and filter paper were transferred +to
a silica crucible which had prev1ously been heated to
500 C and cooled to constant mass. The contents of the
crucible were dried in a drying oven, the filter paper -
‘4 partially ashed over a very snall bunsen‘flame and the
‘crucible transferred‘to a furnace at 500°C for 1 hour.
After cooling, the mass.of the crucible and contents (MoOB)
were determined to censtant mass. Molybdenum was determined
:from the mass of mol&bdic oxide obtained.

The flltrate was evaporated (to'l5ml) and allowed to
:cool. Concentrated nltrlc acll (25m1) was added to remove
ammonium salts. When gases ceased to be evolved, the mixture
was diluted withdﬁspilled wafer (100m1) and cinchonine
solution (5m1). The mixfnre was boiLed for,two hours (the

‘volume waé mainteined) and filtered through an ashless filter
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paper. Theeprecipitate (of tungstic acid) was washed, dried
and ignited at 750°C in a crucible of known mass.
Tungsten was determined from the mass of tungstic oxide

obtaihed.

5¢345 Analysislfor Rhehiumlsain Rhenium Hexafluoride.
Rhenium was analysed gravimetrically as mnitron
perrhenate; |
A;knowﬁ mass of the hexafluoride was-.added fo an excess

‘of dilute sodium hydroxidé. The mixture was evaporated to
dryneés in a ;latinum dish and the solid obtained was fuﬁed
with an excess of sodium carbonate containing a little |
sodium peroxide (to oxidise the rhenium to the hepfavalent
state). The melt was extracted with water (50ml). The
solution'obtained was transferred to a beaker, neutralised
with 2N sulphﬁric aéid‘and buffered to pH 7 by the: addition
of sodium acetate (lg). The solutioh was heated to bpiling
| and the rhgnium precipitéted by the dropwise addition of a
‘pre-caléhlateduexcess‘of 5% nitron acetatq; The solution was
stirred frequently as it céoled to room temperature. After
standing for one hour'the solution was cooled Eo 0°C for a
further hour and then filtered through a tared sintered
- glass crucible. The brecipitate wﬁs washed with small port-
“ions of an-ice cold saturated solﬁtion of nitron perrhenate
containing 1% of nitron’acefate,and then With ice cold
distilled wa%er (only_é few ml). The precipitate of nitron

perrhenate was dried to constant ﬁass at 110°c. The rheniun

content of the hexafluoride was determinéd from ihe mass of

nitron perrhenate precipitate.

Footnote F
Nitron is a strong drganic base 445-dihydro =-1,4 diphenyl -

3,5 phenylimino - 1,2,4 triazole.



199.

‘5.3.6 Analysis for Fluoride.
(a) Distillation of fluorosilicic acidt??

Heﬁvy metals interfere with analysis for fluérine.
Therefore, it is necessary, in the fluorine anaijsbs of thié
ﬁork, to sépar;te the fluorine from the heavy metals. The
method used was the steam distillation of - fluorosilicic.
"acid. The subsequent analysis involved the precipitation
of‘lead chlorofluofide ahd the determination of the chloride
content of this precipitate by Volhard@ method;- |

A known masgpofzggmpound to be analysed was added to
flask A of the distillation apparatus (Figure 5.3.6 ). 85%
phosphorié acid (20ml) and a few soft glass beads were also .
added. Flask A was attached to the distillation apparatus.

Immersion heater B and heater C were switched on. When
éteam reached flaék 4, thé steam super heater D was switchqd
on (this automatically reduced thevoutput of heater B) A =

"solution of fluorosilicic acid was collected in flask E.

BN

Footnotea?
‘In this work with moisture sensitive compounds, two -
methoas of loading the flask A were useds:
l. With non-volatile samples the stopperéd'flask A was
loaded in a dry box. )
2. With voiatile samples thé sample was contained in a
frangible glass ,bulb (as in Section 2.3.2). The frangible
glass bulb,at the Eottoﬁ of flask A was bfoken when the flask

was attached to the distillation apparatus.



The distillation was continued until the distillate was no

longer acidic (to litmus).

FIGURE 5'5'6 - Apparatus for the Distillation of Pluoroalll-ci'C

Acid.

steam release

tap steam super
wat er heater D.
addition
funnel

WNY WWAWAVWWWAWN)

steam
generator

immersion
heater B

flask A heater C collection
flask E

Footnotes-=j=
1. Standard Normag apparatus according to Prof Seel.
2. It was necessary to wrap the steam generator, steam
super heating section and flask A with heat insulating

aéoestos rope in order to retain heat.
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(b) Analysis of Distillatel?®7 ) N
A few drops of bromophenol blue indicator were added
to the distillate followed by dilute spdium:hydroxide
" solution until the coiour Just turned blue. 1l:l hydrochloric
~acid (2ml) waéAadded and the solution heated Oh a steam.
bath for. five minutes. Lead nitrate (5g) was added with
stirring. Immediately this had dissolvéd crystallised sodiﬁﬁ
acetate (5g) was added, with vigorous stirring, to precipi-
tate lead chlorofluoride. The precipitate was digested on
a steam bath for 30 minutes ahd allowed to stand overnigyt.
The precipitate of lead chlorofluoride was filtered
(Whatman No. 42 filter paper), washed five times with a
gaturated wash sélution of lead chlorofluoride and finglly'

yasyed once withsice'co}d water.

RS S S

The precipitate and filter paper were tranéferred backm£g
the beaker in which the precipitation had'taken'placé and
5% nitric acid (100ml) was added; The mixture was heated
on a steam bath until the precipitate had digsolved.

Standafdised.(c 0.1N) silver nitrate (exactly 25ml)
‘was added and the precipitate (silver chloride)(digestedi
on the steam bath foi 30 minutes. After céoling to room
"temperature (in darkness), the precipitatevwas filtered
~_ (Whatman No. 40 filter paper) and washed with cold water.
The filtrate (and washings) were titrafed against standard
’ 6.1N ammonium thiocyanate using ferric alum indicator (1lml).

This back titration gave (by subtraction) the amount
of silver nitrate required to compine‘with the chloride
from the lead chlorofluofide precipitate and hence. the
amount of fluoride in the originai compound (lmlw AgNO3

.= 0.,019g F).
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(c¢) Preparation of Reagents.

The wash solution of 1§ad chlorofluoride was prepared
.by adding lead nitrate (10g) in water (200m1) to aisolutioné
(lOOml) containing sodiﬁm_fluoride (1g) and concentrated
hydrochloric acid (le); Thé mixture was thoroughly mixed
and the prec%pitate of lead chlorofluoride allowed to
settlé.‘The supernatant liquid was decanted and discarded.
- The precipitate ﬁas washed with water (5 portions of 200ml)
and then made up to 1 litre. The mixture was shaken at
iﬁte;yals during one hour, and the precipitate allowed to
‘settle. The liquid was filtered. The filtrate was the wash
solution. The prepipitate of lead chlorofluoride could be
used to make further wash solutions. | |

The ferric alum indicator was a cold saturated solution
(approximately 40%) of ferric ammonium sulphate to which

a few drops of 6N nitric acid had been added. o

5.3.7 Analysis for Chloride in mungéten Chlorides.t?7

Chlorides were determined by Volhard’s method. |

A known mass of the compoﬁnd-to_be analysed was added
bto a small volume of dilute sodium hydroxide éolution in a
.bgakef. The beaker was covered by a wetted watch glass in
order to minimise the loss of chloride as hydrogeh chloride.
>Th§ mixture was made just acid with nitric acid and heated
on a steam bath for ome hour to oxidise the tungsten to the
insoluble trioxide. The cooled filtered solﬁtion was made
just alkaline with sodium hydroxide solution and‘made up in
a volumetric flask. | | '

6N nitric acid (5ml)and an excess of standard (O.1¥) silver

nitrate (30ml) were added to an aliquot of the chloride
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solution. The éuspension-was boiled for a few minutes (on a
steam bath){ The precipitate of silwver chloride was filtered;
and washed with very dilute (1:100) nitric acid. PFerric alum
indicatorﬁs(lml) was added to the filtraie and washings.
The residual silver nitrate was titrated with standard
(0.1N) ammonium -thiocyana£e. The back titration gave (by‘;
subtraction) the amount‘of silver nitrate which had reacted
with tﬁe chloridé from the priginallcompound.'
5.3:8 Analysis af Hypochlorite Solution.157 \
It was necessary to keep a check on the sodium hypo-
chlorite soluticn used in the determination of enthalpies
of oxidative hydrolysis (Chaptér 2). This was carried out
ﬁsing standard iodometric titrations.
(a) Procedurq.
An aliquot of a diluted volumetric solution of the
. sodium hypochlorite was transfer£ed to a conical flask.
Iodate free potassium iodide (2g) and glacial acetic acid.
(10ml1) were added withvshaking. The hypochlorite was deter-
mined by titration of the liberated iodine with standard ’
(0.1N) sodium thiosulphate using starch solution as the
indicator when the iod;ne colour had almost disappezred.
(b) Preparation of Reagents.

The starch solution was prepared from a paste of

soluble starch (lg) in water, stirred into boiling water

F'ootnotef | N
For the preparation of ferric alum indicator solution

see previous section.
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(100ml), and boiledi for 1 minute. After cooling, potassium

iodide (2-3g) and mercuric iodide (5mg) were added.

5¢3.9 The Use‘of 19F NMR.Spectroscopy for Identification
of Reaction Products, ' | |
op NMR. spectroscopy has been used (Section 4.4) in
the identification of the products of the preparations and
attempted preparations of halide fluorldes of tungsten(VI)
A Varian DA60 hlgh resolution nuclear magnetic Treson-
ance spectrometer (operated at 56. 4 MHz) was used. Measurem-:

ents were by a standard side band technique 150

. Spectra
'Were recorded at‘temperatmres down to -60°C. |

All samples were' prepared on a vacuum line and sealed
into 150mtlong, thick walled tubes accurately machined
to 4.5mm 0.D. and supplied by Jencons Scientific Co. A
liquid sample of about 3cm depth was required to'fill the

probe area. In certain cases, small samples were increased

in volume by the addition of arcton 11 (cFc1y).

\
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APPENDIX 1. - THE 'INVERSION TEMPERATURE' OF THE_TUNGSTEN

FLUORINE REGENERATIVE CYCLE.

Using known thermochemical data (Table 6.1.1), the
Gibbs free energies of various equilibria, involving |
_.tungsten, fluorine end tungsten hexafluoride, havg»been
calculated over a large range qf temperatures. The results,-
expresse§ in terms of the free energies of.decomposition
of fhe tungsten hexafluoride , are shown.in Table 6.1.2
and Graph 6.1.1. |

The free energies indicate that the decomposition of
tungsten hexafluoridé is unfavourable at low temperatures
(i.e. the Gibbs free'. energies,AG% of the decompositions
are positive) whilst at high tempefatures the decompositionsl
become favouré.ble (AG:foi' .the decompositions become
negative ). The lowest temperature at which a decomposition
reaction becomes favourable,called the 'inversion tempera-
ture';is ~-3360K, Above this temﬁerature tungsten hexéflu-
oride will-decohpose to give éaseous fluorine atoﬁsyand

solid tungsten (deposited) - see also Chapter 3.
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]

?ABLE 6.1.1. Known Thermochemical Data.,

~

(a) Enthalpies of formation ([&H;)

Enthalpy of formation (kcal mol-l)

Temperature ‘ (k) |of F(g)|of Fo(g)|of W(s)|of W(g)|of WFe (g
298 "~ |18.86 0 0 203.40 }-411.50

1000 19.572 o 0 204.386|-409.482

| 2000 20.044 | © 0 206.224|-406.825

3000 20.327 | o0 o  |205.109]-405.967

All thése enthalpies of formation are taken from the JANAF

Thermochemical Tables45.

(b) Absdute entropies (5°) o o

Entropy (cal deg-lk mol 1)

Pemperature (K) |of #(g)|of Fg(g) of W(s)|of W(g)|of WFg(g)
298 ~ |37.917 |48.447 |7.806 [41.349 |84.22
1000 | 44.277 |52.553 [15.237 [50.109 [124.958
2000 47.767 |57.246 |20.142 |56.427 |150.674
3000 . 1 49.791 | 60.427 23.540 59.405 |165.893

A1l these entropies, with the exception of those of WF6(g),
‘are tékén from the JANAF Thermochemical Tébles45, The

Agntropies of WFs(g)‘are taken from Appendix 2.

Y . | | - - |
s : ) | N : i
! o . .

b . . i
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Free Fnergies of Decomposition of Gaseous

Tungsten Hexafluoride.

. °
(a) Enthalpies of decomposition, &by,

Temperature Enthalpy of the decomposition (kcal mol~!)
(R)- . Wl WEH FQWED W bW [WRiy > Wet3F QRN A
298 | #524.66 ° +728.06 +411.5 + 614.9
1000 + 526.914 +731.30 +409.482 +'613.868 .
2000 +527.089 +733.313 +406.825] +613.049
3000 +527.929 +75%3.04  +405.967] +611.076

(-4
{(b) Entropies of- decomposition, &Sy

Temperature Entropy of the decomposition (cal deg X mol;l)
(K). NGO~ W@+ LFIORE>Va)r R WRE)> D136y (WREPWE+3EE)
298 + 151.085 + 184.628 +68.924 | +102.467
1000 +155.941 -+ 190;813 ‘; 47.938 | 4 82.81
2000 : + 156.070 + 192.355 4+ 41.206 | 4 77.491
3000 +‘156-393 + 192 258 + 38.928 | + 74.793
(c) Gibbs free energies of decomposition, &GT
Temperature| Gibbs free energy of decomposition (kcal mol 1)
(K). . MRRSWEbFE|WRE > Wit bfi) Wh QW+ QWY Ugt3h )
298 + 479.638 : ""'673-036 4+ 390.959 | 4584.365
) 1000 $ 370.973 4,540.487| 4 361.544 | +531.078
' 2000 | + 214.949 + 348.603 + 324.413 + 458.067
" 3000 + 56475 + 156.296| 4 289.183 | 4+ 3864697
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- APPENDIX 2, - HIGH TEMPERATURE THERMODYNAMIC FUNCTIONS

OF HEXAFLUORIDES.

In order to calculate thg 'inversion temperatured
. (Chapter 3 and Appendix 1) it was necessary to use high
temperature thermedynamic properties (in particular the
entropy) of gaseous tungsten hexafluoride.
Gau%go used statistical mechﬁnics and the then available
"infra-red spectroscdpic and £ond length data to determine
thermodynamic properties (cp, S° and -(¢-E3) /1) for some
hexafluorides over the temperéture rahgeAloo to’ 500K.

Using standard statistical thermodynamic .methods and
‘recent spectroscqpic and structural data the thermodynamié

© and -(¢-E$)/T) of some hexafluorides

properties (C;, S
'have been computed. A rigid rotator and harmonic osfillator
model has been assumed. The necessary input data and sources
fof this data are summarised in T;ble 6.2.1. The moments of
inertia of the hexafluorides were calculated from ‘the known
M-F bond lengths‘in MF6 and the atomic weiglt of fluorine.

| The computed thefmodynamic properties of the hexaflu-
orides from 100 to 3000K are given in Table 6.2.2.

Nagargjan and Brinkley161

have very recently published similar
tables for the hexafluorides over the temperature range

200 to 2000K.

Footnotes.
¥ The computer program (Al_fgol) used in this work was

| kindly supplied by Dr D.M. Adams.

1‘5 “Since _the cdmpi.et.ion‘.qf ‘this_ work.
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The recent.JANAF Thermochemical 'I.‘a.bles‘l'5 also include
the thermochemical proberties of sulphur, molybdenum and
tungsten hexafluoridesto>3000K. A comparison of the standard

entropiés at 298K.(Table-6.2.3) shows fairly closel agreement.
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Footnotes to Table 6.2.1.

1. Herzberg%s2

2., Calculated from the bond length and atomic weight of

fluorine.

163

3. Kim, Souder and Claassens

4. Weinstock and Ma1m¢164
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~ TABLE 6.2.3. A Comparison of the Standard Entropies of the

. Hexafluorides from the Three Recent Sources.

_Standam EntTopy at 298.15K, $3g4(cal mol tdeg™'K)

Fluoride | This thesis|1971 JANAF Thérmochemical Naga?ajan\&
) Tablesd’ Brinkley161
SF, 69.63%2 69.713 69.708
SeFg | . 74.887 - . 74.964
TeF, 80.309 - 80.238
MoF, - | 83.757 83.76 . 8%.869
WF, 84.223 81.504 84.508
"TéFG 81.959 - { 83.414
ReF 82.516 - | 84.367
. RuFg 81.766 - 81.912
OsF¢ - 82.298 - - 82.405
RhF 82016 - 82.011
1rF, 82.676 -,? 82.524
PtF, 83.210 - 83.106
U, | 90.058 - 89.936
NpF 88.568 - 88.597
AbPuFé‘ 88.056 - 88.210
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