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THE VAPOUR PRESSURES OF SOKE HEAVY TRANSITION KETAL HEXAFLUORIDES 

The vapour pressures oi‘ the hexafluorides of &ung8i.en, 
molybdenum, rhenium, osmium and iridium have been measured 
by a static method using a diaphragm gauge of high sensitivity. 
Hitherto unknown solld^solld transitions are reported for 
rhenium, osmium and iridium hexafluorides together with those 
known for tungsten and molvbdenum hexafluorides. These are, 
respectively* -1.90» -0.4, 40.4°, -8.2°, and -8.7°. From 
the vapour pressure data more accurate physical constants, 
latent heats of vaporisation, and sublimation, heats of 
fusion and transition, and entropies of fusion, transition 
and vaporisation have been calculated. Nuclear magnetic 
resonance studies with both solid and liquid hexafluorides 
suggest that there is molecular rotation in the solid state 
above the transition point. 

The hexafluorides of tungsten, rhenium, osmium and iridium 

form an interesting series of third row transition metal fluorides 

with almost the same molecular weight but differing from one another 

by the number of 5d electrons. Molybdenum is the only second row 

element which forms a volatile hexafluoride and its properties are 

remarkably similar to the heavier rhenium hexafluoride. Low temper¬ 

ature X-ray diffraction measurements on the solids show them to be 

isostructural and of cubic symmetry.1 

The vapour pressures of the above hexafluorides were first 

2 3 4g. 
measured by Ruff and co-workers '' ' in the earlier part of the 

century. Apart from some recent preliminary measurements with osmium 

1 r 
and rhenium hexafluorides *J and a more detailed study of che vapour 

7 
pressure of liquid tungsten hexafluoride, there have been no further 

measurements made on these compounds, although the handling of 

elemental fluorine and the Improved techniques of preparation have 

led to much purer products than could have been realized in Ruff's 

time, with chis thought in mind, the vapour pressures of cha 



hexafluoridt* of tungaten, Phenium, osmium. Iridium and molyb¬ 

denum have now been measured over considerably greater tempera¬ 

ture ranges than those previously recorded. The large tentera- 

ture intervals over which the previous vapour pressure measure* 

menta were made undoubtedly led the early workers to overlook 

unknown solid-solid transitions in all of the heavy transition 

metal hexafluorides. 

EXPERIMENTAL. 

Vapour Pressure Measurements. 

The measurements were made with a pyrex diaphragm gauge 

used as a null instrument. Previous experience with 

the handling of transition metal hexafluorides in pyrex glass 

has shown that, providing the apparatus is dry, there is no 

tendency for the fluorides to attack the glass even at the 

boiling point. 

The diaphragm gauge, which was of one piece construction, 

was connected on the side of the diaphragm away from the sample 

to a high vacuum manifold, a mercury manometer, a micro-leak- 

valve for slowly admitting air when desired and a mercury dif 

fusion pump. A glass rod of 0.1 mn. diameter and 30 cm. length 

was sealed at one end to the center of the diaphragm. It served 

as a pointer to Indicate when the pressures were equal on the 

two aides of the diaphragm. The gauge waa also fitted with two 

break-aeal side-arms. A apeciman of the compound to be meas¬ 

ured contained in a pyrex break seal vessel was glass-blown onto 

the base of the gauge after placing a glass covered breaker 

above the seal. The gauge was then pumped under high vacuum and 
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th« glass surfaces above the specimen were flamed over a period 

of several hours to remove adsorbed moisture and permanent 

gases. During this flaming period the volatile hexafluoride was 

cooled in liquid oxygen. When the gauge and side arms had been baked 

for a sufficient length of time, the seal connecting the hexa* 

fluoride to the diaphragm compartmint was broken and pumping 

continued for an hour. During this time, the oxygen coolant 

was removed for a short time interval to allow a small portion 

of the hexafluoride to distill oit of the gauge. This procedure 

was adopted so that any traces of silicon tetrafluoride trapped 

in the specimen would be removed. The compound was again cooled 

with liquid ocygen, punping continued for half an hour and then 

the gauge was seslad at A, The vacuum manifold was then Isolated 

from the mercury diffusion pump. 

A five liter Dewar vesael which served aa the thermostat 

bath waa placed in a position such that the entire gauge except 

Ur the upper part of the pointer was irar rsed in tie bath liquid. 

F&r :ow temperature measurements (-79.0° to 0.0°) a normal propyl 

alcohol - »olid carbon dioxide mixture was wed. Por tenq>eraturea 

between 0.0° and 30,0° water was used as tbs bath liquid. The 

tempera ure was measured with a calibrated Chromel-Alumel thermo¬ 

couple fnd a portable potentiometer. Tender»tures were meas¬ 

ured <iti precision of 0.05°. All temperatura were controlled 

and maintained within 0.1°. 

Tie position of the pointer was viewed wish a Bausch and 

Lowb travelling microscope, the eye piece of wliich containsd # 

a calibrated scale, a small bright light source placed st C 
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served to facilitate the viewing of the pointer. The mercury 

manometer was read with a high precision cathetometer and the 

pressures recorded with an ocuracy of 0.01 mm. Gauges with sen¬ 

sitivities of O.t to 0.05 mm were used for the measûrementa. 

The vapour pressure measurements were made by a null method. 

The eero polntof the gauge was determined with a high vacuum on 

both sides of the diaphragm There was no tendency for hysteresis 

to take place even when the gauge was heated to 400° for several 

hours In determining the vapour pressures, the movable pointer 

was brought b ak to the zero position by allowing dry nlr to leak 

Into the ballasted manifold through the micro-leak-valve. The 

pressure was read directly from the manometer. Vapour pressure 

measurements were nde with temperatures approached from below 

nd *bove the desired point. 

On completion of an excerimental run, a connection was 

between the vacuum ’•anlfold and a break-seal side-arms attached 

to the part of the system containing the hexafluoride. With 

equ',1 pressures on both sides of the break-se?! the letter was 

broken ^nd the g'<uge compartment w s pumped while the compound 

vr » cooled with liquid oxygen By removing the liquid oxygen, 

h If of the sample in the g'uge ws pumped my. The remaining 

compound w'B cooled in llculd oxygen and the g'Uge re-se led 

t B fter a short tine interv 1. The vapour pres sir e measure- 
/ 

nents were then repe ted Concord-nt results indie ted the 

origin 1 m-terlal to be of high purity. A third break-seal slde- 

rm enabled re-entrance to the gauge 

nd -iiowed dry air to be leaked into the diaphragm compartment 



in order to the pressure across the diaphragm prior to 

removal of the gauge from the vacuum manifold. Several experi¬ 

ment-! run» were made with different samples of the freehly dis¬ 

tilled hexafluoride. 

The difficulties experienced by Fairbrother and Frith^ in 

the sealing of closed glass systems containing reactive fluorides 

were not observed with the above apparatus and no residual gas 

pressure due to silicon tetrafluoride was found at the completion 

of an experimental run. 

The bailing points of the five hexiafluoricieF were also de¬ 

termined using a standard boiling point apparatus. The tempera¬ 

ture of the vapour in equilibrium wich the liquid being measured 

by a calibrated copper consientan thermocouple. Melting points 

were observed visually luring experimental vapour pressure tuns 

and some tr'-nsition oints were observed from warming curve dat- . 

Materials. 

The hexafluorides of tungsten, rhenium, osmium, iridium ^nd 

molybdenum wert- prep red by direct flu orinad or of the powdered 

elements in a cooper reactor. Fluorine supplied by the Oeneral 

Chemie-] Division of A3 lied Cftemtcal and Dye Corporation was used. 

The ga w s diluted with dry oxygen free nitrogen before passing 

over the met<1. The volatile rrcduett were purified by bulb to 

bulb V'cuum distillation -nd stored at low temperatures over an¬ 

hydrous sodium fluoride in break-seal /esaels. 

Since the high temperature fluorlnatlon oí rhenium metal 
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compounds were in the liquid phase. Below the transition points the 

spectra broadened out so much that lines were not observed. 

DISCUSSION 

The vapour pressure of tungsten hexafluoride was first reported 

by Ruff and Ascher and there is good agreement between their results 

and those reported here, except in the temperature region below 

the transition point. Ruff and Ascher gave a melting point of 2.3° 

and a boiling point of 17.5°> but they completely overlooked the 

solid solid transition at -8.2°, although their data show evidence 

for a break in the curve at -8.2°. Later, Barber and Cady7 measured 

the vapour pressure of liquid tungsten hexafluoride from 11.8° to 

51.38° with high precision. Their boiling poing of 17,05 + 0.5° is 

somewhat lover than Ruff s value, but is in excellent agreement with 

our figure ol 17.1°. Prom a warming curve of solid tungsten hexa¬ 

fluoride , Barb<r and Cady observed a solid-solid transition at -8.2° 

as well as the nelting point at 2.0 + 0.3°. Their estimated heats 

of transition an<' fusion from the warming curve data, namely 1,600 + 

300 cal. per mole, and 500 + 100 cal, per mole respectively, are in 

rather good agreesent with the values shown in Table 3. Ruff and 

Ascher1s value of >,400 cal. per mole for the heat of fusion of 

tungsten hexafluoriie is very high, bun this is obviously a result 

of not recognizing ihe existence of a solid-solid transition at 

-8.2°. 

Tht vapour press ire of rhenium hexafluoride has been reported 

previously by Ruff ano Kwasnik^ who gave a graph but no numerical 

data. Their boiling peint of 47.5° is considerably higher than the 

/alue 33.8° found in th:s research. This discrepancy has been 

explained by Palm, Selig and Fried^ who produced a mixture of rhenium * 

hexafluoride with rheniun. heptafluoride, the latter being the less 
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volatile of the two, by the high temperature fluorlnation of 

metallic rhenium. The heptafluoride readily formed solid solutions 

with the hexafluoride thereby causing the mixture to be less volatile 

than pure rhenium hexafluoride and the authors are of the same 

opinion as Malm, Selig and Pried that Puff and Kwasnik measured 

the vapour pressure of euch a mixture. The preliminary vapour pressure 

measurements of pure rhenium hexafluoride reported by Malm, et al. 

are in excellent agreement with the data of thi* research. The measure 

raents of this? research show that rhenium hexafluoride ha.z a solid- 

solid transition at -1.9°, 

The yellow volatile fluoride of osmium was first reported by 

4 
Huff and Tschirch to be the oetafluoriae GsF# with a melting point 

of 34.4° and a toiling point of 47.5°. The identity of this compound 

was maintained for aome forty years until re< ent work by Weinstock 

and Malm1 disproved the octafluoride ana shcwea the highest fluoride 

of osmium to be the hexafluoride, a fact further substantiated by 

Hargreaves and Peacock10 from magnetic susceptibility measurements. 

In the present study the vapour pressure of pure osmium hexafluoride 

has been measured over a wide temperature range. The data indicate 

a melting point of ;4.0C and boiling point or V(.c0, values in gooa 

agreement with those of Ruff and Teohireh and of linstock and Malm. 

Ruff and Tschirch measured the vapour pressure of osmium hexafluoride 

using the method of Jmlth ana Menzies; consequently, they obtained 

values only for the liquid hexafluoride. It was not possible for 

them to observe a triple point or a solid-solid transition from 

vapour pressures. Our low temperature data clearly show a solid- 

solid transition at -0.4°. 

The vapour pressure of iridium hexafluoride was first measured 

°y Huí ; an: fi her , and there i¡ good agreement between their 



results and those reported here. However, a direct comparison of 

results cannot be made because their actual data are not reported. 

Although Ruff and Fischer report a melting point of 44.0°, their 

vapour pressure curve does not show a break at the triple point. As 

with rhenium and osmium hexafluorides, a hitherto unreported solid- 

solid transition was observed In the present research, the value 

for IrFe being 0.4°. 

The vapour pressure of molybdenum hexafluoride has been reported 

previously by Ruff and Ascher^ and there Is good agreement between 

their results and those reported here. The mayimuiq temperature for 

which Ruff and Ascher made measurements was 21.0° and their extra¬ 

polated boiling point of 35.0° is a little higher than the value, 

34.0°, found in this research. As with tungsten hexafluoride, Ruff 

and Ascher overlooked a solid solid transition at -8.7° although 

their data suggest a break in the curve at this temperature. Brady, 

Meyers and Clause** have recently measured the heat capacity of 

molybdenum hexafluoride and have, reported a solid-solid transition 

at -9.6°. Their value for the heat of transition of 1,960 cal. per 

mole is in excellent agreement with the value found in this study 

of 1,9:7 cal. per mole calculated from the differences in the heats 

of sublimation at the transition point. The erroneous heat of fusion 

of 2,500 cal. per mole reported by Ruff and Ascher is the result 

of not realising the existence of a solid-solid transition. The 

thermal value, 1059 + 10 cal./mole of Brady, Meyers and Clauss is 

higher than the value, 915 cal/mole, found in this study. 

The physicai constants shown in Table 3 clearly show that the 

volatilities of solid and liquid tfFe, ReF®., OsFe and IrF® decrease 

with increase in molecular weight and that the transition and melting 

points increase. Table 3 shows that the close similarity 
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Table 1 « 

/apc»ur rrpp sures 

i' Obs. 're?,. 
-Li)._Í 

Sc.lid 

¿¿0.2 7.0 

230.ii ï .9 

235.^ 

2U0.4 /*0.4 

245.6 cl.1 

250.7 Í.9.3 

255*6 128.3 

260.5 179.6 

263.0 211.0 

266.2 256.2 

269.O 301.7 

270.6 324.2 

273.2 372.8 

27^.2 392.0 

w» 
LJil 

Liquid 

Ob». ¡Yes, 
íâüísI_ 

275.2 

276.2 

278.2 

¿79.2 

281.2 
287.2 

¿84.2 

¿85.2 

287.2 

288.2 

289.2 

290.2 

413.2 

427.8 

'i68.4 

'»88.Í 

530. i 

550.0 

598.5 

620.6 

672.4 

697.7 

724.9 

75^.6 

229.6 

240.2 

2Wi.9 

¿50.2 

255.6 
260.9 

265.5 

270.6 

273»2 

¿76.2 

279.2 

282.2 

285.2 

288.2 

¿91.2 

? Obs. Près. 
LJ1_l-nm. Hg.) 

3olld 

05f6 

î Obs. Près. 
Lül_Qm. Hg.) 

Solid_ 

23I.O 

241.5 

¿46.9 

-5i «5 
256.4 

261.6 

266.5 

• 73.2 

7.1 

10.9 

10. c 

.4.2 

36.1 

51.4 

P4.4 

778.2 

ÎÔ3.2 

298.2 

299.2 

303.2 

305.P 

307.2 

m.6 
147.1 

190.3 

245.5 

311.8 

395.4 

*01.9 

474.5 

ReF, 
Près.1 T0 Ob«. Prea 

,432.-- äs_1 (- -) t na. Hg) 
Jolid I-dauid 

5.6 

14 7 

294.2 

297.2 
467.5 

525.I 
¿7.: 300.2 589.7 

33.1 3O3.2 661,2 

40.1 304.2 687.0 

306.2 739.5 
102,4 

I.45. ! 

¿69.. 2 

19ó,3 

' 8.4 

65 3 

309-3 

358.1 

410.8 

T0 Obs. Rres. 
i_Si]_(rcm. Hg.) 

Liquid 

309.2 510.3 

311.2 542.5 

313.2 586.9 

315.2 629.3 

317.2 675.3 

319.2 719.0 



Table 1» Continued. 

IrF6 

. T0 Obe. Fres. 
{ K) (min. Hg. ) 
_ SoUd 

Obs. Pres. 
(nan. Hg. ) 

Liquid 

231.3 

242.3 

252.0 

257.6 

262.1 

267.1 

273.2 

275.2 

278.2 

280.2 

283.2 

285.2 

288.2 

290.2 

293.2 

295.2 

298.2 

2.2 

5.4 

12.2 

18.9 

26.3 

38.5 

60.4 

68.4 

80.1 

90.C 

10S4 

118.2 

137.3 

153.4 

177.8 

191.2 

227.2 

317.2 

319.2 

321.2 

322.2 

323.2 

325.2 

326.2 

327.2 

536.7 

580.2 

623.6 

649.7 

671.0 

720.2 

745.O 

744.0 

303.2 290.9 

308.2 364.9 

313.2 450.5 

315.2 493.6 

T0 Obs. Pres. 
I ¡0 (mm. Hg. ) 
_Solid 

215.4 1.7 

228.2 4.7 

233.5 3.3 

238.5 13.4 

243*4 20.8 

248.3 30.9 

254.O 47.3 

259.2 71.2 

265.O 97.5 

266.8 II6.4 

273.2 169.5 

278.2 71R.4 

284.2 295.9 

286.2 325.3 

288.2 357.5 

290.2 393.2 

T0 Obs. Pres. 
(-JO (mm. Hg. ) 

Liquid 

291.2 412.2 

292.2 428.1 

294.2 464,2 

295.2 484.6 

297.2 521.2 

298.2 546.4 

300.2 585.0 

301.2 612.9 

303.2 657.7 

304.2 685.6 

305.2 708.3 

306.2 735.2 

307.2 763.O 

308.2 779.5 
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l^:Ä.^iy;^IjRES _0P SOME :?LuO.U:dES AKD OXïîPLuORXDES 

Túe vapour pressures of che pentafluorides, ReFSj 
MoF5^ OsF;5 , the oxytet raf luor Ide s, Re OF 4, M0OF4, W0F¡, 
ano. the oxyfluorides ReOFg and ReOgFg have been measured 
by a static method using a diaphragm gauge of high 
sensitivity. The physical constants, heats of sublimation 
and vaporisation,, and entropies of vaporisation have 
been derived from the vapour pressure data, The oxypenta 
fluoride, ReOF5 has been studied in detail and a hitherto 
■unknown solid-solid transition at p0»0° is reported» The 
thermal disproportionation of the pentafluorides is” 

■described. 

Within the past four years several new transition metal fluorides 

have been prepared and. characterised» For example,. platinum hexa¬ 

fluoride has been prepared by Weinstock, Claassenand the 

pentafluorides of molybdenum, rhenium, and osmium by Hargreaves 

Í2 3) 
and Peacock•*5--/ and very recently platinum pentafluoride has been 

reported by Bartlett and Lohmami,, '' Tungsten and molybdenum oxy- 

tetrafluortdas were first described :ry Ruff et alwho determined 

the melting and boiling points of the compounds but not their vapour 

pressures» Ruff and Kv/asnik^1 ^ reported a white rhenium oxy tetra- 

fluoride.; but later work by Aynsley., Peacock and Roblnson^^ showed 

the compound to be the oxypentafluoride, ReOFs. The true rhenium 

oxytetrafluoride has been prepared recently by Hargreaves and Peacock.^ 

The present paper deals with measurement of the vapour pressures of 

Mo F 5 ? Ref's; OaP5, Mo OF 4, ReOF4, WOF4, ReOFg and Re02F3. Physical 

constants obtained from the vapour pressures are also given. Boiling 

pointr; r:: Mott;, ReFs and OsFg have been obtained by ext rape la t ion 

o:. vapor pressure data. These substances disproportionate; below 

thear ooi'-ing points;' therefore, the boiling; points previously reported- 

in. the J ■•.tara -.vre .are in error . 



Vapoiii' piessuro mGasurerr.entE were .?iacle v/it h a ryrex iiaphragm 

go’ge used es a null instrument. /. detailed deetcription o’ the 

apparatus and the experimental technique is given elsewhere by Cady 
*1 * 

and Harg-'eaveSc 

A ÜCCO 600 polyethylene glycol bath was used for teimeratures 

up tc P00°, and the temperatures wore measured with a thermometer 

reading to 0.1°, the latter being calibrated against a Bureau of 

Standards thermometer. The mercury manometer was read wit i a catheto- 

metei with a precision of + 0.05 mi. The sensitivity of tie gauge 

lias C... riim. pe'. scale division so 4iat the pressures could be measured 

with a precision of • 0.1 ram. Hg. 

Materials. 

1 V starting ms.teria)s for the preparation of MoF5, ieF5> ReOF* 

and CsF5 were the hexafluorides of molybdenum, rhenium and osmiumv 

The hexafluorides were prepared by direct fluorination of ;he powdered 

metals in a copper reactor. The f: uorine, i:hich v/as diluted with 

oxygen free nitrogen, was supplied by General Chemical Div .sien, 

Allied Chemical and Dye Corporation. The volatile product» were 

purified by bulb to bulb vacuum distillation and stored ov-r anhydrous 

sodium fluoride ^n pyrex break sea; vessels. Tungsten and molybdenum 

hexacarbonyls wore purified by sublimation in a high vacuum. 

^ fentaf luorldc '.vas prepared according to the- method of 
.() 

ueaccc.-n - Molybdenum hexacarbonyl was fluorineted at -6b ' to give 

t'he gr\ i? cemp' urd which wa3 -her1 thermally dispropo ’tionated 

:v- 1 0 i:iv‘ iota <icr i pentaf] P dt and th -.-voi.u le •roJ,/bder.ur 

tetrafluoride. The former sublime cut of the /sated zone and v/as 

purxi s.t d o.> vacuum sublimaticn bef< re being tra. ■ ' re d to a break- 

seal v\ s >( . i .> i ; rer i tail a'.:» J do ’"5 íleo prepai*ed b; the 
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cli.^cv. interaction of molybdenum hexacarbonyl ana molyncenam 

hc:c laoridea mixture oí* t.is pentafluorlde and tetrafluoride 

•.-/at obtained, and the pentafluorlde was readily separated from 

the non-volatile tetrafluoride by vacuum sublimation. 

Hherlum pontaf luoride and oxytei;raf.luoride were préparée by the 

method of Hargreaves and Peacock.The pentafluorlde was obtained 

by t he reduction of rhenium hexafluoride with tungsten \ exacarbonyl 

in the presence of tungsten hexafluoride as a solvent. Pure rhenium 

pent afluoride was readily separated from the reaction mixture by 

vacuum distillation at 1.00°. The oxytetrafluori.de was s repared In 

a similar manner by reacting an excess of rhenium hexafluoride 

wife tungsten hexacarbonyl, After the vigorous reactior the green 

prxluet wis eated to 6r-° under high vacuum to yield bile crystals 

of ihenium. oxyte traf luoride whi.Th sublimed, out of the htated zone. 

Th ; compound was purified by vacuum sublimation and trarsferred to 

a 3reak-seal vessel. 

Osni; urn- peutafluoride was prepared by the method of Hargrea ves and 
« 

Pc icockJ ^ reduction of osmium hexafluoride with tungsl en hexa¬ 

carbonyl gave a mixture of the pentafluorlde and tetraf! uorlde from 

which the fermer was readily separated by vacuum listii:ation at 

The pontafluoride was further purified by vacuum distillation. 

Tu. velen and Molybdenum oxytetr.if luoridcg. : The ce compour ds were 

Or 3! : a red ;V the d'irec!'. f Iper'lna ^ ef* cVic t r i 

presence of oxygen. A 1:1 fluotine oxygen mixture was i sed. The 

ox /¡' h re f lucrldes were readily separated from any hexaf.* uorlde 

foirci siniu'1 taneously by pump In., under vacuiu • at room t( mperatura 

whsu: the v-oLitiXe hexafluoride ar. readily removed. The compounds 

wer hen purified by vacuum su-. 1 Irrat;ion prior t o tränt: erring to 

Drs.’k seal vessel: . 



i:-ü m^g.tXuoride anci dl( c/trmnorlde were prepared 

¡\C‘- f.in ■; to tic method of Ay nsl jy. Peacock and Rob In nor. 

Rh. i n o.:ypcntafluorlde was pro- vired by direct flubrination of 

rher Lum motai in the presence of oxygen. The oxypentafluoride was 

separated from a small quantity Df rhenium hexafluoride also formed 

in toe reaction by careful vacuum distillation and vas purified 

¡:>y repeated vacuum distillation over sodium fluoride, the fore and 

ta:.i fractions being discarded. The oxypentafluoride was also 

pn> ired by the direct fluorinatlon of anhydrous rheniun dioxide, 

Thix method i;ave rhenium dloxytrLfluorice as the majoi product. 

Tile two o.:yF .ucrides viere readily separated on account of the high 

vo atility o 1 the oxypentafluori ie. Rhenium dicxytrifluorlde was 

purified by ^acum distillation it .iCJ 

fh' me ting points oí ''SoFt;, Repr, ()sFg and ReO^l’c were 

de- :'-mined du’ectly in thin walled pyrex capillaries. The transition 

an' ‘ 11 xj i g loir wi: of Rt'OF.; rere de te nui ne d f com both warming and 

coo' .1..5 curve lata in addition 1b the values obtainsd from the 

/alK- lT presauj'c data. The boiling point of F.eOFg w-is also determined 

ufiiwg -a boil ,.ng point apparatus similar to that describe3 by Fair- 

broiier and Frith.The temperature of the vapour in equilibrium 

’X-' uhe iquid ,-a;i measured wit i a calibrated c hr one 2 -a lumel 

thoruocouple 

lien Its, 

Tho vapour pressure data ire given in Table 1. ihe teraper- 

atm .s ar«; p .von in degrees ab so ate with the ice point taken at 

b7 > . The pressures arc given la mm. I'g at 0.0°C. The vapour 

pv ? su re data ire summarised by r,ne equations in Table 5. 

the va ues of the triple points of MoOi*, ReOF*, U0F4 and. 

ReOï 5 •eiVî (i,:' ri biecl oy sol :t ( i i vapt ir presaure ccuationr. 



*' ; -n (• ( f 0.? ) v/ith xnelting poin .E c .^tainec 

d • ■ in th In . . api liai . s. The me] ;in 5 p ts of l tol , 

.Ue]:, , 0 3 F ; • cViid Re02:;s v/ere founc to be respectively, 67.3o, 48.0o, ‘ 

, <■. aid í".) >* . Owing to the V€.?j low vapour pressure c ' the 

:er ;■ f.Luoi^idc e below the melting; points, it was not possible to 

0b1 ¿i aiourrte sublimation precsures using the diaphrsg 1 gauge 

technique he solid-solid trarsltion at 50.0° and the wlting 

po:!1 or Ñ0.00 oi‘ jîeCFs were obtained from the two plate tus in a 

wain ng curve . 

'')0m P /Bical constants of the compounds are shown in Table 3. 

Tic- neat of fusion was derived irora the difference bet we .n the 

le.rf;' of tub.' Iriation and vaporisation at ;he trióle pc in lhe 

b®a1 >f rar Lfci r was derived from the lifference the two 

•' ’ " sublimât . , , >JLnt• These vr íes are 

prei bjy rot accurate closer than 1.0 calarles per mole. 

■'\h: heats of sub.l.1 ration and. vaporisation for MoOF , Re(Fh., 

¿rr‘d 0. aro the heats of vaporisation for MoF5, :eFs, 0sF3 

anr - F;: o-:ve calculated from he slopes of the lines f the 

vapo’ • p- usure equations. These valu2s are giver in v;. ,ie H together 

with :>e int? oples of vaporisation for hv the liquid st..tes. •('able 

also Jon tains values for MbPs, TaFs, I iu ; ., tak , 1 » the 

litc-Teure. These are given to permit coupar son of var ous ponta- 

fl’j: vis et <ith each other. 

Disassioi 

"oi:- tungsten a id molybtlenuci oxyte';rafluoiàdee hav* been 

v-i- years. Tu? fouine compound j?. fix-st pra; ¿'.red bty 
VM 

1 ten i* r.rd Heller,1 and che lativi rj Huff and sner.^ 

The oiti-, . cuits of WCl* arel ti CFV iHiportad were 310 ’ v ¿ 97O, 

■ -- n IÔ5 ai '■ respect! e Ly« The i bove 

v * : '■ vapou.- n ■< -j V.. The physical constan derived 
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from the present vapour pressure data are in general agreement with 

the values of Huff et al. Their value for the melting poin; of 

tungsten oxytetrafluorlde is somewhat higher than the IO50 sported 

here; however, there is excellent agreement in the values of the 

boiling points. In a similar manner there is good agreemen. regarding 

the melting point of molybdenum oxytetrafluorlde, but the billing 

points do not agree well. 

Ruff and Kwasnik^ described rhenium oxytetrafluorid ; as a 

white substance with a melting point of 39.70 and a boiling point 

of 62.7°. The preparation was repeated by Aynsley, Peacock and 
/ o\ 

Robinson' who showed that the volatile oxyfluoride prepared by the 

fluorination of rhenium in the presence of oxygen was the ocypenta- 

fluoride ReOF5 and not the oxytetrafluorlde HeOF4. The mel-ing and 

toiling points of the oxypentafluorlde reported by Aynsley, Peacock 

and Robinson were 34.5° and 55.0° respectively. No vapour pressures 

were given. Ruff and Xwasnik measured the sublimation pressures of 

their compound, but did not record any data for the liquid state. 

Their data were published as a graph and it has not been possible to 

compare their results in detail with those reported here. Rhenium 

oxypentafluorlde has now been studied extensively. In addition to 

the melting point of 40.8° and the boiling point of 73.0°, a solid- 

solid transition has been found to occur at 30.0°. The melting point 

of 40.8e reported here is thus in agreement with Ruff's value of 

39.70 although the boiling points differ substantially. Since Ruff 

and Kwasnlk did not record any vapour pressure mersurenunts above 

the melting point of rhenium oxypentafluorJde, their extrapolated 

boiling point of 62.70 could have been in considerable error. The 

close agreement in the melting points suggests their compound was 

pure however, and verifies the conclusions of-Aynsley, Peacock and 



Robinson tîis.t the compound reported by Ruff and Kwasnik to be 

rhenium oxytetrafluoride, was in fact rhenium oxypentafluoride. 

The rather Dow values of the physical constants of the oxy,)entafluoride 

reported by Aynsley, Peacock and Robinson are presumably the result 

of the presence of the more volatile rhenium hexafluoride In their 

sample of the ojcypentafluoride. 

Rhenium cxytetrafluoride, a deep blue readily sublinuble solid, 
/ O ^ 

was préparée, recently by Hargreaves and Peacock. ^ The piysical 

constants reported here show that the compound has similar properties 

to tungsten and molybdenum oxytetrafluoride,3. The rhenium compound 

is con eiders bly more reactive tiran the tungsten and molybdinum 

compounds as shown by its attack upon glass at I7O0 and above. Tungsten 

and molybdenum oxytetrafluorides had no tendency to attack glass at 

186°. 

Rhenium dioxytrifluoride was first prepared by Aynsliy, Peacock 
/O'! 

and Robinson' 1 who reported the liquid to oe very viscous and upon 

cooling uo congeal to a glass which crystallised only after long 

standing. The solid melted at 90-95° and boiled at about 2)0°. The 

physical constants were re-investigated by \ynsley and Haiv who 

reported the melting and boiling points to be 950 and 126°, respec¬ 

tively. The physical constants of rhenium dioxytrifluorid3 reported 

here and derived from vapour pressure data are in agreement with 

the observations of Aynsley, Peacock and Robinson. The vecy Dow 

boiling point reported by Aynsley and Hair is difficult to explain 

and is presumably the result of a printing error. 

Attempts were made to measure the. vapour pressure of osmium 
( y ) 

oxytetrafluoride but in all cases the compound decomposed ibove 

about 70°, probably owing to its high reactivity. 
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The cxytetrafluorides oí’ tóo third row transition elements 

aT0 remarkably siíiilar as shoivn bjr the data given in Table 3. The 

chenical reactivity increases as the molecular weight inc ’eases. 

This is further evidenced by the fact that osmium oxytetnflucride 

is very difficult to prepare and iridium o:cytetrafluoride has not 

yet been successfully identified. The data in Table 4 shows that 

there is ar increase in both the latent heat and entropy of vaporisa- 

tdor with increase in molecular weight of the compound as one passes 

irom molybdenum to rhenium. The high values of the Trout m Constants, 

•particularly for tfOF* and ReOF.t, suggest considerable ass )ciation 

in the 3.iquiG state. 

The three pentafluorides MoP5, ReFE and OsFg form an interesting 

series of compornds in that they all undergo irreversible dispropor¬ 

tionation at higher temperatures. The diaphragm gauge technique 

is particularly useful for studying such compounds since ;he point 

at which disproportionation takes place can be readily observed 

irom the increase of pressure at constant temperature. Tie boiling 

pointa of the pentafluorides reported here are extrapolated values. 

Because of the thermal disproportionation, these values a:’e considered 

more reliable than those obtained by actually boiling the substances 

at one atmosphere pressure. 

Rhenium pentafluoride undergoes irreversible thfrigal dispro¬ 

portionation at 1.500 to give rhenium hexafluoride and the non-volatile 

rhenium tetrafluoride. This particular property of rhenium peita- 

f lue ride was used by Birgreaven ar.d Peacock^ to prepare pure 

rhenium tetrafluoride. riolybdenuir pentafluoride begins tc dispro- 

portdonate at I650, and osmium pentafluoride at l80°. in each 

instance, tne products of the disproportionation are the \olafc.Lle 

hexafluorides and the non-volatile tetrafLuorides. This 



Disproportionation can be represented by the gene re.1 equation i 

2 MF5 -—> MFe + MF4 

As with the oxytetrafluoriues, t.vie heats and entropies of 

vaporisation cf MoFg, ReFs and OsFg increase with Inciense of 

molecular weight (Table 5.) There is also a close similarity In 

the boiling points of the compounds. It is pertinent at this 

point to compare some of the physical properties oí* MoF ReF5 

ano. OsFg with the other pentafluorides shown in Table 4 All 

oí the pentafluorides have high Trouton Constants Indicative of 

ccnsir'.erable association in the 3iquid state. It is novf vieil 

krovin that iodine pentafluoride undergoes self ionisation according 

to the equation: 

2IF5-* IF/ + IFe“ 

Clark and Emeleus have shown from conductivity measurements 

that vanadium pentafluoride undergoes a similar type of self 

ionisation. 
2VFs > VF/ + VFe ” 

In /lev/ cf the Isolation of stable be.vaflrorcmo.Lybclatea 

hexafluororhenatec and hex£ fluoroosmateJ17) contaning 

the MoFe ; RgI'o t and OsP6 ions, it it reasonable to assume that 

molybdenum, rhenium and osmium pentafluoridei also self ionise 

to some extent according to the generad, equation: 

2 MF s -i MF/ + M v6“ 

The crystal structure of molybdenum pentafluoride s at 

present being investigated by Edv/ards and Pea cock u ing single 

crystal X-ray diffraction. They have found that MoFs 1' monc'- 

clinic with two molecules per unit cell, and there are v/o distinct 

types of fluorine atoms although there is no evidence for a bi- 

molecular species (MoF5)2. Edwards and Peacock suggest an Ionic 



structure of the type fMoP4+) (MoFe”) and if this is the case 

then it may be assumed that rhenium and osmium pentafluorSdes :nay 

also have this suggested ionic structure:. An ionic type cf st:?ucture 

for the pentafluorides would explain the ready thermal dir propor ¬ 

tion* t ion of the compounds and also the yet unexplained magnetic 

properties of rhenium^ and Osmiumpentafluorides. 

Some physical properties of the fluorides and oxyflurrides of 

rhenium are compared in Table 5. It is of interest that the vola¬ 

tilities depend much more upon the number of atoms of fluerine and 

oxygen per rhenium atom in the molecule than upon whether the atoms 

are oxygen or whether they are fluorine. The greater the ratio 

(P + 0)/Re, the more volatile the compound. The most volatile 

substances are RePe and ReOPs. These ai’e followed by the group, 

ReP5, ReOP4 and ReOaFa and these by ReO:,F, ReP4 and ReOF3, In the 

case of Re OP 4 and ReOgFa there is a striking difference ir. viscosi¬ 

ties, the latter compound as a liquid, being much more viscous than 

the former. The decrease in volatility in passing from Rc Fe to 

ReP4 suggests appreciable ionic character for the tetrafli.orlde as 
i P ‘ I ' ! ; ’ I ‘ ■ 7 

seems to be the case with other transition metal tetrafluorides. 

A comparison of the properties of the known transition metal 

pentafluorides and tetrafluorides (Table 6) indicates that iridium 

tetrafluoride lies in a somewhat anomalous position. Iridium tetra- 

fluoride was first reported by Robinson and Westland.The 

compound has à melting point of 106-107° arid à boiling point ‘of 
* •» 

200°. A glance the compounds listed in Table 6 leads to the 
•’ -:.. > . . 

cor lusion that iridium tetrafluoride properties which are 

similar to the third row pentaflucrides rather than the tetrafluorides 



'.-.Me Iranoitior rae ta.’, tetrafluo^idí;^ so far reported are ra^stly 

non- vclatile soJids, and a more de tailed Investigation of the above 

Lr?.c ium fluoride may show this conpound to be iridiara pea ^fluoride. 

rhe r'“ duct ion of iridium hexafluoride(1^ with tungsten curboryl 

in the presence of tungsten hexafluoride gave a yellow vo atile 

solid with similar properties to those of the compound reported 

by Pobiufior ar d We so land. However., no further studios we made 

witt the product. It may be pointed out here, that simil .r reactions 

involving molybdenum, rhenium and osmium hexafluorides, gave the 

corresponding transition metal pentafluorides as the principal 

products. 
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Ia.ble ï. 
—4» «»«»■ H ■«■»H» ■» — 

' 7a?ov- ‘»«»w« ot not,, M0OF4, ReFs, KeOF*, 03FS, WOFfi> ReOaF3, and ReOP». 

Ijoga, Líqjld 

Tr0K P.:m 

515.2 
525.2 
5 55.2 
343.« 
333.2. 
303.2 
373.2 
333.2 
323.2 
*03.2 
*13.2 
*23.2 
*33.2 

•* n y .e 
i.* 

?. i 
3.B 

9./ 
1; .7 

22.9 
35.3 
53.6 
80.8 

115.3 
15?. 7 

1 .C-J5 . 
SoTiu 

.* 

3-5.2 
323.2 
333.2 
3*3.2 
5Í53.2 
3b3.2 
363.2 

FHpw 
l .2 

?.* 
4.* 

7.9 
12.9 
22.6 

23.8 

4, 

373 
178 
335 
593 
¡05 

*13 
*23 
*33 
4*3 

*53 

.2 

.2 

.2 

.2 

.2 

.2 

. 2 

.2 

.2 

.2 

Pi&Fg, 
T,°K 

353.2 
3*3.2 
353.2 
363.2 
373.2 

333.2 
393.2 
*03.2 

,púfl 
56.O 

**.7 
53«6 
79.0 

118.8 
■75.9 

¿¿O. 2 
5**.0 

*57-1 
C31.0 

Li xald. 
? .rrni 

1.2 

03?s, Liquid 
Ï,°K P,mm 
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table i 

Heats of Vsporisaoion and SublliAation an; 2n:ro?ieü of 
Vaporlsatio ■» 

Heat of Heat of Heat of Entropy o * 
vaso.risation Gublluiation 3tã31 IntitIon below «/aporisa <lon 
(ral mole* 1 ) (cal mole"1) aolid-soli.d transi.- («al in »le*1 dec"1 

tion (cal mole"1) 

MoF5 12, 370 

M0OF4 12 09c 13,130 

>5.4 

26.3 

ReF5 

ReCF4 

OsFg 

Rt'CFg ' 

ReCaFs 

W0F4 

NbFg 

TaF5 

IF5 

ff5 

13,38C 

H :9C 

15.Ó8C 

7.72C 

15,70c 

,23c 

12 ,90C 

13,000 

10,04( 

17,820 

8,9*0 

.16,490 

11,9^0 

10,280 

28.1 

32,7 

31.4 

22 .3 

34.3 

31,0 

25.4 (:i>) 

25-9 ( 1 î) 

27.2 (2.} 

33.1 (.10 



JL h (»BLE '■) 

; -"i • '• • Cont r^n:s o:C Seras T3iio r .ee,. ar.d Cxyf .i o:;id= 8 si* Rheniuu 

^F6 

^.0FS 

C P 

^Fs 

'^e C'a F 3 

ieOaF 

^eF'4 

. : T.iir.g Môlilnj Hest o;‘ Eoat of Entropy of 
T: • enfc Point Sutlîrvition Vapcrisation Vapo: loation 

(caldog“1) (ce 1 dog“1) (caî. mole“Meg“1) ( C) 

T;>,0 

•¡7 .7 

OC* i 

i8f. .4 

(°C] 

h I ’ 1 r ; a 
> .ooc 

18.7 

40.8 

10r .3 

48.0 

90.0 

ir.o 

7 j796 

8,940 

L7 

6,8 57 

7,7-70 

34,590 

)3,830 

: 5,700 

2iî 3 

22 3 

?8 ]. 

34 3 

(n) 

(43' 

(2) 

^0Fn j'ic i-volei 1.1 e 
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Tiyi • r. Coi B'. .U'.; í o‘ Inovar Ton c!î.i'md Luorides 
ci , ia fjiti ;> a R-).- írí.r.s:. ¿Ion 5 .2;k-.i;s. 

M. Pt 

B. Pt 

{ o\ 
MbF5 

8o° 

235° 

MoFr^ 

67° 

2 ■ V; 

RUl'g 

107° 

19) 

M. Pt 

B.Pt. 

raPg* l?) 

r* 0 98 

229 

R<?FS 

48° 

-jpi ? 5 

OBPir 

70° 

2:25.9° 

3'-[ï '0 

75--(,° 

300- ::( tc‘ 

M. 3t 

B. Pt 

9 3F, 0 3P4 Ir F,./l9^ PtP, 

106-107° - 

300° 

Wf/lo ' 

’ ’ ' • 1 r ■on -vol sutLirre.s 3i dl.3t .11?. 
Vt’ j > y'.Q° il v u. 

>350° 

io; rol ron-vol 
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