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A MASS-SPLECTROMETRIC INVESTIGATION OF
SULFUR VAPOR AS A FUNCTION OF TEMPERATURE

s Charles Ziets
Lawrence Radiation Leboratory
University of Czlifornia
June 15, 1960

ABSTRACT

A méss«spectrometrie inveétigation was performed on sulfur vapor,
which was in equilibrium with the condensed phasey, in the temperature
range of 120 to 210°C, The principal finding was that, in this
temperature range, equilibrium sulfur vapor contains appreciable
quantities of Sg, 57,fs6, amd S¢ only,

The eulfur vapor ecmansted as & small wellecollimated molecular
beam frem a specislly constructed source into an lonization chanber
which was designed %o exclude from analysis any sulfur vapor that hed
inpinged on the walls or the hot electron filsment, The ions were
analyzed with & 6-in.=radius 60=deg.=deflection single-direction
focusing moss spectromster. The sulfur used for this study was
purified by prolonged boiling with g0 follgmﬁ by vacuum dlatillo-
tion, |

~ In addition to establishing the principal species in the vapor
phase, the results of this work provided essentially identical
ionization potentials for 38’ 87, 8, , and 85 of 9.0 & 0,14 ev, Also,

6

wag celculated to be approximately

the heat of vaporization of § /
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265 keal grester than that of 8g. It was not possible to detommine o
the quantitative composgition of suliﬁr wfapor. Howe#er, upper limits
for 5g and 84 at 1209C of 8% end s respe@tive;y mfe obtaineds
It 1s prapbsed that .38 iaith’e.- vaporizing a:ééoies and that 87,

84, and Sy result from dissoclation of 38, and that all four molecules

have a ring configurationg
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INTRODUCTION

Sulfur has been known since ancient times, and there are records
of:its.use‘for‘madiqinal1énd fumigation purposes at least as‘eariy"
a5 1000 B.C. It was commonly used in the practice of alchemy, and in
early times was referred té as "brimstone"al

Despite this long history of man's sworeness of sulfur, the
miltituds of forms the solid liquid and vaper cen assume have made it
a frequent subject of investigation, and even with the tremendous
aavances in experimentel {technigques and. apparatus during this century,
 there still exist fundanental geps in our knowlsdge of sulfur.v‘(ﬁwr
an exﬁalleﬁt review article, written In 1955, see Gee.a)

| Pérhapﬁ‘lea&t'ccmpletely Imown is the composiﬁion of thé vapor
in. oquilibrivm with the condensed phase. At sufficiemtly low
temperaﬁuéas the v&pér presumably conslsts tobally of 8y molecules,
and at sufﬁibiéﬁﬁly:high tcmparaﬁures it consists entirely of atomie
a&lfuﬁ. ﬂD%QVé?; conciuﬁiong about the composition of the vuéor
b@t@égn'these temperature exbrenes have Leen alnost exclusively by
inference from vapnr-d@nsiﬁy measuraientse

The firot of these measurements, in the tempersture range of
300 to 850°C, wes published in 1909 by Pruener and Schugp;a Breune,
Petor, and Neveling belleved Pruecner and Schmpp to be in error and
in 1951 publishad vapor-density measurements for the temperature
renge 350 to 1000@G.k The results of both inva&%ig&tiOna could be
interpreted only by assuming that the vaper compositvion was complems
Pruegner and Schupp were zble to égplain thelr date by assuming the

existence of 3y, 8¢, end Sy, while Braune, Poter, and Weveling found
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it necessary to assume the existence of Sh as well as 88, 56" and
Sy in order to explain their experimentsl results satisfactorilys
Cuthrie, Scott, and Waddington® have caleulated thermodynamic

L8 = 3

functions axd the heat of formetion of 85 gase In order to make
these calculations for the full temperature range in which sulfusr
existe as a liquid,y they extrapolated the equilibrium constants of
Braune ¢t al to obtain the partial pressures of 88 in the equillibrium
vepor, and also uged the excellent totsel vapor pressure masfuraments"
of West and M@miaaé in addition to spe'ctmscopie daté. :

There hsve also bém_twé mass-spectrometric iméstigationa of
éniﬁ‘txrwaporm one by Brad,}; R ﬁoﬁler, and Di‘bal‘@r,? and the other by
Goldfinger, Ackerman, .am(i J@nn@hommaoe The worlk of Bradt end co-

workers weg in conne_éti-ﬁn with & progrem to establish roference

samples of natural :isaﬁopic abundance, so that sulfur vapor_véas
imestiga;ted at only one temperature, 95°C. They evaporated sulfur
.i'rmnva few milligrems of coarse paw&ax' éontaine& in a capillm tﬁbe |
inside a Gemn tube that extended about 2 em to the embrance port of '
the imizati.cﬁ chanbers The vapor pressure in the :Lanizaﬁion chamber
m less than 10'1* mm of Hg, and its tamperature was 186° 6. The
recults of their relative ion intensity measurements, recslculated

for 58" = 100, are given in column LI of Table I. Bradt and co-workers
glso found eppesraence potentleals of 88"' as B.9 & 2 evy of Sy% a8 e
8.3 & o2 ev, and S¥ as approzimately 2 ev greater than either of these.

Their method congisted of plotting thé current-voltage curves on senle t
log ‘paper and normalizing the ion current to unity at 50 ev. Then the

value of the electron energy thai corresponded to an ion curremt of
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Ion irtensities from Sradt, Mohler, end Pibeler and irom Goldfinger, Ackeren, snd Jeunshozms

‘Bradt ot al. i?cléf nEer e‘t al.
Capillery Tube Greprite Crucible T Peo-Tormerstare Tibo

Ton T = 360K Te330% = 3% 7y =3%% T, - 30
s = 3499 ?.'2 & 36603. o ‘g.. 650K

5 o |

Sg¢ 100.0 100,50 100.0 100.0 100.0

Sf 64 0.5 6.1 11.0 12.L

56 5942 - 18.0 151.0 8.8 6l.8

8¢ 9662 2hal 18.8 39.0 3346

5,* 150.0 o 112,0 4243 €0.7

sy 67.0 20.0 €59 39.8 3.1

5* 1850.0 770 488.0 169.0 138.0

8¢ 250.0 11,0 16640 3.1 22,0
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0.3% of the SOoéélt value was chosen as the appearance péteniidlg
Thls velue was corrected for contact potentisls obtained from the
difference between the appesrance potential and the ionization . &
»potentiai of mercury vapor; which was introduced with the sulfur v P
._yapdr. There were variotions in the slopes of these appearance=
poﬁential curves which led the investigators to report additional
uncertainties in the above §alues; Bradt and co=workers con¢iuded
that Sg and 8, were present in their_i@niaatioh‘chamber. Hhethér
or not ﬁeﬁtrﬁl'species corresponding.to the othér jons were present
éauld not be}decideé.

The efforts of Goldfinger and comworkers were primarlly |
directedntoward studying the vaporization of cnﬁpounﬁs and allqy#
&t high temperature and the dissociation of these vapors. They
studied sulfur #apcr to facilitete their 1ntar§retation of the
eveporation beh$vicr’of sulfur compounds. Two types of ev&poratiun
systems were useds in one; the sulfur vapof briginéted from an
' open gr&phita crucible, and in the gﬁhér, ﬁhe vapor passed thrdngh
‘a 9.154mmddiameter orifice in a twoetemperature tube furnace. The
graphite crucible data sre given in Teble I, column III, aﬁd a

portion ¢f the two-teuperature-tube data in columng IV} Vy and VI,

To perult ready compoarison, all deta not based on 38 = 100 have
been recalculated on that basis. Goldfinger et al. stated, "It o
seems foirly certein that a conslderable paxrt of the ionie

irtensities of Sgﬁ, 87*, 86*, end S,* are due to ionization of

2
parent molecules," and “probably most of the ionic species’ result
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from direct ionization of the parent molecules and not from electron
fragnentation,” _

The results of these several studies of the vapor of sulfur have
led the verious investigators to the conclusion that some complex

mixture of polyatomic moulecules is present, bul the exact nature of

this rixture has remained quite uncertain.

The object of this investigation was, therefore, to attempt to
determine directly the composition of saturated sulfur vapor as a

function of temperatures
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EXPERIMINTAL APPARATUS

i

Mass Spectrometer : S : : - ¥

A 6-inch-radius, 60~deg deflection, singlewdirection focusing
. mass ugectrometer was the analytical instrument used for_this 3
investigation. The magnetic field of this mass sﬁéctrometéf'vaé
provided bty a continuously varisble electronagnet capablévof B
pfoducinu a maximam ficld of 9300'gauﬂs across a'?/ﬁﬁ-iﬁ; gap,'
The accelerating voltage was provided by & w@llnregulated 3~kv
pouer supply, which also provided vwltages for drawing ions frcm
the ionization chamber and for focusing these ions, The 1ogs
could be positioned after the magnetic deflectlion by two electro=-
static deflection plates. The ion detector was a sixtéen~staga
electron multipiier (&aveloped at this Leboratory by Reynolds9)
terminated by a 10%-ohm resistor. The voltage across this rosistor
was measured by'a vibrétiﬁg-reed elactraﬁeter which-drove a |
recording strip-chart botentiumetero |

Vacuun System

The vacuun gystem is shown schematieslly in Fig. 1. Thev'
purpose of the weter-cooled baffle directly over the jets of the
diffusion pup was to reflux a large pdrtién of the m@rcuny;.so
that the pump did not become inoperative, owing to Hg on the 002
trap, until after a reasonable period of aboul 10 deys. 'Tﬁe
- position of the ion geuge ﬁas dictated by convaniénce, end it is
believed that at worst the gauge indlcated the_preasure in the
nass apectrcmeter to within an order of m&gnituéae The indium-

valve (developed by Reynoldslo) uaé not ugable, as the indium

L
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Fig. 1. Vacuum system:.
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wulfide thot formed made 4% impossitle to achievs o leaketight sesle

The stures wﬁ:l@m %28 8 Gwine=dizmetor qylinder, 13‘451‘.‘::.;' 10:1@,
with thres 2ed/2-in.=dlsneter aldesrnse One served as the exhanat
porty the zs&&an:i had eleven Eovar electriesl losd=throughe 20l
goldored ﬁ;ﬁm 2 eopper plate, and the third hed & myrex wiatitue
- Flenges m@ nelisrew-welded to both mm ef the cylinder, oﬁa of
which wes bolted t-’é & ﬁmgs& plate hardegoldered o the 1-ine copper |
tube hat was Clettensd Lo pass betwesn the poles of the magnete
| the }3’;}3"% aﬂv}@:&@m surrounding the olasctron multiplier wag
attached é-,u ‘hh@ soppey tubs W & groded mzala - The @nv@ld;m had.
tungsten lw;int%z-augggsxza for connection 4o the deflsction p&a%esg 2
Bﬂa'-m, puspout tube for use in sonjunetion with the indiun valve,
and weg m&mmm in a ls-'f.‘iﬁ. fndustyied lass pipe flaﬁggm &ttached
to this wes & "hat” to which the mutislier was rigidly affized. This
hat had 16 Kovar &ému@mué;m provnd its @rwﬁ'emm&; & large taflon
lond through in its top for the output sarrent, and wa.e covered with &
&mm c;ylmdev for glectrical shleldinge | |

,&11 zim.,mauzm@ mawlﬁtméml ganle wore mm:w wih kﬁifwwﬂggml
scoled copper gesitets 1/ = 1/k ine in cross dmmiéﬁ, and g1
dm.r‘m%biu plags-to-netal seals wors made with indium 3 :&in;g;m
Beth %h&@q;ap@r awd indivm gaghete wore rousable. ‘i’i%m soRres

envelops wug wapped with heating tepe for ovlgassing ‘m;w@e;a.

Ionizatdion Chomhep
The ionization chamber, shown in Fige 2, wos designed 4o

mininize eontributions ¢o the ion current that eould originste frem
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Exit aperture

Electron slits

Tungsten elec'tron
filament

Pump out port

Etectron slits

Glass spacers
through

Entrance aperture

MU-20975

Fig. 2. Ionization chamber,
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the walls or from the hot eloctron filaments ‘The chamber was
provided with baffles snd a "back door® that was lerger than
* the "front doors" In addition, 4% wma in thermal isolation and
was shielded fram tho hot filamente (For on interesting example
of the effect of a hot filanent in disscciation of gas molecules,
se2 Rane's work on abéenie and‘red pho@pﬁoru&.ll) The ionization
chanber wes constructed of stainless stesl, and all its interior
sﬁrfaces wors gold pl&ted to ﬁinimiza secondary electron enission.
- The ionizirqveleétrona wére collimated by a remaykably effi-
caciovs amtermal alnlao v m&hmet with an effective field of anly
&bﬁut &0 SEusE ¢he electrun 3lita wcre made progressively
1mr;bf between the Cuﬁheﬁﬂ gnd the ancde to mindmdze olnctron«
bombardmexnt heating and bo mafzmiaa the snode current. Shields
were spot-welded to the rilamanﬁ 1eada t0 prewent electrical
letkage caused by conductive deposits on the glass in@uiationa
‘ﬁh@ clectren eniesion was electronically regulated by controlling
the temperature of the filament to meintain a constant ancde
énrwant, which could be varied from 1 to 100 &ieroampares. The
electrons wera accelerated by applying a potential, continnously
variable from nezstive values 4o 125 volis, bebween the filament

and the closest glit. The voltege was read wiﬁh two mebormt

a 150-?01% full scele metur for the hisher voltag@a, and a mobor
accurate to 0 %, with & mirror 4o reduce parallax reading error,
for the critical region of 1% volis or less. The entire ionizae

tion cheuber was {losted at the full accelersting volbago.
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Sulfur Source

The sulfur source shown in Fig. 3 was deyelaped for the purpose
of providing & small well-collimated moleculsr beam obtained
directly from the vépor in equilibrium with the condensed phase.
The sulm_i- container, which was 1 in. long end had an inside diemeter
of 0,050 ine, wms.mde of aluminum to provide the thermal conduotivity
- pecessary for uniform temperature and to avold any sulfur reactions.
(The experionce of Prins is that the only comvenient materiels with
which sulfur vill not react ave slunimum and 1ithiwm pless,):2
Restriction of the dlametor of the effvsion opening to 0.00L in.
provided a >mtio of areas of epproximately 2 x 10"‘3, go that there .
was reasonable sssurance that the effusing vepor héd equilibrated
with the condensed phase. (The effect on sulfur vapoé at moderate
mmpefa'bures of édeviation from equilibrium conditionz, as pointed
out by Guthrie, $catt, end wadd:lnm:an,s is to increase the percentage
of 38 in the vspor.) The length of the offusion chamnel was 0.008 in,
But at the small angle to the normal subbended by the collimsted beam,
the «..nglﬂ;ar distribution of nolecules is csaantially unchang,ed from
that for an orifice of infinitesimal channel :Lenmh.n

The bottom of the container was a tape;red' plug which had ean
iron-constantan themcgouple spote-welded into a slot, and was
mounted on & separate flange by & 2-3/B-in.-long stainless steel
and cerawnic suppor‘ﬁ 10de “l‘hé stainless caps were attached to the

ceromic by uvsing the thermal expansion of the steinless cteel to



1

¢

-16-

N

8
(D—FF~ =
g |[[&
23 -0
22
0
e
e——a[]
ROmmmsli
&1
)4
@ H

F)T-C-_@ Section A-A
O ®@ Platinum
Quartz
5 & @ Aluminum
L 0.0135"
Te. Section B-B
& MU -20859

Fig. 3. Sulfur source (Identification on following sheet)



(1)
(2)
(3)
(L)
(5)
(6)
(7}
(8)
(9)
{10)
(11)
{12)
(13)
()
- {15)
(16)
(17)
(18)
(19)
(20)
(21)
{22)
(23)
{2h)
(25}
(26)
(27)
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1/h-inch copper disc, 1/16ein, hole bored for passage of refrigerant
Set screws to align dise {four)
Comxlal solenoids
1/8 in. iron rod
Stainless tube
Shut ter
1/i6=in.~thick copper cylinder
1/h-in. copper tube for refrigeration
Stif? aluminum foil to hold heater (attached under sorews)

Quartz sondwich heater containing Pt wire

Aluminun dise with 13-1/2-mil collimating sidt

Stainiess stesl support rod (three)

1/hein, copper diss with 1/8-in. hole (havd-soldered to jacket)
Stainless steel support rod {thres)

Tantelom rediation shield

Kovar lead-throughs (eleven)

Ceramic eylinder

Holybdenuws wire

Threaded ceramic oylinder

Aluninum tubs

Alueinum contalner

L-nil hole in Bemil-thick base .

Copper jacket touching base plate in only three places {each 1/2-in, long)
Copper cooling coils soft-soldered to jacked

Woll for refrigeration coils

Vacuun geal

Stainless steel stool
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‘ wM@ a quite tight shrdnk fit. Decause the sulfur contalner
was.mouwted on a acs’:agmréte plate, it could be romeved w;;mﬁ '
disturbing the vest of the SOUICO. The enf of the thaﬁam@uy‘l@,
which wea beld ot 8 090 peferense taperature in en ice m}:, was
mma with & Dubicon potentiometer and gelvanoueter capeble -éfj-
easily detecting microvolt changede | , ‘ |
The bhoating unlt bad a lorpe host capecity m provide thermal
| stability, ond contolined & centrol elumlmm tube to -!.‘&émwte
t;hc attainment of & uniform temperature roplon as well as foe the
.mmww given aboves The ectusl mgt capsnity wna noi deﬁ@rMﬁf |
but befure the temperoture of & dumy container reached L@O" ¢
durdng _pmzmw outgaosing of the aystem, the initisl nichrome
heating clement Yarnod out. Enﬁm@ this ocourrense vaised tm_
- guention whother there wee good thermal contact botuwsen the tube
anﬂ the contuiner, whdeh led to lnsertion of tho Svon-constaten
mﬁmm@u;alw 2% the top alge of the Zein.=tiuninum tuboe | The
- steinless steel support slopl ﬁas- teckod down to decrense hest
lsakage, and had puspout holes to mmew the outgessing chap=
acter istics of the structure. |
The copper Jacket end two coppor dises wers refrdgevatod by
. pupdng aleohod, cooled to below «50°C by solid cardor dioxides
through t‘ﬁa top dloe and tlwaugza the colls poftesoldared to *&%;é
Sackets The eold murfeces wore to trap the sulfur thoet cﬁ& Bt pans
throuph the threo wl..l.imamr{gg ‘sii‘;m,- and thug to provert comiribiue

tions to the molesulsr been from sulfur ot temporsturen aiffercnt
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from those that existed in the alusinum containere. This aleohal
refrigeration system is shown schematically in Fige Le
Initially, the heated aluminum aiit was not included in the
systen and the lower copﬁef disc had a 0,0135«in, hole, However,
this hole became plugged by condensed sulfur quite quickly and
~ was therefore enlsrged ¢ 1/8 in, and the heated aluninum disc with
. its 0.0135=in, hple was addsd for collimating purposes, The |
aluminuﬁ disc was heated by & platinam‘alement encased in o quarts
sandwich, and its temperature was weasured by & spot-welded Pt-Pte
13% RH thermocouples The emf of this thermocouple and of the
tube's thermocouple were measued with a "student® potentiometer
.‘WithQUt physicel 0°C roference. The shutter, whose action depended
~ upon the centering of the iron rod in whichever of the coaxial
solenoids-was ehergized, wes developed Ly Verning et this Laboratorwlha
Ideally, the shutter should have been placed directly over the
gldminum container opening, but this plecement would have been
extremeiy difficulte. | |
To lécate the sulfur source in such & way es to minimize tﬁa
prbbébility that the molecular sulfur beam ﬁould impinge upon the
e#it plate of the iovnipation chawber, the flanged plate upon which
the source was mounted wes first loosely attached to the flange on
the botton of the_éuinuwdiameter qylinder. Then, the sulfur
container and its supporting fiangéd plate were removed to permdt
dnsertion of & fairly rigid 0.0135<ine=dizmeter wire through the

three source slits. The protruding portion of this vire was caused
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Fig. 4. Alcohol refrigeration system.
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to pass through the éenter of the entrsnce hole in the lonization
chamber by movement of the entire source plate. The looseness of
the bolts in thelr bolt holes wes sufficient to permlit this aligne
nent because of the previocus alignment and centering of the three ‘
source alitsK and the centering of the lonizzilon chamber within the
6-in. cylinder {made facile by virtue of the ductility of the copper
tube to shich the ionization chamber was attached). Rotating the
eligning wire corrected for its socentricity, and e sufficient
length of wire pussed beyond the entrance plate of the ionization

 chanber t0 reach the mass spectrometer's resolving slitse
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SULFUR PURIFICATICH

According to Becon and Fanelld15, the cptimal method of purdfy=
dng sulfui iz by prolonged boiling with ﬂgﬁ. Prinslz has found that
if, fbliowing Bacon and Faneili‘s procednie, the sulfur'ia Qacuum}
 distilled, its purity ie further incresseds As evidéncevof the
purity, Prins hes found that‘qu&nched-plastie'sulfur can exist in
this métastable state at room temperéture for ?a long es a2 year
‘owing to the sbsence of nucleation centers, Perenthetically, it is
unfortunate that Heyer énd‘Gblé vvre not aware of this stability of
the metasfable.atate, fég they went to great lengths tubpefform an
x=yay diffraction anaiyais 6f plastic'éulfﬁr aé‘ii wag pulled from
~the'liq§i&;-a procedure they a&mptéd'becanae of the then.ﬁell~known
| instability of the plastic state.

The sulfur used for this study, which had o minimﬁm initial
purity of 99;7% was kindly furnished by Staufier Ghemﬁcal Compahy.
The procedure of Bacon and Fenelli wes carefully followed, with el
but‘the final 30«hour boiling dohe,in 1i£er boiling flesks whose
necks were extended 12 in. Sulfur vapor would condense iﬁ the neck
and could be refluxed by gertle hsatingz. Ths finsl boiling was done
in an open aiuminum.pot whiah.was fitted with a long gless chimney.
This glass chimngy was sealed to the alﬁminum by a layer of asbestos
under & costing of plaster of Paris to prevent escape of hot gulfur
vapor, It was found that if the hot wvapor was allow@d.to escape, it
vould ignite, whereas this problem was‘not present for cooled vapors '

The sulfur was filtered into the digtillation epparatuvs, shown

in Fig. 5, after this final bolling. This epparatus was evacuated
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to.'about- 15' miéron‘s, then a slightly positive pressure of argon wes
_int.rodu‘éed, and the s’yst‘em was sealed. The purified svlfur was left
vrder érgoxi for abeut two jearé, a8 1% seemed desirsble to defer the
vacuunm distillation until the highly purified sulfur was to be used.

(experimental problems arose that were not quickly resolved).

-
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BAPEATHENTAL THCHEILUR

Frepavation

The vaswas myaﬁt@m wes outgassed, with on epty contalner snd
the hot oltt flrst heeted to 200°0 mthout eooling the cupper dizcn
and Jackel, and then hested to L50°C ihth the copper cooled 10
provent meliling tm goftesoldorad comneebling. Durding thig oute
gassing pavicd, :,m @Wmmm of the source, with the eamamiem of
the indlwm gaskebed wimaw, w00 heated to 200°C. The lowsst
prossure indiestad by the VOIA foniestion geuge was 7 x 305 m of
figy with pressuves belng more commonly on the 107 1 scaleo

Purtfied sulfur ws evaporated, condensed at 0°C, and tested
for parity by peuring » smell portdon, whioh hed beon hested past
the polymerization "hamwmmréx, onto a tronsite table top and
sbageeving that 4 retained the dark browm color charzctoristic of
plostic sulfure dhen the smaple wes vool ensugh to touchy the
;gla tielty wes verdfied, but the handling csused it to trunsform
into itz aatama structurs. & previously outpussed conbtsingr was
filled from bz bobtton wmix this sulfur, and the tupered plug forced
into ite The thormoscuple wos spotepslded 4n the slot in the plug,
and the contelner was screwed onto the steinless steol and cerande
gapport md. Thig red wee corgwed Into the flongod movnting ‘ﬁlﬁ@g
of the contelnoer and the thormogouple lesds were spot wolded o
Yover lendethroughs poft soldered in the plete. The conteiner wos
6lid into the alwsinun tube and dte supportivg plate wes bolied 4o

the meting portion of the souwree plate.
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bthen the pressure in the systam was low enough to permit turning
on the olactron filament, the extex?nal elnico V magnet was aligned to
maximizo the anode currente The neb effect of this magnet was 40
increase the current to the 'anocle by an order of magnitude at 2 given
Tilament temperature when the electron energy was 75 volts, and by a
greater axamzim when the clectron énez'gg* xmé reduced to lower values.
The collimabed elecvh.fozi current to the anode wasm s‘et at twenty micro=
- ampSe

With the electron filament on, the source envelope heated to
EOOQU, snd o pressure in the vacuenm sga‘aem of 10—6 mn of Hg. or beﬁ‘t@é,
the sulfvr container wes heated to epproximstely 93°C and a2llowed to
'outgas at that temperature for 2 hours. During early work, large
Junps of the pressure and of the sulfur ion currents were observed
in the viciniy of 119% s unlesgs previously unhcated sulfur was
alloved to outgas thoroughly before it was molteds In order to see
what w2s happendng, a contalner of sulf_ur was heated repidly in an
evacuated bell jar, and it was obgepved that a "plug" of sulfur
“ciimbed" out of the hole in the container, then "sat® on top of the
container and bounced awsy from the hole and back over it severs
tincse Hach time the hole becane unpluzged e buret of vaper would
cone out and leave a white depogit on the wslls of the bell Jare
Ag the tenperature was reised, the plug liguefied and spread out
gcross the vtop of the container. When another container of sulfuwy
was heated slowly, no plug appesred, and the deposlt on the inside

cf the bell Jer built up graduslly.
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The explanation of this phenomenon is that the first melting of
sulfur occurs on its surface, and because this liquid wets the
aluaninun container wells, it forms a rather impervious barrier to
the gas that is desorbed from the bslance of the sulfur when it melts.
Then, the gas expands and forces liquid sulfur out the hole, whers it
solidifies foraing a pluge As this gas, avgnented by sulfur vapor and
gaé désorbed from the container, builds up pressure, the plug acts
like & valve, and the pressure raquiréd to actuate 1t is suffliciently
large Lo cause the observed eyclie behavior which eontinues until
most of the gas escapes. |

To prevent ovaporation of sulfur from the.top‘of the container
and to aveid premsture loss of sample, it was essentisl that the
sulfur be cutpoused below its melting pointe The criterion for
adequate oubgassing wss the complete absence of irresgular increases
in the ion current end in tha'preﬁuura_uhan the tomperature oi the
suliur contalner passed through 11900, A by=product of the plugging
phenonenon wag that its asscciation with the melting of sulfer
served to establish the aceuracy of'temperatur% mezsurenents es & 0,50 @T
1159,

The slcohol refrigeration system was turned on at least one hour
before any data wag teken, snd the electronic components of the mass
spectrometer wore allowed to waxm uvp for appfoximatgly 1 hour, with
the ion sccelerating potential set at 2 kv and the potential across
the 16 stages of the elsctron multiplier aﬁ 263 kv (providing a current

gain of approximately 105). During this warm up periocd, the hot slit
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" was heated {(its temperature was always at least 25°C greater than that

of the container and wes never less than 200°C). -

NMeasurements

The effect of temperature on the ionﬁcurrentg of sulfur was
observed under essentislly static and also under dynamic conditions.
For sﬁatic measurements, time was allowed for the temperatvre of
the sulfur to became fairly stable, whereazsg the dynamic conditions
entailed a rate of temperaturc change varying from .25 to 4 dege per
_ﬁinutes Measuremanﬁs were 2150 mada; at constant témperatufe,-of
the dependence of the ioh currents on the energ& of the ionizing
eleeirons.

Prior te all measurements; the mass gpectrometer wasbfccusad by
first manually increasing the élactromagnct current to its maximus
value and decressing it to provid@»thé magnebie field required to
cause the (332)8* ions to strike the first stage of the multiplier.
Then, this ion current wes optimized b& coincident adjustmant of
the drewing out, beam focusing, end receiver deflectlion voltages, and
the magnetic fielde |

?ﬁe reastn for saturating the mametl before focusing the mass
spectrometer was to cause the magnel to operate on the upper portion
of its hysteresis curve, which was necessary to obtain reproducible
ion curreﬁts. The influencé on the lon currents of the previous
history of the magnet was probebly dué to éhanges in the stray magnetic
field which could conceivably affect the magnetic focusing of the ions,

the gsin of the electron multiplicr, and the path of the Sonizing
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electrons, .

To obtain the "statio® temperature dependence, tine was al;owed _
for the tamperature of the sulfur‘iq bécbﬁékfairly étabile, and the |
88* ion current was focused as described sboves Then, in seguencey
the S%i §6+’ 35¢p Sb*, 83*, and 82*-ion‘peaks were measured, the magnet
was sabureted, and the 88+‘peak was remeasured. For eat¢h pealk,

' foﬁgsing wag accomplished by adjusting the magneticlrield and recelver
deflection voltage to optinize the (Si2)¢ ion‘curiént, and measuree
ments were made with the shutter open and closed, except when previcus
measurensnts had ﬁhcwn the "closed" peek to be zerce The time required
to scan the spectrum in this fashion was uswally sbout 15 minutes.

The prﬁcedur@ followed in obgserving the effect of changing
- temperature on sulfur ion currents was to heat the sulfur, allow its
temperature to beconme mtabile, and focus the muss spectrometer on &
Si? ion peake Then, the sulfur was cooled and heated while the emf
of the Rubicon potentiometer was set for intervals of 2°C, and the
7te§perature WaS %aeorded on the strip chart as the gelvancneter light
passed through zero. The shutber was closed aboutl every 10° to
determine the background peak. The ion peak wes refocused, during &
heating and cooling run, only when it became spparent that refocusing
was essentials This procad§r@ was repeated for each sulfur lone The
usual rate of temperabure change was between 2 and 2.50 per ninuvte.
The emergy of the lonizing electrons was Th volts for both of these

gets of measurensntSe



-30-

The electron energy dependence was also obtained for one 33‘2
ion at a time, with periodic moasurement of thé background peek, and
the 4ion current refognsed a8 infrequently as drift of the mass
spectrometer would jzemito The time éequi.red to gcm#mlatq sufﬁcieﬁt :
information for an appearence potential curve vas of the order of
25 mimutes, during which t.’une the vardation of tmnperatum wvas ueually
less than 1° (the largest change was 2°0). |

' Throughout this work, the bankgmund ion currents, ea’capt for
' 32 and S were quite smalle. M; the beginnlng of a day's measure=
menta the background peaks would be less then the high-temperature
75=volt don currente by at least an order of megnitude, and uitﬁi_n

an hour would decresse by ancther one or two orders of magnitudee



EXPERIMENTAL RESULTS

All the data reported were obtained wifh a single container of
sulfur and except where noted are net lon currents (1l.e. the differ—
ence between measurements made with ﬁhetéhuxter open and closed).
The "static® tempgrature dependence measurements are presented as
" ratios with respect to 88+: in the chronological order taken in
Table II, and graphically in Figs. 6, 7, and 8. These ratios were
calculated with respect to the first 88+ peék measurement, so that
the last colwin in Teble II is a measure of the reproducibility (or
lack of it) of the 58+ ion current. The lines drawn to correlate
the data in Figs, 6, 7, and 8 favor the higher &alues of the ratios,
Because the maximum velue of the 88+ ion current peak could be obtained
more consiatently than the maximum ﬁaluas of the lower mass ion
current pesks, the scatter of the data would not babrandom, Another
reason for choosing the higher values of the ratios is presented in
the general discussion section,

' The measurementa taken during heating and cooling, presented as
logarithmic plots with respect to 1/T in Figs. 9 through 15, are only
a fraction of those obtainedav However, the measurements shown were
thoge taken over the largest temperature range and gengrally'had the
best agreement between pointa obfained during heating and cooling.
The electron energy dependence of the sulfur-ion currents is pre=
sented graphically in Figs. 16 through 22, and Figs, 23 and 24 are
of the electron energy dependence of the background 52+ and Hg2°4

ion currents respectively (all of these ion currents have been

normalized %o 2000 at 74 ev).
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Table II

5;/38’ Ratios

- L)
Tenp “x
(%) s?" 8¢ s;’ 8; 53" 5, "‘;’84
116 0,07 C.hh 0.7k 1..09 C.Li0 1.31 0.97
12k 0.18 0.61 0,88 1.17 0.3 2031 1.00
l23 C.16 0.62 0,80 3.0k 0.L:8 1.4k Qo9
125 0.17 0.67 0.92 1.2k 0.h8 Lok2 0,98
121 0,18 0,68 0,96  1.27 048  1.h3  1.04
125 0,18 088 0.92 1,16 Oeli6  2.1B o
132 0.17 0.65 1.0 1.56 0.67 1.77 1.28
132 0,17 0,56 0,98 1,20 Gh9 1.3 0.81
132 0,18 0062 0699 1.32 056 1,51 0.95
138 0,20 0.68 1000 1e25 0e50 1k 1.0k
138 0020 0.71 1,08 1,31 05k 1.6 0.98
138 C.20 0.72 1,09 1.35 0052 1.48 0,98
3ké Ce2l 069 1.08 1.25 0,52 Toh3 e
7 0.21 069  Le26 151  0.57 1657 208
146 0.21 0o 72 1,12 1,25 0.52 1639 Gu95
153 0.2l .80 1.18 1e32 0.55 Lok 2,01
15h 02k 0.8C 125 1036 0.5  L.47 1000
153 G.2h 0,78 To2k 1,30 0.5k 1ek3 057
155 0.25 0.79 1423 2426 0.53 1.37 1.02
148 0e2h 0,76 1400 0,59 OuliL 1,07 .86
148 0:.23 0.78 1.08 Tolk 0uli5 118 0.58
148 0.23 0s76 1.1k 1.23 0,50 1ali8 0,90
k9 0.23 CaT7 1,18 1.28 0.53 1039 1602
1h9 0.23 0.78 1,13 1e23 0.50 1435 1.02
9 0.23 077 1.11 1.18 s 1.26 0.97
156 0.26 0.82 1.23 1.27 0.53 1.28 1.0k
157 0025 0,81 1.21 1.22 0.52 1,33 1,00
150 0.23 0,80 1.11 1.1k 0.8 1.25 0.95
149 0.23 0.80 1613 1.16 046 1426 0.98
348 0.22 0. 77 1.1k 1.34 0.56 1,57 1..06



Temp

(%)
151
_—
153
16k
16,
165
15)
in2
165
165
168
139
138
176
177
177
18k
184
183
183
133
183
183
194
196
196
19k
192
191
196
191
196
191
212

sx

57’ 860 35’ Sh'b 83‘ sz# 884-
0.23 .  0.77 1.17 1.28 0.55 1.L5 1,06
0.23 0.78 1.1h 1.22 0.52 1.38 1.02
0.2l 0.78 1.13 1.23 0.50 1035 1,00
0.27 0.83 1.25 1.26 0,52 1.40 1.0L
0626 0.82 1.20 3021 0.53 1.3L 0.99
0.27  0.82 1.23 1.22 0.51 1,35 1,00
0.25 0.79 1,13 1.16 0.47 1.26 0e95
0e2h 0,79 1.1 1.19 07 1.32 1,00
0427  0.8h 1.27 1425  0.53  Le3k 106
0.27 0.8k 1.25 1,19 0.52 1435 1.0L
0427 0.84% 1.26 1.20 0.51 1.3k 1.01
0,20 0.70 0.97 1,09 0.13 1.2k 0,96
0,20 0,73 1.0k 1.27 0.50 1,30 0.98
0430 0.86 1.15 1.37 0.61 1.4 1.0
0,30 0.85 L5 1,36 0.60 155  1.01
0.30 0.86 1.k6 1.37 0.61 1.55 1.00
0,31  0.8% 1.38 1.22 0.56 1.39 0.83
0,31 0.8% 1.39 1,30 0e58 1.50 1.0k
0.32 0.51 1,36 1.17 0.53 1.37 1.0
0.32 0.92 .37 1.k 0.51 Lo3k 1.02
032 0,51 1.3h 1.13 0,50 1.26 0.99
0.32 0.93 1.35 1.10 0.19 1022 1.0
0632 0.92 1.33 1.1 0.L8 1623 1.00
0636 1.00 1.53 1,20 0.54 .35 1.08
0435 0.99 1.48 1.17 0e52 1.27 1,02
0e37 0.98 Lol 1.13 0u51 Le2k 1,00
037 0,99 1.5h 1.16 0.53 Lok 1,05
0.35 0.93 1.63 L.h2 0.63 1.52 1,03
0.35 0.93 1,57 Ye37 0.62 1.L8 1.00
0436 0494 1,62 1433 0,60 147 097
- 0.35 0.9k 1.66 1.39 0.4 1.56 1.02
036 0.99 1.69 1039 0,61 1.50 1.06
0.35 0.96 1.56 1025 0455 1.30 ——
Ouli1 1.0 1.52 Lok7 0.65 1,60 1.0
0,42 1.05 1.92 1.L6 0.56 avm ——
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Fig. 6. Ratio of S7+/SS+, S6+/88+, and SS+/SS+ as a function of
temperature. Electron energy = 74 volts.
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Fig. 7. Ratios of S4+/S t and S:,’J'/SB+ as a function of temperature,
Electron energy = 74 volts.
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Fig. 8. Ratio of S +/SS4-’ as a function of temperature. Electron
energy = 74 vo%ts.
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Fig. 9. Log of 58-F ion current vs 1/T.

A = heating
® = cooling
* = magnetic field adjusted

Electron energy = 74 volts.
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Fig. 10. Log of S7+ ion current vs 1/T.

A = heating
@ = cooling
* = magnetic field adjusted
Electron energy = 74 volts.
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Fig. 11. Log of Sé+ ion current vs 1/T.

A = heating
® = cooling

* = magnetic field adjusted
Electron energy = 74 volts.
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Fig. 12. Log of 55+ ion current vs 1/T.

A = heating

@ = cooling

* = magnetic field adjusted
Electron energy = 74 volts,
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Fig. 13. Log of S4+ ion current vs 1/T.

A = heating
® = cooling

* = magnetic field adjusted
Electron energy = 74 volts.
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Fig. 14, Log of S3+ ion current vs 1/T.

A = heating
® = cooling

* = magnetic field adjusted
Electron energy = 74 volts.



(arbitrary units)

current

on

I

-43-

| T | T
Y AH=15.2 kcal
= —
. A* ]
- . -
[
AA .
AAA
] i | | | I
200 220 240 260
17T x 10% (deg™)
MU =-20982

Fig. 15. Log of SZ+ ion current vs 1/T.

A = heating
® = cooling
* = magnetic field adjusted
Electron energy = 74 volts,
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Fig. 16. Normalized 58+ ion current as a function of electron energy.

A = 150°C
@ = 195°C
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Fig. 17. Normalized S.z'F ion current as a function of electron energy.

A = 150°C
® = 195°C
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Fig. 18. Normalized S()+ ion current as a function of electron energy.

A = 150°C
e - 195°C
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Fig. 19. Normalized S5+ ion current as a function of electron energy.

A = 150°C
@ = 195°C
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Fig. 20. Normalized S4+ ion current as a function of electron energy.

A = 150°C
® = 195°C



-49.

2000 —— &
| T T 1 I.Al T T T 1 T 1
1 800 |- ba b —
[ A
1600} * .
| 400} q
»
= 12001 -
[ =
3
. ,
§|000— .
I_:
2 goo} —
p=
2
5 600} -
(&) .
c
(o)
= 400} —
200 -
13.2 14.0 '
N R N A NN R S A O

0

5 10 [fi5 20 25 30 35 40 45 50 55 60 65 70 75
Electron energy (volts)

MU-20870

Fig. 21, Normalized S3Jr ion current as a function of electron energy.

A = 150°C
® = 195°C
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Fig. 22. Normalized SZ+ ion current as a function of electron energy.
A = 150°¢
® = 195°C
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Fig. 23. Normalized background SZ+ jon current as a function of
electron energy.



-5la-

2000 T T T T T T T T T T T T 1 .
1800 - —
1700} —
®
1400} - _
@ . .
z
2 1200} . _
-9
5
2 o000} 7
A .
-— [ ] ’ ~
§ 800 -
£ .
(&)
c 600} -
(o]
= D
p
400 -
)
300 ¢ , _
o7sy 1.0
0 | I S N S I N I I I
5 1 15 20 25 30 35 40 45 50 55 60 65 70 75

Electron energy (volts)

MU -20873

204 .

Fig. 24. Normalized Hg ion current as a function of electron

energy.



-52 =

It was not possible to obtain all the data without interruption,
and thers were some variations in conditions between different days
and even during a given day's measurements, In most cases the hot
.enﬁ‘ and container were not allowed o cooi 40 room temperature and
were kept at approximately 709 after the cooling system had been
turned off, t0 encourage overnight ocutgassing. However, on one
‘occasion, the cooliné sy@tem was left on between runs on two succese
sive days and nedther the hot s1it nor the sulfur container was
heated; and, on another, the 00, trap for the diffusion pump was
warmed to return the trapped mercury to the pump boiler betwesn two
days! measurements. In addition, although during the initial runs
tho ion gauge pressure readings were high on the 107 mm scale,
during the final runs, the pressure readings were low on the 10™! mm
scala; Further, during the initial portion of the run made one day
after the cooling system had been left on overnight, no sulfur ion
currents could be found until the container temperature was 190°C.
Tﬁén the 38¢ peak suddenly appeared, rapidly increased by a factor
of two, decreased almost to its initial value, and finally stabilized
at appraximately 1-1/2 4imes its first value. However, oven this
last occurrence had only a temporary effect on the ratios, and neneyr
of the other factors had an effect that could be distinguished from
ﬁh@ usual scatter of data. TherefOre, the data reportad have not
bean segregated accerding to these diffarencea.

Puring earlier work, 1% was observed that the 8,°/sg" ratio

became essentially zero (less than 0.01) at sulfur temperatures
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4n the vicinity of 90°C when the sulfur had not been previously
melted, and the effusion orifice was 0,010 in. in dlameter. At
no time during any portion of this work were mags peake observed
that would correspond to a sulfur moleculs containing more than
eight atoms., On soveral occasions the massespeciromelor sensi-
tivity was inereased and the higher-mass spectrum was carefully
scanned, 0o that an lon owrrent smaller than the Sp° ion current
by several orders of magnitude would have boen observed. A large
fon current wes cbszar;raq a% mass 32, but the difference betwaen |
the readings obtained with the shutter open and closed was always
quite small, ard therefors the size of the :832’ peak was $00 uns
certain 4o repord.
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DISCUSSICH OF REZSULTS

Holecular Spenie..» in wulfm‘ Vapor

The major emigus encountered in intarpreting these dsta results
from the ability of the lonizing electrons to fragment 2 molecule.

A& typleal fragmentation reaction is

e” "’Xa ..'_.._9 Xw?" *+ X+ 26., ) (1)

and there is no o priorl reason to disregsrd any of the analgous
reactions. In fact, as iz the cese with zome hydrocarbons, ionlzae
tion wﬁ,t}-mué frogmentetion may never be observed., In addition,
theye i8 the pessﬁ.biiity of molecular (or ionie) sdditions. For
| exenple, the H 3 ion hag been observed. Thus, the &m‘&:encé or
abgence of an ion pesk does not in ijt,a@lf answer the question, "Is
the neutrsl moleecule there®™
A mathod of avoiding the avbiguity induced by these reactions
15 to introduce known quantities of eech cémpcmem of a mixture of
gaves independently for calibration purposes. Then, with this
information, snalysls of data obtained from the mixture would bev
straightformmyrd. However, in this study separstion of each componend
of the mixture of molecules was not possible, se thut it was necessary
to obtain ell of the information presented in Fige 6 through 23, in
order (o dotermine the gualitative composition of sulfur vapore
There iz strong evidence for the edistence of an 38 molecules
Since no molecule conteining more then eight atowms mis. obscrved, it

does not geem likely that the large 33“ ion currewmts covld result
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from fragmentation of nolecules contaizﬁing more than eight atoms,
Alao, because the low vepor pressure of suli\zr in the ionizatlon
chanber would not be lconduciw to the occurrence of addition react:’_.ons,
there is little probability that an éppreciable nupber of ions would
t;e formed by 'chis. processs In addition, since SB exists in the solid
and the liquid, it would be cquite suzjsrising if it were not also found
in the vepors ‘ ‘ |

Since it wos observed that the af/s; ratio approaches sero ab

tenzperatures below the sulfur melting point, the entire 8 * ion peak

- can be atiributed t& ionizetion of 37 wolecules, Support;g evidence
for 37 not resulting from ;{‘raémz_atation of Sp 4s that the temperature -
dependence of the 3% don differs from that of 85 (See Figss 6, 9 and
19) and that the appearance potentials of the two ione are.l essentially
ibldenticalko Iir 37" originated from fragmentation of 8gs it would have |
f.he sane temperature dependencey and its appeamnée potem;iavl‘ would
reflect the energy of the fregmentation reaction by being grééter
than that of Saﬁ’._ The possibility that a molecule conteining erw‘re'
than eight atoms is a parent foi 'ihe 57'“" ion is qni%:.e slight, bécéus@
the S?"/Ss" ratlo increases with temperature (Fige. 6) and 1¢ a molecule’
containing more than elght atoms existed, its importance would be
expected to decrease as the temperature inereased, so that if S.;'
derived from such a molecule, the temperature dependence of the S»’,q}‘/f‘:e"h
ratio would be opposite t0 that observeds

~There 13 also adequate evidence for the existence of an §y

molecule in the equilibrium vepor. The slope of the 86"/58* ratio
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as a function of temperature (Fig. 6), and the fact that the appearance
potential of S,* 1s approxinately the same as that of 84" indicstes
that 86’ does not result only from fragmentation of Sge The coincidence
of the %6* appearance potentisl with :that of 87* is ovidence that the
total S * lon current camnot be atiributed to fragmentation reactions.

6

Alsoy in order to attribute the total 860 ion current to fragmentation

of s& and 8?, it would be necessary.ﬁhat fragmentetion of 37 to yield

86+ be several times as probable es lonmization of 87, which does not

sesm llikely, particularly when the corresponding fragnentation of Sg

1o 57;'b iz not observed, In édﬁition, the fact that s30l1id allotropic
gulfur has bewn identified as 86 by Donohue et a1.17_ adds credibility
to the exlstence of en 3¢ molecsle in the vepors |
Because the appearsnce potentisl of 35* is approximately the
same a5 that of 38*, $7¢, and'56¢;.and because it is improbable that
the merked increase with temperature of the 55*/58¢ rotlo is due to
fgagmentation of B¢ and 86, it appearavthat there also exists an SE
wolecule in sulfur vapor. In addition, the observation that the hest
of voporization of %5+ is L7.7-kcal (Fige 12), even though a lavge
portion of this ion current orises from frogmentation of 8y (15;5«kca1>3
supparts the ergumemt for the existenéa of & 85 molecule.
Although the existence of-sh, ;3, and 52 molecules camot be
dloproven, the~&ata quite strongly suggest that they are not present
in appreciasble concentrations in the equilibrium vepoy belaw;21u°‘.

The terperature dependence of the ratios of the fons corresponding to

these molecules can be quite easlly explained in terms of fragmentation
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of 57: 846’ and 85” and the higher sppearance potentials for the 3;’
§3¢, and qg* ions, in addition to their appérent heats of vaporization
being nearly identical wdth that of S, are rather conclusive evidence
for the belief that these lighter ions eppeer solely as a result of
fragmentation reactions. The value of =5,122 for log K given by Stull

18
and Sinke for 52 leads to a calculated pressure of 82 three orders

of megnitude less than for Sg at 500°K, which is consistent with the
statement that 82 is not present in appreciable concentrations below
21:%..

Quantitative Compogition of Sulfur Vapor

In additlion to the ambiguity resulting from fragmentation reactions,
the quantitative interpretation of mass spectrometric data is complicated
by ‘the facts that the probability of ionizing e molecule (lomizaticn
cross section) is not the same for all molecules, and that the secondary
emisslon of the first dynode of the clectron miltiplier, in our case,
was dependent upon thy velocity of the impinging ions. With a constant
accelerating voltage, the volocity of sn ion iz mass dependent and,
therefore, so is the gain of the electron rmultiplier. {See Ingrsham

and H&yden19

for a full discussion of‘factor@ sffecting the gain of an
electron meltiplier.)

In the abssnce of callibration information, it is desirable to
attempt to determine the quantitative composition of sulfur vapor by
Qombining these‘data with the results of othcr workerse Unfortunatelyp‘
the vapor density measurements by Braune et ala,u the partial prese
8urés of SB.calculated from the thermodynamic functions given by Guthrie

et &1995 and the vapor-pressure measurcments by West and

Mengiesd represent the totality of the usable available information.
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&8 a function of temperature (Fig. 6), and the fact that the appearance
potential of 86* is approximztely the same as that of 68’ indicates
that 860 does not result only from fragmentetion of Sge The coincidence
of the 86* appearance potentisl with /that of 37* is evidence that the
total 5 * ion current camnot be attributed to fragmcntation reactions.

6
Also, in order to attribute the total 36¢ ion current to fragmentation
of sa.and 8?, it would bLe necessary that fragmentstion of 87 to vield
36* be a&varal times as probable as ionization of 37, which does not

seenm 1lkely, partlcularly when the corresponding fragmentation of 8g

to 57+ is not observed, In Ad&ition, the fact that s0lid allotropi¢
gulfur has besn identified as 5, by Donohue et a1.17‘ adds credibility
to the exlstence of an 3¢ molecale 4n the Vapors

Becanse the appearance potential of 35’ is approximately. the
same &8s that of 38*, ST¢, and 8605 and because it is improbable that
the marked inerease with temperature of the 65*/$6¢ rotio is due to
fgagmeatation of' S¢ and 8¢y it appears that there slso exists an Sq
molecule in sulfur vayo?. In addition, the obsgervation that the heal
of vaporization of &5+ is 17.7-kcal (Fige 12), even though a large
“portion of this ion current ari&es from f{ragmentation of &g (15 5-keal),
supparts the ergwient for the existence of a Sg molecule.

Although the existence of Sh, 33, and 52 nolecules camnot be |
digproven, the data ¢uite sirongly suggest that they are not present
in apprecisble concentrations in the equilibrium vapor below 2149,

The temperature dependence of the ratios of the ions corresponding to

these molecules can be quite éasily explained in terms Q£-fragmantaﬁion
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of Sq, 86, and Sy and the higher appearance potentiels for the 8, ¥,
‘33*, and 82'" iong", in addition to _their gpparent heats 61‘ vaporization
being nearly identicel with that of 38’ are rather conclusive evidence
for the belief that these lichter ions appear solely as & result of
fragmentation reactions. The value of =5.122 for log K given by Stull

18
and Sinke for 82

of ﬁa;snitude less than for Sg at 500°K, which is consistent with the
statement that 32 is not present in apprecieble concentfatiens bolow
21%.. |

Quantitative Gompogitioﬁ of Svlfur Vapor

leads to a ca_lculated pressure of 82 three orders

In addition to the ambiguity resulting from fragumentation reactions,

the quantitative interpretation of mass spectrometyic data is complicated
by the facts that the probsbility of ionizing a molecule (iomization
cross section) is not the same for all molecules, and that the secondary
enission of the flrst dynode of the electron multiplier, in our case,
was dependent upon the velocity of the impinging dons. With a constand
a‘ccelémting voltage, the velocity 6£‘ en icn iz mags dependernt and,
therefore, so is the gain of the electx;on miltipliere (See Ingrahanm

and Haydenls’

for a full discussion of Afac‘tow affecting the gain of an
electron rultiplier.) |

In the zbsence of calibration information, it is desirable to
attenpt to determine the quantitative composition of sulfur vapor by
combining ‘these. data with the results of other workers. Unfortunately, |
the vapor density measurements by Braune et ﬂln’h the partial prege
mxrés of 38 calculated from the thermiodynemie functions given by Guthrie

et al»,g and the vapor-pressure measurements by West and

Menzies6 represent ‘the totality of the usable available informatione
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As the vapor density messurements by Braune et al. were not
extended below 350°C, the lover temperature partisl preséure_a that
they reported for 8g, 5S¢, 5) and 8, were obtained by extrapclation‘.
In order to obtain vealues of the vapor density at low temperstures,
1t was necessary to recaleulate their date to give n .(the avérage
nﬁmber of atoms per molecule) as a function of temperature, w&xﬂ.ch is
presented in Fig. 25.'! That t-x'appear&s t0 approach 7.5 instesd of 8.0
is most likely a result of neglecting the presence of 5; and Ss._"
Therefore, n was extrapolated from 350°¢ as shown by the dashed line.
‘Thia exbrapolation dves not provide accurate low;tmperature valuee
for 5, but does provide an upper limit. The pertial pressures of
Sg from Gjuthrie et al., which do mot provide new information, as
'thay are baaéti on the work of Braune eb al. , are presented along with
the vapor pressures from West and Menzies in Fige 26.

If it is assumed that the jonization cross sectlon ie propertional
to the number of atcms per molecule (i.es equals the geometric cross
sec"h":%.on)., and that the gein of the electron multiplier is al.sc proportional '
to the number of atoms per moleculs, these two effects cancel each other
and the ratio of S; to 58"" 15 equal to the ratio of the neubral molecules,
Then, tho information in Figse. 25 and 26 can be combinzd with the s.,"'/s;
raties to ’calculate the composition of equilibrium sulfur vapor from the

following four _@quations:

a*b+o+de 1,00 ‘(2)
Ba+ o +6c+5d=n (3)
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Fig. 25, Average number of atoms per molecule, A, as a function
of temperature,
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Fig. 26. Log of vapor pressure as a function of 1/T.

A = S, vapor pressure (Guthrie et al)
‘@ = Total sulfur vapor pressure (West and Menzies)
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(ay by ¢, and d are the fractions of Sgs 975 Sgp and Ss réapectively).
The data necessary for caleculating the compesition at 120, 150, 175,
and 200°C is compiled in Table III. B

fable III

Data for Calculstion of Sulfur Vapor Composition

) L3 + L
Temp= S7h 3¢ 85 n ps : Pyotal
erature . ¥ + +
(%) 5 83 8 | 8

Av.no.atons (mm) {mm)
_ , Mmolecule - N

120 16 W67 86 7,80 . 4028 037
150 o2ly . +80 1.9 ‘ Tel3 015 020
178 31 50 1.48 767 +50 66

200 038 leOO . 1076 7.61 1060 2020

However, when the 200° value of 0,73 for a" from Eqe (5) was
combined with the 0,38 57°/3g" ratio according to Eqe (k), b wes
calculated as 0.28; which conflictas with Fq. (2). Another contra=-
diction was observed when b, ¢, end d were set equal to 0.27, 0.0 and
0.0 respectively to not conflict with Eq. (2), as the velue caleulated
for fi by Eq. (3) 18 7.73.

This 1nconsisténcy ameng the data in Table ITI, and with the
gualitative evidence for the existence of 8¢ and 35, is brobably dug
partially to inasccurscy in the partial pressure of Bgs which was

i,

obtained by assuming that the vapor consisted of ﬁj and 3¢ onlye
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Also, that the values of "a* from Eqe. (5) at 120, 150, 175 end 20090
are 0.76, 0,75, 0.76 and 0,73 shows amazing consistency, which is
incompatible with the expectation of a decressing percentege of SB
with increesing tesperature. Admittedly, the values of {i given in
Table I1I are not precise, but since these values are an upper limit;
any attenpt to adjust B £o remove the contradiction would be indefehsibleo
Theretore, 1t wag declded to atiempt to arrive at the quantitative
composition of sulfur vapor without recourse to £q. (%)e If first
8¢y then S¢, 1a assumed equal to zero, Hqse (2), (3), and (L) should
provida upper lindts to the actual percentages of 85 ang S5g; and lower
limits &8 well as upper limlts for the fractions of Sy and S?ol |
Calculatione made on th}a basis ylelded the disconcerting results that
r was get equal io 26T0, 5y was smazingly constant at 1%, b,

>
6%, and 6% at 120, 150, 17Y, and 200°G} and when 8¢ was set equal to

when 9

'zero, the corresponding values Yor SS vere 3k, 3%, 3%, and 5%,

Thdt such rosults are incompatible with both the éxperim@ntal
évidence and the expected behavior for 5y ard 55 is evidenty, and so
the msswmptions wpon which Gge (L) is hased wers serutinized and the
relationstlp was rowritten as

bfa = C 5,*/8," (be)
where C 1s & oonstant that could be determined exgerimentéllyo Iﬁ
the avsence of specific knowledge of the value of C, it wes quits
arbitrarily set squel to 1/2, and, with first 35 apd then 3 assuzed
equal to zero, tut this time using Egse (2), (3) end (La), calculations
were asain mad@‘?or the compogitlon of sulfur wopor gt 120, 150, 175,
and 200°C, The rosults outained by tids caleulation, which appear

reasonable, are glven in Table IV,
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Taile IV

Corposition of sulfur vapor from Lqe. (2), (3), and (ka)

5¢m0 5420

Tempn 88 S( 56 -58 . “‘7 S-‘
?gggure (%) Gy (%) (%) & )
120 86,5 6.9  Eob £8.6 7ol L3
150 B1.6 5.8  B.b © 8Le3 10,1 £e6
175 778 12.0 1005 80,7  122.° 6.8
200 73,8  1he0 1205 7702 1?8l

However, the plysical significance of C e 1/2, 1s that the

ionization cross scotion of 57 is much larger then that of Sg, or

tho cleetron wultiplier 1s wuch more cffizient for S, than Sg, or

7
both of theseo Sinco there is no itasis for eliher phenomcnon, even
though the assu.ption of C = 1/2 results in a reasonsbly consistent
compealtion for sulfur vepor, the lack of plausibility of this assuw.ption
does not psrmit the end to justify the wesna.

. The other possibility for arrdving at ﬂm guantitative e@mpé@im@n
6f gulfuy vepor is to ustimntoe the frecbion of the ‘Sé"‘ and 53-5“’ lon
currents attrivwtaile to fragmontation reactionss If 1t ds avsumcd
#

that, since 1ittle or no 8.% arises from frasmentation of S’ES none of

S,

{
the Sé"' fons ocour as a result of fragrentation of Sy» the moxlmum pere
cantage of 36.? that iz due to fragnentation of Sg is 67« On this basis,

the 86*/88* ratio can be written as
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Séf/ss* =(c + 0s67a)/e , (6)
vhich ylelds ¢ = O.33a at 200%C, This result, combined with the data
in Table III by Eqs. (2), (3), and (L), and on the assumption of Sg = O,
leads to & = 7.33, which is even lower than the value obtained by the
extrapolation of Braune et al., and would beAstill lower if a honu
 gero value of Ss were usede. This inconsistency is analogous to the
stray that broke the camel’s backe. | |

Because it does not appear poséible to combine the resulis of thisg
work with,thbse of cthér studiés of sulfur vapor without either haviﬁg
contradictions or having to make dubloug assumptions, the final effort
%o establish the guantitative composition is totally based on the data
obtained during this work. In order to solve for the four unknowns, &,
b, ¢y and d, Base (2), (L), and {6) must be augmented by & fourth relae
tionship. 4s ﬁq. {6) provides a lower limit t0 the nonfragmentaiion
portion of the 86¢ ion current, an enalogous relationship for 35 wouid
not be inconsistent.

,Th@ Ss% ratio cen be uritten as

..54’/38“’ e (d+ha + b + Ce)fe , | (1)
vhere A is the fraction of 8y fragmenting to yleld Sé*, and B and ¢
have analogous definitions with”respect to ST and Sé. If ¢ is gssumed
equal té zoro st 120°C, which is consistent with the derivation of (6),
and € is equsl Lo zero foi the same reasons ihe 87 fragmentation we
yield 8, was neglected, and it is assumed that the fraction of .-:s;' that
reaulﬁs Irom fregmentation ‘of 87 is the some as that assumed for Sé¢

deriving from Sg, it is possible to use the 120° data to evaluate 4.
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This calculation for A and the above assumptions for B and C result
in velues of 0,75, 0,67, and 0.0 for these throe constants, and Eqa
(7) becones

S¢'/5g" = (4 + 0.75a + 0.67b)/e . - (72)

The results ob‘tamed“by using Eqg. (2), (L;), (6), and (72) to

calculate thé coamposition of sulfur vapor eare presented in Table V.
 Also included are values for n obtained by Bge (3)
Teble V

Composition of sulfur vapor from Egse (2), (L), (6), (7a), and (3)

e B % % o
(%) @ @ ® (%) reomo.atons
— - ' “meleculs
120 8 )1 o8 02 .86
150 60 15 8 17 7.16
175 W 15 n 25 6,98
200 s 303 n a6

24 ssumed Valua

Unfortuwnately, the results breeente& in Teble V only sexrve ¢0
further 4llustrate the fundamental conflicts that arise. The eons’damy
of the S? p@caxrtage is not indlcative of these dm‘;.a, and the values of
n and of ths percemtage of 58 are not within the maximum error of
external datae | |

The most plausable quantitative composition of 'sulﬁnf vapor is
that given in Tablé IV, where the actual percenteges of 86 and 55, ére
probably 'abou.nt oné half of the values presented. These compositions
do not seriously conflict with externsl data and are indlcative of the

results of this wpr‘ka
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Appearance Potentials

The appearsnce poténtial data, Figs. 16 through 2L, are relatively
unambiguous. From the ngah appearance potential of 10.75 to 11.0 ev
(Fige 2&) it is possible to state ithat the contact potenkiais are +0,5
20,2 vy and thus corrsctions can be made to obtain the lonlzation
ipotentials of the sulfur lonse The two intercepis extrepolated from
the stralght-line portion of the ﬁQQQh appearance-poLential plot serve
to fix tha error; caused by the uncertainty of the exact yosiiion of
the extrapolating line, s :;C.lﬁlev. The 1ar§er'uncerﬁainty of the
extrapolation for the 53$ and 32* appearance potentials 1s prebably due
tbiﬁme dgifficulty encountered in maintégning prapef focusing of ihese
low HBSS ion-gcurrent peaks.

The ion currents were normalized to preciude dependence of tné
appearence potentiel on the ebsolute magnitude of the cﬁrrent. When
nonnormelized ion currents were plotted as & functien of the electron
eﬁergy, the dota obtained at 1500 did not coincide with t&om@‘tahen mﬁ
1559, ahd the corresponding appearance pdtentials differed by approw-
imstely 0.3 eve Although & plot of log i wversus the electron enersgy
provides a stesper slope of the intercept line ithan a linear ploi,
there is the disadvantege in use Qf the log 1 plot of ﬁOi being able teb
extrapolate to zero ion current. And, since the contact potential
correction actually includes errors resulting from insccuracies inherend
in the nethod used, the eseentisl requirement is that only systematic
errors be introduced, and it is believed that this was achieveds In
fact, during earlier work, the eppesrance potential of Hg was determined
10 be 10.3 ev and the sulfur appearance potentials were sll lower than

those reported here by a corresponding amount.
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The differences between the appearance pbtentials of 38¢, s7¢,135’9
and 35* are virtually within the probable extrapolatibn error, so that
evidently all four of these ions have essentlally the same eppearance
potential, which can Ee expressed as 10.3 ¢ 0.2 eve Gorreéting for the
contact potentlials, and adding the uncertainties, gives an ionization
potential of 9.8 & 0. ev, which 15 0.5 ev less than the 10.3 ev first
lonization potential accepted for atomic sulfurs20 |

The appesrance potentials for 5&09 33¢$ and 52* of 12,6, %3.2 to
14,0, and 15 to 15.5 ev respectively, cannot be converted into icnize-
tion potentizls without knowledge of the energies required for fragnente
ation. It was hoped that since the background 52¢ ion probabky resulted
principally from ionization of a 8, molecule, it would be possible to

2 A
determine the f{ragmentation energy portion of the appearance potential

of the net 82+ ion peak. Unfortunately, the appesarance potential of
12,8 to 13.2 ev for the baékground 8.% sen is-guite uncertain, and

2
even though there is evidently a real difference between this appears
ance potentiel end that of the neb 82¢,ions a value of more then 3 av
(approxinately 72 keal) would represent an extraordinary fragnenta-

tion encrygy and wmust therefore reilect a nonrandom errors
A nonrandom error would result if the energy of the electrons that

icnized the background S_ molecules wes different from the energy of the

2

electrons that producsd the net 8% ionse And, becavsge the 82 background

2
nolecules most likely originated from thermal dissoclation of larger
molecules at the hot filament, these molecules could be ionized by
electrons that had not been affected by the negative drawing out voltage,

and which therefore would have more omergy. As noted previously, the
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higher appearance potentials of S,:, S;, and Sz’ were most useful
for establishing that these ions result from fragmentation reactions,
although the magnitude of the differences fiom 10.3 ev may also be
attributable to formation of these 1ons by thermal dissociation.:

Heats of Vaporization _

The heat of mporiéation of 38, as determined from the slopes of
the plot of log i versus 1/T in Fig. 9, is 3.5.2 t0 15.9 keal. Thedata
could not be fitted by a s:mgle raight liﬁeg but the degree of
reproducibilﬁ.ty of the experimental measuresents would make uselegs more
soph:lsticated treotments~-such as fitting the points with a curve and
'detmmg the alope of tangents to thecwrves On the basis of the

diffammea in the heats obtained from the two slopes, an error limib
of & 0,35 !:cal would ba appropriaste, but results obtained by calcula-

tﬁ.oms for other heating and coolim cmeé were euffiéiemly divergém';
that to reporb AH » 15.5 & 2 keal is not poszimistic. The value of.'lAH
obtalned from the slope of Guthrie et al's 38 vapor pressure data® is
18.5 keal, from West and Menzies' total vapor prossure dataé is 19 kéalp
and from Stull and Sitak , by third law caleulations, is 20 kesl ab
 4O0%K end 16.7 keal ot 500°k. The low value of the heat of vaporization
obtained from Fige 9 could be due t0 some essentially constant contyi=
butions to the molecular bean fram an extranecus Source. .'rhis possibile
ity is diécusseci in more detail in the next section. o |

The 18.L=kecel hest of vaporization for lS7 (Fig. 10) is somewhat
higher than heats obtained from other éooling and heasting curves for
87*, but the over-all reproducibility was rather good, so that 18 & 1.
keal represents these data quite wella That the heat of vapordization
of S7 15 higher than that of Sg is precisely what is to
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be expected for a species that becomes more luportent as the tempsrature
is Incressed. The #bsolute magnitﬁde of the heat is not ceortain, but
its relationship to tLhe SB heat is probably accurate.

The heats of veporization of 8¢ and 55 fron Figs. 11 end 12, and the
attendstt uncerteinty deduced from all the cooling and heating curves, ere
1663 * 2 keal and 17.7 # 1 kcal. These velues can only be construed as
lower linits, because of the unknown fragmentation contributions to the
measured ion currents; |

Yhat the Sh and the Sp heats of 15.3 and 15,2 keal (Figss 13 and 1F)
are well within the accuracy of the 15.5 keal Sy heat indicetes that these
ions arise primarily from fraguentation of Sg. The slightly higherAvalue
of 16,5 kcal for S4 is probably due to contributions from fragmentation
of the other three nsutral moiecul&sa Therefore, these heats cannot be

construed as heats of vaporizetion foy the respsctive neutrsl moleculese
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GENERAL DISCUSSIOR

This quk ‘

The most disconcerting aspect of this work was the inconsistency
of the absolute values of the lon currents and the irregular _‘oehe.ﬂor
of the S:/ng ratios. Although the values of the fon currents at &
" given temperature mmld generally beqome constant one to two hours
after & dey's measurements were begun, when the same temperature was
reproduced on a subsequent day, thé constant values the ion currents
reached would be alimost inverisdbly lower. For example, the Sg' peak
heights, which showed a downwaxd trend throughout this series of
measurements, normally would decrease during @& run to a stabile level
that would be as little as 2/3 of the initial level, although there
was one day during wbilch the peak heights increased and _mo days
during which they aid not change. The 8g" peak heights consistently
deecrensed bat.waen' each day'es measurements, with the grea;test decrcase
(by & factor of 1/2) occurring at the begluning of one of the days
during which the peak heights remained constant, end followixig the
cooling system's being kept in operation overnight.

The § 4'/553*' ratios, which were calculgted in ordeé to normalize
all peaks with raapec:t tc the SB peak, did not show any consistent
:anrease or decrease, but did vary from day to day. For example,
_the low ‘85"'/:83 ratios between 183 and 196° (Fig. 6) werc almost all
obtalned on one day, vhile the higher values in the same temperature
range were obtalned on the preceding day end on the following day,
fi.‘o investlgate any trend in the ratios, the tempersture of the sulfur
source was kept constant for seversel hours on the days just pree ’

ceding and Just following the cooling wyatemfa belng left on ommie;ht N
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but all the values of these ratios coincided within the accuracy of
the measurements.

A laclkk of reproducibllity was characterdstic of gll the measurements
made during this study. It was expec’céd that the fragmentation pattern
for 8g could be obtained from the values of the ion currents at approxi-
motely 90°, as the '\rapcr’ should be predominantly S5 at this temperature,
but even though these date were useful for determining that the 574'/88'*'
- ratlo approached zero, the variation of the 85‘*‘/88“’ ratio from 0.62 to
1.2 ond of the 5¢%/8g" ratio from 0.21 to 0.45 made eny fragmentetion
asSi,g;tuwnts ixrxposs‘i.bie |

A probable explzmation for some of the lack of rxeproducibllity
is that a portion of the mmecuiar sulfur beam entering the lonization
charbey dm. not come directly from the sﬁlfur conteiner. These molew~
cules could have coms from_ an anthill-like deposit of sulfur that
was fduncl on the bottom of the copper disc closés't'to the sulfur
mnﬁainer vhen the source was dismontled at the conclusion of this -.
work., The anthill vas approximately 3/8 in. bigh end 5/8 in.' in
&imneter,. and 465 hole diameter was sboub 1/16 in." The position of
this sulfur deposlt btogether with the zeomstry of the slits, would
weke the probablllity vexy low that a molecule would eveporate Irom
the anthill and enter the lonlzetlon chamber without Ilmpinging on a
cold copper swuwisce. However, the obsemtioﬁ that the levc;l of
the ion currents generally .decreased for several hours at the
beginning of each day's run, and that no decrease was observed
during the dsy alfter the cooling system bad been In operatioﬁ
overnight, strongly suggests tl“xa;b there was an appreciable probe

ability that a sulfur molecule could lmpinge ou the cold coppey and
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be reflected.

As the reflected portion of the molecular beam that effused
from the sulfur coqtainer would contribute to the sulfur vapor within
the source, the magnitude of this background pressure would be &e.-
pendent upon the temperature of the container, &s well as upon the |
size and temperature of the deposit and upon the length of time the
cooling system had been in opemtion. |

The existence of a second source of éulfur vapor within the
oven-slit system would not, however,explain the over-all decrease
in the levels of the ion currents with time. Nor does it seem
likely that growbh of the anthill could account for ﬁhia dearease,
as a l'/lé in. hole would have a negligidle collimating effect cozn-»
pared with that of the 0,0135-in.~dlameter hole of the hot slit. Also,
the ancmalous behavior described previously-~that 1s ,' that no ion
current was observed until the temperature of the sulfur contalner
had reached 184° at the beginning of one rune-ls most likely ettribe
utable t0 complete plugging of the copper slit by the sulfur deposit,
Therefore, it does not appear thet the size of the hole decrep.sed ‘
with the regularity required to explain the consistent decrease in
the level of the ion currents.

The most plaucible explenation for an over~all decrease ip thatb
the first dynode of the electron multiplier became contaminated by
- sulfur and that the gain of the multiplier decreased as the degree of
contamination increased. Because of the colncidence of the cooling
and heating pointe (Figs. 9 through 15), it appears that the rate of
contamination of the first dynode could not be rapid., (This co=-
incidence of the heating and cooling data also served to indicate
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that the temperature measurements were reproducible and that thernal
and chemical equilibrium were attalned.)

The existence of a secondary sulfur source and a continuous
decrease of the gain of the electron multipner provide an explae
nation for the observed behavior of the levels of the ion currents.
The irregularity of the .sx"‘/sg“ ratios in the work reported here,
ca.h be attyributed to ﬁhe a;t‘feeta' of the secondary sulfur source.
However, the variations of the ratios baﬁwaen samples are not exe
platned. .

The lack of reproducibility did not affect the qualitative
interprotation of thase data, bub 4id serlously heuper sttempts to
present quantitative information, By n"bta.i.ning cboiing-and»bemmg
and sppearance-potential _dam-eonsecutivaly, snd by choosing the
higher values of the ratios “éollmpmmt these amte 50 88 to minimize
the inclusion of contributions fmmbtha low temperature: ‘sulfur"'vespor'
,vithin the source, some of the e_:f"facta of the lack of mﬁm&xci‘nnﬁ,ty |

vere excluded,

Other Work

The only work thei appears unqguesticusble 1s that of West and
Menzies; and it was & ;éleasure to read their article and learn of
their painstaking efforis.

The thermodynamic functions from Guthrie et al.which are based
on the assumptions of Braune et al. that only Sg and Sg exlst in
appreciable quantities below 300° €, require recalculation because
of the evidence presented here for the exlstence of 87 and 55

molecules,
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The vepor density measurements unde by Braune et al. appear to
be quite good, so that the 1imit1ng‘factor in thelr accuracy is
probably the extrapolation required of virtually all of thelr data
in order to obtain vepor dengities for the saturated vepor. As noted
previously, the values of n obtelned by calculations based on thelr
extrapolation below the tewperatures et which they made their experi-
mental rmeasurement require re-cvaluation.

The mass spectrometric wprk of Bradt et al. was not desipgned to
provide inforustion about the composiftiion of sulfur vepor, and the
disagreement between their appearance potential work end results of
this investigntion ls almost within the nutual experimental exrTors.
Since the conditions under which this work was performed virtuslly
eliminated contributions from the lonization chamber, and since the
results more ncaxrly correspond to the {irst lonizatlion potential of
sulfur, 4t i belicved that the 9.8 T 0.k ov appeerance potentinl
obtained here for Sé* ls the more accurate valus.

The conclusionz of Celdfinger et al. concerning the nature of
stable neutral sulfur species do not appear to be substentiated by
their euperimental findings. Their data could as easily be inters
preted as random écatter as showing "the shift of the ilonic intensities
tovard lover molecular speoles” as o result of incressing the temmeraé
ture of the upper portion of thelr two-temperature tube. Also;, the
predominance of the sé* fon current {columns IV through VI, Table )
strongly suggests that theilr observed lon cwrrents wvere more indice
atlve of sulfur vepor partially equilivrated with the electron
filament than of sulfur vaper effusing from thelr tWOwtemperaturé

tube, If thelr oiotements (quoﬁeﬁ in the Introduction to this work)
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that i‘ragmermation reactions did not provide the major portion of the
ion currents they observed are used as a basis for calculating n from
their fon currents, the disagreement with ell vapor-density measures
ments is really violent, |

Their conclusion that a neutrél 89 molecule exists appe'ars to

be based on a single 6bse:vation of a snall 89* ion current when the
high vapor pressure of sulfur in their ionization chamber would be
quite conducive to th;a oceurrence of addition reactions, end disagrees
with the observations of Bradt et al. and this work.

General

The mfomatiom that odd rumbered moleculea exist 1n sulfuy vapor
is an unexpecwd result of this work. There is no apparent reaaon for
assuning that only even nmnbered moleculea exist, although rthe presence

of. 37‘ and 3g, and presumsbly at higher temperatures of 83 » certainly
complicates the ploture of sulfur vapors It would appear that 87

6’ end 85 are ring molecules for several reatcns. Rings are to be
mnpected unlesg. the strain energy of a ring structure plus the product
of the temperature and the entropy change for ring opening is coemparable
to the energy of an 3-8 bond, The energy of a sulfur~sulfur bond is of
the order of 50-60 keal (the differemse between A Hg of 85 to Sg(g)

and of 85 to 83 (g) times 1/8.) The entropy of ring opening cannot
emount to more than & few cele mole™! deg™l, and at 500°K the contribue

tion of an entropy difference of even 10 cal, mole™t deg"l

to a reaction
free emergy is only 5 kcal. Unless the strain energy of a ring is 4O or

more keal, a ring molecule must be nore steble than the corresponding
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straight chain molecule, For hydrocarbons strain energies are small for
rings of five or more members, so thai strainAenergy should also be small
for sulfur rings of five or more members and ring molecules should be
expected to be more stable than linear molecules fof temperatures in the
range studied in this work.

Sinee rhombic sulfur is known to contain eight numbered rings and,
Donohue et al have found a solid modification of sulfur that contains 86 rings,
there is direct evidence that both Sg and 86 rings exist. The fact that

appearance potentlals for the four ions s5+, 5%, s,7+, and 38+ are identical

to within experimental error suggests that the ions are produced by
reaction with molecules of similar stabilities toward simplé‘ionization.
Sg (gas) is known to be a ring; the implication is that 35, 86, and: 87 mayr
also be ring molecules.

The complete absence of S, or higher molecular weight molecules

9
in the vapor is probably because 88 is the vaporizing specieé, witﬁ 87,
Sgs and S, resulting from Sy dissociation. (The observations that

the S7+/S’8+ ratlo approached zero were made when the sulfur vapor had

not equilibrated with the condensed phase,) It would be quite interesting
to study sulfur vapor evaporating under Langmuir conditions at a
temperature at which the equilibrium concentrqtion of S# is appreciable,
in order to determine whether or not 87 arises from dissociation of SS

or from direct evaporation. The largest orifice used during this study
was 80010 in, in diameter, which did not produce significantly different
_87/38 ratios. In order to use a sufficiently large orifice to

investigate the evaporating species, it would be necessary to have a

much larger sample of sulfur and a means of removing all "secondary"
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sulfur. The sulfur source used for this study could not be adaﬁted for
use with larger molecular beams; since:even if the shutter were placed
directly over the effusion hole, the vapor pressure of sulfur within the
source would be so large that it would undoubtedly eclipse the effusing

vapor.
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| CONCLUSIONS

vThe results of this study lead to the conclusion that sulfur vapor in
eqﬁilibrium with the condense& phase, in the temperature range of 120 to
210° C, contains appreciable quantities of SS’ 87, 86, and 85 molecules only,
It appears that all four of these molecules are ring shaped rather than
linear, and that 87, 36’ and S5 most likely result from dissociation of
Sg, which is evidently the vaporizing speciles, ‘It was not possible to
establish the quantitaﬁive cﬁmposition of the vapor, but upper limits were
obtained %or Sé_and 87 at‘12O°G of 86% and 14% respectively.

‘The ionization potentials of 58’ 87, 86,\and 85 appear to be identical
and are equal‘to 9.8 0,4 eve It was not possible to determine absoluie |
values of the heats of vaporisation, but the results indicate that the heat

Qf vaporization of S,, is 2,5 keal greater than that of 88 at 120°C to 210°C.

7
Information was also obtained that sulfur vapor impinging om a

«50°¢C copper surface apparently has a finite probability of being reflected.
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