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THE PHEPARi-~.1.1ION OF DISULPHUR DECAJJ'LUORIDE 

The runounts of s2F10 obtained by direct fluorination 

of sulphur are determined by the rate of fluorine flow, 

the amounts of solid and gaseous diluent, and the temper­

ature of the reaction tube. 

Yields of S2F1o from 5 to 10 per cent on sulphur 

reacted have been obtained by fluorination of a sulphur 

smoke. 

Moisture and oxygen have been found to inhibit 

the formation of S2F1o and SF6 • 

A mechanism for the formation of S2F1o v1hich 

involves the progressive fluorination of an S - S linkage 

has been uostulated. 
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GENERAL INTRODUCTION 

In 1940 attempts were rmde at McGill University 

to :9roduce samples of pure sulphur hexafluoride as part of 

a search for possible toxic respirator penetrants (1). 

Surprisingly, the sa1:1ple s of supposedly pure hexat·luoride, 

formed by passing fluorine over sulphur, were found. to be toxic 

in small concentrations. Purification and. fractionation of 

the sa.:::1ple resulted. in the isolatiol1 of a higll molecular 

weight component identical in properties \V it h tre compound 

disul~hur decafluoride (S2F10 ) discovered and. described by 

Denb and \'lhytlaw-Gray in 19:54 (2,3). It was then shown 

that the poisonous eftect s exhibited by the sulphur hexa­

fluoride v:ere due to the relatively small concentrations of 

s2F1o present as impurity. Toxicity st1.:dies soon indicated 

that the remarka1)le physiological properties of SzFlO made 

it very valuable as a potential che1nical warfare agent ( 4). 

Since that tin~ extensive research has been 

carried out in Canada, United States, and Great Britain on 

the production and properties of s2F1o· Because all metho 

of obtainifl..g the gas would involve the use of the relatively 

costly raw material, fluorine, investigations everywhere 

were concerned -r,1 th attew.pts to find suitable methods of 

producing yields of S2F1o large enough to make con1liiercial 

production feasible. 

The vvorl<: done at Me Gill has at all times emphasized 
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the practical nature of the problem. The mechanism of formation 

of S2F10 was studied only insofar as it had inlL.ledia te beari 

on the achievement of higher yields. 

It has been shovm that practicable yields are pas ble 

only v.nen oolid sulphur is allov;ed to react v1ith gaseous 

fluorine under controlled conditions. ~·men this is done, 

varying amounts of sulphur fluorides and oxyfluorides are 

produced as by-products. Of these, SF5 and S02F2, as well as 

s2F10 , are unaffected by dilute caustic solutions, whereas 

a second group of compounds, herein referred to as lower 

fluorides (L.F.), are totally decomposed or absorbed. The 

possible fluorides in the latter group are S2F2, SF2, SF4, 

SOFz, SOF4, and a little S02F2• 

This thesis embodies the investigation of the solid 

sulphur-gaseous fluorine reaction, and the effect of several 

variables on this system. An attempt has been made to 

postulate a mechanism for the reaction althoueh the data ob­

tained are lD.uch more useful from a production vie\vpoint. 



STOHICAL 

Generation of Fluorine 

Nearly all methods that have been used for the 

pro ducti on of fluorine involve the electrolysis of the system 

hydrogen fluoride - potassium fluoriue at di temperatu.res 

in different cell designs. Cady has measured the freezing 

points and vapor !)ressures of this system and has shovm that 

there are three diffe:L"ent ter::.pera ture ranges in \vhich fluorine 

can be prepared conveniently, -80° to -20°C, 70° to 110°0 and 

~20° to 300°C (5). In all these regions the system is 

liQuid and the vapor pressure of hydrogen fluoride is at a 

minimum and less than 25mm. Although most cells have been 

designed to operate at these points, other temperatures have 

been employed in later years. 

Moissan fir prepared fluorine at lmv temperatures 

by the electrolysis of a solution of pure HF renuered 

conducting with a little dissolved I:F {6). 'rhe electrodes 

used Viere platinur.1 and the electrolyte was l<::ept at approxLtately 

-~0°C. Since this requires , Vihich is extrenely cor.r:o si ve, 

reacting vli th and destroying most metals, raany difficulties 

arise in the operation of cells at this teLJ:perature. 

Schumb, Gmnb .nnderson and Stevens have described 

a fluorine generator that o~era~es at 20° to 40°C and uses 

nickel anodes, steel containers anu electrolyte of COl:J.-

position KF (8- 9) (7). 5ecause of the high vapor 
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pressure of HF at this temperature, Wld because of the 

corrosion difi'iculties vli th consequent low current ei'ficiencie s, 

this cell holds little prom.i se for practicable fluorine 

production. 

The medium temperature cell ( 70° to 110°0) was 

first used by Lebeau and Damiens v1ho employed nicl:el elect.w ues 

in a syste!:l of elect.t·olyte con.posi tion ¥-F. ;)HF ( 8). Schmub 

et al (7) have :nade a complete study of' this type or generator 

and report curr·ent icir:mcies greater than 90 per cent and 

1'luorine of 99 per cent purity v:i th a melt or composition 

J<:F.{l.8- 2.0)IIF (100° to 110°C). They have shown that the 

nickel anodes can be replaced by ungraphi tized carbon and 

either copper or steel can be used for the construction of 

the cell wall v,hich also serves as the catllode. Polarization 

e1'1'ects a.t·e not too troublesome and the loss of HF by 

evaporation can be reduced by the adui tion o!· a sii~all per­

centage of LiF to the KF - HF mixture. The main di f'ricul ty 

encountered has been reported to be the method of att;achment 

of the carbon plate anocles so as to ensure good electrical 

contact and to avoid breakage through swelling or disintegration, 

especially at the points of junction. These troubles arose 

because the connections \Ne re made in the genera tor gas phase 

and not outsi,le the cell. 

A novel design of the mediuu teraperature cell has 

been produced by Burt-Gerrans, I.lcKinnon and Hosenberg at 
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Toronto University and is described later in this thesis (f1 }. 

Considerable work has been done in the high temp­

erature region which is concerned \Vi th electrolysis of a 

melt of composition KF.IIF kept at approximately 220° to 000°0. 

Argo, 1vlathers, Humiston and Anderson first described a cell 

of this type ( 10). In later years both the design of the 

apparatus and the technique of operation have been Ln.proved 

by Simons (11). This type usually employs carbon as the anode 

material ana copper or rnonel 111etal for the cathode which 

can also serve as the cell vessel. Further modifications 

of the high temperature generator have been made by Lossing 

whose design is described in detail later (12). 

Although it is practicable to produce fluorine at 

either the medium or high temperature, present eviuence 

indicates that the 111edium temperature cell is more convenient 

for general usage. 

Sulphur Fluorides 

Relatively little research has been done on 

sulphur fluorides, especially the lower fluorides, and any 

survey vlill, of necessity, be limited. Although the 

evidence for the preparation and identification of each of 

the gases is fairly reasonable, a great many gaps and 

inconsistencies still exist. The following discussion is 

based on a thorough historical study and represents nearly 
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all the information available on these compounds. The material 

has been presented in this section as found in the literature 

and any further cOinment on its reliability is left for the 

body of the thesis. 

Sulphur Hexafluoride 

Moissan and Lebeau first prepared sulphur hexafluoride 

(SF6 ) by allovving solid sulphur to react with gaseous fluorine ( 1~). 

It was found to be extremely stable being unattacked by v~ter, 

KOH, fluorine, oxygen and hot glass. Although thermally stable 

up to aoooc, it was reported to decompose to Na2S and NaF 

by the action of Na kept at its boiling point, and to lower 

fluorides by hot sulphur vapor in glass. Ho·wever, Simons has 

passed SF6 over sulphur at 400°c and found no decomposition (14). 

The physical properties of sr6 have been measured by 

many workers and have been compiled by Trautz and Ehrmann (15) 

in the following table {Table I). Some additions have been 

made by the writer. 

TABLE I 

:Property Value Terap. Press. lteference 
oc :nuo. • 

Critical :Point 54 Prideaux (16) 

Boiling Point -62 ?60 Prideaux (16) 
(sublimation) -63.8 760 Schumb and 

Gamble {1?) 

Melting Point -55 Moissan and 

-56 
Lebeau (1~) 

Prideaux ( 16) 
-50.8 1?10 SchUlllb and 

Gamble ( 1?) 
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TABLE I (continued) 

Property Value 

Specific Gravity 1.91 

1\lolecular Volume 7 6. 5 

Density (cf.air) 5.10 
( Theor. 5. 047) 

5. 0~ 

Heat of Formation 262 kcals./mole 

Heat of 
Sublimation 

Heat of Fusion 

5.64 kcals./mole 

1.39 kcals./mole 

Temp. Press. Reference 
0 u lilill. 

49.8 ? Pridea~~ (16) 

Prideaux ( 16) 

20.0 

o.o 
7 5;:;.. 5 Schumb and 

Gamble ( 17) 
760.0 l,loissan and 

Lebeau (l~) 

Yost and 
Clausen (18) 

Yost and 
Clausen (18) 

Yost and 
Clausen ( 18) 

Using electron diffraction measurements Pauling and 

Broclarvay found that the fluorine atoms in SF6 lie at the 

corners of a regular octahedron and suggest that the gas 

has an ionic structure (19). The parachor investigations of 

Pearson and Robinson led them to propose that SF6 has tvm 

covalent linkages an6. four semipolar singlet linl;;:s ( 20). 

This is in contradiction to Sidgv1ick vJho states that singlet 

linlcs are very rare and weal'C whereas the stability of the 

hexafluoride is very great (21). He postulates an expansion 

of the valency group to twelve which is very lilcely in sulphur 

since it has six electrons to contribute for the six links. 

The raolecule vvas found to have no moment by ·vratson, Ras and 
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Disulphur Difluoride 
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Centnerz·wer and Strenck first prepared di sulphur 

difluoride (S2F2 ) in y_uantity by controlled heating in vacuo 

of dry silver fluoride and sulphur (20,24). rrhe gas was 

found to decompose easily in v1ater to give sulphur, H2S03 and 

HF, and in caustic to give :Na2S03 and sulphur \'lhich dissolved. 

In order to :prove the identity of the ne1v fluoride Centnerzwer 

and Strenck carried out quantitative analyses for sulphur 

and fluorine in caustic solutions in v.rhich the gas haa been 

absorbed. Such analyses indicated the F/S roole ratio to be 

1/l. s2F2 did not attack mercury but vulcanized rubber, and 

decomposed continuously for twelve to twenty-four hours on 

glass v;alls - after which time there Ylas no further U.ecornpo si tion. 

Centnerzwer and Strenck report the melting point as -105.5°0 

and the boiling point as approximately _gg 0 c. 
A further study of the compound was carried out 

by Trautz and EhrHmnn (15) 'l>vho investigated many other 

properties of the gas although they never v1ere able to produce 

a pure sample. They attributed their loy; molecular· vJeights 

(ca.98- theoretical 102.12), and those of Centnerzwer and 

Strenck, to possible decomposition of S2F2 into SFz. Studies 

on the thermal decompo tion of S2F2 did indicate that it 

broke down to give SF2 and s. Decolilposition began at gooc 

and was very ranid at 2000 to D50°C. Density measurements 

and quantitative analyses of caustic solutions in which the 
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gas had been absorbed substantiated these claim.s. SzF2 1.vas 

found to disappear completely at 300°C, and its repugnant 

odor gave way to a choking smell. The gaseous decomposition 

products ·were lighter and poorer in sulphur than s2F2 , and 

much more stable both to temperature and to a spark. The 

approximate boiling point agreed with that found for SF2 by 

Ruff {-350C). 

SzF2 vvas found to be very sensitive to moisture, 

giving SOz and h'"F, and re1:1cted v1i th oxygen in tl1e presence 

of a spark to give S02 and SOF2• 

Trautz and Ehrmann indicate that of the two possible 

formulae for the fluoride 

F - 3 : S - F or 
F s=s::= 
F 

the 

second is the most lil:ely. It is interesting to note that 

in the preparation of S2F2 these workers observed minute 

droplets of a colorless liquid which boiled at +~0° {B.P. of 

Recent atternpts to prepare s2F2 both at McGill 

and in the United States have proven unsuccessful. Although 

the preparation and identification by Centnerzwer and Strenck 

anJ. Trautz and Ehrrnann seems very accurate, the later research 

throws some doubt on the identification of the compound. 

Sulphur Difluoride 

There is only slight evidence for the existence of 

sulphur difluoride (SFz). ~s has been mentioned, Trautz 

and Ehrmann postulate that SF2 is a decmnposi tion product 
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of s2F 2 and claim to sub stantiat(OJ this by vapor density 

and analytical measurem.ents. These worlcers also quote 

Ruff as having prel)ared the fluoride from the reac ons of 

ClF and sulphur, fluorine m1d s2Br2 , or fluorine and sulphur 

in SaBr2. He reported the boiling point as -~5°C (15). 

Sulnhur Tetrafluoride 

Sulphur tetrafluoride (SF4 ) has been prepared by 

Fischer and .Jaenckner by heating sulphur \li th cobaltic 

fluoride diluted Tiith CaF2 to nrevent explosions (25). The 

reaction was carried out in quartz or cop~)er since crude 

3F4 attacl;:s glass and deposits sulphur. Although 1nercury is 

a ttac}~ed giving a blaclc film. paraffin, I'll bber and sulphur 

are unaffected by the gas. Water and caustic deconpose 

SF4 quickly. Fischer and Jaenckner reported the boiling 

e melting })oint as -124 °c and the density 

as 3.65 (Th. 3.73). The vapor pressure of the gas was 

measured from its rneltins point to its boilinc point and 

gave the :follo\·linc; vapor pressure equation 

log10P mrn. = 7. 746 - 11~2 .1/T 

Simons has nrepared SF4 by a11m':ing the vapor of 

su1nhur monochloride to react with fluorine,14). 

identified the material by a molecula:c v1eight determination 

(104), its boiling point (-40°0) and its melting point (-l200C), 

v1hich all agreed 1vi th the values of Fischer and Jaenckner. 
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Thionyl Fluoride 

Hoissan and Lebeau first prepared thionyl fluoride 

( SOli'2 ) by the fluorination of SO Cl;~ ( 26). 

F•) + SOCl·J --->SOF.) ""2° reactions 
'-.J '-..J ~ 

2A.sF 3 "' 3SOC12 ----7> :.JSO F 2 "' 2~-~.. sC 13 

The gas has a disagreeable, suffocating odor, 

is soluble in ether and benzene, and reacts with hot lass 

to .:;i ve SiF4 and S02. Inv;ater SOF·) decom1·)oses to r~ive ..., 

SOB and HF. l.;Ioissan and Lebeau report that oxygen reacts 

vvi th the compound in hot glass to ve another oxyfluoride 

which they did not identify. 

The ox:rfluoride vvas also prepared b? Huff and 

Thiel by the action of on S4E4 (27). They attributed 

the reaction to t presence of IilOi sture and traces of canner 

oxide in the reaction tube. The cornoound v;as identified 

by gravimetric analyses for fluorine and sulphur and by a 

vapor .~ensi ty measurement. ;rhe y c;~l'ro the 1.1el ti 

as -11o0c and the boiling f)oint as -30°0. 

point 

Booth and l.iericola (28) have urenared SOF2 by reacting 

SbF3 with a refluxing .::1ixture of 80 per cent 3UC12 and 20 

ner cent SbC15 • rrhe;r neasured a nu1:1ber of the physical and 

chemical pro1Jerties of the gas which are listeci. below -
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Boiling Point 

Critical Tenpere:~ure 

Freezing Point 

Vapor Pressure 
equation 

Heat of Vaporization 

Sulphuryl Fluoride 
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55.0 atm. 

-43.8°0 
-6~00 (iJ.oi ssan and Le beau) 

89°C 

-120° to -110°0 

log1oPw.m = ::so.::s::s3 - 1908.4/T 
-8.105:..? logT 

5202 cals/mole. 

By choosing the correct proportions of fluorine 

and S02, Moissan and Lebeau were able to prepare another 

oxyfluoride, sulphuryl fluoride (S02F2 ) (29). Like SF5, 

this gas is insoluble in vJater, stable in glass up to 500°0 

and is unattacked by fluorine and oxygen. Moissan and 

Lebeau give the following vapor pressure values 

2<j;lrnm. 

65rru.a. 

at 

at 

-8o0 c 
0 

-120 c 
They report the boiling point as -52°0 and the 

freezing point as -120°C. 

rrraube, Hoerenz ancl 'Nunderlich (:50), anu later 

Trautz and Ehrmann (15) prepareu the gas by heating HS03F 

with BaF2• Although so2F2 is aluost insoluble in dilute 

caustic, Trautz and Ehrraann have found that as the concentration 

of alkali is increased the gas becomes more soluble and at 

50 per cent caustic it is completely soluble in lG minutes (15). 

The decomposition is so complete v1i th alcoholic KOH. 
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Disuluhur Decafluoride 

Disulphur decafluori de {Sz1Plo) VJas first prepared 

by Denbigh and ~'Thytlav.;-Gray by f:r·actionation from a sa1t1ple 

of impure SF6 formed from the reaction of fluorine on 

sulphur (2,0). They found that the gas did not react with 

concentrated caustic solutions and identified. it by a raolec-

ular weight determination and by analysis for sulphur and 

fluorine after decomposition vl.i th a spark in hydrogen. The 

ne·w fluori v1as found to be colorless, to boil at ,.zgo = 1 °c 

and to have an odor ressembling sulphur chloride or S02. 

Although unattacked by water or caustic, S:::Flo is decom::;>osed. 

by mol ten alkali and reacts with grease, hot platinum, cold 

iron, red hot copper, boiling meTcury and red. hot glass or 

silica. Denbigh and Vlhytlaw-Gray gave the heat of vaporization 

as '7000 cals. /1aole, the melting point as -92° = 1 o.~ ~...~, the 

'rrouton constant as 2;:;.0, the liquid density at o0 c as 

2. 08 :1: 0.00 g1a. /cc. and the surface tension as 1;).9 dynes/cm. t 

On the basts of the surface tension 1n.easurement the calculated 

value for the parachor v1as 2~6 :1: t.±:. 'l1he parachor cor.L·esponding 

to the formula 

F F F F 
... 

F: ;::;) . s F . . . . . .. 
F F ]!, F 

would be 243. 

Since the discovery of the toxic errects of s2F10 , 

considerable vrort~ has been done on its preparation and 

properties. At the time the writer joined F.P. Lossing on 

-.:;ut (0. 
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the problern,I:Iungen, Hugill and Lossing at McGill haa alreauy 

contributed a great deal of infor1nation on both the physical 

and physiological characteristics of S2F1o• 

Huncen and Hugill prepared yields oi' less than one 

per cent by the reaction o~ fluorine with sulphur in a copper 

tube (31). These were about the same order as the best results 

of Denbic:;h and 1.'/hytlai'i-Gray. No increase in yield ·was 

obtained by diluting the fluorine stream v1i th approximately 

its Oi'm volume of nitrogen and then carrying out the reaction 

at -sooc, and in liquid sulphur. 

Since the parachor values of Denbigh and 1:/hytlaw­

Gray indicated that S2F1o contained an S - S link, the McGill 

group attempted the fluorination of S2Cl2, CS2 and S2F2. 

No positive results were obtained since the S2Cl2 gave SF6 

but no s2F10 , the CS2 exploded and S2F2 could not be prepared 

stable enough for use. Pyrolysis of SF6 in a quartz tube, 

and the reaction of hydrogen and SF6 at 200°C using platinized 

asbestos as a catalyst, did not produce any s2F10 • Placing 

sulphur a..'1d SF6 in a closed b0111b VJi th pres:mres up to lOO 

atmosnheres and raising the ternperatm·e up to 2::>0°C vms also 

unsuccessful. It should be pointed out here that many of 

these experiments were carried out at te1nperatures very near 

or above the decolilposi tion telil~1erature of S2F1o• Fluorination 

of sulphur diluted vvi th CuO, CuS and CuFz did not give any 

incr·ease in yield. I'.lungen and ~Iugill found that S2F10 was 
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stable in elass at room teLlperature but decomposed above 200°C. 

The presence of fluorine did not seem to hasten the decomnosition. 

il.lthough a large proportion of the research that follmvs 

has been done si:rml taneously with the McGill group, all the 

results obtained up to the present tiroo are shown in order 

to 1aaintain the continuity. 

Alexander v1orldng in the Cheraical Warfare establishment 

of the National Research Council found that the fluorination 

of sulphur diluted vti th solid diluents such as sodium acid 

fluoride (NaHF2 } gave increased yields of s2F10• Schneider, 

Ylorldng in the smne laboratory, found a similar general 

behaviour when he tried NaF, NaHFz, I:2.IF2, KF.3HF, CuF2 in 

various proportions. Although he achieved yields of 12.5 

per cent by volume of the gaseous mixtures of SzF10 and 

SF6 , his results v.'ere not duplicable and he found NaF and 

CuF2 to be ineffective. 

Burg, at the University Southern California, 

claimed a yield of 10 to 20 per cent based on current 

using dilutions of 10 volumes of nitrogen to one of fluorine 

(32). He placed his sulphur charge in a copper reactor 

cooled by an air blast. The results uere variable and 

allowed of no interpretation other than that nitrogen dilution 

of the fluorine stream was ef!'ective in increasing the 

yields of S2Fl0· 

Burg found that the fluoride ·was almost cor>1pletely 

insoluble in water and Hy-vac oil but was soluble in olive 
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oil to 4 per cent. The action of S2F10 on ch~rcoal gave 

a 41 per cent yield of SF0 , some SiF4 and other lm·;er 

fluorides. rrhe thermal decomposition proeressed rapidly in 

a platinura tube at :500°0 at 5 - lOm.m., giving SF0 and lov1er 

fluorides ·which etched the glass parts or the apparatus but 

at 250°0 the decomposition under sh:.ilar conditions v1as 

extremely slovi. S2F10 appeared to be quite stable in contact 

\'Ji th mild steel at 50 to 55°0. 'l'hi s is inconsistent Vli th 

the nor le of .Jenbir;h and 1!1Lytlaw-Gray and casts doubt on t11e ir 

stateraent that s2F10 attacks cold. iron (?,3). 

Harvey and LicLean have tried by various 1neans to 

produce S2F1o from SF6 (::..13). 'rhey pas;:;ed SF0 through an 

electric arc with H2s, nitrogon,and oxygen but uaL.e no s2F10 • 

Other reduction experiuents were quite unsuccessful. 

Laidler at tl1e national Hese<n·ch Council dici.n' t 

succeed in o..n attempt to form SF5 radicals from SF0 y;i th 

the intention of having then cohlbine to f'orm SzFlo ( 34). 

Since steric factors 1:muld inhibit the collision and adc.J.ition 

of SF5 radicals, he suggested that SaF1o would best be 

prepared by the fluorination of S - S linlcs ancl not from the 

cor.:bination of tno Sl"5 raU.icals, even if they COlcld be nade. 

His therltlal U.ecorrroosi tion studies with SzFlo in glass and 

copper showed that the breakdovnL occurred at 150°0 in glass 

and above 200°0 in copper. 

J.H. Simons at Penn State has carried out a large 

number of separate experim.ents in an atteupt to find a 

sui table metlwd for the preparation of large yields of s2F10 • 
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He allm'Jed fluorine to re1:wt vii th a sulphur dispersion, gaseous 

sulphur diluted with nitrogen, the vapor of s2c12 , sulphur in 

liquid SzClz with iodine as the catalyst, and sulnhur in 

cs2 (14}. Several att ts ·were 1r1ade '::i th fluorinating agents 

other than elenental fluorine. The solid but not the gaseous 

dispersion vias found promising. The mercuric sulphi cle - fluorine 

reaction produced pure 6 , and the s 2 c12 vapor - fluorine 

reaction relatively pure SF4 • Hone of the experi1uents which 

started v1i th sulphur in a state other than S - S producelt s2F10 • 

IIuffman has an experimental theruodynamic stuc.y 

of SzF10 (35). He has found tllat the heat of formation is 

-460 kcals., the heat of vanorization is 6~~6 cals.;mole, 

entropy is 74.29 cals./deg./L~le, and the free energy of 

kc<:ils. Pitzer, 

in the same paper, found. the vapor pressure is ven by 

log Pcm. of Hg. = -2190/T + 24.015 - 6.0 logT 

Di sulphur DecafluoriJe as a Chemical Uarfa.i.·e Agent 

SzFlO has the follov;ing desirable propel.'ties as a 

c cal war:are aGent. Its lethal index inclicates a greater 

toxicity than any non-persistent gas 110\'i lcnown (4)(31){36). 

It is relatively inert to chemicals and heat and can be 

stored as a liquid at room t erature. Its low boiling point 

ensures a high enough vapor pressure to dispersion rapia 

and simple, anc. the vapo1"' is colorless and oclo.r:less in con­

centrations sufficient to be lethal to anir~ls. Its high 

uolecular y;eight mal;:e s for grea tor persistence. It is evident, 
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then, that S2F10 behaves 111uch like phosgene as a \':ar gas and 

it is estiraated to lJe tvrice as effective v;ith a fixeu e:.;\:penu-

1 ture of v1eapons ( 36). It should be noteu thctt Be ami sh at 

the University of Toronto has developed oxidation-reduction 

inuicators v1llich are snecific for s2F10 if proper guar·w. tubes 

are used { 37). 

Surnrnary 

For use as a convenient index, a numbe.r: 01' properties 

of' the fluorides and oxyfluoric1es has been assetfblea anci is 

shown in Table II. ~.lost of the data are taken from a table 

compiled by 'l1rautz and Ehrrnann ( 15). ..>.ddi tions have been w.ac..e 

and the sources indicated. 
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Action in 
moist air 
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Action in 
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TABLE II 

Prouerties of the Suluhur li'luorides and Oxyfl uorides 

t)F6 

None 

None 

None 

None 

None 

Stable up 
to soo0 c 

Destroyed 
when hot 

-63.8°0 
( sublim­

ation) 

S2F1o 

Li so2 

None 

None 

None 

None 

Stable up 
to 250°0 

Destroyed 

29.0°0 

-50.8°0 {17) _gzoo 
( 2 '3) 

SOzFz 

None 

None 

None up to 
150°0 

Slow dec­
omposition 
in mild 
caustic 

None 

Stable t}P 
tq 500 G 

Destroyed 
when hot 

-52°0 

-120°0 

SF4 

Irritat 

Smokes 

Decomposes 
quickly 

Decomposes 
q_uiclcly 

Attaclmd 

? 

? 

-40°0 

-124°0 

s 2Fz 

Disagree­
able 

Smokes 

Decora.po ses 
quiclcly 

Decomposes 
quickly 

None 

Stable up 
to ~10°0 

Destroyed 

-99°0 ( 24) 
-38°0 { 15) 

-105.5°0 

SOFz 

Choking 

Srnokes 

Decomposes 
slowly 

Decomposes 
quiclcly 

None 

Stable up 
to 400°0 

Destroyed 

-4::>.8°0 

-120° to 
-110°0 

SF2 

Pungent 

Smokes 

Decomposes 
quickly 

Decomposes 
quickly 

Hone 

More stable 
than.S2 F2 

More stable 
than s2F2 

-35°0 

? 



K:PJ~RILIEHT.tU.. 

The work done by the writer lends itself to division 

into four sections. Section I includes techniques used 

and results obtained when the effect of variables on the 

fluorine - solid sulphur reaction was first investigated. 

J:.Iost of this research war::; done in collabora tior.. wi tll F .P. 

Lossing. 

this v:ork, it vias decided to investigate 

the sulphur - fluorine system using a sulp.i:lur smoke. The 

changes in procedure and the resulting yiel are described 

in Section II. 

Section III sho·ws the results r1hen the v1riter 

returned to the solid sulphur - fluorine sy em using the 

technicrue s develop for the sulphur suo lee. 

During this neriod it was found that the presence 

of oxyt;en in the fluorine stream could inconsistencies 

which had been observed in the experiment work in the first 

tl1ree sections. Since the oxygen originateu the flu.orine 

generator, and since it exerted a crit al e t on the 

yields of the various produo t s, a l;leui urn ra ture cell vthich 

produced relatively e fluorine was installeu. The 

modificutions in procedure and results '.ri t~1e nev1 cell a.~.-e 

suribed in Section IV. 

The analysis of results in each section is coLf'ineu 

to a descriptive discussion. A critical sis is then 

Elade at the end of t thesis and. a 1.1ec 



- 21 -

reaction. Certain phases of the research uescribed in the 

last three sections ;;:ere done ill collaborution 1:i L.A. 

!le Leo d and C • Bi shi nsky • 

.n.s mentioned before, the fluorides and oxyfluorides 

of sulphur v;hich are completely absorbed by all.:ali are referred 

to as lovJer fluorides (L.F.) throughout the thesis. 



Section I 

Apparatus and Techniques 

The Fluorine Generator 

(a) Descriution!- The first fluorine c;enerator 

used by the riri ter was silililar to that described by Denbigh 

and ''lhytlaw-Gray for hic;h te!:".peratm_·e fluorine production {38). 

'rhe cell was first siGned by J-. T. Hugill, R. Eungen and 

R. Harvey (31) and then developed in its present form by 

F.P. Lossins (12){Fig. 1). 

It should be pointed out here that the generator 

chosen for this v.JOrl( seened the best available at the time. 

Since that time research on fluorine cells has been intensified 

sLmltaneously vJith the S2F10 program • .&i.s a result, Schu.mb 

et al at l'.iassachusetts Institute of Technology, and Burt­

Gerrans at rroronto University have developed genera tors Vlhich 

produce far purer fluorine and are much more efficient than 

the cell used during the great;er portion of the work at McGill. 

The generator consisted of tvm cylindrical compa::.:t­

ments separated by a ~)er fora ted copper diaphrag111. 'rhe outer 

cylinder or cell wall (.1:1.) VJas 15n deep, 8.Z'' out side diameter, 

and raacle from 1/4" sheet copper rolled and v;elded. 'fhis 

cylinder \Vas later l~eplaced by a pipe of 8 11 diameter. The 

botto1:1 of the cell consisted of the sane copper material 

welded onto the cylinder vri th "lovi r:J.el t 11 v1eldi rod. 

'fhe diaphragLl (B) \vas :i;lade fro1:1 4~'' tubing, 14" long, 



Figure 1 

The First Fluorine Generator 



- 23 -

F 

. '-' . " ..... , .. 
'-... 0 ~ 

' 



- 24 -

of l/4u wall thicl<::ness and i'Ji th a welded copper botto1a of the 

sar~ thickness. To allow for diffusion of the electrolyte, 

three rm;·s of 5/8" holes vrere drilled around the bottoLl of 

diar1hragm. 

The anoue (C) found most sui table vias of 1 11 diameter 

silicon-free c;raphi te supplied by the Canadian ~,ational Carbon 

Co. Its mode of attacr1111ent to the copper cover of the diaphragm 

will be scribed later. 

The insulation betvveen the cathode and the diaphragm 

was contained in a circular trough {G) resti on top of the 

container. .~n insulating washer of transi te board vras laid 

at the bottom of the trough and since the outer trough did 

not have to maJ.:e a gas-ticht seal, a laye:r:· of solid notassium 

aci fluori~e over transite gave satisfactory protection. 

The out si de ri supporteu the cell cover (L) \'!hi eh, in tu:r:'n, 

was iielded. to the diaphragu. .n. second trou;:;h (H) welde l.L on 

top of t:::1e dia:i}lraf.9!l furnished the insulation betvmon the 

dia1)hragm and t:1e anoci.e. Since this assembly YJas ahmys in 

contact '::i th the fluorine of the anode coH9artmen t, it r.'as 

neces~ary that t~e insulation be leak-proof and resistant to 

fluorine. ~fter the transite washer ~as nlaced in the trough, 

t trou{:;h v1as fi ed v;i th ruol ten IGIF;.::; , anG. the diaphracm 

cover (K) quickly pressed into place. Solidification of the 

electrolyte furnished an adequate se~l. teaperature at 

the troughs was not hi enough to melt the fluoride but 

prevented the ab sorption of any excess hydrogen fluoricl.e ui th 

consequent lov<iering of the melting point. 'rhese troughs were 
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the most b1portant modification introrluced by Loss 

furnished insulation which would not conta~in&te the electrolyte 

and relilOVed the 1n.echanical strain on the insulation Ylhich 

had existed in the nrevious r;ener::.1. tors. 

The troughs and covers ·were spun fl~om 1/8" thick 

sheet copper. IIoles v1ere raade in the cell cover ( L) to allow 

for the escape of hydrogen (M) and to carry a length of j/8" 

diarceter copper tubing closed at the botton (P). 'l1his v;ell 

contained a Bul tip le junction c0:011er-constantu.n theruocouple 

·which measured the te1:1perature of the lflel t. r.rhe fluorine 

outlet ( J} v1as Htade of' tvro li, n diameter copper elllOViS joined 

and VJelded to the anode conpartment at the proper angle. 

·rhe collar of the dia:9llrag1:1 cover (K) was z:~n in 

diaMeter and ,.,as threaded to tal;:e a copper rod (D) ·which 

n<:irrmveu to 1 11 below the threads. The anode \?as fastened. to 

the rod by a copper clai.O.p s1r1all enouc;h to clear tl1e collar 

of the diaphragw. cover. This facilitated removal of' the 

anoue asse~'~bly v.ri tlwut d.i sturbin(-'; the insulation. The anode 

nro jected to within 1~'' of the bottor:1 of the diaphragm. 

·rhe generator v;as heated. by tv;o lenr;ths of 16 gauge 

nichrome vJire, each dra\'.'ing 10 am.peres (:.TI and F). The 

uindings were insulated from each other and from the generator 

by tv;o sheets of asbestos paper. One inch of asbestos ce::1ent 

co1mleted the insulation around the heaters (0). The heating 

circuit is shown in Figure 2. ·rhe priiilary heater (il.) {l~ - l<'ig. 1} 

contained an ex ernal resistance (C) which could be ffi7itched 



Figure 2 

The Generator Electric Circuit 
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in or out. 'J:hi s heater ran continuously and. served to lceep 

the electrolyte near the melting point (220°- 250°0). The 

secondary heater (B)(F - Fig. 1} furnished auxiliary heat 

v;hen quicL 1:.el ting of the electrolyte was required. 

The D.C. electrolysing circuit ( 13'ig. 2) vms connected 

to the cathode through a side t·ube on the cell ·wall, anu to 

the anode by a conper cla~.::o. 'l'lle circL.~i t consisted of an 

external resistance of three 16 ohm coils in parallel (E), 

connected in series Yritl1 an arm!leter (M) and tlle 110 volt 

D.C. line. A slide wire resistance (F) in series with one 

of the coils allovred for any adjustL!lents required in tlle 

current. 11.. potential drop of ten volts vva.:.> observed ·when 10 

ruaperes v:as passed through cell. 

(b) O~eration and Characteristics:- The cell charge, 

about 35 lbs. of potassium acid fluoride, contained v1axy 

inpuri ties ·when fi:cst welted. 'rhese floated to ·the surface 

and were reliDVed. The cell vas then electrolysed. for l - 2 

days at 10 a::1peres to remove the rouai11i11g iLl:fJUl'ities anu 

any v1ater that migllt be nresent •. h.ctually it VJf.l.S found later 

(Section III) that this tl'eatl,~ent did not succeed in reEoving 

all the y.;ater and subsec1uent electrol:rsis produceci oxycen in 

the flu.orine. The level of electrolyte vras kept about 2" 

above the holes in the dia1)hrar:m. 

In cell ope:cation the concentration of IIJ.i' decreased 

continuously because of vapor pressure loss and. production of 

fluorine. Consequently tlle 111el tine; point increase et, the cell 
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temperature had to be raised to the elect:col:rte mol ten, 

and the var)or pres:,.mre of HF increased. In order to keep the 

tennerature in the region ·where the vapor loss of liF was at a 

minilllum, it ·v1as necessary to regenerate the periodically 

by bubbling in anhydrous v;i th stirri • The vias alJ;lost 

completely absorb and the melting point of the electrolyte 

was decreased until it corresponded to that of KF. HJ:i'. A 

hi vapor pressure was also undesirable since the HF could 

then be absorbed by tl1e i11sulat ion. This rendered the KHF2 

in.ore or less lic1uid and shorting the anode and U.ia:.1hragm 

·was observed. 

The generation of fluorine did not ahvays proceed 

smoothly nee polarization was occasionally observed as 

evidenced by a jm,m in the vol tae;e to 50 or 60 volts. Interrupting 

the electrolysis for a moment often returned the situation 

to normal. This ·:lolarization or voltage jumn seew.ed to occur 

more frequently vJhen the anode had begun to disintegrate. 

Unon removal of the anode a se e was observeu on its surface. 

Scraping electl~ode and returning it was sOLletine s effe0 ti ve. 

Constant operation of the generator resulted in 

formation of a sludge of copner salts and pure cop}!er in the 

electrolyte. The sludge had to be re1u.oveci tilrle to til!le 

since it interfered v1i th the prope1· functioning of the cell. 

During se operations it was never necessary to 

distur·b the insuluti "Jart3 because removal of the diaphragm 

as embl:l permi ·:;ted readju nts to be nade on t cell container 
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or electrolyte. The diaphragm insulation la d for about 

200 hours but leaked if too zmch back pressure was exerted 

on the fluorine line. This le could be detect with an 

ordinary s burner since fluorine tes hydrocarbon gases. 

If the back uressure in fluorine gene vvas too large, 

the resulting depression of t liquid level in the anode 

comnartliJent below the holes in the diaphragm allo"l!ved mixing 

of hydrogen and fluorine with a consequent explosion. It 

can be seen, then, that the leak in the insulation would have 

a safety valve action and no large bacl:: pressure could be 

built up. 

Since the experimeEt procedures in Section II 

req_uired a completely leak-proof system, a was later 

developed for this pclrpo se. 'rhe solid Y>liFz was covered by 

a layer of liquid de Khotinsh:y. At tl1e temperature of 

generator this baked to form a resistant film. Some fluorine 

did react v;i th the de I(hotins::y which necessitated renevral 

every twenty hours of operation. 

The Solid Sul:Phur a.ction System 

The fluorine purification train is shmm in Fi o. 

Hydrogen fluoride and carbon fluoriCtes voiere l~eraoveci by 

passing the fluorine through a series of traps immersed in 

ice and liquid r {C). The first trap (A) ·was of copper 

and attached to the generator by a 3/sn copper tube and a 

series of couplings. According to literature, this trap when 

imm.ersed in ice and. water should have removed some of the 



Figure 3 

The First Reaction System 
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HF (B.P. +19°C). Actually it was quite ineffective and was removed 

for the runs in Section II (Fig. 8). A 3/8" diameter projection 

from the copper trap then passed into the wide side arm of the 

first glass trap for a distance of 3'' or more. 'l'he joint at 

B was made leak-proof with picene. The glass traps (C) were 

immersed in liquid air and did remove all the HF from the 

fluorine stream but the first one had to be replaced pe.ciodically 

because of HF action. 

The fluorine then passed into a oixing chamber (D) 

which had a supplementary inlet used for the addition of 

nitrogen when needed. '11he nitrogen was dried by passage through 

two CaC12 toviers and two H2so4 bubblers. 

The mixing chamber was followed by the reaction 

tube (E). 'l'he first reactor used was rn.a.de of one inch diameter 

copper tubing, 1/4" thick, 24!1 long, with copper plugs threaded 

into the ends (Fig. 4). The inlet plug contained two ~/8" 

copper leads (A - .J:i'ig.4) projecting a small d.istance into the 

reactor, and a small copper tube (C - Fig.4) which projected 

to within one inch of the outlet plug. 'l'he small tube was 

closed at one end and served as a thermocouple well. 'l'he outlet 

plug containea only one ~/8'' copper lead (B - Fig.4). '11he 

reacto~ was first cooled by an ice bath but was later p~oviaed 

with a jacket through which a 50 per cent mixture of ethylene 

glycol and water was circulated continuously by means of an 

automobile ·water pump. 'l'he cooling was achieved by passing 

the ethylene glycol - water solution through a copper coil 

( F - F'ig. 3) i!Il!.aersed in dry ice and acetone. 



Figure 4 

The Solid Sulphur Reaction Tube 
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'l'he temperature of the liquid in the jacket was 

measured by a thermometer at D {Fig. 4) • .uuring the reaction, 

the temperature in any part ot' the l'euction tube could be 

followed by passing a coppe;,."-constantan thermocouple back and 

forth in u (Fig. 4). "'.;.nother reaction tube of the same 

design but ~6" long and of 1-7/8" inside diameter was used 

later. 

The products of r·eaction were collected in glass 

traps immersed in liquid air (J). 'rhe number of t:caps 

required varied Vii th the volume of nitrogen used in diluting 

the fluorine stream. If an insufficient number ot· traps 

was used, some of the products were not condensed and were 

therefore lost. Large tubes were used in the traps to minimize 

plugging by solidified product. The body of the trap was 

30 mm. in diameter and the side arm and inner tube 15 mm. 

in diameter. .H'or 900 cc ./min. nitrogen, at least four pairs 

of traps in series were required to catch all the product. 

The efficiency was satisfactory since mass balances on 

sulphur vvere fairly good. rr1he glass traps were connected 

with double wall rubber tubing which was attacked only 

slowly by fluorine and lower fluorides. 

The First Sulphur Smolce Reaction System 

The apparatus used to observe the reaction of 

fluorine with sulphur smoke is shown in Figure 5. The smoke 

was generated in a 500 cc • .r~'lorence flask boiler (A) and 

was carried out at G by a stream of ni t:cogen which entered 



Figure 5 

The First Sulphur Smoke Apparatus 
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at B. The nitrogen inlet was curved upward into a small 

:flange on the end o:f the outlet tube. The smoke passed through 

a water jacket (D) which condensed any sulphur vapor carried 

through by the nitrogen. It was then led into the reaction 

tube E, and allowed to react with :fluorine which entered at 

another inlet. The products were condensed in glass traps 

iimaersed in liquid air. 

The Analysing System 

The products of the reaction were analysed in the 

apparatus shown in :H'igure 6. The SFe and S2F1o were purified, 

washed, and dried by passage through two caustic bubblers 

(A & B), a water bubbler (C) and a sulphuric acid bubbler (E). 

The caustic bubblers served to remove the lower fluorides. 

An ordinary delivery tube was found to plug easily 

in the first bubbler due to the :formation of relatively 

insoluble material. It was then 110dified to include a large 

delivery tube and a glass rod v;hich was used to dislodge 

the solid ·whenever any danger of plugging developed. 11'he 

glass rod was held at the vop of the delivery tube by a piece 

of rubber pressure tubing which formed a gas-tight seal and 

yet allowed freedolil of movement. 1'he fourth bubbler (D) 

served as a trap to prevent mixing of H2S04 and the water -

caustic series if any suck-back occurred. 

The SFe and S2F10 were condensed in the trap 

F i~aersed in liquid air. The apparatus used to analyse 

these gases V·Ias standard gas density equipment and consisted 



Figure 6 

The Analysing System 
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of four bulbs (H,J,K,L) for fractionation and storage, a 

mercury manometer (M), a gas density bulb (G) which was 

connected to the apparatus by a ground glass joint, a b 

litre volwae {S) and a Hy-vac pump. rrhe side tube shovm 

on s was added at a later date and 'INa.s not present for the 

first series of runs. 'l'he pressures ·were read by a cathe­

tometer mounted in front of the manometer, and temperatures 

by a thermometer graduated to 0.1°c. 

Procedures and Hesults 

Preliminary Work 

At the time the writer started work on this problem, 

a number of experiments had already been carried out on the 

reaction of fluorine and sulphur, which produced very little 

S2F10 • Mungen and Lossing attributed the failu.L·e to moisture 

in the apparatus and in the mate:cials (12). The first run 

by Lossing and the writer was carried out under dry conditions 

using 75 gm. solid YJIF2 and 5 gm. sulphur and resulted in a 

yield of 4 per cent by weight of S2F1o of the gaseous mixture 

of SzFlo and SF5. r.axtures of the same proportions of KF 

and sulphur and Na.F and sulphur gave yields of 10 per cent 

by weight. The reaction and analysing system shown and 

described above were then built. An experiment was done 

using 5 gm. sulphur diluted with 75 gm. KF and 130 cc ./min. 

fluorine diluted vli th 300 cc. /min. nitrogen, and a yield of 

24 per cent of tizFlO by weight of the gaseous mixture v~s 

obtained. 
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Fluorination of a Sulphur Smoke 

The reaction of sulphur and fluorine is extremely 

energetic and exothermic. The effect of using solid and 

gaseous diluents for the sulphur and the f'luorine indicated 

that heat dissipation at the point of reaction might account 

for the increase in yields of S2F10• Other workers attributed 

the effect of the solid diluent to catalysis, since the diluents 

used by Schneider and other workers were mainly crystalline 

fluorides which had the same ionic lattice. It was thought, 

then, that an increased yield using sulphur smoke would 

disprove the catalysis theory. The apparatus described 

on page 33 and shovm in Figure 5 was used for this purpose. 

A stream of 300 cc./min. of' nitrogen was passed through 

boiling sulphur and the vapors at the top of the boiler· 'Ne..L.e 

carried in the form of a smol{e through the condenser {D) 

and into the reactor (E). The reaction toolc place at the 

sulphur smoke inlet. r.rhe rate of smoke production was not 

constant and at times a faint blue luminescence was observed. 

This indicated a higher momentary concentration of sulphur 

smoke. About 9 per cent S2F1o by weight ot· the gaseous 

products ~2F10 and SF5)was obtained. 

The First Series 

Since the preliLunary runs indicated that goou 

yields could be obtained. by allo·wing fluorine to react with 

solid sulphur under controlled conditions, it was decided 
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to do a series ot' runs with this system in which the e:rfect 

of variables on the yield of s2F10 could be measured. 'l'his 

work was associated v.d. th a de1aand by the National H.esearch 

Uouncil for 60 gm. of s2F10 for canister testing. In order 

to speed production and result::>, Los sing ana the Wi:i ter Wbre 

joined by J.C. Arnell, J. Davis, .J:t. Jvlungen ana .'-l.J?. Stuart 

for this series of runs. 'l'he work was done in three groups 

of tvvo in eight-hour shifts. 

The four variables investigated included amount 

of gaseous diluent, amount of solid diluent, temperature ana 

diameter of reaction tube. fhe reaction tube was first 

cooled by ice and water·, but this system was later replaced.. 

by the cooling jacket; shown in .trigure 4. since NaF was 

easy to d.1•y and gave a~ good yields of s2F10 as any other 

solid diluent employed up to that time, it was used through­

out. The finely divided state of the NaF permitted intimate 

mixing with the sulphur. 

(a) Procedure:- The charge was rnaue up by weighing 

out accurately 5 gm. of' ary sulphur and mixing it; intimately 

in a mortar with the desil·ed amount of NaF. '11he mixtu.~::e was 

then placed in the reaction tube with the char·ge dist.dbuted 

as evenly as possible along the length of the tube. t'he 

reactor was weighed before and atte.L· reaction, the di1'f'erence 

giving the amount ot sulphur used. after· the charged tube 

had been weighed, 'Che ena.s v1ere screv1ed oh, and one of the 

inlets attached to the gas mixing chambe.L· \D - Fig.;.:>) by a 
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short length ot rubbei· tubing. The othel' inlet ·was closed of'f 

and not used in this series. The outlet tube o~ the reacto~ was 

connected -eo the p.L·oduct traps v;hi eh were i1mnersed in liquid air, 

and the air removed from the system by blovring nitrogen through 

for a few minutes. 

The generator was turned on at 10 amperes, the 

nitrogen set at the desired value and the time recorded. The 

temperatu:ce at :t'our different positions, evenly spaced along 

the length of the reaction tube, v1as measured every half hour 

by the thermocouple in the narrow copper tube (C - Fig.4). 

The trapping system plugged occasionally during 

the run due to solidification of the product in the upper 

part of the trap. The obstruction was melted and removed by 

momentarily lifting the trap out of the liquid air and v1arming 

it by hand. 

During the course of the reaction, a yellow ring, 

probably sulphur, was often observed in the trap at the liquid 

air level. This disappeared when excess fluorine was passed 

through. No sulphur was deposited in any other part of the 

trapping system so it seemed clear that decomposition of one 

of the products was talcing place •. This phenomenon will be 

discussed later. 

The reaction v1as allowed to proceed until the 

temperature at the end of the tube had fallen either to room 

temperature or to that of the cooling jacket. The generator 

was then shut off, and the products remaining in tlle reaction 



- 41 -

tube carried into tte liquid air trap by the nitrogen stream 

while the reaction tube was heated up to 50°<.;. This tern.pe.L·a tur·e 

was above the boiling point of any of the products anu probably 

well below their decomposition points. 

The traps were then detached from the ~eactor, 

connected in series, and the products analysed in the system 

shovm in Figure 6. One end of the series o!' traps •naci joined 

to the first bubbler ~i., and the other end was fitted with a 

piece of rubber tubing a...YJ.d a pinch clamp. J.'he stopcock 

between 1.!i and F was closed and the trap :b' thoroughl~r evacuated 

and then surrounded vli th liquid air. Jr was filled to atruospheric 

pressure with air dried by passage through the H2so4 bubbler. 

The two way stopcock above .!:!' was then opened to the atmosphere, 

the pinch clar1p at the end of the line of' product traps 

closed, and the traps lifted slowly out of the liquid air 

surrounding them. The sample evaporated ana vias forced slowly 

through the series of bubblers by 1 ts Ol'l!l vapor pressure. 

The rate of bubbling was I!lain tained at about lOO cc. /min. 

by controlling the evaporation. ~he lower fluorides were 

completely destroyed by ~he NaOH but the SF6 and s2F10 passed 

through unchanged, vvere dried by the H2so4 and recondensed in b'. 

The last traces of product v!ere cqllected by drawing air through 

the product traps and bubbler train by means of the H'y-vac 

pump for about one half hour. This operation was later changed 

in the follov.;ing manner {Section II). The trap was immersed 

in hot water and nitrogen instead of air passed through for 
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1/2 to 1 hour. It was found that hot water hastened the 

evaporation and so reduced the time necessary for cowplete 

removal of the products. 

The stopcock between ~ and F was then closea and 

trap .r.i', the manifo:}.d and the small bulbs evacuated. 'l'he 

sample was transferred to bulb L by moving the liquid air 

from F to L. If any residual pressure was observed on the 

manometer, the system was again evacuated. The gas density 

was taken by expanding the sample into the manifold. and large 

bulbs, allowing it to stand for a little v1hile, and then 

filling the density bulb G. Since the volurue of G was known, 

the molecular weight was easily calculated from the appropriate 

pressure, temperature and weight measurements. The gases 

were ~econdensed into L if a fractionation was desired. 

Relative proportions of SF6 and s2F10 were dete1·uined 

from the measured molecular weigr1t of the gas and a si1aple 

calculation yielded the weights of these gases present. 

An inherent error in this method for determining 

moleculo.r weights was discovered at a later time. This 

error arose in the method of expansion o!' the gases, and. 

increased vv.i. th larger amounts of S2F10· Since SF6 has a 

much lower boiling point than s2F10 , the :t'irst fraction of 

vapor contained a large proportion of Sl''6 and the last 

traction was almost pure .::i2F10 • .because of its high molecular 

weight S2F10 would :.1iffuse slowly so that the manifold, 

bulb L, and the lowe.r· part of the la1•ge bulb v;ould be relatively 
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rich in SzFlo• I'herefore, when the gas density bulb was filled 

it did not contain a representative sample of the gas. As 

a result all molecular v'Jeights done in this wanner were too 

high, and the error varied from run to run since a.ifi'e.cent 

lengths of' time v;ere allowed for diffusion before molecular 

weights were taken. 

The srn.all bulb on S provided a method of eliminating 

the error. .1.'he sample which had condensed in L vias again 

evaporated into the rn.anifold. anu large bulb, but was recond­

ensed. in the sm.all bulb attached to S. The stopcoclc on s was 

closed and the sample expandeu into the bulb. Four hours 

Vlere allov1ed for thorough mixi bef'or·e molecular vveights 

were talcen. 'l'he result:::; obtained in this manner· wer·e always 

consistent. 

(b) The Lower Fluoride Analysis:- The analysis 

desC.J..'i bed above yielded the weight of sulphur that had reao ted 

to give SzFlo and SF6 • In oro.er to complete a mass balance 

on sulphur it v.ras necessary to a.etermine the Vleight of f:>Ulphur 

in the caustic bubblers. l'l'1is was done in the f'ollmving 

manner. 

The lower fluorides reacted with NaOH to give 

sulphite, sulphate and fluoride anions. It seemed simple 

to oxidize the sulphite to sulphate and determine the sulphur 

as Baso4 with BaC12 • However, insoluble BaF2 was precipitated 

with the sulphate. .d..A. Borkovskii and N.A. Porfir'ev {39) 

at Zavociskaya Laboratories found that the ada.ition of boric 
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acid to fluoride ion resulted in the soluble complex ion 

BF4 • and so prevented tlle preciyitation of BaF2 • They added;) 

ml. of concentrated HCl and 3 gm • of B(OH)3 to a 1 gm. sample 

of NaF containing so4 
• in 200 ml. of H20. The of the accuracy 

determination deilended on the exact amounts of HCl and 

B(OH) 3 added. 

'rhe procedure found satisfactory and adopted here, then, 

·was as follows. The solutions from the first three bubblers were 

made up to one litre. Two 50 ml. aliquots were taken, neutral­

ized with HCl using phenolphtalein as indicator, and 1 ml. HCl 

added in excess. Five ml. of 30 per cent HzOz was then added 

and the solutions boiled for one half hour to destroy an excess 

peroxide. This was necessary since peroxide interferes v;i th the 

action of the boric acid. The solutions were diluted to :500 lill., 

4 gm. of boric acid added, and the sulphate precipitated by 50 

ml. of a 40 rre./ml. BaC12 solution. The salilple ·was digested 

overnight, filtered in a sintered glass crucible, washed vJith 10 

rnl. of vm ter and 10 ral. of acetone, dried at 105°C and "~Neighed. 

The method was tested on a nmnber of knov:n solutions and found 

accurate to 5;~. It was further substantiated by the mass 

balances obtained on sulnhur. 

(c) Results!- The first 27 runs ·were rejected since the 

r:1olecular \'Je ir·hts vrere obtttine d on unrepresenta "ci ve sa::.nple s (page '±2: 

All the others in this series are listed in Tarle III exce11t those 

rejected because of generator trouble or loss of some of the product. 

So ne runs i'Ji th lorr mass balances point out otllar i te.ms of interest 

and have been included. 'rl1e te1nperatures li steel in the "'remp. of 
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TABLE III 

Generator current : 10 amperes 

Tube Sulphur 
Run Nz Size Used Diluent Temp. % S as 1b S as % S as Lower ~'otal 

No. c.c.lmin. in. gm. NaF gm. Cu gm. of Run SzFlo SF6 Fluorides s 

28 300 1 4.65 50 - 18.2 . ~4.2 51.6 94.0 
29 300 1 4.27 40 - 26.2 32.8 55.0 114.0 
30 bOO 1 4.51 75 - 21.5 30.0 45.8 97 .0 
31 400 1 4.81 75 - 20.0 20.8 59.5 lOO.;) 
38 300 1 4.69 75 - 15.2 2<J.7 61.1 100.0 
39 200 1 4.72 75 - 12.:5 28.0 50.7 91.0 
40 100 1 4.95 75 - 12.6 35.8 44.3 92.? 
41 0 1 4.84 ?5 - 5.03 58.2 29.6 92.5 
42 0 1 5.00 ?5 00 ;.).50 3;.?.2 25.3 62.0 
43 100 1 5.00 ?5 oo 15.7 18.3 61.8 95.8 
44 200 1 4.90 ?5 oo 9.65 13.4 70.0 9:.:>.1 
45 300 1 4.95 75 oo 1?.5 11.1 63.1 91.? 
48 400 1 4.68 75 - 15.5 25.5 57.5 98.5 
49 400 1 4.8;.:> ?5 00 17.2 16.0 67.:5 100.5 
50 300 1 4.9? ?5 oo .1 18.2 55.6 97.6 
51 500 1 4.90 75 ao 14.5 15.1 67.8 9?.4 
52 500 1 4.34 ?5 - 16.7 25.0 5:.1.3 95.0 
54 200 1 4.81 75 00 20.3 2£.!: .9 50.4 95.6 
55 400 1 4.99 75 oo 18.8 18.1 64.7 101.6 
56 200 1 5.00 ?5 - 19.9 35.1 49.5 104.4 
5? 2001'10SF6 1 4.86 75 - 10.7 29.2 55.9 . 95,8 
58 100 1 4.80 20 12° 9.38 6?.? 23.0 100.1 
61 lOO 1 4.60 20 -zoo 22.7 31.5 ;:54.5 88.7 
62 100 1 5.00 20 -30° 18.2 6?.2 49.4 104.9 
63 100 1 5.00 20 -2o0 21.7 26.6 47.9 96.2 
64 lOO 1 5.21 20 -10° 18.9 27.0 51.2 9? .1 
65 100 1 5.05 20 oo 18.9 48.9 29.0 96.8 
66 lOO 1 5.02 20 -25° 22.6 9.45 63.4 95.5 
67 lOO 1 4.37 70 -10° 26.8 26.4 50.0 103.2 
68 lOO 1-7/8 5.05 70 -10° 22.5 25.? 5;.?.5 101.? 
69 lOO 1-?/8 4.88 20 -10° 22.6 20.1 53.5 96.2 
70 100 1-7/8 4.90 20 -15° 2:5.1 16.0 42.3 80.4 
?1 100 1-7/8 5.00 70 -10° 28.6 23.9 48.5 101.0 
72 lOO 1-?/8 4.81 20 -10° 25.2 22.0 53.1 100.3 
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Run" column are those of the outside jaclcet. Vthere no temperatu1·e 

is given, the reaction tube was not cooled, but left uncontrolled • 

..:1. typical set of data of this series is given below. 

Run 50 

Charge - ?5 gm. NaF and 5 gm. sulphur 

Nitrogen rate - 300 cc./rain. 

Reaction tube used - 1 inch diameter 

Temperature of run - ooc 

Weight of sulphur used (by difference) - 4.9? gm. 

Time started - 1:15 A.M. 

Position 

_L 2 3 4 -
11° go eo ~0 

z:oo 80 10° 60 30 

2:30 ?0 gO 13° ?0 

3:00 40 gO 20° 15° 

30 30 1?0 18° 

4:00 oo oo 40 10° 

4!30 oo oo oo oo 

Time stopped - 4:45 A.M. 

Analysis of products in gaseous mixture: 

Pressure 144.9 mm. 

Temperature 297 .eo K. 

Weight 0.7e93 gm. 

H. i!fT -- 119.8*x2n?.6x0.?693 Ivio1ecular weight = · " = · v·p- 144.9 
189.2 

*For convenience, the volwne of the density bulb, the gas 
constant li. • 82.07, and the atmosphere denominator ?60 were 
compressed into the rrbu1b constantrt 119.8. 
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This corresponds to 40. O;o of s2F10 by weight:. 

Weight of s F produced = 144.~ X 40.0 X 6.00 X 254 = 4.76 gm. 
2 10 760 X 100 X 0.082 X 2~7.6 

Yield of S2F10 (on sulphur) = 4.76 x 64 x 100 • 24.1% 
4.97 X 254 

Weight of sF6 produced= ~~5·! fo~o~oo~o~2o~ ~~~:~ = 4.11 gm. 

Yield of SF6 (on sulphur) : 4.11 X 32 X 100 : 18.2% 
4.97 X 146 

Weight of barium sulphate precipitate = 1.0025 gm. 

Yield of lower fluorides (on sulphur} 

Sulphur accounted for: 24.17~ 
18.2 
~ 
~?.?% 

: 1.0025 X 20 X 32 : 55.4% 
4.97 X 2:Ji) 

Although inconsistent, certain general facts v:ere 

indicated by the first series of runs. It was evident that 

nitrogen dilution raised the yield of s2F10 , the gradient 

being greatest at lov1 nitrogen flows (ea. 100 cc./min.). 

A lower jacket temperature seemed to increase the production 

of lower fluorides and to decrease that of ;::)F6 • No consistent 

change in s2F10 was observed. The larger re~ction tube 

increased the yield of s2F10 , lowered that of SF6 and did not 

affect the lower fluorides to any noticeable extent. .H.eplacing 

NaF by powdered copper, without changes in volume, generally 

raised the yield of s2F10 by about 4 to 5 per cent. Since 

SF6 has a higher heat capacity than nitrogen, a run was 
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done in which some SF6 vras rni:x:ed v;i th the ni t.cogen diluent 

to improve heat dissipation (Run 5?). This resulted in an 

increase in lov1er fluorides and a decreased amount of' SF6 

and s2F10 • Although runs could not be duplicated, the 

general changes observed in this series formed the basis !'or 

the next set of runs. 

The Second Series 

The first series indica~;ed that if any accurate 

trend:;; were to be observed more care would be necessary 

to establish uniformity of techniq_ue and analysis. 'l'he 

procedure ·was therefore altered in the next series in an 

attempt to reduce the inconsistencies. 

(a) Procedure:- The uncontrolled manner of' placing 

the charge in the reaction tube in the first set of runs 

led to an uneven distribution of the solids throughout 

the tube. Since little was known about the ef'leut of such 

irregula.ci ties a more satisfactory method of filling the 

tube was QeVeloped. The cha:c:ge was placed evenly in a metal 

trough, which ·was then insertl::ld into the reaction tube, 

inverted., and removed. 

The large; iNeight and bulk of the reaction tubes 

led to inaccm:acies and awkvva.:cdness in handling the chu:rge 

for weighing purposes. This was simplified and standa:r:dized 

by r·eacting all the sulphur that had been weighed out 

accurately at the start. To ensure this, fluorine was 

allowed to flow through the system for one half hour after 
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it had reached sufficient concentration at the end. of the 

product traps to ignite a burner. 

·.l.'he procedure used in starting the run was altered 

to maintain a constant 1'luorine concentro.tion at the beginning 

of each run. Before connecting the reaction -r;ube to the 

1'luorine line, the genera tor \vas turned on, and. the purification 

train and mixinu cha:w.ber tlushed free of air -vvi th fluorine. 

The reaction tube was then attached to the mixing chamber 

and the time recorded as before. The final time was taken 

when the fluorine reached full flow at the outlet. 

(b) Results1- The results of the second series 

of runs are sho·wn in 'l'able IV. The yields on current were 

obtained in the following manner. In run 78, if the generator 

ran for 140 minutes at 10 amperes, 

Amount of electricity = 10 x 60 x 140 = 84,000 coulombs. 

If the generator were 100~ efficient and all the 

fluorine reacted to fonn s2F~0 , the theoretical amount of 

S2F10 produced would bel 

84,000 X 19 X 254 : 22.1 gm. 
96,500 X 190 

Actual &aount produced = 4.93 gm. 

Yield of S2F1o {on current) = 4.93 x 100 = G2.3/b 
22.1 

As mentioned before, in this and tutu1·e tables 

lovver fluorides are represented as L.F. 
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Run N2 
No. cc. /ruin. -
76 100 
77 200 
78 300 
79 400 
80 
81 100 
82 100 
83 0 
84 500 
85 100 
86 
87 
88 lOO 
89 100 
90 100 
91 600 
92 lOO 
93 700 
94 100 
95 600 
96 800 
97 900 
98 
99 

100 100 
101 lOO 
102 100 
103 100 
104 lOO 
105 lOO 
106 lOO 

T.ABLE IV 

Generator current = 10 amperes 
Reaction tube : 1 inch diameter 
Sulphur used = 5.00 gm. 

Diluent Temp. 
NaF cu of Run 1b Sulphur as 

oc ~ gm. S2Fl0 SFo L.F. - -
75 0 14.7 53.8 35.2 
75 0 20.8 36.8 40.0 
75 0 24.8 23.8 53.6 
75 0 23.4 22.7 51.8 

Hun spoiled 
75 -10 19.4 53.2 37.4 
75 -20 14.9 47.8 41.4 
75 0 5.65 67.9 27.4 
75 0 18.1 12.7 68.5 
75 -30 18.1 42.6 46.7 

Hun spoiled 
Run spoiled 

240 0 18.0 28.5 39.8 
75 -10 20.1 46.5 39.8 
75 +20 18.1 51.2 34.8 
75 0 23.4 14.9 69.8 
75 -20 17.5 39.8 4~.9 
75 0 18.8 10.7 69.4 

0 0 4.47 61.6 33.7 
75 0 17.5 12.1 70.5 
75 0 20.8 10.4 73.5 
?5 0 10.4 12.8 72.0 

Run spoiled 
Hun spoiled 

?5 -10 10.7 29.3 58.9 
75 10 8.92 45.2 52.7 
75 30 10.9 53.? 40.0 
?5 20 11.6 36.7 57.2 
75 10 13.2 40.2 51.8 
?5 -20 13.7 48.8 36.8 
75 -10 10.9 40.1 55.0 

l~ S2F1o 
Total on 
JS Current 

103.0 11.6 
97.6 16.9 

102.2 22.2 
97.9 21.0 

110.0 
104.1 12.5 
101.0 4.4 

99.3 12.6 
107.4 15.1 

86.3 
106.4 15.8 
104.1 13.7 
109.2 
101.2 

98.9 
99.8 

100.1 
104.? 

95.2 

98.9 
106.8 
104.6 
105.5 
105.2 

99.3 
106.0 
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The results verified the trends found in the first 

series but were much more con si sten t. With increasing flov: 

rates of nitrogen, the yields of lower fluorides increased 

and those of SF6 decreased continuously up to 600 cc./min. 

(Fig. 7). From 600 to 900 cc./min. very little further 

change occurred in the yields of these two products. The 

s2F10 increased up to a rate of 300 or 400 cc./min. and then 

decreased. 'l1he gradient of the curve f'rou 500 to 900 

cc./min. was in doubt since runs 95, 9~ and 96 (solid line) 

indicated that the s2F10 yield fell and then rose again 

whereas run 97 pointed to a gener·al decrease (dotted line). 

The runs with rates greater than 600 cc./min. were in doubt 

because flo·ws of this mac;ni tu de produced a large back pressure 

in the system with consequent leakage of fluorine at the 

KHF2 insulation in the c;enerator. A similar nitrogen series 

has been repeated by McLeod, Bishinsky and -~he writer (Section 

III and IV} and it has been shown that the gradual decrease 

was correct. However, the gradient of the curve in this 

region as shown in ]'igure 7 (dotted line) was probably too 

sharp. 

The temperature effect:; were not clear and did 

not give distinct trends as did the nitrogen dilution. The 

most reliable results are collected in Table V and include 

some of the runs of the first ser·ies. 



Figure ? 

The First Results of the Eftec~ ot 

Nitrogen Dilution 
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.Hun 
No. 

102 

90 
103 

104 

43 
76 

81 
89 

92 
82 

85 
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'L-l..BLE V 

Generator current = 
Reaction tube 

10 amperes 
1 inch diameter 
5.00 gm. Sulphur used 

Charge 
Nitrogen flmv 

-= 75 gm. NaF and 5 gm. sulphur 
= 100 cc. /min. 

Temp.of ~~ Sulphur as Total 
Hun- °C %S ::>2F1o SF5 SF4 

:30 10.9 53.7 40.0 104.6 

20 18.1 51.2 34.8 104.1 
20 11.6 36.7 57.2 105.5 

10 13.2 40.2 51.8 105.2 

0 15.7 
0 14.7 56.8 35.2 103.0 

-10 19.4 53.2 37.4 110.0 
-10 20.1 46.5 69.8 106.4 

-20 17.5 39.8 46.9 101.2 
-20 14.9 47.8 41.4 104.0 

-30 18.1 42.6 46.7 107.4 

The only trend indicated \.as an increase in the 

yield of s2F10 at lower te1111)eratures. The changes in SF6 

and lower fluorides were lost in ~he general inconsistencies 

of the 1:esul ts. 

The effect of solid diluents is shown in Table VI. 



Run 
~ 

94 
65 
?6 
67* 
88 
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<fABLE VI 

Generator current = 10 amperes 
Reaction tube 
Sulphur used 
Nitrogen flow 
Temperature 

= 
= 

1 inch diameter 
5.00 ~m. 

• lOO cc. jmin. 
0°C = 

Diluent 
NaF Cu % Sulphur as Total 
gm. gm. S2F10 SF0 L.F. % s 

0 4.4? 61.6 33.7 99.8 
20 18.9 48.9 29.0 96.8 
?5 14.7 53.8 35.2 103.0 

70 26.8 26.4 50.0 103.2 
240 18.0 28.5 39.8 86.3 

Too few results were obtained here to observe any 

trends whatsoever. It did seem, however, that increased 

yields with solid diluent were not due to catalytic action 

since the crystal structures of copper and NaF were so 

dissimilar. The role of these compounds was probably one 

of heat dissipation since copper was a better diluent than 

NaF. 

Discussion 

The unpredictable variations found throughout 

this work we:ce attributed in large 111easurt~ to the irJ.'egular 

p:r:oduction of the fluorine generator. This would manifest 

itself in the unusually large time required in some runs to 

react f'ive grams of sulphur. 

* Run o? was made at -looc. 
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The yields based on current are lower than those 

based on sulphur since the generator was only 70 to 80 per 

cent efficient and since a large amount of fluorine was blown 

through the reaction tube unchanged. The best result on 

sulphur was 28.6 pe1· cen-c obtainca. in run 71 with coppeJ.' 

diluent and 100 cc./min. nitrogen. Hun 78 gave the highest 

yield on fluorine, 22.2 per cent s 2F10 being obtained. 'l'he 

yields of S2F1o on reacted fluorine were much higher. The 

following sample calculation on run ?1 indicates the general 

relationship. 

Weight of s 2F10 produced = 5.69 gm. 

Weight of SF6 produced :: 5.44 gm. 

Weight of F2 as Sl!' = 5.44 :x: 114 
6 146 

• 4.25 gm. 

Assuming L.F. are sF4 , 48.5 :X: 5 • % SF4 = 48.5, so ·weight of SF4 • lOO 
2.42 gm. 

Total weight of fluorine reacted = 10.20 gm. 

Therefore. yield of S2F10 :: 4.25 X 100 • 41 6~i.l . 10.20 • l 

A more complete analysis ot' tho J.'esul ts has been 

postponed until the enCl. of the thesi::; in order to present one 

full discussion which includes all the results obtained in 

Sections! to IV. 



Section II 

Introduction 

The results in Section I indicated clearly that 

SzFlo could be produced in good yields by allowing fluorine 

to react with solid sulphur. However, certain disadvantages 

had arisen in using sulphur in the form of a solid bed. 11.s 

the fluorine reacted with the sulphur, the :.L:atio of solid 

diluent to sulphur increased and so the concentration of 

sulphur at any given time was not known. 

Section I results also pointed to temperature 

control as the most important factor in :producing s2F10 • 

The dissipation of heat from solid sulphur could not be very 

efficient. 

'fhe addition of the sulphur in the form of a smoke 

seemed a reasonable method of obviating these difficulties. 

It had already been shovm (Section I) that s2F10 could be 

obtained from such a system. 'l'he rate of reaction could now 

be controlled, and the relatively small par·ticle size of 

sulphur and large volumes of nitrogen would ensur·e adequate 

heat dissipation. 

Apparatus and 'techniques 

The Heaction dystem 

The reaction rate was :r·egulated by va:.c:iation of 

the ::.ulphu::.c: smoke concentration and the rate of fluorine flow. 
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'l'his involved the introduction o!' a Venturi-type f'loWJlleter 

which, in turn, made many other changes necessary. 

'rhe fluorine entered at A (Fig. 8) and was again 

purified by passage throusn two liquid air traps (C). ~ 

vacuum pump was necessary at the end of the reaction train 

to dra-.., i'luo1·in8 through the capilla:~:y in the flo¥mleter 

which used concentrated H2S04 as the liquid. '.this suction 

was especially necessary ·when the back pressure in the system 

was increased by large f'lov,;s of nitrogen. Since only pa1•t 

of the gas flow was used, a H2so4 bubbler (D) was introduced 

to vent any excess fluorine. A positive pressure was 

maintained at all times in the apparatus before the flow­

meter and was measured on a sulphuric acid. manometer (B). 

The fluorine pas::;ed through the flovnneter and into 

a mixing chamber (F) vd th supplernen ta.ry inlets for other 

gaseous diluents. The reaction tube (G) shown in the figure 

was the first of a long succession of designs used in this 

study and represents the same reactor used for the vrork in 

Section I. This reactor was later replaced by a glass tube 

of the same dimensions ·without a cooling jacket and with a 

thermocouple vvell through the centre of the tube. 'l'hi s 

allowed visual observation of the inside of the tube and 

measurem.ent of the te111perature at the point of reaction. The 

inlets were designed to ensure as thorough mixing as possible 

of the sulphur and fluorine at the point of reaction. Since 

the reaction only took place in the f'irst fev; inches of the 



Figure 8 

The Modified Reaction System 
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long tube, the glass reactor "~as redesigned into a more 

convenient unit. The reactor shown in Figure 9 was typical 

of all futu:re tubes used for the sulphur smoke. ~·luorine 

entered the one inch diameter tube at B, the sulphur smoke 

at A and the products were removed at G. It was found that 

if only one fluorine inlet was used, the reaction tended to 

be localized at that point and a large percentage of the 

sulphur settled out on the other side of the tube. ~he 

fluorine stream was therefore made to enter the reactor at 

tv/0 inlets v1hich \lvere flanged in order to ensure a v.;ide 

reaction area. ..L~I. thermocouple in D measured the temperature 

at any point in the tube. 'l1his reaction tube was 6 to 8" 

long and could be iill.Ilersed in a dev1ar and thermostated. 

Other modifications of this type were also employed. 

In one design, the tube contained a glass coil through which 

Prestone could be circulated continuously for cooling purposes. 

The reactor shovm in l!'igure 9 was later filled with copper 

turnings to increase the heat conduction from the r·eaction 

zone to a constant temperature bath or vice versa. Finally, 

a copper reaction tube filled with copper filings was 

employed. 

The products were first condensed in the same set 

of traps used in the Section I serie::; of runs (H). However, 

the use of a large number of t.caps, dev;ars, and lengths of 

rubber tubing was found inconvenient and sometimes involved 

the reaction of tluorine v;~i th rubber. A trap was developed 



Figure 9 

The Smoke Reaction Tube 
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by c. Bishinsky which required only one large liquid air dewar 

and v,ras efficient at least up to 900 cc. /min. of nitrogen. 

This trap consisted of a set of vertical glass tubes of 

progressively diminishing diameters, joined alternately at 

top and bottom. The gases first passed through two ?If lengths 

of tubing of l"i/' diameter, then '* lengths of -.5/4'•, and finally 

2 lengths of 1/2'•. The large diameters were used to ensure 

both trapping efficiency and satety from plugging by the 

product. Actually, soliditication of the product at one point 

sometimes effectively plugged the trap. Numerous modifications 

of this system have since been devised including traps with 

short horizontal rather than vertical lengths. All were 

designed to fit into large liquid air dewars of ~i'' diameter·. 

The vacuum pump at the end of this .r·eaction system 

necessitated the introduction of some protection behind the 

trap to keep !'luo.L·ine from the Hy-vac pump. The bubbler 

sho~~ in Figure 8 (J) was not introduced until the ne~t 

series of runs (Section III). Instead, the f'luorine was 

passed through two parallel tubes containing Na2C03. '1'he 

introduction of appropr·iate stopcocks befor·e and after the 

tubes made it possible to recr1arge the carbonate in one tube 

while the other was used in the system. 

The Na2co3 was found satis1'actory and a minimum 

amount of fluorine reached the pump. Passing the fluorine 

through NaCl and th~n liquid air to remove the 1..:12 v\"Orked 

equally well. a charcoal trap, not shown on the figure, was 

always placed immediately before the pump fOl' further protection. 
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Sulphur Smoke Apparatus 

A repr'oducible sulphur smoke was formed in the 

apparatus shown in .!figure 10 by passing nitrogen oveJ:· sulphur 

kept at constant temperature. A mete:red st.n~am of' dry 

nitrogen -vvas introduced. at .A and passeei th.J..·ough a 1 cm. 

spa.J..·k p.r·oduced by an o.r·dinar·y spa;.:k coil. The spark f'o:.Lwed 

nitrogen ions vihic h tu.cnished nuclei about ·which the vapor 

could condense thus yielding stable smoke particles and a 

100 per cent increabe in concentration. 

The ni t:.L·ogen then passed into the sulphur boiler (B) 

which was heated electrically and insulated by asbestos 

cement. 'I'he temperature was kept constant within t zoc; and 

measured by a 66000 thermometeJ:·. 

The ni t:.L·ogen anei sulphur· we:.c·e heated until they 

reached the aiJ.:· condenser v. The temperatur·e in the outlet 

was kept at about 50°0 above that of the boiler and was 

also measur·ed by thermometer·. 'l'he more unstable po:.L·tion of 

the smoke and any sulphur vapor set-cled out in the condenst:r 

which was removable and was connected to the generator by a 

ground glast::J joint. '.L'he smoke f'inally issued at .u. 

The concent.J..·a"tion of' the sulphu.:t: smoke was measured. 

by pyrolysis ot the sulphur to SOz and ab;:;orption of' the 

SOz in an iodine - starch solution. a standardized iodine 

solution was used and the time taken for the disappea:cance 

of the characteristic blue calor. Si1~le calculation yielded 



Figure 10 

The Sulphur Smoke Generator 



- 63 -

<( 



- 64 -

the concentration of the sulphur smoke. 

The smoke entered at E and 02 was added at Jf. The 

ratio of nitrogen to oxygen found suitable was 2/1, the 

oxidation neither being incomplete or excessive with this 

volume of oxygen. The gaseous nuxture was pyrolysed in a quartz 

tube (G) kept at red heat and was then passed through the 

bubblers J. It was found that when only one bubbler was used 

and connected to the system, a back pressure was introduced 

initially which altered the nitrogen rate and disturbed the 

equilibrium in the sulphur generator. Two bubblers were there­

fore used and handled in the following manner. A given smoke 

was pyrolysed and passed through the two way stopcocl\: into a 

water bubbler. The starch - iodine solution was added to the 

second bubbler which contained the same amount of liquid and 

same diameter inlet tube. The stopcock was turned quickly to 

the iodine bubbler, and the time taken. The manometer (H) 

read the fluctuations in pressure. The final time was given 

by the disappearance of the characteristic blue color. The 

color changes were quite distinct and the accuracy good. 

The concentration was varied by altering either the nitrogen 

or the tem?erature of the boiler or both,and fairly con­

centrated and stable smokes could be obtained down to 500 

cc./rnin. of nitrogen. The following table (Table VII) 

indicates the general conditions required for various sulphur 

concentrations. The deposit was found by weighing the 

condenser before and after a run and the vapor pressure was 

obtained from the Gheroical Rubber Handbook. 



Sulphur 
Vapor 

Temp. Pressure 
oc mm. 

200 2.1 

210 ~.1 

220 4.4 
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TABLE VII 

Suluhur Smoke Concentrations 

Nitrogen 
.Hate Deposit Smoke Total 

cc./min. gm./hour gm./hour gm./hour 

300 0.23 0.12 0.35 
600 0.31 0.22 0.5:3 
900 0.36 0.~5 0.71 
300 0.32 0.15 0.47 
600 0.43 0.;:>5 0.78 
900 0.53 0.54 1. 07 
300 0.53 0.20 0.73 
600 0.73 0.47 1.20 
900 0.74 0.75 1.49 

The Analysis System 

Theoretical 
gm./hour 

0.25 
0.50 
0.74 
0.36 
0.72 
1.09 
0.52 
1.04 
1.55 

The analysis system was essentially the same as that 

used in Section I and shown in Figure 6. Modifications were 

introduced only to increase the convenience and rapidity of 

analyses. The water bubbler was found unnecessary and removed. 

A duplicate of the gas density part of the apparatus was set 

up and the two halves separated by a stopcock. This enabled 

the handling of two samples at the same time. The manometers 

were altered and constant volume types introduced. 

The amount of gaseous product remaining after 

lower fluoride removal varied widely from run to run. In 

order to allow samples of large enough weights and pressures 

to be taken, a series of bulbs was added which vvere similar 

to bulbS but of capacity ranging from one half to 5 litres. 

These changes ensured a higher degree of accuracy 

and ease in handling of the products. 
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Procedure 

The Reaction System 

The procedu.ces used in Section I had to be altered 

to accommodate the changes made in the reaction system. ·rhe 

fluorine generator was turned on, and the system flushed 

free of air by passing fluorine th:.c·ough the train up to the 

flowmeter and out through the H2S04 vent (D- Fig.8). 

At the start of a run, the smoke apparatus and the 

fluorine train were both connected to the :c:eaction tube. 

Since the nitrogen tended to introduce a large back p:cessure, 

the manometer first indicated a large negative value vvhich 

was quickly compensated by increasing the suction. 

'11he sue tion v.-as controlled by careful adjustment 

of a pinch cla1np placed immediately before the Hy-vac pump. 

'l'he nitrogen and suction were then manipulated simultaneously 

throughout the run so that the fluorine and nitrogen rates 

were kept at the required values. 

'l'he time was .r:ecorded when the reacto:J.:· was f'irst 

connected to the sulphur· suoke gene.L·ator and. the fluorine 

line. .d .. n excess of !'luorine passing through the .L·eaction 

system was quickly indicated at the carbonate tube which was 

sensitive to small ahlounts of fluorine and heated up quickly. 

A plug was sometimes obse:cvea. in the product trap and was 

removed by lOi·.rering the liquid air and warming the spot where 

the solid had blocked the glass tube. The reaction was run 

until ~ - 4 gm. of sulphur had been fluorinated. The 



- 67 -

temperature at the point of reaction was observed throughout. 

The sulphur smoke genera tor was ti:.en detached and 

the fluorine genera tor and sue tion turned off. 'l'he gases 

remaining in the reaction tube were passed into the liquid air 

trap by means of a nitrogen stream vli th the reaction tube 

kept at 30ot;. 

Analysis 

The productti were then analysed, as described in 

Section I, only a few changes being made in the procedure. 

After passage through the bubblers, the gases which had 

condensed in I!' (Figure 6} were formerly analysed by a single 

vapor density measure1a.ent (Section I). The weight of s2F10 

calculated by this method was checked occasionally by separation 

and direct weighing. J'.Iolecular weight determina tions on the 

residual gas samples indicated the presence of a third co1aponent 

of molecular weight le ss than 146. 'rhis was more emphatically 

illustrated during the sulphur smolce runs when molecular weights 

of the asF6n fraction were constantly low. 

Because of the siul.ilari ty in properties of this 

low molecular weight compound and SF0 , a separation was not 

feasible in the simple apparatus shown in the figu.ce. A. pure 

sample could therefore not be obtained !'or a molecular weight 

determination. The follov1ing method was eHlployed in order 

to obtain an approxim.a te measure of the molecular· weight. 

A sample of SF 6 (b) and the unknown compound (a) 
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was obtained by careful f'ractionation from S2F10 , and a 

gas density taken on this sample. 'fhe following equation 

applied to any such mixture 

= total pressure observed 
= partial pressure of the SF6 
= molecular v;~eight of unJ:;:nown 

compound 
• molecular weight of SF6 = .Molecular weight measured on 

SF 6 + unknown 

A sample of pure SF6 was then added to the first 

mixture and the molecular weight measured again. The equation 

then became 

t 

where P1 = new total pressure observed 
Px = partial pressure of the added 

SF6 
Mt

1 
• new molecular weight measured 

on SF6 • unknown 

This gave tv10 equations, and solution for the two 

unknowns (Pb and Ma) yielded the molecular weight ot the unl(nown 

compound. The average value obtained was 105. 'fhe only 

known fluorides or oxyfluorides in this region were SF4 

(M.W. - 108}, SiF4 (M.W. - 104) and S02F2 (M.Vv. - 102). Since 

the first two would be removed by the caustic bubblers, the 

unknown compound was tentatively identified as SOzF2• The 

oxyfluoride was only slightly soluble in 10 per cent caustic 
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and had other properties similar to the compound described 

in the literature (cf. Historical - SOzFz). Since the vapor 

pressure curves of S02F2 and SF6 parallel each other fairly 

closely, it became obvious, then, why a simple fractionation 

was not possible. 

Further substantiation was obtained at a later date. 

Since it was reported that S02F2 was destroyed by alcoholic 

NaOH, a run in which a def'inite amount of so2F2 was to be 

expected was passed through two caustic and then an alcoholic 

NaOH bubbler. The molecular weight of the residual gas sample. 

with s2F10 removed, showed only the presence of SF5. This 

further confirmed the claims made, unless the compound was not 

SOzFz but was also destroyed by alcoholic NaOH. It is inte:ce:::;ting 

to note that during this operation a large percentage of the 

S2F10 is also decor1posed by the alcoholic NaOH. 

Assuwing the presence of SOzFz, the analysis 

proceeded as follows. The total sar~le was condensed into one 

of tlle small bulbs (H,.T,K or L - Fig.6) and surrounded by a 

dry ice- acetone mixture (-80°0}. Since the vapor pressure 

of s2F10 is only 2 mm. at this temperature, only the SF6 and 

so2F2 evaporated appreciably. the latter gases were condensed 

in liquid air and the separation continu~a until the vapor 

pressure above the sample was reduced to 2 mm. It was found 

that t\·JO successive fractiona tions were enough to .L'ecover 

all the s2F10 • Vlhen pure, the s2F1o was a vvhi te solid v;hich 

melted near -80°G. The SzFlo was then weighed and a vapor 
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density taken on the other fraction. Simple calculation 

yielded the weights of SF6 and S02F2• 

Lower Fluoride Analysis 

During this period, the analysis for sulphm: in 

the lower fluorides was further modified and greater accuracy 

achieved. The precipitations were carried out at PH 1 to 

1.5 in hot solutions and digested f'or one half hour while 

hot. The precipitate was filtered next day through Gooch 

crucibles rather than sintered glass. They were then washed 

with hot water and dried for one hour at 1~0°C. 

At this time it was thought necessary to obtain an 

insight into the composition of the lov~er 1·1uorides. Since 

all these fluorides either decompose or react with glass, 

separation by fractional distillation was not teasible. 'l'he 

weight of sulphur found from the analyses described above was 

of little use in i tsel1'. However a knowledge of the mole 

ratio of fluorine to sulphur in the caustic bubblers would give 

an approxilaate indication of the compounds involved. Jfor 

instance, a ratio of 4/1 would indi ea te ·che presence o!' SF and 
4, 

a ratio of 1/1, s2F2 • Any given mixture o1' these two would 

yield an intermediate ratio. This, of course, assumed the 

existence of only two lower fluorides in the bubblers and 

would be complicated if more than two were present. It was 

planned to measure the effects of variables on the F/S ratio 

and so obtain general trends in the lovver 1'luorides. 

Various methods of analysis for the F- ion wer·e 
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therefore attem:)ted, mo::~t of them unsuccesstul because of the 

presence of sulphate ion and NaOH. A satisfactory procedure 

was finally developed by L.A. McLeod using PbC12 to precipitate 

both the sulphate and the t'luoride ions. 

After dilution of the bubbler solutions to one 

litre, two suitable aliquots were taken, H2o2 was added as 

before and the solutions boiled to destroy the excess peroxide. 

They were then made acid to methyl red and alkaline to methyl 

orange by adding HCl to the alkaline solution. The solutions 

were heated to boiling and a large excess of PbCl2 was added 

dropwise. The combined precipitate of PbClF and PbS04 was 

allowed to digest overnight and filtered on Gooch crucibles. 

The precipitate was washed several times '\Yi th saturated PbClF, 

once with cold water, dried for on(; hom: at 130°G and weighed. 

Since the weight of sulphur was known from the 

BaS04 analysis, the weight of Tl uori ne could readily be 

calculuted. Analyses with known solutions of ~·-, so4 = and 

so3= ions were accurate within 2 per cent. aecent evidence, 

however, indicates that the ratios of F/S found up to the 

pr(;;sent time have probably been incorrect, the error increa~ing 

with smaller amountt> of lovver fluorides in the products. 

It has been shown that, NaCl, formed by the NaOH and HCl in 

the solutions, increases the solubility of Pbso4 • Since a 

standard volume of caustic was usually used in the bubblers, 

the excess l'JaUl in the solutions ·would assume greater importance 

as the weight or PbS04 decreased. Investigations, using a 

method of analysis which involvet:l "the conversion of tluoride 
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ion to SiF4 and consequent absorption in H20 and titration, 

has confirmed these trends. Errors have been :round as high 

as 30 per cent on the fluorine analysed. 

Results 

The first set of' runs with the sulphur smoke were 

of little value since both the new reaction system and the 

sulphur smoke generator vvere in the expe.rimental stage ana. dia. 

not perform consistently. H.uns 1 to 305 were therefore all 

discarded. Runs jl to 6~S were done in the large glass reactor 

similar to the copper reactor (Fig. 4) and described above 

(Apparatus - Section II). SO&.F2 was first identified atter 

run ~6S and subsequent runs all took cognizance of its presence. 

The yields of s2F10 up to this time may all have been in 

error to varying extents. 

The remainder of' the sulphur smoke runs were carried 

out in various types of small reactors (cf • ..ri.pparatus). '.L'he 

results are liabulated in Table VIII and the experiments done 

with different reactors under different conditions are 

separated into groups for convenience. Many runs have had to 

be discarded and excluded from the table. A leak would 

sometimes develop before the reaction tube and air would be 

drawn in, nullifying the results. It was found that at very . 

cold outside jacket temperatures, in the reaction tubes 

filled with copper filings, sulphur would tend to precipitate 

rapidly at the inlet, and either the reaction tube would plug, 
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or the sulphur concentration would be too low, or both. These 

runs were usually not analysed and are therefore not shown. 

The "Temperaturett column indicates the highest 

temperature shown by the thermocouple at the point of reaction 

and not that of the outside temperature jacket or dewar. Those 

runs ·which were not therraostated will be pointed out in the 

discussion that follo·ws the table. 

All runs were done at a flow rate of 900 cc./min. 

of nitrogen through the sulphur smoke apparatus. The yields 

were calculated on the sulphur reacted as measured by the 

analysis of the products. 

Run 85S. 

A typical set of data for this series is shown below; 

Fluorine flow = 60 cc. /rn.in. 
Nitrogen flow= 900 cc./min. 
Temperature of sulphur boiler = 228°0 
Concentration of smoke = 1.07 gm.6hour 
Highest temperature measured = 90 C 
Time = 2 hours 

Weight ~2F10 by weighing = 0.7790 gm. 

Ivlolecular weight on residual gas sample! 

Pressure • 214.1 mm. 

Total volume • 1633 cc. 

Molecular weight = 121.0 X 298.5 X 0.7795 
214.1 

= 1~1.5 
This corresponds to 67.0 per cent SF6 and 33 per cent 

S02F2 by weight. 
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Therefore, weight of .':lF6 : 67.0 X 214.1 X 1.6~j X 146 
100 X 760 X 0.0821 X 2g8.5 

= 1.84 gm. 

: 33.0 X 214.1 X 1.633 X 102 
100 X 760 X 0.0821 X 298.5 

= 0.632 gm. 

Analysis of lower fluorides: 

Weight 

Weight 

Weight 

Weight 

Weight BaS04/litre • 11.86 gm. 

Weight PbClF + PbS04/litre = 51.60 gm. 

Weight :Pbs04/litre • 303 x 11.86 = 15.42 gm. 
233 

• •. weight PbClF/litre = ~6.18 gm. 

Weight sulphur as L.F. = 52 x 11.86 = 1.628 gm. 
233.1 

Moles sulphur as L.F. = 13K2a = o.o5o9 

Weight fluorine as L.F.= 19 ~6r6 • 18 = 2.580 gm. 

Moles fluorine as L.F. = 2 •580 • 0 1360 19 • 

sulphur 

sulphur 

sulphur 

sulphur 

Total 

as 

as 

as 

as 

F/S ratio = 0.1360 = 2.67 
0.0509 

lower fluorides = 1.628 

SF • 32 X 1.84 = 0.403 6 146 
S2F10 • 64 X 0.7790 = 0.195 

254 
S02F2 • 32 X 0.632 

102 
• 0.198 

weight sulphur reacted - 2.426 -

gm. 

gm. 

Per cent sulphur as 

lower fluorides 
SF0 
S2F10 
S02F2 

Total 

• 67 .11~ 
• 16.6 
= 8.0 
= 8.3 



- 75 -

TABLE VIII 

Sul~hur Smoke Hesults 

Nitrogen rate • 900 cc./min. 

Fluorine Sulphur Sulphur 
Run Rate Cone. Temp. Reacted % Yield on Sulphur F/S 
No. cc ./min. gm./hour oc gm. L.F. SF5 SzFlo S02F2 Ratio 

Grou!! 1 
315 90 1. 07 150 4.27 ~8.5 ti9.8 1.9 2.19 
~2S 60 1. 07 120 4.80 43.3 5~.2 3.5 2.20 
36S 40 1.07 95 4.05 7~.8 17.3 8.9 2.55 
33S 30 1.07 75 ~.44 83.8 10.2 6.1 2.36 
35S 15 1..07 55 2.90 67.5 21.0 11.4 2.86 

Grou~ 2 
56S 60 0.50 65 2.06 ?0.3 18.7 7.7 3.4 2.46 
50S ~0 0.50 75 3.39 ?7.0 12.7 ?.0 3.4 2.43 
52S 15 0.50 55 2.31 94.4 1.3 1.1 3.4 2.46 

Grou~ 3 
595 60 0.25 50 1.62 83.5 7.6 3.3 2.57 
60S 60 0.25 125 4.40 69.7 aa.o 4.4 7.8 2.72 
61S 60 0.25 2.00 1.14 50.2 32.6 4.5 12.7 3.06 
575 10 - 15 0.25 50 1.21 77.8 11.8 6.3 3.9 2.24 
62S 10 - 15 0.25 200 1.44 65.6 22.4 5.8 6.1 1.92 
633 10 - 15 0.25 31.0 1.47 50.0 36.5 4.3 9.0 ~.19 

Grou12 4 
68S 60 1.0? 20? 2.96 70.4 15.9 9.8 3.9 2.47 
74S 60 1.07 lOO 1.84 ?0.1 17.1 9.2 3.6 2.1.6 
6?S 60 1.0? 140 3.1.2 64.5 23.2 10.6 1.8 2.48 
695 60 1.07 250 2.54 41..0 50.0 5.9 2.9 ··.,2.84 
?OS 60 1..07 400 2.09 ?1.8 25.8 1.0 1.2 3.94 
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TABLE VIII (continued) 

Fluorine Sulphur Sulphur 
Run Rate Cone. Temp. Reacted %Yield on Sulphur F/S 
No. cc./min. gm./hour oc gm. L.F. ~ S2F1o S02F2 Ratio 

Group 5 
80S 30 1.07 20 1.51 71.4 16.0 9.5 3.2 1.60 
775 45 1.07 20 2.21 69.9 19.2 6.0 4.9 1.47 
76S 60 1.07 20 2.28 67.6 20.1 4.9 7.4 1.98 
79S 75 1.07 20 2.19 57.3 29.7 7.2 5.7 2.59 
78S 90 1.07 20 2.11 51.4 33.3 5.9 9.5 2.10 

Group 6 
a5s 60 1.07 90 2.43 67.1 1&.6 a.o a.2 2.67 
91S 60 1.07 85 2.21 67.0 18.7 5.6 8.8 
86S 60 1.07 200 1.71 48.0 ~9.1 7.2 5.8 2.03 
87S 60 1.07 300 1.73 38.8 44.8 1.8 14.5 2.14 
88S 60 1.07 400 0.99 37.8 10.4 0.7 50.3 0.80 
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Discussion 

Although many of the trends were not distinct, the 

result~ ar~ discussed here in a qualitative manner. ~s in 

Section I, an analytical treatment has been postponed until 

the General Discussion. 

The first group of r·uns (Group 1), in the long 

glass reactor, repr·es~nt the changes obs~rved when th~ 1'luorine 

rate is varied at a constant sulphur smoke concentration. 

Lower fluorine rates resulted in an increa~e in the yield of 

loy;er fluorides, a decline in SF6 , and, in general, an increase 

in s2F10 • 'l'hi s same variation v1as re pea tea in tb.o same 1.·eac tion 

tube using half the concentration of sulphur smoke (Group ~). 

Duplicate trends vve.L·e obse1:·ved in the SF 6 and lower· fluorides 

but the s2F10 yields we"J:e not consi::>tent, the amount falling 

off sharply at 15 cc./rnin. fluorine (Run 52S). No temperature 

control was atteraptea in all the above runs so that the 

effects observed could not be attributed solely to the fluorine 

variations. 

In G-roup 6, the sulphu:c concent.L·a.tion was halved 

aGain (i- gm./hour), and the temperatuJ:·e varied att"VlO aifferent 

fluorine rates. The reactor was heated electrically by 

nichrome v:iring v:ound around the outside of the tube and 

controlled so that the desired temperature was still obtained 

in the thermocouple well. In both instances, an increase in 

tel.!lperature led to an increase in SF6 and a decrease in lower 
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fluorides and s2F10 • The changes in .:)2F10 were small, however, 

relative to the changes in SF6 and lo·wer fluorides. This 

indicated that macroscopic temperature effects might not be 

an important factor in S2F1o production. 

The srooll reactor containing the glass coil in the 

inside of the tube was used for the Group 4 series of runs. 

For the lower temperature the reactor was cooled by circulating 

cold Prestone through the coil. Nichrome ·wiring was used for 

heating purposes. ~t constant fluorine and sulphur concentrations, 

the increase in temperature resulted in distinct trends up to 

250°C, similar to those observed in Group 3. Tv,ro explanations 

can be offered for the sharp breaks observed in run ?OS. At 

higher temperatures fluorine attacks glass to give SiF4 and 

sulphur oxyfluorides wl1ich v;ould be absorbed by the bubblers 

and show up as lower fluorides. I1.ll the fluorine could there­

fore have appeared as lovver fluorides rather than SF6 or 

s2F10• The sharp jump in the F/S ratio would tend to substdntiate 

this. The claim of l,J:oi ssan and Le beau ( ~3) that hot sulphur 

vapor and SF6 react in hot glass to give lower fluorides rnay 

be another plausible explanation although Simons (14) has 

disputed this work (cf. Historical - SF6 }. 

The Group 5 runs were done with the reactor shown 

in Figure 9 but filled \vi th copper turnings. ..t.~.n increase in 

fluorine at constant temperature and sulphur concentration 

resulted in the sam.e trends observed in Group 1, namely, an 

increase in SF6 and decrease in lower fluorides and s2F10 • 
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The trends in s 2F10 were again not as distinct as the other 

two. 

Since it ·was thought that the results o:t' temperature 

variation found in the glass reactor were obscured by the 

possible reaction of glass and fluorine at higher te1~eratu~es, 

this series was repeated using a copper reactor of the same 

design as that shovm in Figure 9 and filled vvi th copper turnings 

{Group 6). The general increase in SF6 and decline in lower 

fluorides and s2F10 was again observed up to ~00°c. Since the 

decoiaposition temperature of s2F10 lies in the region of 250-

300°0, the reason for the s2F10 decrease at high temperatures 

was obvious. Numerous factors could account for the sharp 

decrease in SF6 at 400°0 in run 88S. The small change in 

lov:er fluorides would indicate that not much decomposition of 

SF6 to lovrer fluorides had occurr·ed. However, the high 

temperature at ·which this run was done resulted in a nuHlber 

of changes in the reaction conditions themselves. The rubber 

connections to the copper reactor were hot and could have 

reacted to give carbon i'luorides. If these fluoricles did not 

react with HaOH, a small amount in the gas density system, 

could decrease the molecular weight significantly and give 

false values for the v1eight of SF 6 and S02F2 • It was also 

found that copper reacted with both fluorine and sulphur at 

this temperature, so that the concentration of the variables 

could not be ascertained. The result is really of little 

significance since the general trends are indicated up to ::500°0. 
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In all this worl{. no at tempt vvas made to drav; 

positive conclusions from the results of' one run. The trends 

were not distinct and could not be evaluated in their proper 

perspective until verified later vnth far greater accuracy 

by the runs discussed in Section IV. 

The fluorine - sulphur ratio has not been mentioned 

significantly in this discussion since it is believed that the 

inaccuracies in the fluorine analysis completely prevent 

any positive conclusions to be dravm. 



Section III 

Introduction 

With the development of the nev1 reaction and analysis 

system used in the sulphur smoke experiments, it was now 

possible to investigate a wide range of conditions \nth greater 

accuracy. Although inconsistencies were often observed, the 

yields of s2F10 were generally of the order of 5 to 10 per 

cent on sulphur. This was low compared with the arilounts of 

s2F10 obtained \,hen fluorine v1as allowed to react with a solid 

bed of sulphur. Further research with the smoke might have 

given a clearer insight into the mechanism of the sulphur -

fluorine reaction, but the low yields were undesirable from a 

commercial viewpoint. It was therefore decided to forego 

theoretical investigation with the sulphur dispersion and 

re-examine the solid system using the new techniques and 

apparatus. 

It has been shown in Section I that the sulphur 

concentration in a solid bed could be varied by .addition of 

solid diluent. The rate of reaction could now be controlled 

further by the variation in fluorine flow. Since useof 

suction eliminated back pressures, the nitrogen changes could 

be reinvestigated without limit and the e!'fect of larger 

dilutions determined more accurately (cf. nitrogen dilution­

Section I). 

As has been mentioned, research up to this time 
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indicated that production of large amounts of s2F10 required. 

the use of nitrogen diluent. 'rhis method of p:.~.·eparation 

was not t'easi ble on a commercial scale because ot the 

difficulties involved in handling a gas lilce ni t:~:ogen which 

was so dif1'icult to condense. 1!. search was therefo.r·e waae 

for a higher boiling gas, inert to fluorine, which would 

replace ni t:cogen. Dichlorotetrar·luo.rethane {sold und.er the 

trade narn.e "Freon 114" by Kinetic Chemicals Ltd.) which boils 

at 4oc was thought to fill these requirements. Since all 

previous work indicated that the diluents exerted a thermal 

effect, Freon had the further advantage of higher heat capacity 

compared to nitrogen. Le ss gaseous diluent would l;he.L·ef'ore 

be required to produce comparable increases in the yields of 

S2F10• 

Apparatus and Techniques 

Only slight changes were made in the apparatus 

described in Section II. Since a method of analysis for 

fluoride in the caustic bubblers had been developed, and since 

the fluorine could be rootered accurately, it was now possible 

to !'ollov1 the fluorine as well as the sulphur balance. This 

necessitated. complete reaction of any fluorine that entered. 

the reaction tube. 

The charge was made up as befo:ce but 10 rather than 

5 gm. of sulphur was used. If only 3 to 4 gm. was reacted, 

an excess of sulphur was ensured, and if the nitrogen dilutions 
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were not too great, the fluorine did not pas~ the sulphur 

bed unchanged. The ltt reactor was again employed in this 

work but it was filled in a dil"i'er·ent manner. The solids 

were now distributed evenly in a coppt:n· trough w"hich was then 

inserted into the reaction tube. l'he amount of sulphur used 

was found by weighing the boat before and after reaction. 

It was f'ound that if nitrogen dilutions were used, 

some f'luorine did pass through the reaction tube. A KI 

bubbler (J - Fig.8) was therefore introduced after the product 

trap to absorb the unchanged fluorine. Titration, with 

standard AS::;O~, of' the iodine f'orme d yielded the weight oi' 

:t'luorine. Since the bubbler served to remove any excess 

fluorine before the gases reached. the Hy-vac pump, the carbonate 

tubes were removed fo1· all consequent experiments. 

Results and Discussion 

The First Series of Experiments 

No results were obtained "t>'li th Freon. Several 

attempted e:x:pe.cilllent:::; vvi th va:r.·ying dilutions ~~e1·e unsuccess!'ul 

since an explosion always occur.ced befo1.·e enough products coula 

be collected for analysis. These explosions took place even 

if sulphur was not present and indicated that the .i!'reon -

fluorine mixture was responsible. Since later work showed 

the presence of oxygen in the fluorine stream, it was possible 

that the reactions were ini tia-ced by the impurity and that 

the pure gases would not explode. No other work has since been 

done in this direction. 
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Following the unsuccessful attempts v;i th lt,reon, it 

was decided to re-examine the nitrogen dilution and to 

investigate the e!'!'ect s of' other variables. The re ::>Ul t s a:ce 

shown in 'l'able IX. No r'lUoL·ine balances were obtainea. until 

run lOA when the KI bubbler was !"irst installed.. 

Runs 6 to 13.A and 16A show the variation in yields 

with increased nitrogen dilutions (Fig. 11). The yields 

and trends observed followed the same general behaviour found 

by Lossing and the 'v.riter in Section I {cf. Table IV and Fig. ?). 

The SF6 yields decreased and the lower fluorides increased, 

and then both levelled off sharply, whereas that of s2F10 

passed through a maximwn. At first glance it might appear 

that the gradient of the s2F10 curve was again in doubt beyond 

the maximum value. However, closer exwnina tion of the results 

indicate that the s2F10 yield in run ~A was probably incorrect. 

Although the values of SF6 and lower fluorides were duplicable 

at these higher flow rates of nitrogen, the amounts of both 

these products were inconsistent with the general trends. rrhe 

s2F10 curve has therefore not been drawn through this point 

(9A) and a gradual decline in yield has been shown at nitrogen 

dilutions greater than 800 cc./min. Further justification 

for this representation will become evident later in both the 

experimental results and discussion. 

An atternpt was also made to examine the effects of 

solid diluent, temperature, and fluorine rate, in the absence 

of nitrogen. Although no trends were observed, these 
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TABLE IX 

Series A 

Weight sulphur in charge = 10 gm. 

V1t. Sulphur 
Run Fluorine Nitrogen NaF Temp. Reacted % Yield on Sulphur % Yield on Fluorine F/S 
No. cc ./min. cc./min. .8!!:. oc gm. L.F. SF0 S2F10 S02F2 L.F. SF6 S2F10 S02F2 Ratio 

lOA 90 0 50 0 ~.28 23.4 54.5 13.2 8.9 8.5 72.9 14.6 4.0 1.66 
6A 90 300 50 0 4.84 43.5 31.5 18.0 7.1 2.43 

llA 90 450 50 0 4.12 58.9 17.4 19.4 4.4 43.1 24.6 22.8 2.1 3.12 
7A 90 600 50 0 4.68 57.3 13.6 22.4 6.7 2.73 

12A 90 750 50 0 4.23 65.0 8.9 22.9 3.3 46.0 12.5 21,0 1.6 3.00 
8A 90 900 50 0 3.93 66.0 9.0 17.0 8.o 3.47 

16A 90 900 50 0 3.36 69.0 8.7 17.9 4.6 46.1 10.5 18.1 1.8 3.30 
9A 90 1200 50 0 3.64 67.9 10.9 14.2 7.0 ~.86 

13A 90 1500 50 0 4.40 74.8 5.9 17.3 2.0 42.9 7.3 18.0 0.8 2.83 

14A 30 0 50 0 2.23 36.4 31.4 17.3 14.8 24.4 46.6 21.6 7.3 2.73 
18A 45 0 50 0 3.58 42.8 30.0 11.9 15.4 22.1 51.7 17.3 9.0 1.80 
25i>. 45 0 50 0 1.96 32.2 38.2 14.8 14.8 21.6 54.0 17.6 6.9 2.86 
15A 60 0 50 0 4.96 24.3 42.6 22.4 10.7 16.1 55.0 24.2 4.6 3.08 
30.A 60 0 50 0 3.15 22.6 55.5 10.8 11.2. 10.6 72.4 11.5 4.8 G.37 
36A 60 0 50 0 3.41 24.1 58.4 6.8 10.9 14.2 74.0 7.2 4.6 2.82 
17.Lt 75 0 50 0 5.20 41.0 31.2 5.4 22.5 2.60 
24A 75 0 50 0 4.19 30.4 60.2 4.1 5.5 21.4 72.5 4.1 1.9 3.51 
lOA 90 0 50 0 3.28 23.4 54.5 13.2 8.9 8.5 72.9 14.6 4.0 1.66 

27A 60 0 0 0 3.52 28.1 55.7 2.3 13.9 16.6 74.5 2.7 6.3 ~.46 
26A 60 0 25 0 3.70 31.7 49.4 4.1 14.9 19.3 69.1 4.7 6.9 2.69 
23A 60 0 lOO 0 3.94 46.0 28.2 7.4 19.5 32.5 47.0 10.3 10.2 2.55 

34.A. 60 0 50 .. ao 2.94 18.4 64.4 9.9 7.8 10.2 76.8 10.0 3.2 2.78 
32A 60 0 50 50 2.94 19.1 64.3 4.8 11.9 10.6 79.8 4.9 4.9 2.68 
33A 60 0 50 75 2.97 12.1 70.4 5.7 11.8 5.8 84.2 5.5 4.6 2.28 



Figure 11 

The Effect of Nitrogen Dilution in 

Series A and B 
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experimental results have been included in the table and 

show the wide variations encountered in this system. 

Effect of Oxygen 

These inconsistencies persisted even though apparently 

identical reaction conditions were maintained. A careful 

review of all the data was therefore made in an attempt to 

find an explanation for the variable results. 

It was noticed, especially in the 5moke runs, that 

even when trends were sometimes obtained with lower fluorides 

and SF6, the fluctuations of s2F10 persisted. These in­

consistencies could either be due to errors in the analysis 

of the products or to lack of reproduction of reaction 

conditions. a review of the analytical procedures showed 

that the variations ·v1ere too large to be accounted ror in 

this manner. 

However, a possible source of error did exist in 

the reaction system. A rough analysis had shovm the presence 

of so111e impurity in the fluorine stream. Moreover, in nea.t·ly 

all the runs in Sections II and III, S02F2 had been found 

in the products. It was observed that a rough correlation 

existed between the amount of SOzFz produced and the yield 

of s2F10 • Although no trends were noticed in either of these 

two products, an increase in the amount of so2F2 was usually 

accompanied by a decrease in s2F10 yield. This v1as particularly 
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evident w·hen a lealt had occur .ced before the reaction tube 

and air was drav'Y'!l into the reaction zone. These runs ·would 

invariably require repetition because of low s2F10 yields. 

tiince the inconsistencies persisted v~th a leak-proof system, 

a variable runount of some impurity, probably oxygen, in 

the fluorine stream was suspected as the source of the trouble. 

Analysis of the fluorine showed the presence of 

approximately 35 per cent oxygen, although later work indicates 

that this value \Yas probably too high. The analysis v!B.s 

carried out in a gas analysis system, the fluorine being 

determined by absorption in KI and the oxygen by absorption 

in pyrogallol. Fluorine samples which gave 70 to 80 per 

cent fluorine and over 20 per cent oxygen with this system 

have been found to contain 1aore than 95 per cent fluorine 

by an analysis with mercury. nov1ever, it is knovm that 

oxygen was undoubtedly present since the percentage of 

fluorine was comparatively low, and for other reasons \'!hi eh 

will become evident later. 

To show that the formation of S2F1o was being 

inhibited by oxygen, a series of experiments "were carried 

out in which kno·vm amounts of oxygen were added to the 

fluorine strewn {Table X). 
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TABLE X 

Effect of Oxygen 

Fluorine rate = 60 cc./min. 
Weight of NaF diluent = 50 gm. 
Temperature • ooc 

Oxygen 
~ Yield on Sulphur F/S Run Nitrogen added 

li2..:. cc.fmin. cc./min. L.F. SF6 S2F10 S02F2 Ratio 

36A 0 0 24.0 58.4 6.8 10.9 2.82 
38A 0 10 46.4 33.4 1.5 18.8 2.15 
39A 0 18 52.0 26.4 1.8 19.9 2.46 
40A 0 30 54.9 21.4 2.6 21.1 2.31 
41A :500 10 72.6 14.3 8.2 4.8 2.26 

The results are illustrated graphically in Figure 12. 

As anticipated, it can be seen that increased oxygen led to 

a sharp increase in S02F2 accompanied by a corresponding 

decrease in yield of s2F10 • Both curves levelled off at the 

same point. It is also interesting to note the changes in 

the other two products. The production of SF6 was inhibited 

as much as the s2F10, and the yield of lower fluorides in­

creased rapidly. It seemed, then, that the presence of 

oxygen increased the yield of lower fluorides at the expense 

of the SF5. This increase in lower fluoride yield could have 

been due to the formation of another oxyfluoride which was 

absorbed in the caustic bubblers. 

An attempt was also :wade to determine the effect 

of oxygen in the presence of nitrogen. If runs 6 and 41A 

are cornpared, it can be seen that 10 cc./min. of oxygen in 

the presence of 000 cc./min. nitrogen did not affect the 

yield of S0zF2 but the lower fluorides increased markedly. 



Figure 12 

The Effect of Oxygen 
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Since the yields of SF6 and s2F10 both decreased, it seemea 

again that the amounts of these compounds were associated 

with the yields of so2F2 and some compound in the lower fluorides, 

presumably SOF2• 

It is also interesting to compare runs 38 and 4L~ 

in which the effect of 300 cc./min. nitrogen in the presence 

of 10 cc./min .. oxygen is shown. The increase of s2F10 was 

not as rapid as usual but a change from ~ to 8 per cent was 

observed. It would seem, therefore, that although oxygen did 

exert some poisoning action, its effect was not as critical 

as befo1·e. If the volume of oxygen originally present in the 

fluorine stream was not too large, this would explain to some 

extent the relatively consistent trends found in the presence 

of nitrogen. This is particularly true at highe;,.· nit.cogen 

dilutions where the same volume of oxygen is even less signi­

ficant. These experiments will be discussed in greater detail 

in the general theoretical discussion • 

.h. careful revie·w of the apparatus showed that the 

only source of oxygen which could not be eli111inated readily 

was in the fluorine. It was therefore decided to replace 

this cell with one which vvould produce as pure fluorine as 

possible. 



Section IV 

Introduction 

The sensitivity of the reaction to oxygen and the 

critical effect of oxygen on the yield of S2F1o indicated 

the necessity of obtaining a source of pure fluorine. This 

need was further demonstrated by the results of run 15A where 

22.4 per cent s 2F10 was found. Although only an isolated 

experiment, this run showed the potentially large amounts of 

S2F1o that could be produced with this system even in the 

absence of gaseous dilution. 

During this time, the Electrochemistry Department 

at Toronto University had successfully constructed a low 

temperature generator which produced fluorine of approximately 

95 per cent purity (9). This equipment was transferred to 

McGill and inco.r.·porated into the set-up by Dr. Burt-Ger.r·ans 

and Mr. C.Vl. I:IacKinnon. '.iith this new cell, it was hoped that 

large yields could now be obtained under co1mnercial conditions. 

Since nitrogen dilution was not suitable for large scale 

production most of the trends were investigated in the absence 

of any gaseous diluent. 

Apparatus and Techniques 

The Second Fluorine Generator 

The apparatus was essentially the same as that used 

in Section III \vi th the exception of the new fluorine cell. 

This generator and its auxiliary parts are shown in Figure 13. 



Figure 1:3 

The Second Fluorine Generator 
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It consisted of a graphite pot (B), 5" in dia1neter, 9't long 

and l/2n thickness, surrounded by a black iron cylinder (A) 

flanged at the top. The graphite and iron were 111achined to 

make a close fit and the former served as the anode. i:l.. 

sheet nickel diaphragm (C) was supported by a ring cover 

which 1.vas bolted to the pot flange at J. A gauze (D) was 

attached to the diaphragm as shown and consisted of a single 

layer of 35 mesh O.OlQtt monel wire, bound on with No. 24 

nickel wire. This gauze supported a sheet nickel bottom. 

The combined cathode (F) and hydrogen outlet (G) 

was supported by another iron ring which was bolted to the 

first. To provide an outlet for the hydrogen, the iron pipe 

cathode was vented at the top as shown. The rings ·were insulated 

from each other and from the pot by asbestos paper gaskets (K). 

Insulation for the bolts consisted of fibre bushings and 

washers. 'fhe first ring supported a therrnomet~.r.· well not 

shovm in the figure. The second ring supported the fluorine 

outlet E and the plug H which could be removed for sa1npling 

of the electrolyte. An auxiliary line in G, not shown in the 

diagram, allo·wed tor the addition o:r HF. 

Electrical connection was u:ade to the anode and 

ca~hode by copper strips welded to the iron flange anu to the 

hydrogen outlet respectively. l!'or cooling at the higher 

electJ.·olysing cur.J.ent.s, the pot was provided with a jacket 

through v:hi eh oil could be circulated. This jacket was 

surrounded by a nichrome wire heater threaded vertically in 
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the channels of the inside layer of standard corrugated 

asbestos insulation. The bottom of the cell rested on l/2't 

asbestos mill board. 

The electrolyte, about 10 to 12 lbs. of KHF2 was 

dried by radiant heat at 140°C before addition to the cell. 

The coffiposition of the melt was maintained close to KF, 

1.8 HF. This was accompli shed by follovving the melting point 

and adding HF whenever the measurement indicated a low HF 

content. To obtain a melting point, H was removed and a 

copper-plated, copper - constantan thermocouple, fitted with 

a plug assembly for a four prong radio socket, was dipped into 

the electrolyte for a mo1aent. It was quickly wi thdravm and 

carried a drop of the electrolyte which was allowed to 

solidify. The therffiocouple was then mounted in the plug so 

that electrical connection was made to a galvanometer. The 

assembly was gently heated by a Nichrome heater and the 

galvanometer reading tal\:en when the electrolyte became mol ten 

and dropped off the thermocouple junction. The mole ratio 

v.ra.s read directly from the galvanometer reading on a calibra­

tion chart prepared from Cady's data (5). The method had 

been checked by direct analysis of the melt composition and 

v.ra.s accurate for mole ratios between 1.0 and 1.8 (9). 

The anode compartment of the cell was provided with 

a mercury manometer T which was set to operate a warning 

bell when the differential pressure between the anode and the 

cathode chambers reached 5 mm. of mercury. 
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The fluorine and hydrogen passed from the generator 

through l/2n strema line copper pipes into a water-cooled 

condenser L. A CaCl2 drying tovrer to prevent the entrance of 

moist air \VS.s attached to the hydrogen outlet (M}. Since the 

vapor pressure of HF was still high at the temperature of the 

condenser, a U-tube packed v1i th dry NaF pellets was connected 

to the fluorine outlet. This removed all the HF from the 

fluorine stream. The condenser and the U-tube were connected 

to the line by unions which were readily removab;J.e and 

equipped with rubber washers. Replacement of the NaF was 

necessary approxi1uately every lOO hours of operation. From P, 

the fluorine entered the apparatus shown in Figure 8, and 

the copper ·was connected with glass by de Khotinslcy cement. 

The outlets at S and R were employed for sampling 

and current efficiency determinations and were closed off by 

globe valves when not in use. A simple apparatus and technique 

was developed for the analysis of the fluorine stream. A 

glass sample tube of approximately lOO cc. volume, provided 

vli th stopcocks at both ends, ... vas connected with S and the 

valve opened. The tube was flushed free of air and a sample 

talcen by passing fluorine through for 10 to 15 minutes ·with 

the generator operating at approximately 10 amperes. The 

stopcocks were closed and the tube, who se volume had been 

measured accurately, was weighed. The stopcocks were handled 

so that the contents of the tube were at atmospheric pressure. 

Approxilnately 5 ml. of mercury was added and the tube and its 
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contents shaken until complete reaction had taken place. 

It was then weighed again and allowed to fill to atmospheric 

pressure with vvater. A final ·weighing was then made and 

simple calculation yielded the total volume.of mercury and 

water which had replaced the fluorine. Knowing the volume 

of the bulb, the purity of the fluorine could then be found. 

All analyses with fluorine from the new generator showed mo:ce 

than 95 per cent purity. It should be mentioned that with 

this method any water soluble material would be absorbed and 

the values obtained v1ould be high. 

Current efficiencies were measured by drawing the 

fluorine from R through a concentrated solution of KI and 

titrating the liberated iodine. The gas was diluted with a 

large volume of air which entered at s. In this way, all the 

fluorine passed through the KI scrubber. The runs were 

usually done with the generator operating at 10 amperes for 

10 minutes while the KI was vigorously stirred to ensure 

complete reaction. Current efficiencies were usually of the 

order of 90 per cent. 

The Reactors 

Although most of the experiments were done with 

the II' reaction tube shown in Figure 4, some runs were later 

carried out in a 4" reactor. This tube was closed at one end 

with a copper plate which carried a 3/8" inlet. The other 

end was provided \Vi th a standard iron pipe cap \'/hi eh threaded 

on to the reactor and seated on a flange ·which had been 
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soldered to the outside of the reaction tube. An outlet tube 

of 3/8n copper pipe passed through the canter of the cap and 

a rubber gasket provided an air-tight seal between the cap 

and the flange. The reactor was therrnostated by soldering it 

into a container in which water could be maintained at any 

desired temperature. 

Procedure 

The only modifications in procedu.1.·e were to ensure 

the absence of leaks and oxygen in the system. All seals 

before the reactor were made with de Khotinsky cement. If 

no nitrogen diluent was used, the rate of bubbler foruation 

in the KI bubbler (J - Fig.8) decreased continuously as the 

nitrogen in the reactor was displaced by products. If the 

system was leak-proof this rate fell off to 1 to ~ cc./rlln. 

The absence of colour in the bubDler indicated that no fluorine 

was passing the reaction tube unchanged. 

Results 

The influence of six variables on the solid sulphur -

fluorine reaction was investiaged. 

1. Hate of fluorine flow 

2. Amount of NaF diluent 

3. Amount of gaseous diluent 

4. Temperature 

5. Copper diluent 

6. Size of reaction tube 
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The data obtained are shovm in Tables XI to XVIII 

at the end of this section and are represented graphically 

in Figures 14 to 18. 

Although yields on both fluorine and sulphur have 

been calculated, and included in the tables, the fluorine 

trends have not been shov1n in some of the figures. It will 

be seen (Tables XI and XII) that the yields based on fluorine 

do not differ to any ma:r·ked extent from those calculated on 

sulphur. They are included since fluorine costs are in~ortant 

from a production viewpoint. The discussion of results will 

be concerned with the yields on sulphur unless otherv·ii se 

stated. 

A conplete analysis of the results is again postponed 

to the general discussion. 

Effect of Fluorine Variation 

The effect of the rate of fluorine flow is shown 

in Table XI and Figure 14. The yield of S2F1o rose sharply 

as the rate of fluorine flow was decreased, and reached a 

maximum yield of ~0.7 per cent at a fluorine rate of 7.5 

cc. /min. This change was accompanied by a decrease in the 

yield of sF6• The inflection in the S2F1o at 15 cc./min. 

of fluorine pointed to a limiting yield of approximately 31 

per cent at very low fluorine rates. 

Effect of NaF Diluent 

The effect of diluting 10 gm. of sulphur vvi th 
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varyiDg amounts of NaF is shown in Table XII and Figure 15. 

Addition of NaF first resulted in a rnarlced increase in s2F10 

but seemed to approach a limiting value. The trend was not 

followed any further since a physical limit on the amount of 

NaF which could be added ·was determined by the size of the 

reaction tube. Corresponding with this change in the amounts 

of S2F1o' there was a continuous decrease in the yield of SF0 

and a slow increase in lower fluorides. 

Effect of Nitrogen Dilution 

Table XIII shows the effect of nitrogen dilution in 

the absence of any solid diluent at a fluorine rate of ~0 

cc./min. (solid line - Fig.ll). The same trends were observed 

as in other gaseous diluent investigations (cf. Figs. 7 and 11), 

but the maximum yield of S2F1o was slightly lower than that 

obtained when NaF was present. 

The series of experiments shown in Table XIV and 

Figures 16 and 17 represent an attempt to increase the yield 

above 30 per cent, the ma.ximmn obtained at low fluorine rates. 

Nitrogen in varying amounts was added to 15 cc./rnin. of 

fluorine, and the ternperature was varied at the high nitrogen 

flow rate. A sharp decrease in s2F10 to 21 per cent was 

observed with increased gaseous diluent. On warming the 

reaction vessel, the yield rose again to 26 per cent. 

Effect of Temperature 

The ter~erature effects were investigated at fluorine 
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flow rates of 15, ~0, 60 and 90 cc./min. (Table XV and Fig.l8). 

The yields of lower fluorides decreased and those of SF5 

increased with a rise in the temperature which confirmed the 

trends suspected in Section I. The amounts of s2F10 fell 

off above 35°0, and although only two values were determined 

at -40°0, the trends of Figure 18 indicated that the best 

yield at this temperature would be less than 30.'7 per cent. 

At all temperatures, the yield of s2F10 was higher at the 

lo\•Ter fluorine rates. It is interesting to note the maximum 
' 

yield at different temperatures 

Temperature 
ooc 

4500 
850C 

Experiments with Copper Diluent 

Ma:x:. Yield of S2Fl0 
30. '7 
25.0 
22.5 

Experiments in Section I indicated that copper might 

serve as a better diluent than NaF. Tables XVI and XVII show 

some of the results obtained using copper powder under different 

conditions. Although yields as high as 28.6 per cent S2F10 

were obtained, further investigation was abandoned when the 

diluent was found to be a mixture of copper, copper sulphide, 

and copper fluoride, with the latter two increasing propor­

tionally from run to run. This ma.cte it impossible to obtain 

a constant composition of the solid diluent and reproducible 

results. In addition no check on the sulphur balance was 

possible. 
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Effect of Size of Reaction Tube 

To determine whether the results could be duplicated 

on a larger scale, a series of experiments was done in the 4n 

reactor (Table XVIII}. An attempt vms made to simulate the 

conditions for maximum yield in the small reactor. The flow 

rate of fluorine was 120 cc./min. and this space velocity 

would correspond to 7.5 cc./min. in the 1" reaction tube. 

The first set of runs was inconsistent and gave low yields 

of s2F10• Since the large reactor had been installed when 

the weather was very humid, and since Mungen and Lossing (12) 

had indicated that moisture had a deleterious effect on the 

production of s2F10 , it was suspected that incomplete drying 

of the reaction system and reactants was responsible. After 

run 86B, precautions were taken to exclude moisture and the 

yields in the 4tt reactor were comparable to those obtained in 

the small reactor, as shown belmtl 

Size of 
Run Heactor Fluorine Temp. 
li£.:_ in. cc ./min. oc 

16B 
88B 

1 
4 

7.5 
120 

0 
0 

Size 
of 

S/NaF Charge 
Ratio gm. 

10/50 60 
10/50 1500 

Mole Ratio of Fluorine to Sulphur 

7b Yield on Sulphur 
L.F. SF5 S2F10 S02F2 

25.2 39.0 30.7 4.8 
21.2 50.7 26.2 1.9 

As mentioned previously, F/S ratios were determined 

in the caustic bubblers to obtain some insight into the 

composition of the lower fluorides. A1 though the values are 

included in the tables, it is evident that no trends are 

indicated and that no conclusions can be dravm from the results. 
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In addition to the inaccuracies in the analyses for fluoride 

ion at low concentrations {cf. Section II), slight reaction 

of the lo·wer fluorides with the glass of the product trap and 

v,ri th the inlet tube of the first bubbler was observed. .::iince 

reaction with glass is known to produce oxyfluorides, and 

fluosilicates vvhich may remain on the glass walls, it was 

evident that this would result in a further error in the F/S 

ratio. 

The investigation of the oxygen effect indicated 

that the addition of oxygen resulted in larger amounts of 

lower fluorides, and it was suspected that the rapid increase 

was due to the increased production of the oxyfluoride SOFz. 

This change would predominate in the lower fluorides and a 

trend in F/S towards the value of 2/1 should have been observed. 

However, as shovm in Table X, the values we1·e inconsistent and 

hence no trend was indicated. 

Finally, the possible presence of compounds like 

SOFz, SiF4 etc. in the bubblers showed that the F/S ratio would 

be an average of many different types of molecules. 

No confidence could therefore be placed in the ratio 

obtained, and the values have not been discussed in this 

thesis. 
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TABLE XI 

Effect of Fluorine Variation 

Weight sulphur in charge = 10 gm. 
Nitrogen rate = 0 cc./min. 
Heaction tube = 1 inch diameter 
Temperatu~e = ooc 

Wt. Sulphur Fluorine 
Run Fluorine NaF Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/S 
No. cc./min. ~ gm. L.F. SF5 S2F10 S02F2 gm. L.F. SF6 S2FlO S02F2 Ratio 

16B 7.5 50 3.74 25.2 39.0 30.7 4.8 10.84 18.2 48.1 31.6 1.9 3.52 
14B 15 50 2.89 26.6 40.0 29.3 4.6 8.1:5 16.9 50.4 30.9 2.0 ~.oo 

4B 30 50 4.12 21.4 50.1 22.6 6.1 11.51 14.3 59.0 24.1 2.4 3.17 
3B 45 50 4.04 19.3 56.2 17.2 7.3 11.91 11.7 68.1 17.4 2.9 3.01 
7B 60 50 4.03 18.8 62.6 12.8 5.3 12.13 10.9 74.2 12.6 2.3 2.94 

llB 60 50 4.31 19.4 58.5 16.3 5.8 lj.ll 11.4 68.5 15.9 4.2 3.01 
12B 90 50 3.61 10.6 78.7 8.3 2.4 12.21 8.8 83.1 7.2 o.8 4.72 

5B 135 50 2.96 16.0 78.3 2.8 2.8 9.78 11.8 84.6 2.6 1.1 4.10 

TABLE XII 

Effect of NaF Variation 

Weight sulphur in charge = 10 gm. 
Nitrogen rate = 0 cc./min. 
Reaction tube = 1 inch diameter 
'l:emperature • ooc 

wt. Sulphur lHuorine 
Run Fluorine NaF Reacted % Yield on Sulphur Reacted % Yield on .b'1uorine F/S 
No. cc. /min. B!!!.!. gm. L.F. SFf> S2F1o S0_2F_2 ·~·-- L.F. SF6 S2F10 S02F2 Ratio 

- -
23B 90 0 3.62 6.6 90.4 1.5 1.4 12.35 3.9 94.3 1.4 0.5 3.38 
21B 90 25 3.41 7.6 84.2 8.2 o.o 11.60 4.9 87.9 7.1 o.o 3.63 
12B 90 50 3.61 10.6 78.7 8.3 2.4 12.21 8.8 83.1 7.2 0.8 4.72 
22B 90 100 3.32 9.0 77.0 9.4 4.5 10.71 4.3 85.2 8.7 1.7 2.59 
30B 90 100 3.63 10.4 77.3 10.5 1.9 12.35 5.6 84.6 9.2 0.1 3.07 
25B 90 125 3.61 11.9 67 .a 17.2 3.2 11.46 6.5 76.2 16.1 1.2 3.09 
36B 90 125 4.11 11.7 68.3 17.4 2.6 13.12 6.6 76.1 16.2 1.0 3.04 
40B 90 150 3.66 14.9 64.8 14.9 5.8 11.11 7.4 75.9 14.5 2.2 2.54 
44B 90 240 3.75 17.1 62.2 15.7 5.0 11.31 9.3 73.3 15.5 1.9 2.77 



Run Nitrogen Temp. 
No. cc./min. °C 

23B 0 0 
53B 300 0 
56B 500 0 
65B 600 0 
57B 700 0 
59B 900 0 
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'.CABLE XII I 

Effect of Nitrogen Dilution in Series B 

Weight sulphur in char·ge = 10 gm. 
Weight of solid diluent = 0 gm. 
Reaction tube = 1 inch diameter 
Fluorine rate = 90 cc./min. 

Fluorine Sulphur 
Reacted % Yield on Sulphur Reacted % Yield on J:!'luorine F /S 

gm. L.F. SF5 S2F10 SOzFa 

3.62 6.6 90.4 1.5 1.4 
4.01 22.4 67.5 10.2 o.o 
3.89 36.4 50.5 11.8 1.3 
4.15 37.4 48.3 15.4 1.0 
4.06 b0.4 26.1 23.0 0.6 
4.37 64.4 16.6 18.4 0.8 

TABLE XIV 

gm. L.F. SF6 S2F10 S02F2 Ratio 

12.35 3.9 94.3 
12.18 10.7 79.5 
11.00 23.4 63.5 
11.75 24.8 60.5 
11.70 35.4 40.7 
10.54 52.5 24.4 

1.4 
10.0 
12.4 
14.1 
23.6 
22.6 

0.5 
o.o 
0.3 
0.4 
0.3 
0.4 

:6.38 
2.45 
3.06 
3.17 
3.41 
~.32 

Effect of Nitrogen and Temperature at a Low Fluorine Rate 

Weight sulphu:c in charge = 10 gm. 
Weight of NaF diluent • 50 gm. 
Reaction tube = 1 inch diameter 
Fluorine rate = 15 cc./min. 

Sulphur Fluorine 
Run Nitrogen Temp. Reacted % Yield on Sulphur Reacted ~b Yield on I!'luorine F/S 
No. cc./min. oc gm. L.F. SF6 S2F10 S02F2 gm. L.F. SF6 S2F10 S02F2 Ratio 

l4B 0 0 2.89 26.6 40.0 29.3 4.6 8.13 16.9 50.4 30.9 2.0 3.00 
31B 25 0 3.86 46.8 24.4 28.1 0.7 10.6.:> :6b.8 32.4 31.2 0.3 3.46 
28B lOO 0 3.77 70.1 7.1 20.8 1.4 7.81 56.3 13.2 29.8 0.8 3.13 
51B lOO 45 3.54 46.o 25.9 26.1 1.3 8.26 26.4 39.6 :63.3 0.7 2.22 
52B lOO 85 3.34 32.4 41.0 25.1 1.6 8.73 16.8 54.2 28.5 0.7 2.28 
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T.ABLE XV 

Effect of Temperature Variation 

Weight sulphur in charge = 10 gm. 
Weight of NaF diluent = 50 gm. 
Nitrogen rate = 0 cc./min. 
rleaction tube = 1 inch diameter 

Sulphur .l!'luo:cine 
i:run l!'luorine Temp. Reacted 10 Yield on Sulphur Reacted % Yield on Fluorine ~~;s 

.liQ.:.. cc./min. oc gm. L.F. SF5 S2F10 S02Fi;:! gm. L.F. SF6 S2Fl0 S02F2 Ratio 

61B 15 -40 2.54 64.3 9.6 18.7 7.5 5.93 57,9 14.7 23.7 3.8 3.55 
14B 15 0 2.87 26.6 40.0 29.3 4.6 8.13 16.9 50.4 30.9 2.0 3.00 
54B 15 45 2,76 8.9 62.8 2ij.8 4.6 8.61 4.0 71.6 22.6 1.7 2.35 
58B 15 45 2.38 8,9 62.4 24.5 4.2 7.48 4.6 70.7 23.2 1.5 2.74 
55B 15 85 2.75 5.1 68.6 21.9 4.4 8.82 1.9 76.2 20.3 1.6 2.04 

62B 30 -40 ;:).44 33.8 47.9 15.0 3.5 9.99 24.6 58.7 15.3 1.4 3.58 
66B 30 -40 3.63 33.9 40.7 19.4 6.1 10.15 25.0 51.8 20.6 2.6 3.48 

4B 30 0 4.12 21.4 50.1 22.6 6.1 11.51 14.3 59.0 24.0 2.4 3.17 
47B 30 45 3.79 9.8 64.7 23.9 1.6 11.79 2.6 74.0 22.8 0.6 1.39 
49B 30 90 3.75 7.3 70.1 19.3 3.1 11.85 1.5 79.1 18.2 1.2 1.11 

7B 60 0 4.03 18.8 62,6 12.8 5.9 12.13 10.13 74.2 12.6 2.3 2.94 
llB 60 0 4.31 19.4 58.5 16.3 5.8 13.11 11.4 68.5 15.9 4.2 3.01 
45B 60 45 3.05 10.4 68.2 14.8 6.5 9.35 4.2 80.1 13.3 2.5 2.06 
46B 60 85 3.45 5.6 84.1 8.0 2.2 

12B 90 0 3.61 10.6 78.7 8.3 2.4 12.21 8.8 83.1 7.2 o.8 4.72 
48B 90 45 3.48 8.4 82.3 5.5 3.9 11.17 2.5 90.8 5.1 1.4 1.59 
50B 90 80 3.56 8.0 86.9 2.0 3.4 11.58 1.9 95.2 1.8 1.2 1.32 
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TABLE XVI 

Effect of Copper Variation 

Weight sulphur in charge = 10 gm. 
Nitrogen rate • 0 oo./min. 
Reaction tube = 1 inch diameter 
Temperature • ooc 

Wt. Sulphur Fluorine 
Run Fluorine Cu Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/S 
1:!2.!. eo. (min. &!h. gm. L.F. SF6 S2F10 S02F2 gm. L.F. ~Fe S2F10 S02F2 Ratio 

23B 90 0 3.62 6.6 90.4 1.5 1.4 12.j5 3.9 94.3 1.4 0.5 3.38 
26B 90 25 3.83 8.7 68.2 20.2 3.1 12.30 4.6 75.6 18.7 1.1 2.84 
27B 90 50 3.49 18.3 60.2 17.2 4.2 10.48 9.7 71.6 17.1 1.7 2.67 
34B 90 100 3.76 17.1 61.4 17.7 3.9 11.45 9.5 71.7 17.3 1.5 2.86 
24B 90 200 3.53 57.0 33.6 5.6 3.9 7.91 37.0 53.5 7.5 2.0 2.45 

TA.BLE XVII 

Effect of Fluorine Variation in the Presence of Copper Diluent 

Weight sulphur in charge = 10 gm. 
Nitrogen rate = 0 co./min. 
Reaction tube • 1 inch diameter 
Temperature = ooc 

wt. Sulphur Fluorine 
Run Fluorine Cu Reacted % Yield on Sulphur Reacted % Yield on Fluorine F/S 
~ cc.(min. .B!!h. gm. L.F. SFo S2F10 S02F2 gm • L.F. ~F5 S2F10 S02F8 Ratio 

33B 15 25 3.23 26.1 46.0 24.2 3.6 <i:l.57 19.1 55.2 24.2 1.5 3.67 
35B 30 25 4.12 19.1 49.7 28.6 2.8 12.96 12.2 59.7 26.9 1.1 3.40 
32B 60 25 3.95 15.4 63.2 19.2 2.3 12.52 10.3 70.8 17.9 0.9 3.57 
26B 90 25 3.83 8.7 68.2 20.2 3.1 12.30 4.6 75.6 18.7 1.1 2.84 
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TABLE XVIII 

Experiments with Large Reaction Tube 

Reaction tube • 4 inch diameter 
Nitrogen rate - 0 cc./min. 
Temperature • ooc 

Sulphur Fluorine 
Run :B'luorine Reacted 7; Yield on oulphur Reacted % Yield on Fluorine F/S 
No. cc./min. S/NaF gm. L.F. !;3!_6_ s2F1o S02F2 gm. L.F. EFJL s2Flo s02F2 Ratio -
73B 150 10/0 4.59 32.2 49.1 10.7 8.0 12.91 23.2 62.1 11.3 3.3 3.40 
78B 30 10/50 3.48 53.2 . 30.5 12.8 3.5 8.35 37.2 45.7 15.9 1.7 2.82 
79B 120 10/50 4.81 41.3 39.6 12.9 6.0 12.73 29.3 53.4 14.5 2.7 3.15 
70B 150 10/100 4.71 36.0 41.9 16.6 5.5 12.85 24.9 54.5 18.1 2.4 3.18 
76B 150 10/100 4.27 30.7 47.8 20.5 1.1 12.38 19.8 58.7 20.5 0.5 3.76 
69B 150 10/200 4.17 22.6 45.1 17.7 14.7 11.05 13.1 60.4 19.8 6.6 2.60 
68B 150 10/300 3. 67 39.2 33.3 17.4 10.2 12.83 21.8 59.8 14.8 3.5 3.28 
75B 150 10/300 4.06 39.0 38.9 17.8 4.2 10.89 27 .o 51.7 19.7 1.9 3.12 
74B 150 10/500 4.30 31.1 48.8 16.5 3.7 12.21 21.2 61.1 17.2 1.5 3.10 
77B 30 10/500 4.3'7 52.5 30.4 12.4 4.7 9.92 33.8 47.6 16.3 2.5 2.46 
85B 120 1000/0 3.43 72.3 18.9 2.6 6.2 10.23 '72.3 22.5 2.7 2.5 2.'77 
81B 120 300/1500 5.24 46.8 41.3 9.6 2.3 13.33 29.6 5'7.9 11.2 1.1 2.'72 

86B 120 1000/0 4.09 37.8 44.3 11.9 6.0 10.99 25.5 58.7 13.2 2.6 3.06 
87B 120 1000/0 4.39 34.4 4'7.0 13.6 5.1 12.29 23.8 59.6 14.4 2.2 3.26 
89B 120 500/1300 4.87 43.3 37.5 10.9 8.2 12.28 30.2 53.1 12.9 3.9 2.70 
88B 120 300/1500 4.35 21.2 50.'7 26.2 1.9 13.20 13.7 59.8 25.6 0.8 3.31 
90B 120 210/1590 4.50 38.4 40.6 14.5 6.3 12.'71 50.6 51.2 15.3 2.7 3.80 
94B 120 90/1'710 6.07 8.7 62.6 26.8 1.9 19.55 5.3 69.2 24.8 0.7 3.35 
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DISCUSSION 

Throughout the course of this worl<:, it has been 

evident that the mechanism of the reaction of fluorine and 

sulphur could not be elucidated by the ordinary kinetic 1nethous. 

The situation ·was complicated by the essentially dynamic nature 

of the system., the variety and number of products, and the 

difficulties attendant upon the isolation and identification 

of the lower fluorides. 

However, ter®erature control at the point of reaction 

has been shm·m to be the most important factor in determining 

the yields of the various products. 

'.li th this in mind, and from the general facts arising 

out of the experimental l'lork in Section IV, an hypothesis has 

been developed which furnishes a reasonable explanation for 

the trends which have been observed '\Vi th the many variables. 

Although it is not claimed that this hypothesis is the only 

one \o':hich can be shown to fit the experi1.1ental data, it is 

believed that any other theory ·would necessitate more as::;ur,lptions 

than will be needed here. 

As mentioned before, the reaction bet\:een fluorine and 

sulphur is extreLlely energetic and exothermic. ;).1 though it 

is knovm that the heat developed when pure sulphur is used is 

enough to melt the solid, there is no evidence that such a 

physical change occurs v;hen the reaction is carried out under 

controlled conditions. In the discussion v;hich follov;s, the 

reaction is therefore assumed to talce place on the surface of 
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a solid rhom.bic sulphur crystal. 

Mark and Vligner have shown that such a crystal 

consists of an interlocked lattice of sulphur atoms in which 

a space cell contains 128 units (40). Each crystal would 

present for reaction a surface of sulphur atoms linl-:ed to 

each other and to other units in the body of the solid. 

The reaction may therefore be assumed to occur in 

the following manner. Fluorine molecules or atoms will collide 

with the surface lattice of atoms, adsorb monentarily and react. 

The energy released by this reaction will result in the rupture 

of various S - S bonds and the foruation of numerous sulphur -

fluorine fragments which v1ill im.:tnediately be vaporized from 

the crystal. 

The nature of the fragments, which could contain 

1,2,0--- atoms of sulphur, has not been ascertained. However, 

there is very little evidence for the existence of groups 

containing more than t1vo sulphur a toms. Although it has not 

yet been possible to isolate any of the intermediates in the 

products of the sulphur - fluorine reaction, the behaviour of 

the lov1er fluorides would indicate that these comlJounds, at 

least, consist of gase::; such as dF4 , S2F2, SOFz etc. Further, 

no fluorinated compounds which contain an s3 , S4--- have been 

identified in this vvork or reported in the literature. The 

nature of the sulphur wolecule itsel!" is of interest in this 

regard. The existence of s8 , s2 , and s1 groups has been 

established riith certainty, but although some v.orkers have 
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claimed that intermediates, such as S4 and s 6 , can be forilled, 

they have never been able to isolate or identify these structures. 

It would appear, then, that whereas t11e s1 and S2 

fragments possess some inherent stability, the large fragments 

even if formed by the original reaction, would be unstable and 

l·vould decompose. 

dlthouBh it has been assumed, for convenience, that 

the sulphur acts as a rhombic crystal, it should be mentioned 

that the arc;ument presented above is not radically changed if 

the sulphur melts before reaction. "Although a lattice of 

atoms is no longer :presented to the fluorine for reaction, there 

are still s8 molecules in the li<,tuid \vhich can combine with the 

fluorine to yield siru.ilar fragments. However the probubili ty 

of formation of ti3, S4 etc. fragments 1vill be further diminished 

because of the shorter sulphur chain length. 

It is assuued. in the follorlinG discussion that only 

s1 and S2 groups are formed. If an s2 fragment is produced, 

the reaction v1ill proceed in the following manner. ..;..ssUllling 

that the S - S bo11d remains unbroken the fragment can be 

progressively fluorinated. to S2F1o• Pauling has given the 

bond energies for F - F and 5 - S as 63.5 and 6~.8 kcals. 

respectively (41). At first glance, it might appear, then, 

that the energy released by the formation of the S - F linkages, 

whatever value they may have, would accumulate in the roolecule 

and at sot1e stage in the fluorination, result in the split of 

the S - S bond. However, during the r>.i.S.ny collisions necessary 
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for cot~lete fluorination to s2F10 , it is probable that this 

excess er1erc;y v;ould be dissipated in further collisions either 

with the solid diluent, the walls, nitrogen diluent molecules, 

etc. 

SF6 will be formed fr01a the complete fluorination of 

S1 groups produced in the initial sulphur degradation. If, 

at any stage in the forr;.a tion of SzFlo, enough energy 1 s 

available to split the s - S bond, two single sulphur fragments 

will result which may or may not be 1'luorinated to 3F,, but not 
0 

to s2F10 • Some workers have suggested that S2F10 may be formed 

by fluorination and recombination of these s1 "radicals". 

although improbable, this type of mechanism is discussed. in 

greater detail later. 

Some energy (activation energy) will be needed to 

prepare both sF6 and s 2F10 from the original fragments and 

experimental evidence indicates that the necessary energy will 

be greater for SF6 than for s2F10 • It has been found, for 

instance, that production of SF6 is much more sensitive than 

s2F10 to tem:perature cLanges. 

Ho,Never, it will be shown later tl1at where there is 

reason to believe that the energy available for the activation 

of the fragments is comparatively low, the rate of formation of 

S2F10 , as well as of SF6 , is affected marlcedly by te1r1perature 

changes. 

If the energy re~uired for complete fluorination is 

not available, then the fraguents will appear as lower fluorides. 
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During the nitroc;en dilution experiments in Section I, a sulphur 

rinG was often observed in the first liquid air product traps 

(cf. page 40}. Since s2F2 is knovm to decompose on glass 

yielding sulphur, this indicates that possibly S2F2 was a 

fragment vthich was proceeding to s2F10 but lacked the requisite 

energy for C0111plete fluorination. 

If it is assumed that the formation of SzF1o is 

contingent on the presence of an S2 linlcage, it is obvious that 

the yield of S2F1o will be related to the number of initial s2 

fragments produced. This number will, in turn, depend on the 

degree of det;radation of the sulphur crystal. It does not seem. 

improbable that the microscopic temperature at the point of 

reaction ·will determine the nature of this decomposition, and 

that the less the heat, the larger number of s2 groups ·which v:ill 

be formed. Since this tel!l:pera tur e will be proportional to the 

rate of reaction, it is obvious that suitable variation of the 

reaction conditions 1;vill control the deg.i.·ee of' dec;raa.ation of 

the sulphur crystal and therefore the number of S2 groups. The 

number of these groups will also depend on the tenperature of 

the reaction vessel since it 1vill contribute to the thermal 

energy at the point of reaction. The yields of Q2F1o and SF6 

will therefore be related both to the rate of reaction and the 

gross temperature of the reaction tube. 

However, the:;,e yields v:ill al::;o be determined by the 

energy available in the gas phase for activation of the 

fragl!.lents. It is probable that this enere;y will be only slightly 
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affected by the rate of reaction since changes in the temperature 

of the solid bed should result in only slif~lt variations in 

energy in the gas phase. In this connection, the effects of 

the temperature of the reaction vessel and the addition oi' gaseous 

diluent will be rnuch 1uore significant. 

With these considerations in mind, a review ·will now 

be made of all the results obtained in this vrork and it vvill 

be shov·m that the trends are consistent vr.i. th the general 

hypothesis that has been advanced. 

Duri all the experiments in which sulphur was diluted 

with NaF a grauient of sulphur was observed in the bed. At 

the fluorine inlet, the sulphur had reacted through the en tire 

depth of the NaF diluent. A little further along the tube only 

part of the NaF ·was depleted of sulphur, at the top of the bed, 

and this trend continued until the concentration of sulphur was 

uniform throughout the solid diluent. This indicdted that 

the fluorine reacted oveJ.· a l.!leasurable length of charge and 

was therefore alv.J8.ys in contact vli th the products of reaction. 

Since the gradient was observed at all fluorine flows it can, 

therefore, be assumed that even at low rates enough fluorine 

was present to fluorinate the fragments completely if suff'icient 

energy was available. 

This ·was further confirmed when nitrogen wa::; used to 

dilute the fluorine stream.. Vfuen these dilutions were large, 

some fluorine passed through the reaction tube unchanged and 

was observed in the KI bubbler. 
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The effect of' vari ion in fluorine flov1 is best 

examined by following the tr·ends wi tl1 decreasing rate {Table 

XI and Fig.l4). As the rate o1' fluorine flow is diminished, 

the rate at reaction and, there!·ore, the microscopic temperature 

at the point of reaction will be decreased. This will result 

in a greater proportion of s2 •s and an increase in s2F1o as 

shown. Simultaneously, the yield of SF 6 ~:;ill decrease since 

the number of s1 ' s will be dinlini shed. As Eentioned before, 

the decrease in the gross temperature of the solid bed will 

not significantly affect the thermal energy available in the 

gas phase. Since this is determined primarily by the temperature 

of the reaction vessel, sufficient energy will usually be present 

to allovr the fluorination of s1 and s2 fragwents to proceed 

almost to completion. However the thermal energy available for 

activation will be decreased slightly and consequently a Sluall 

gradual increase in lm·;er fluorides, at the expense of both 

s2F
10 

and SF
6

, is observed as the rate of fluorine flow is 

diElini shed • 

.rl.t lmv fluorine rates {7.5 to 15 cc./min.) the yield 

of s2F10 seems to be approaching a limiting value. This value 

will be determined by tv:o factors. It is assumed that there 

is a limiting number of S<) groups that can be formed and, 
{.J 

therefore, the relation between this number and the CLegradation 

of the sulphur crystal will not be linear. It is probable, 

then, that the nmnber of s2 groups and therefore the Sz/Sl 

ratio vnll not increase as rapidly in this region. 
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In addition, the thermal energy necessary to maintain 

the rate of fluorination may also be approaching a limiting 

value, so that even if s2 fracu.ents are formed, insufficient 

activation energy is present for reaction of these groups. 

This decrease in available energy will, no doubt, reduce the 

rate of formation of Sli'0 , so that its yield ·will al:;;o be 

affected easily at this point. Although no ID.easurelflents v;ere 

made at very low fluorine rates (less than ?,5 cc./:min.), the 

yields of SF0 and SzFlo would probably decrease and the lower 

fluorides would increase. 

From the above discussion, it is evident that at 

high fluorine rates enough energy is available in the gas 

phase to fluorinate nearly all the sulphur fraguents. However, 

the rate of reaction and, therefore, the temperature of the 

solid bed is too high to yield enough Sa's to give large a11IDunts 

of SaF10• If nitrogen is added to this system, the yield ·will 

be affected ih two vvays. The dilution of the fluorine stream 

will result in a decrease in the rate of reaction and therefore 

the sulphur crystal ·will be degraded in such a manner as to give 

more s2 groups. 

However, at the sarn.e tiue, by calli si on with the 

fragHlents, nitrogen vvill tilso be effective in re1r.oving enel"gy 

necessary for fluorination. 

These tv.ro factors, then, will counteract each other 

in determining the yield of SzF10• This is illr.ilediate1y apparent 

in Figures? and 11 {Tables IV, IX and XIII). Since the trends 
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obtained in all three series illustrate the same r:;eneral 

characteristics, for convenience, e discussion will be 

concerned wit~ the Series~ runs (dotted line - Fig.ll). 

Up to 800 cc. /rain., although the e11ergy available 

for activation is decreasi~~' s2 ' s are being formed to 

more than counteract this reduction and the yield of SzF10 

increases. Ho·wever, beyond tlli s point, the Sy formation .... 

anuroaches its limiting value, t availa~;le enerc;y still 

decreases, and the trends reverse with consequent decline in 

the yield of s2F10 • 

The tr1o factors discussed above Yiill also determine 

the trend in the amounts of SF6 • nith increasing nitrogen 

dilution, the SF~ yield will fall 
0 

due to both a rea se 

in t~:e nuuber of s1 ' s anU. a decrea::;e in the rate of formation 

of SF5 because insuft·icient energy. 'l1he sharp dient in 

the curve, and the low yields at hi dilutions, indicute 

the importance of energ:,r con si dera tioas in the pro due ti on of 

~lthough nitrogen dilution should ultii~tely eld 

t:1e saue nur:iber of s2 groups as tlu:J.t obtained at low fluorine 

rates, the yie of s2F10 ~ill, of course, be lo~er in the 

nreseEce of a seous diluent. Hm:ever, it is intere inr; to 

note that even 800 cc. /rdn. o:f' trogen, enou;':h e 

av::.ilable to urorluce yields of s2F10 only a feY: ner c 

than the raaxirm::n yielJ at the lmv fluorine rates. This 

indicates th~t the activation ene necessary for the 

is 

less 
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fluorination of S2 fro.r;:nents to s 2F10 is not as large as that 

required for SF6 and is Drobubly v.:;ry low. 

This is further ellDhasized by cour;arison again with 

the fluorine cu.rve. CorresponG.int=:: to a oO per cent yield of 

S2F10 in the fluorine curve, tLe yield of SF0 is approximately 

40 per cent. In the presence of nitro~en, the yield of SF6 

is only about 10 per cent at t 

difference must be due to a thermal effect since ratio of 

nearly the swne at these points. 

It mir:;ht be suggested that the decreas yield of 

SF0 and the limitins yie s of 82F1o in the presence of nit en 

are due to a re:luction in nUJ:J.bar or calli ons lJetween 

fluorine and the fragments. It mivl:t also appear that although 

the Mass Lav.r is not d.irectly applicable to this dynamic system, 

concentration factors ':;ould influence the yield.;:; of the various 

nroducts. Thus, vii th increasi dilution of the fluorine 

stream, the rate of foruation of SF0 might be expected to 

follow the sixth power of the fluorine concentration, whereas 

the yield of lov1er fluorides ·viould follOVl the third or fourth 

power of the fluorine concentration. Evidence will, however, 

be presented later to sho·w that these considerations are of 

re la ti vel7 minor i1:1portanc e and the yields of the differm1 t 

products are much more de·oendeEt on enert;y con si dera tions. 

Coucmai tant with the chanees in SF6 and s2F10 , the 

yields of lm·;er fluorides \"1i 11 increase rapidly. rrhe sharp 

initial slope of the leVIer fluoride curve indicates ar::ain 
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that the energy considerations operate even at tlle low nitrogen 

flow rate. 

The effect of ni tro;;en dilution in the absellCe of 

any solid luent is also shovm in Fi re 11 {solid lines). 

;;.lthough in nearly all particulars, this curve is similar to 

the one just described, one point of interest should be not;ed. 

If fluorine is allowed to react "Ni th pure sulnhur, the temper­

atul~es developed at the point of l'eaction will be much 

and therefore t11e nu:aber of s2 ' s will tend to be less. The 

addition of nitrogen with its consequent decrease in reaction 

rate will be of far greater ir~ortance in this system and the 

yield of s2 F10 will have a lmver initial value but v1ill increase 

much rr~re rapidly. This accounts for the sharp gradient in the 

3zFlo curve ( shovm in Fig.ll - solid line) up to 500 cc ./min. 

Fic:,-ures 16 and 17 awl Table XIV are interesting in 

this connect ion. It has been shovm at 15 cc.hnin. of 

fluorine, the number of s2 ' s is approaching a liHli -~ing value and 

the th enere:y available is just enouc;h for fluorination 

of r:tost of the fraguents of 32FlO• The acidi tion of nitrogen 

at this point \'IOUld, therefor-e, result in very little increase 

in Sz's, but would affect the enersy relations in a profound 

rnanner. This latter effect wi 11 uore than compensate for any 

possible increase in tlle number of Sz's. Consequently, the 

yield of s2F10 decreases EJ.arke d.ly in the presence of lOO cc. /min. 

nitrogen. 

~s mentioned before, the decrease in available energy 
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will hinder the formation of 3F6 even more noticeably than 

s2F10 as it rec~uires a higher activation energy. In addition, 

since the nmnber of s1 ' s vvill probubly decrease, the yields of 

SF6 fall off very rapidly. ·"' si!:~ultuneous increase is 

observed in the amounts of lower fluorides. 

Comparison of this curve vJi tll tl1e Series .. ;. nitrogen 

curve (Figure 11) sho·ws imuedia tely that the ni trot; en effect 

is much more significant ut the lOIN fluorine rate. Addition 

of 100 cc./min. nitrocen at 90 cc./min. fluorine causes only a 

2;) per cent decrease in SF0 , v1he1~eas the smae volu!r:e of ni tro(~en 

at 15 cc. /lrtin. of fluorine results in a decrease of 75 ner cent 

of the ori nal value. In fact, at 90 cc./min. of fluorine, at 

least 900 cc./Hlin. of nitrocen is neces:..;o.ry to obtain the same 

yield of lo1:er l'luorides (ea. 70 1)er cent) as tlu:~.t found \Jhen 

lOO cc./min. of nitrogen is added to the systeu at 15 cc.h~n. 

of fluorine. 

This again emphasizes the critical low enerr;y 

concii tions in the vapor phase at the lov1 fluorine rates. Hovt­

ever, if the tube is heated (Fig.l7 and Table XIV), enough 

heat should be provided to increase the rate of fluorination 

of s2 and S1 fragi,tents and the yielus o1' 3F6 and S~F10 should 

increase. 

'l'lle effect of this thennal er:.ergy on s2F10 vvill be 

offset to some extent by the decrease in the number of Sz' s 

with increasir.l.}~ temperature and the yield is therefore not 

re stored to its original value of ~0 per cent. The aw.ount of 
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this decrease is indicated in Pir:ure 18 where an increase of 

45°C at 15 cc./min. fluorine in the absence of nitrogen results 

in a change in the yield of s2F10 from 29 to 24 per cent. 

It is interesting to note the couplete re'.rersal in 

the yielus of 3F6 and lovrer fluorides in the presence or lOO 

cc. /r::.in. of ni trot;en at 90°C. Tlle initial addition of ni troe;en 

decreases the yields of SF6 and increases the yielus of lower 

fluorides. RaisinG the tem.ueratm:·e to 90°C reverses these 

trend:::; ar ... ci. the resulting amounts of the nroduct s are almost 

ide~tical with the original yields ut 0 nitrocen dilution and 

0°C. T~1i s indi ea te s clearly that the major factor controlling 

the fluorination of lower fluorides is tl1e 1aacroscopic temper­

ature in the cas phase and not the cohcentration or the nw:ilier 

of collisions. 

The effect of dilutir-4::; the sulphur vli th a solid 

diluent is shovm in Figure 15 an:i 'rable X:II. The adui tion of 

NaF vlill first result in a decrease in the concentration of 

sulphur at any point and consequently the tem.perature developed 

l.'lill be lo·wer. Since this temperature decrease in the solid 

bed determined the trends in the fluorine curve, it would be 

Dredic te d that the NaF Ctlrvo v;ou.ld show the same general 

features found in that curve. Initially, as e:x:pectect, the 

trer:,.ds are very similar. The yield of SF6 decreases and that 

of .Szii'lO increases r.:11;i uly and there is a slov1 chance in lower 

fluorides. 

Hovmver, if it is assuued that the primary function 



- 127 -

of the NaF is to decrease the heat developed at any point in 

the bed, a lilili ting concentration Yrill be reached beyond 

which the addition of the inert solid will be r:mch less effective. 

Since KaF is a poor heat conductor, a sulphur crystal surrounded 

with excessive NaF will not decrease the ter~erature developed 

at that crystal :n.arl<:edly. Consequently the yields will change 

much more slov1ly beyond 50 to '75 gm. NaF. 

It should be lnentioned thut the series vvas done at 

90 cc./min. of fluorine so that t~e heut developed initially 

v1ithout any diluent \'/Us comparatively high. 

Since copper would dissipate heat from the point of 

reaction much more efficiently than lJaF, it might be expected 

thut if sulphv.r was diluted vri th copper a hie;her yield o1· S2F10 

could be obtained at comparable fluorine flows. Comparison of 

Tables XI and XVII does indicate this relationship, the yields 

with copper being generally higher at all fluorine rates. 

Simons has suggested that the production of S2F1o 

and SF5 follows a chain reaction nechanism and that NaF serves 

as a chain breaker. This reasoni1~ can be applied to the 

considerations developed above. The addition of NaF would first 

lead to an increase in the nul!lber of s2 ' s as befOJ:.'e. Simul ta­

neously, the number of cor:. tact surfaces for the brealcinc of 

chains v;ould be increased. ,hese factors would counteract each 

otl1er, the cooling effect being 1,1ore important initially but 

becoming less so as HaF is added. 

Although this lilUJ explain the tl'ends in the S2F1o 



- 128 -

curve, many other questions are left unansv;ered. If the NaF 

breaks chains, it would be expecteu that the SF6 would decrease 

at a constant rate and fairly rapidly. Since the brealcing of 

chains vmuld leau to incomplete fluorination, it ·would also be 

predicted that large lJaF dilutions would t:;ive high yields of 

lov1er fluorides. .l~s can be seen from the CUI'Ve, these effects 

are not observed and it is therefore nrobable that chain breaking 

by UaF is unimportant. 

In the early :part of the S2F10 investigations it had 

also been suggested that the solid diluents acted as catalytic 

a::;ents, since the diluents found effective by Schneider all 

had si:r:ilar ionic lattices. As pointed out in Section I, the 

high yields Vli th coppel', 1.i th a very different cr:rstal structure, 

indicated. tlw. t such an hypo thesis was not plausible. So1ae of 

these canner exneriments were reneated in Section IV (Tables 
- - - .I-

1..vi aLd XVII) and verified the e~:tlier findinc;s. 

The work with the sulphur smoke (Section II) sho·wed 

that yields of ~2F10 up to at least 10 per cent on sulphur 

could be produced without any solid diluent at all. This was 

further m1bstantiated v11en the effect of nitrogen dilution in 

the presence of pure sulphur v~s studied {Table XIII and Fig.ll). 

Yields of S2F10 could be produced that 1·iere nearly as hich as 

those obtained in the presence of solid diluent. 

It ·was shovm conclusively, therefore, that HaF did 

not catalyse the reaction to ~2F1o, aLd probably acted as a 

heat dissiputor. 
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Throughout this 1;10rlc it has become increasingly 

evic"ien t that the yi ds of the vo.rious prodt;.cts are deterrnined 

by the ter:l})erature in either the solid bed or the va:oor phase. 

The te~·~eratu~e of the reactio~ tube was therefore varied to 

find to v;hat extent these effects 'Vlere governed by macroscopic 

temyerature changes (Fig.l8 and Table XV). 

In the light of the hy?othesis developed above, an 

increase in tlle tennerature of the reaction 'lessel v;ould have 

a twofold effect. The increased ter~~nerature of the solid bed 

would lead to a decrease in tlle number of S2's and the increased 

thermal energy in the gaseous pha:;;e ·would increuse the rate of 

It has been ovrn tiL<-tt at a fluorine rate of 15 

cc./1r1in., although the numiJer of s2 's has not yet reached its 

limi ti:r.{; value, the available ener,~y nay not be hi enough to 

perrn.i t f'l uorina tion of all of the s2 ' s to s2 F 10 • .d.. decrease 

in temnera tm.-e belOi'J 0°C mig~.:.t yield. more s2 ' s, but obviously 

the enerc;y charn;e is much r:1ore sit;ni fie ant. th the yields 

of SF 6 and >J2F1o decrease, and since the SF5 is much more 

sensitive to te111nerature, its rate of decline is rnuch more 

rapid. 

If the tew.perature is increased to 40°C, the yield 

of S2F10 falls again. This 1r~ight be ~0redicteu since at 15 

cc ./min. at 0°C nearly enough enerr;y is already availac:le f'or 

conmlete fluorination and the decrease in the nm.lber of S'J' s 
(,...; 

v._rill be much more sic;nificant. The SF 0 will increa:..;e because 
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of the large ar!lOU::tt o1' therm.u1 ener'~Y rn·e0ent. The Cllb.E(;es 

in 3F0 aDd s2 F10 c.re, of cours.::;, acconl1unieJ. b~r u decrease in 

the lm'ler fluorides. 

Sin.ce the m.ore rapid reaction rute ut JO cc ./lnin. 

of fluorine uill lJrovide u larger source of energy from the 

start, variations in the ter~erature of the reaction vessel 

will result in less significant cl1anges in the yields of the 

prod1.1.cts. Trends in tl:e yields of SF6 and lovrer fluorides \'Jhich 

are siwilar to those at 15 cc. /min. are ob served as the tem1)er­

ature is lovJel'ed frmn 0°C to -40°C. Hm·1ever, as shmvn in the 

figure, the grauients of each curve are :mch 1aore l'loderate due 

to t l;.e lare;0 amount of enersy del'i ved from t~le reaction it self. 

Since the number of s2 •s at 30 cc./r:lin. of fluorine 

is not yet approachinc its li tine value, a decrec.se in 

tennerature 11 result in a more ra;Jiu increase of these 

fruc;men.ts than would Le expected at 15 cc./min. This ·will 

Tfdrtially co::.:1pensate the decreased er::.ergy available for uctivation 

and Y:ill result in a much sloy:er c1·ease in s2 :?10 yield than at 

15 cc. ji11in. ~·l though no runs viere done at -40°0 ut 60 an G. 90 

cc./tlin. of fluorine, it can be preuicted fr01.1 the curves tl:~at 

the chan~~es in these c~rves Y:ould be even less, and the 90 

cc./lnin. series would probably produce a higher yield ut this 

te~0.11era tu re. 

These same considerations a}Jply to the increase in 

temperature above 0°C. At the higher fluorine flo·w rates, 

the temnerature of the reaction vessel v1ill be much less 
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effective in determining the various yields. Thus, the yields 

of Sz:B'10 shov: very little chane;e frora 0 to 90°G in all the 

curves, and the c;radients in SF6 become much less rapid as the 

fluorine is raised from 60 to 90 cc./uin. of fluorine. 

It is interesting to note the very srr.all changes 

in lov1er fluoride yields from 

fluorine rate. This indicates 

to 90°G irrespective of the 

t enough heat is provided 

at ~b°C to ensure fluorination of both s1 and 82 frag1~nts. 

Furtl1er trends in t:ne SzFlo curves at these t era tu res v1ill 

be due to a change in the Sz/Sl ratio. It can be seen that 

the yields of lm'ier fluorides tend to become asy-lnptotic at 

the sa:11e value and do not decrease to zero. ~ ... pparently a small 

percentage of the lower fluorides ('which could include cownountls 

such as SOF2 } is not capable of further fluorination to SF6 

or SzF10• 

If the yields at 45 and 90°C are exalilined in the 

light of a fluorine variation, it will be seen that decreased 

rates of fluorine flov.J result in the sali.e trends shov;n at 0°C. 

However, from the above considerations, it is evident that the 

yields of SzFlo will generally be less at the higher te1~eratures 

and the waxi1nurn possible yield r;ill decr·ease as the t rature 

is raised. 

Since enough activation energy is pre~ent at 45°C for 

fluorination of the fracments, these curves show very little 

chanc;e in lovJer fluoriues with variation in fluorine flo•.v. 

If the mechani s111 scribed above is to be complete, 
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it must account for the uanner in ·which the forr:Jation of s2F1 o 

and S:B, 6 is inhibited by the action of oxygen. In Section III 

it was shown thut a correlation existed between these yields 

and tlle nroduction of oxyfluoricles such as SO.)Fo and SQJ:j'2 • 
..... ..... 

Decreased amounts of s2F10 were invariably accori!}Jt<nied by high 

yi ds of SOzF2 and the production of SF6 was si::::.ilarly affected 

b~r the formation of a lower fluoride v:hich v1as tentatively 

assumed to be SOF2 • This was substantiated by the high yields 

of S2F10 and SF6 obtained in the leak-proof, cornpara ti vely 

oxygen-free system used in Section IV. 

If the assur:1ption is 1:1ade, as before, that the 

for~nation of S;::!Flo and JF0 is contir;.gent on the initial production 

of s2 ::md s1 f'raGl:J.ents, then the oxygen must act to prevent 

the complete fluorination of the se groups. Trautz and E}lrruann 

have reported that s2F2 , in the :n~esence of a spark and oxygen, 

decorrrnoses to SOF2 and so2 (15). l.Ioissan and Lebeau {26) have 

also shovm that SO;,;; vi ill react th fluorine to give so2 I<'2 

and a little SOFz. Since S2F2 is a very likely S2 fragment, 

this decomno tion in the presence of ox~rcen will result in a 

decreased rate of formation of s2F10 and \!ill represent a 

potential source of SOF2 in the lO\'.'er fluorides and S02F2 in 

the remainii:g -oroa.ucts, at tile exnense of the s2:l!·\o· If it is 

further assumed that nro :3s ve fluorination to SF6 is. also 

inhibited by the reaction of S1 frafit:ents vli th oxygen to form 

SOF9 , the experimental results can noy; be completely explained • ...., 

Examination of Table X and Fie;ure 12 shov;s that the 
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addition of Oz results in a decreased yield of SzFlo which is 

accompanied by increased amounts of S0zFz. Since the yields 

of the oxyfluoride reach a lil:li tine value at tlle sat>.e point 

as that at which the SzF10 yield shov:s no further decrease, 

it seens possible that the S02F2 is forHled by the laechani sm 

sur;gested above and that its yield is re la tecl to ~he nw.1ber of 

S? grouns avai ble. Sim.ul .... - ously the procl~ction of SF6 

v;ill be inJ:1ibitecl since S1 groul'·"' y;llich \;ould nor:rmlly have 

been comnletely fluorinc.ted will react eo form SOF2 • This 

\'!ill result in the sharp inc:cease in lov;er fluorides shown in 

the ficure. 

Since larp:e volUliles of so2 F2 corres:9ond to only a 

snall volume of oxyc;en, it is not surprisir10 thut the action 

of o:xyf"en on the yield of s2F10 is most effective at added 

anounts of less than 10 cc./uin. 

Fluctuations in the yields of the various products, 

si lar to the effect shm·m ·with oxygen, are fotmd ·when 

moisture is nreseE t in the syste1:1. Tllis 1·:as first susnec ted 

by Lossi1'4:f"' and J'.lnncen { 1;2) and ·~·ras confirlrled follovrinc; in-

vestication of tile unpredictable behaviour in ti:le large reaction 

tube under different conditions. 

·rhe uoisture ef:n::ct v;as not studied in detail, but 

the follm·Iin!"; sucgestions are 1r1ade to indicate a possible 

'1echani s:rl for tl1c reaction. 

that ;J2F2 

reacts y;i th !noisture in the folloTi:i r::amter 



~~s suggesteu in di scussin[::: the effect, the 

SiJ2 cur: react to form S0zF2 and the foriti.a tion of S2J'10 ,·.rill 

be inhibited b~r this side reaction. ·.L'he results in the large 

reaction tube indicate t t tlle production of SF5 is also 

critically affected by moisture with a resultant increase in 

lo·::er fluorides. It 1•mst be sized that very little 

is known of t:11 s mechanism al1d these suggestions are only 

offered as a tentative hypothesis. 

The mechanism outlined above has assumed throughout 

that the fornation of s2F10 is contingent on the presence of 

an S.::: linkage. However, su stions >~ave been L1ade b~r other 

worlcers tha.t an s1 fracnent could be progressively fluorinated 

to "radicalsu such as SF5 Vihich could combine to form S2F10 • 

The various ]Ossibilities and "Drobabilities of this type of 

mechanism will novJ be discussed in detail, 

Assumirt), for the moment, that only s
1 

fraglilents 

are present, t11e synthesis of SzF10 can proceed through several 

paths. Since sF
6 

and Sli'4 a1'e both knovvn to exist, it 1.1ight 

a}"lneur that combinution of these COI!lpounds \'iOuld be the most 

obvious ::tethod of pre!_)aration frora s1 . a reaction of this 

t;rne has been atteup le in this laboruto:cy. Since the 

lov;er fluorides are believerS. to contaiE so:.te SF4 , tLey vvere 

added to pure SF 6 and tlle gases Y!ere subjected to high 

pressures. No s2 F10 ·was prodt~ced. This is not surprising 

since SF6 is very stable and v;ould requi::ce a very large aL1ount 

of enerr;y for reaction so that even if S2F1o were formed, 
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decoW.}10Si tion v;ould probably occur • 

. H.notLcr possible path VJould be the reaction of tv10 

SF4 ' s rri th F2 to for11l s2F10 • Since tlli s involves a termolecular 

calli si on vrhich is extrenely uLlii~ely, this mechanism is not 

considered feasible. However the conbina tion of ty;o SF 's 
4 

V!i th sub SS\ nt attaclc by fluorine is more plausible and 

Lwolves the fluorination of ru1 s2 linl<::age. '.rhis vvill be 

discussed in more detail later. 

All other mec>anislflS in VJhich s2F10 is formed by 

s1 frat:;;raent s ·will ul ti1aately requi2e the combi ion of two 

SF0 croups. Laidler has said that this is very unlikely (:J4). 

J:'urthermore, since collisions betweeE sulnhur anu fluorine 

a to1as or fluorine and fluorine a tm:;,s v;ill be ineffective, the 

Another factor affecti 

two SF0 racticals 1-vill be further pos..:oi bili ty of an S:B'5 

being fluorinated to SF6 • It is evident that, disrec;arding 

considerations, a successfully orientated. collision 

will be :;mcl1 Llore pro1jable v1i th Slr5 and fluorir:ce than vli th tv10 

SF5 's because of steric factors. 

The observed effect of an inert gaseous uiluent e;ives 

further evide:1ce of the impro bab ili ty of tl1i s uechani sm. rl'he 

addition of nitrogen v1ould decrease the concentrations of the 

fluorine and the various fragments in the vapor phase. 1.~.1 thouch, 

as mentioned before, Liass Law considerations are not st ctly 

applicable, the ra of format ion of s2F10 should decrease by 
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a factor related to the square of the concentration of the 

SF0 fra,'~}.:ents. Iio'o:ever', the riu.ental evid.ellce sllo\'Ts an 

initial increuse in the yield of s2F10 ~,·,i th increased ni'l;roccm 

dilution. It v:ould be iwnrobable that the !aechanisn invo: vi 

combirlution of S:b'0 radicals could o.ccount for this increase. 

In discussing the fluorination and combinution of 

single sulrhur fragments, it is very significant that desnite 

numerous attel:lpts in the laboratory, no one has yet succeecied 

in nroducing even a trace of SzFlo fr1m the fluorination of 

con.pounds containing a si :ng le sulphur. 

From both theoretical and exneriwental considerations, 

therefore, it see1r1s that J2F1o formation involves an 3::,; linkage. 

It has also been st~ggested tl1at the reaction proceeds 

in the follov;ing manner. The reaction of fluorine v;i th an 

S - S group v1ill release sufficient energy to breal-::: that boncl, 

but rcc01::binution can occur a:ncl fluorination can nroceed 

uro essi vely. Thus, for cxa:,lple, SzFz could be fluorinated to 

s2F4 which vrould decoupose into tr.'O SF2 fragments. 'I'llese 

frat_;l.:ents could then recov.bine and be fluorinated a;:,;c:.:.in to Give 

SzF0 v1ith similur decoranosi tion. In any case, the ultir·mte 

product v.·ill be s2F10 • If the se fr.J.cuentG do not combine 

sy:mr,letricall~! or if they are f'luorina ted be:;:·ore calli sion y:i th 

a si!nilar fragment, the final nroduct could be sF6 or lo-rrer 

fluorides. 

Ho·wever, t.he nuuber of calli sions involYed in this 

hypothesis vrould indicate that this mechanism is improbable. 
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Cor:1biY1~ tion of the fruc; lent s ll only occur if the t~o sulphurs 

are involved ax:d >:'lill be ineffective if the fluorine a tons 

so that their collision will resuJ_ t in recombination to form 

S2F4 is therefore only one in nine. This chance becomes 

progressively smaller as the fragments become more completely 

fluorinated.. In addition, nmn.erous side reactions are nossible 

which vJould tend to reduce further the probability of a 

successful collision. 

The most probable path for the formation of s2F10 , 

then, involves a nechanism essentially sil:1ilar to the one 

develoned in this thesis. With this in mind, the follov1ing 

calculation is of interest. 

Assuming that SzF10 ca11 only be forned by fluorim:1tion 

of an Sz lin:\:age, a calculation has been made of the uaximum 

possible yield under present reaction conditions. The method 

used is analogous to that reviev1ed by Mark in discussing the 

neclw.nism of the brea;(dovm of lo polyTner chains ( 42}. 

It is assumed that there are n identical linkages in 

the original sulnhur molecule. If a of these linl~s are 

ruptured, the averaee r:tegree of cleavat~e \.ri 11 be given by 

The probability of any of the se bonds bei 

therefore be 

a=J_ 
n 

ruptured v1ill 
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and the :probability tho. t it \·:ill reHain intact \lill be 1 -c.(. 

An i-membered group \'li thin the clw.in of sul~hur 

atoms is now considered. In order that this group be split off 

intact, it is necessary that the bonds at the beginning and end 

of the group shall be ruptured, and that all bonds within the 

group ( i - 1) remain unbrolmn. This probability will be 

Since, in a two-mernbered r;roup, i is eC}.ual to tvw, the probubili ty 

of such a grou~ beinc split off will be 

For simplicity, an eight-raernbered uolecule, such as 

exists in liquid sulphur, is chosen for a sample calculation 

of the lG.Uximum probability of formation of s.) groups. This 
1-.1 

probability will depend on the average degree of runture of 

eig!1t linlcages. Thus, v;hen one bond is broken d...= and 

hence the probability is 

~ • ~ (1 - ~) = 0.0137 

When two bonds are broken,d. = 2 and the probability is 
8 

2 • 2 (1- 1 ) = 0.0468 
8 8 8 

Similarly, probabilities can be calculated for further 

Cleavat:;e Of the molecule • rr11e maxim.Ulil probubili ty of forL1U tion 

of s2 fraguent s is found to occur \Vhen five of the eight 

bonds are broken. 

rrhe relative probability of forl;la tion of an Sz 

group in ~reference to s1 or s3 at t:tis degree of cleavage 

can now be calculated. Since a negligible number of s3 , s4---
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groups is for1ned v1hen five bonds are broken, the number of 

s2 frac;w.ents formed by their decom~;osi tion is assumed to be 

negligible in relat;ion to those obtaineu by direct cleavar;e 

of the eight-mer~ered ring. The relative probability of s2 

formation on a ·weight basis leads to an o:ptiL'lUra yield of 30.8 

per cent S2F1o• 

.n.lthough fluorination of solid sulphur does not involve 

cleavac;e of a sinple eight-merabered ring, a shlilar calculation 

has shoYm that the optiuum ~'i eld of 32F10 does not vary 

significantly from 30 per cent, recardless of the nu:.1ber of 

sulphur a t01c.s in the molecule. 

It should be noted that the calculation assurnes that 

the fonJ.ation of an S2 fra[;ment involves cleavat;e of only tno 

bonds, viz., those at the ends of the frC-t.p:lent. 

Since no yield of s2F10 creater than 30.7 per cent 

has ever been obtained from fluorination of sul1)hur, this 

calculation seems to give further support to the assmn.ption 

that the production of S2FlO is contingent on the presence of 

an s2 fragnent. 
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CLA.I11S TO OlUGIN.aL RES~.RCH 

Claims to original 'v'D rk 

A method of production of disulphur decafluoride 

by the fluorination of sulphur using solid and gaseous 

luents was developed. 

An apparatus was constructed for the production 

and fluorination of a sulnhur smoke of lmmvn concentration, 

and the effect of ternperuture and rate of fluorine flow 

was studied in this system. 

The effects of variation in solid and gaseous 

diluents, rate of fluorine flO'w, and temperature were 

investigated with the solid sulphur system. 

The critical effects of oxygen and moisture on 

the yields of disulphur decafluoride and sulphur hexa­

fluoride were examined, and sui table modifications were 

introduced to reduce these factors. 

An accurate method of analysing the gaseous 

products for SF6 , S2F1o and so2F2 has been devised, and 

nrocedures have been introduced for the determina on of 

fluoride and sulphate ions in the caustic bubblers. 

A mechanism of the reaction has been proposed 

which explains and correlates the results obtained. 



Contributions to lcnowledge 

Yields of SaF1 o as high as 30.7 per cent based 

on suluhur reacted can be obtained by the fluorination 

of sulphur using both solic:. and gaseous diluents. 

The fluorination of a sulphur smoke dispersed 

in nitrogen gives yields of SzFlo of 5 to 10 per cent on 

sulphur. 

The y·ields of s2F10 and lo·wer fluorides are 

increased by decreased rates of fluorine floTI, by dilution 

of the sulnhur v1i tb sodium fluoride or copper powder, and 

by dilution of the fluorine stream with ni troe:en. At 

very hi nitrot~en dilutions the yield of S F nasses 
~ 2 10 -

through a maximum and then decreases. Concomitant ·with 

these changes, the yields of SF6 are decreased. 

At low fluo ne rates, the yield of s2F10 passes 

through a maximum v,i t h chan~;e in tem:Dera tu re. The effect 

of temperature becomes less significant at low fluorine 

rates. 

The '9roduction of SF6 and s2F10 is. inhibited by 

small amounts of' oxygen and moisture. 

It is assumed that the formation of s2F10 is 

contingent upon the presence of a fragm.er:t containing an 

S - S linkage, whereas SF6 is formed by the fluorination 

of a single sulphur fragment. The relative proportions of 

these two types of fragments are assmr1ed to be dependent 

on the temnerature at the point of reaction. 

l:lore energy in the gas phase is required for the 

production of SF 6 than S2F1o, and, in either case, if this 

energy is not available, lovrer fluoriU.es vvill be formed. 




