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ATRSTRACT

An apparatus has been designed and comstructed to measure
solubilities of the owrder of 10-6 to 143"5 nole fruction of non-reactive
geses in 1iguid phases, The solubilities of IKT'B and N2 "y BTO reportod,
end tho estimated enthalpies and entropies of solution are compared with
values predicted by semie-cmpirical relationchips,

The repotion of E‘EF ) with agueous ferrous ioms buffered at pl 0.4
hes beon stulicd. The results supnorted the predicted equation for the
reactions
0 Fo* 4 2" 4 BF, ——> 107 4 2m,* 4 ir
Under the conditions used, the reaction wes controlled by the rate of
golution of !Iel”a into the aqgqueous phase, and i‘t‘ gppeare{i likely that the
rate of the reaoction was not affected by ferrous ion concentration.

llethemoglobin formation by m*z axd IE:_,F ) is disoussed with rogerd to
the molubilities and reactivities of those gnses.

Resen end infrered spectra (20-1700 en— 1) of PF,T have becn recorded.
Vitrational assignments bave been made on the basis of these spectra and
of approzimate normal coordinate calculations, and statistical thermoe
gymenic functions bzve bteen caleulateds Statistical thermodynanmic
functions of PI-‘3 have been calculated using revised siructural data and
confirmed vibrational frequencies. The thermel decomposition of PP2I

is digcussod,



Famn (100 = 1100 cn” 1) end infrared (3%0-d000 on™') spectra of
P2F4 have been recorded, and the analysis of the nuclear megnetic
roponance gpeotrun of P2F4 has been réiﬁveetigated. The results
strongly favour & trans configuration for P.¥,, and tontative
vibrational essignments ere made for four infrared-active and six.
Raman-active fundamental frecuenciess

The ultraviolet spectm (E’OOOX—?OOOK) of P2F4 has been recorded.

)\m. weg divergent from that prodicted by the previously proposed |

relationchip betwoen >‘mx. and gubstituont eleetroncgativity. The
decomposition of PSF4 wa followed, and the order of the decomposition
reaction was estimoted es 2.59 (% 0.08).

Electron~impoct appearance potentials for the f)arent and PFE"
ffagment iens from P}fé" PFB' P‘FQI and PI“‘,_,H kave been meaaurecl.‘
‘i;he ionization potentisls are reported and B(If‘aP-PI‘-‘g) has been

estimated as 59 (t 9) kcal.mole"k
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The nomenclaturs of nitrogen fluorine compounds hag been developed
by tho many chemistis involved, and it is not, therefore, surprising
that in some caseé g particular compound or class of compounds has
acquired two or mors chemical names. Frequently non-systematio names
have been used to dencte the preparative route or some novel chare
acteristic of the compound. Thus a completely consistent nosenclature .
compatible ‘with the names camonly in use is not possible at present,
and in this thesis the nomes most commonly used in the literature have
been used. Similar problems have arisen with phﬁsphomzs-—ﬂuorine COM=
pounds and also with the hemoglobin derivatives end egnin the most common

names have been used,

Usuzl nomenclature Others
rm3 Titrogen trifluoride ' Trifluoramine
EZF 4 Tetrafluorchydrazine Dinitrogen tetrzfluoride
CH?FQ Chlorodifluoranine
mmz Pifluoramine
PFB Phosphorus trifluoride Trifluorophosphine
PQF‘ P Tetrafluorodiphosphine Diphosphomﬂzé

: tetrafluoride
PFQI - Difluoroiodophosphine Phosphorus difluoride
iedide

PI"QH Difluorophosphine



Hemoglobhin Fe in +2 state Fa in 43 state
Hemoglobin Kethemoglobin
(Perrghemoglobin) (Ferrihemoglobin)
(Baemoglobin) (Haemiglobin)

Although the mzyine Commisaion of the Intermational Union of
Biochemistry (Amsterdam, 19€5) has recommended the use of the prefixes
foerro~ gad ferri= to denote the wvalence state of iron in hemoproteins,
the older terms using the prefiyx met~ to denote the trivalent state are

8till pore commonly used, and will be used tkrough this thesis.

12
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PART 4,  WITROCUTFLUORINER COMPOINS

TITTRONICTION

Interest in compounds containing nitrogen-fluorine bonds has been
continuous since the beginning of this century when I»':oieaan1 fluorinated
several organic amines, '

Cunly four binary compounds between nitrogen and fluorine can be
envisageﬁgs nitrogen trifluoride, II{"‘B: tetrafluorchydrazing, H2F4;
difluorodiazine, I o 2 and azine flucride, HBF' Although there are a
fow examples of organic molecules with chains of more than two nitrogen
atoms, most of these compounds are urotable end it seems unlikely that
a stablé binary fluoride of this type will 'be‘ prepared.

The search for methods to synthesize these bimr§ fluorides has
received spasmodic attention since Ruff and 0131@@13 first stterpted a
preparation in 1903, but it wes not until 1923 that Ruff and co—worl:ersd
reportea the preparation of nitrogen trifluoride by the electrolysis of
anhydrom armonium bs.fluoride. In subaequent studies the preparations
o of several releted materials such as Hﬂ{"z, ﬂzm?‘ and TP, were claimed,
it these claims were later shown to bs in error.

Tt wes not until fourteen years later that two other binary
| niti‘ogexi fluorides were p'iep.ai*ed.:: Heller’ isolated fluorine agide
from the interactxon of i’luorme and hydra,zoic ecid in 1942, and
‘obtained dlfluorodiazme from ita decompomtwn.

The field of nitrogen~fluorine chemistry received little attention

in thé years following 1942, with only scattered reports such a8 a
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structural determination of N2F2 6 end some studies by Bigelow7

of t!;e actiori of 4f11i01‘.il'.18 on organi'o /nitrogen compoundse.  However,
thé stud:} of liquid and solid roclket propellants has egain stimulated
widenpread interest in compounds containing nitrogen~fluorine bonds.
Thia third phase of the study of these compounds is & direct result of
the search for high-cnergy inorganic oxiﬁiaems for use in rocket
propulsion systems. Consideration of bond energies dictates that
this search must be centred on the fluorine and oxygen atoms with
nitrogen, oxygen and chlorine sa carrier ato:hs. Although a liquid
hydrogen-ligquid fluorine combination gives e very good theoretical per—
formance, the difficulties associated with storage end controlled com=
bustion make this combimation impracticable,

For ligquid propellant systems, oxidisers are usually compared
theoretically on the basis of combustion with Hgna or Bsng. Caleul~
ations on nitrogen-flucrine compounds by FNiederhauser and lfa’ilr:{e8 and
also on oxygen~fluorine compounds have showm tlﬂ.at the performance of
these oxidisers is excellent whon compared with the more conventional
oxidisers such o8 nitrogen tetroxide, niifric acid, hydrogen peroxide,
liquid oxygen, enmonium nitrate end emmonium perchlorate. Performance
figures for these had been calculated previously by Barrere9.

The search fqr high energy oxidigers based upon nitroéen—fluorine
and oxygen-fluorine bording is considered to be the erea in which the

most eignificont advances can be mode, sines the oxidiser coumprises
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T70=C07% of the fuel combination. A small improvement in the oxidiser
is thorefore of greater value than & eimilar improvement in the fuel
itself, o -

The search for better oxidisers began in tke 1950%s, and the last
of the envisaged binar:f nitrogen-fluorine compounds, tetrafiuvoro-

10’", - Sinoe then there hos been a

hydrazine, wos prepared im 1957
rapid growth in the interest end effort in this erea of chemistry,
Tetrafluorochydrazine was found $o be an important intermediate in the
preparation of other compounds containing F-F bonds. Calculations

of its performance as an oxidiser im combination with either B5H9 or
17253 have shoun that there is considerable promise in fuels based on
szd and its derivetives, especially 4f it proves possible to form
derivativé molecules of higher molecular weight.

. The preparation of 1?25‘4 has led the way to the preparations of
several other inorganic I compounds. Difluoramine was first
prepared in 193112 az one product from the electrelysié of awmeniun
difluoride, but Kennedy and Colburn13 were wnabvle to repeat this works
It wos not until 1960 that a reproducible preparation14 from the
reaction between Rg% and arsine, or better thiophencl, was found.
Chlorodifluoramine (CHE‘E) woa first prepared and cha.rac;uérised in
19591.5 « Althouch not itself a useful propellent oxidiser, it reoceived.
extensive stulics in the hope that it would prove g valuable intere
mediate in the synthesis of high energy mvz compounds. This hope he.s

80 far not beon fulfilled, Dromodifluoramine hog slso been prepared16’17
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bu‘b ioﬁoiiﬂucmmine wag not prepared by an analogous roaction using
aqueous :a,oama. .
I&uch research has been concluded on better proparations of

20,21,22 ,23

thesa E-I‘ comoméa and M‘B ’19 end B ’z"“i are now avmlable

eomercia.lly and their physz.cal and chemical properties have beon well

.24,25,26,27

reviewea" Both LTB and K, F'4 ere colourlesa gases at

room tempemture, m*s meltmg et about n”*O".S C and boiling at sbout
~125°% "29'30 while IF, melts et about =165°C end boils at =73 031“‘“
As mth nost 1rxduatr;a1 chemicals, it wos neceasary to inveatigate
the poési’oility of tox:iq hazm'as eriging from sccidontal release of
| these compounds in mmxfaéture, troncport, storage and hondling at the
site of use. | This i_s 2ll the wore important where chemicels could be
produced in 1&:*59 quﬁitiéa. ag would be the case for rocket propellant
systers whem vory large quantities are used end failure of the rocket
muld result in mdespmad contenination by the fuel and oxidiser. |
Several toxzoclogmal studies of the effects of l\tﬁ‘3 and .‘e‘{ F oFa inhalation
by mommals have beea carried out and hove shoun that both gases ere
relatively toxic. _ _ . -

In 1931; Ruff33 reﬁorted that, although tho mono~ and Aifluorides
of nitrogen (HQIF and mma) wére gquite toxie; ritrogen trifluoride wna
rather low in acute toxicity when inhaled, and that it produced
methemoglobinenia (oxidation of the iren etoms in the hemoglobin molecule
from the +2 to the 43 state)s Preliminary stulice on the toxicology of

nitrogen triﬂuoridem by intreperitoncal injection of the grs into rats
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and rabtbitae shéwed that rabbits wore loss effeccted than rots, which
developed severs cyanotic appoarance (chocolate~broun). Hethemoglobin
levels produced by single sublethal doses of nitrogen trifluoride gas’
were up 40 5.5 £/190 ca® of blood as compared with control enimals
‘“liore the level wes not more than 0.02 /100 on’s  Pathological changes
including the enl&réement of the spleen, the heart and the liver were
observed, and increased fluorine content of the blood, bones and teeth
showed that nitrogon trifluoride was at least in part metabolised.

Similar regults were observed for inhalation by rats of aihgle
dosesof mitrogen trifiuoride at concentrations fro;n 1,000 to 2,000
parts per million for durations from 12 minutes to 7 hours, Doaths
at a1l but the loweot concentration were esoribed to excessive methomo-
globinemiae  Repeated doses of inkaled nitrogen trifluoride at 100 ppa
for 7 hours dnily, 5 days & woek for 4.5 months indicated no significant
chonges in the blood hemeslobin econfent, bud total fluorine éontent of
the wrine wos incressed ond defimite injury wes obmerved microacépicany
to the livers and kidueys of exposed enimols. »

The :.-:,11%2101-33m recommended further rescarch before a level without
" any adverse effect oould be dofined, vbut that hunen exposures should be
linited to well below 100 PpRs Clfactory tests showed that concone
trationa of 500 ppm of nitrogen trifluoride could not be detected, end
thus monitoring énstnments. chould bs uced to preveut eﬁcesbive ERPOOUrE .,

Althouch of moderate to high toxicity, the mode of toxzic action
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of mtro cen trifluvoride durinc repeated ivhalation could rot be
undorgtoeds The lack of groea eccumlation of ﬂuorme found in the
bones and teeth indicoted that little fluvoride ion wes relecsed by the
molecule, end hence it was concluded that the pathological changes end
hygh methenoglobin levels oonla hove been caused by the intaet nitrogen
triﬂuérif!e molecule, |
| Similar péelimimry stulios on totrafluorohydrazine, N,F,s have

mtim‘hé& the 4-hour 50 Yothal concentration for rats to be 50 pﬁmﬁ.
Further sxpericonts with x-é,ts',: @inea pigs émd dogn shcwéd thot the
toxic eigns 'oi‘ EEF 4 STposure imlwled. nasal an&. eye i;:'ritation,
c,;anosw. body woight sunpresaé on and death, Pa.%hoiogical clmnges to
the lx.mgra, livers, kidnoys and spleens were observed for noar 1@%319.1
ccncentmtmns, while at low lovel ez:pomwes, mthemog;lobm levelm show
+hat mathe.aoglobiz.em e is & real _&mger. uign" ﬁoantly, do":a wore
found to be more sensitive than rats to mothemoglobin formation by

1‘3‘ P L%terj has shozm that for two antip,;ret;cs the descendmg
order of methenoglobin fanmtion in various specwa is caty mon, acw
and rate If thia order is a.lscs ei.gxifiaam for feihemoglobin fomation
_b,; Nz?‘g' the greateat hasard expected from short exposures of man to »

T, F‘.' io me‘chemoloumemm. The authors” 36

mted t‘mt 1‘?2?4 vas unstoble
in the presence of eir, end dotocted nitrite ion on absorbing roon air,

fron eround a leaking REF 2 eylinder, in en m2 aboorbing reagont,
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This toxicity of I—E‘S end 2!21"& is somouhat surprising considering
the investigotions by Hurst and I’.hayatw on the hydrolysis of thae
nitrogen fluorides. ﬂ‘f’z was found to bo inert at 13300 to pure n20

and dilute escids (m}os,nasoa and 210104), but to react with agueous

ionic nucleophileos such &8 agqueoous bage and halide ions. The rate of
reaction under similazr conditions wes increnged monotonically mth the
accepted value1m of the nucleophilioity of the anion. Roaction wosi
also obsewéﬁ with electrophiles such es A1613 and ecidic and noutral
ferrous sulphate polutions were readily oxidised by 1’-!!;':‘3 to give mmmonium,
fluoride and forrio ions. Aqueou;m ferrie chloride acted as a
hidrolysis catalyst yielding nitric oxide and nitrate, btut this wos

not found ’to be a general property of tronsition metel ions as shown

by the total inertncss of solutions of other tranmition metél salte
tectod.

Tetrafluorchydrazine was found to react more readily than E’ﬂ's
with aqueous solutions. Hydrolysie at 133°C was repid, giving
significant quontitiea of nitrogem gas and nitrote in addition to nitrio
oxide, but at lower tenporatures nitrﬁ cxide formation was nearly
quantitative. Kinetic stidies ghowsd that long induction periods wesa
followed by expomontial increasesd in reaction rate, indicating e complex
mechanisns The marked acceleration with time was shoum to result from
nitric oxide formation catalysing the roaction, and from e similar dbut
emller catalypis by hydrofluoric acid formation. Oxygen wes chown to
be at least ten times es effective es nitric gxide in promoting the

reaction.
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thile otulies of the toxicology bad vovered the rooults of
~ inhalation of various concontrations of IE-’B end N‘?Fé over various
periods of time, the mode of intoxication had received little ettention.
In particular, the question of’b whother methemoglobin formation wus
caused by the unreacted poleculs, or by a reociion product wos not‘
answoreds  The study of the hydrolysis of these gnsesS. showed that both
wore extremely resistant to chamical gitock by pure waters IIE‘B rescted
with agueous boge at elevated temperatures yielding nitrite and fluoride
ionse 1722"4 reaoted with acidie, boasic and moutral wbluticm to give
mainly nitric oxide and fluoride iong, Mther reaction of nitrie oxide
with the agueous systen giving rise to nitrite ious and nitrows oxids.
 Thig formotion of nitrite icus from the hydrolysis of both 'y and
ILF, has esvsed speculation about the possibility that the methemoglobin

24 ,
foroation in intoxicoted enimals might result froa a nitrite intormediote.

Mitrite ion ig o woll known couse of me’chémoglobinemiaw '40'41. The
roluction of mitrate ions to mitrite inm the intestine -’33 ana by
bacterial ection on apimch‘;‘ﬁ'% 146 is well Imown es & cause of the
crencsis resulting from methemoglobinemine. Very recontly the aiam
cormitioa of the United Bations Food end Agriculture Orpanication end of
the torld Health Organisation (Boun, 1972) recomended that spinach be
caton immodiately aftor being coolted and urged that babica agod under
three months sghould be bamned from eating frech or frozen spinachs

Othor sources of nitrite poisoning have been reported, amongst which are
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7

tho edulterition of fish with sodium nitrite’ ! and the use of meat-

ocuring BBM&E’-.&?,Y}G.

Those am'zaera have caused the kinotics of mothemoglobin f‘ofmation
by nitrite ions to be stulieds In vitro peculiorities occurﬂ,‘ and
with low nitrite concent:ations the recction is very slow, bul increasing
the nitrite concentration promptly produces methomoglobin. This has |
boen shown to result from an induction periodgz which, aﬁ o 7, is
inversely proportionzl to the gauere of nitrite oenccmtmtions 3 . The
reaction wag found {to be sirongly affocted by the nitrite and hydrogen
ion concentmtions54'55 and on the degrec of ozygen coordinaticn on tﬁé
hemoglobin,ﬂ'ggd to be eutocatalytic, but ferrihemoglqbin concentration
had no chservabie effect on the mt657’58?55 « It hus aléo boen shown
that the initial retardation of the reaction 38 not due to reduction of
methenoglobin by nitrite% « Hydrogen perozide is gememtved during the
reactionm and nitric oxide hemoglobin is produced as woll ans methonoe
globin; although the relétive proportions of tho products vories greatly

with epecieaa.

 Similar results have been observed in vivo for dogs end m10962'63 .
Tue degroe of methemoglobin formation was mtba.ffeoted by changes in -
atmospherio preeém'34 and tie action of nitrite in red cells eppeared
to bo linited to methemoglobin fornation elthough mitris cxide hemoglobin
haa been cbserved in a. fatal case of human nitrite poisaninges e

Dost gt al have completed several further studies concerning the

toxicology of IF, and IF,.  Thoy have exemined the dscomposition of
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totrafiuorohydrazine in the presence of oxygea and wtort? end showed
that niteogyl fluoride (UO7) wes en intermediate in the formztion of

the products, HP, 10 and m‘?. o reaction coull be detected in the

' abeenco of eithor oxycon or water and under all conditions no IT, we
otsorved oo a recction producce Thic was contrary to the findings of

T & previcus atuﬂym in wh:‘achﬂz?& w8 reported to react willh orygen fron
latergtory air to produce INF and 2&’3. It ia possiltle that tha spectro=-
. seopie evilonce for m3 a8 a product in Ehié.x ecorlior worlt waa duo to an
1:17'3‘ ‘ppurity in the original 13’215‘4, its prosence being mueked by the

lorge infrared edsorption of 21'294 in the éame rogion of the epeotrum.

& otudy of the fluorine distribution in rats after soute intozication
with I’u'?sm showed that & goneral increase in fluoride thro{ighout the
tiosues woo proluced during the inhalation, but disappesred mainly within
tho next 24 houre, The pattern of fluoride distribition following I¥,
treatnent wea similor; thesé?effeci:a wore aloo eimilar, but on a smller
pecle, to those ohzorved following IBF aduinimtretion. An importent
cxception to the mobilisation of fluoride secumilated in tho tissues wos
observed in erythrocytes for both HE»’B end NF,, but not for Maw,

Migh fluoride concemtrotions im erythrocytos couced by intoxzication
persistod throughout the post-intosication eampling period end sppreciable
enounts of fluoride which eppeared in the eploons of some aninals wore
taken ea reflecting those high concentrations. Although this fluoride
uns chown to be aosocieted with the bemoglobin and mothemoglobin inm the

erythrocytes, it 4id not appoc;r o be located on the hene irone.
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Bost el g_}fg hove confirmed the degree of toxicity of inhaled

k]
11173 reperted earlier"‘4

» ond observed that ell enirels tested rocovered,
it nod dead by five minutes after the termination qf EXDOBUYS
Aﬂmiﬂistratif;m of 1%‘3 by »intmpgritm;&al.i‘njection, lfxowevgx, coused
- death, usually two to three hau?s_after me_thomglobin had been diopolled,
imiicat;ng that 8 poecond letga.l mec!m;:i:;m mig;m be\ operttive. . A
N 4 comparison of the rate of methemoglobin rg@ugt%pnffellgy;‘mg; m‘a
inhala.tiqn with the rate follouing sodiun nitrite igﬁpg;cxation showed
that I!Z?’_,’ induced meﬁhemoglo‘bin» ms redxz.oqc}, ap@m_é.m;};ely tuico as fapt
a9 that p:o&uceci fron nitr;ta. thile mo zgajcr‘ interference by I—IE'B
on th«_a .rgtga cff‘ methqmoglobin reduction was observed, the lovel of me't;hemo-
globin, however, remeined at 2 to 57 for sevoral é&,’s. higher thun similar
resulia for control or soldium nitrite imtozieation. Thim might Ye
attribu_table. tc_y ‘ﬁeixrw body formation caused by fha zzs's intoxication which
has been observed by Vernot gf g,_fg.gfg‘ |
 The €07 to 707 oxidation of hamoglobin to methemoglobin in terminal
stgon of imtoxication ws thought to be the cxuse of doath oven though
cats end doge can tolerate xgethemglqbi’n levels up to Fﬂﬁm. ~ However,
_the delayed @\5& following 2.ntray§ritozzéal injoction of 115’3 indicaten
that tother losions may be game«i. Tho differonces beotween the effectn of
IE’B end of its hydrglysis pmductg, nitrite and fluoride ions, were folt
tq indicate thfzt those ions were probobly not imvolvga in IIE‘3 intoxication.
’ Dqs‘b &t 21 have also investignted tbe stoichiometry of tho reaction

of m‘«*a with hemoglobin both in vifm and in Vivow. In vitro, the
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disappéa’zfaace of 1 mole of 55‘3 wes accompanied in eac.ﬁ cooe by thoe
ozidstion of epprozimetely 3 heme oquivalents 40 methemoglobin regardlesa
of pH or oxygon content of the hemoglobin solutionse . Spectra indicated
that the mothemoglebin formed was identicnl to that formed by the action
of nitrite and no evmeﬁw was found faz' the formnticn of methenoglobin
ﬂucri&em; o reaction ooulld be detectel in a control exporiment
" tetwoen WB ‘and 0.1 ferrous sulphate solution wnder similar conditions.

In inwvivo: experimouts on doge the reie of reductiocn of metherioglobin

by reductese ectivity had to be determined in order to correct the -

that 1 mol of mf~3 wa removed from the atmosphore in the oxidation of
spwevzizately 3 oo equivelents a3 wes found for in vitro experimonts.
- This ‘poreenont wos $akon @8 indicating that izhaled 1Ty reacted only with

irewlating hemoglobine - | - |
woe Dost gb g»i%ave made similar tozicologic studies on H,Fp in an
sbtayt to dotormine the tozicity of BQF 4 iteel? rothor than ito dogredation

38,66

produets « . Following lethal exposures to @& confirmed NBF 4 atmosphorao,

2 high terainal wethemoglobin concentretion of betwcen €0 and 707 of total
bemglobin wa found in eluost all enimals. Rats eshibited ropid, sharp,
gnaplng respiration during anl efter exposuéem ‘The cyenosis accompanying
' B,F, sntorication did not appoor idontical to that caused by Iy or nitrito
poisoning and the more pronouwnced gray-blue skin snd mucous penbrone

colour indicated that methemoglobinemia might be avcompanied by poriphoral

- ¢irgulatory stasis. = Iu earlier exporiments in which the integrity of the
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EQF4 atnospheres was not maintained, a similar ovorsll lothelity wns
cboorved, but with lowor torminol methemoglobin levels of only T to 157
Those results woro sicilar to thoss of Corson and Wilinki®® and
indicated that the manifostetions of B;?Fd intoxication aebend en the
oztont and mature of the products of B‘;’FA docorposition in the air and
reapiratoz:y gaaeﬁs.' I’mtmperitomal.injection of ﬂzﬁ‘a failed to ocoume
bigh methemoglobin levela with only about 10 ozidetion of hemoglobin
from lothal docess |
In order to clarify the rclation of 2325'4 decompocition producta to
these reslto, rais were exposed to m2 zud ID for qualitative obsorvations.
M, induced methemoglobin failed to exceed 117 oven with lethsl doses,
end methomoglobin formation eppoared unrelated to lethal effect, 10,
conoéﬁtmﬁon opr ozposure time. The physmiocal signs of intoxziomtion wore
identical to those obaerveld for ITEI?"@ in early ezperimeats when the
integrity of the aimocphere wos not maintained, indicating that IIng
might well have been deograded to me end I before inhelation in these
experinonig.
Houwever, IO concantrations of 300 parts por nillion or greater

caused very repid end extensive methomoglobin formation which m:eoécled &gt
of toizl homozlobin din pone enimals before ref’le#‘e.otivity wo loot,
Hitrio oxide roncted rapicay with oxyhemoglobin in vitro to form mothemoe
tlobin and it soomed likely that ID might be a mojor coﬁtributor to the

toxicity of HZFd whon the atoosphere wns maintained prior to inhalation,
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Houever, the lasting high fluoride concentrations in erythrocytes
showed that a fluorine-boaring component, uhich wes rot dorived fron
P or OF, w2 ective in both ﬁﬁ‘simia HQF ) intoxication end therefors
the toxieity of 23’2!?‘4 cannot be entirély due to degridation to FD and IV,

The characteristica of !5.!15’3 intoxication camot be produced by
sdninistration of a coubination of fluoride and nitrite 30086799 eng
it therefore appears that the mods of imtozication probably involves
reaction of IF, itself with hemoglobine Howover, recults fron intra=
- peritoneal in,jeqtion of IE‘B seen to indicnte that the lethal effects

ere not confined to nmothemoglobin fomati.onsg. “The stulies on the

71

stoichionetry of the ronction of IE‘S with hempglobin' °, howevar, suggest

that inholed El’:-’s can only ronot with circulating hemoglobin and thot
oxidation of henoglobin by mas- is the only lethal pathuny when the gus
is inhaled.

With 1121-”‘% s the similaritiss to nitrie oxide-induccd methenoglobinenia
indicate that degradntion of 32!?4 teo ID moy be a major foctor in its mode
of intoxication. However, adninistration of fluworide, or a conbination
of fluoride and nitrite, does not lead to retention of fluoride in the

: érythmo*ﬁea as woa observed for HZ’FA" The degres of ITQI‘ 2 dogradation
before inhz;la‘sion muged little change in the overall lethality but caused
lorge changes in the pmpeftiea scoompanying intoxicstion, most especially
in methemoglobin concentrations. Using Yintaot! 132?4 atoospheres, the
large resulting mothenoglobin concentration wes apparently the vcame of

fatalities, but whon the I-I:»,If'4 etmosphere wes rot mointained, lethal doses
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failed to cause extensive methemoglobin formationes

'fhe retention of_ﬂuo_ride in erythrocytes indicates the
pessibility that the que of intoxication by both !EF3 and HQF P oy
be vip direct reaction of these goses with hemo,:;lobip, and not through
intermediates. Since, in this case, the first stage of the
intozication must be the solution of the gos in a liquid phase, the
| solubilities of these gaces are important factors (Part 1, Section 1.

Phosphorua has & velence shell structure of velec_:tmne formally
similar to that of Nitrogen (béth are Croup V elementa; second and
first rows respectively)s However, the sbsence of available d-orbitals
in the hitrogen valence shell couses ag’._fferencea betweérx the chemiatfiea
of the two elementa. Thus nitrogen will form very strong T =-pTT bonds,
but none of »7T i-drr_ charaetar, while for phosphorus, webk t0 noderate
A77-p T bonding is ioportant, but no pTT-p’lT ‘bonda are known. The
availability of vacant d--orﬁitals in tz;ze valence chell of phosphorus
allows valency exponsion to occur with the formation of cuch entities
08 Pr., PXA"', P?Ié", et0., where X is & halide, alkoxy or pheayl group.
However, the tendency tom:as ionio chai'acter with increasing etomie
weight in the Croup V elements is not sufficiently advanced in phosphorus,
vhich is essentially covalent in its é:hemistry. In the case of the
trivalent derivotives, however, thore is a great similarity tsetwee;:y
the phosphorus end nitrogen compounds, the exzoeption being in some of

their reactions vhen valency expansion or VK ~bonding becomes possible,



2.8

Thus phosphorus trifluoride and tétmﬂuoro&iphomghine mey be
:co:aaidered a3 model cpmpczmda in the study of nitrogen trifluoride .
and tetrafluorohydrasine, and similarly diflvoroiclophosphine moy be
congsidered es a model eompound in the study of I’-J-‘-QX (X = €1 or Br)
(vide infra).
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PART 13 _STCTION 1

QA3 SOTUBTLITITS

TIRYICTION
Lo e Y

Although the soiubitities of guses in liquids has received much
attention, much of the earlier work was more qualitative than quane-
ti‘bativen. Cos solubilities have become increasingly more important
both for the theoretical wnderstanding of the liquid state and
solutions, end for practical applications and a greater understanding
of tha golubility of guses in MIim tiscues and of the solubility
of gases in mqlten salts and motals.

With the increass in work towards a theoreticzl wnderstanding
of gaseous solutions, there was a demand for practical determinations
of solubilities both of a greater sccuracy end also covering a larger
ronge of solutes and solventss The data available have been compiled
end reviewed perioiicanyn'u’?g‘76'77. The enomalous solubility
propertics of fluorine compounda78 hove proved to be of grea.t importance
in the investigation of solutions of m:m«-mal.ee:.*!srolyi:em"15 '76'79. Although
hydrocarbons show & reguler bohaviour in their solubilities in monepolar-
£0,81

solvents s plots of partisl molal eniropy of soli;tiozi egeingt N

-Rin Xg (X2 = mole fraction of gas) for fluorocarbon and othor fluorinated

ry B4 05 0
geses and solvents show an anomalous behaviourm"ﬂ’m'&.

Studies of
the solubilitios of these fluorine-containing gaéea have also proved
ugeful in edvancing the wnderstanding of acqueous aclutiena83 ’84, Larly

3, 85
work on CPF 4 and SI-"6 £3,85 showed that, at 25°C, these pases had the



lowest reported solubilities in water. Tho very low solubility of
$F6 wns attributed to the unususlly larse entropy decrecsge on forming

n
the ﬂolution‘ﬁ. Tlowever, gince moat workers had used eoquipment designed

to measvre considerably higher nsc:hﬁ:».*.].:’dcies533 ' '55, estimates of the
chonges in thermolynonie propértiee on solution of gnses with such low
solubilitics were subject to groat uncertainty.

Smith ot g‘.fé uwed an apparatus sﬁecifimny designed for the
measurenont of the solubilities of gnses of the order of 10"6 mele
fmctibn. They meaoured the solubilities of CF,, SF6 and IIF‘B in wmior
over a wide temperature range in ax'r'ier to compile acourate thermodynamie
dota. Previous reports of the change in entropy for the tranafer of
one mole of S‘F‘c s ot one atmogphere to a hypotheticnl solution of wunit

mole fraction had varied from =50 cal .mol."’ -1 B3

dog.
 and such diserepancica hindored theoretical annlysis of the dissolution
_ process. ~ |

In this theeis the design snd comstruction of an epparatus to
roasure the solubilities of gemes inwerter are renorted togother with the
golubilities of I?.‘;”B and 13721’*‘4 obiained,

A variety of approaches has been uged for the determination of
solubilities of gosos 4n liguids, and those may be broedly clacsified
into two groups; chemieal end physical. The firet of these invol;fes

the quantitative measurement of dissolvod gas by chemical meons. B

However, althouch in specific coses this methoed can be highly preéiee

30

- -t 85
to =36 ecal.mol. 1dag. 155
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these methods are usually specific for a single gaé and do not show
general epplicability. The most notable succesoful use has been
in the éeasurement of the solubility of oxygen in woter. ﬁ.‘inl:.ler%
used the oxidation of freshly preoipita.?e& panganous hydroxide by
dissolved oxyzen at high pi values to forn mangaaie hydroxides.
At ecidio pl the manganie hydroxide oxidised icdide ions to iodine
vhich was theﬁ titrated agninst standard thiosulphate. However the
lack of well documented gmmativé reactions of ¥, and IF'y suitable
for this type of estimation of these gases makes this appréach
inopplicable. t |

'l’hé gecond group invelves the estimation of the dissolved oes
by phyeical measurements, and can Le subdivided into saturation and
extraction mothods. The saturation methods involve the equilibration
of previously degmesed solvent with a g&a under conditions where
eppropriate pfesaure, volunme and'temperature measurenents can be nade.
Txtraction mothods require the quantitative degasﬂing éf a previously
saturated éolvemt. again under conditions where theb é,p?x‘oprie,ta parae
metors ooy be determineds The methods in the former subdivision have
the disadvé.nt-ege of re@.iing the mezsurement of the ifference bétween
two, nsuali;;r large, quantities. Thig is ths differencé betweeh theb
total anount of gas in the system and that remaimng in the gns phaae
when eaturation of the solvent has been achieved. Hawevér,\the
methods in the latter subdivision require not only the attaihment of

an equilibrium eaturation of the solvent, but also the quantitativo
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dezassing of this saturated liquid. This complete degassing
incorporates many difficulties. Also, RFB has a vepour pressure at

«196°C of 6.65 x 107

torr87‘27 (a printing error in Ref. 87, p 554,
Eqne 3 is repeated in Ref. 27, Appendix B), and therefore camot be
quantitatively trapped &t liguid nitrogen temperatures, making this
epproach impracticable for this gas. The saturation methods haove the
further advantaze of allowing several measurements for a range of
temperatures and pressures to be made for a aingle’ charging of the
apparatus and this also allows a test of saturation.

For these reasons, the apparatus desoribed in this thosis was
designed to measure selubllities hy the aa;{;x;ation wmethods Further,
gince the solubility of M‘B is small and the solubility of NF g WEs
expected to be similar, the apparatus wns designed to measure
acourately gas solubilities of the order of 10"6 mele fraction.
Hoeasurements of the sclubility of E!ZF 4 in water were expected to be
i;urther complicated by its slow hyirclysise. Hurst and Khayatse'
have followed this reaction at €0°C and with partial pressures of
Nde £28 between one and two atmospheres. Long induction periodg
were 'observed of 5 %o 9 dayse This period was followed by en
exponential increase in reaction rates.

Although the apparatus used by Smith et 51°4 wes epecifically

designed for the measurement of very low gas solubilities, the authors

stated that 12 hours was usually sufficient for complete equilibration.
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Thig long time for the equ.inbration‘ 'beh#een solute in the dissoi‘ved-
anavgas- x#hasea would neceasitate charging the apparatus eeveralr
times should the solute izydrolyee slowlys The apparatus described
by Dymond gt 1 ' vas
'partly by using & considerably snaller solvent volume of about ?50

to 300 cm3 g3 opposed to a volume of’ nearly 1"0’.‘) cm3 used by Smth

designed to reduce this eyuilibration time
3

et al. The cential feature of B,ymond's appambus was a szde arn
conleining a glasa—encapsalated magnetzeally—ectwated purp which
mpxdly pumped golveat from a 1amr bulb conminmg the eolvent into en
'upper bulb t,here the h.q*ud ﬂowed dohm the eiie of tha bulb, continually
expoa.mg e fresh eurf.zce to the gas. B,y thesa neans an ethbratmn
time of ene to three hours wes fouml to be suff’:.cxent. However,
although a serms cf measureme*zts of the soluhzhtiee of various geses

in cyclohexane and dimethylsulrhoxide have been made wsing this

ey on
0,82 """y most of the eolumlitiez recorded were greater than

epnarataa
10t mole tractzon of ga,a end none less than 2.”4 x 10 -5 mola fraction
(He in dmethylsulphozzde ). Hawevez', Dymond cla.imerl that the walues
of the mole fractions for solutions of gases in cyclohexane were
acourate to well within 1% (mole fractions ranginu from 1.73 z 10 zl
1760 x ).

(a) fThe Fain Solution Vessel

4An attenpt wos made to construct a main solution veszel as dosigned
by Dymond et g_l_a“. The main features of this design ere chown in
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Figare 1« The greatest problem in this construction was found to ko
its essential part, the side-erm P containiné the magnetically operated
pump. HNumerous attempts by a professional manmufactuver (Guarts Fuzed
Products, Walton, Surrey) failed to produce a reliable pump.
Procision bore tubing wes used in order to obiain a eliding fit
.between the exterior of a glass encapsﬁlated hollow eylindrical soft
iron follower and the interior wall of the pyrex glass side arme
Too close a fit was found to couse too great a frictional resistance
to allow the punp to be operated megnetically, end too loose a fit
allowed too much back-flow of the solvent. The main cause of failure
of pumps with reasonable fit appeared to te frem excessive strain
imposed by movement of the glass encapaulated follower. It wes also
found that the size of the goft iron folower wes critieal, fco small a
sige not allowing the plunger fo follow the magnetic field, and too
large a size cousing similar problems due 0 the increased weight of the A
plunger and greater restriction of flow through the decreased internal "
tore of the piung;er.

In an attempt to overcome these problems, a soft iron core was
imbedded in a 801id block of PeTelFsEe (Crane Packing Ltd., Slough).
The PeTeFeEe was then machined to give a sliding fit inzide e length of
precision bore tubing end then a hole was drilled centrally through the

PeTuaFeEs inside the soft iron cores thile allowing an excellent fit



35

FIGURE 1.

Main Solubility Vessel as designed by

Dymond et al.™

— ) Tap

Hairline.

Hairline.

A, Solvent Bulb. H,0 inlat.

B. Gas Bulb.
P. Pump.
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end almost frictionless slidinz of the plungoer within the side a.im,
the size of the plunger had to be kept larger than expected due to
thermal cooling effecia within thé PoToFeEe around the soft iron core.
This had caused excessive cracking of the PsTef'el's in the vicinity of
the ii'on core due to impeded flow of the PeTeFeL. on cooling. In
conaeque.ﬁce the increased mnss of tixe plunger over that expected
caused consideralie problems in ite sctivation. _

In ithe absence of a reliable pump for the circulatibn of the
solvent, end with no suitable substitute Lfor this part of the appuratus,
the attempt to construct a main solubility vessel on the lines of that |
desc:fibed by Dymond et =2l was eventually discontinﬁeei.

| Two main pethods of obtéining eguilibrium between the zum eand
liquid phases, other than flowing & film of the liqﬁid through the

£as, have been used. The first of these involves the shaking of the
epparatus oon@ainiﬁg the two phases &s wes described by Cook end Hanson 2
end Hader _e;_t_ 21590. The basie apgaa.ré.tus was mounted on a steel plate -
which was vibrated horizontally at a frequency of about 170 m:i.n"1 an:i
amplitude of ebout é inch. An sir thermostat controlled to at least
20.1° ws used. Using this systea Cook et 81 27" have measured the
eolubiliﬁieé of h&drogen andv deuteriuvm in a vari.aty 61’ nON=aquecus
solvenfe.,  These ranged between a mole fraction solubility of |
0.9¢5 x 1™ for B, in €3, at -25%, to 15,329 x 107 for D, in fluoro-

heptane et 35°C end en acouracy of 0,1} was claimed,

The second method of equilibration involving bubbling the gas
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throuch the 1iqﬁid does not eppear to have been widely usel in cone
. junction with the saturation beghods However, many methods' have
been used utilising internal stirring or agitation of the solvent.
Thie incresses the surfoce area of contact between tha twé phases
. and with fast stirring this crea is often increased by gas from the
vottom of the vortex bubbling throuch the solvent  This iype of
equilibration has been often used’> and vos used by Smith * in the
apparatus mmtiéned eariier,

This method wis adopted, but involved cowpiderable modification
of the msin Bolubility vessele The design uaall -is shows in Figure 2.
Twe twe bulbe used in Dymond's dusign have 'been‘ replaced by one
buld B of approximately the eame total volume, The s:i:le arm A wos
retained but with hair lines a and a' delineating fixed volumes.
The bese of the bhulb was flattened but on a slope to allow drainage
of the golvent into the vortical nﬁnometer erm Ce  The flattened base
of the vessel allowed excellent stirring using a P«ToFeZe encepsulatod
magnotic followexf ebout 23 mm long and ebout & mm diameter (7), ridged
centrally to provide a pivot for rotation. This follower wes driven
by a fully submersible mognetic stirrer motor (Rank Prothors,
Botisham, Cambridge). In operaéion at high stirring ratos the liquid
wortex reached the macmetic follower, spraying gog bubbles into the
liquid thus increasing the surface area of contact between the two

phasca.
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FIGURE 2.

Main Solubility Vessel.

a,a'b. Hairlines,

SHmowm»

Side-arm.

Main Bulb.
Manometer-arm.
Magnetic Follower.

Grease-free Tap.

- Water Inlet.
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This main solubility wessel wes ecalibrated to give the volume
between tap T and hairline b and algo to give the volumes of water
required to raise the menicua from !mirlina b to hairline a and from
hairline b 40 hairline a', | Tor this purpose the epnaratus wus cleaned
thoroughly using a warmed solution of Quadrzlens Laboratory Detergont
(Guadralens C’nemicé.l Pi-aducts 14d., Derby) followed by coplous rimsing
with greasfree dé.stille& and deionined water., Neasurenenis wore made
by additions of water from pipettes and burettes px\eviouslj calibrated
_by wolght of water delivered \&t FQSOC. The lzboratory distilled water
supply was found to be contamincted by eignificant guantities of greasy
material which was g_mesamamy carried by the stean supply. This could
not be used for cé,libz'ation es successive determinztions of the volume
between hairlines b end a* chowed a steady increcse which s ,
sttributed to deposition of grease on the vessel causing changes in
gurfoce tension. HWater distilled in ez 2ll glass ap;mtu;aﬁd
deionised wad found to giwe far better reprodueibility. Tor all these
meagurenents care woeg taken to mintein the arm € in a vertical
position vsing a spirid level, 8o slight devietions caused inaccurute
results especially in the measurcment of the volumes Qeclineated by the
hoirlinesca and 4!. .

1.’:;9 vertical manometer srm C, fobricated from precision bore
tubing, wa cali'bmted to give the volume per unit length by the addition
of o aliquots of water and neasurenent of the change in distence

between the waler meniscus and the bairline b using a cathetometer.
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The tap T wes a grease-free high vacuum stopcock (Clacs Precision
Engineering Ltd., Hemel Hempstead)s These taps have & valve key
fabricated from PoToF.Ee and therefore limit the sclvent and solute
to contact with Pyrex glass, PeTeFeEe and the mercury in the manometer.

The vertiocal manometer erm C waa epprozimately 30 ca long, there
being about 24 ecm between the hairline b and the water inlet capillary We
This length allowed the sclubilities of gases to be measured over a
considerable range of pressures and temperatures wsing a single

cherging of the apparatuse.

(b) Zho Mononoter

In order to follow the changs in pressure aocoméwying the
diesolution of gus, the vertical tube C of the main solubility vessel
(Figures 2 and 3) wos uced a8 the high pressure erm of o mercury
manometore This wes comnected through e hizh wvacuun greace-froe
stopeock to a second vertical tube M (Figure 2) which was used as the
low pressure aram of the manometers This tube was ebout 140 em long
and ellowsd the measurement of pressure differences from gero to
130 cm Hz (1300 torr)s In order to maintain the level of mercury in
the solubility vessel within the tube C, a meecury reservoir erm R
was incorporated, edjustment being achieved by varying thé pressure
through taps S end U of the air ebove the mercury in the reservoir.
¥ith high pressures in the main solubility vessel, pressures greater
thé.n one eimosphere were required in the reservoir arm and were

obtained using & bicyele pump fitted with e football-blader adeptor/valve.
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FIGURE 3.

The Manometer System.

- L KEY
9’? ®S
AVE| B A.  Side-arm.
B. Main Bulb.
C. Manometer-arm:
high P.
M. Manometer-arm:
low P,
R Reservoir-arm.
% S.U. Stopcocks.
M
M R
: F:®U
T
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The rescrvoir buld wns approximately the same volume es the coubined
volunes of the monometer arms I and C to allow complete adjustment
for all pressures up to 130cn Ig.

"~ Ome of the greatest errors in the measurement of prespures -

using mercury colums is the capillery errorg"1

due ¢o the surface :
tension of Imercury et the meniscuss. - This error wag partiy conpenm
sated by using Pyrex glass tubing of {the same imternal dlameter for
both manometer arms, C and ¥, However, the magnitude of this effect
is not only influenced by the bore of the tubing used, but &lso by the
qondition ot the glass and mercury surfaces. Yany precaufione wore
talten in order to emsure clean glass surfaces and clean mercurye.

The gless was cleaned using worn Quadralene solutions followed by
c_aopieus ringing with gresse«free witers The mercury used _ig_tha
monometer was of triply-distilled quality, end was filtered through

& pinhcle and then redigtilled under vﬁ.cuimz wing greese~free glose
epparatus fitted with P4T.FeEs sleeves on standard ground-glass joints.
The manometer wns filled with mercury while under high vecuun end with
continuous .pumping, the mercury being ellowed to enter slowly to ensure
that ell dissolved £ases were yeuoved.

However, there wus no way of avoiding one meniscus being *wet?
through contact with the water used as solvent, and the other being 'dry?,
and eorreétion for this difference between the menisei could not be
applied due to lack of data om the surface tension of mercury in contact

with water. This error wns therefore minimised by using a lar,ge'
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internal diameter of 16 mm for the manometer tubes C and M. A grester
dismeter wos not used a3 this would have increesed the volume and

weight‘ of mercury required excessively end also would decrcase the
pensitivity of the measurement of volume im terms of the length of tube C
below hairline te. (Pigure 1).

In order to maintabn a reliable referencve pressure in the low
presgure arm of the manometer (i), this arm was pumped continuously
during pressurs neasursnents, The vapour pressure of percury at the
tempemtures' used is of thé order of 10“3 torr and this contimuous
punping thus ensured a reforence ﬁreeaure of lessAthan 10"3 torr.

The entire manometer was themostated to the same temporature as the
pain solubility vessel (vide infra). | »

Both arms of the manometer were set verticai using a epirit lewvel,
and were positioned & enm apart, eis close 28 posoible. This facilitated
accurate meapurements of the .poeitions of the mercury menipei uweing a
cathetometer situated about 2?50 cm'amy from theo manometer. The
*sine e:*roz-'g4 due to deviations from the vertical of the cathetoneter, was
thus limited bﬁ' allowing both menisci to be observed with minimum rotetion.
This error was further reduced by careful levelling of the cathetometer.
Por this purpose the incorporated small circuler spirit level wes
inadéqwte, and it wes found to be fop more precise to use the linear
spirit level on the telescope iis:elf'.. Levelling was achieved by
altering both the main and the telescopé adjustmonts until rotation of
the telescope and scale through 1°0° eaused no change in the position of
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the spirit level bubble. This procedure was repeatod at 90° to the
former positions, before the formor positions were checlked. '

It has long teen recognised that a greater accurécy ig achieved by
placing a scale slongside the mercury tubes rother than by vsing the
cathetometer scale (lorley, 1299.Ref«94,p«15)e lhero the cathetometer
scale is uwsed, laige errors are introduced f‘rqm slight dovietions of
the optical axis of the tcloscope from horigzontale Uith a mononctere
to-cathetoneter diatance of :""50 ca a deviation from the horisontal of
1.5 minutes of arc would cause an errcr of O.1 ma if the cathetometer
gcale was used’?e  Two stecl rulos (3abone Chestormen Ltd.,
Eimingham), calibrated in mm and half-wum, were used to provide a scale
between, and at apprcximtel& the same distance from the cathetometer
e.é. the manometer erme (in pmcticé,. it was found neocessary to place the
oteel rules 2 cm further away)s The first of these wes a matensitio
etainless rule gredunted over &) cm and was uzsed inei&e the water
thermoctating bath (vife infre). The seccond wes a 17 carbon steel

metre rule ani wa used outside the bath,sbove,but overlopping,the first
rule. The rules were both clamped firmly at the top, but only
sufficiently a2t the bottom to maintain a vertical position set by spirit
levels The verticall position wes checked before ana ;a.fter each run in ‘
order to 1imit the error caused by deviations (%cosine error'gdj. " The
light clamping et the bottom of each rule allowed thermal expansion to
tube place without bending of the rulé.
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The combined we of the two steel rules permi;tsd the acourate
messurenent of a.ny lavel witﬁzin the monozeter systen relative to these
rulese 7o é.eterminé subdivisions of the rule scale divisions, the
fellowing method was useds The vertical cathetumeter was fooussed on
the mercury meniscus and adjustuents made o bring the izhting-cross
coincident with the mercury meniscuss The cdthetomter scale reading
was recorded and the procedare repeatsd for two steel rale graduations,
1 1: apart, one ebove and one below the mercury meniscus. The position
of the mercury menisose relative to the rule was then obtained by
interpolatione Tho same procedurs wag edopied for measuring the lewvela
of hairline b (Figure 2) and of 332 molvent (water) meniscus and also
for the relative positions of the two steel ruless In this way mo |
correction was reguired for the therml expansion of the cathetometor
seale, - o

Cood illunination wos required for accurate pighting on the mercury
meniscus and also on the other levels recaréed; .. Prountal illumination
was fourd to be edequate for sighting on the two steel rules, but
iradequate for the other 1evéla due to reflection of light from the
glass and percury surfaces. Creon transmitted 1licht has been
recozrmen:iaa% and was found to sillicuette the mercury menisci sharply
and slso greatly facilitaete sighting on hairline b end on the eolvent
meniscuses Dest results were cbtained by blenking off the light just

above ihe menisous thus preventing eny reflections from its surface.
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This method gives illumination of the meniscus =8 seen through the
cathetometer by neérly parallel light iﬁ-the vertical direction thus
As‘:‘smslating the conditions found necessary for greatest precision by
other authors%'% without necessitating the ﬁse of lenses. The
illunination however had to be repesitioned for each reading. A
15 uatt *pearl® ulb in conjunction with a clear-green filter was
blazked off for half it vertical illuninated length aad used for the
low presgure arm M of the monometer, The high preasui-e arn C was
illuminated using en 11 inch fluorescent 8 watt tube. This was wropped
in é gﬁeen t‘iltei' end sealed inaiae a pyrex tube for use in thoe water
vath (vide infra). A black plastic rider on tho pyrex tube movable by
8 wire from outside the water bath ellowed the light sbove the meniscug
to be blanked off.

Héing thé above method, measurezﬁenfs of the positions of all the
levels were ;ﬁopi‘odueible to £ 0,002 cm‘. The calculation of the
| pressures from those readings tcgebthér with the corrections that had to
“be ap@lié&; 18 discussed in a later section (b). |

(¢) Dhe Gos Durotte end Boromoter

A ¢os burette wus ﬁuilt to thé goi'ml designs The volunes uced
ware.alightly smlle;‘ than thox;e u&.aéd.by Dymond et ‘2&88’ the fixed
volﬁaes being epproxzirately 20 cm3 and 30 cm3 in cgm'bimtion with a
25 cm3 craduated burette tube. "ﬁwgm two volumes é.nd the burette tube

were calibrated by weighing the mercury displaced from each. The gns
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bturette wos designed to Le used outside the thermosiating tank for

tho solubility epparatus (vide infra) in order to fecilitate oporation and

w2a themmotated by repid circulation of weter fhrm & Jacket.

4 thermostating clrculator with inbuilt chiller (Churchill Instrument

Co. Ltd. Perivale, Middleser) wes voed and ws aet et 25, The

temperature ‘ef the ecirculeting water ws moasured on exit from the gooe

burette Jucket. Crecoe~frec, high vocuun, PaTeFele s.?l;epcocz:s were

used thrbugheu « The pressure reference tube, opoun to the etmosphore,’

wos Leside the greduated burette tube end of the esre internal diametor.

The operation of tﬁia grparatus necenaitated a knowvledge olf. )_tvhg :
atzospheric presoure at the fime and plaece of usie. Two barometers
Aw;are teuted using tLe gno golubility epparatus monometer, with the main

veozel open to the atmosphare, es & standerd, Tho first of those -
barometers (Chemicsry Department) was f‘omzd to give readings ahout

2,5 m ebovo those obtained using the manomoter. The second (Physics
Department) differed from the manocmeter readings by only ebout 0.1. oo,
but this e comid&ed to be withia tha‘ linits of reproducibility for
this tarometer, sinoe the mercury in the reservoir was covered with a
scuns It also became apparent, from a series of realings using the
first bvarometer compared with readings on the manometer, thot fhia
ivstrunent waa not capable of the precision requiredes The apporent
reproducibility of the readings from the first barometer wos = 0.4 m Hg,
far worse 'l:ha;a the estimated precision of : 0,025 mna for this ¢typo of
instrunent wnder optimm conditions s
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Due to this lack of an sdequate exlsting instruvent, & Taroneter

wes constructed and incorporated into the soclubility epparatus. 4
roservoir of about 40 mo internal dizneter wid weed in conjunction
with a mediun bore (zpproximetely & mx exbernal diameter) bavometer
tube which waa connected to 16 mm iuter@al bore tubing td cover the
‘region 70 ca to £2 co gbove the reservoirs The 'capinary ez'ror'%
was therefore limited by the large arcas of the meniscis The cathetow
meter was used for meaz:w.mg the heighf. of the mercury columm using the
samo steel milcas es for the manometer and the same type of 4llunination.
Simdilar precautions were talien, but the Larometer vwavoidably bad to
be placed ebout 50 em furthey fom the cathetometer that the rules,
necessitating very vareful lewvelling of the cathetbmter. Continuous
purping on the upper mercury surface enauz‘éd & good vacuwine ‘mé
calculations and thoe corrections involved im these calculations of the
atmospheric pressure from the height of the mercury colum were the sane
ea for the pmanoueter wnd are discussed luters

- To operate, the gns burette wus evecusted and wercury from the
reserwoir ednitted to £111 the fixzed volmoes snd grodusted burrete tube,
Tho goa was then antroziuced, éisplaeine the mercuwry from-the two fixed
wolues and the gradvated tube badk into the resorvoir, The mercury
 level in the two fizxed volunes wms adjusted to the bottoxﬁ hairline and
the stopoeck to this am cloveds Dy adjustoont of the hoight of the
reservolr, the panisel in the graduszted tube &nd in the pressure
referance tube wore trought to the sama level using the cathetometer for

comparisons The graduated burette tube reading was recorded. Gas
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wos then adnitted to the selubility veaael end the levels of the ‘.
mroury menisel in the gma burette veaaju.?xtel. In most co,ees thas
involved filling both fixeci volumes mth mercuz'j' followecl by mdjustment
of the 1evelﬁ :m the gmdmted a.nd roferonce tubes. A C}.cﬂs plunger
fatte& wi‘bh P.'I.’.F.E. "0 rmga wWea fztte& in & eide arm on the roserw;xr
and ooupled to o acrew—thr&_a to allaw fme a&gwatmcnt of the meroury
level in tha resowos.r. ‘I'he atmoenherio presaure, us ing tha Wter
a.escribeﬂ in the prev:toue eoction ancl the tempemture of the thcrmo~
statm m‘aer. were reoordea, a.llowmg the amunt oi’ g:zm edded to the |
nclubilitg‘ msel to bo ca.lculate:i from the d.fi’emme between the
volutnes in the gas bumtte before and. after the ad lztmn;

is method allowed the initisl quant: t,,v of ;s to ho neasured
in a 'dry' sta,ta, $1.6¢ fros of solvemt va'omm. ze hos ‘been sucgested
that the comnonly used 'wet' method fre&mntly gives rise to low mluns

T1,82,97 eamcmlly if thore is

in the meamureczem of gus solubnities
any tmcez-ta nty a3 to vhethor the {;aa ia aatumted with solvent vapour,
The rain dafficulty found during operation or the gaa burette

wos cauaed. by changas in a.tmepheric presours. Changes of ouly 1 to 2
ca lg in the gas pressure withiﬁ the gas burette can ceuse adiabatio
hoating or cooling sufficient to require an additionanl half-hour in
erder to attain terperature equilibriun 77'91 Thug after addition of
gaa' to fhe solubility apparatus e.nd rowh aljustnent of the gus burette

bacl to atmoppheric pressure, at least half on hour had to be allowed
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before final aldjunstment and measuremeonts could be mede. This time
wes almest invarially sufficient for significant changes in etmospherie
presgure to have ocourrel, end no method for the control of etmospheric
pressurs wag availables These fluctwations made it essent-ial for the
'Sarometer to be road &s near to fhe tire of reanding the gus burotte as
possible. [IHowever, under some weather conditions, these fluctuations
vere so fast that, even during the interval between the measurements
of the two mercury meniscoi of the barometer, there were significant
changes in atmospheric Proasures

It was also found necescary to £33 the solvent to tha solﬁbinty
veosel after éc!aition of the pgase In early experiments addition in
the reverse order led to errors due to diffusion of water wapour from
the solubility appé..mtus into the goo burette during the addition of gns.
This caused low walues for the amount of gos aﬂ.&ed; and conaa@ently low

values for gos polubilities.

(a)

Solvont end Solnte wurifientions

For gnza solubilities, the purification of the solvent end solute
are oontrﬁbuting' factora to tim acouracy, eepe&iﬁily where low
solubilities are involved. In particular, incomplete dogassing has
been considered to be a main source of error in the determination of ga:a
solubilities%,” The most frequently used method of degassing & liquid
18 to boil away & portion of it under vecuum, Usually 107 %o 207 of tho
solvent has to be evaporated off end tests (vide infra) have to te used
t0 ensure completexdegassing. This pmping ususlly has to be continued

for several hourse



An slternative methold hos been wed in order to minimise the
loss of solvent involving punping on the frozen solvent followed by
melting without pumping. This cycle has to be repested several timeo
end tests to ensure complets depmseing ere even gors inportant than in
ihe previous ﬁeﬁhodwc | |

In order to ensure couplote degnesing, Clever et 3;93 used the
£irct wethod to remove about 5075 of the dissolved gus, and then sproyed
the preliminery &egaesed 1icqeid throuch a8 fine nozzle :into an evacuated
flucke kI‘xapid. é.nd corpliete degmssing by this method ‘ms elaineds
A similar method hal been employed for the degaseing of 011399 .

Froa previous experience on the vacuun line, degessing by pumping
on frozen or liquid solvents wos found %o be far less officient than by
trap-to=trap distillation. This nmethod effecﬁvely cowbines the two .
operations used by Clever 23_» Qﬁ into one operation. Since &ll the
solvent is evaporated, degussing is glmost complete efter one dige
tillatio;@._ , ﬁowever, even with continuous pumping, some gas is trappod
in & matriz of condensed solvent a.ni a #eeond distillation is required
to remove tha lzst traces of gog from tho solvout.

The epparatus uvsed was completely greuse-free, This was wchieved
by using greogse~free, high-vacuun, ctopcocks with PyTelsTe wulve keys in
pyrex glass.  Creose-free distilled water was obiained by distillation
fron acidic pctassivm pem*zgmate golution, This ws introduced into

the vacuum line in g 500 cm3 round~bottomed flack fitted with a £renstm

free joint (J. Young, Scientifio Classware, Acton). The tmpé used
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wore of a "U' tube design, but built to acocmmodate the distillation
of 2% cm3 aligquots of golvent, tho two aﬁ'ﬂ boing epproxivately €.5 ca
znd 2.5 o in dlancter with ‘ma colvént being co.donoed in the larger
m. Thio dicmetor wus found to be emfi'icieu‘b for conldensing about
0 c:n3 of 1liguid aolvecz*‘ beloro blm:ivg the $tubce The two fa3 's]
Iucm joined by u horizmontal 6.5 cm tubo et over 9 ca lonze

'Z}ma large vcl&ae below the twa orms allowed the ao’vez;t to melt inside
the 'G* tule without the liquid mmscu:a be.ng in the erus. With
volunes greater than slout 275 Q@:x'3 ¢ thoe solvent in tne erms prevented
wier vapeur msinb throuch tho ump and coused sevore "hunping? when
the solvent wus being 8istilled out of the trop.

’i‘m trops of this deoign were used to allow tuo succcasive

digtillations. In oraer to enswre vemplete dognssing the solvent

was distilled a tb,rd tise wader hlg,h vaocuun into & 500 cu3 rounde-
bottome: ﬂae:!: equ‘m&.. with 2 capillary tube for szphon..ng the eolvont
oube By th'es method the solvent could be traucforred to a 510 cm
steré.@ vesoel, ‘fhe vepour progoure ¢f the solvent being eufficient to
initia;se siphoning if the solvent was slightly wornod.

~ The most used éz-iterion for cemplete degéssing hos been the |
repm&ucibiiity of ;bhe‘meaeuremn'ks or, ite corollary, the agreencnt
betwcon soverel worlers f‘or the sene ncasurenent o 'i'éia criterion has
beau critioiee&" in that it doco not allow for taé repetition of

systenntio errors and glso perpetuates older mensuremenis &s sitzadards

vhon they may have beon superseded by more reliable measurcnentfe



Two additiomal criteria for complete degnssing have been useo‘tgg .
The firnt involves the monitoring of the pressure of non~condensible
vy liquid nitrogor) vepours during deguesinc. A voowum gouge 16
situntod botween the pueping synten and & liquid nitrosen toep
ﬁmﬁecting i$ from the polveont depmssing oyulen. I:x this vy the
pressure reeozﬂ.e:! dré\ps dni'i:f:g dormosing watil the .Imse ﬁressum of the
pﬁmp ia zm.cb&d iﬁaicétin-g that only negligible pmoumts of non-condenuible
guses a.r-a preacnte Iﬁamwr, whon thé degmaing procedure involves the.
aiml"aé.mom toiling and pumping on the éolvent, it has beon mcmé‘s;«cled
thot an adlitiomol cuantity of solvent chould be eveporated to be.
certain of commleto ‘aegming??' | -

iﬁe pecond met&dcl requiren the cwdioning of the dogneeed golvent
bétmm peroury folléwed by inepection for &ns Sub’oleé. Thio method ie
quite senpitive sizﬁc’:e. gos bubblee much emller thon 1™ ex con be
detected, and since solulion rétea a.re clow, the bublles will persist
for geveral mmtes; * o

Tho forocr of thoro t#:o criteria mia wed to enswre the corplete
demosing of the solvont during trop-to-trep distillationze - A liquid
aitrégez: trap &1 tuntod betwoen the water distilla‘aioﬁ pcserbly and the
rost of’ the vacwmum 1inse and g':.s sol\fbi’uﬁ:f apparatug p:evezztea wiop
| mponr reaching the pumping eystem, the bace pressure of which was
betwesn 10""6 e.nd 10'"5 torre 4n ioiﬁmti&mu(;ype precsura gouce wos used

to nonitor tho présaure of gnoes not condansed by the liquidinitrogen 4rap.
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Prelininary evacuation of the round~bottomed flask in which the
solvent was introduced removed most of the gms sbove the weter with
only a little water being losot to the liquid-nitrogen trap. Following
this, it wos found beneficial to allow several ﬁoum for re~equilibration
between the liguid and gns phoses before didallation to the first 'UY
tube wos commoncede Crushed solid carbon dioxide in acetone was used
throughout for the condensing of watex; yapours

Following an initizd) pressure surge during the first aistillat;on,
the gavge-recordod ﬁr@ssure wes maintained below 0™ gorr by adjustment
¢f the interconnceting stopcéc!c, which could be fully cpeoned after & fow
minutes of distillation. DBy meintaining thie low preosure, ozly small
enounts of gus were trapped in the ice matrix. During the socond
digtillation, the gavgo-recorded pressuré guickly fell from an initial
_ pmasﬁre of under 10”3 torr to the base pressure of the puming systen.
This base pressure wos maintained thmugfmut the third distillation,
indicating that, within the limits of this critorion, complete dogmosing
had been achieved by the first two dietillations. A water bath rouchly
thermontated et temperatures up to €0°C wos used to increase the ratea of
the second and third distillation and also for the first after tho inter
coméoting atopéocl: wao opened fully. The vater was ptored in a vessel
sealed by high-voouun stopeocks. The vocuuwn systen between the siphon
trop and the main solubility vessel inclusively was thoroughly cleaned
with worm Cuodralene laboratory Detergent solutions followed by copious
rinsing with grease-free distilled water and finally pumped for several days,



This guarde& ageiimst contamination of the water after the final
dictillation,

m‘s for use in the gos sclubility apparatus wes purified by trap-
to-trep distillation within the min vacuua line (vide infro).
Distillation through e trap refrigerated by en isc-pentane slush (-—1QJ°C)
renoved all likoly impurities from the research grade Iy woed (air
Producta aﬁﬂ, Chenieals, Inc., Permsylvenia, UsSefe)s The I7, passing
throvgh this trap was meinly collected in a liquid nitrogen trap end cuy
nitrogen or oxygen impurity wae purped off. Some I@l’-‘s ws wnvoidebly
lost on pessing throush the liquid nitrogen trep. The purity of the

Ir, was confirmed by pressure measurcnents on the vopour ebove liguid

3
IF, hold at ~126°C (Methyl-cyclohexane sluck)before and after exponoion

3 4
of the vapour into an ewocusted bulbe Do significant change in the
vapour pressure wes observed { = 1.5 m He) o

Rescarch grade I,F, (air Products and Chemicals, Ine., Pemncylvania,
’EI.S.A.) was used with a stated purity of 99.9:'3, the major contaminanis
being IOF and 1‘120. H2F4 exhibited a pale purple coloration when ‘
condonsed in the vacuunm line straight froa the cyliniér. This purple
coloration has been battributed to thoe thermally unstable compound
wzmm.m,m' it being estimtol that es little as O.1% of IT,ID
caused @ pronounced purple colorations Pumping on the conlensed s
held at -176°C also showed the presence of an irpurity with a vepour
pressure at this temperaturs of about 5 x 9™ torr (probably E&?B) end

this izpurity wes removed by repeateld fractionation with pumping throuch
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a trop held at ~19¢°C.  Although the prosence of IT,M0 a3 an impurity
in §2F4 aafsplee is well &ocwﬁanted, 8 auﬁreﬁr of the liternture revecaled
that most studies had epparently been carried out without further
purification, and no method for the removal of this impurity could be
founl, Houwever, the presence of an impurity even to the extont of less
then 0,17 could cnuse serious émm in eolubility determinntions. The
impure 17217'4 wad thorefors fractionated throush a trap at -160%
(Isopentane slush) to a trap at -196°C in an atienpt at purification.
The vapour progsure of HQF 1; at =160°C has been variously estimated as

18 and thus this gos should

04379 torr'0, 0,564 torr™> and 1.638 torr
paée slowly through a trep at «160°¢, 2)27‘2133 ia kmown to dissociate in
the gos phase to 5Y2F P and m’“"’, and since the vapour precsure of the
latter is greater than 100 torr et -160°C, ID should pass through this
trap quickly. During this distillation, l%IEF 2 passed enly very aiowly
throuch the trop at -»16006, but cormarison of the contents of the two
trops ‘after about one hour of fractionation revealed oraly'a vory slicht
difference in coloration, the contents of the ~196°c trap being elightly
darker, It wos evident that either thev m-*am had not decomposed
extensively in the vepour phase during aiatillatidn. or that recombination
of wa r#dieala with I0 had occowrred during condensation of the I!QF ) in

- dhe -16{)06 trap; o wapour pressure daia for m'gm has been reported,
but from ¢his distillation it wns epparent that st ~160°C its vapour

. prossure tuet be epproximately the game 3 that for IB‘QF’4.



Purification wos eventually achievedf by mixzing the impure IIQF )
with brqmipe in the vapour phase. Dromine ghould nod roact with
I»IQF 4 under thece oonﬁitiom;bu% should r@ct with nitric oxide to form
IDBre A reaction time of approximutely 1 hour wes allowed before
excess bromine woa removed by fractionation thmua’h a trep at --E%JO_C
(w0114 00, /ucetone)s  The fraction not retained by this trep wes |
tropped at -196°c and on warning formied & clear iic;uid, in vhich a very
foint muve coloration could just be detected, shove a‘bronm- solid,
chtiomtioﬁ of thiz through ~160°C to «196°C at .firat émdueed a
fraction passing throwh ~160°¢ which on welting was & pale mauve.
liguid, the coloration being of sbout the same intensity as the liguid
before purification. Continued Practicnation throurh these trens
pmaucefi f‘z?actiozas keld at —-1960 c with steadily' sﬂeemasirig; coloration,
wntil after one hour no coloration could be detecteds This fraction
wns collected for a furthor ten hours in oxder to obtain Laex].iﬁ:?:ﬁ:‘ly 1eeé
than 10 o2 of liquid eample. '

The goe phase im‘m—-réa ep@c{;mﬁ of this samle mccnle;i over the
renge £000 ém" to €75 m"‘ (Pericin-Tiner, Fodel 257} shouwed abscrption
maxima at 1079, 117, 1009, 597, 959, 945, 932 and 735 cu”'s  These
froquencies are in exceneni‘agreement with literature values'0? 19411054
106, 107'108'109‘ To other absurpﬁons wore de‘geeted evenr at high

pressures and the ebsorpticn obeerved et £52 er? 13 ot be essigmed
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a8 on impurity in agreement with the nosignment of Koster and
Mller. 7 In porticular, no ebsorption was found in the region

of €25 e ! 110,111

s thoe frequency avsigned to the IW=Br stretch for m"?Br.
The purity of this eemple wns confirmod by the mothod used for I, ty
vapoui* prosgure measurenonts ‘hefore and efter cxpansion with the
liquid T,F, held at about ~%%. (solia Coyacetone slush). o
significant pressure change wag obsefvéd. ( %41.5mu).

I-EE"S and !7??4 were stored in previcusly evacuanted wessels at -19606.

() Termernture Comtrol, .
—

4 £ul) anclysio of the effect of temperature fluctuations on gos
golubility meoasuromants has been published by Cook."?"" Four mein
fectors were giiren; the temperature coefficient of the solvent vopour
pressure; the temperature coefficient of solubility or the chaﬁge in
the equilibrium partial pressure of thg dissolved gas with terperature
at epproximately constant concentration; the temperature level of the
experiment; end the pressure level of the experiment. The mgzﬁtu;ie
of these factors depends not only on the eysien studied, but aleo on the
type of apparatus used, Cock found thal temperature control to 20.1%
wes gdequete for an overall precision of X 0.057 using his apparatus
for the systen; H, - fx—heptane in the range = 3908 to 50°%c. & preliminary
calct;xlation, however, showed that ooﬁaiﬂerably better thermostating was
required for uée with the present appsratus. This difference partly

resulted from the lower eolubilities to be measured, but a_lso from the
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design of the apparsztus. Cook's epparatue m waa"2 desirmed esuch

that ell but about 1 cm3 of the solute gas wos disoolved, limiting

the range of presaures and temperatures that could be covered wsing
cne charging of the epparatus end alao necessitating & ool eatimate -
of the solubility before etarting to tule measurements., Ia the
present apparatus, the gms diesolved was calculated from the differonce
between the gas originally eadded (about 10 em> at NM.T.P.) and the B
remeining undiseolved (90 e to 95 e approximately) «

From calculationa on IIFB using the solubility data reported by
Smith et a1 ? this difference chould be 5-10 cads Analysis of the
effoct of tomperature fluctuations on this basis chowed that for an
overall precigion of 0.17, temperature control to < 9.01C would be
necensary et 50°C, tut orly to £ 0,93¢C et 15%.

A water‘bath was fabricated from a 3D gallon galvanisel iron tank
(2* 2 1* 3" by 2 high)., The front 2 x 2% face was removel and
replaced by %” plate glass., A water tipgh? eeal between the glass enl
the metal w's achieved vaing Cold-Cure Silastomer 9161 (Hopkin and
¥illiams Ltd., Chzdwell Heath, Issex)}. The gleas wes wedgsd tomaintain
a position ebout 3/ 10" from the frame and hald in pogitiun by sta;m'e,cms
the tank tefore the liquid Silastomer wza poured tetween the frose and the
glzes and allowed to set under the influence of ths catalyst. The stayn
were left permanently in position since Cilastomer has poor edhesive

properties when sets This method of eealing wms found preferzlle to
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the use of window or 'fish-tank' putty since both of these harden
at temperatures above 25°¢ cousing extensive lezking. This tank
could be reised to surrovnd oomplete;y the main solubility vessel to
above tap T (Figure 7) and the manometor arm M erd compensating arm R
up to this level. A gemi~gubtmersitle pump (Crant Iustruments
(Combridpe) Ltd., Barringtom, Cambridge) was used to provide fast |
circulation of water from the baﬁh tﬁrough a Jacket encloaing the part
of the menometer arm M above the water bath. This ensured that the
manoreter end main solubility vessel were thermostated to the same
temperature. The level éf merc:ry in the compensating arm R was
never outside the water bath and no further thermostating was requ;red.
Temperature control was echieved using a mercury contact thermo
meter adjustable betwoen 0° and 100°C (2, Callenkamp and Cos Ltd.,
London, ) Y in oconjunetion with a hot-wire control relay
(Sunvie Controls Ltd., supplied by Criffin and Ceorge Ltd.,'wémbley).
Four immersion heaters were used to allew heating rates between 250 watis
and 2250 watts, and the rate was varied with the bath temperaturé
required such that the heateré woere operating 50% of the time. 4 neon
indicator light fitted to the control relay facilitated this selection
of heating rate. Tor temp;raturea Just ahove and below ambient, an
even, slow cooling rate wag ensured by s8low cold water flow throvgh &
cooling coil, mede from 5 feet of 3/3" diameter copper tubing, which was
pubnersed in the water bath., For temperatures well below ambient, two

chiller circulators (Churchill Imstruments Co. Ltd., Perivale, Middlesex)
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were used in series to cirm;laté'refrigemtea anti-freeze solution
through the copper cooling coiles Thermestatic control couid be
maintained et temperatures down to about 10 degrees below the ambient
temperature by this method.

A four inch, siz-bladed stirrer wos mounted on a 12" ghaft and
driven by an electric motor rated at 0,13 horsepower end 1200
revolutions per minute. This motoﬁ was originally mounted on the
framework suprorting the main solubility vessel and menometer, but wes
found to cause excessive vibration. A heavy-duty fexiltle drive was
thercefore used to allow the motor to be mounted remote from the rain
framework, considerably reducing the vibration. Further reduction wes.
echieved using a P.-T.F.ﬁ. tearing round the shaft near the stirring
blade. This etirrer was positioned to give meximum cireulation of
water round the tank, with the shaft et an angle of about 45° t0 the
horizonﬁai.' %e‘immersionr heaters asid cocling coil were positioned
such ?hat water flowed past the heaters, down past the stirring blades
end through the coil, |

The tempemture ‘afability of this system wes tested using a
pla.tinup-resisﬁance: wire coupled ¢hrouch & bridsze to a churt recorder,
giving a 3 oﬁper centigrade degree scilz. Temperatures between 1500
and 25°C were tested, and each was maintained to = 0.01°C, with slightly
| better stability than this at temperatures near ambient,

A conastant-level device was incorporated into the design in order

to compensate for changes of the water level in the water bath due to
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evapomﬁion or to a change of temperature. A esirhon tule mainteined
the water in the water bath at the same level as in a tube outaide the
bath, and the level in this tube was maintained by constant flow of
water into the tube and cut of an overflow.

The vacuum stopoocks used onlthe mzin solubility vessel end at the
botton of the manometer erstenm were immersed in the wnter bath during
runs. Despite the temperature rangs of from ~20°7 to «402°P
(-23°C to 202°C) quoted by the wanufacturers, these PeTeTeFe keyed
stopeocks failed to maintain & vacuum et 15°G. Thig necesgitated a

modification which is described in the section dealing with the vacuun

line (vide infra).

(£) Calivrotions,

The results of the volume calibrations of the main sclubility veosel
" and of the gno burette, which have been descrided, are given in Table 1.
The sccuracies of thesccalibrations have been estimated and the limits

are exprezsel either in terms of twice the standard deviation of the meen

. for the measurmerts mede V0 (or n resdines Vv, ¥ith mean V ,

Y =V,
3tandard Deviation of tha resn = -(-—(-—l-) s or &8 the spreal of the
n 2:«1
readings from the mean.

Data of the eccuracy and ccefficients of linear thermel expansion

of the two steel rules and of the coefficient of thermml expansican of

'Pyrex? glacs are listed in Tatle 2.
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TAZLE 9.  VILUD CALIIPATION

Fodn Saluhiliter Yennel »4 2500

Part L - Vslumen(omB)v Fetimated Acmmcy(cm3)
Tap T to heé.i;-line be | 3#."3136 20.005 *
Hairline b to ﬁairline 2 . "1‘“.3 - ~ (see text)
Bairlino b to hairlice a' ‘ ) | ""‘? n C  (see text)

Pe* on lengih ef tube tolow ?.03-26 : - o :5.-’)19

hairlirs b,

Chg Duretto at ,'350(}‘

Part S Volune (en) ~ Estimated Acouracy(em’) -
large calibrated velume, 29073 - to,000"
‘small ealidrated volume. | 12,195 : ¥ o.001

Gradunted tu Jea. o
L .- %
Scale Reading . Volume (em”) . Devietion from scale

( 9 _ 0
2 o _ 1,208 w0007
3 o S 3018 40,019
7 ‘ +r 7.‘339 ) . "’30’)3’3
1 ‘ : 13,091 - T 43051
12 12,090 - 306D
1? 1?00?5 +0.375
© 20 20,073 +2.073
e 4 200567 +2.,067
R ol - 25,089 ‘ 45063
Totimeted scouracy of volume between any two levels . _453.0:-’9513 ,

[ Ectimated limito are expressed in teras cof $wice the standard doviation
of the moz‘.ﬂ..\:x”D or (for limits meried by #) in terms of the spreal of the

- rezdings taken. |



TAIR 2

Steel Tulen

™mils 7 Ageuraey " Coefficient of linear
€0 oo Votensitie - + o LToNBion g g
Stainlosss - 0.0% e at 207°C | Vo x 10 C

1 en 1% Carbon 20,025 cm st 20% 1.4 x 06 ¢
Stoel, ) .

Pyrex? Gloos

cgafﬁczent of linear ’I‘hem]. Frpansion « 0,033 » 10'"4 G
(gor 20 c < q*< 300%)
CoefPicient of Cubicel Thernal Tapansion e 0,099 x 107 ¢

'F“;B’Lu 3 :

Thermoneter fe(for use wit h Gas Turette)s Calidrated at 13 different
temperatures between 24°C ana 26.5°¢. At 211 temperatures tested.
‘P » [(Reading of thermometer 1) + 0.087%.

Thormometer 2, (for use in ater Thermostat Bath)

T = [(Reading of thernonoter 2) ¢ al’e.

Tempereture(C) ' 2{%)
5 : 0.0
5 0.15 |
25 4 0.4 . L
5 o 0,33 | '

. Thermomctor 3. (for use to recsure ambzan"' tempemttwe-ten@pmtm of

0.17 Cazbon Steel x-ule). |
Calibrated from 20°C to 3%,

' perperature(%C) A (%)
20 - 0,15
o5 - 0,13

»n N 0.13

64
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Three mercury-in-glass thermometers, . gradusted from —SOC to 500(5,5
were calibrated Sy comparison with a therometer calibrated at the
Tational Physical Laﬁqratory, Teddington, Viddlesex. The resulis of
these calibrations ém lipted in Table 3.

During the caiibraticm ¢f the volumes of solvent contained
between hairlineal b a,ndb a2 ond hairlines b and 2% of the muin solubility
vessel, g;réat &iffie\xity was erxperieuced in filling the éppamttm to
place the menigcus exnotly on the hairlines 2 and at, ;ﬁie'accumcy of
these calibra.tiénﬁ affects not oniy the aéoumcy of the nmeasurement of
the solvent vblume, imt also the socuracy of the measurenent of the
volﬁme of residzal gas after éolutioﬁ emﬁli‘bmtion. Siz;xce only
S=10 cm3 of gzs at NeToPe shoulz’i dissolve, i?ze accurasy of the msasurement

3

of this gas volume must be to ebout = 0.35 ca”’ for an overall scourecy
~of 1 in the measu_rément of the solubility. The diaméter of the main
solubility vesael at the levels of hairlines a and a' is abbut 9 ca end,
therefore, for this overall m@acy. the level of the menimcus in the
side arm must be coincident with the meniseus to £ 0,008 m. It wes not |
felt that this a,céumcy co:ilé be achieved. |

In & trial eolui»ility run using NFS £a solute, the water volume wes
neasured t’iv_e times by btringing its meniscus to hairline a' and meapuring
the vertical iex;%a'bh between hairline b ana the rercury reniscus in tube C
(Figure 2). | A‘m’e edjustment of the pressure in the manometer compensating

arn in order to bring the water meniscus coincident with the hairline woa

found to be very difficults After each neasurenent, the position of the
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water mniscus wan mévezl and tﬁeza réaajumtea to again bring it
coincidents The epread; or standard deviation of these results, is,
therefore, & méaaux-e of the eccurncy of making the water meniscus and
hairline coincidonts The aocﬁmcy found (t;erice the standard deviation
of the mean) 10 was £ 0412 en’y indicating that this method of
meaguring the eoiv»azaﬁ volune was ﬁot sufficiently socurste.s

The total volume of'.thé miﬁ olu’o‘ility vossel wos imom to
within satisfactory limii;g ."fw}. gbe:efqrg At'h‘e tqg;dz;a_.} st volure could
- be calculated, proviae& thet the solvent volume is gufficiently defined.
The factor therefore requireél in ordor to achieve satigfectory acourzoy
" 0f the moapured golubilities wae an scourate method for the delivery of
a known volume of solvent (about 300 omz) into the main solubi vitjv
" wessel. A solvent calibration vessel wos hﬁilt for this purpose and
incorporatod in the solubility apparatus betwcen the solvent storage
" vensol and the solvent inlet to the main solubility ?oeael. - This
ppparatus is showm in Pigure 4+ The bulb 4 \@aa dosigned 'suéﬁ that a
- volume of about 300 cm3 could be trapped ia between taps Ti, T, end '3'3;
The evacusted bulb A oould be filled with colvont through tep T, from
~ the storage vessel, and the fixed volume of solvent ocontained between
the three closed taps could then be transferred to the main solubility
vossel throuch top T.e  later wns forced through the fine (0.5 mm
internal dia,mqﬁ;er) copillary connecting this vessel to the main
solubility vessel by the introduction of mercury under pressure throuch

tap Ty from a reservoirs
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FIGURE 4.

Solvent Calibration Vessel.

/ 770-5mm. € lllary
/ toMain Solublllty Vessel.
:‘»

1-5mm. capillary
from Solvent

Storage Vessel.

ANNN
[ from Hg. Reservoir,

T3
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This vessel wos calibrated by weichirg depnsced water delivered
fron the veasel throughrthe 0.5 m cgpillary. The vessel was
positionod to be irmide the water bath when in use and glass-ilown
into the solubility epparatus excent that the 0.5 mm eapillery wus
" not comeected to the main solubility vessel. The calitration vessel
wes filled with desuosed weler, which was then 2isplaced by mercury
and forced out through the capillery tubing and collectgd in & conieal
flzgk. Thiz wos cooled in en iece bath to guard arminst loss of water
by evaporation. Im order to tronsfer the water os completely es
noegible, residual watér in the canillary was forced out by allowﬁng
mercury to flow throuch into the conical flas. The small bore of the
cepillary tubing allowed the mercury thread to cct as a piston end force
out the wvater. The flask% wos then stoppered énd weighel before moat of
the water was decanted. The mercury remnining wae woshed with metharnol,
dried, ani tﬁe flask and mereury then weighed to conntant weight, thus
allowing the weight of water to be caleulated by difference. This
procese wes repeated five times using different flow rates through the
capillary to guerd agninst poggible syatemntie errors. The volume of
wter delivered by this methodl wns calenlated from the weight and was
n2, 101 om3 et 25°C, with en accuracy (twice the standard deviation of
the mean forcx realines) of & 0,002 ca’,

The lastvcalibratécn required wes the mensurement of the change in
volume of the main solubility vessel with changes in the pressure ingide
the vessel, or, more precisely, with chenges in the difference tetween

: n
the pressures inside and outside the vessel. Smith'A states that this
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wos & most important correction for his apparatus. The voluze, with
nerlipgible pfeamzre difference, hal alrealy be'n calidbrated a3
nreviovsly deseriked, but in order to messure the volume with an
internel pressure not equal to atmcspherﬁé presaure & Aifferent weithod
had to bve emploved. This ealibration wns achleved by pressure,
terperature and apparent volume mensurements on gns samples previously
determined by sdlition to the main golubility vessel from the ge
turette. Corbon diexide wes chosen, since it wez readily obiaimable
(an1id Cﬁ{,?) ond wes easily purified by fractionation in the wacuwm

113 allowing

line. The second virial coefficient im alzo knoun,
securate cnleulations of the orount of gos from pressgure, temperature
end volume meogurements, |

Cerbon dioxride wns measured in the gns burette and the number of

moles, 1, of ros added to the min golubility vessel wes ealoulated

using the squation of statet

Y . 14 i) (P, pressure: V, volume: T, stsolute tenperature-
mnT ' v . -
R, gos constant: 3B, second virisl eoeffiet snt"B)

The main solubility vessel wns thertostatel and the temperature end
pressure were meagsured, allowing the sctual volume of gus to bLe
czloulated, sgnin using the equation of state.. From the vertical
disiance from the mercury weniscus to hairline b ani from the volume of
the main solubility epparatus ealibrated with no prossure difference, the

epperent volune of the gos was caleculated. This progoss was repeated
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FIGURE 5.

Calibration Graph for Main

Solubility Vessel.
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peveral times using different emounts of gus and thus with different
preasures .’ml the main solubility vescels A graph wes plotted of the
Aifference between the actual and epparent volumes of the main
solubility vessel, AV, zgainst the pressure of gns inside the vessel,
and is shown in Figure 5, 4 groph of AV egainst the cube of the
difference {(AP) between atmospheric pressure (76 em Hp) end the
pressure inside the vescel is linear (Figure €)3 &V a (a7) 3/171,06%
where 47 is in cm3 and AP is in em Hze The ascouracy of AV wns |
estirated from the linear grzph to be : 0.02 cm‘,”

During this calibration, great care hald to be taken to ensure
that fluctuations ir atrosvheric pressure we:e small, Several readings
wore discontinued or discarded when these fluctuations beca;ae to0 large
(.. in excess of < 0.02 m)e Because of these difficulties, the
intended method of measuring the gas added to the main solubility vessel
&t the start of aol;ability s was discar&e&. For all solubility runs,
the gas wes mezsured only roughly in thé frt:] burette; irstead of the
iniem&ed scournte measurement of the gns introduced using this mparatus.
Accurate moasurencent of the gas, by pressure, volume and temperature
measurenents irS the mpin selubllity vessel before the seclvent was added,

was found to be far more eatisfactory in that fluctuations in atmozpherio

preasure did no$ effect the readings.

(2) Erodines pnd Caleulationa,

The solubility epporatus is shown diagrammatically in Figure 7.

The sequence of addition of the solvent and of tho gas was found to be
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important as mentioned previously and the full method and sequence of
overations ond reading:;s’ for a solubij.i#y ru are given below.

With the degossed wmter in thé Aaolvenf bstomge vessel and with the
purified gea stored at «19¢°C in the main vé.cuum line, the gus
solubility epparatus (gas burette O and min solubility vessel B) wos
evacuated to better than 1972 torr. By adjustment of the pressure in
the manometer compensating exm B, the mercury level in the main
solubility vessel wag raised to bring the mercury meaiscus to bvetween
the two hairlines on the side erm A. This prevented too great an
addition of gns from the ag burette to the main solubility vessel,
enpuring that, éfter adlition of gen, the pressure in the gns burette
could be adjusted back 40 atmospheric pressure. With taps *I"% and '3‘5
(Figure 7) closed, the gea buretis was Filled throush tap Tﬁ with gns to
a prossure of one atmosphere. The gas burette pressure, volume and
temperature wore recordel before tap Tdr was opened adnitting gns from the
burette to the main s0lubility vossel. The mercury levels in the gas
burétte webte adjusted, such that with tap ’1'4 closed, the pressure inm the
ces burette could be reafusted to etmospheric pressure with the correct
volune of gas adlded to the solubiii.ty \feééel. This precess could be
repeated 1 a greater amount of gas wos required in the moin solubility
vessele Theme gos burette moasurements were used only es a guide, éna
not a8 the basis for accurate caleoulation of the mumber of moles of goa
addeds With the required amount of gas in the mzin solubility vessel,
tap ?5 wag opened, taking care that the mercury level aa the main
polubility veosel wos t:eﬁt above the solvent inlet at the bottom of tube C.

The eve.cuc.ted’ solvent volume calibrating vessel D was filled with the



75

deopssed water from the storage wessel Py but tep ‘I‘,1 wzs left open.
The bd‘b D wna filled corpletely and no oubbles of g=s could be
observed, a further indication that the water was cempletely degresed.
A eimiler critorion involving the cushioning of the solvent between
mex"cux'y%g has been mentioned in Section 1(d).

The thermostat tankt was raised, filled and thermostated Lo 25°C.
I:Eamﬁry was 8dded slowly to reservoir B through tap Ti7 and degnosed by
continuous purping on the reservoire. About oune hour was allowed for
thermal e@ilibmtion before tap ’I‘1 was cloged, calibrating the solvent
vwlume in vezs‘saé.l De The azﬁount of gos in the main solubility vessel
wag determined by moncurenont of {the positic.s of both mercuwry menisci
in the mononeter, and of the position of hairline be. Thia allowsd the
pressure and volume of the ges sarple to be determined end thus the

runber of moles of gos from the relevont equation of state, Tor IEE‘_,J

115 1€
end TIEF‘é, the equationo of state used wore those given by Pankratev g 21.
These were in the form of a van dor Whals ecustions |

2

B e 86,712 cm3 for Kng, and with 4 @ 24777 = 10-6? atm.cms end

atm,. mn6 and

B = 53.674 o2 for IFye  Pressure, volume end temperature measurenents
for the gos in the main eclubility vessel were repegted a2 a check on the
amount of gos. The eccurzcy of this method of measuring the gos ws
estzmteﬁ to be ¥ 1.0 x 1{)“6 roles (twice the standard demation of e

mean) for an a&dxtim of 5% 0" =3 moles of gme (2 0,027).
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The thermontat tank wos emptied end lowered and the mercury
1evei in the main solubility vessel was lowered to just below the
golvent inlet, care being taken, howcver, to keep the percury wenlscus
in }the tube C. Tap T5 wos closed and teps T,y ‘1'3 and T, (Pigure 7)
wore opened, lMercury from the reservoir E, entering the solrent
volume calibrating vessel (D), wos ellowed to force the water slowly
through‘ the. capillary tube into 1le main malubilit:} vossels then all
the wnter wos expelled, meorcury wos allowed to flow throvwgh fhe
capillary tube wntil the mercury meniscus in tube € rose to above the
solvent inle;t.v Top '1'2 was closed, and, by admission of eir into the
manometer compensating arm (R), the level of mercury in the manonctor
arn u wao raised such that vox‘x slight cpening of tap TB. the mercury
monisous in fube C rece slowly until just below hairline be I% wno
qbsewed that if this menmcua rose too fant, some solvont woa trappod
betweeﬁ the merecury eoium énd the glang below the mercury meniscus.
The flow of mercurj fron the mmmafer arm M into tubo C wns therefore
controlled by tap 'I‘5 wtil it oould be fully opemed without movenment of
the menisous,

¥ith known amm’zts of gon and solvent t'mpped in the main
solubility veosely the subneraidle motor Ariving the magnetic follower wos
ate.rﬁed aad tm thormostat tanl: woa reised, £illed end thormostated.
Three houm; of £ast atirring wore found to be eufficient for equilibration

between solute in the solution and gs phasos, but ar extro half-hour or
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TARLT £,

DATA USTD IN CALCULATIONS

acoe;emiion Quo t0 Lravitye g = 98%17251 (* 0.&3362)&31;800“2
{standard g =980.665 em.ﬂec“?) |
Z.}emity'_of' Heronrye Ref,1 il DelSe

Density of tnter. Ref, 117 pp 12, 5.

Vapdm' Prosoure of thier, }.13911:‘3

Tagthormnl Oormmonaibility 5:? !‘-?:x‘bomﬂ?"ﬂg
Bulk Todulva (i) = (p,70,)/((V,=7,)/%,)

;¥ = pressure; volumc. 132 = initial; fimnl.

Isothermal Compronoibility (xy) = 144

v(°c) KT(c:m"""‘\d:;zf:‘es"1 z ™
o o 5.7
e R &
0 253
o5 | 2,57
25 ‘ = 2.28
25 ot
55 v 2448

(76.0 stoniord cn.fz. = 1 standard Atmosphee = 4,0123 =2 136 8yne em"?)
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hour had to be allowed before tolring readings for the dispersal of
bubﬁlea cf goa on the surface of the solvent., After this time,
. the roon end thormostat bath tempezntures were recorded and the
eathetomoter wea used to measure the levelm of the two mercury
ponisel, the solvent menisous, and hairline b and alsc the mlative
pooitions ‘c,f the two steel rules. These measurements wore suffficient
for the caleulation of the solutulity (vide infra)e. This procedure
was repeateod eeverzl times for each terpernture of the thermostat bath,
waing different pressures of gas ebove the solvent, thus allowing a
check that the gystem wes equilib:-ateﬁ.

An eznmple of the caleulations is chown below in order to
illuotrate the correotions involveds Tonta used in the caleulations,

but not proviously listed,; is given in Thble 4.

Tenrmle of Colenlations

(i) Calewlation of the Initial Quantity of Cas (before eddition of

solvent).

Goa n:,F 4

fath Thermonmoter:s Reading = 22,210 ¢ Tormerature = 22,070
e 203.17%.

Lovel ‘ Cothatometer Pondine Ponition on Tnlen

ze Yeniocus in Tube © 34,507 29,5505 on €3 om

22.5) 1,77 rule
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Ponition o Pules

f.ovel o Cathetormodor Pondine
BERREETN N

[Position of Mg meniscua in Tube € » QU227 = 32771 , o 5

(24,876 = 34,177)

= 29,5505 on (0 on rule]

Tairline b , 36,235
p 36,177

B © eamae e

Tz monicows in lononetor Y, 155;195
52,1) 1 ?iﬂ?g
52.r 60 m re e 1ﬁ0”?7

23,9485 an €0 en ruls

52,1677 on €0 en rule

B:.fference betwcen merm;u"y menisei = (521877 = 29.5505)

= (3.617?) cm uncorrected for thermal expansionoof rule

| 32:2,6172 (1 + 109z D

e ?reemure = ‘L,Et 34 en Hze at ‘w.970

-6 (?‘Lpg? - mcm)) wii:] (corrected)

2 226134 (13.5220/13.5955) e ﬂu at o°c
. {correcting for chenge in donsity of llg with temperature =

ell pressures are referred to mercury at QQG)

L g 2? .5161 (9"%1.17“61/9”0,565) o 17 ot au&Wﬂ e

= 22,5277(3) atmdard en z!u.

Length of Tube € below marline b and ekove Hz meniseus

= 1390 en (mcameted Zor thermal expension of rule)

& 14397 (t + VI=P (:»/:.97 20,00)) e 1.39%1 e (comcte&).

Yolume of Solubility Vescel above Hp meniscus in Tube C {i.e4 mlw:ze of .

= 373,0136 (1 + (0.99 & 1077) (<0.53))

ens)

+ 1,3221(2.0006) (14+(2 = 0,33 x 1070) (-0.92))

s 3700135 4 1,291 x 2.000572 = 379.9165



g0

Unine Ton der hale® agxntion

(> * 0 AT T = 5 = o7 .

P w 22.5077(S) ene T 6 w mrber of poles of goo)
V e 3790155 o2

Te ML E

R w (035427 cms e s L et

A e 7.&3’3’3) =z f)”éatw.m“ ® 5,000 2 ?jwécsa.%.mag

B e NCT10 o
fecrronging Ven dor fhola® omution
PV & 0 A/ = Pl = 0OAY/TT @ 122
or PV e niT - nA/T0 + D EBTT & Pule
Paing tho eprrozimmtion n~ S = ?’}”3 molon.
w~ 0 mryn’ Psan; Mmrnzw =13

ord n &'*’3/““? 1{'
Touo the torro f I and ne &'3;‘1’?‘“ con bo necloctods
oo P? e 4 PrD
or n = /0T & T

w DJ045970 nolos of T, D0 &nCe

Avernce of 3 readingg » 05057751 molen of T, £o0.
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(ii) Caleu'ation of Amount of Cos dissolved,
Ay

Cno I g
. ) o r-] (-4

Doth Thermometert Toalding = P2.85C § Terpermtiure = 25,010 = 200,105,

‘memaemr for 100 en et Feading = 22.80?3 1 Tomerature = 2?.96?}.

Jovel Cothotomnton Bendins Pomition on Pale
P menisens in Tabe € 32.6C1 , 27.39%0 on €0 o
~%‘§% ©mme  fRmo 7
foirline b 6229 30,9367 on €0 en
2+ 6 on rute (6.1 | e
Solvont meﬂiacus 238617 39,5793 on €0 enm
Plow-e @B 7
5%.0 bn €0 ea rule 19061  3.2102 on 100 e
:;‘3 120 en mle 53:9;2 mide
He nonigens in a.,,mr:seter B 3’).560 - P3Nt o 100 ca
PAmem. @@ 7

Tifferonne between Hy nenipel » (5 8.0 27233300 4(70:3901~3.£162)
= (30.61?0)-@(?5;9739) Cle mqu%ecﬁed fw thermnl ezponsion of
-tho steel rulec. | |
® 30.61"’3(%13.9 x 10 (,;m)) + 75.973&(1 SRIRER (1.960))
- 33.««1"7 +* '3'5.‘97”' = 06,5043 endlo 2d {.‘;.610.
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LR

", Precoure e 106,503 (13.5340/13.50955) enliz ot 0°Cs
| = 1061121 ca.diz at 0°Cs

2 1069121 (921.177°64/970.605)
e 106,1C70 cﬁémhm on.dlz (corrociad £Or Qe e

Solvaont colum (zolvent wenisous to Ige meniceus in tube C)
= (39,5799 = 27.3530) (1 + 1.9 x 1(5.01)
e 111974 ene of wotor.

Prossure due $0 colvent colum = 11,1974 (0.997041/13.5055)

= 0,0212 endlp ot 0% = 0.,8216 standard ooz (corree;,ea
£Or Caloe

Length of tube © beitwecn hairline b and IIg moniscug.
o (30.9367-07.300) (1 + 1.9 = 170(5.01))
o 3.5532 en
oo Volune of Ihin Solubility Vessel ebove Hg meniscus
o 373.013C(1 + 0,99 5 1972(0.01))+ 2.0006(1 + 0.66 z 1070)
(0.01)(3.5539)
= 395.1034 cmoe
Volume of Solvent = 302,176 (0.997044/0.997041)
| s 3024215 o (without correction eprlied for
Ioothernal Comprospion or for solvent in vopour phasc).
&7 (Ioothernal comproenibility) = V(AP)X,
X pog = 25T 2 107 on.Pagme™
P & (760 = 195.750) » (~29.75¢) emdly = =0,39673 = 10° aymo oo™
V o 3004215 cn’s
& OV (Toothormal comproooibility® e 308,1215(-0.39673 = 1) (2.57=10"1Y
= = 0056 oo |
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Volume of goees above the polvent & (375,123 = 302.121) cma'

o 77,002 cmB.
Vepour Prespure of water gt 25.01C = 2.37435 cmaJig.

(2.27228) (77.007) (97%.1*3)3( il R
(29%.46) {76) (2224 x 1°) ©

& Uater Vapour m

= 1,771 x 107¢ of B0
0 ' |
e szzgo wapour

& Volume of Wnter e 30341215 = 0.0056 = 1,776 x 10>

= 302.4129 ens

e 1,776 % 1072 cn® of liguid IO et 25.01C

Volume of goa (F,F,) e (37541234 « 303,1141)
= 77:0093cn%,

Total Presgure of gaces ghove solvent

= (Difference ‘wtwéen Hz nenisci) -(Preesuie due to solvent colurm)

= (106.4670 = 0.8216) & 105,354 cm. Iz,

& Partial prepgure of 33._.,1’*'4 gas = (Total preasure of gases)-(ﬂ,,@ vapouy
< ' “  pressure

= 10543454 - 2.3743(5 )
= 102.9710(5 ) cn.Hz.
Using Von der Ynala! Dgustion t n = PV/(RT + FI)
(n?A/‘i‘V and nSAE/WQ torms are agnin negligible)
n & (102,97105) (17,0003) /(623637 = 295,16 + ¥12.97105 x £6.717)
= 22221 x 107> moles T¥,.
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o8

" Cao discolved = 4.50%51 x 107> = 4.24021 x 107

| - 3.5230 x 107 moles T,

Cos solubilities have boen expressed in a gz-ezaf rany ways, and
those most frequently used are listed and defined below. Moot of
these require the conversion of the molubility deta from the
experimeontal part‘el pressure of the gaa to & standard partial preassure
of 760 mm Hz. This correction ia made using Henry's Law which states
that the amount of gas that dissolves in o given moss of a liguid at a
- given temperature iz very nearly directly proportional to the partial
vresgure of the gn,s above the solution. This proportionality becomes
more exact with decreasing concentration of the gas dissolved in the
solvent and is exact in the limiting coame, The exact proportionality
is veually uwsed for the conversion to a partial Ag;as Pressure 6f 760 m Hg
end this usﬁaliy introduces only & negligible error provided that the
pressure range i3 reasonably emall.77 :In the present ocase, the

3
solubilities, can rensonably be expected to produce &n error very small

convergion of measurcments for IF, and N2F ¢+ both of thch have vory low

when compared with the accuracy of the solubility measurements reported
in this thesis. |

The Dunsen coefficient (o) is defined me the volume of gan, reduced
to 0°C and 760 mm Hz pressure, which is ebsorbed by the wnit volume of
solvent (2% the temperature of memsurement) under & gas partial presoure

of 760 mm Hge This is also known 29 the absorption coefficient or the
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coefficient of absorption andi is proporticnal to gas molariiy.

The Fuenen coefficient (3) is defined as the volume of gos in
om3 » corrected to 0°C and 760 mm bz pressure, which, at a partisl
preasure of 760 mm. Bz, will dissolve in 1g of solvent. This

coefficient is proportional to gms molality. The solubility of m'?'s

in woter, as determined by Smith gt pl, = a8 expressed by these
authors in terms éf this coefficient. and, therefore for éase of
comparicon, the results in this thesis ere also reported in terms of
the Kuenen coefficients.

The Oztwald coefficient (1) is the ratio of the volume of gas
gheorbed to the volume of the absorbing liquid, all measured at the
gene temperature. Ai‘hia is equivnlent to the ratio of the concentration
of the gns in the lighid phase to that in the gas phose and thus the
Ostwnld coefficient is en equilibriun constant, anud is independent of

partisl proscure for assuned g:m ideality. However, the temperature

enl total pressure mst be designated,

Henry's law constents (¥) ‘can also be used to express solubilities
(Prz = KC‘-lr: where Pz is the partisl pressure of gos and C, is the concen=
tration of the dissolved ges). The comcentration :{(01) ig often expressed
as a mole fraction. |
ook’ 12 has recomended vhe wéig:ht solubility (cw) es a more logical
unit than ;‘bhe Dmeen or Ostwald coefficients. This is defined es the
number of noles of gos, with o part'ia.l presgure of gaa of 760 mm.Hz,

absorbed per gram of solvent,
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Beesuse of this variety of ways of expréssing gas solubilities,
it waa eng&;eatedn 17 that all publication reporting solubilities
should consain s caref'ui exposition of the mémner'in which the
solubilit‘es have been calculated, and shéuld elso include sample
caleulations, This practice has teen ndopted in this thesis, end
sample ealculations e,rev given below in 6rder to illustrate the method
used in the caloulation of both Kuenen coefficients (3) and also mole

fraction solubilities,

-4 mole.

Gas (W l" ) dismsclved e 31,5230 z 10
Partial Pressure of gos ebove solution = 102.9710(5) cnm.Bg.

Weight of Solvent (HZO)r = (308,121) (0.99?044)8

) . = 2072093 g. '

Weight of Solvent in vapour phage = 0.001%? g

.e %Ie_iggh:t of Solvent in ligquid phase '.- N7.2093 = 0,0018
| . e 0no0m g

From Van eier waals' Equation t n = P\T/ (’1’1’ + Pb)

1 o’ of n,ra ee 8t MI.P, (0°, 7co mul) = T6/(213.15(6236.37) +
. 76(°€.712))

- 244003 x 100 mle

&350 x 1074 mole ¥, T, = 7.97201 cad T NF, at BI.P,

24

o Kuenen'coefficient (3) = s diesolvei (cm3 et M,T,0,) x G

- Weight solvent in liquid phase partial
pressure of

97791 & ’
-—-l-—.. Facsts]

X .
307.209% 102.9719(5)
Y Puernen coefficient (3) = 10.15°2(5) = 407 =3
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tole Fraction Sclubility Constant (Km)

{roclea vo? g Aigoolved) for = partial pressure of ges
™
© {moles of liquid solvent) above the solution of TED mm.Mz.

- (moleg of pog Aisnolve?) z 16
= (moles of liquid solvent) partial pressure of gas

or

L

Gz dissolved o 3,54 x 10”5 mélé NQF 4

Solvent in liguid phase =« 307.7072 g = (3@?.207?/1%.0?54 role)
= 17.05243 mole Hgﬁo

oo Vole fraction eolubility congtant (%E) -

250w 7t 74
1705248 102,9710(5)

S Ky e 15339 % 07

In order to ealculate the enthalpy and entropy change secompanying
solution, tte sclubility rosults were fitted by the method of least
equares to the equation |

log (KEE) «an/T+blozT+o
where e, b and ¢ are oconstants and T 18 the abasolule tempoerzture.
This ellows the enthalpy and eutropy changes to be directly determined

using the relaticnships.
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Din (Kﬂ)
o(1/1)
[ 1a (B‘r

(01n(D) Joo, ».

(van Boff's equation)

£l & =R

33";, pt

end 45 a R

end AS, = A3 + R 1n (Kﬁ)

The entropy change (m,) is that for the transfer of one mole of
ges to a hypothetiecal soclution of unit mole fraction,

"A Fortran IV computer program wos written to perform the least~
pouares £it, and to caloulate the values of Al and AS,', using the

thiversity of Londen CDC €600 computer.

(h) Besnlta,

The experimén%al results fqi' the solubility of F@B in wter at-
te@é}atures between 25°C and £5° ere chown in Table5. The results
giwen in the second colurm of Huenen caeffwients wers calculatefl 'o;;r
back su’vstitutiun. - The results mpcrtei by Smith et g__ are chown
in "‘a"ale 5 for comrisan.

I;a erder %o ohta.in e measure of the accﬁmcy of tvhe least-squaren
£it, the devietions of the experimental results from the results
q&lculated by 'oéck substitution were uvsed to caleoulate tge atandard
deviation of thé li“it. By this mothod, the scouracy (twice the standard
devie.ticnmo)ms found to be + 1.92‘5 " This can be conpared. with that
caloulated from the estimated accuracies of the calitrations of the

apparatus and from"the eatimated accurncies of the readings token, .
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TATLE §
anLuUnILITY O I‘ﬂ”3 7 AT
‘?(od) , Ruenen Coefficient x n’
n
This Work Saith gt g1
Frperimental Calculated Ixperimental Calculated
25 .06 16,7152 ‘
2506 47.0829
2506 17,2429
25.06 13,2472
25,06 12,5902
25,06 152150
25,06 12,3532 -
25.11 17.2513 T 17.5%1 17.93 17.76
05444 17,6007 L 17.576 17.% 17.€6
35,44 | 12,660 1
35.44 12,5021 (
5.4 7205 14.916 14.76 12,73
25414 15,0677
35414 12,2273 -
25413 12,7563
2513 12,9953
£5.13 12,9703

Least~gquares £it for ezxperimental resultste
Log (&) = £596.4/T + 294558 Log(T) =~ 93.404
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From this consideration, an accurncy of about ¥ 47 w3 expected.

Table 6 conpares the values of the solubility of Iy end of
A1 and A3, with those reported by Smith gt 21 ,P4 (shown in brackots) .
The agreement of the solubilities reported in this thesis wilh those of
Smith et ol woa considered to be very satisfactory over the temperature
range ?5% to £5°G. Extrapolation of the least-~oquores fit to below
the termperature rengs of the measurements taken, however, produced a
less satisfactory egreenent with a difference of 2.7% at 15°C and of
€’ ot 5°C.  The agreement with the values of AH and &51 given by
Smith g% el was also considered to be satisfaciory, especially in view
of the emall tenpereture ranse of the readings reported in this thesis,

The above comparison showed that colubilities mensured with the
epparatus described in this thesis were acourate to about = 11,

The experimental results for the solubility of N::?F 4 in water at
tomperatures t‘»etweén 15°c and £5°€.‘ are shown in Table T, together with
the reaults from back substitution into the least-squares £it equations
The accuracy of this fit ws caloulsted as above to e X 0.7,

It ws folt that those results indicated that reaction had taken
place during the messurements, cs shoim by the slow rise in solubility
- with tine et a constent temperature. The firct four and lest three
results were theéafore corrected to 25°C in order to allow direct
comparison of the meon solubility et 25°€: for the Pirst four results with

that for the last three results. Those mean values were 19,4906 x 10'3



_TABLE 6
nr, SOLUTION I¥ B0

—3
2(%¢) Kuenen (z 10°) -0 25,
- (Realaol™ ) (cale K"1mol'1)

5 29,21 (31.06) 47 (33) - 33 (20)

15 22415 {22.7€) Lol (Z-G) 36 (39)

25 e ne) 358 ()

35 12,5 (170 29 (3.) 2 ()

£5 12,97 (12.%6) 2.3 (2.3) 3 (30)
Values shown in brackets from Smith et g1



TATLT T
SOLUDILITY OF 'zr?r‘ ; 7 WATTR,  RISULTS TOT CORRTCTDD FOR RTACTION,

7(°c) | o !{ueneh Coefficient x 103

| E;rperimnta;l - éélcﬁinteﬂ
2501 Cersed 194697
25411 IR - B - X
2501 19.4472 19.697
25,01 . 19.697

4503 , 128534 o ; | |
- 25403 | 12951 %,13.‘013_
503 L 13amT '

08 asases )

292 a0
s mazu s
16.00 o660 o - 6om
60 msee o6om
B0 w2007
SPLO6 08 g

22,96 - 1249632 Y 197128
. 24496 L 0.0 ;

- Leagt-aquares fis for exporimental resultgt=
 Log (B, = 7557.2/2 + 50,175 log (1) = 154419
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and 99,0530 x 0™ (Euenen coefirients ot ?5"{:)' with staniard
deviations of the mean of 0.124 x 107 end 0,068 x 10~ regpectivolye.
The differonco between tho two moon walues (0.57 x 16"3) wa larger
than twice the eum of tho stendard deviations (0,33 x 107°) end wos
¢akon es indicetirg thot a slow roection hed occurrcl.  Caleulations
sho*e:ecl that thza di*’ferenca behmn the two me;.ns s equimem to the
: rcmoval clm‘am’ the aolu’bihty rn of abcmt 1.‘3 x 15"5 moies of I:t I‘ '
ghout 0,27 of the AL » orizinally added.
In ovder to compensate fbr this reé.ctic;a, the exponential increage
in rea.etion'mtvé with time foma'byr&arst fanﬁ mqaye.t% wea osouned, and
. it was eleo :assmed that the rate mﬁ ~iﬁcraﬁsed 'by a 'factor éi‘ two for
- every ten degreo rise in femperature. On the furthor aé&zm::tioa that
tha producta of is reactien were cotpletely dissolved end did not
interfore with the solubility of the H,,i” 4 rema.ining intact, the amount
ef I? I" 2 that had reacted at any given ti"\e could be calwlatec'{ fom the
initial and terminal (et tho time of the last reading) extemte of

-5 moles oi’ IT F respectively).

ree.ction (wero aml 1.‘3 % 1’)
: Althcm{:h aeveml aapmguo*w were invclved in the as.hove caleulation,
the magnitule of th&s correction wes very smell and thus even & fairly

large error in the coleulation of the extent of the reaction would cnly

have & srall effect on the value of the ealoulated sozu:oimy. Purther,
uamg ths abowa aﬂsumpﬁons, the mte ef reaction af 2?22’4 wi%h water at
&°¢ can be eszlaulated, end s.s coz:me.tible with the experimental rate
meaoured by Murst and Rhayated At tho end of the solubility run, the
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hliqnid phaco was renoved from the apparatus end immediately purged of

NQF )

liguid phase, thus increosing the solubility cf the H?Pa,the conatant

by pourizdg onto solid 'co‘,,. hlthough this process ccola ithe

flow of bubbies of 002 gas through the m;iua was found to be a very
effoctive method of purging. Simlténébmly this creates an atnoophors
of €0, above the liquid, $hus preventing oxycen from the air boing
" aicsolved and catalysing the reaction of T, with the wters A& canple
woo then analyved for fluoride ion using a fluoride electrode (Model
96 = 09, Orion Rosearch Incorporated, Ca:bridge, loosachunetis, UeS.As),
in conjunction with a apeéif‘io-ion neter (zedel 201 3 Crion Research
Incorporated) S‘sanaazfdl fluorido solttions ore prepared from YAnnlar?
godium fluoride (The Britiéh:m:g Houses Ltd., Poble)g ' The sample wae
found to contain 2.55 & 10™+ moles. fluoride ion per litre, equivalent to
04725 x 10'5 moles of fluoride ion. 111- ?me! vo‘maoﬁf wter uéed for the
'aoluhility rune On the assurpti c'q thut one mle of b F& reacts with
water to give four moles of ﬂuoz'ide ions ( ?4 + 4011 — DI04 5 4
ﬂn,,o) 28 was found by Murst and maa,mt,s’ thie ﬂucrme ien is equivalent
to the reaction of 1 .96 X 10_-5 noles of Ngﬁ'é. 'Zh;s agreea very well with
* the caloulated extent of rezction of 2,02 x 107 moles st the time of
purging the liquid phase. ' | - |

Dy the ebove method the extent of reaction, at the time of cach
' sélubilitj ée@surenent. was 'c‘exléule:tea end subtracted from thoe emount of
‘1‘!91':"3 ari'*inany added to the rain solu’buit,; vecsels The results,
modified 4n this wny, ere thown in T able 8, Tho acmxraéyrof“the leagte

squares fit (twice the standord deviation) for these modified results



TATLT 8
SOLUBILITY OF IF, I UATCR.  RUSULTY CORRTCTED FOR RFACTION

2(%) ) Ruenon Cosfficient ¥ 10°

| . fﬁcpéz'imntal Calculated
2501 19.09%3 19,133
25411 1940006 19.130
2501 194399 194133
501 1945545 190133
£5403 - 12,5529
25,03 12,5501 i 12,555
2503 12,6065 ;
3490 12,5760 |
32,94 | 15,1077 ; o
6.2 20,6900 20,635
16,00 255300 25,399
16.00 22,7663 25,329
1500 2644170 26,021
24496 | | 102132 )
24,96 190628 121

28496 : B 12,2107

Least-cquares fit for experimemtal reoultoje
Log (%) = €33C.0/T 4 £5.345 1og(T) ~ 110,23



TATLE ©
SOLUDION OP n'gzv , I3 1ATD
; F e ——

(z) 07 COMICTED FOR RDACTION

7 Tuenen Coofficient <401 45,

(°c) (3 x 107 (Zealemol™)  (calidez~Ypo1™h
5 40437 6.9 a5

15 27401 5.9 2.

25 137 : £49 33

» 1549 : .9 3B

5 3o 2.9 3

(v) connUCT™ PO RIACTION

T Ruonon Coefficient =il -5,
©)  (az 0 (Roalaol™)  (caledege™Tood™)
S % - B | 5
15 26,22 5.8 a1
25 19419 K 33
35 15406 C 20 35

5 1256 3.1 a3
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we £0.5% The wnlues of AH and £3, for solution are shown in
Table 9 for tha.m&inga, voth corrected and uncorvsoted for reactlon.
™is toble shows that the smmll correction eppiied to the dota hes made
a Vcormcti'cm of sbout 27 in tho Puonon coefficienta and in the valuos
of AlI, but that the wlues of L\S,’ have beon choryred very 1ittle.

T™e solubilitios of I‘E’a end I&",:,Eé are chown grophically in Pigure 8.

(i) Dipoussion

Regular polution theory has been widely applied to solutions of
cosen in non~polar solvents, most consistently by Hildebrand snd
cmmrzzerazi"?ﬁﬂg However, thers is e marked &ifforence between the
thormodynenie mopertieﬂ of groes diesolved in aqueous solution a.zid
those of gooes dissolved in non~polar solvento. in particulary the
low m,rtiai nolar volunes aﬁa lzrge, nogntive entropies of eolution of
goses in water have proved difficult to explaine The failure of
regular solution theory when aziplie& to agqueous solntions has led to
investigntion of qther theoretical rmodels gf‘ the disaolﬁ%iozi pﬁocsss and
two fundomontally differont models have been invok eds |

Frank and Ems” ! poatulated the fomﬁim of o loyeor of ordered
water molecules arcuni the sclute moleculess This somcalled iceberg or
frozen-layer effect mives a direct explanation of the snomelous entﬁpim
of solution of inert gaées in water, ani the wr’r:ézl teoporature .
dependence of those entroplies waa explained by the 'iceberg:a meltingt as

the temperature rose. The physical basis of this modol yemnins obscure,
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vut the ordering of the unter molecules must depend on increased
hydmgen#bonding in the loyer around the sclute moleculey giving

”
partial hydrogen~bonded cages around each solute molecule.‘z“

However,
nuclear mgnetic resonance e‘%uﬁiesm} have been unable to substantiate
the existence of these iceberg structures, and have not indicated any
gignificont inecrease or decrease in the degree of hydrogen bonding in
water as. s result of the solution processe .

- The second model ms‘pmpasea by ﬁhligzaé . T"his wes a cavity
md@l. in which the solubility process wos considered to take place in |
two stepst firet, doing work on the solvent agninst the solvent surface
tengion to create s cavity, and, second, placing the gos molecule in
this cavity end caleulating the energy of interaction betureen the s
and tsqlven‘b moleculess Eley’gs elso considered & tmtep process
aimilgr to that sbove, but by mofe ca.rei‘ul thermodjmanic anclysis, was
able to estimate the sepg.rate. contributionn of each sﬁep to the energy
and the entrcpy’cha.nges inmlyed. Thin ;;ppme.ch- gove resgonable suceess
with toth wg.‘tarlzmi organic solvents, but 1% ‘ma.‘ahom that the case of
water was complicated ".oy the pqssibi}.ity of stmctuml_moﬂiﬁoatiom.

Piemttiﬁé extended the above model using en expression found by

127

Reisa e p)" " for the work done in creating a spherical cavity in a

fluid, derived from extension of statistical-mechanical theory ¢f harde
sphere fluids. Iy the introduction of a5 solvent dipole ternm,
: ?iemttima devaloped a thecry of gne soluﬁili‘by and cbtained good

egreenent, even for polar solvents, between the experimental and
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calculated heats, entropies, and molar heat capacities of solution

and ploo for the wartisl mlar volumes -of the solutes. For agueous
solutions this model has beon particularly successful, giving accurate
eotimates of the entropy and enthalpy of solution for a wide range of
nonenolar gnsess Tor exanple, the results obitained by Piemtti128
for 0?4" for vhich no experimental data were then availadle, can be
corpared with the ezperimental results of Smith g% 21, .84 This shows
tizat for 023’4, Pierctti's colculated wnlue for ?he molsr enthalpy of
solution (A7) wns only ebout 5% too hich, end that the calculated molar
entropy of solution agrees with the experimental wvalue to within
experinental accuracy. Unfortuately this theory has not yet been
extended to soluiions of M:'B, 331”4 and other gaseous fluerine compounds,
and it has also been criticiseawg for failing to be consistent with
surfzce tenoion data.

It is not, therefore, pocsible to compars the experimental results
for ITy end ¥, with theoretical recults obtained fron the above
theory. lHowever, certain rules have beon obtained, empirically intere
relating the thermodynamic properties of solution or relating them to
other properties of the solutes. Celeulations bty Dell, > using the
polubility recults of Ecrmti,g? wore used 'byA Darclay and Dutler to chow
that the rolationchip botueon the enthalpy and entropy of voporisation of
a pure liquid (AS e A& + DAN) could be extended to cover dilute solutions

of a eolute in & solvent, In this relationship, A and B ere constants
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for a given group of substances, such a8 non-polar liguids, and when
extended to cover eoiubilitiea, aie congtants for gooes dissolved in
a given solveﬁt. |

Tigure 9 showe a Barclay-Dutler plot for gnses dissolved in water.
The standard statos used are, 23 belore; a partiel presaum of the gos
above the solution of 700 ma iz end a hypothetical solution of unit
nole fx’aé‘-:ioa; ta for i moot of the points plotted are thooe

21 anil Hormgton.u 1

givon by Prask and Tvass Points for 1Ty, CF,
and.‘SI-‘é wora plotted u3ing the data of Smith @ g_’!,_&i and for 32F4
and HP, uaing the data obtained in this ézor}:. » .
Although the valuss given by Friedmn 2 for the solubility of

&’?‘6 i.ﬁ wter wvers not aﬁfficienﬂy accurate to sllow & careful

inws igation of its teznpemture coef‘f‘ma.ent. hm data led 10 an
cotimale of the enthalpy of aqlu ion of --7 Xcal omol” -1 end of the entroz»y
of sciuﬁio-n. (A." ‘tz,.af.:,mf) ,»cals&c@w’mcle Vot 259, . Priedman noted that
these valuens wore not cm:xpamble with a Inr’clc.y*rmwr plot for agueous
'sclntwns of gocos aa glven by an!' end Evm.m‘ 2t and Ierington, 131 wmch

-1 -1

showed that the volue of 43, waa about 10 cal.dege mele

more negntive
than that expected for ths emporinental valus of the enthalpy of |

solution (A)e  The more aocumtu sﬁw}g‘ by sm**x et ale of tho

solubility of ST in wter gave the valuo of Al as =2e3 keal mole”t,

with a wlue of AS’ af =11 cal ﬁegf’mﬂe‘? at 25°%, Enith &t el
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FIGURE 9.
Barclay - Butler Plot.
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cormented that the version of the Darclay-Dutler plot given by
Prank end Evzms‘m prodicted en ontropy of solution of only
=35 calsdogeTmole™!, tut questioned the extent to which this dis=
arreenont could be rezarded es indicating enomalous behaviours

Smith g% pl 4id not compare their experimental entroples of
solution of C’% end I&”} with thooe predicted by the Darclay-Dutler rule
from thoir values of A, In Figure 9, this comporison is made
graphically both for these two gason and for Hz‘:? *

The Smrclay-3Butler predicted entropies are in good egrecnent
{to within 1.5 cal.deg."’mole") with the erperimental valucs for all
the pgnoes for shich data were given by Prank ard mm‘m and by

ﬂeri_ﬂgtom‘} 1 The only exzcepiion is benzene, with a difference betuwean

the predicted and experimontal entropies of 2.5 cal .deg."‘mole"‘.

Howaver, for M‘S, cr 20 nan} and SF6, the differences are considorably
greater, and 4% soems probable that this diseproement is not due to
experinontal error, but ia indicotive of eramalous bohaviour of theoe
gaées with regard to the Parclay-Butler rulee It hos boen shoun 152
that the theoretical rsquimemé for conforming eclutions which saticfy
this rule are strirgent, and thus tﬁis rule is probably not a good
criterion of ebnormality. |

Pcﬁell end Latimez-r’?’ proposed en empirical equation relating the

entropy of solution (681) cf non-polar subsionces in water af 25°E‘ to
the nolar volune of the 1iquid solute at its boiling point (V,),
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This relationchip moy be written astw

~i3y = C40.227, 7 |
vhere ¥, is in m3 end 43, 19 in ealedogs tmole™t. ey found thet
thia relotionship sccounted most gucecsofully fozf the entropies of
solution of many solute gascen of epprozimately opherical oymnetry
Soith g% .z&g‘: aloo found that thelir erperimental entropies of eolution
of C'!’é. "3 end. 37 ¢ were in e»oeallent am’wmn% with the valuea
predicted by the re}.a‘é_‘.iomh.spc,_ A N ) _

A gmph of &31 esningt VI is show in Pigure 10, wsing aata ta&:en
from the graph of Smith et 2™ and fron Miller and Mmldebranal®d |
Points for IIE,F& mgj! _m'3 wore plotted weing 1;!19 mlues ofﬁs, obtained
in this work, 'and the welus of V; for E2?4 vas ealeulated uwaing the
litera‘&ure walue for the density af‘}imélﬁgz?d a@ i?a bﬁ)iligg pefmt
(o7 eI, e
'Wm agmemem batweea the emperimental and pmdictea vuluea fcx'

83, for I ‘?,;*4 is not oz good sa for IF Tye g ond CT,y but the ovorall

agmmm is very much be%?.er than tz:at ohtameci mmz, the Barclc,ymatler

rule. .. Tha difforence betwoon the experimontal 43, for MF, (33.4 czla

deg."’mla"i)_ and the predicted walue (40.5 cal.deg."mlaﬂ) 1o small,

emd toyy in‘para,‘ be duo 15@ the mo~ephoricsl symotry of the I~~7£,315'5v
molecmlgg .. The paraffine c H& and n=C 510 also ehe_zg deviaﬂqz_;a
fron this plot in the none amgzm es for N7, Tha points for (T,
and SFgy which are marked with asteristw in Figure 10, have been plotted

854 136 137

using tha walues given by Horrison and Johnoon, and Pwmelee
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FIGURE 10.

Plot'of ASq against V|.
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A recent anclysis of the thermodynamics of solution of gases
in wator by Miller and Eildebmmﬂs hag sugpeated that the entropies
of solution can equally well be related to 7,3, Using the model of
water proposed by Lennard-Jones and Pople, '° Miller and Hildebrand
proposed a model for the logs of entropy upon solution of gugen in
water that 4id not postulate the formetion of rigzid structures of any
sorts This model ws béaea on the Sending, rather than the breaking,
of the hydrogen bonds in ice on melting. Thus the extreordinarily
larze heat capacity of water can be explained by the é.bility of these
hydrogon bonde to ebsorb the thermal energy, and this must necessarily
decreace whon the water molecules are in contact with a nonwetting
purface (@sge PeTaFole or paraffin), They proposed that the molecules
of an inert gne act eimilarly, and thus related the looa of entropy to
the surface area of the e molecules, and further to vle/ 3.

A graph of 6‘51 agains-ﬁ ‘9’12/ 3 ig shown in TPigure 11, wsing the same
data @3 for Figure 10« In Pigure 11, the agroement between the
predicted and exporimontal emtropies of solution is excellent for the
Inert cnmedlo, Ary Ery Xo) and for the streight chain pareffins (CII,,
CoHey mCyllyy 10 éﬂﬂ); This agreement is also exzcellent for 1’:2? 2
Hovever, the egreement is not so good for the points 'pletted using the
data from Smith ¢t pl for I‘Iﬁ's, CF4 and s}?’ég end these pom;a eppear %o

f21l on & poparade line (showm es & broken line in Tigure 11).



107

FIGURE 11. y
Plot of AS; against (Vl)3. |

Solvent : H,0.
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Comparison of Pigures 10 and 11 eppears to indicate that the
entropy of eolution may be related to either or both of V1 and Vlg/ 3,
tut that different plots are required for the gnseous ﬂucz'ing_ _comounds
of spherical symmetry and for the etraicht chein paraffins. The
ezcellent agrecenont of the entropy of solution of HZF ) with the plots
for the straight chain paraffins (broken line in Fim P; oontinuous
line in Pigure 11) my be fertuitous, but appears to indicate somo
depondence o the shapes of the g:a.semw ac:lute molemﬁ.es.

‘!he ebove observatoms leod to the conclusion that tha low
aolubilities of crseoua fluorine compounda ere not dus to abnormalities
giviﬁg :‘ﬁée to thoir lorge nestive entropigs of solution, but that
these entropies a.ra related té the gize of the saiute nolecules,

Thus the frequent comparison of these molecules to the smller inert
goses mot be nodified in view of the diﬁ‘eremea in sizes Also, with
the excellent agreement obtaimd betwoen the ezporimental entropies of
| soluticm and 't;hcma pmﬁietea usmg ourcly themoiymmic thoories of gas
colution, Smith gt p104 conoludod thot the comcept of *icoberg?
formation was not necssoary for en adoquate eﬁplamtion of the som’éuity
of mn-@olw g»;:wes in wtor and thea themod;mmie propeﬁiea thereofs

_ ‘i‘he relevance of tﬁese msuhs i‘or the golubilities of ms and
HgFé iz; t@.ter, to an mﬂemtmding of tho toxiqology of these compounds
is discussed in the imtroduction to the next swction.
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' The modorate to high ﬁoxim%y of I 3 and I‘L, 469"““ 18 gpomewhot

eurprising oemiciering the very Low aqueouxs solubilities of these el
't 37°¢, the mommmlian body éegpemtum, Yot of those goaes have
cqluﬁilitiéa of only ebout fe1 2 0™ moles of e;asper mole of wter
for a"parktia.l‘sﬁeaaufe‘ of 760 - Ho of goo abdére\_f!iefscivezim
 Studies of the tcxicologg of those geses have shown that exposure
ﬁdﬂ,@d@ zsprn (1’”) n,F, for 25 'mimtea or longer ws lothal to ratg, 142
and that expoours o0 the Some comemmticn of I¥ I’"B wes alnoot a.lm.m
lothal efter 6 to 0 mimztee,é‘gi This ccnoemmtion of s above
mter mula g;lve an eqmli‘brim e&neom&mtion of d‘asolved coa of only
1.1 = 10“9 role fraction or 6.4 X 10"6 molee of gm por litre. If it
is assumerl thﬂt ouzwr rsspira‘aory gasea do not wffoct the Bolubility of
I""s ani I" Y“,g' em:l tha.t thare ia no intemcﬁmn of theéa ;;asea, vhen
dmamlved, mth othez mﬁmtamoee in mnmliazz blcaa, _‘therz the ecmilibrim
concertmﬂon of these gaaes in ‘blood, for a concentration of 10,000 ppo

in tho reap::mtory gaaes, mulci be 6.4 x ‘It)"‘6 miar {the some aa for

pure 'mtez*). - |
' wm mi*x t:;*pes of intemcticn ‘between dissolved gaa and subgtances
in acalutiom in bloo:i can be enwsare& and these m chemieal internction

(eucb an camplcx t‘omatlon) and physical interaction, wvhere the dissolved
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pubstances modify the propertico of the solvent cousing a choange
in the solubilitys In blood, dissolved salts will intersct
physically with discolved gmses and will affeot the aolubility of
goses by the process kmown ea 'ﬂél*biﬂgh@;ﬂ.’w and thug iecluce the
equilibriun concentration of diccolved gnoes. Thus, if 4% is esouwned
that thers is no chemical interaction of these gnoeoo with the constite
vents of blood, 6.4 % 10‘6 molar mny be takon as an upper lirit for
the equilibrium mnoentmtﬂ.onjcf either I?J’B oy H?P 2 for a concentration
of 10,000 ppn of those geses in the rospiratory goses. .
' The extont of methenogiobin formmtion by le%hal 'e::zmsuré to thooe
goses is cha:mcteriaﬁcany Z %0 707 of the toml hemglobm. In
erder to compare the rate of reaction betwoen 2’;'21“ s OF IXE’B end blood
with data for me rates of reccltion with pure mteé,ag it is necessary
to estimnte the amount cf IIQFQ or m‘B that has rezietgd to cauce thesa
methemogliobin concentrations. The standard 100" heme{zlobin COnOaH
tration in blood is usually taken as 14,8 g hemoz 1ob..n per 100 cm 3 ”0
e using @ typieal henorlobin moleouler wolght of 61 ,509,‘4‘ this i
equivalent to 2.3 ¥ 107~ melaa af hemoglobin per li'cre of blood, or to
9% 10 3 molor Te in the +2 state. A 607 to 704 eonversion of heno=
globin to methamoglobin is, therefors, equiwnlent to the oxzidation of
Soli to 6.3 nillimoleas of Fe 2 per litre- On thae bagis of the apsuned
overall e@tim for the reaction of IT‘?F‘& {(10Fa" 24 + 00t s n Fa ——-)
101%3* + ot 4 1), this oxidntion ie equivalent to reaction of 0.54

4
to 0.63 m&mlas of I P Fa por litre of bYlood. Tor ms. on the besis
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~ of the overall equation for the reaction 1 (66%* +2u* IF, -——}

+
i 3 {
€re” &+ 1M )

1.0 millimoies of RFB. Thus the rate of reaction of NZ’FA with blood

+ 3FQ) the oxidation is equivalent to reaction of 0.9 to

is estimated as 0,54 to 0.63 millimoles per litre of blood in

25 minutes or as 1.3 t0 1.5 millimoles of H Ty POT litre of blood per
hour. The rate of reaction of 1??3 with blood is similarly estimated

28 0.9 to 1.0 millimoles per litre of blood in €0 to TO minufes, or es
0.8 to 1.0 mill;molea of III?'3 per litre of blood per hour. These rates
refer to a temperature of 17°C and an estimated equilibrium concentration

-5

of the gmses in the blood of < €.4 x 10 molar.

These rates may be compared with the data for the reactions of !@'3
and T, with aqueous systens es given by Murst and Thayet.>”  For the
hydrolysis of IF, by pure water at €0°C, they found thit about 0.02
millinols of K,F, was hydrolyoed by & 5 ca® cample of water after 6 days
with a pressure of HQFQ above the water of about»?\?ﬁ om Hg. Assumé.ng
that the extent of hydrolysis is proportional to the volume of water,
this is eciuimlent to an a.vémge rate of hydrolysis of 4,0 millimoles of

4 per litre of water in 6 days, or of 0,03 millimoles of zsr F, per
litre of water per hour. This rate refers to a temperature of €°¢ and
" & partial 'pressure of RL,F#- sbove the water of 775 mm Sig. For these
conditions, the eguilibrium concentration of aissclved LAY Ty WoR calculated,

from the solubility reaults given in this thesis, to be’ about 8,7 x 1’.)"'6

mele fraction or 4.8 x 10"4 nclare
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If the effects of temperature and concentration of dissolved
Hng ere neglected, the above estimates indicate that the rate of
reaction of IIQF' 4 with blood is zbout 50 times faster than that for .
rezction with pure waters If it is sesumed that the rate of reaction
is directly provoriional t'o the concentretion of dissolvel 1*!2’5‘4 and
that the equilibrium concentrations estimnted ebove may be used as
approximations to the concentrations of dissolved I%‘z!"é. durinz the
rezctions, then the reaction with blood is about 3700 times faster than
taat with water, This still neglecfs a probable increase in reaction
rate with 1ncmasing terperature, which would further increase this factor.
This comparison indicates that the reaction of Ei’Fd with blood cannot
Ve explained in terms of a mechanism involving simple hydrolysia of Iv'aF 4
followed by oxidation of hemoglobin by an hydrolysis product. In order
to be compatible with the gbove estimotes, this typga of iwo-gtage mechanism
would require an increase, by & factor of at least 1,000, in the rate of
mitiall hydrolysis of 112’5‘4 by tlood, above that fqund fér pure water.
This would have to be caused by catalysis by aome:substa.nce dissolved in

mammalian dlood, This is further amphasised by comparieon of the rates of

reaction of I, with pure water end with bloode Furet and mmyatB‘g found
that I, could be recovered quantitatively after seven days in contact with

3
pure water at 13300. The hyirolysis of !@E’B by bloocd, however, procceds at

a rate as estimated above, of 0.8 to 1.0 millimoles of m‘s per litre of

blood per hour,
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It therefore ceema to be significant that Hurst and mzagatsg found
that HPB w23 readily converted to ammonium ion by acidic or neutral
ferrous sulphate solution at €0°¢ (61»"&"2 + 28 s MB ) 61?&*34-2&'5{;-#3?“) .
They also found that ferric chloride solutions rescted very slowly with I?FB
at 100°C, yielding nitric ofide end nitrate. Thia catalysis of the
, hydrolysis was not found to'be e generzal property of transition metal

ions, as shown by the total inertness of I-I':»‘3 to sclutions of 30612.

IS0,

Hurst and Khayat found that for a typical reaction of Iﬂ?’s with

Cns0, and ms% at 100°¢ over periods of up to seven days.

aqueous (0.5)) forrous sulphate, 477 of the original 3.13 millimoles of
I, bad reacted with 20 cu’ of the aqueous eolution efter 12 days st €0°C
with e partial pressure of the IT', bove the solution of 0.69 atmospheres.
This is egquivaleut to & reaction rate of 0,24 millimoles of m3 per litre
of sclution per hour at €0°. The equilibrium concentration of dissolved
mvs in fem@ sulphate aoluﬁon was estimated to be 225 x 1&"'4 molar;
using the same asswapticns. a3 used above in the estimation o!f tha concene
tration in blood. Eeglectiﬁg the effects of both thq difference in
temperatwre and the différence in the estimated concenirations of I’E‘B
&issqlvéd in the aqueous solutions, Vthe rate of mactiop of m?B with ‘bloodv
is only th;'ee‘ times greater than that for the reaction of W3 with aqueous
ferrous sulp’bate‘. ~ If however the effect of the difference in the concenw
trations is estimated as above, thaz; the reaction with Biood is estimaté:?\ to

ke 170 times aa fast as the reaction with the aquezous ferrous sulphate.
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The precence of ferrous anl, to a leaser extent, ferrie ions in
éolution, therefore, markedly effects the rate of reactioﬁa of mB with
aqueous medis and there are oongi Aerable similarities between the resulis
obtained byf—!urst and mmmt for recchtion of m*B with aqueoous ferroun

' ; 3
It therefore seems likely that the toxicity of n‘-:a",,'is a reoult of direct

sulphate solutions the the regults! for the veacticn of T with dlood,
reaction of I’:i‘-:"a mth.hemoglobin::ar that hemeglobin zcts 22 a catalyst in
tha h:-]\imlygia of IGB‘B, ‘befors mact‘ing with ons of the hydrolyois productse
To data have been recorded in the literature for reaction of IF,
with equeous ferrous iom solutioms. Towever, the possidility that
ferryug iono might catalyse the hydrolysis of 323‘4' or react with this gao
at a raote in excess of that found for the reaction with pure water, is of

interest in relation to the toxicology of 232??4. Tor this :ea,.sori, this

reaction has been situdisd in lthis thesis,.

(a) Arvaratun

This apparatus wes designed to allow the ménitoring of & reaction of
a ga8 at congtant pressure with an e.quedus mediune The design of the
reaction cell used is shown in FPigure 124
" The main Yody of this céll, B, was fabricated from rigid polypropylene
in order to bo inert to escidic fluorids solutions. The internal diameter
of this polypropylene cup wad 5.5 om with a wall thickness of ebout 0,75 cm.
is large diameter gave a large surface srea of oontact between the equeous
and gos phasess In ordor to increase further thé rate of solution of the

gas into the liquid phase, the effective surface area of comtact was
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Gas-liquid Reaction Cell.
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increased by continuous fast stirring uweing a two inch (5 cm.)

polypropylene-encapsulated magnetic followers The internal depth of
the cup was about 6.5 ca, allowing tha use of a ligquid phose volune of
about 110 o,

A constant pressure of gases insido the reaction cell wos raintained

by the use of a vertical alleglzss 20 cm3

gna-syringe, S (Chance Brothers
Ltd., Ualvern Link, uorcestefahire). ' The freely-moving syring piston
compencated for the constant femval of reactant gas from the gos phase,
caused by solution end reaction in the aqueous phasge, thus maintaining a
conptant pressure of guses slightly in excess of atmospheric pressure.

A greaze~free high-vacuum stopcock, T, ('Uniform?, Cless Precision
Engineering Litd., Homel Hompstead, Hertfordshire) wes incorporated for the
ednission of the reactants into the reaction cell, end was podified in order .
to allow & hypodernic needle to be inserted into the reaction cell throuch
the opened tap. | | .

The gns syringe and siopcock were glass-bloun onto & pyrex-glass 1lid
which fitted into a machined groove, 1 cm deep, in the top of the poly=-
propylene cupe A vacuumétigﬁt seal was cbtained by eztéma.l epplication
of Toryr Seal, a commercisl low vapour preésum resin, (Varié.n Associates,
Vacmim Division, California, U.S.4e) to the glass-polypropylene boundary.
It was found that this eeal wos maintained for longer periods if the resin
w3 applié& while the reaction cell wes being evé,mzatea by continuous
pumpinge | |

Previous stulies of the reactions of IF, with wnters 166

have indicated

that oxygen promotes, the hydrolysis, thua necessitating the complete ezclusion
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of oxycen from the reaction cell, Hurst and myatBS postulated that

the large variationb in the mteé that thoy observed for the reaction of

H‘?F 4 with water were caused bty mimute amounts of oxygen remaining in the
starting materials, even after careful purification, ineluding boiling and
vacuun degassing of the waters The ground-glass f£it of the plunger in

the gas-eyringe wos sufficiently good to allow only negligible diffusion of
gas out of the reaction cell during norusl operatioh,k end water epplied to
the top of the syringe, es well es mcting as a lubricant, ensuring free
movenent of the piunger, was also effective in further sealing the gas
eyringe against diffusion of ges. Thus under nqrml operating conditions
there was no possidility of entry of air through the gos syringe. However,
the extrome senéitivity of reactions of 32F4 with water to the presence of
mini;te anounts of oxygen necessitated a design of the epparatus to all_c»w the
introduction of all reactants without the introduction of oxyren. This
neceasitated tﬁs evacuation of tho reaction eell, with dozassing of all the.
non-volatile starting materials, before the voiatile starting mterials:coum
be introduced directly from a vacuuam line. Altho_w;h tius f£it of the piston
in the gas-syrings was esdequate for noﬁéal use, this soal was not sufficient
for the evacuation of the resction cell and a method for temporarily obiaining
a vaocuum~tizht seal had to be founds The application of wocuun grease to
the ground-glass surfaces was found to provide an adeoquate seal for short
periods of time. However this prevented free-movement of the piston when in

operation and was therefore not scceptables This problem was overcome by
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the use of a 15 ma (outside diameter) *Viton A' ruuber 'O¢ ring placed

betueen the bottom surface of the syringe piston and the bottom of the
syringe barrel (See Figure 12)e A clomp was fabricated and used to
epply pressure on the piston forcing it onto the '0' ring to obtain a |
vacwun-tight sealse This '0* ring had to be left in position during
normal operation, but did not affoct the operation of tha' £a-SYTings.
In this wey, the reaction cell could be émcua‘w& to a pressure of less
than 111)"'5 torr and, on cleosing the tap T, maintained this pressure for
peveral hours. A grease-frec hish=vocuum joint (J. Younz Scientifio
Glassware Ltd., Acton) was used for cormection to the vacuum line in order
to prevent contamination of the starting moterlals with vecuun grease.

A 2% 2 1% by 7" high water beth, fabricated from 1/4" thick peropex,
wos used for thermogtatic contrel in conjunction with s Viempunit?
(heater, themtat, stirrer end contrifugsal punp combination, Techne Litd.,
Cambridge)e The centrifusal water pump was comected by large-bore polythene
tubing to the opposite end of the bath, increasing the effective stirring
and allowing the set temperature of 25'50 to be meintained to better than
Z0.1%. | |

-In order to power the mognetic follower in the raactiozi cell, the
tank was placed on top of an aluminium framework to allow heme—ehde
magnets to be rotated under the tanks These were powered by a plastioc belt
drive from a variaiala gpeed motors The stirring Bpéed_could be varied fronm
about 0 wveluti'ons per minute to about 1000 r.p.m.. Eight mognets were
iﬁoorpomted to allow the use of up to eight ﬁeaotiom cells simultaneously

for the study of slow reactions, btut this facllity wus not used.
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(v} Choice of Merctisn, Sormline end Anal-min

The ebove epparatus was ueed for the stuly of the renction of LF,
with en agueocus soluticon of ferrous ions. Idenlly, for direct
comparison with the recctiom of 2725"4 with blood, thim resction sghould be
carried out for an aqueocus solution of forrous fons bulfered to a pH of
about 7.5, the pI of Blocod. IHowever, et this pH, wicomplexed ferrous and
ferric ions ere procipitated ca hydroridos, thus recessitating the use of
golutions of lower piH. In adlition, the senmitivity of ferrous pulphate
to oxidation by atmoopheris oxygen necessitated the vee of a more stable
source of ferrvous toms, Thus a solution of ferrous sulphate mode ueing
deé:zy;:-;emte& wtor w3 found to give & deep red coloration when salicylic
acid woa addsd, indicating o substontial concentration of forric iona in
the original solution {vide infra). Solutions of fﬁzrroms ammoniun
sulphate were, therefore, used in éll :E‘ur’ﬁhex' worke

Even & 311 5 {oodiua acctate/ncotio acid buffer eolution) solutions of
forrous ammonium pulphate in deoxygenzted smter wore found 4o be deep
brown in colour and eveutumally precipitated &. black-browa s0lid, even
when stoppered. For this renson & much lower pd wes used (about p¥ 0.4)
for thé reaction. At this pH, solutions nf ferrous apmniun sulphate
wore found tg be less gonsitive to oxidetion by atmospheric oxygon and
this fecilitated eccurate sampling =ed analyris of thae forric ioa conw

- gegiration in ths rooction coll.
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Ia 6:%3@2' to sonltor the raaction MWM aw. 4 and the aqueonn
Porvous jon solatios; o ? c::x3 syringe weo used to removo & ¢ c‘m“‘ samplo
of the soltion froa the reaction eoll throush o seven inch hy;mz;demic
ﬁaec—il«e. Contanminagtion of tho resctics eyvton with oxypon wa' eveided vy
the voe of a Sula-leal iweméri iz the grossceless Joint of tho reaction
colls The interspuce tetween the Sula-toal and t&e m; was Tluched freo
of oxypom by elternails gx:.r%*a}. svzouation and i’lwizing with ¥ % froza
resorvolr throush a hypolorzie needle {nserted thvm:;h the Subom-Sonls
- The h:;mfiemia zsgezﬁa and arrivce uwﬂ in extracting the 1 c&*" EATDLO WOre

flushed with mitrogen from & cylinder, to prevent the introduction of
m when aémyii*:g. ’ %e* kypolernic nwﬁie W ingerted throuch the
.mzma«wai, the twg iy W then ononeld am@. tha bmiemic m&.a wo pushed
throush the tap mw tbe agueous phases
The scale on the a,fmnb@ wseld wa %ubmtea by waighing tho wier
dolivered thmmﬁz the eavea inch hmamgm..c z»ee..,,la. tzzm my. it ws
found that @ mmla of 1 em3 eezzn be o‘ate.me:i amte %a z .GC‘{ m
(twice tke a*é;:ﬂaré ﬁwﬂ#ﬁm of tbﬂ M}. : "hw 1 m3’ aampls ws found
to %:e sulfioiess for the &otemimtama of both the ﬁum‘iée iem a.n& the
f«armc ion concemtrations ‘.‘ay ths methodas dosoribed wlw.
Iz order to stop tho roxction betweon Vaiwélwi ng*am the aqtm

‘farmws fone, each 1‘m3 em;alé s ir.jocté«i mu oagp&i polythene
sarple tube (3" x 7) throuzh s 1/1C7 bole drilled through the cap.  Solid

Gi}? wea galaéeaim ihessa aérz;ﬁa tues é,t loast ten minutes before socmliing
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3 sanples onto

in order to fluch out oxygens The injoction of the 1 om
‘soua co,,, reraining in the sarple tubesn, we fourd to bé a very
effective nmethod of stopping the reaction, both by lowr..ng the temperature
and by removal of disselved I 1“4 by raseous cog bubbling through the
egueous sample. Iza order to pmvent' mtry Qf atmogpheric oxygen into
these sample tubes, they were placed in a glove-box, under an atwosphere
of nitrogen, &8 scon &8 the initisl evolutie: of 0’02 wag complete,

A fluoride electrode (fodel 96«09, Crinn Rosearch Incorporated,
UeSeAs) in conjunction with a specific mn notor (”!miel 01, Orion
Recearch Inec,) was used for the amlys:ls of fluor.;de im concentretione
For thesge measurements, it wan necessary to misce the vl of the samples
to ahove pll 5, aince. below thic P, hjdrcson iana ocmplez with fluoride
ions to form significant concentrati ons oﬁ' 31y ancl HI‘Q » and these camnnot
be detected by the electrode. Homver, the pH couli not be raised above
about pl &, eime the alectrode reapoma to h.,rdroxide iono a8 well o3
fluoride ionse Delow pH 8, the hydroxide &ozi cencentmtian ig less than
10"6 moier, aid thia canoevztmtim ig no ligible mreﬁ to the fluoride
concentrations to be measured { > 10"4 mlar)u_ In (_:rcler to avoid further
Qomplicé.tiorﬁ d}i@ to preoipitation:of fémus azﬁi i’efric iqns es
‘hyam::mea. all ﬂuéri&e nieamements wxe_mdé on qa:éplens‘buft’emd to
sbout pll 6. | | o L

The ferrm ion concentration wag est:mteﬁ by a mothod bosed on the

eo::zplex formation beween salicylio aéxﬁ and fermc ionse This complex
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sboorbs strongly in the blue-groon region of the visidlo epectrum with
a ma.xirﬁwn sloorption at shout 510 My and has been wsed &0 an indicator
for the titration of ferriec ions aaaimt' standnord solutions of the
di-godiun gald of ethylmedmme—-tetm—acetic e.c* a. 133 In this worls,
the ferrie ion concontration wes estnmted colorimet:mcally by meosurement
of the tranemitiance at 510 n )\4 of solutions of thig cruplex premared
from the 1 cm3 sexples takon from the reaction cell, It was found to
bte preferable to mecsure this transmittance for solutions at low pl
(about pl £)s At bigher pif values, the moximun ebsorption wes shifted
t0 a lower wvelengih, and, at pH 5, this mazioum was below 500 o M
This difference was easily detected by eye, the colour of thoe solution
being mauve at pld 5, inotead of a blood-red colour at about pH 2. Also
the transmittance of solutions hod to be measured outcide the clove~boz
poking the use of low pH walues advantageous due to increased stability
of forroua iong towards oxidét_ion by atmosphorio oxygen.. .- |
Since changes in pH, with consequent dilution of the 1 oo’ sax ples,
wore roquired from the reaction manple pH of a.bout_ 0;& to about pi 2
for the ferrie ion annlysis end to about pl 6 for the fluoride analysis,
tha sequenoce of these two anolyses wog deterﬁined by their ae:witivities,
For this resson the f‘lizorﬁ.de ion amalysis always preceeded the ferrie iom
enalysine Also, forric and fermus ions complei vi%h‘ fluoride ions,
necessitating the addition of & hgana to mmpl\(sx with both ferrous and
ferric ions to the excluama of the ﬂuoride :Lons. It was found that
sodiun Saimylate (Ia Sal,) would decomplex fluomcle ions whea added to
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solutions containing fluoride, ferrous and ferric ioms if added in
" exceoo of Bix moles of salicylate ions per mole of irea {ferrous plus
£orric) e |
A fluoride-anclysis-buffering solution was prepared to be 0.250 ILCH,
04371 Ha Sole a.'ﬂd 15’* ko (Ac: = anet&te) in deoz:,rgemted waters For the
deternination of the fluomde ion comanfratm’z, 0 cm3 oi’ this golution
| were 2dded to the 1 cm3 sample held in the ﬂoly".:hme aamgle tuke, This -
gove o pH of about ‘6 on stirring, allowmg the flueride concentration to
be measured using the ﬂmrme elecrbmla.
| In order to aml;yse for ferric :.mzs. 8 pl of‘ 2 wno réquired.
At;uoous a?qo could not be used to lowcv- the pﬁ‘ tu thm value sinoce
salicylic zcid waa preeip:.tate&. The azmmion cf glmcml acetic ecid,
huwever, s fomu to lmm the pﬁ wﬁthaut this pmmmtatzon. 1’) cm3
ef aeczygemtel glac 2l acet.;c acid. wore ad&ea to the aoluhoa used in
the ﬂwride smlyma, and this solution wos then a* 1uted to 100 e in
f;a volumetrie flaglk using c’.eo*:,'mmtea water and reneatad rins:mg of both
tho aamgsle-tv*m e.nd the ﬂuomde electrode. 'ihe tmmmttame at
510 oM of th:.s sclutim an a 1 ca silica. ceu was Wi using SPSO0
| series 2 L'l’cmviale’s em:! sz‘ble SPGctroxahmmtor (Umee.m Instrunonts Ltde,
| cc.mbma...,«e) . | | ’
A Ca,libmtmm were mquim& for the analyma o? bbfzh fluori&e and
i‘arria iong by the abave methods. I‘m' thm gurpoae ammc& aolut ions

were p‘*@.paraa ccrreapomiine, to tha imtie.l ml fﬂml solutaons in the
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reaction cell. These were based on initial concentrations of

0.58 (t:a4)2 S0, FenS%, ebout 157 NzAo and about 1.5% H,50,, and slso
oa the assuned equation for the reaction with HQF 4:
p8 4 + IIT +
ety ! ¥ 1 O NP R 8 Yoit
10 (_mﬁ)ascéra 50, 4 OH + LA - 10 If,Pe (goé),‘,q- 1, + 4T

The standard final eolution was, therefore, prepared as 0.5 m‘gﬁ’eul(so‘,t)z,
0.2i1 FH,F, ebout 0.2 (NH,),50,, ebout 157 lako end about 1.3 H,50,.

By sppropriate dilution of the standard final solution with the
standard initial golution, a dilution series was prepared, each sgolution
corresponding to the solution in the reaction ¢ell at some time during
the réac‘cicn. For the analysis of fluoride ion concentrations, it was
nevessary to calibrate the electrode prior to the measurement of each
unknown fluoride solution, and it was therefore eaéential that the
cﬁli‘braﬁng solutions should be etable over long periods of time. Thie
stipulatibn was not met by the dilution series, prepareld as above, since
the effect of oxidation of ferrous to ferric iqna ty étmospherio oxygen
on the activity, and thus the measured concentratioan, of t'né fluoride
solution was i:-.ot knowne. Separste eolutions of sodium fluoride in a 157
agueous solution of RaAc were prepared, and their fluoride activities vere
adjusted toc the same activities as for 1 em3 of cach of the dilution
series diluted with 10 em3 of the fluoride-enalysis-buffering solution.
The fluoride electrode was used for this comperison.

e ferric snalysia wes calibrated using the same dilution meries,

at om3 sample of each of these standard sclutions being prepared for ferric

ion analysis as gbove. The results of this calibration are shown in
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Figure 13 and can ve represented 'b:f the equations

log,‘O(I/Io) = 18.0995 X (molar ferric ion concentré,tiou) where Io

i tho incident and I the transmitted intensities of light at wavelength
510 BM. For soluticns with & ferrie iom concentration greater than
about 7T x 10‘2 molar, the solution as used sbove had to be diluted by a
factor of 10 (10 ca3 of solution diluteﬁ to 100 om3) with deoxygenated

waters A separate calibration was made es shoun in Figure 14 and may

be represented by the equations Log1o(I/Io) = 1.6863%(molar ferric ion

All transnittances wore meagured relative to s blank

gclution prepared as above, but using a 1 cm3 sample of an e.queoué

concentration). -

solution, 157 Madc and 1. zmgso + The accuracy of measurements of ferric

ion concentrations by this method, and using the a‘aové calibrations, wes
estizated to be better than & 37 at all ferric jon concentrations.
Deoxygenated distilled water and glacial acetio acid (*Analare,

Dritish Drug Houses Ltd., Poole} were prepared by boiling these solventis

with a stream of nitrogea (oxygen-frec) passing through., This stvam of

nitrogen wns continued during cooling, after which these solvents were

_stored inside the glove box under en atmocphere of nitrogem.  All the

3 samples | could therefore

operations involved in the analysis of the 1 ¢

be performed inside this glove box, except that the stoppered silica cells
had to be m(mved in order to measure the ferriec ion concentration using
the apeotrophotomefef.

The above method for the analyéis of both fluoride and ferric ions
could be performed in a very shor‘é $ime, 'alloéing the reaction to be sampled

at frequent intervals during the first stages of the reaction.
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(c) Procelurc for tha gettinewn of the Penction end Reaults

In order to estimate the ‘pe.rtial pressure of HgFg_, sbhove the liquid
phase in the reaction aystem, the weight (39o65 g) and dianeter
(0.224 in = 1,05 cx) of the gaa—syx'mge pisten were mezsured, and, ﬁ-pm
these, the totalvpressure of gases in the reaction cell wes caleulated to
be 0,95 ea Iz grenter than atmospheric pressure. It was sssumed that the
sun. of the vapour pressures of the componentas of the agueous phase
(vapour pressure mainly from solution of acetic ecid in water) was
epproximately the same as for pure water, giving a partial pressure of
the 1 I‘4 eas ebove the aqueous phase of about 1.5 cm Hg less than
atnospheric pressure,

Ia order to fill the reaction cell without the introduction of
ozygen, the cell, with the syringe piston clamped down onto the viton

~N
ring, was evacuated and then transferred to the nitrogen~filled glove box.

The tap was opened and 21.57 g ({H )28’) Fe SQ‘.&SHQO (*Analar?, Dritish
Drug Houses Ltd., Poole) and 2.61 g Ta,$9, (*Analar?, B.D.H. Ltd.) were.
added through a glass funuel inserted through the tap of the reaciion coll,
The reaction cell was returned to the wvacuum line, and evacusted carefully
to avoid loss of the powdered solids, The cell was pusped for 24 hours

to remove all traces of oxygen, before 5.57 em> coneentrated sulphuric acid
(Specific Gravity 1.840, May and Baker Ltd., aaa»ermam) wers adled to the
cell in the glove boxe The aell ws re-cwvocuated and pumped overnight,

3

Meanuhile a solution of Te1 cu® glacial acetic scid (*Analar?, B.D.H.

Ltd.) in 90 ca® distilled water was degnased by vacuum trep~to-trap
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distillation, using the epparatus previously described for the dosmesing

. of water (Section 1, (4)). About 83 e’ of this depaosed acetic scid

golution was thea adlded to tha cell, after it hod been evacunted
overnight, and the cell contents were stirred by activetion of the
mermetie follower to obtain abous 119 em3 cf melution approximately
oquivalent to 0.5 (7,), S0 r@n,.,e&, 1,50 K,80, and 157 Tnde.

- (0.51 (m,), 59 Penbﬂ + 0557 Ta,S0, + 095 1,50, + 1,11 Hic &

4
0, g II ¥ ., &
0,51 (mé)g S0,Fe 80, + 1411 (1;53) Tode + 1,511 H,50,)

4
then the solids in the reaction cell hed beon dissolved, HzPé,
purified ag previously described (Section 1, (2)), was edded to the
reaction cell to give a total pressure of about 107 cm Hg. With the
tap firmly closed, the cell was digconnected from the wvacuum line, the
Suba~Seal was fitted to the greaseless joint and the clamp holding tho
syringe plston was released, ellowing the piston to rise. The pressure
of 32F4 added to the cell cf 107 en Hg wes caleulated such that, om
release of this piston clamp, the cell would contain a pressure of
76 oa Hz (atmospheric pressm) with the ges syringe full of IF,.

The cell was placed in the thermostat bath at 25°C, and stirring wes
started. Zero time for the reaction was t&!:e-: 2o the time of £11ling the
cell with N oF 4 cass The squoous reaction phase wes sanpled et frequeat
intervals for 96 hours, and the samples anal&sed for fluoride end forric

ions, The resulis are shown in Figures 13, 16 and 17.
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(3) Analysis of Foaction Producig

At the end of 96 hours of reaction, a portion of the gnses from
the 'reaction cell was transforred to an infrared s éell, and the
infrared spectrun of this phoce was recorded over the range J000 «'.:m"'1
to 400 em ! (ilodel 337 Crating Infrared Spectrophotometer, PerkineTlmer
Ltd., Beaconsfield). ‘Several epectra were rocorded, each using a lower

preszura of ges in the gos cell, The remainder of the gates in the
recction cell was stored end later analysed by nass specti'cmetry
(ifodel 13902, Associated Flectrical Industries Ltd., London), The
liguid phose, remaining in the reaction cell, was kept under al gtream of
oﬁygen—f‘ree nitrozen for 24 hours in';;dféx"to'purga it of dissolved IF,,
and wag then amalysed for nitrite ionse |

' fThe infrared spectra were complicated by apparent resction of the

grseous sample with the K2 plates. To precautions wore token to remove
water mpour from this sémpie, sinoe thié might lead to the removal of
other goseous producta, end therefore the reaction of the pomple with the KD
plates was probebly due to éttacéz by the #mter vapour followed by solution
of some of the geseous products. Infrared sbuorpiions caused by this
interaction with the Kir plates wors stili'féirly im:ensé even after
evacuation followed by‘pémping on the ¢ell for 12 hours, These rosidual
peakn were therefors neglected in the imterpretation of the ges-phase
 infrored spectras l | o |
The major component of the goseous sample wes unrescted N,F,s with

characteristic absorptions centred on about 735 e pnd about 9e0 et
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-1

Strong absorptions at about 1220 e and 1330 cm"T, together with

weaker absorptions et about 2600aa ', 2350 ', 1290 ex” ! end 570 co ',
wore gspizned to I by comparison of these frequencies, relative
inteusitics end band chopes whth literature datae %9 pands centred
on 766 ca) and 1937 oa” ! ehowld aleo be observed for INF, but were not
recolved from the very intense abscrpiions assigned to !%’,,F )] in theoe
regions of the epeciras. -4 mediun streansth band centred et sboud

120 ca ! ves assignel to M0 by comparison with literature data.“;é

-1

Benls st 1613 co 1, 1315 ez~ ) and TS0 et vould be ezpeoted if I,

weg preaent in the gascous sample.fﬁ’?" 3 The very intence absorpiion

-1

by H E‘ centred on 735 cn ' did not sllow the possibility of resolving

any absorption due to m? at 750 cxzz“’, and thus the complete gbaence of

‘any sbsorption at either 1513 et or 1313 ca™t

m ta&:é.fz‘,aa indicating
that T, was not sresent in the geecous sample.

The tess specirum c_f.tha stored portion of gasesous smple mainly
confirmed the above i;z%erpm‘saﬁmn of the iafrared spectras The ious,
together with ﬁeir relotive abundances aend probeble assignnents, are
listed in Table 10. Tho ions at “fo values of P4, &7, 86, €35, 66, 53,
52, 47 and 33 have beon essigned 0 a mixture of ﬂaﬁ’& end Siif'a. r:ez:'é
must be present since SiFt, does not give rise to any ion of B/e 52 or 53
(assigned to m‘?’) . Dowover, tho relstive abundances of the iono essigmed
in Table 10 to the mizture of SiF 4 and E' P Fa are not in agrocment with

litereture data for pure 232?4“*9' 199 15% yut are consistent with the
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FASS SPRCTIUM OF GAS PHASD SANPLE AFTER RUACTION OF N F WITH AGUECUS

FLRROUS IOHS.

Ble Relative Abundances
()

194 3.5
a1 440
8¢ €.5
£5 100.0
€6 0.7
23 1.4
52 €3.0 .
49 1.2
41 1.4
45 1.4
33 330
30 100.0
20 1.0
13 0.6

0.3

NOF

24

Probable Assignment

i ¥
13'2!’4 /D.'LF4

+
3

+ : +
AN /S‘F:s

. SiF

i *
LA /5:33 '

¥ i
KR, /51T,

+
I,
* .

mF /st

C’OQH ?
TE/3iF 4+

m-b

b -
)

“%
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relatijre intensities expected for a mixturse of SiFd and NQX“Q using
| literature data for Siﬁ’;“:" The presence of I and IOF in the semple

wes confirned by ioms at e 30 and ®/e 29. The prosence of 8T, in

the sauple wag probably caused by reaction of ROF with ths *Pyrex? glass
storaze ampule. | |
| The agueous solution from the reaction cell was tested for the
precence of nitrite lons by the method of Saim'C as modified by

Kerchaw and C!zzz.mi:wmlin’?3 However, it was found that sulphanilamide
formod a yellow complex with ferrie}iom which turned red on the addition
of B-{1-nzphthyl)-ethylene diamine dihydrochloride, thus masking the red
coloration expected from solvit'iom of nitrite ions. This wes overcome by
cozplezing the ferric ions with the Qdiscdiwm salt of ethylene-diamine
tetra~acetic acid before sddition of the sulphanilamide. '
A% cm3 samnle of the solutign from the reaction cell wos added to 5 am3 v
of saturated solution of the disodium salt of ethylene~diamire te‘cm-eiqetio
acide 5 o of & 17 solutica of sulphanilamide (B.D.H. Ltd., Poole) in
114 FCl was added, followeld by 5 cm3 of & 0,927 aqueous solution of
Tei~Naphthyl-ethylene diamine dihydrochloride (DeDeHe Ltd.,Poole)s 43 &
blank solution, 1 cm3 of ths previously prepared stan:hrd solution,
-corresponding to the complete oxidation of ferrous to ferric ions, ws
treated in exactly the same way as the 1 cm3 sazple of the polution from the
reaction cells The blank reminoed yellow after adlition of ell the

reagents, but the reaction-solution sample turned bright red inlicating the

presence of nitrite ions,.
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(e) Disoupmion

Figure 13 shows a plot of the ferric ion concentration at any
given time versus 2.5 times the fluoride ion concentration at the sane
time. The solid line is of unit gradient, ond the egresmeat of the
plotted peints with this line indicates that 5 moles of fluoride ions
were liberated during the oxidation of 2 moles of ferrous ions to the
| ferric states This supports the ec;*.m{iou that was proposed for the

IT + gy - I11,.. o P
S0,4H I, =) 5 ML Fe' (59,),4 61, +2F0).

reaction (5(3&&)2 S0,Fe” 59,
Howevei, fron Figure 15, it wes spparent that the recorded rate of
the reaction producing fluoride ions was not affected by the ferrcus ion
concehtmtion. Even after 4,300 minutes of reaction, when the ferrous
ions had been completely oxidised, the rate of increzse of the fluorids
ion concentration was wwrffecteds Further, the rate of cxidation of
ferrous to ferric ions was not affected by the ferrcus iom concentrationm,
vith a possible exception at very low ferrous ion concentrations when it
appeared that there was & slight tailing of the elmost linear increase
of the ferric ion concentration just before the meximum concentration was
reached, The non-linezr increase in both the ferric and fluoride ion
concentrations during the first 150 minutes (Figure 17) was attributed to
the slow increase in the concentration of dissolved EEF@ with time,
reaching a dynamic egquilibrium concentration afier about 140 minutes.
There ars two possible interpretations' of this appsrent zero order

depen&enée of tha reaction on the ferrous ion councentrntion. The first is

that tha rate of iha rexction was controlled Ly the rate of sclution of
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NQF& into the agueous mediun, this rate being slow when compared with
the rate of reaction of H2F4 with the agueous medium. The other
pessibility is that the rate of reaction is, in fact, indepenient of
ferrous ion concentration (zero order dependence om Feg"' concentration.
Some insight into the factors controlling the rate of this reaction
may be gained froa the experimental data. The resction may be
considered as progressing in two stages; solution of LF s into the
acueous phase, followed by reaction of dissolved !7217' ) to produce fluoride

ionSte

5

T —_— % = ducts.

Kar KG and KR’ i‘n the above representation, are the rates of solutica,

S
desorption and reaction of I!2F4 respectivelys If an equilibrium

concentration of I»E‘zF is maintzined during reaction in the aquecus phase,

4
then Ks = KG* KR‘

KS' the rate of golution of 33215‘& is independent of the aqueous HZF )

concentration ([H2F!; (aq.)}) jbut K, the rate of desorption of KT, is

directly proportional to [H.?Fé (ag.)J' Both of these rates are independent

of the volume of the agueoua phese, provided that the effective surface
a.rea of contact between the gas and equeous phases remains constant with
changes in volume., This is a good approzimation to the present case,
vhere the withdrawal of 1 cm3 pamples lowers the agqueous menisous, btut

does not eppreciably effect the surface area of this meniscus. K.ﬁ, the

rate of reaction of N,F to produce fluoride ions, kowever, is dependent on
‘4
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both [ d(a )] and the volume of the aquecus phase (M.
A Ky = constant, with varying [n 4( )]e,nd Ve
ond Ky = k g[rf P )] and is independent of V.
and K = k [I? 4 (aqe )] V. {2ssuming 1st order éepenacnoe of rate on
[zF 2 4(aq.) DE
then an equilibrium concentration of X, 1“4 in the agueous phase has

heen got up, thent

By =Ky ¢+ K, = (kg + krv)[zrgs‘é(w.)].

8

or [ :"(aq )] KS/('Q +kV)
If Ry >> & r[mzra' 2ag.) Jv, then the equilibrium [HZF‘:( aq‘)] maintained
in solution is epprozimotely equal to the equilibrium concentration

expected if no reaction wag ccourring in the agqueous phase, Thuste

K e K o ‘tg[ o2 (aq )] ) | |
and K >> k v{ ‘,_,(aq )] and therefore k > x Ve Thus the
equilibrium [I, Q( aqe )] KS/ (sg + kr‘f) is virtuelly independent of
the volume of the mqueous phogse (V). Further, the rate of reaction of

¥, o (Ic [N P #(aqe )]\.") end is almost directly proportional to the volume
V, tut the rats of increase inm fluoride ion concentrataon (2 x [ oFa(aqe )])
i8 virtually independent of .the volume. ' ‘

If, however, Ks<< k £H"F4 (aqe }"V ihen the equilibrium [N'*Fz‘:(aq )} -
KS/ (I: + Xk V} ig rmch less than the equilibrium [ )] expected if no
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reaction was occurring, and KG << Ks and also KG <L Ka._ Thug kg XL % x' Y,
and the equilibrium [IJ;,_F‘4 A q.ﬂ - Ks/ (kg + k V) is very nearly inversely
proportional to the volume, Ve Thus, for this case corresponding to the
rate of reaction being controlled by the rate of solution of IJ?F4. the
rate of reaction of H?Fé i3 nearly independent of ¥V, since this rate is
(6 L0F, (4q) I 20t [mF, 0 4] o2 cfv, where € is o constast. The
rate of increase in the fluoride ion concentration ie ifakx,[ﬁgI“A (aq.)], and
is, therefore, virtually inversely proportional to the volume of the
agqueous phase, V. | |

In the present experinment ' the ra.té of increase in the fluoride iom
concentration showed a marked depeﬁﬁenee on the volume of thé aqueocus
phese.  Thum, after 200 minutes of reaction, the volume of the solution
was 93 cm3 and the rate of increase iix the fluworide ion ccncentrétion was

Tninute™t; after 1490 minutes, the

1

(Ficure 17) 4.24 x 107 moles litre

! -t .o
volume was 90 cm3 and the rate wes 5.7 x 1&“5 moles litre ‘minute ' and

after 5040 minutes, the volume was 82 oms, end the rate was €439 x 10~5
moles litre~! mimute'e I the reaction rate ws strictly controlled by
the.ra.te of solution of 1‘121‘?' 4 then the rate of mcreasé in the fluoride ion
conceniretian should be inversely proportiocnal to thé volune of the agueous
sclutions | |

afr~)/at » C/V where € 13 a constant, equal to the rate of

formation of fluoride ions in the agueocus phusee Thus the product of the

rote of incresse of the ﬂuéride ion concentration and the volume should bte

constant. This product wes 5.2 x 10-6 moles/ninute after 5340 minutes;
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5.3 % 10~6 moles/minute after 1290 minutes; aad 4.3 x 10‘6'mles/mimte
after‘ 200 minutes. The excellent sgrecnent between the values for
1490 and 5040 minutes of reaction, indicates thet the rate of reaction
of }!21“ ) with aqueous ferrous ions wes contrclled by the rats of eclution
of BF, into the aqueous phase (K<< K ). The product, V(a[F J/at),
after 200 minutes of z-eac_tion is not in such good agz'eemem, but this
may indicate that the eguilibrium [r% a q‘] had not been attained at this
stage in the reaction. o

Bocuuse the rate of the rezotion wes controlled by the rate of
sclution of T, the information, that could be obtained from the
results for the resotion, was limited, and in particular it was not
possitle to determine the effect of ferrous ions on the rate of reaction.
Thus no further reactions were studied. |

Rowever, the results do Show that the experimental rate of iﬁc@e
of the fluoride ion 'ooncem;mtion ws not affected even when the ferrous
ions had been completely oxidised. The almost constant rate of increase
of the fluoride ioum concentration before exhauétion of f’errous ions has
teen explained as dus tb the rate of reaction being cantrolleﬁ‘bj the rate
of selution of EQFA' However, if ferrous iom' e,ré involved in increasing
the rate of reaction, the continued constant rate of increase of the

fluoride ion concemtration after the - oxidation of all the ferrous ious

is surpriging.
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Two possible explanations can be given, the first ¢f which is that
the reaction of diesolved !\721? 4 with egueous ferrous ions proceeds in two
ctoges. The first stage is the reaction of R,‘,F& with the agqueous medium
at a rate wnffected by ferrous ions. The reaction products expected

€& All these

fron thig hy2rdysis are fluoride ioms, w37 end P
products were dcfinitely formed im the later stagos of the reaction
pboervad, a9 ghown by the incresze in the fluoride ion concemtration in
the aqueous phase, and by the presence of FO and IOr(infrared and mess
spectra) in thé gzs phase effer termimation of the reaction. Ferrous
ions would then be oxidized in the sccond stage by ID or IOF, 6r by
nitrite ioms, presumably formed by the interaction of M) or IOF with the
e,qu«eoua.solutién, ich were li&entiﬁe& in the reaction solution at the
end of the reaction. Zeoro order dependenca on ferroua ions, howover,
would be surprising in view of the effect of ferrous ions on the
hydrolysis of m?r _ |

An alternative explanation iz that the rate of hyirolysis of HgFé
is catalysed by feorric ions to such an exient that this hydrolysis is
much faster than the rate of sclution of 3123‘4. This muii explain the
continued and almoat constant rate of increase of the fluoride ion concenw
tration, since both the rate of oxidation of ferrous ious and the rate of
hydrelysis of NQF ) would be controlie.d by the rate of solution. In view
of the catalysis of the h&amlyeis of EF’S by ferrio ions observed by

Hurst end mxayat,ss this explanation does not eppear implausible.
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Ths rate of the oboerved reaction of n ¥ 4 with aqueous ferrows ions
at about pH 0.4 ws sbout 0,9 millimoles N7 ¥,P,/litre/sour, end this is far
faster than the rate of hydrolysis of T, F4 by pure wler ef sbout 0.03
millimoles ﬁzﬁ"@/litre/hour. Ecwever, Hurst and Khagat~ 8 cvserved that
hydrogen ion concentration had e marked effect on the rate of hydrolysis
of ﬁ oF g0 aud from their data for L‘.\ S%, the rete of hyérolysis at pH O
was estimated to le sbout 0.5 millimoles X,¥ /litre/mmr, for & partial
precssure of K, FA gas of about 0.7 atmospheres Direct comparison of these
two rates, however, cannot be justified since the rate of reaction of

? 4 with agqueoua ferrous ions at pH 0.4 ws controlled by the rate of
golution of II Foe

274"
merely compare the rates of sgolution in the two experiments, However,

It ia, therefore, posuible that such a corparison would

thin marked incrense in the ﬁte of hydrolysis oi’ o ¥y with incressed
bhydrogen ion concentration might well account for the fast rate of the
chserved reaction with agueous forrous ions &t pH 0.4, without the need
to postulate acceleration of the reaction by ferz-ous jons.

In suzmary, the resulta for the resction of I 4 uﬁth agqueocus ferrous
ions at phH .4 c:onf:rmea the pomtulated equation for the reactions

(1) 30, rellgy 50,4755 TP, = mmarem(w,) 2,415 and the rate

of this reaction was found to be controlled by the rate of solution of
nF y into the éqﬁeoﬁs phas”e“' ‘13‘219 coutinued steady increcse in the
fluoride ion ceucénﬁrétien; a,fter.cém'ple’ce ozidat“ on of the ferrous ions,
etron{,ly suu, aeested txmt the presance of f‘er-rous ions did not affect the

rate of reaction. This mula indicate that rerrous jons were oxidised by
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aa bydrolysis product and not by direct reaction with Qissolved L':E‘{y.
Fowever, it bas not been posaible to reject an eltemative explanation
in vhich this continued steady inoresse in the fluoride ion concentration
would result from a ;‘ate of hydrolyea:{s Qf_ '5521?4,‘ pussi‘nlj cé.talyasd by

forric ionas, that was also controlled by the rate of solution of B‘a.f:’ 2"
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PART 2. PHOCFHIUS-PLUORIND COUTPONITS.

,.! 3 Te “GT%}! PEA ....‘?‘T?

- Tho tri mlemt balides of phouphorns and thoir triwelen t dorivativoes
con, in meny cosol, be considered ap modol compowds in the study of the
eqnivalent r&lwl‘ﬁ"ﬂn conpounls (Part 14 &'}%2‘0@‘&6‘310&}; : I—Ewmr, tho
chenietry of phoophorus ecompounds ig of intorect in its owm right, end
ouch dnpigkt inte phosphorun-holide and phoophorusw-phoophorus bonding
hag beon goined recently.

thpho*fmA $rifluoride bas received much atientioa since it weo
Piret prepored in 1&3&;154 tut the study of f.!m phos;:{:om (trivalent)e:
£luorine bsnd hog pece: ﬂ;ly besa expanded by the preparation of difluoro—
todophoophinge 192 1156157 Thig compound hoa proved a valusble inter=
- peliate im the prepazs e tion oi‘ sompounds mtaimng -Pﬁ‘,, grmzm, ino" uding
4 mﬂwﬂomwsph.,m,ﬁ? N«we—bﬁa&mu@mphwph»m (¢ Pu()-PP,, .3"9
cymmchﬂuorophmzahimt’g and tetrafivorodiphosphine 1594160

Althm:ah voth f:-iliecm and. gulphuyr, situntéd respect i\mlg to?he lef% :
an& right of phosg:}mms in thﬁ Pertodic Tab 1@, i‘am DUISTOuD ch.‘..n e.m?.

chlie compounds, interest in phaﬂpham-mom::mm bmdmb zm only

. |
doveloped fairly memﬁy 161,162,163,104, 465, ¥ %6 fotraiododiphosphine

40
(&zz&homhmw totrolodido, PpI,) ws fxmt prepared in 1”13157’ 163

Cap-lusano, but at!:wr, more conveniont, prewmtiva mothods hove since beon
founde 169,170,171 Chemice,z methols of z:remmtion of tetrochlorodie

phoophing have mot with little success, but millicron quantities have boen
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172,173

pmrel by physical toons end irproved physical preperations

have beeﬂ femﬁ.ﬁwﬁ'

Thus with the preporation of tetmﬂuoro&i—-
vhogphine, only tetircbromodishocphine has ye‘b: to be prepared t0 complete
tho halogon series (nozlccting %)  Deoopite several sticmpis at ite
preparation,tetrebronediphosphine hus rover been isoloted, e.ithough its
proacroe hos boen pontilated| P in rewtron irsediated phocghorus tribromides

Tao preperction of difluoroiodophosphine comploted tho sorien of
difiuorchalophosphines {czecepting A%), tho chloromtio wad bromo=t 11
difluoreshoophines being well Incide

The properties o2 Fi‘v‘3 have beom studied extongivoly. laren spoc;‘?:m
of WS in the liguid and gesoous pbaz;ars wozra recorded bg ?om %?g 190,451, 132
indorson in 19.;4”"; ond the infrarcd epcctrun has been studied. e
The goonotey of T Ty hos racoived mua:h attentlon es i‘& 5.9 comiigfﬁfijﬁgg'
importance in the stuly of the stcmomomiazuy of inorgmuie mlem.les. 127
Zarly stutiea 1P snicotad a lerge ¥ o2 104° with a P-F bond length
of 1.5%4, inlicating that the goouotry of 2’5'3 w0 onomalous in the cerdon
of phoophiorus tritalides oo (C1701 = 10°, Dk & 101.5° anl 1 = 102°).
Bovevor, thie etz*actwe w3 1ot consistont with tho retwhimml constant, '30.
obtained fron stmlies of ita mc.vouwxa s'me*“m 120171 Mose micTouRve
Lavestligationg were not aula 0 c&mmc%ewiee corpletely the geonetry, sBince
Yoth phoophorme and "‘Lamne b,Jve ouly smb}.a stable iootopoa, and the
eaguption of various 2‘2’5’ led %& differing P bond lengtho ” 151024123, 134

mmg’% estimntod the 1oF from the Coriolis eou@hag conatant and tho foroe
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conctoude end oblained en woper limit for this angle of 93° y in agreenent
with e latez' electron diffraction stuly, 195 vhich govo the FPE“ to be
‘ 93.2 ¥0.6% fhe PP bomd length eatamecl fron this t;tmy,’% houever
wes not consistiont m‘m the nicrounve dato. A mcemﬁ electron |
diffraction otuly of PF T3 16 haa cmfzma the W 59 97.3 = 0. ’ Jm.;d.
tho ?—-Z" boad loncﬁh. .57.& ("’ 0.001JL] m&z in a.gmemmt with th@ micrc::ave
rotatacml camtant, B.

In this work, this geometry 196 . m 'heen use& to up&ata the s%austioal
themo&;ma.mc ﬁmﬂtiaﬂa for PF3 %’he @m—phme infrorea epecirum was alse

ptudied 68 & mmlt c’;imgreemzzt thé: litemtum over tha

fandnnental fmrfuencmn. :
Ina p:'evieué repo ,,%1.96 of the gasa-;)hme 1::1’"3:.*93 spectm of P?.,I
above 200 o ', maig;m‘ta were mde for femr of the oix e::pect_ear
fmdmental fraqummiea. é.lthoaa?a eﬁs%imtea of %.he rami.nizxg tué
mbmtzoml frequencies tme teon mede in umz» to oszmte the statiotical
thezm&yxmm ﬂmc‘ime 1 force const emts 193 smd mem a.:mitu&es cf
vitration, 193 no s"wther e*u;',y of the smma M beozz recorded in the
1i€era;wm Ia th.»a urr'I tz.e 14 q.siw tmd solid«@tata F;mx ana g:.e-phase
infroved ppoctra over '!;he range 7 "0-1"00 en *, aﬂﬁ the soize}r-p!we in.{’mmd
-1

swctm ovor the rm;ge 3751200 e, wele recome&. waig_mmnts have

‘beon md@ fu,'f' all s.lx ﬁmﬁmm‘&al f‘z-emeiee, anzi these t‘rem..mzemu hove

been used to csmpute s%utiatloal thermdym&ie funchions.
o e“wl.l.es of tha @aughase inf*am& Bpea‘m of PQF'

boon reported, together with one report ¢f the Romn spoctma of liguid

’59v 153
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P2P4 at -20° 'C. 159 me relative éimplicity of the speetra, 'e'md th_é |
small nuxrber of 'band,sa, suﬁcrested tha’c PEF 4. is of higher symmetry than
the posszble cis (C2v), gauche (GZ) or seml-eclipsed (02) conflgumtions.
Barring an unusual numbe‘ of degenemcies, nine (C oy OF twelve (02)
mfrared active and twelve Rama.n active fundamenials should be o‘bserved
159

for these lower symmetry configuratmns. Pe,rry gg al. also found

that the mutual exﬂlus:.on rule, ind:.ca.tlve of a oentre of symmetry, was
proba'bly operat:.ve, ’but were \mable to show this conclus:.vely amce the
Ra,ma,n and infrared spectra were recorded. for P2 4 in different physmal
sta,tes., The polariza,tion properties of the Ramen bands supported the
mtemretatmn of the spec’cra. in tems of a traxm (0211 y rather tha,n the
far less probable pla.na.r (Deh)' configuratlon. o

~ The geometries a.round both P-P (trivalent) and, I\I-N bond,lng have beén
‘the subject of much research. ‘ The spectra of 34 have been mterpreted
in terms of a gauche configtmatlon,goq 1201 while P 0.14202 and P214203 1204
both appear to have trans symmetmes. | Vlbrational spectra of P ( )
indlcate a gauche~trans rotameric mmxture in the hqmd phase, bu‘h only
the tra.ns form in the sohd. 205 ~ The s:Ltua,tmn hag been comphcated in
many cases, where two or more dlfferent physmcal prepert:es have 'been

meagured, :md;cating 'bwo or more dlfferent conflguraticns. X-ray s.nd

neutron diffraction studies have shgm; that W 2 4 m proba’bly eclipsed
(cis, cgv) ?6'207 but microwave, electron diff‘ract:.oz; and vibrational



203,202,210,211

spactra indicate a gauchke strvcture,” Bicrowmvn end

- electron diffraction stuliecs on ! ‘IZF 4 have been interprated in terms of

9 &
212,213 but vitrationel end muslear mametic

2144215

& pouche structure,
resonance gpecira indiente a trang-—ypuche egquilidrium,
Ia the gboance of gus electron diffraction or microwve deta for
the P2F4 molecule, the inference ¢f a trans configuration froa vilrational

spectroscopy 153 hes inﬂﬁaﬂced the interpretation of muclear magmetic
resonance studies. Thus the ’92' and 3 ’P speotra‘f‘g 1150 have been
iﬁtexpz‘eted ‘6""? 1n torms of an assumed trans structure (Zxsanszeexeee
epin eystor)s A study of the tozperature depenience of ihe spectra’ ¢
showed that, althoush the directly«-bonaed P-P coupling, othor one-bond
couplingm, aud the gcmml F-? coupling were inseusitive to teoperature
changes, the vieinal F-F couﬁl'ing ghowed relatively large changes over
the tomporature range ~101°C to ~1°Ce  This sugzested {hat more then

one rotaner might have been contributing to the spectrum. Tho sigm of
217

213,212

the d.recﬁy—ben&e& P-P couplinz constent wes found to be nogmtive,
opposite in piga to that predicted by published thoorstical studies.
The infercnce of a trans configurstion for PZF;: fron vibrational
spmﬁm’sg in @nﬁmryto the resulis of semi-cipirical self~consistent
£ie1d end extendod Hickel moleoular orbital cdeulations for PyH, end
92%.219 This sén@y pmdiot'exi that the gzahiiity of th;t varicus rotaaers
ghould deorease in the order gouche>cis »trans. This, bowover, was in
contrast bo‘ch with the gb initio theoretical order” 22042214272 113 with the
order pre&wted from sm@le electrostatio congiderations 123,223,224 which
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predict the order trons ) gouche ) ois. This 4ifference ws re}a‘sedzw

%0 o corbination of o and TRbonding factors.

. The molecule P-TTy hoa recently been pm}meéggs ’226 and the
structure oo determined, frog its miézmmve apec‘trw.i eud dipole
mouent data, to be tmm.?m

Cne of the nogt intemsﬁing and &amciez'istic properti_es of !3'2?4
is its mvemibla dissociation at the I-J bond to give etable IT,
redicnls. uig équilitrﬂ.m 238 received much attemiou.“ ’I’Exe -
pocaibility thad P F night oxhibit a sinilar revorsille d*smc‘,a,tioa
prompied en e‘iectrm epin roesovanca atu@;f.wg 4 single resonance limne
wa obeerved for liguefied ?‘,_,Fd, while nore cosz;z?_ax speetra wore
obiainsd fcx- Erseoun ?231’4 and CC1 4 solutions, both of uhich eppeared to
giva thé seme opectrum, Although these signnls were wonk, thé;y were
interpretod an &ﬂ&icatina the meaeme of FF, radicals. F7, rodicals

have z2lso been pos%ul..*ed es reaction intermediates,” 23 A stuldy of the

thermnl aeconzzzosztim cf P g‘ 4 with ter:@emtzm by oS spectmmetry 9
revealed decronging k’o. ) in*‘c:mity and imcrzesing r"‘g mtei:aitf with
incressing twpemtwe. A% 3'50 Cs the intensity of tha ionn woo
reduced %o mm by wﬁmmm of ths emitiﬂc potential to 13 eV, but
increased tenpemture imreesa& the Pi“,, , mtemsit;r, 111&106%1&3 thae
f‘c%tica of I, mﬁamla by dxssmiutim of ?QF& above 370° Co :

4 furthor study 2% hes pmiuced the elegciron opin resomance spoctrun
of FT, raﬁ.wals isolated in rare fus ma*&rmea 8t 20 20.4%%,. @m mdzwls

were formed by either wltra-violed irradiation or by thermal decompositica
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of ngA. and PE"QK y the same epectrum being recorded in zll césee. bud
with the sdlition of the H radical epectrum fron PFQH. The intense
twelve-line spectra éere enzlysed to show that the PE‘z radical waa |
stationary (mot freo-rotating) in the matrix, as found for IT,, radicals

2n

in rare-ges matrices.” However, significent dissociztion of P,

into PF2 radicals was not‘observed at roon temperaturs, and the gasecus

4
in erder to observe the spectrun.

mixture of inert gas end P,F, had to be heated to 20°¢ befors deposition

Thus, P?= P only dissociates to give PFZ radicals at temperatures woll

in excess cof those at which m’? yadicals may Ve observed from E’?F 4

. This indicates thet the P-P bond is comsiderably stronger than the IiX
bond (2(5-I) ~ 20 koal.mel ™) ")' Also, further interest in diphosphine
derivatives has arisen from the essentially comztant length of the P-P
vond {~ 2.212) 232 4n many eorpounds, even though the dissociation energien
of thene bonds vary with coﬁstituents. The bond dissocistion energies,

that have been measured, very from 06 xcal.amol™? for P2(8235) 4233 to
58 kealemol™! for P,C1 4.23"3 with 74 keal.mol™! for 92114235 and 65 kalamol™'

236
for PEI 42*

An eotimate of the P-P bond dissociation energy £or P,F, is,. therefore,
of value townrds the understanding both of P-P bonding and also of PFZ,
In this work this has becn achieved by maas spectro-

redical formotion. g

metric measuremonta on P,F , and sone other P-F compounds (Part 23 Section 2),

Bﬁrg e al. .23?'2‘38 have attributed the intense ultraviolet absorption



153

of some diphosphines to the TT ~acceptor bonding power of the P 33
orbitels, and thus to the P-P btond. Further mrk??6’239 hog demonstrated
that this ebsorption is probably ge_raaml for compounds containing the P-P
bond and should, thercfore, prove to be of walus in stmctuie elucidation
of these compounds. However, these abworption properties are not
exclusively characteristic of P-P bonding, os chown by the similar wltra-
violet spectrum of the monophozphine, E’qu?m | I
Burg et g1°>° qualitatively sttributed the changes im the wavelength

of meximun absorption ( Xm.) for three diphosphines to the changes in
the electronesativities of the substitvend groups. H:.:heey‘?39 showed
that there was a reasonable relationship between ) I end the electrow
negutivity of the substituents, provided that a consistent set of
electronerativities wns useds The linear relatiomsﬁip between Taft's

a'. pammetergm and elecbronegativity, &6 measured by the effect of the
congtituent group on the iﬁfmreﬁ frequency of an edjacent carbonyl groupgé'?
allowed the electronegativities to be essigned frf;m c * values.

In this work, the ultra-violet spectrum of PQR has been vecorded,
end the docrease in intensity with time of the sbsorption has been followede
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SECTIOT

Tihretionol end Ultravielet Snoeirs end Beloted Pronortien

g Zilrntionsl Smectrn end Thormod-mamic Functions of P71
hanad

Foé an esouned C a symetry for PFQI, gizx furdanental vibrations‘
(2aY + 20%) are expected, both species being active both in the infrared
and Reman. The goo~phase infrared spectrum, obseé-veci in this work, is
chown in Figure 19, with the benls listed in Table 11, Ior the region
shove 250 czé"’, the frequencies are in good arreement with those of
Rudolph e g.};.’% Tuvo fundamental modes (a® and a") are expected below
thig, but only one region of absorption, centred at about 203 o,
could be detected in the infraored epectrum.

The liquid-phase Ramsn spectrun (Table 11) wss comsidersbly

complicated by fzst decomposition of PX”QI to give PFB and 1“13."5 6 étrong

1 203,243

bands at 330 on 1, 306 cu~', and 113 e ! were attributed to PI,,

this essignment being further enforced by comparison with the solid--phose
Raran spectrun of PI3, rocorded in this work usmg the same Bpocironeter,
vhich showod bands at 315 eé"’(m), 204 en 1 (s), 108 oo H(s), and 81 on~1(s)
(vhere s, strong; n, medium). No previous reference was found in the e

literature for the Raman spectrum of solid ?13 s but these frequencies are

in good egreement with the previously determined golid~phase infmredg%

and solution R 243 gpectra. Fo bonds attributable to PF3 wvere foz.{ml
in the liquid-phase Ra.mén epectmnu of ?FQI. Polarisetion dzta for the

. I bands could not be obtained due to the fm\%e\acompoamcn of Pr,I

2
in the leser benm,
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TATLE 19
ITTRARTD AND RAYAY SFUCTRA OF DIFLUSROIONOPINSPETTE
Infrered (oo™ ) Ramaa (en™ ")

(Ges) (so0118) (50113) ’ (Liquid) *

251 (a) 8215 (a) 8¢z (=) 873 ()

826 (s) 206 (vs) 207 (=)

213 (o) |

213 () 397.5 (W) 398 (=) 208 (=)

2083 (=)

321 (o)

375 () 373 (s) 372 (o)

369 (=)

208 (w)
207 (w)

20245 (w) 202.5 (=)
201 (o)

115 () 8 (o)
€6 (w)
56 (w)

& After removal of P13 mn&s.m3

8, sirong: o, pediuny w, weak: .v. verys
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‘The Naran spectrua of PF,I in the solide-phase (Figure 20;
Toble 11) showed no sign of eny decomposition of the PF?I. and showed

1

only one region of Raman emission below 290 om W atiributable to

fundanental vibrations of the PFEI wolecule. This appeared es a strong
esymmetric band centred at 207 cn ', A strong, sharp beed at 114 et

and & broad, weak bund et 779 ca {overtone of 114 et )} appeared in

one opectrun, but were not cobserved in & later epectrum obtained using a
different samples Sinece all other bands in the two gectra were in

Vana 209 ea ') must be mesigaed to

agreement, those two bands (114 cm
an impurity in the WQI sample used for the first gpectyum, or to e
lattice bend, that faileﬁ to eppeer in the second spectrun due to
different deposition conditions. Under higher resolution, the strong

1 in the solid-wtale Raman speetrum,

esynzetric band, centred at 207 om
was split to show clearly two beads et 207 on Y and 201 en? (Figurs 20).
Tormal ccordinate caloculations were employed ‘izr'x order t0 coleulate
an appro::imt:a set of vibrational frequencies and ncrml coordinates.
The object of these valculations wes rot to attempt to ewaluate o forco=
fiem‘.‘but rather to employ & "reasamble;‘ get of comstants transferred
from the parent P‘FB end P13 244 molemzi;a in order to assist in.tha
essigament 'cf the observed frequencies. Heﬁas no great effort was mode
to force a fit betweesn ezperimental and observed frequencies, althoush )
weversl small sdjustments w5 8 made from the prelimimary choice in order .
to proluce & reasonoble match. In the mbsence of published etructural

data for Wax, an essuned molecular geonetry wes used. This goometry wes
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FIGURE 20.

~ Solid-phase Rarnan Spectrum of

PR, 1.

r Bl

220 200 180

B o (em™) ;
900 800 500 ) 400 3QO 200
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a}.aa'mec‘i for the colculation of the themmodymanie funotions of W?X
and is disoussed later in this section. The force constants finnlly
adopted ere listed in Table 12. These wlues ore similar to those used
vy licller £t el, 1 ‘3 with the exception of the P-I streiching force
constant (£ pp ¢ For this a velue of 130 T ) was used in the present
calculations compared to P50 Za%::"’ employed by Viller et ol.

The B wotrix elemenia were computed directly fron a-sef of cartesian
coordinatea Tor the moleonle, DBubsequantly sclution for the eigenvalues
end eigenvectors of (EE"%)TE?‘(K-&":&) wes obtained {whore P is the foree
constant wairix for the internal coordinates and =‘f"7 ig the diagonsl
matrix with the non-zero eatries egual o the sgusre ro0is of the
reoiprc@la of the stomic rosses). The sei of gggqusmﬁ.ca caleulated
using the above force field is shown in Ta”i:-ls 13, tozether with the
epprozimate potential energy distridbution among the internal eoordimates
for each mode. Observed gas-phase frequencies are also shown for
couperiadn. | -

On ﬁm tasis of thepe approxirate normal coordinote caloulat iongs,
the two lowent frequency bm@emnﬁala were predicted to lie &t eboud
129 w”(a'} and at 09 ea {a"). Ia t}%e sbponce of infrored

1, it peamed likely thot these

gboorplion or Baman ehifts below 200 em
fundlamental must be located in the region of 200 0:::‘1. The infrored
alsorption W“? corplex (Pigure 13) and could easily have cousisted of
two werlé;ppjng bands. That thie wag the case mé supported by the

gplitting of the strong, asymueirie tend cen?reﬁ at 207 cm" in the
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FOIRCH COTSTANTS PO Pr,I UPILISTD IN IDOMAL COOADITATE CALCULATIOND

Stretching™

FI

P1/7r

or/eF

B Units of I

1

-

130

rPrY
FrP
PP/l

TPI/FEP

Beniinga

£
€5



TLDLE 13

1¢1

CISTRVED AT) CALCULATED CAS-PIAST ITITRARTD FRUCULICICS (om 1)

baerved

£51
8.6
413
kYN
195

Calculated

Specien

&

Potential Imergy
Distributlon

37 PP gtr.
997 I str.
9% IPP def.
267 PI str. 537 FPL def,
997} TPT def.

557 PI str., 437 TPI dof.
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golil-state Ramun epectrum. The more imbtense Ramon bond (M7 cm")

 hag esccordingly been cosigned to the symmetrio (a') mode, and the

wenler bend (201 ca ) to the a® mode.

The strong infrared benls, centred at 413 cm“‘ end 375 cm"". both
ot
bad the cace overall chepe end were essigned by Rudolph et g_f"" 28

FPT symnetric &ei’emﬁicq end PI stretching moldes respectively. The
golid-state Lomen spectrum had bands et 395 ca (&) end 377 ea ! (=),

end the liguid-phase Raman had bands et 08 em"“(m) and 372 cz:s”’(m), which
werae identified with these modes. The normel coordinate caleulations

! 1 in agreenent with this ossigne

vielded af bands ot £09 co @ end 372 e
went, the 307 em"‘ mode being congiderably mized in character, and the
larpe contribution from the P-1 stretch in this mode may qualitatively
acoount for the greater intensity relative to the higﬁer freguency mois.

The tanda &t 851 o)

end 8.6 e were ctrong in the infrared and

weak in the Revon end are ‘oer‘samiy the P=P gtretching modes in agreement
with provicus assignients for these moldes for toth I"!’i'glﬁé end other P-7
moleculea.w? The higher frequency ban& at 062 t.:za"“1 in the solid-ctate

Rerman epectrun wus the wore intense of the two, susgesting that it was

5

15
the pymetrio (a') mode, in agresment with the essignpent of Rudelph ef z1.

\

This essignpent was nﬁm:oz*tad by the Qaleulationswhich also indicated
that thoce modes wore mlmost pure PoF stretches (Tulle 13).

ihile the Haoea bends &t 062 i | for tho solid-phace end at O73 ca '
for the liquid-phnse presumnbly correlated with ous of thege infrared
bonds, the solid-phose Nawon band at 9&7 em" {no equivalent Remon bend

-b
observed for PPol in the liguid-phase) was epproximately £0 om
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1

removed from the nearest infrared band at 246 cm ' and correlation

betveen these infrared and loman bands thus appezred teruona, even thoush

the FF,I vos in differeat physical states. However both PR,CLl end

e 2077 show fairly lorge shifts of about 24 cu ! in the assigned P-T'

?6‘4
soymaetrio stretch btetween the ga ~phase infrored and liguid-phase

Roman bands, indicating the possibility of such e large shift as
eppurently oboerved for FF, I. The infrared epecirum of ?P?I in the
solid-phose, wae, therefore, recorded (Table 11) in an ettemps 4o

confirm this correlation. This showed a strong band eplit to give mezise

1

at £21.5 om""1 end 06 en ', with a shouldor on the high frequoncy side at

1, and thus confirmed the correlation betveen the infrared

1

about 835 em

end Papon specira. 4 bond ot 397.5 e s Observed in the infrared

speatrun of P??I in tho 80lid phase also correlates véry well with the
wand 2t 208 cm" in the solid-gtate Raman spectrun of ?&‘?L o ether
Vo 1900 ey
1

bends were oboerved in the range 375 o

The banls at 83 caz“’. 6 ot y and 56 cm * otgerved in the solid~phace
Reman spoctrum mré presuned to be associgied with lattice vilrations.

In tho aboenee of publiched structural data for PF?I, it wus necessayy
to make certain asswuptions esbout tho molecular geomeiry in order to carry
out both the normal coordincte znalysis end the eompuiation of the
sta%is%iail thermodymanic funcliions. The structural poraneters for P‘é‘gt

g
PLob tolking

vere estimeted Dy corparigon with FE’B, PI3 and P'?I "
o ~ T
Pel o 2474 and IPl » 1@3.00. The wluos used in the crxleulations were

[+] ~
obtained by wsing the P-P tond length » 1.5704 end FPF = §7.8° fron P,
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VaS Fa¥
gnd the P-I bond length above. IPP (99%) woas taken so the mean of TPF

in P7, and IPE in Pl.. The eotimated limits of error in these bond

3 3
lancths wore «0.0,g end in the angles iz

o,
Using tho ideal gos, harmonie opeillztor spprozimation and the ebove
geometrical asewptions together with the obperved fma-pinoe infyared
fundnnental frequencies (Table 13), thoe rotational and vibretlonnl
contributions, anld thus the fotcl etatistical thermodymanic functions
for F’E'QI vere caloulateds Those ere presonted in Twble 4. Iy va:*y"m{g
the bond lengths and bond engles within the ezperimental limits given
sbove, and by varyimj the vibrational froguoncies within the estimoted
experinontal linits (£ 2 co™ ") end repeating the caloulations with the
aljx_stei data, the reximuz pemenuaga errors over the tempernture rance
conpidered wore found to bo = 0,371 for Cp°, £ 0.24 for (Iﬁ u”)/*r,
2 0.4 for -—{G? - rf;)/’f end 2 0,27 for 5%
These results mey be compared with those of Elféller &t Q._w 7
which wore computod using estimsted values (190 cm ! and 170 e )
for the two lowost freq:wnéy fundanentals, and on the.‘ beoig of P w
1.552. The maximus percentage deviaticus of their resulis from the
precent work, caused minly by differences in the fundamental frequencies
ermloyed, are < 0.315% in ¢© , X $.6227 in (Ax‘l’, ~ /0, 20,4527 in
~(cg = ¥} /P end 2 0.5”1*'3' in §
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TADLE 12
CPUTED TIDRUODYIAIIC FUIXTIONS FOR DIFLUORCIODCPHOSPHINE - PLIITC?

GAS AT 101.375 M (4 Atz)

PROUCT OF TII 3 PAIICIPAL LOITINS OF IIRTIA » 345840 = 07 Bg. .8
calomole™ Moz~ calumote™Yaeg. ™t calumore™aeg. ™! cal J0e ™ Tdege
7k cp° (z; - m)/r ~(cg = H)/7 g°
100,00 104468 8,704 524779 €1.433
179.60% 13,212 10133 58,953 654396
200.00 13,748 13.4°0 - 524367 €94506
273415 154314 11,576 624500 744376
293.15 154739 11.907 63,323 15735
299,350  15.7€6 1,929 63.396 754505
300,00 15.769 11.931 634902 754833
£00,00 17,052 13,063 674496 80559
500,00 17.561 13948 0510 844253
600400 13334 144647 732117 £7.764
700,00 13734 15,207 754412 904626
20,00 13,977 15664 M 9324
900,00 194134 16.042 794343 954390
390000 19250 16,360 £4.055 974415
6 sl 196 bgoy, 196

{1 cal 2 2.1763 J)
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Ye TonOorm gy Oy v nmeyrr st OB ppepym Armanmd o Thomabd ot @8 T,
wd

Some confusion hes been coused in the litersture following the
almost simultaneous publication of two papers concerning the infrared
spoctrun of PPys  Cutowsly aad tichr™! 1isted the gao~phase fundamentel
froquoncies ca £92 om 1, 848 cu ), 537 ea ! and 407 ca”l, in £00d ecrec-
mont with the gos= end liguid-phase Rumen spectra proviocusly roported.ﬁg
Wileon end Polo, ' howover, listed the geo~phace fundamental frequoncics

Vana 328 e, having cosigned eight

ag 292 m"1, e cmq, 237 em
other banxla (not including eny absorpticon in the region near 532 e )
a8 overtono end combination bamm o further publications could be
found in the literature resolv‘.;ng}iha difforence belween {those two sets
of fundomental froquencies, even though & recent paper132 has reported
the high resolution spectra of \tﬁéi392 eV ana 437 oY vando.

In this worl, hizh preosure (sbout 30 terr) specira of P, in the
gos-phase failed to locate an;} eboorption at or arownd 532 e:zi-", end tho

1, es giw}on

froquonciea for the three fundanental vibrations above 400 oa
by Wilocon and Pole,’e wore confirmed. Thorefore, the statistical
thormodynonic fumctions for PF3 have been caloulated in thisag work using
the fundanantal frequencies recorded by Wilson and Polo and uwoing the
idcal gms, barmonic oscillator approzimation. The geometry uced wes
that éeeenﬂx reported by lorino gt g}_’% (7-F = 1.57 (= 0.0019.)2 and
YOT w 97.8 (1 0.2)7), Tho probeble errors in these functions were not
estimted by repoating the calculations using adjustod dats (on for P&P‘ZI)

a5 1t 1o certain that the aror coused by innccuracies in the geometry and
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TADLE 15
COUPUTID TIUMIODYIANIC FUIGTIONS FOR PHOCONORUS TRIFLUCRIOE =

PENTTCT CAS AT 401.325 KB (1 As).

PROJUCT OF THT 3 PRIICIPAL LIXEUTS OF LIENTIA = 2,069909 x 10~ Y 2cm b
caluoole” Yoz~ cal.mole™Naoz ™t calumote~ oz, catumote™Yacz. ™!
g e (G- Q- 5°
10,00 8741 B.102 15.0% 53177
121.65% 9.344 8,268 : 264653 544956
171,650 10,847 8707 49,4616 534413
200,00  11.670 94420 50,956 €0.126
273.15 13479 10.061 53.971 624032
29815 144007 10374 544266 €5.237
30000 14.066 10308 544930 654324
400,00 15.791 11542 53,081 69.623
500,00 164528 12513 60,764 73.273
€00.00 17,673 13.316 €3.119 164435
700,00  13.197 13.973 €522 794201
800,00 13,543 14527 €7.127 814654
900,00 13.799 14.983 63,965 83.853
100000 12.990 1530 B N 854844
8 ot b gt 17

(1 cal @ 2e13697) e
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fundanental frequencies is omnll when compared with the error inherent

in the idonl B, horoonie oscillator epproximation.  The rosults are
presented in Toble 15.

Those resulta wore compared with those given by !z‘&gamjanmé ov?:v .
the tomporature range 10°2 to 1’)0003. This showed sono mx’if:ef}.‘ riii’f;erencea,
and the mawimun percentoge doviations of the rosults given by Ihgornjan
from those recorded in this work v;aem 6.9 in cg, 6.5 ¢m
(2 - E)/7 2 2,64 in ~(C - ;ag)/*:' ond £ 2.6% in %  These were woll
. outside the probable errors iim the functions given in this work.
Togaredon had voed the fmdopental frequonciea om given by Gutewsky and
Lichr ! and tho goonotry given by Sheridan ot £27°C (P = 1.5354 and
P e 1009, '

Towever, the rosults givea in Table 15 differ only inoignificantly
(2 0.17) from those given vy 1l ot 2177 mttnough razer ot g1
used the same fundamental frequencicn as woed in this work, this good
agreémemﬁ is nomm.t surpriizmgveime thoy unaed & su};staatially ait',*’erent

\ e A
goonotry (P-F = 1.554, ITF = 104°).

ce . Tho Decormosition of TLI

. Budolph g% g_ﬂ% bave ghoun thot PFEI disproportionates accornling to
the equationt
; oy PP PI
Falle) ™7 i) * Pl
Using available thermodynamic data, the éﬁmrﬂ. frea energy chonge for

this decomponition reaction haos beon calenlated taking the bond energies
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in Pth(g) 28 equal to the nem'x bond dissociaticn energies in P?B(g)

and PLyye
D(P—Z(PI y) = 1/3 (P4} + 3 y) = L(PT, 0)

D (T (gp ) = V3R L) ¢ 30e) = (ETy )

Using the above asswption for the bond cnorgles i PF,T s

A (Pr,T ) -.&zzg(?(g)) + 237 4) + & (1) < D(P-1)-0D(P)
aﬁg(ng@) - 2/3&13(?@3( )) + 1/333@(%13(3)). Dene 1

It is nccescory to estimete 5°(PI (c))l

The vopour progsure of P:a“‘% at 293.13 £ = 0003891 o Ege and

l‘o oo , i (&3] :
55000391 m FLa(e) = Speto em (Phy(e)) *+ B Gy

whore B is the gea conotant (Porfoct Gos Assunption).

For the equilibriums 3(0) ‘-*-'-m -33(5) (p = 0.003291 £ 3)

O C"Q & 2
467 = 0 and A5 = &8 vy, /T vhore &, is the enthalpy of eublimation
at 298.15°K.

of st
s 8%(e1 (e)) - 5) p=0,003851 m(ma(u)) b J7
zr')
- pn'iGO oal? IB(J) b1 /7 * n ( 0.003%91 ?

Te entropy of PI () ot 295.15°% 24T (SQ_(PIB' (g)) e £9.45 cal.mole"’éeg"’

SO(PIS( )) - 113.(6 2 SR /7
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Tor the disproportionation of FT,l (aa writton ahovo)

Sgsaprop, = 2 5 (Ty() + Ty RELCE
Using the veluos of S°(PF (c)) and 5°(er I( )) from Tables 14 and 15.

55 4; oorope © 2(65.237) + 11366 = 8o /2w 3(75.739)

e {16.53 =~ &1 ap1 /D) eals mole taeg.™!

Llsos &I - 25110(’5’?-\(“)) + &“OC? 3( )) - mﬁe(z’%z( .))

iopron.

bt ABO(PIB(O)) = &"?(a (g)) L8,

and usiny Lguation 1s

&

. e w3

Gubls

+ S - DA
. m&zsmg. = m&iﬁpmp. “““disprop.

ol g - 1(16.93 - /7) cals

v o‘o' AG&,GPI‘@’) L *-5.9 l"ﬁﬂ‘lb

Thus for the reectiont 3T, 1( =) ey Qﬁ‘s( 3 + ?IS(G). 2D = 5,0 b,

The enthalpy of formption of P??I(m) econt bo estimoted woing thoe above
sasunption for the bond energiles and literature wslucns
»al -
m‘j(w,( g))“"g w «006.03 keelanole 1
& I~

0 236 ’ -1
mePIBCQ)) e 1.3 keal.mole

sivings m‘i’.)?rpx(g)) o «150,2 kealzole !
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Lo - -
4£1co u@ingt SO(PCG))”"‘? = .52 cal.oole 1-‘.?.0;;, 1

-
SO(F& ({;_))" 4T o 43,82 cal.mla"?f‘:,-guq

and s°(:::,( o) = 01757 ealaole Taog.~t

a9 (o = 21,5065 Aeretm1e!
a«wf(El "’IEE')) 3-),16} ml..ie,,,- m&le

end ﬂﬁg(m“gl (g)) = «151.3 kcal.molo™ )

Hovever, the docompositioa of PF,I may 21po be considerel im termo
of en eguilibriun betwoen PFEI, and Pi”a ol PI, in tho gus phoge
£ -.-Y:L-.A apn 4+ PI
et 9o 58 AN &
Paing the wonwption for the boud cnergics for FP,.I andl the literniurs
. N
thernodynonio values given above.

&1 (left to right of equilibriun as writien above) w O

end A5 (left to right of equililriuwn sa written &bove) = =7.29 sal.mle"&.e'g?.‘

s OG = 2.2 koald.

end Z, tho cquilidbrium constant is given bys
4G » «AT1I0% giving K = 0,006

(oo, (poP1,)

(pp 7,1)

{pp « portial pressure)
Thus for unit presouwe of pure W?I originaily, the PFS,X equilibroates to
give partial prosoures of PI, of = unite, anl of ?’?3 of =z wits, leaving

a partial pressure of PFQI of {1-3z) wnits,.
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vhich eclves to give ® = 0.15

Thug for an original pressure of pure I’?EI of 1 otnoophore
(760 m Iig.), the partial pressure of PI, at equilibrium ot 293,15
would be 115 mae owevor, thiz partial pressure of P13 cannot be
reached since it is highor than the wopour pressure of _1?13’3,% ?98.15%-_
Thus the disproporticmation of P?QI may be considered ss duo to the
equilibrium of FP.I with P"‘ and ?13, a,ll in the gon phose, this

2
oquilibriws being diﬂplace& ord concl@ma.tim of PIB'

de Vibeotiomnl end Mwleor Yormetie Doconnnes upec‘?m o;_gr,_g,; .

Porry b 21177 have recorded the gro-phoce infrered end the liquide
phase Fomon spectrs of P Pg Oa tho baels of the small nunbor of bonds
obsorved end of spparent non-coincidence of bonds in the two spectra,
they intorproted their repults in ferms of & trams coaformation
((:2h point group) for tho Pg% mo&éoule, tontatively eseigning four
infrared-sotive bands end six Bamn-ective bonds as fundomentals.

Tor this pmposad"g tram confcrmtiozx, tueclve fundomental vibrations
would be empoctod, six being actsw in the infraroed (3a + 3B ) and gix in
the Roman (.@ag + Ebg). On this besis, only two infrared zotive funda-
nontals remined wiobscerved by Forry gb ple.

In the present work, the gos-phase and solid-phase infrared spectra

over the range 300 cm”' to 2000 m"’, and the solid-phase Roman spoctrum



173

-4

ovor the ranze 10 en -1

to 1100 ¢ * have boen recorleds The gooe
phage infrered gpectrun (10 om cell, prespuro ~ 10 forr) chowed enly cuo
region of a»}sor:pthz, and thig wug origirall y recolved m giv«a thros
rexioa et 822 em , 83545 en %& 8465 m - Under Righor reaolutam,

i This rogion of abaorption is

a fourth "'““*Smm wes obgerved a.% 8"7 o
chown in Figare 21, m& tzm frequoncies aro corpored with those of
Parry et a1¥? ana of Colvurn 2;3}_160 in Tuble 16,

The agrecnent of.tﬁe tuo highost frequen y mexing with those
reported by Perry of g; is renponable, eapecially g the Mr:& at
835;5 ! s troads However the sgreement of the two lowost freguoncy
moxica is leos Agocﬂ. fhez*e boing o a}ifi’em of about & cm"‘ betwecn th@’
frequencios reported by Parry gb £l end thoos doternined in this work.
These two freguencies ere, houcver, in better ag:*écmmt (‘-‘-’» 3 {:m") with
thoge reportod by Colburn g8 £le

-1

hoz..,,h no othor ahsorptions werse c:’wwe& tetween 330 om  end

2000 e in the e}saw spec%m*:x, on i;nt::ms% ng ﬁm preatang in the gos
cell to ehout 80 tore, o vory wesk regiom of shoorption, centred at about

£00 am"’, woa ohoorvode ’1";2@ s}hws of this ebgorption wodoilar to that
obsezrved fop m.,x (Pizure 12), tuwo moima being recolvod ot ebout 410 nm"
and 370 czzf" ?arx*y et 911)3 alm ossem:& a very W a.bserpt*m in

this region of ‘h a Epoc%mz:t wd wore able to resohm meim ot £17.3 oo ‘

412,2 oo . a‘;oﬁ.& em Vena 3’;’3.7 e ¢ tontatively acpigning this region

of mbsorplion tu a P?'QI impuritys  The woalr gbeorption, oboerved in this

-1

| mrxc. at chout 200 em | wes thorefors similarly assigned.
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TATLE 16

VIZZATIOUAL SOT0THA (B PQF.‘» .

CAS LIGUTD SOLID
Infrared™ Raman® Pamon® Infrored”
Rele Fel. This Refa This Thio

’3’45 o9 (‘Wﬁ) Qoo (S) 8s
239  (vvs) | ¢
23349 (vv) | 80 (ws) | 227 (w
827.3 (vwe) | 820 () | 02 (o)
825 {2y%) |12 (a)  [215 (m,ed)
&3 (wy |77 & |97 ()

541 (va, 1) |546 (wo)
£53 (Ws 3.'9?)
[417.3 (w)]
{212.2 (w3 03 (w2 | [290 (w))]
[06.8 (w)]| |
| 403 (Wt P)

[372.7 (w) ] h [320 (w)] .
{377 (o) 375 (wo)
365 (o) - -

361 (x) 256 (w)
o 274 (=)
214 (=yp)  [217 (wo)

a3 Uzito of e

ey strong; o, mediuy W, woak; v, very; oh, shouldery p, polorised;
o, dopolariselds ' '

(Froquencies given in square brackato have beon essigned to FF,I impurits).
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Vith this highor pressure (V0 tory) of P, in the coll, three
other very weal roxmimg were recorded, which hod not beon previously
ohporved, &t about 935 m"‘. 270 czmmti and 1025 cm"'. Thooey howsver,

increancd in intonsity with time, indlenting slow Jecarpesition of P?‘é‘é‘

1

A omel) shouldor of shout 207 ¢ | ales appeared on ths sido of the

ehoorotion due o P2F4 (well off soale), el this was atiributed to the

Q branch of iLe P-G-Rbmd eiructure for FF, contred on 82 e s e
oexing a3 935 ce‘a*i sod 1005 ma"1 were 0ot ansignele
An atterpt wos gleo mndo to record the sos-phase infrared spectrun

1 vaing & forwinfrared intorw

of P,F, over the rango 3 eV o 400 oo
feranotric speotromoter equonped with o 113 om oo coll (vide infre).
Dowover, shile attapting to record the spectzom with e pressure of
PE:% in this ccll of only 20 torr, the goa éacompésed go extermively
that the inside of itho oell wn coated with en omnvwé»mllou deposit and

1

1o obsorpiionn were rocorded. Tho mideinfrarved epoctrum (400 ca @ to

2000 orn"’) wsa recorled for a rooesun sorple removed from tho intere .
feromoior coll on campletion of the run.  Absorplicus cenired ot 227 cm"
(P~ triplet; medimm intomnity), ebout 860 e (very strong eni brood),
852 e {very strorg end vory charo), adout 905 e (zolivn) and

672 cm"t (vory weak) wore all assigned to Fi?s indiceting estensiva
decw:@mitimbﬁ' ?2!?4 to P’P3 and p&fmpmrus-ﬂuoriné golgmmm '

It woo not pocoible to doteraine from this epoctrum i the decomposition

2 P‘."Fd had pone to coopletion, since the very intence absorption by PE-’B
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cotred at 060 o

did not ellow the resclution of ponsible absorption

by P,,; ) in this region of the spectrum. The ouly other aboorptions

oheerved wore benda et 970 ou” cad 1025 em” (as oboorved in the gnoe

phase infrored spectrun of P,F, with & pressure of about &0 torr) end

thece were prosuned to te Gue t3 & docomposition proluct of P,T,

(possibly phosphorus~fluorine polyner) s Uning lower presourcs

(v 1 torr) of P,F, in the interforometer gos-cell, decomposition of

the gas eppeared to be lens cxztensive, btut no sbsorptions wore obsgrvod.
Tho Rozon spectrun of P,Y, in the solid-phase (Pigure 225 Thble 16)

showed no sign of any decomposition of the PSFQ’ &nd o mideinfrared

(200 a1 to 2000 c:a"") epectrun {zos-phane) of the sacple, efter the

colid-chace Roomn epectrun kad boon recorded, showed only absorptions

ettritutable to Pth:‘ The i’mqm&c’* oz of five of' the RNomn eniszaiozw wore

in pood agremer-h with those observed by Porry ot ?"1)9 for P 2 .'; in tho

1iquid phose, end the amll @ifferences (wp to 13 eu™') presumbly

rofloct the differont physical states of the S’éﬁé‘f‘w tho two spoctras

A ’bmi& et 203 om"} wes tontatively ascigned by Parvy ¢f £l es an overtone

of the funlacontol at 214 ca 'y but no eguivalent bond s found in the

. aolia’.-ph:me F.a.ma @e@m (thié wrle;). lore serioucly, Parry ot ol

tenmtwely segisield & uaah. emission &t {53 ea % in their 11@&1&-@115.@@

Rozan to & funlanental vibmtion (co?,, . symetrie, inmtme). Ia this

work 2y DO corresponding cmlssim fmm P,,a. 2 in the solid~phnge could be

located, sugsesting that the Land obeerved by Parry &t ¢l might have been

, ~1
caused by en irpurity in their sample. Ibwever en enission et 274 oo
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(mediwn) was observed for P2F4 in the solid-phase, and therefore this
hos been essigred as the sixth Raman-active fmﬁamentei frequency.

This change in the Remane-active fundamental frequencies, from
those limted by Parry et 2}, 153 necessitated rearrengement of their
tentative cosignments. The two highest frequency Reman Pundamentals
st be the two P-I stretches in agreement with the assignment of'Pam*y
gt gle The band essocisted with the P-P streteh iz expected to te

. 3]
polarised and to be the most intense feature in the Ramen ez:eectm."“‘e

1 1 159

The bands at5:6 cn @ and 3%5 en @ wero both very stronz end polarised,

but by analogy with P,01,,70 (CF,), P71, 27 a1 mp-rr,, 7% the Pp
stretching frequency i czpocted to be much highor than the lstter band.
Thus the bend at 546 cu | has been essigned as the PP stretching frequency
in agreemézz’c with Parry et gl. The rest ofthe Raz:ﬁn ective bands have

" been tentatively assigned on this busis in Table 17.

The irnfrared spectrum' of P,F, in the s0lid phase was also recorded
in thie work over the range 3 om | t: 4000 cx '  Although the small
nuzber (6) of bends obsorved in tho solid-phose Ramen spectrum strongly
indicates that PQ?A, has & trauns (Ozh) configuration, the other criterioca
used by Parry et @159 to support the interprotation of their spocira on
the basia of this configuretion wos the spperent operation of the'mutml
exclusion rule, indicative of a cenire of symmeiry. However, since their
opoctra wore recorded with the semple in different physiecal states, they

‘ooéxld not be corpletely certain that this latter eriterion wos satisfied.

Indeed, the large shifts observed for FT X (X=I, Br or C1) in the P-F
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TARLE 17
TENTATIVE ASSICUITIETS TOR 770 TUATTITAL TITRATINNG oF Pgl'” L
Infrared (zzs) Ramen (z01id) &ssi@mentb
(™) (™

&46.5; : Y prs &5UTey Out=ofephases
835.5}
827 Vont EYey cuteofevhace,
f22)

812 ”F’E" Syhe, in-phase

97 Vpps 8870ey in-phase

53{.6 ))PP, ByTe

3"""’§ wm‘?g SY%ey in-chage.
l“>65a> : d, pr ¢ S¥Ge, out-of—-phase.

-

3640 . S e, asrm.

274 J-PFz’ BFfiRey in~phasa,

Referenca 159.

b VY, stretch; LW, wag; {. gcissors; )’ s tuists
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stretohing frequencics with changes in phase (see Part ?3 Section 1a)

indicate that it is possible that the two highest frequency bands in the

gas-phase Infrereld may com'espon& to those in ihe liguid-phase Roman,
The so0lid~phase infrared spectruvm showed only one region of

1

" absorption in the range 3 cm" to 4000 cm ', and this appoered a8 &

stiong acymmetric bend centred at 797 oo 'e  Under higher recolution,
two choulders were resclvel on the bigh freguency gi&a of this band at
ebout 803 cu! end at sbout 815 ci ', The shoulder ut 203 ca~ ! wms mich
wezker then that &t 815 cm"".v and it therefore seems probable that the two

highest freguency gas-phoge infrered bands correspond to bands at 797 on~?

1 in the pelid-phase infrared epecirun.

end at about 815 em
The coincidonce of thess frequencies in the solid-phase infrared with
those in the solid-phase Raran specirum (Table 1€) is protably fortuitous,
but doos illustrate the possibility thet there mey be coincidences in the
infrared and Ramon spectra' due to the 1325"ﬁ molecuds Séving a lower
symmetry than the trans (6% conformation, -~ This, however, seems unlikely
since for either a cis (Cgv) or gouche (02) symotry, ell fwelve fundasental
vibrations should be active in the Raﬁnan, end of those tvelve Ropan bends,
nive (62\) or all tuwelve (02) ehould be coineident with bands in the
infrured, _
The nucléaé magnotie resonance spectrun of liguid PZF 4159 has been
interpre!ze&mé'gﬂ in 4erus of an essuned trans configuration
(ZX22A%3%™ gpin pysten). Do attempt was reportadmé'zw to try to
interprot the data on the boeis of either a gauche or semi-eclipsed

configuration. The possible rotameric étructures of ?21"4 ars shown in



FIGURE 23.

182 .

Possible Rotameric Structures of

Hfe.

Case 3:semi-
eclipsed.

Case 4: trans. Case 5: semi- Case 6: gauche .
eclipsed. - ‘
Fast restricted rotation between semi-eclipsed

Case 7:

Case 8 :

rotamers (cases 3 and 5).

Fast restricted rotation between gauche

rotamers (cases 2 and 6 ).
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Pigure 23, together with the two additional possibilities of fast
restricted rotation between either the two goucke rotamers, &3 ia
protably the case for Pzﬁ‘,ﬁ@ or tho two senmi-sclipsed rotamers.

These poapibilities can Ve broadly classified inte two zroups. The
firat is those cases where all four fluorine nuclel are chemicully
eguivalent {cases 1 4y 7 and 8) and the second is where there are two
ron-equivalent pairs of equivalent fluorine wuclei (ecuces 2, 3, 5 and €),
Thie second group correspoads 1o an XYAAYIYY* gpin systen, whoreas the
first group corz-esp@ﬁda to an ZXPAAVIHEMY snin system.

In this work the DDA 1TTM BASIC Computer progrem (Scieace Research
Council, Atlaa Computer Laboratory, Chilton) was used to deteraine
vheother the exporimental R.a.rs e@aotmsﬂ could be anslysed on the basis
of en TTIAYI'YY spin system. The coupling eomstante given by Budolph
and E@mrkgﬁ for 11@&&?53}4‘4 at ~1°c were ugsed throuchout. Tigare 24
shows tho calculated spectrun obtained using these velues for ean
XE9249TI7® spin eystem, nad this is in good egreement with the experimental
epectrun with en ros error of bﬁly 003 32‘217 Pigore 25 shows the
spectrun obtained using the sane coupling congtents end the same chemical
chifts for all fluorine nuclei es for Pigure 21, but for an XTAAYIY*
epin system. This epectrum is not diesinilar from that observed
ezporimentally (Tigure 2£). Eamveﬁ. 12 the chemical shifts of the two
non-equivalent pairs of equivnlent f’lvuorme nuclei ere made different,
then the spéctmm imnediately becomes far more complex. This is shown

in Pigure 26, where the same coupling conslants, a8 above, have teen used,
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but the chemical shift of ore pair of egquivalent fluorine nuclol was set
100' Hiz groater than thot of the other non-equivalent 'pair. It wna
arparent fron the corplexity of the spectrun in Pigurs 26, that the
erporimental spectoum for P2F£3 could not be inteypreted on thg beois of
o ZYAAYIITY spin syotem since an appreciable difference i3 expected
iween the chomical ehifts for the mméuivalem paire of equivelent
fluorine muclei. Thuos the observed spoctrum can only be interpreted .
on the tazio of the Pirst group of poseible structures (Coses 1, 4, T end
B in Pigure 23) es aa IX'AL'Z"I"? gpin pysten.

Theoretical stulies

have inlicated that the romitnle of the
directly Londed PP coupling eonntent chould show a marked dopendence en
the mf&memia fora. ’:ioweva: Rulslph gnd Ffwmk?ﬂ have ghowna that the
ouservel spectrum is relatively wwffected by temperature (from -‘!OC to
«101°%C), strongly inlieating that the observed spectrun is not due to
a5t rotation of the PET’? groupa about the P-P bond or to fagt reziricted
rotation hetween either the tro gauche (cases 2 end € 1 Tigurs 22) or
the trvo semi~eclipsed (cnoes 2 end 5’ in Fig:;res 23) rotarers. This in
turn sirongly indicates that PQ% ezﬁsts, at these terpercturos, im either
@ cis or a trans coufiguration. Hovever, withoud data for similar :
‘ molecules ?f knowi econfiguration for comparisen with the data for PEI'T' T
it is not poasime,v on thg basis of the nuele;»,r* magnetie sﬁeotmm, {o
differoniisle beluveen these tvo rotatiors.

Therefore, the evidence of ihe yvibrational epecﬁra, snd in particoular

the small nunber of bande cobzerved in the infrared end Reran speoira, must



188

be interpreted as sirongly favouring & trons configuration for the

13 ‘Z‘u m}fﬂle. owever, the posecibility that the PQF s mleculé might
have a 1 ‘%‘cwm contigurntion (possibly cis) camot be d.’mcarde@
eorcaially in view of the coineidence of the two highest frequency tands
in the go0lid=phese infrored and lamoon epecira, since this coincilonce

wovld have to be fortuitous for inmterpretation of these spectra in terms

of o trams configuration,

©. The Ultrayioled E‘i"ﬂ"""’“‘s nnd r‘moww’"t on nf 'i",:_‘_,

Px'ewr;oué studien of the ultraviolst spectra of diphogphine
devivatives P3€,237,23%,232 have attrmbuted the intense absorntions
observed to the TT—acceptor bonding ﬁ)ﬁz;:er of the P31 orbitals, sal thug
to the P= Lond. In $his worl, the ulirsviolet séeci:ma of PQFQ has
been recordod over the range 0008 to 70908 (fodel SP.T0, Ultraviolet
Spectrophotometer, Unicon, Cu mhri 5""@) end & typiccl spectrun is chowm
in Figure 27 (1) en silies cell; preﬁ‘ sure of P.7 '*"’CN 1 torr).

Three maxima vere ocucervel at ,,uﬁQA, “50_;& end "05’3.&, of which the

beorption at 2604 ;A was bty for the nost intense. This walus of )\
(:-"C%DS»A) is in good e,:;memant with the walue obtzined by Solan,ﬁﬁo vhich

hag recm‘clv ‘been veported in tho 1i tev-ature R n
For thros difforent sgmles: of ? F (pressures renging from d)out

& torr to about 17 torr), ultrovi olet spectra wore recorded at frequent

intorvals following 1mm;?.uct:s.a‘-:z of the sanple to the silica cell.
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The erectrs for all three sorples shoved o otendy decreuse with timo
in the Intensitice of the cloorptions at 3&33?& end a% ?{osz, without
chonge in the wovelengths of thece aloorphions. The algorption at
"’”S"? also showed n pteady, butl relalively much grrller, decresse in
intensity with time, but thie woe sccompenied by on inercaze in the
wvevelangth of wozimm eboorpiion, eventuclly recchineg o value of ?‘!éﬁg .
Thigs decrozse in the i:ﬁtmsities o? il three sisorptions was ettrituted
1o dcrompozition of the P?F ) sormicos, and strongly :nliceted that 21l
throe vakios were duz to a‘z:ao_affg:;iozs;s Ly P::,F‘,; y el not Ly come impurity in
the samples. Howover, the Lebaviouwr of tho alwarpiion originally centr.dd
on mg’i’}z in'l;?.tmfé:i thet sone product, froo the decorposition of ?21? 4
woe ansorbing in the wltravioled st about 21..’,"33, thus lowering the epmorent
rate of doere.;ﬁe im the I«"?‘Ez’lg @anmtioa at ?3333 and aloo noving the
position of maxicun elsorpiion to h@cr wovelensth uith $ime.

A previous studyggg 'cf the decoopositicn of P..‘wa; hed investignied
the therssl Giecociation of P,¥, ot elevated terperatures ({zy to 95}008).
end had ghown that wnder theseo conditions P2?4 decorpoces to give ?!Ps..
The other preducts were pzz.es;ﬁmma-i‘imx’ine polyners mi gone Pé ¢ Vias
eloo detecteds In the pmseni_: worlsy, 3% hos lteen confirmed that P:‘B we a
'mjcr product of the aaémitviozz of Pf:‘?é 2t roon tomperatures Two

gamplea of P.T 4 were ellowed 40 decorpose et room tenporature, one of which
&

s irredinted with witraviclet light, exd the goseous products of the
Cecamporition were onalyzed by recording thelr moscepoctrae  In toth cases

the spectra ghoved that PFB was the ouly major goseous corponent of the
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decomposition productz. It therelore sppeared that the orange-yollow
rsoiicl, doposited during c‘.cvo“rz‘om%m of the ngg? was the only other
product, end that this =s01id wus not sufficiently wolatile to be
recorded in tho muss opocira.

P’E‘s dson nod ehoerd in the ultrovidel spectrmua in the zaxnge 26008
to 708 (this works 10 ca eilica esll; presowre of P‘E‘s cf ehout
0 torr)s Thus it sees likely thot the adsorption et akcut 214?33,
vhich incroased in intencity with time in the wltraviolel srectre of
&acoming PEF g1 WS cewsed by &em:ait:icn of the orange~yellov 80lid on
the sides of the silien cell,

Ifaheeargw plotted waives of me. zeninst the electronosptivities
of tho sulsitituent grouns for seversd é.iphcaphims end he interpreted the
result es indlcating that & relationship 14 exist, bul the corrslation was
net bighe Ia order to 9’.3%1‘:1 & consictent set of group electmmmtivitiezy
Huheey usod values besed on those civea by Izamrise,mg who had correlated
the effeot of sevoral orgenie groups on the i:zfmreﬁ stretcking freguency
of en adjavent cartonyl croup with electronesntivitics givea by Cordy 231
Cordy gives the wvalue of 3.95 for the gubstituent electronemiivity of
fluorine, ad using this wolue, M wmxs 0T Pof, docs not appoar to
correlate with the relationship propdaed by Ehm@oy‘?w (Figure 23),

_ . . ]
Rudolph and Schiller

have, however, recontly questiousd the
wlidity of en intense ultraviolet phsorption as evidenco for pIT-4rT
bonlding in diphosphines, The sboorption foatures are not exclusively

claracteristic of P-P Lonled diphosphinca since the monoghosphine E’i’i‘:‘g
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FIGURE 28.

Plot of A... against Electronzgativity
of Substituenis for Diphosphines.
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givoa wltroviolet gpoectra similer to those oboerved for aiphosghima.
‘Rudolph end Schillor clso noted tuo oppocite trané.s in the value of
\ I ai‘momon of substituend crowp eleootronozntivitye Thus in
tho tried (693),,??(0:? '),, - (c:«*s) ,,chzr,)a - (mxB) 2:79(0:13) ot xm.
ehifts to lonper mvclez;{;th with c..oc**&msmg substituent electiro~
nogativity, but ia ‘thea triod (CRy) PP(CP,)q = (CF5) 7T, = F,FPT,, Ao
ghifts to longor mvelexm}x with incredsing miba’aituenz elegt:onegativity.

Althouzh the mih purpose of following the decrense with tizme of |
tho eboorpiion intensities in the uliraviolel spec‘wm ot ?,,I’4 was to
donansteate that the absomﬁons becrved were due to P,., i they eleo
allow the rate of the a.eeammtmu "ea,c’s-m to be monitoreds However,
from abmmisos: of the aboorbances ol ?&f:g for somples of Pzr"g at
pmasures of about 12 torr end &t sbout 4 torwr, it was apparent that the
1inear aloorption smle o& *Lhe epcctm"ﬁwmmetor me«l was rot meintained
at high sisorbunces. Houover, fmm the semec of specira obtained using
the lousst wﬁ:.aal prescure Of ‘QP‘,%,z ‘ﬁ FE39) possible ‘i:o use the amller
aboorotion &k 30003 (Lbeorbunces < 0.55) in oxder to monitor the rate
of the é.ecc‘a*ir:rwit‘ion w&ctim. N | o |

14:3) the mawnlm thad *ma absorpuon centred gt " 5A ig symetric
either mcla o:f th:«.s sm:imm, thas absorption shoum not interfere
porceptibly with that at 33*301). m& thus the a’baorbance ‘:I: 34’3033 ghould
be pmwz'tiovaal to the cmcentm‘bzm of P,,I“,,. Figure P9 shoun the

decreasa in th@ a.mor‘%xwm {=) at .OO“*A during the f‘m ‘t 10 mimutes of

P
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FIGURE 29.

Decrease of RFE. Absorbance (a) at -

3000A with Time (t).
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FIGURE 30. 198

Graph of Log.,,(-da/dt) versus Log.,,,(a).

Log.,,(-da/dt).
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decomposition. After 130 minutos, the absorbance bocame too srnll to
ulth‘i it3 cecurate es*&:im'&idn. Figure 30 shows a graph of lob.m(u dm )
versus log (a) Evﬁzere o is the ecbsorbance at 360% el t ig the tire in
minuiea froa the introluction of P?,.g into the wliraviolet gos colll.

& straight line wns f£itted to the wperimentel points by the method of
Toast squares [(4 + logyy (~ D)) = 2.5935 (1 + ogy, ()~ 0.093],
cady frow this, the order of the decoupocition rewciion with respect to
BF . (the rredicnt of the otraizht line) wos estimptod 10 be 25335

vith an socurcoy (‘i:w*ce the stondord doviaiion of the fit) of & 3%
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PART Py ETCTION O
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The reversible dissociation of HQFQ at the &I bond to give stable

: 1V} A
I—EE'?_ ralicals has been studied by uvltraviolet spectz-oacopy,‘?j 292529254

e
233 glectron paramagznetic resonance

s59
anl mass spectrometric enelysise 2

n

pressure~temperature peasurements,

~ -
spectroncopy, 2534256257 These

results have Leen reviewed and evaluated by Colburn. 411 the
re_sults were in good agreement (-?- 1.1 kcal.moleﬂ) and give an averzge
value for the F-II bond dissociation energy in E,T', (3@__3)) of

20.3 kealamole™ 12T Studies of the electron peramagnetic resomance
epectrun of PyF,e 717> houever, have shoun thet the P-P bond in PF,
is considerably stronger thon the I-F bond in IF,, Thus the P=P bord
dissociation energy in PZF 2 cannot be estimated eimilarly from studisa of
its dissociation to give P_F2 radicals by ultraviolet spectroscopy,
pressure-—temgemtm' aﬁeaeurements or elactron paremegnetic resonance
apectroscoéy. At» roon texperature the concentration of PF2 radicals 48
too smell to allow mccurate moasurements, and elso, even et thie
temperature, the equili’brinin concentration of FF, rodicals camnot be
maintained due to decomposition of the ng‘ét Thig tond dissociation

energy can, however, ba estimated from mnas spectrometrio appearanrce

potential measurencnts. .
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laoe epectrometric measurenents have been previously used for

estimating the P~P Lond dissociation energies im the diphosphines

2 2 235,2 236,2€
Po(Cotts) 47 P01, 7% 20 2350259 gt p,1) PIPD 1 4ne prevent

work, the first iornization potentials and appearasme potentials of fhe
fragnent ion P, have been measured for the molecules P,Fye FE,T
'PF‘,* and PP H.  Using these results, the P-P boud dissociation energy
in P2F4 has beon estizzw;ted.

In a mass spectrometer, ions gre formed from neutral molecules by
electron iopacts In order to cbserve a givea ion in the mess epectrmn
of a molecule, the energy of the exciting electroms must be equal to or
greater than the eppearance pofential of the givén ion (Ionization
potential in the case of the parent ion).

Electron iinpo.ot- techniques, however, suffor from lack of an
sbsolute enercy aéale. Although the maznitude of the electron bean
energy can be ‘aatimated e.s the potential through ‘which the electirons havé
been accelerated, there is in practice a distridution of electron energies
within this beam. This is generelly attributed to the Maxwellian energy

distribution of electrons emitted thermoionically from a heated filament .26’

Attempts to remove the effect of this energy spread by analytical ’methaclg%‘?

4ha.ve been only partially successful due to lack of knowledge of the ezact
fora of the electron eézerm distribution and also to the inherent imccumcyg
of the experimentally-measured ion current used to construct the ionizaticn—?
efficiency curves, Other stuldies haove sttempted $0 reduce this energy

263 262,265,266

spread either snalytically™ Alternatively,

or experimentally.

a calibrating gee (usually argen) can be uzed to fix the energy socale and
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this has been used in the majority of the methods employing electron
imbact to meagure ionization or appeararce potentials. This latter
method has been used in the present work, employing either argon or
acetone a3 the calibrating compound. Throurhout this thezis each of
these calibrating compounds is refeorred to as "ealibrant®™, and each of
the phosphoms—fluorim oompounds, for which eppearance end ionization
potentials have been determined, is referred to as Munkmown®,

The determination of energy threcholds for frognentation proceasses
by electron impaet npethods, however, suffers the disadvantage that these
processes can sonetimes involve production of freguent ions with kinetie
energy or elecironie cf.‘zzcitation.‘ For only & fe?z examples (e.z. o* from
02 and ¥* froa 23'2%7) have such phenomena Leen ¢learly identified snd
stuliedi. However, cemparison'@ith threshold chia fros other methods
hes indieated that these factors moy not be very significant and that
ressomble thermochemical quantities may be derived from electron impect

threshold data.

8¢ Trrarimental

ippearance and ionization potentiesls were meam:med uging a Holel
13 902 spectroveter (Associated Flectricel Imdustries Ltd., London)
with on electron impact source (?3006) anl either an electron multiplier

€3

A , et v
or a pointillator/photormltiplier  ~ collector. All meapuremonts were

" earried out with the inctrument met to resolving power 1000 (107 walley
definition) with a tbgsp ourrent of 10MA and the ion repeller set at the

potential of the ifon chambers The electron beam energy sdjustment was

not automated, but wes monitored by & digitel wolimeter giving an asecurac
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of £0.01 eV in the range 0-50 eV.

Cwing to the great resctivity of the gagses to be measured, it wos
found necessary to take extra precautions in conditioning the inatrument
surfaces Lefore each deftermination. The inlet reserve.r systen and lon
eource were bakel ani purgel with acetic scid vapour for 36 hours.

The eystem wes then conlitioned further with successive eliquots of the
commowad {unkmomm) to be measurod.

For appearance end ionization potential determinations, e fresh
pasple of the {unlmown) gms wes aduitted to the reserwoir from e Lreik-
seal glacs empouvle, and sufficient calibrant gos (arzon or ecetone) wos
edlsd %é provide equol ion curreats of the calibrant snl unlmoun p akas
at a reference eleciron Yeam energy settinz. This reference setting
wvos usmally chosen as 50 evf@ but for pome mee@wmenta the setting
vaed wes uch lower (20 oV to0 20 eV) and ‘only about 15 oV above the
onset of the ion teinz monitored. The eollector mster resling wes then
normlisel to 1007 (Collector reading of 12,000 at the reference electron
bean energy settiz:g) and jorization efficiency éuwes were obtained by o
method similar to that of Lossing ef 21 59 ror normlisation st 50 e¥,
the eollector meter readinge wore recorded at 0.7 ¢¥ intervals fronm &
relative poalr heigzht of about 407 down to onset (collector reading
< 0.05% of the orizimal atundance), and this procedure was then repeated
et the saue veltage intervalas from onset back wp to about 407 abwndonce.

The mean walues of the collector readings for tha "lown™ and ™up" curves
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were then used to plot lonimstion efficiemy curves. The zie#emimtion
of each curve requirel 15 to 20 mirutes., The above procodure wos
adopted for both the ealibrant enl the unlmown ions, the two curves
being recorded comecutively; |

For normalisation at between 20 eV end 20 eV, the curms procedure was
adopted mus for normalisation at 50 eV, but readings were taken et 0.2 eV
intervals Letween the reference sloctron beanm energy setting and onset.
(From a relative peak height of 1097 to < 0.05% and from < 0.057 back to
1007).«

The purity of sanples waa confirmed by low reselution muss scons
prior to measurcoent of lonimatlon efficiency curves. These snoctra

121 = 4o &
were pimilar to those reported in the literasure, 1901 15%:159,160

Pe Totimntion gf Armonrenes Potentist fron Tonimntion TPFipierner onrvos

Figure 31 ghown a typi,csai jonization gffi iency curve (?5‘; fron
P.Fys Tormnlised et 50 év) » The portion A3 of thie curve is
approzimntely ez:pox:zmﬁtial 53 a result of the Noywellisn distribution
of electron energics in the eleciron beam. Above this Mexponential®™
region, there is ea approximately linecar reg:on (C), and this tails off
‘at higher electron beanm enex;giwza (2.

4 nunber of wethods hovse iseen used for obtaining ién:—ization and
appoarance potentials from ionination efficiency curves.-? 9,271,272
These methods may Le broodly classified into two groups. Ia the first
of these, each of the ionization effisiency curves (calibrant end unlmown)

is extrapolated individually back fo the voltage axis. The éimpleat
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FIGURE 31.

Collector Reading. (10000 at 50eV)

. 10001

Typical lonization Efficiency Curve.

5000
40001
30001

20600+

Nominal Electron Beam Energy.

16(eV) 18 |

20 22

a i§
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extrepoliation is where the eppearcnce éotentiez.l ig talken ag the
minitial brealk®™ in the lonization efflelency eurve, that is, the
woltoge at vhich the ion cwrrent is "first detected” (A in Pigure 31).
This, however, inwvolves tho tacit assumptlon that the iovization
efficlency curve intercepts the volisge axis at a finite angle,
whoreas the "exponential®™ louwer portion of the curve (AB in Pigure 21),
ig, in fact, aamﬁcﬁc to this exiz. This pethod was w.ed by
Stevenson anl Hippigﬂyj who f&md. that 1t wves not corpletely eatinfactory
gince considereble peygonnl judgenent woo involveld in the choice of the 7
initial brenl, and zleo sinecs greatest weight wos given to measurements
of least accuracy {i.e. near the appearance potemtial)s The clternative
in thig group of methods im to extronolate the "limear™ portion (I in
Pigure 31) of the ionization efficiency ecurve back to the volioge axis.

o 3

This mothod hos beon used with some success bty Voucht and by

. a8
Fefland and Lad,??s but has beon criticise:i.‘eg Llso it cammot be
76 ‘

LAl
expected to give results as precise” " 8o those given by the initial

break method or by the methods, given below, in the sccond group.
The second group of meihods involves the extropolation to the
voltage axis of the difference betwoen the unlmown and calibrant

ﬂ69

ionigation efficiency curves. Lossing gf ga" piet'te:l ionigation

efficioney curvos (mzmlieéd at 50 V) for a nunber of £oses in semie
logarithnie form (log. (collector reading) agnirst nonimal electrom beem
encrzy)s In the region below the 57 lewvel {below 51 of the original
peak hgight at 50 oV), these semiwlogerithmie plots are epproxinetely

linecar, corresponding to the Pexponential®™ portion of the ionisation
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efficioncy curves (43 in Pigure 31)« At and below the 1i level,
Lossing et &169 found that the curves wore porrllel to within the
error of mozourenent, with the ezception of the curves for T, and C0,s
Thup the difforence (on tha wvoltare scale) Letwoon the walmown and
calibrant curves at or bolow the 17 level coulld be taken a5 the
difforence between the sppearancs potontinls fer‘ the calibrant end the
wnlmown for those cases vhore @he curves were parallels This wmothod |
hes been froquently used for the interpretation of ionization efficiengy
ocwrves in order to evalunte c;ppoamee potentizls (e.g« Refe 277, 277),
e.nd;' in Mimzlar,v was wed for the estimation of the P-P bond
dissociation energy in sz A."’@, Emaéver,,'tha use of this mothod ia
inited to eases whore the ionization efliciency cwrves of tho colibrant
and wimown are parallels

tarrea” 2 Boo proposed & mothod by which the voltege difference
tetuocn the uwlmouwn anl calibrant cuwrvea caan be extrapelated to the
voltage axis without requiring that the two curvos should be purallel at
and Lolow the ¥} lovel. In this method, the icoisation cfficiency

curves for the wilmoun and calidrent ions eve plotted (colloctor resding

. egainst nominol eleciron beam encrgy) eo es to make parellel the

approximtely lineor portions of the curves (region DO in Figure 31).
This moy be achieved by sealingwup the colleclor readings for the curve
with the lower gradient by & fuctor ogual to the ratie of the gradients

of the two {celibrant snd unlmown) approzimstely limoar regions.
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Differences of wltage betwoen the two curves ( d V), for verious
colloctor readings (I), ere thon determined, ma & graph of JV |
egoinet I io then plo%te&. This graph is thea extrapsl a.’a'ed to zero
collector reading, and the extrepoleted velue of JV 1o té.ken as the
differonce betwoon the eppoorance potan*ial:a of the two ions.

. thrren found that. this vothod gave vory good results for the
ionieation poteatials of soveral gmsez (Xr, o, 0?, ﬁﬁ “79) end for the
appee.mnea potcmtiala of mﬂm’é and frogrment ions from CH 9 providod that
the ions wers of Bigh or moﬁemte r@lative abmmnce.h 4 However,
ccmzdemble d;f"ic&lty was found in epplying this mﬁhc& to ions of low

667)- In the estimotion

roletive aboundance {e.ge COF a.ma ¢* froa cH,
of the P~P bond discociation energy f;:z* P.Ci ;;'93” this mothod wus elso
found suceessﬁzl 'fcr. ﬂze imemretatioﬂ of the iqnizatiezx efficiency
curves for ions from 9613 and P 814. | |

2 wee rot found to be

In tha preamt work Loa.;mg;'s meﬁhod
a&eqmte for the m‘hemmtam oi' the 1oniaaticm efficiemy suwes
(mrzzalme& a.% 5& e‘&’) fcr fons from tha phoa:}hﬁm-—ﬂmmm c:om“om’is
etu&ie&. Cmpam:ma of the curves for the calibmnt e;néi m’amm shwed
that they were mt par:sllel at or bolow the 1”’ Xeval. Sone CUTVOS Wore,
themi‘om, mrmliae& a’e lower p@teﬁtiale {20 to 30 e‘J} in en e.*.;temt to
ebwin pemziel curves for the chnbrem and unimown &% and belou the 14

lavel. _ I}wever this at uome was nol autxceesm,‘elthou@ the curves
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ovtained deviated from perallelism to a leszer extent.
149

Due to the imapplicability of losainz's method, é 21l appearance
and ionization potentiels reported in this work have been estimated
fron the ionigation efficiency curveé bty a2 wethod sinmilar to that of
&Earrem.%?’ 219 Bowever, Harren's méthoé. z;equirea measurenents 'ef the
"$2il™ of the ionisation efficiency curves (Mexponential® region A3
in Figure 31) and this must inevitably lezd to inacouracies. These
may erise from three main factors, of which the first is the poor
signal-to-noise ratioc at very low ion currenis (collector readings < 19,
or belew the 0.17 level), Secondly, any seéro erro;:- in the eollector
readings will markelly effect these readings near ongets In the
present work, the gero setiing wos made imnediately prior to the
measurenent of each ionization efficiency curve, but fluctuations in the
*lark current®™ during meosurenents may s51ill lead to iraccuracies,
Lastly, inaccuracies mé:; be cansed by processes, octher than that being
congidered, giving rise to the ion being measured (or en ion of the sanme
m/e value) and with a lower mppearance potenti,alg Such processes
elonmte the "teils™ of the ionization efficiency curves, es hes been
ohserved for some halogen compounds of 6273 and Si,g'm‘ where the "tailg®
were attributed to a emall number of ions being produced by thermal
dissccintion and not to an impurity.

The method used in the preszent work wes adopted in an attempt to
minimise these inzccuracies. The experimental icnizatién efficiency

curves wers plotted (as in Figure 31) for both the unlmown end calibrant
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ionse The ratio of the gradients of the "linear® portions of these two
curves (BC in Figure 31) was then taken as the ”%x‘ie,rrén factor.21?  The
value of this factor was characteristically velucen 1.0 and 3.0. The
experizental collector readings i‘br the curve with the lower slope were
then multiplied by the Miarren factor” to make the linear portions of
the two ourves parallel,

The errors due to the poor signal-to-roise ratio at 1§w ion ourrecnts
should be prandom, and can therefore be miﬁisxised by fitting the experie
mental points to & smooth curve. For this purpose the epproximately
linear semia—loi;a.rithmic plots (log. (collector reading) agminst rominal
electron bean ezzer@y) ere nore ameuable than the approximately exponentizl
tails of the icnization efficiency curves. ‘I‘hns‘ thé experimental points
for each of the ionization éfﬁciency ocurves from just above the 107 level

down to onset (typically 15 to 20 points from about 4 eV above onset down

to onset) were fitted by the method of least squares to a pawéi- series

E

polynominal of the i’om: »
(nominal electron teaam energy) = E , (an[leg. (collector reading)™]).
. n=o :

It was found that 5 torms (n = 4 in sbove equation) were sufficient to

give a good fit, the £ifth coefficient (3'4) teing typically very small,

The standard deviation of these fite {calculated as (Z A:) [ (k1) ,
mel

whers &m is the deviation of the m*'th point from the smooth curve messured

parallel to the voltase axis and k is the number of points fitted) was

typically about 2.5 x 1-0""3 eVe
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The method used for the comparison of the curves for the calibrant
and unkunown was the same as that used by %.’arren,%?"??g and the
differences in voltage ({ V) between the smooth fittel curves for the
calibrant and un'mown for various collector realings(l) weve determined.
For this comparison, only the lower poz?tions of the curves are of
interest, and thus the differences (4 V) were calculated from the
equations for the two smooth fitted curves for I walues of I equally
spaced from a collector reading of 4 %o one of 1 (from 0.047 level
to 1.27 level)s The values of JV were then plotted against I and
aldo fitted to & 3 ternm polynonial of the forms

V= Z [a " (collector reading)®le The stendard deviation of

n=0

these fits (calculated &s above) was typically of the order of 2 x 10"3 eV,
Iiost of the curves deviated very litile from linearity (third coefficient,
&,y Very smll) and ghowed little change in JV with changing I. In
these cases, the extrapolated value of SV for a collector resding of
gero wad taken as the ciifference between the @ppearance potentials of the
unknown and calibrant ions.

A Fortran IV computer progranm was written esllowing the appearance
* potentials to be computed, (using the University of London CeD.C. €600
computer) ¢ fron the ‘ionisation efficiency ourves for the calibrant and
the unknown by the above procedure. The “iarren factors®, howevei-,

were ostimnted manually. ,



209

~ In some cases the plots of IV azminst I chowed marked deviations
from linearity, soue plots showing definite tailing of the curves at
low collector readings (low I). Ghile the extrapolation 4o sero
collector reading of near linear plots of JV scminst I is ma.soizable,
" the extrapolation of curves deviating more narkedly from linecarity is
liable to objection.z?g Three different couses may be distinguished,
as shown in Figure 32. For the first pair of curves (1a, t), & poor
choice of "uarren factor” hos failed to make the "linear" portions of
the ionization efficiency curves {calibrant and unlnown) parellel. A
few of the jonigation efficiency curves showed no definite "linear™
region, end personal julgement was required in order to obtain a
reasonable estimate of the Tiarren factor", The effect on the plots of
dV against I of a poor choice of “iarren factor® is shown in Figure 32,
case 1b, ' ‘ o

In the second case, a gero error in the collector readings for one
of the ionization efficiency curves oauseé a near 1incar plot of dV
egainet 1 %o tail sharply at low I. The last pair of curves in
Figure 32 {3a, b) show the effect of an ion, éf the same m/e walue, |
being formed by aoma.proceas having a lower appeara.rxcé potential thaa
that being studied, This type of behaviour is expected if there are
impurities in the sample {either originslly or caused by reaction at the
instrument surfeces) or if therml dissociation of the éaaple ig not
regligitle, The form of the plots of 'V agzinst I is similar to that
coused by a zero error (case 2), but these two cases can ususlly be

distinguished.
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FIGURE 32.

Causes of Non-linear dV versus |
Plots . L | |
Case 1.a. :L

I 1

eV JV

Case 2.a. -

_____.__.____:.l.&_. e —————

Case 3.a. I_b_
! UNKNOWN = =~—— ‘ I 1

IMPURITY ===~
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For curves of the type shown in Case 1, Figure 32, suitable g&justment
of the "iarren fuctor” and recalculation gives a JV versus I plot that is
lincar and which shows little change in dV with changing I. Trial cale
culations showed that similar changes in the “iarren factor” would not
give "near iinear" JV versus I plots for pairs of icnization efficiency
curves into one of which a deliberate gero error had been introduced. |
In the present work, snﬁ.ll adjustnents in the "Harren factors™ employed
in the cglcuiations were only required in tuo casesa.

For curves of the type showa in Cese 2 (Fn_:gmre 12), suitadle adjustment
of the experimental points for one of the ionization efficienéy curves by
adlition (or subtraction) of a comstant (zero error constant) to the

| ccllector reading will produce a SV versus I plot of the tyﬁe reguired.
For theme cases, the relative zero error betwoen the calilrant and unknown
curves is much more important than the sbsolute zero error for each curve.
Thus if the gero error is the same {in magmitude and sign) for both curved,
the plot of 4V versus I will still be linear, and the error in the
difference between the appearnnce potentials (taken as dV at I = 0) will
be negligidle if J V is almost constant with chzmging I. The absolute
value of the gero error for each ioniration efficiaﬁcyrcurve ooy o_nly be |
eatimated by ascuning that the "tails®™ of the ionization efficiency curves
should bve striectly exponential; Thus comparison, near ozaéet. of the
experimental jonization efficiency curves with a striéuy exponential curve
{or for semi-logarithmic plots, comparison with a straight line) will give
en indication of the absolute value of the gero error, Using a separate

computer program, the ionization efficiency semie-logerithnic plots for the
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mﬁmwn were conpared with a streight line developed from the fitted

curve for tho calibrant by moking the 3rd, 4th ani Sth coefficients of

this polynomial equal to zero.. Successive calcoulations using zero

factors from 43 t0 ~3 in unit steps applied to the unknown curve allowed
the 4V versus I plets for each of these gero factors to be computed and
compareds These calculations wore repeafed, comparing the calibrant senie |
logarithnio plotas with etreight lires developed from the urﬁmown fitted
polynonﬁials. From observations of the changes in fhe 4V versua I plots
with changes in gero factor, and in partioular of the way in which the
curves tailed st low I, it wos possitle to estimate the probable gero error
for cach curves Zero error constants found in thie way were in the range
+1 to =2 (zero error cons%ant.gg@ﬁ'ﬁo erperimental collector realings for
correction’.

Plots of T versus I, of the ty@e ghown in Case 3, Figure 32, e.re
caused by an "impuriﬁ" ion '(either’the game ion as being obeerved, but
fcme-&' by a diffeéenf process such as then*aél disac;ciétion., cr a1 iom of the
sane m/e formed from an impurity). there this effect is very small, the
reculting 4V versus I ploté my not be distinguisheble from curves of the
type Bhom in Cose 2 (due to zero errqr). However, i‘of such small |
%impurity® ion cm‘rents.‘ the epplication of a rero error constant (negative
in senoe defiuei ebove) equal f:o the ‘icn ourrent of the "impurity® ion et
the appearance potential of the unlmown (or ealibrmt) ion, provides
exactly the correction requireds It waa felt that some of the curves,
that were made linear by epplication 62 a gero error éonstant, m been

corrected in this way for very cmall "impurity™ ion currents ({azimum
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contribution from "impurity” ion, at appecrance potential of ion being
studied would be in these cases < 2 colleotor units)s Ia ceses
where the contribution from the "impurity™ ion is grezter tﬁan thet above,
but 8till small (up to sbout 20 oollector units), ertrapolation of the
straight portién of the SV versua I curve {es shown by broken line in
Case 3ub, Figure 32) will give a velue of JV at zero I which can be
taken as the difference in the eppearance potentiale. This introduces
only a very suall, and probably insignificant error;, and this extrow
polation was only employed for one pexir' of ionization efficiency curves
for vhich the JV versus I plot tailed at I <16 (This réeult iz marked

in Table 4R with an asterisk).

e Reoulta smd Calenlstions

The experimental results for the eppoarance and ionization
potentials measuwred are éiven in *I‘a.bie 12, end the proposed mechanisms
for the formation of the fragment lons are given ixf; Figurg 33. In order
to estimate thé ionigation potential of the FPy ® radical, it was necessary
to make certain assuuptions concemiag the FF,~X bonl dismocistion energies
V(X eF, Iandk). For FFy end PF,H, there are no experimental data for
the bond dissociation energies‘, end the mean bond ecnergies for Pﬁ’3
(calculated from li_te%:atura values for éﬁgg@“g)),‘%s _&E;(P(g))m.i and
asg(f'(g))gﬂg sea Part 2, Section 1o of this thesis) sad for PL, 23 pave
been useif.: Although the mean bond energy in PI3 could be uzed &8 81
approxixintion for D(?E‘e-‘l) , the first P-I btond aissociatiqn energy for
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PUSULTS FOM APPEASATOS AND JOITIZATION POTDNTIALS
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Run| Ton | Parent |Calibrart® [Mormelised| dV Appoarancg o
Tos Kolecule at ., [at ID Potential” [Mean]
(eV) (em)d (em)d |
1 a;,; A Ar 50 | =491 10.34;
2 | =, |oF, Ar 21 |=2.753 | 10.902
» 2,, £ : ;[1{:.90(1’0.07)]
3| PR, (PR, | &r 50 [T 10.9753-
2 r«:v; AN Ar 20 |=4.26 | 10.92)
*
5 | pr e r Ar 50 | ~Ge522 9.:3333
| ‘22“4* Z4 0 [9.31(20.07)]
6 P L (P, Ar 27 ~£:385 | 94375
rr,* |br, Acctone 50 |+3.773 '13.5.533
8 mae"' PPy Ar 50 ~2.230 13.539;{13.52(30.95)]
g PF; Py Ar 50 | -24196 | 134562
0 |t | er, Acetone 50 [#1.795 | 11475
11|} Ar 50 | =4e122 | 11,637
12 | Fr,* PPy Ar 50 |~4.060 | 11.710
13 | rr | Pmy Ar 50 |=4.033 | 11.720)
11 m; Fr,1 i 50 [=4977 | 1,733
15 rgz“* Fr,t Ar 50  [~6.155 | 9.€05
16 | .Y |PPE | Acetone 50 +2.075 | 11.755)
2+ . - ;[11.653(1 0.09)]
17 | e, |PrH Ar 50 | =44156 | 11.604 |

/ centinued
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A5 13 {contimed)
L . .
omm|  Ton | Parent | Calibrant®|Tormalised 4V : A'mcamnce o
0. Tolecule .ot 4 |et Id Poteat‘al {Hieen] i
- {eV) (e)™ | (em)d s
= " ; |
1% PR ET | Pr,H Acetone 50 |+0.790 |10.470 Yy aana
. - i [10.c6(20.01) ]
12 |pe g’ |Prm Ar 50 «54309 30.451 _ 5
o (cx,), ot (en) o) ar 50 ~5.773 19-;?7)
,, R [10.00. o*)]
21 | {cm 3) Co* (cz:z3)?ca It o3 «5e734 ‘1‘\ 07¢ i
£2 06}26 06136 Ar b E-é.f i t:).fn..s | ;
o i ; o~ | & + !
SR P [ Ar i 26 %'6'?00' 59.5;3{ W52 (uo.m)},é
A + : ez g ey Ll an i
B | ! i
&« Cuolilbrant curves fors (Ar) Ar > art :
(Acetonc) CH,.CO.CH, ==> CH,.C0.CH,*
3" 3 3 3
be Calculatel using litersture velues for ionization potentials of
AL ) e 3rTa ' ' :
&,.,76 end Acetone.“?é
ce Limits, given in brachkets after the nexa valuos for the Appearance
Potentisls mro tho spread of the erperimental ‘reaalﬁs.
R 1=V = 93.0639 koals : 960&..'70 kT
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F IGUF?F 33. | | |
Proposed Mechanisms and Thgrmodynam )

Cycles for Formation of Fraqment lom
R F,——PE +PE-+e AL 21090 eV

D(F,P- PF\RJ /'7 = 2515 keal.molé’
7 | |
| 2 Pk |

s

—" e —

A + A, =1352 eV
PR ——>PR+F-+e = 3117 keal.mole”
D(EP-F) = 119:39 kcal.mole.

D(FP—F)l 7 .
I .‘.»I=192-3 kca}.mole.
Pi’ +F | |

- A3 + ‘ -10 78 eV -
PEI——CPFE+ I +e|  =2487 keal.mole”
D(P-1) | 7 D(F, P-1)=52 kcal.mole’’
\% / | 121967 kecal.mole’’
- PR+ I' -
A4-11 68eV
- PR H——-DPF + He+e| "-2693 keal.molel'
D(FP-H)l /'7 | DEP-H)=77 keal.mole,' -
I -1
- 1=192:3 kcal.mole.
P%+H' o . :
Wenghted(accordmg t number of readlngs per | ﬂ
parent molecule) Mean Value of I (LR, ) = 193kcal. mole

- D(EP-PE) = 58 kcal. mole”'
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TATLE 19

SUTANT OF BTRULTS Patl TIrOTho TTPACT STMITTS

Ion’zation Potential of IF,+ radical (using romults fron ?Fa)a’ =

19744 kealooole
{using results for I’Fpl)b -

136,7 kcal ole !

{using results for 1"».""211)‘= ”

19244 koal.mole !

Tonization Potential of PF,* radicel (weighted maa)d = 193 keal.mole !

e P ) F = 53 keal.role™!

LA

A . L@ . . ,
onization Pobential® ef: PF, = 9.31 &7 = 213 keal.mole™"
i

PPy = 11,62 & = 767 Feal.ole™

t

3
LA R 9.63 oV = 729 esl.mole

PrE = 10,46 6F = 241 kealumole !

Zoaization Potansial® ofs (C1;),00 = 19.00 o7 = 231 keal.zole™ "

[9.69 20,09 &v1®

Celly = 9-57 oF = 270 beal.mole”

. IR
9.247 £ 0.003 v}

" 8e Using I:(%’?-F) = 1194 I:ml.mule%
1260

100

b,  Using D(F.~I) = 57 kool.cole
¢. Using PV} = 77 keal.uole
. d&. TDstimeted error limits (47, =-17) keal.mole !

e. Totimated evror limits {(40.1, ~0.2)eV; (f?,-»?)!{va},.mie"‘

£. tstimated crror limits (2 9) keal.mole™!
g. Values given in bynckets cre best liternture walues.
‘ 1

276

1eV a3 D09 keeluauole
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P1[D(P1,~I) = 52 keal.nole '] has been estimted fron experimentol
electron impact atudiem,géq and this wog considered to be a better
epproximation for })(PFQsI) + Using these velues in the thermodynsnmio
cycles shown in Pigure 13, together with the results for the appesrance
potenticls for the PT,’ ion from FFys PP,T and Pbgﬁ, the ionization
potential of the PF,eradical has been estimated as 193 keal.mole™! (see
Pigure 33)s Using this valus in the thernodymamic cyele for P,
(Cycle 13 Figure 33), the PP bomd diaacciaﬁon enerzy in P.‘,Fd was
estizated as 53 keal.-mole"‘n |

These results tosether with the results for tho ionisation potentiala
of the phosphorus~flucrine molecules studied, are given in Table 12,
The results tobtained for the ionization potentiale of acetone and benéem
{meooured s a check on the ezperimontal end caleulationsl methoda used

in the present work) are also 'g'lvem in Tables 17 and 19.
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Digonngion

The estimated value of 53 kosl.mole ! for the P-P tond dissociation
energy in P2F4 iz, a9 expected, much greater than the I=I bond
dissociation enorgy in HF, (70,3 !«:ca.l.mole“’) 11,27 (sce Part 22
Soction 2§ Introduction)s This value moy elso be compared with
previous estimates uf‘PwP bond dissociation amrgieé for the diphosphines
PE(GQHa) 4233 (%6 kcal.mo}.e*?), Pgﬂf?"s (14 kcahmole’%, Pyl ;@ (€5 to
73 koaloole™ V) and P01 dQM (52 to 63 kealemole™ '), These litorature
values show @ general decrezee inm D(P-P) with increasing electronegativity
of tho substituent groups, end thus the value of D(F,P-FT,) is expected to
be less then 3(0122"-?012). Sandoval et @1234 estimated the value of
Z)(GIQP-FCIQ) as 73 kcal.mole" from eppearance potential measurements on
the ?Cl;' ion from Pm3 and PQCI 4 and by mamiﬁg' that the literature
valuegm [B(p=C1) = 78 koal.mle"‘} wight be taken as equal to D(PCIQ—CI).
This method is exactly émzogom to that by which n(z«*gz’-wg;) has been
estizated in the present work inliceting that the walue of D(F,P-PT,)
should be compored with & valua of D(CLP-PCL,) of 73 kealwmole™ s  Thus
the wvalue of B(E‘QP-FFQ) is, 85 was expeoted, less then !3(912?-?012).

1:8‘1*0:3

Sandoral gt 217>* also estimted D(CL,P-PCL,) s 52 kealmole™

appearance pdtemial mea.sureménts on the ?Gl* jien from PCI3 and Pacl 4'
(using sace epproximation ss above for B(PClac-CI) « In view of the greater
wmcertainty in essigning the d.:isaociat,ion processes for the production of
the FCJ.‘ iona from pc13 and P2CI 2t end since there id a greater possibility
of ezcess kinetic energy being essocisted with the fragments produced

(greater nunber of fragments that for PC‘l; fronm PGIB and chl 4) s the
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preacnt author considers that the former estimate of T2 kcal.mla'1 for
D(C1,P-PC1,) is the more reliable.
It is difficult to malke reliable estimntes for the probable error

imits essociated with the appearance potential meoasurements. Electron
impact techniques comot be expected to give results o3 acourats
es those fronm spectromcopy (identification of a molecular Rydberg ecries)
or from photoionization. Thus frogmentation threshold energies from
electron impect studies mny cometines be up to 0.5 oV higher than those
obtainod from photoionization studies. Tor this reason, error limits
estimated from the reproducibility of eleciron impect mensurements

(evz. twico the standard deviation of the mean of tho results) are rot
satisfactory, since systematie errors are then neglected.

e spread of the yesults, shown in Tatle 1.8, indicaten that these
resulte were reproducitle to within about X041 ev. However, the .
results for tho ionization potentizls of acetome end benzene (bota
obtained using Ar ea colibrant) ere higher than literaturs values
obtained by photoionization (and spectroscopy in the case of benzone),
Thus for the ionization potentisl of mcetene, the value of 10,00 eV
obtained in the present work i ebout 0.3 eV greater than the best
literature values (9.9 * 0,01 eV) 276 gnd the results obtained for benseno
in the presezit work (9.52 %) are also about 0.3 eV higher than the beot
literature walues (9.247 : 0,095 eV) ’376 However, the rogultas oﬁtﬁinei
in this work ere compatible with literature walues for the ionization

potentiala for both of these molecules obiained by eleciron impact
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276

mecsurenents. Thus, elthough the probable random error limits for
the ionigation end sppearance potentials given in Tables 13 and 19 are
ha O.1 eV, there is &ls0o a probable systematic error of up to 0.3 oV,

The value given in Teble 13 for the ionization potentizl of the
P{e‘g' redical was calculated from the measured appearance potentisls for
the PF;‘ ion fron PF2X(X = P, I and H) using essumed walues for
D(FFQ-J{), and these aéaw:rptiom mst introduce a further errors The
three resulta obtzained from measurements on PE‘3. FF'QI and P‘Pga are,
howsver, in good agreement, indicating that the values chosen for
E(PI:"E-X) aere mutually consistente Mo literature data was found for
dissociation energies for eny of these compounds. Some indication of
the error invelved in thie assumption for E’FB Yy however. be obtained
by comparison with data for @3,233 for which IJ(E?Q-F) < §(Mﬂ)m
by 8 kes,l.mcleq. For FFQH, it was also assumed that 3(?1?2—5) -
E(P)py » Tt has been shown that D(P-E)py . o\ = ﬁ(PH)X,EB,‘?gS
but tha% B(Pﬁg-ﬁ) > E(m)m ' by about 7 keal mole~ 1,234 inally for
Fr,I, it was sssumed that n?we—x) = D(PI,~1), and data for the PI,
molecule shows that 3(912-1»%?(?1)?13 by ebout 2 koalumole s

In view of the close épproximtiom of the mean bond energies (E)
to the first dissociation energies for the sbove Croup V trihalides,
the‘assumptiom made in the calculations of the fonizztion potential of
the F¥,* m&icai eppear reasonables and the error introduced in these

essumption bag been estimated as = 5 keal.mple".

Two wain methods have Yeen used for the dctermination of bond

dissocintion energies fronm electron impect datae. These have been called



222

the direct and indirect methocis.?'gs The direct method involves taking
the difference between an sppearance potential ard gn ionizatiozi potentials
(4 = appearance potential)

(4Z » mninimum energy for process)

RY-B ----> R'* +3Bee; A 245, (1

R > RV 4 8 ;- A?> 1(z*) . : ' (2)
(D) W a3, -I(RDS &, -4,

Process (2) involves the removasl of a non-bonding electron from the
radical RY, end thus it is reasonable to ascume that 4, = 1(z").
Hewéver, ‘it is not reasonable to ascune that By = L340 Thus D(r*~B)
estimated an (A1 - A‘?) will only be an upper limit for this bond

. dissociation energy. ' R

| The inlirect method 'inwlves taking the difference between tvo

appearance potentials for similar processess

BB e—=> R™4Bee: A, M, .. . ()
B(RIC) ——> K' 4+ C ;i OO o . (s)

Fqn (€)e  D(R™-D) = 6%, = (3, + L5, S Ay = A, + 4T,

-The eguality 915,;;3 in equation {€) holds for sither of two conditionsi
(1) that AB - &3 and A p =AE 4,6r'(2)that the appearance potentials |

(33 and A.ﬁ) exceel the minimum energies for the processes (&33 and ar-‘:)
by the gsa9 enouwnt. Hipple and Stevenson‘??‘ﬁ showel that appearance
potentials for similar processes were likely o conform with the second

- of the sbove conditions (AB ~ AL, = A, - AT,).
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In the present work, the indirect method has been used for the
estimation of B(E‘EP—FF?) using the eppearance potentials of the P'“,,"'
ion from P,F 4 @nd froa Ir X (%=F, I, axd H). It therefors seceus
reasonable 10 expect that the gystemstie errora in the eppearance
potentials (froa P,F, end from P?",;,X) were equal. On this basis, the
error in the estimateld velue for 73(3'2?4@??) ig only due to the randonm

1

. . . + -
errors in the appearance potentials {- ? keal.mele ' for each oppearance

potentiall and 4o the erver introduced in the approximatism male for

B(rr,=%) {25 kealumole™'].  The probeble error limits for B(P,P-TT,)
have therefore Lesn estimated s & 9 chal;mole"1,

o resulin have beeon reported in ths litemiure for the ionigation
potontials of P?_Fé. PFQI, and P*‘:,B, but thers have been three reports |
concerning the jonization potentisl of ‘:"Fs. Price ot f_’:? 2%
estimated this ionization potential from photon impoot measurements es
2.71 eV, about 2 eV lower than the electron impeot result obtained in
the prosent work (11.64 e¥). MNore recenily Dugger of 3,3587 have
reported ike value of 1145 (2 0.1) &V, in excellent sgreement (to well
within experimental error) with the result obtained in the present worke.

223
Green et el

—

have reporteﬁ the value of 12.3 eV o’bfaineﬁ from photo~-
electron speotroscopy (this value is almost 0.7 eV higher than thet
reported in the present work). Whils the egreement of the result
reported in this work (11.64 eV) is in excellent agreement with the valus
of mmr et g}‘?g? (H 5 eY) also obtained from electron impact studies,

206, 27
the disagreement with the two divergent photon impoet measurements” 6,258
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{which should theoretically be capatle of more accurate results than
electron impact measuremeéts) cannot be eyplaimed by the prescent

auvthor,.
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PART 2¢ 8ICTIOT 3.

FXPERTTNTA

B Prenorntionn of Z’homhomm-«??;uori,na Comounls

The symthesis of PPQI was in three stogest

1e mgzm@ POL, =)  PE,IPCL, 4 Tt MHLICL.

3
2 EtQMIQ + 210D w—-d mam;_, + 2%Cle

2. m‘?mz b OHT v ng + E‘bel‘m. ‘A&.ﬂ

Diethylaminolichlorophosphine was prepared as outlined by Koeolapoff‘""Q

end by Burg and Slota” by slow addition of phosphorus trichloride
(Reagent grade; BeDels Ltd., Poole) to an etherial solution of
diethylamine (Reagent gradej BeDeHs Ltdd. Diethylaminodichlorow
phosvhine wes separated from the solid Etgm.ml by ether extraction.
The sther was éistillgd off and the crule product purified by
distillation mdei veduced pressure [Frection collecteds B Pte 65°C-
€3° ot 8 torry Tield (vased om FC1,) = 807,

© In the mecont stage, dlethylaninodichlerophoophine was fluorinnted
by the method given by Qohmﬁtslerzg 1
dried W (*Analarts B.DJHe Ltd.) in sulpholane (tetramethylene

by slow addition to a puspension of

sulphone; FKoch-Light laboratories Ltde, Colnbroo’t)s The yield of this
reaction (207) weo initislly lowor than that obtained by Schmtzler (727).
Howover, & greatly improved yield (757) was obtained by continuous

renoval of product by distillstion at & pressure of 100 torr. The
product wae purified by further distillation wder reduced prossure
[Fraction collecteds Be Pte £6°C = £3°C 2t 100 torr (literctures®?!

B. Pte o 47°C e 100 torr)e TVield = 75%]s The ideatity of the
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product was confirmed by comparison of the infrared speotrun (600 cm"’

to 4000 caV, Hodel 337 Crating Tnfrared Spectrophotometer, Porkin-flmer
Ltd,, Desconsficld) with that reported in tho literature. ?!

F?QI ws propared aa oum:msa by Pavry et a1.156”57 T™e use of
disthyl = rather than dimethylaminodifluorophosphine facilitated
separation of PF21 from unreacted starting meterials  Anhydrous HI

wes prépared as ciescfibad by Doffmen and mmmwe

by reaction of
iodine with tetrehyironsphthalenc {Rengont grade; BeDeHe Lide)s
W‘QI wos purified by high vwoouun frep-to-trop dietillationg being
retained at ~126°C, while FF, peosed through to & trap ut —196°Ca
Impuritiea less voletile than Pr, (T4, 1P, and possibly stj were
retained in a trap st -0°C, Althouch WQI only monentarily comne into
contact with vaouun grease o remw*i;g éhe Preats) frm the reaction vessel,
it wos found that initial woe of Silicone High Vacuum Greose (mm
High Vecuan Ltd., C“awlef) cww-e»} an wnosn splained infraved hand to
appear at 1140 en * In a1l subseguent preparations this wos avoided
by using Zel-p G’“easa (d:inneaota Hining aed lMamufacturing Company) «
The above metho:l of purification af Fz?-gx ws 2ot sble to separate

PE‘?f from wnreactod HI. Use of excens E‘b,,wz in the preparation of
PE‘QI reduced the pmount of HT left wireacted, but traces of this

qpurity still reminad. P‘FQI, fraa of HX. was therefore obisined by
mx:ng impure WEI with PP, (vide infra) followed by high-vacuum trap-
$omtesn diztillation o vemove FPH and residual PaF.cz (vide infra).
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The PFB’ forned a8 a wecondary product in the preparation of PE!‘QI
Tt fetaimd, end required no further purification.

2’2)?‘£3 wos prepared by the method given by Rudolph gt 5;3_._15 ? from the
veaction of PE’?I with Hge |

°PPLI + 2 H mresions) FoP-PFy + HzoIne
Purification of ,PZFKZ wvas hanpered by smell smounts of P‘I‘-‘QI aad of other
impurities. These were PPy {from the decomposition of Pr,T and P¥ ./3,)
and PF,H (probably from resction of HI with PQF;%”%)&&&, to 2 much
smaller extenf:, ¥, P-0-FT, (source vnimown)s  These impurities were
geparated from ?‘23"’& end the small amount of wzz, and each obtained pure
by high-vacuun distillation through traps held at -126°C, «13¢°C, -160%
é.ﬂd ~196°C e« Only ?‘2? 4 cm& PE‘Z?I wore retained at =126°C. FEPJ)-PI:‘Q s
retained at =136°C, PR H at ~160°C and PF, et ~196°Cs  The identity and
purity of the fractions retained at -136°C, -516006 and =196°¢ wae confirmed
by infra-red spectre (400 cu™! to 4000 om ',  odel 337, Perkin-Llmer Ltd.)
by comparison with literature data {References 159, 153 end see Part 23
Section 1b of this thesis)e The purity of the PF, and PFH was also
confirmed by their mass spectra (Part 23 Section ). |

o completely satisfacmry wothod was f‘omd for the separation of

szzi fron the small Pf‘azympurity. Repeated fractionation of the -19606
fméti‘ozé of the impure ?25*4 through & trap at «112°C to one st -19600,
. however, retained most of the PF,T impurity et =112°C as shown by the infra~
red and mass spectra of the PEZF@ cbtaméd by this methed (Part 23 Section 14

and fa)e Some P,F, was, however, lost by this method, being retained st
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~112°C,  Alternstively, following deliberate mixing of PP, with PP,T
to ré:mve the HI impurity from the latter, repeated fractionation of the
~112°C fraction through a trap et —112°C to one at ~196°C produced virtually
pure PFzI es the -112%C fraction, but some sza: was lost,; passing through
the ~112°C trap to the one at -196°C,

PF‘Z,I, PQF 2 and PF?H wors gtored seperately in previouwsly evacuateld

vessels atl ~196°G»

be Vibrational Bnectra,

(i) Infrored

' t0 375 on™ ) wee covered

~ The mid infrarel region (4000 on™
wing o Efiodei SP 100 Spectrophotometer (Unicam Instruments, Cambridze).
This 1113’&1::&&::1?; was éalibrated using liquid indene containingmwall amounts
of camphor and oycloherane, 7>'°?* i region of the epectrun of PF,
wad &lso recorded using & Hodel SP1200 S@ectmpkozometar (Unicam Instruments,

Cambridge) fitted with a chart expansion acceszory, end calibrated using a

polystyrene £ilm. ihere acourate frequencies were not required, a Model 337

Spectrophotometer (Peritin~Elmer Ltd., Beaconsficld) wee used allowing
gpectra ’to be recorded in a very short time. This spéed wes a&vgntageous
t&hen studying unatable gaise.es (PFQI ani 'PEFA% . | This instruront wos also
used .fer adjustnent of the préssurea of gases in the eail 'béfora use with
the former two instruments (SP 100 and SP 1200),

A 10 cme path-lensth cell wam used throushout for gas-phasce spe}etra
in this regions EBr plates were originally sealed onte the glaws body of
the cell using Cold-Cure Silagtomer 9161 (Hopkin and Williams Lid.s Chadwell
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Beath, Essex)s This white silicone-rubtber, however, turned brown on
e:s:yoéura to PF’QI. znd for this compound épeetra. were also recorded with
the plates scaled using Picien thx (Ddwerds High Vacuum L4d., Crawley).
Spectra of PFzI and ?21?‘ . in the gelid-~state were otiained by epraying
these goses on to & liguid-nitrogen—cocled Csl plate in vacuos The
main features cf the low temperature t:gil used ere chown in Pigure 4.

The region 420 ca™! to 190 ca

of the ges~phase infrared spectrun of
FI? I was exanined using 2 far infroered grating spectrometer comsiructed

in the Deporiment. 4 10 cm. path-lengih coll wns used with polyethylene
windows eealed to the glacs body of the cell using Picien liax.

The region 420 cu ' to 190 cm"'1

of the gms-~phase infrared epectrum
of W I ws covered ua.ng a fer-infrared interferor"etrie spectroneter
(*Cube™ Iaterfero":eter, Gruth ?arsow/.a.P.L.)[‘!OO Cauge Bea.tmplitter].
This instrument wag adapied to toke a 110 cns path-length gas cell with
polyethylene windows, and was also weed in "!:‘he attempt to record the gagw
phase infrared spectm cf P ; over the range £00 ;z;i“' t?, 0 mf" (using a
2, Gaupe Beam«-slaiitte:g see Part 2§ Section 13).

(44) ZPoren
Ali Rax@n spectra were recorded using & Cary 81 Resan Spectrow-
meter (Cary Instrunents, Subsidiary of Varian, California) detecting 1%0°
 poattered rodietion. 4 Howlio mer[csseag}[% mw] {Spectra~Physicn) wes
wed for exoitation. N o
Solid-state Ranen émctm of ?FEI and P,F, wers obtained using en

svacusted low-tempersture cali designed by the present author, and



FIGURE 34 o 0
Low-temperature Infrared Cell .
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FIGURE 35.

Low-temperature Raman Cell.
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‘conatructed in the Department. The main fextures of this cvell are
shown in Figure 35, A jet of the gaoeous compownd wes allowed to
Cdmpinge on & 'apot caélecl by lliqui&—-mtmmm. the spot woe thén rotated
. pefore pl&cing the cell in the sample compariment of tho Rsmon
spectmmter;‘- o | o '

The liguid-phage Rasan gpectrun of F 21 ey obtained by allom’.bg

PIPQI to nelt while sealed in & copillary tube.
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yagHye 11

A voown line was designed and fabricated from *Pyroxt glass to
ellow the prepamration, purificniion, manipulation an? storage of the
phosphormis~-fluorine and nitmgmr—fluoriﬁe gésea. This apparatus is
showa in Pigure 36.

The yringipzl featm of this vacuum line wes the use of grease-froe
high~vacuum stopeocks for the sections of thé live wsed for purification
and storages This allowed the gnses to be monipulated whils contocting
only YPyrex® glass and PeoTelulBss  Initially, groase-fres stopeocks mede |
commereially ty Jo Young (Scientific) Glassware Lid., Acton, were used,
but were found inadequnte, despite peveral small desigm modifications
by the mavufacturerss The glass-pistons, Pitted with PJT.FeBe *0? rings
{in & later modificotion e Viton A *0* ring was used to back the voouwmieto=
atnoophere PaT.l.0e OV rmu seal), were founi to te vulnerable %o
fractire, especially st the cousirictions incorporated for the scating of
+he *OY rinss. ‘The above siopcocks were therefore replaced by *Uniformt
Towgrease High=vacuun stopoooks (Glass Precision Ingineering Ltd.,

Hewel Hempstead)s These stopoocks bhad a 20lid PeTeF.Es piston, using $wo
P.‘I’.?.E. rings to maintain the vacuun-to-aimosphere peal, and were found
very sétisfa.ctory uader normel operating conlitions. PBowever, zt lower
fempe;mmrea (1665 thon sbout 20°C), it ws found that the vecuun-to=
strosphere peal wos not maintaineds It wop therefore, nocessary to modify
a fow of these stopooocks in order to meintain thia peal at lower

terporatures. This wos especially important for the stopoocks that were
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FIGURE 37
Maodified 'Uniform’ Stopcock.

KEY

N. Retaining Nut. ]
P. PTFE. Piston.
R. P.T.FE. 'O’ Ring.
V. Viton 'O’ Ring.
W. Location ‘:'-:éghef‘.
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used inside the thembstatﬂ.ng ke in the goe-golubility epparatuy
(Part 1; Section 1e). This modification imvolved the incorporation of
o Viton A ring to btack the PJT . sIe ringe, and is chown in Pigure 37.

A Pirani Vaown Gauge (Bdmrds High Vacuun Ltde, Craviey) weo used
for genernl momitoring of the presgure in the vecuun line, but the low
presgure range (linecar from 0 t0 5 x 19"3 torr) wes not cufficiently
sonwitive or soourate for precise pressuro determinationse An fonization
govge (Ionivec 1130 with gauge head 1R32C, Leybold-Heraens G100 and Co.,
Cologne) wes therefore used whonm precise preocsure estimntions or greater
seacitivity were required (c.ge Pert 1; Seciion 13). Pressures down to
10"{’ torr (the lower limit of the gouge head) conld be maintainod,

With the excoptions of traps at X0°C (solid CO0,/acetone) and et
~196%¢ (liquid-nitrogen), traps vere refrigersted using standard slush
baths ,295 prepared fron comtm} solvents cooled using liguid-nitrogen.

811 trap temperatures guoted in this thesis ere therefore nominal wlues,

Laln 14 )
being the 13torature 22 temperatures for the sluches used.
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