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A MASS=SPECTROMETRIC INVESTIGATION OF
SULFUR VAPOR AS A FUNCTION OF TEHMPERATURE

s Charles Ziets
Lavrence Radiation Lgberatory
University of California
June 15, 1960

ABSTRACT

A mass-spectrometric mveétigation was performed on sulfur vapor,
which was in equilibrium with the condensed phase, 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,.7 Sgs and Sg only.

The sulfur vapor emanated as a _szaall wellecollimated molecular
beam from a specislly constructed source into an ionization chamber
which was designed to exclude from analysis any sulfur vapor that had
inpinged on the walls or the hot electron fllament., The lons were
analyzed with a 6-in.-radineg 60-deg.~deflection single-direction
focusing mass speotromster. The sulfur used for this study was

purified by prolonged boiling with MgO followed by vacuum distillpe-
tion. | |

In addition to establishing the principsal species in the vapor
phase, ths resulte of this work provided essentially identical

lonigation potentials for 88’ S’l’ S,, and 85 of $.0 2 0,k eve Also,

6

the heat of veporization of 3 ; wes celculated to be approxinetely



265 keal grester than that of 3gs It was not possible to detormine |

the quantitative composition of sulfur vapor. However, upper limits
for 3g end 8, at 1209C of 86% and Wi i'sspebtivaly were obtained.

It 1s propbaed that 38 ia_‘th'e vaporizing @éoies and that 87,
S6» and Sy result from dissoclation of Sg, and that all four molecules
have & ring configurations |
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INTRODUCTION

Sulfur has been knovn since encient times, and there are records
of'ita_use'for'medicinal‘and fumigatiuh purposes at least as'eariy
as 1000 B.C. It was commonly used in the practice of alchemy, and in
early times was referred ¢o as "brimstone".l

Sespite this long history of man's awareneas of sulfur, the
rultituds of fbrms the solid liguid and vapor cen assume have made it
a freqﬁent subject:of invcstigation, and even with the tremendous
auvances In experimentel technlgues and apparatus durlng this century,
there still exist fundamentel geps in our knowlsdge of sulfur, (For
an excelleﬁt revieuw article, written in 1955, sce Gee.e)

| Pérhays leaet:completely knowm is.the compoéiﬁion of the vapor
in oquilibrivm with the condensed phase. At sufficiently low
tempefatufas the‘vapéf presumably consists totally of 38 molecules,
and at suffibieﬁtly:high temperaiures it coensists entirely of atomic
nulfuf. Howaﬁer, conclusions about the composition of the vapor
between these 'beinpera:bure extremnes have been almost exclusively by
infercnce from vapor~density neasuraients, |

The first of these measurements, in the temperature range of
300 to 850°C, was published in 1909 by Pruener and Schupp.3 Breune,
Petor, and Neveling belleved Prusner and Schupp to be in error and
in 1951 publishad vapor-density measurcments for the tamperature
range 350 to 1000°(}.h The resulty of both invesiigations could be
interpreted only by assuming that the vapof composition was compleits
Prusner and Schuop were able to egplain their date by assuming the

existence of 33, 8¢, and Sy, while Braune, Poter; and Neveling found
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it necessary to assume the existence of 5, es well as 88, 86" and

S5 in order to explain thelr experimentsl results satisfactorily.

Guthrie, Scott, and Waddington® have calculated thermodynamic
functions exd the heat of formtlon of 85 gase In order to make v
these scalculations for the full temperature range in whieh sulfur
exists as a liquid, they extrepolated the equilibrium constants of
Brsune et gl to obtain the partial pressures of S8 in the equilibyium
vepor, and also used the excellent total vapor pressure measurements
of West and Menziesé in additlon to spectroscople datas

There have also been two mass-spectrometric investigations of
sulfur vapor, one by Bradt, Hohler, and Dibaler,7 and the other by
Qoldfinger, Ackerman, and J@un@hmnme.a The work of Bradt and co-
workers wag in cormactibn with a program to establish reference
samples of natbural 1ao£opic abundance, so that sulfur vapor was
investigated at only one temperature, 959C. They evaporated sulfur
from a few milligrams of coarss powder éont&ined in a capillary tube
inside & G-mu tube that extended about 2 em to the emtrance port of
the ionization chamber. The vapor pressure in the ionization chamber
wes less than 3.0"'h nﬁn of Hg, and its temperature was 186° G. The
results of their relative fon intensity measurements, recalculated
for Se'b = 100, are given in column II of Teble I. Bradt and co-workers
also found appearsnce potentisls of 88* as 8.9 £ 2 ev, of 5,% as
8.3 & o2 ev, and S* as approximatoly 2 ev greater than either of theses.
Their method congsisted of plotting thé current-voliagze curves on semi-

log paper and normalizing the ion current to unity at 50 ev. Then the -

value of the electron energy that corresponded to an ion current of ) @



Table I

e

ERZIDRTES

Ion intensities from Oradt, Mohler, and Dibeler and from Coldfinser, Ackemien, snd Jeunshoems

‘Bradt et el , oldfinger et al.
Copillery Tube Craprite Srucible o Tuo=Termerature Tube

Ion T = 365% Te30%C  m =AS% 1y e3mtx 1 - stoox
Ty = 39% T, = 360%2 Ty = 35K

) Ok

Sg* 100.0 100.0 100.0 150.0 100.0

;" 641 0.5 £6.1 11.0 12.5

8" 5942 15.0 151.0 8.8 6k.8

8¢+ 9602 440 18.8 39.0 2 6

5,* 150.0 47.0 112.0 2.3 €0.7

8+ §7.0 20.0 £5.9 39.8 33.1

8,* 1850.0 770 488.0 169.0 138.0

8° 250.0 11.0 166.0 38.1 22.0

gc-

(©
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0.3% of the 50-§olt value was chosen as the appearance potential,
This velue was corrected for contact potentials obtained from the
difference between the appearance potentizl and the iorization

potential of mercury vapor, which was introduced with the sulfur

B\

VBpor. There were varictions in the slopes of these appearance=
.poﬁential curves which led the investigators to report sdditional
uncertainties in the above values., Bradt and co-workers concluded
that Sg and S, were present in thelr i@niaatioﬁ chamber, Unether
or not heutral species corresponding to the other ions were present
could not be decided.

The efforts of Goldfinger and co-workers were primarixyib
direoted toward studying ths vaporization of coﬁpounds and allqyé
at high temperature and the dissociation of these vaporss They
studied sulfur vapor]tc facilitate their interpretation of the -
eveporation behavior of sulfur compounds. Two types of evaporation
systems were used: In one, the sulfur vapor originated from an
open graphite cruclible, amd in the gther, the‘vapqr passed through

'@ 0.l5-musdiameter orifice in a two~temperature tube furnace. The
graphite crucible data are given in Table I, column III, ahd a
portion of tha two-temperature~tube data in columns IV, V, and VI,
To peralt ready comporison, all deta not based on SB » 100 have
been recalculated on that basis, Goldfinger et al, stated, "It 7
seems fulrly certain that & considerable part of the ionie

intensities of 88+a 37*, 86*, and $,* are due to ionization of

2
parent molecules,” and “probably most of the lonic speoieé’result
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from direct lonization OF the parent molecules and not from electron
fragmentation.”

The results of thess several studies of the vspor of sulfur have
led the various investigators to tho conclusion that some complex
nixture of polyatomic molecules is present, but the exact mature of
this mixture 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



= 10 e

EXPERIMINTAL APPARATUS

“Mass Spectrometeyr

A 6e-inch-redius, 60~deg‘deﬂection, aingle-di.rectiéni focusing '
nass spectrometer was the énalytical instrument. used for this
1nirestigation° The magnetic field of this mass 'sp.ectromatérk ws
provided by a qonﬁinupusly variable electromagnet capable of |
pfo&wing a maximm fi€ld of 9300 gBusSs across & 9/16-1:2, £ape
The accelerating voltage was provided by & miléragula.‘oed 3ekv
pouer supply, which also provided volteges for drawing ions frém
the ionization chamber snd for focusingl ‘bl';esev ions, The ions
could be positloned after the magnetic deflection by two electro=-
static deflection plates. The ion detector wes a sixteen-stage
electron multiplier (developed at this Laboratory by Reynolda9)
terminated by a 109-ohm resistor. The voltage across this resistor
was measured by a vibratiﬁg—reed electrometer which drove o |
recording strip-chart potenticmeters

Vacuunm System

The vacuum system is shown schemetically in F‘ié;. l. The -
purpose of the water-cooled baffle directly over the jets of the -
diffusion pump was to reflux a large portion of the mercury, so
that the pump did not becomes inoperative, crgvj.ng to Hg on the 002
trap, until after a reasonable period of about 10 days. | The
position of the lon gouge was dictated by conveniéma, and it ia
believed that ét worst the gauge indleated the pressure in the |

mass spectremeter to within an order of magnitudes The indium

. o
valve (developed by Reynoldsl ) was not usable, as the indium
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sulfide thot formed made it Smposaible to achieve a leak-tipht seal.

The soturce mvmlm wes & Geinewdizmetor cylinder, 13-in, long, )
with thros 2wl/C-in.=dlanster sidesrns. One narved as the exhewst
port; the szeéond had eleven Kover clectricsl lead=throughs oot
soldered into @ copper plate, and the third hed a pyrex winicw.

Flanrges wém heliafc«wélciw o both ende of the cz;riim&r, om@ of
uhich wes bolted to & flanged plate hardescldored £0 the 1-in, copper
tube that was {lattened t0 pasy between the pblsm of the magnete

. The nérax envelope surrounding the sloctron multiplier was
attached éo tm _mmr tube by & greded %{ﬂ.w - The envelope had
tungsten leoad-throughe for connsciion to the ,daiﬂwtiwn pla%z, e
3/hein, puspout tube for use 4n conjunstion with the indluwn volve,
end wng Wrrz:‘.mtad in a2 lein, industried g}.&éa pipe flango. Aﬁtaehm
to this was & "hat" to which the mltiplier vas rigidly affized. This
hat had 16 Kovar lamwthzw@ha mmﬁ its mezi‘emma, & large taflon
lond thrm h dn its top for the oulpul currend, and vas cwamrﬁ witb a
brose cylimw for aluctria&l smemm,,,.

A1l dammmm@ mm.}.mtmntal geels wore made tAth knlfeesdge~
sé.al@d cooper gesketes 1/L x 1/h in. in eross \,,mc:tim, and aallv
dmmnwble glegs-to-mptal secls wore made with indiun 9 rings,

Zacth the ” copper awd indiue gaskels were veusables The source
em@lspw s wa‘::ped with heatdng tepe for mf;am«:irg mmpaawa
Isn‘}.ua‘mm Thambap S | v v

The icnisation chomber, shown in Fige 2, wns designed 4o
pininlze eontributicns $o tho ion current that omild origéi'zm% feon
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MU- 20975

Fig. 2. lonization chamber.
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the walls or from the hot eloctron filament, The chamber was
provided with baffles end a "back door® that was larger than
the "front doors” In addition, 1% wna in thermal isolation and
was shislded fram tho hot filament. (For on interesting example
of the effect of a hot filament in disscciatlon of gas molocules,
ses Rane's wark on srsenic and red phor:sphoruﬂ.u) The ionization
chamber was constructed of stalnless m‘.ee,l, and all its interior
surfaces worse gold plated %o minimize secondary electro_n enigsion.

The lonizing clectrons were collimated by a remaylably effi-
cacious external ainico V m%neb with an effective field of only
abowb 8O gausse. The olcctrun :sli'lm were made progressively
larger bBetween the cathodo and ‘«;}:ze. anode to ninimize electrone
bombardnent heatdng apd to maxinmize the anode current, Shilelds
weros spotewslded to the fllament lezds $0 prevent electricsl
leskage caused by conductive deposits on the plass Ln&r’ulva.tg.on.
The electron enlesion was eclectronieally regulated by controlling
the temperature of the filament to maintain a constant encde
éurmnt s which could be varied from 1 to 100 microamperes. The
electrons were accelerated by applying a potential, continously
variable from negative values %o 1::‘5" volts, bebtween the Diloment

end the closest slit, The voltege wis resd with two metorst

8 1550-?01*%, full scale meter for the higher voltages, and a meter
accurate to O.,},'a » with a mirror to reduce parallex reading error,
for the criticual region of 15 volis oy less. The entire ionizae

tion chaxber was {losted at the full accelerating volbagee
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Sulfur Source
The sulfur source shovm in Fig. 3 was developed for the purpose

of providing a small well-collimated molecular beam obtained

directly from the vﬁpor in equilibrium with the condensed phases

The sulfur container, which was 1 in. long and had an inside dizmeter
of 0,050 in., was made of alumimum to provide the thermal conductivity
necessary for uniform temperature and to avoid any sulfur reactiona.
{The experience of Prins is that the only convenient materials with
which sulfur will not react are aluninws and 1ithium glass.)12

Restriction of the diemetor of the effusion opering to 0.00L in.
provided a ratio of areas of approximately 2 x 10‘3, s0 that there .
was preasonable assurance that the effusing vspor had equilibrated
with the condensed phase. (The effect on sulfur éapor at moderate
tempefatures of a deviastion from equilibrium conditions, as pointed
out by Guthrie, Scott, and.whddington,s is to increase ths percentage
of 38 in the vapor.) The length of the cffusion chanmnel was 0,008 in.
But at the small angle to the normal subtended by the collimsted beam,
the angular distributlon of molecules is esaeniially unchanged from
that far an orifice of infinitesimal chennel lengthl3
The bottom of the container was a tapered plug which had an
iron=constantan themocouple spot-welded into a glot, and was
mounted on & separate flange by & 2-3/B-in.-long stainless stecl
and ceranic suppcrﬁ rode The stainless caps were attached to the

ceramic by using the thermal expansion of the stainless steel to
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Section A-A

é)

’ @ Platinum v
~~ I ° 3 Aluminum
@/_

j_l 'J—L 0.0135"
—

B Te. Section B-B

MU- 20859

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




-y

a1

(1)
(2)
(3)
(L)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
{12)
(13)
(1)
{15)
(36)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
{2k)
(25)
(26)
(27)

bl?b

1/h-inch copapr disc, 1/16-in. hole bored for passage of refrigerant
Set 8 p11 to align dise { dur)
Coaxial solcnoids
1/6 in. iron rod
Stainless tube
Shut ter
1/16-in.~thick copper cylinder
1/h-in. cogper tube for refrigeration
Stiff sluminum foil o hold hester (attached under screws)
Quartz sandwich heater containing Pt wire
Aluminum disc with 13-1/2~-mil collimating slit
Stainless steel support rod (three)
1/h~in, copper disc with 1/8-in. hole (hard-soldered to jocket)
Stainless steel support rod {thres)
Tantalum radiation shield
Kovar lesd-throughs (eleven)
Ceranmic cylinder
Molybdenus wire
Threaded ceramic cylinder
Aluninum tube
Aluninum container
L~mil hole in Bemil-thick base
Copper jacket touching base plate in only three gPoes (ea]\ 1/2-in, long)
Copper cooling coils soft-soldered to Jacket
Well for refrigeration o dls
Vacwun seal

Stainless steel stool
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achieve a quite tight shrink fit, Deczuse the sulfur container

was mounted on 8 wwmte plate, it covld be romoved «mmﬁ
disturbing the rest of the sources The enf of the themoeouple,
which wag beld st a 09 yeference taperature in an fco Lath, wes
m:m&r@a with & Iubicon potentlometer and gelvanometer copeble dﬁ’\
‘eaglly detecting microvolt chengess |
The hoating unit had a large hest cepacity to provide thernal
stability, ond comtalined a centrol alusinum tube %lta facilitate
tho attalmment of a undfora tmwatum region ag mll as for the
reusons given sbove. The ectusl heat capseity was rm doteraineds
but before the tempersture of & dumy containor reached LOP ©
durdng prelimdnary outgnssing of the system, the initisl nichrome
- heating olement burned out, Invmct; this occurrance radsed the
quastion whother there wag good thermmal contact betueen the tube
and the contsiner, which led to lnsertion of tho ivon-gonstarton
themsosouple ot the top edge of the Reln.=aluminun tuboe The
stainless stedl support slool wes neckod down to decrease hesb
leakage, and had pupout holes to lsprove the outgessling chepye
ascter istios of the structure.
The conpor Jacket end two coppey discs vere refrigerated by
pusping eleohsl, cooled 1o below =50°¢ by poldd coydon dloxide,
through the top dlse and through the colls softesoldered to thé
Jacket. The cold surfaces were to trap the sulfur that 3id not poss Y
thwrough the thres umll:immr{g ai.itm, and thus to provent c@mmbﬁ«
tions tou the moleculsr beom from sulfur et temporstures Aifferent

o
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from those that existed in the aluminum container. This aleochsl
refrigeration aystem is shown schematicelly in Fig. Lo

Inftislly, the heated alusimum slit was mot included in the
system and the lower copﬁer disc had a 0,0135-in. hole, However,
this hole became plugged by condensed sulfur quite quickly and
was therefore enlerged to 1/8 in, and the heatsd aluzinum disc with
its 0,0135=in, hole was addsd for collimating purposes, The
aluﬁinum disc was heated by & platinunm element encased in a quartz
sandwich, and its temperaturo was msasured by a spot-welded Pt=Pte
13% Rh thermocouple, The emf of this thermocouple end of the

tube's thermocouple were measuved with a "student® potentiometer

‘uithout phyaicsl‘ooc reference, The shutter; whose actlon depended

upon the centsering of thes iron rod in whichever of the coaxial
solenoids was ensrgized, wes developed by Werning st this Laboratorylh
Ideally, the shutter should have been placed directly over the
aluminun container opening, but this plecement would have been
extremely difficult..

To locate the sulfur source in such a way es to minimize the
probability that the molecular sulfur beam would impinge upon the
exit plate of the iunization chamber, the flanged plate upon which
the source wes mounted was [irst loosely attached to the flange on
the botton Of the 6=-in,=diameter cylinder. Than, the sulfur
container and its supporting flanged plate were removed to pormdt
Insertion of a falrly rigid 0,0135-in,~dizmeter wire through the

three source slits. The protruding portion of this wire was caused
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Fig. 4. Alcohol refrigeration system.
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to pass through the center of the entrance hole in the ionization
chamber by movement of the entire source plate. The looseness of
the bolts in their bolt holes wes sufficient to permit this align-
ment because of the previous alignment and centering of the three
source slitsk and the centering of the ionization chamber within the
6-in. cylinder (made facile by virtue of the ductility of the copper
tube to which the lonization chamber was atiached). Rotating the
elizning wipe corrected for its eccentricity, and a sufficient
length of wire passed beyond the emtrance plate of the ionjzation

chamber to reach the mass spectrometor's resolving slitse
P {
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SULFUR PURIFICATICH

According to Bacon and Fan511115,;the optimal method of purifye

lng sulfur is by prolonged boiling with MzO, Prinalz has found that
if, fbllowihg Bacon and Fenellils proce&ure, the sulfur‘ia vacuun
distilled, its purity is further incressed. As evid§nce of the
purity, Prins has found that quenchéd plastic sulfur cen exist in
this metastable state at room temperasture for éa long es 2 year
owing to the absence of nucleation centers. Parenthetieally, it is
unﬁortunqta thal Heyer and.ﬁo;é wvre.not eware of this stebllity of
the metastable state, fér they went to great lengths to perform an
X=yay dlffraction enalysis of plastic eulfur as it was pulled frcm‘
the liqnid, a procedure they adaptéd becsuse of the then well~known
instability of the plastic stote.

The sulfur used for this study, which had o minimum initial
purity of 9937% was kindly furnished by Staufier Chemical Company.
The procedure of Bacon and Fanelll wes carefully followed, with: all
but the final 30-hour boiling dohe in 1i£ar bolling flesks whose
necks were extended 12 in. Sulfur vapor would condense in the neck
and could be refluxed by gentle heating. Ths final bolling was done
in an cpen alwainum pot which was fitted with a long glsss chimney.
This glass chimngy was sealed to the aluminum by a layer of asbestos
under 2 coating of plaster of Paris to prevent ¢scape of hot sulfur

vapor. It was found that if the hot vepor was allowed to escape, it

vould lgnite, whereas this problem was not pregont for cooled vapor.

The sulfur was filtered into the distillatlon epparatus, shown

in Fig. 5, after this final boiling, This aspparstus was evacuated

o
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to about 15 microng, then 2 slightly positive pressure of argon was

introduced, end the system was sealede The purified sulfur wms lefb
under argon for about two years, &s it seemed desirable to defer the
vacuum distillation until the highly pwrified sulfur was to be used. .

{experimental problems arose that were not quickly resolved).
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EXPEAINENTAL TECHEI(WE

Frenaration

Tha vagwan wm was outgassod, with an epty container snd
the hot olit first heated to 200%C without cocling the copper disen
and Jacket, and then hested to LSO°C «ith the copper cooled to
pravent melting the softesoldersd comnectiunse Durdng this oute
gassing poxriod, the‘ gavelope of the sourse, with the exceptlan of
the indiws gaskebed wirdow, w0o heated to 200%C. Tho lowewmt
progssure intiested by the VOIA fonisation gauge was 7 x 10‘8 s of
g, with pressures belng more commonly on the 10°7 1n scalse

Purdfied sulfur was evaporated, condonsed st 0°C, and tested
for purity by peuring & small portion, which had been hested past
the polymeriseticn temperature, onte a transite table top and
cbaorving that it retained the dark brown coloer charscteristic of -
plostic sulfur. ‘hen the sample was cool encugh to touch; the
plasticity wss verified, but the handling caused it to trensform
into itz aiable structuras A4 previocusly outzessed container was
£1110d from the bottom with this mdfur, and the tapered plug forced
into 3%. Tho thermoocouple was gpotewslded in the slot in tho plugy
and the conteiner was screwed onto the stainless steol and cervmic

gupport rode This rod wes sorewed into the flsnged mounting plate

of the contalner and the tharmocouple lesds were spot welded to
fovar lendethrouchs soft soldered in the plate. The container weg
glid into the sluwsinum tube & its sopnording plate weg bolted 4o
the mating portion of the source plates
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When the pressure in the systén was low enough to permit turning
on the olesciron filament,} the externsl alnico V magnet was aligned to
maximizo the anode .currents The net effect of this magnet was t0 -
increase the current to the anode by an order of magnitude at & given
fil.mentftempemtum when the electron energy was 75 volts, and by a
greater amcunt when the electron énez'@* waé reduced to lméer valuese
The collimated alccwon current to the anode waws ée‘p at twenty nicro-
aMpSe

Wth the elactron {ilament on, the source envelope heated to
200°C, end a pressure in the vacuum system of 10_6 m of Hz or better,
the sulfur container was heated to approximstely 93°C and ellowed to
bou‘hgaa at thab bewmperature for 2l hourse During early wrk, large
Junps of the pressure and of the sulfur ion currents were observed
in the vicinity of 119°, unless previously wnhoated sulfur was
allowed fc outgas thoroughly before it way mslted. In order to see
what was happening, & conteiner of sulfur was heated repldly in an
gvacuated bell jar, and it was obgerved that a "plug" of sulfur
elimbed” out of the holse in the container, then "sat" on top of the
container and bounced away from the hole and back over it sevéral
tinese Bach bims the hole became unpluzged a burst of vaper would
come out and leave a white deposit on the wslls of the bell jar.

As the teuperature was raised, the plug liquefied and spread out
gcross the top of the containere. when another container of sulfur '
wvas heated slowly, no plog appeured, and the devoslt on the inside

of the bell jer built up gradusllye.
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The explanation Of this phenomenon is that the first melting of
sulfur occurs on its surface, end because this liquid wets the
aluminun container wells, it forms a rather impervious barrier to
the gas that is desorbed from the balance of the sulfur vhen it melts.
Then, the gas expands and forces liquid sulfur out the hole, whers it
solidifies fofming a plug. As this gas, auguented by sulfur vapor and
gag desorbed from the container, builds up pressure, the plug &acts
like s valve, and bthe pressure required to actuate it is sufficiently
lerge 1o cause the observed cyclic behavior which contipues until
rmost of the yas escapes,

To prevent evaporatiom of sulfur from the top'of the container
and to aveid premature losé of sample, it was essential that the
sulfur be outpassed below its melting point. The criterion for
adeguate outgessing wes the ocomplete ebsence of irrsgular increascs
in the lon current end in the'presmure when the tonperatures oi the
suliur container passed through 1199C. A by-product of the plugglng
pbenomeﬁon was that lts association with the meltdng of sulifur
served to establish the accuracy of tempersture mezsurenents as & 0,5° @
1199¢,

The sleohol refrigeration system was turned on at least one hour
veforg any deta was teken, and the electrunic couponents of the nass
spectrometer were allowed to waxn vp for approximstely 1 hour, with
the ion accelerating potential set at 2 kv and the potentlial across
the 16 stages of the electron multiplisr a€ 2¢3 kv (providing & current

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

of the container and was never less than 200°C),

_Heasuraments

Yha effect Of temperature on the lan currents of sulfur was
observed under essentlally static and also under dynamic conditions.
For afhe.tic measurenents, time was allowed for the temperature of
the sulfur to become Lfeirly stable, whereas the dynamic conditions
entailed & rate of temperature change varying from .25 to 4 dege per
:éinuta. Measurements were also made, at constant temperature, of
the dependence of the ioﬁ currents on the energy of the ionlzing
electronéo

Prior to a1} mcasurments, the nass spectrometer was focused by
first manually increasing the clectromagnct currc:mt to its meximun
value and decreasing it to provide the magnetic fleld reguired to
cause the (3° 2)8* ions to strike the firet stage of the multipliers
Then, this iom current wes optimized by coincident adjustment of
the drewing out, beam focusing, and receiver deflectionm voltages, and
the magnetic fielde.

’Pi'ua reason for saturating the magnet before focusing the mass
spectrometer wag to cause the magnel to operate on the upper portion
of its hysteresis curve, which was necessary to obtain reproducible
ion currents. The influence on the» ion currents of the previous
history of the magnet was provebly due to chenges in the stray magnetie
field which could conceivably affect the magnetic focusing of the iong,

the gain of the olectron multiplier, and the path of the ionizing

o
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electrons,

To obtain the "statio" temperature dapendenca, time was allowed
for the temperature of the sulfur iq bécéﬁbkfairly étabile, and the
58* lon currert was focused as described ebove Then, in seguence,
the S{i 864’ 35*. s *, 33°, and 32’ ion pesks were measured, the magnst
was saturated, and the SB+.peak was remeasured. For eath peai,
focusing was accomplished by adjusting the magnetic field and receiver
| deflection voltage to optimize the (Siz)+ ion curiént, and measuroe
ments were made with the shutter open and closed, except when previocus
msasﬁrements had shown the "closed" peak to be zero. The time reguired
to scan the spectrum in this fashion was usually about 15 minutes.

The procedure followed in observing the effect of changing
 tempersture on sulfur ion currents was to hoat the sulfur, allow its
temperature to become stabile, and focus the mass spectrometer ON a
Si? ion peak., Then, the sulfur was cooled end heated while the emf
of the Rubicon potentiometer was set for intervals of 2°C, and tho
‘ten:xperatuxa was i'ecorded on the strip chart as the galvanometer light
passed through zmero. The shutter was closed about every 10° to
determine the background pesk. The ion peak wes refocused, during a
heating and cooling run, only when it became apparent that refocusing
was eggential. This procedgre was repeated for each sulfur lon. The
usual rate of temperature change was between 2 and 2.50 per ninute.
The energy of thevionizing electrons was 7L volts for both of these

gets ol measurements.
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The electiron energy dependence was also obtained for one 323‘2
10N et & time, with periodic meagurement of thé background peak, and
tho 1on current refoqused as infrequently as drift of the mass
spectrometer would pemite' The time ‘required to accumulate aufﬁciexit
infoﬁat«ion vfor an appearance potential ourve was of the order of
25 minutes, during which tima the variation of temperature was usually
less than 19 (the largest change was 2 %).

Throughout this work, thn backgz'ound ion currents, except for
32 and 8 » were quite smalle M; the begimning of a day's measure=
ments the background peaks would be less than the high-temperature
75;-volt. ion currents by at laaaf. an order of maguitude, and \-ﬂ.‘bm

an hour would decresse by another ons or two orders of magnitude.



EXPERIMENTAL RESULTS

All the data reported were obtained with a single container of
sulfur and exeept where noted are net ion currents (L.e. the differ-
ence between measurements made with the shutter opsn and closed).
The "static® temperature dependence measurements are presented as
ratios with respeet to 88+: in the chronological order taken in
Table II, and graphically in Figs, 6, 7, and 80 These ratios were
oaleculated with respect to the first 88+ peak measurement, so that
the last column in Table II IS a measure of the reproducibilivy (or
lack of 1t) of the 88+ ion current, The lines drawn to correlate
the data in Figs, 6, 7, and 8 favor the higher valuss oOf the ratios.
Becsuse the meximum valus Of the 88"' 10N current peak could be obtained
more consistently than the maximm values Of the lower mass ion
current peaks, the scatter of the data would not be random. Another
reason for ehoosing the higher values of the ratios is presented in
the general discussion section,

The measurementa taken during heating and cooling, presented as
logarithmie plots with respect to 1/T in Figs, 9 through 15, are only
a fraction of those obtained. However, the measurements shown were
those taken over the largest temperature range and generally had the
best agreement between points obtained 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 S; and ngo"*
ion currents respectively (all of these ion cwrrents have been

normalized to 2000 at 74 ev).



Table I1

s;/s; Ratios

Tenp Sx
%) s.,"‘ 8" ss‘”’ ’ sh"‘ 83" 52” sa"
116 0,07 O.liks 0.7k 1,09 0ali0 .31 0.97
12h 0,15  0.61  0.88 117 0.3 1.3t 1.00
125 0.16 0.62 0,80 1.0k 0.148 Lohh 0.9k
125 0,17 0.67 0.92 1.2k 0.8 L.h2 0,58
121 0.18 0.68 0.96 1.27 0.hi3 1.h3 1.0h
125 0.18 0,64 0.92 1016 0.46 1,18 —
132 0.17 0.65 1.04 1.56 0667 L.77 1,28
132 0.17 0056 0,98 1021 0ok 1.30 0.81
132 0,18 0462 0099 1.32 0.56 1,51 0.95
138 0.20 0,68 1,00 326 050 1.k2 1.0k
138 0,20 0.71 1,08 1.31 0,54 1016 0,98
138 .20 0,72 1,09 1.35 0,52 1.48 0,98
16 0s21 0.69 1.08 L.25 0052 Tok3 moommes
17 0.21 0069 1026 1.51 0,57 1,57 7..08
146 0,21 0. T2 1.12 1.25 0.52 1639 0.95
153 0.2L 0.80 1,18 Le32 0.55 obi2 2,01
ish 0.2} 0.80 1.2 - 1.36 0.58 147 100
153 0.24 0073 1.2} 1030 0.5k 1.43 Co97
" 158 0,25 0,79 123  1.26  0.83  1.37  1.02
148 0e2] 0.76 1.00 0.59 Ouki1 1,07 0.86
148 0e23 0.78 1.08 1ok 0.h5 1,18 0.88
148 0.23 0076 Lol 1.23 0059 118 0.50
L9 0.23 0.77 1,18 1.28 0.53 139 102
149 0.23 0.78 1.13 1.23 0.50 1,39 1.02
W - 023 0.77 1611 1.18 awon 1026 0.97
156 0.26 0.82 1,23 1.27 0.53 1.28 1.0
157 0.25 0.81 1,21 1.22 0e51 133 1,00
150 0423 0.80 1.11 1.1 0.48 1.25 0,95
149 0,23 0,80 1.13 1.16 0.46 1.26 0.98

' lhe 0.22 0077 lolhl. 103’.3 0»56 165? 1@06



Tenp

(%)
151
151
153
164
164
165
15k
152
165
165
168
139
138
176
177
177
184
184
183
183
183
183
183
19L
196
196
9k
192
191
198
191
196
191
212

X

87’ 864» ssﬁ Sh¢ 33” 324' 33*
0.23 0.77 1.17 1.28 0.55 1.5 1,06
0.23 0.78 1.1k 1.22 0052 1.38 1,02
0.2} 0.78 1.13 1.23 0.50 1,35 1,00
0.27 0.83 1.25 1.26 0.52 140 1,01
0026 0.82 1.20 1021 0.53 1.3k 0,99
0.27 0,82 1.23 1.22 0.51 1.35 1,00
0.25 0.79 1,13 1.16 0ok 1.26 0.95
0.2} 079 1.1 1.19 QL7 1.32 1,00
0627 0,84 1.27 1.25 0.53 1.3L 1.06
0.27 0084 1.25 1.19 0.52 1,35 1.01
0427 0.84 1.26 1.20 0.51 1.3k 1.0L
0.20 0,70 0.97 1,09 0.k3 1.2k 0,96
0,20 0,73 1.04 1.27 0,50 2,30 0.58
0430 0,86 1.15 1.37 0,61 1.61 1.0k
0,30 0.85 145 1,36 0,60 1.55 1.01
0.30 0.86 1.L6 1.37 0.61 1.55 1,00
0031 0.85 1.38 1,22 0.56 1.39 0.83
0.3 0.85 1.39 1,30 0.58 1.50 1.0k
0.32 0.91 1,36 1.17 0,53 1,37 1,01
0.32 0.92 1.37 1.1L 0.51 1.3k 1.02
0032 0091 1.3k 1.13 0050 1.26 0,99
0.32 0.93 1.35 1.10 0,19 1,22 1.01
0032 0,92 1633 1.11 0.L8 1.23 1.00
0.36 1,00 1.53 1,20 0.54 1.35 1.08
0036 0.99 L.L0 1,17 0052 2.27 1.02
0.37 0,98 Lolik 1.13 0.51 1.2k 1.00
0637 0,99 1.5k 1.16 0053 13k 1.05
0.35 0,93 1.63 L.h2 0.63 1,52 1,03
0.35 0,93 1.57 1.37 062 L.L8 1.C0
0.36 0.9L 1,62 1433 0,60 L7 0697
0.35 0.9k 1.65 1.39 0.64 1.56 1.02
0036 0.99 1.69 1.39 0061 1,50 1.06
0.35 0,96 1e56 1.25 0,55 1,30 ———
0.11 1.04 1,91 1.h7 065 1,60 1.01
0.L2 1.05 1.92 146 0.56 e  —
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Fig. 7. Ratios of S4+/S * and S3+/SS+ as a function of temperature,
Electron energy = 74 volts.
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Fig. 8. Ratio of S +/58+ as a function of temperature. Electron
energy = 74 Vo%ts.
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10. Log of S7Jr ion current vs 1/T,

A = heating
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Electron energy = 74 volts.
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Fig. 11. Log of 86+ ion current vs 1/T.
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Electron energy = 74 volts.
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Fig. 12. Log of Sg* ion current vs 1/T,
A = heating
® = cooling

* = magnetic field adjusted
Electron energy = 74 volts..
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Fig. 13. Log of S * 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.
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Fig. 18. Normalized S6+ ion current as a function of electron energy.
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Fig. 20. Normalized S4+ion current as a function of electron energy.
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Fig. 23. Normalized background SZ+ ion current as a function of
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It was not possible to obtain all the data without interruption,
and there were scme variations in conditions between different days
and even during a given day's measurements. In most cases the hot
5114 and container were not alloved $o cooi 40 room temperature and
wiere kept at approximately 709C after the cooling system had been
turned off, to encourage overnight outgassing. However, on one
‘occasion, the cooliné system was left on botween runs on %wo succes=
sive days and nedther the hot sl nor the sulfur container was
heated; and, on another) the 002 4$rap for the diffusion pump was

warzed to return the trapped mercury to the pump boiler between %wo
days! measurements. In addition, although during the initial runs
the ion gauge pressure readings were hﬁgh on the 10°7 mn scale,
during the final runs, the pressure readings were low on the 10°7 mm
seale; Purther, during the indtial 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.
Then the S5° peak suddenly appeared, rapidly increased by a factor
of {wo, decreased almost to its initial value, and finally stabilized
at approximately 1-1/2 times it¢s first value. However, even this
last occurrence had only a temporary effect on the ratios, and none. |
of the other factors had an effect that could be distinguished from
the uaval scatter of data. Therefors, the data reported have not
baén segrogated acco;-‘ding to these differémceao,. ‘

During earlier work, it was observed that the S.‘.*/SB‘ ratio
became essentially zero (less than 0.01) at sulfur temperatures
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in the vicinity of 90°C when the sulfur had not been previcusly
melted, and the effusion ordfice was 0,010 in. in diameter. A%
no time during any pordion of this work were mass peaks obgerved
that would correspond to a sulfur moleculs cantaining more than
eilght atoms. On several occasions the mass-specirometer sensie
tivity was increased and the higher-mass specirmm was carefully
scemﬁeds g0 that an lon current smaller than the SJ'S.«m current
by several orders of magnitude would have been obgerved. A large
ion current was observed at nizwa 32, but the difference between
the x-ea&dings obtalned with the shutter open and closed was almys
quite small, and thereforse the gize ef the 332" peak was too un=
certain 40 report.




DISCUSSICN OF RESULTS

Molecular Specles in Sulfur Vapor

The major enigma emcountered in interpreﬁing these data resulis
from the ability of the ionizing electrons to fregment & molecule.

A typleal fragmentation reaction is

" + Xy ‘;___53 x7+ + X+ 2", (1)

and there is no a priori reason to disregard eny of the analgous
reactions. In fact, as is the cese with some hydrocarbons, ionizae-
tion withaui fragmentation may never be observed. In addition,
there is the possibility of moleculzr (or ionle) additions. Fop
examnple, the §3¢ ion hag been obsgserved. Thug, the existence or
cbsence of an ion peak does not in itself ansuer the question, "Ig
the neutral molecule there?"

A method of avoldinz the ambigulty induced by these reactions
is to introduce known quantitiés of eech componﬁﬁt of a mixture of
gases independently for calibretion purpossze. Then, with this
information, analysis of data obtained from the mixturs would be .
straightforvard. Howover, in this study separation of each component
of the mixture of molecules was not posaible, se that it was necessary
to obtain 211 of the information presented in Fig. 6 through 23, in
order to det:rmine the quulitative composition of sulfur vapors

There is strong evidence for the existente of an Sg molecule.
Since no molecule~contéining more then eight atoms was observed, it

does not seem likely that ths large Sa* jon currenmts could result
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Lrom fr’agmentation of molecules conteining more than eight atoms,
Also, because the low vapor pressure of sulfur In the ionization
chamber would not be ‘ccnducivs to the occurrence of addition reactions,
there 1s little probability that an appreciable number of ions would
Se formed by thhisv process. In addition, since Sg exists in the solid
and the liquid, it would be quite surprising if it were not also found
in the vapor. . |

Since it was observed that the'S—,*/S&" ratio approaches zero at

temperatures below the sulfur melting point, the entire 3 * son peak

can be a'btribﬁted t‘.b ionization of 57 nolecules. Suppgm:ng evidence
for 54 not resulting from fragnentation of Sy is that the temperature
dependehcga of the 87"' ion differs from that of 83"’ (sée Figse 6, 9 and
19) and that the appearance pofmtials of the two ione aré‘ esaenfmm
iﬁenticalh if 3; originated from fragmehtatiqﬁ of 8g, it would have
ﬁhe same temperature dependence, and its appearsnce potemiaylvwould
reflect the energy of the fragmentation reaction by being greater
than that of 38*, The poasibil;}.tj that a molecule conteining mdre
then eiglzt atons is a parent foi- the 37"' ion 4s quivtve slight, because
the S?+/$8+ ratio increases with tempersture (¥ig. 6) and 1¢ e molecule
containing more than elght atoms exlsted, its importance would be
expected to decrease as the temperature increased, so that if 87"'
derived from such a molecule; the temperature dependence of the Sf/sé’
ratio would be opposite to that observede |

" There is also adequate evidence for the existence of an. 56

molecule in the equilibrium vepor. The slope of the 364*/58* ratio
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as a function of temperature (Fig. 6), and the fact that the appearznce

potential of S,* 1s approximstely the same as that of 88’ indicates

5

that 360 &oes not result only from fragmentation of 38‘ The coincidence
» +

of the qﬁ* appearance potential with -that of 87 is evidence that the

tota1186’ ion current cammot be attributed to fragmentetion reactions.

Also, in order to attribute the total 8 * ion current to fragmentation

6

8.and 3?, 1t would be necessary that fragmentation of S; to yield

* be several times as probable as fonization of 8

of 8

%6 70

seem likely, particularly vhen the corresponding fragmentation of 8g

witleh does not

>
to 8¢ is not observeds IN addition, the fact that solid allotropic
gulfur has been identifled as 86 by Donohue et al,l7 adds credibility
to the existence of an 8¢ molecule in the vapor.

o

Becouse the appearance potential of ag’ is approximately the
same as that of 3g%, 374, and 8605 and because it is improbable that
the marked increase-with temperature of the 85#/38# ratio is due 1o
fragnentation of 57 and 8¢, it appears that there also exists en 5,
molecule in sulfur vapor., In addition, the observation that the heut
of vaporization of 55+ is 17.7=kcal (Fige 12), even thoush a lerge
portion of this ion current arises f{rom fragmentation of &y (15e5=koal),
supports’thé srguent for the existenée of & Sg nelecule.

Although the existence of §,, 3

3
disproven, the data quite strongly suggest that they are not present

» and 82 nolecules camol e

in apprecliable concentretions in the equilibrium vaepor below 214%¢,

The temperature dependence of the ratios of the ions corresponding to

thase moleculcs can be quite éasily explained in terms of fregmentation



of Sg, 815.’ and 85, and the higher sppearance potentials for the 8, *, 6

83'", and 82" iong, in addition to their apparent heats 61‘ vaporizaﬂ.on

being nearly identicel with that of 88’ are rather conclusive evidence

for the belief that thess lighter ions appear solely as a result of

fragmentation reactions, The value of =5,122 for log K given by Stull -

18 .
and Sinke for S2 leads to a calculated pressure of 82 three orders \

of magnitude less than for Sg at 5000}(, which is consietent with the
statement that 82 is not present in appreciable concentrations below
21%.

Quantlitative Composition of Sulfur Vapor

In addltion to the ambiguity resulting from fragmentation reactions,

the quantitative interpretation of mass spectrometric data 1s complicated
by the facts that the probability of lonizing a molecule (ionization
cross section) is not the same for all molecules, and that the secondary
enisslon of the first dynode of the electron multiplier, in our case,
was dependent upon the velocity of the impinging ions, With a constant
accelerat:ing voltage, the velocity of an ion }is, mass dependent and,
therefore, so is the gain of the electron multiplier. (See Ingraheam

and Hayden™

for a full discussion of vfactors affecting ¢the gain of an
electron multiplier.)

In the absence of calibration information, it is desirable to
attenpt to determine the quantitative composition of sulfur vapor by
combﬁning these data with the results of other workers. Unfortunately, |
the vapor density measurements by Braune et alwh the partial prege
Burés 0 Sa -caleulsted from the thermodynamic functions given by Guthrie

et al, ,5 end the vapor-pressure measurenents by West and 6

Menzies6 represent the totality of the usable available information.
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As the vapor density measurements by Braune et al. were not
extended below 350°C, the lower temperature psrtisl pressures that

they reported for 8g, Sg, Sh and 8, were obtained by extrapolatioﬂ;
Iﬁ order'to obtain values of the vapor density at low temperstures,
1% wes necessary to recalculate their date to give n (the avefage
number of atoms per molecule) as a function of temperature, which is
presented in Fig, 25.'!That n appears to approach 795 instead of 8.0
is most likely s resuit of neglecting the presence of Sy and Sce
Therefare, n was extrapolated from 350°¢ as shoun by the dashed line.
vThia extrapolation does not provide accurate low¥temperature values
for 5, but does provids an upper limit. 7The partial pressures of

Sg from Guthrie et al., which do mot provide new informatioﬁ, as
.thay are based on the work of Braune et al., are presented along with
the vapor pressures from West énd Menzies in Fig. 26.

’ If it is assumed that the fonization cross sectlon is proportional
to the purber of atons per molecule (i,ea equals the geometric cross
sectlion), and that the gain of the electron multiplier is elso proportional
to the number of atoms per molecule, these two sffects cancel each other

and the ratio of S.% to 5.% 15 equal to the ratio of the newbral moleculcse

7 8

» . ¢
Then, the information in Figs. 25 and 26 can be comblmad with the 57 /88+
ratios to caloulate the composition of equilibrium sulfur vapor from the

following four eguationst

a+*b+c+de 100 (2)
8a+ 7o+ 6c+5d=n (3)
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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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- =5, /8" W
= ° 57 /% .
a = PsB/Ptotal _ .(5)

| (a; by ¢y, and d are the frections of Sgs 87, 8¢y and Ss reepectivaly).
The data necesgary for caloulating the composition at 120, 150; 175,
and 200% is compiled in Tsble ITI.

Table III

Data for Calculation of Sulfur Vapor Composition

. S, 8 8 . |
lemizz@ i+ 6¢ §+ o : PS Peotal
E“ 8y S g 8g 8
Aveno.atons (mm) . (xum)
mnolecule

120 16 W67 .86 .80 4028 2037
150 -.ih . 080 1319 7e73 015 O
178 231 #50 1.48 7.67 50 066

200 36 1.00 1,76 7061 1.60 2020

However, when the 200° value of 0,73 for "a' from Eqe (5) was
combined with the 0,38 .‘.“:",v"/.‘”&g'P ratio according to Eq. (L); b was
calculated as 0,28, which conflicta with Eq. (2). Another éontra~
dletion was observed wﬁen by ¢, and d wers set egual to 0.27, 0.0 and
0,0 respectively to not conflict with Eg. (2), as the value caleulated |
for i by Eqe (3) 18 7.73.

This inconsistency among the date in Table II1, and with the
qualitative evidence for the exlstence of S@ and b59 is probably due
partially to insccuracy in the partial pressure of 589 whilch was

obtained by sssuming that the vapor conalsted of #; and '3 onlye
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Also, that the values of "a* from Eq. (5) at 120, 150, 175 end 200°C
are 0,76, 0.75, 0,76 and 0,73 shows anazing consistency, which is
incompatible with the expectation of a decreasing percentage of 58
with increesing terperature. Adndttedly, the values of { given in
Table III are not precise, but since these values are an upper linmit,
any attenpt to adjust B to remove the contradiction would be 1ndefehsibleo
Therefore, it was declded to atteupt to arrive at the quantitative
composition of sulfur vapor without recourse to fige (5). If first
55, then 8¢, is assumed equal to zerd, qs. (2), (3), and (L) should
provide upper limiﬁa to the actual percentages of 85 and Sés and lower
limdts &8s well as uppef lindts for the fractions of 3g and 370'

Calculations made on this basis yielded the disconcerting results that

~when 5g was set equal to zero, Sy was amazingly constant at 1%, LE,

2
6%, and 6% at 120, 150, 175, and 200°C, and when 36 was et equal to

26r0, the corresponding values for S¢ were 3%, 3%, 3%, and 5%,
’ P 1 3 Irg iy

That such results are incompatible with both the experimental
evidence and the expected behavior for 3¢ ard Sg is evident, and so

the agsumptions upon wnich Cgo (L) ia based were scrutinized and the

relationstidp was revritten as

| v/a = C 5.*/3," (Le)
where C is & oonstant that could be determined exgerimentéllya In
the avsence of specirfic knowledge of the value of Uy it wes quite

arbitrarily set oqusl to 1/2, and,. wlith [irst 35 svd then 3, coswsed

oqual to zero, tut this time using Eas. (2), (3) and (La),; calculations

were a-aln made vor the compositlen of sultur woper at 130, 150, 175,
and 200°C, The rosults cotaired by tids caleulation, which appear

reasonable, are glven in Toble IV,
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Composition of sulfur vapor from Bqe (2), (3), and (La)

- Sgﬂo 56"‘0
’I‘empc 38 3{ 36 ;:38 "‘7 35
toay e W @ ® @@
120 865 6.9 ob 8.6 7Tl Lo3
150 81.6 9.8 8.6 8L.3  10.1 [
175 77.5  12.0  10.5 - 80.7  12.5 6.8
- 200 73s5  1he0 12,5 7702 kel 8.1

However, the physical significance of C = 1/2, is that the
ionization cross section of 37 is much larger than‘thnt of Sg, or
the electron multiplier is wuch more efficzient for 37 than Sé, or
both of theses Since there is nq'basis for gilther phenomenon, even
though the assusption of G'Q 1/2 resulis in a reasonébly congistent
compogition for sulfur vapory the lack of plaugibility of this assumption
does not permiﬁ'the end to justify the neans.

‘vThe ther.pmssihility for arriving at ghe quanﬁitative cowphsition
of guliur vapor is to estingte the fraction of the.sﬁ* and 35+ ion
cufrenta aitriuutable to fragm@ntation r@actiaﬁa. If it is assumed
that, since little or no 5?* arisos from fragmentation of SB’ none of
the‘sé+ 1053 occur as a rogult of iragmentgtion of S7, the wmaxlmm pere
centage of Sé* that is due to fragmentation of Sy is 67;~ On this basig, \

the 86+/38+ ratic can be written as
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S¢'/Sg* =(c + 0s67a)/e , (6)
vhich yields ¢ = 0.33a at 200°%C, This result, combined with the data
in Table III by Eqs. (2); (3), and (4), and on the assumption of Sy = 0,
leads to B = 7,33, which is even lower than the value obtained by the
extrapolation of Braune et ale., and would be‘still lower if a non=
gero valus of SS were used. This inconglstency is analogous to the
straw that broke the canel's back, |

A Because it does not appear poséible to combine the results of this
work with those of othér studiés of sulfur vapor without either haviﬁg
contradictions or having to make dubious assumptions, the final effort
to esteblish the quantitative composition is totally based on the data
obtained during this worl. In order to solve for the four unknowns, 55
by, ¢y and d, Eqs. (2), (L), and (6) must be sugmented by a fourth reloe
tionship. As ’Eiq. (6) provides a lover limit to the nonfragmentation
portion of the Sé+ ion current, an analogous relationship for SS woukd
not be inconsistent.

The sz ratio cen be written as

S,°/5g" = (4 + Aa + b + Ce)/a , | (0
vhere A is the fraction of Sp fragmenting teo yield Sq+, and B and O
have analogous definitions with respect to S, and Sge If d is essumed
equal t$ zZgro 8t 12900» which is consistent with the derivation of (6),
and C is equal to zero for the same reasons the S, {ragmentation to
yield Séf was neglected, and it is assumed that the fractionvof SS* that
resulta from fragﬁentatian of 87 is ihe same as that assumed for Sé+

deriving from Sg, it is possible to use the 120° data to evaluate A
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This c.a;lculgtim for A and the above assurptions for B and C result
in values of 0,75, 0.67, and 0.0 for these three constents, and Eqe
(7) vecones |
Sg°/Sg" = (4 + 0.75a + 0.6Tb)/a . | (72)
The resﬁlts obtained by using Eqs. (2), (b), (6); and (7a) to
calculate the composition of sulfur vapor are presemted in Table v,
Als§ included are values for n obtained by Eq. (3),
| Teble V -
‘Composition of sulfur vapor frem Egs. (2), (L), (6), (7a), and (3)

- ] . «Q a N
zﬁﬁ‘%’m i 57 "6 % !
o @ @ W (8) A

v ‘ Vo0 2L0ns

_ : ‘ . MOLECULE
120 8 1 0 S 7.86
150. 60 15 8 17 | 7.18
175 | L9 1B 1 25 6,88
200 51 1 1 31 6066

34 ssumed Valus

e : citsion

Unfortunately, the results 'presentea in Table V only sexve to -
further L1lustrate the fundamental conflicts that arise. The conﬁ‘tfazzcy
‘of ths .‘.57 peg;cemage is not indicative of these data, and the valuss of
n and of ths percentage of Sy are not within the maximum exrror of .
external data. |

The most plausable quantitative compcsitibn of 'sulmxf vapor is
that given in Table IV, where the actual percentages of 86 and Ss are
probably about one helf of the values presenteds These compositions
do not seriously conflict with external data and are indicative of the

results of this work.
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Appearance Potentials

The appearsnce potential datas, Figs. 1& through 2L, are relatively
unambiguous. From the ngoh appearance potential of 10,75 to 11.0 ev
(Fige 2L) it is possible to state that the contact potentiais are +0.5
0.2 v, and thus corrections can be made to obtain the ionlzation
rotentials of the sulfur ionse. The two intercepis extrepoleted fron
the straight-liﬁe portion of the nggh appearance~-polential plot serve
to fix the error, caused by the uncertainty of the exact positiocn of
the extrapolating line, e&s * C.15 ev. The larger uncertainty of the
extrapolation for the S3+ and 32* appesrance potentials ls probably due
tb'ﬁhe difficulty encountsered in maintalning proper focusing of these
low méss ion-current peaks.

The lon currents were normalized to preclude dependence of the
appearance potential on the aebsolute magnitude of the current. When
nounormalized ion currents were plotited as & function of the electrow
eﬁergy, the deta obtained at 150° did not coirclde with tihose taken ot
1559, énd the corresponding appearance thentials differed by approy-
imstely 0.3 ev. Although a plot of log 1 versus the electron eneryy
provides a stesper slope of the intercept line ithan a linear plot,
there is tre disadvaﬁt&ge in use of the log 1 plot of not being able to
extrapolate to zero ion curremt. And, since the contect potential
correction actually includes errcrs resulting from linsccuracies inhereunt
in the method used, the essential requirement is that only systematic
errdre be introduced, and it is believed that this was achlieved. In
fact, during earlier work, the appearance potential of Hg was determined
to be 10.3 ev and the sulfur appearance potentials were all lower than

thoze reported here by a corresponding anount.
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The differences between the appearance potentials of 58¢’ 57 ”’36¢9

and SS¢ are virtually within the probable extrapolation error, so that
ev_idmﬂ;y all four of these ions have essentiallj the eame appearance
potentisl, which can be expressed as 10.3 % 0.2 ev. Gcrreéting fcr.th@'
contact potentials, and adding the uncertaintles, gives an ionlzation
patentiallof 908 + Ooly ev, which is 0s5 ev less than the 10.3 ev first
jonization potentiazl accepted for atomice sulfuraao
The appesrance potentials for Shﬁ’ 33¢, and, 52* of 12,6, 13,2 to
1.0, and 15 to 15.5 ev respectively, cannot be converted into ioniza-
tion ;mter;tials without knowledge ©f the energles required for fragnente |

ation., It was hoped that since the background S ® ion probably resulted

2

principally from iecnization of e S, molecule, it would be possible to

2
determine the fragmentation energy portion of the appearance potentisl

of the net S, * ion Pﬂﬂko Unfortunately, the appearance potential of

2
12.8 10 13.2 ev for the background 82* ion is guite uncertain, and
aven though there is evidently a real difference between this appear

ance potential and that of the net S M iony, & value of more then 3 ev

2
(approximately 72 keal) would represent an extraordinary fragnenta=-
tion energy and must therefore reflect a nonrandoﬁ 8rIors

A nonrandom error would result if the energy of the electrons that
icnized the background Sa molecules wos different from the energy of the
electrons that produced the net 324 ionse #And, because the 82 background
nolecules most likely originated from £herma1 dissoclation of larger

molecules at the hot filament, these melecules could be ionized by

electrons that had not been affected by the negative drawing ocut voltage,

and which therefore would have more energy. As noted previously, the éii
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higher eppearance potentials of S,:, 53*, and 820 were most useful
for éstablishmg_ that these ions result from fregmentation reactions,
although the magnitude of the differences from 10.3 ev may also be
attriﬁutable to formation of these ione; by thermal dissociation.-

Heats of Vaporization

The heat of vaporization of 389 as determined from the slopes of
the plot of log & versus 1/T in Fige 9, is 15,2 to 15.5 keals The data
could not be fitted by a single straight line, but the degree of
reprodncibility of the expenmntal measurenents would make useless more
sophisticated treatmentg-~such as fit_,ting the points with a curve and
‘detex?mi!ﬁrfxg the slope of tangents to thearve. On the basis of the

d‘ifi‘efemeé_ in the heats obtained from the two slopes, an error limit
o & 0535 keal would be appropriste, but results obtained by calcula=
tions for other heating and cooling cm'veé were suffiéieutly divergén‘b
that to report AH = 15.5 £ 2 keal is not pessimistic. The value of AH
obtained from the slope of Cuthrie et al's Sg vapor pressure date® is
18,5 keal, from West and Menzies! total vapor pressure dat36 is 19 lcéaI,
and from Stull and Sinkela, by third law caleulations, is 20 keal ab
hOO'OK' end 16.7 kcal at 500°%. The low value of the heat of vaporization
obta:!.ne& from Fig. 9 could be due to some essentially constent contri-
butions to the molecular beam from an extraneous source. ‘This possibile
iy is diécussed in more detail in the next section.

The 18.L=kecal heat of vaporizatiop for ‘87 (Fig. 10) is somewhat
higher than heats obtained from other c;,ooling and heatlng curves for
8.;, but the over-all reproducibility was rather good, so thet 18 % 1‘
keal represents these data quite wells That the heat of vaporization

of S-f is higher than that of 8y is precisely vhat is to
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bevexpécted for a specles that becomes more importent es the tempsrature
is increased. The absolute magnitude of the heat is not certein, but
its relationship to the SB heat is probably accurates _

The heats of vaporization of 8¢ and S¢ from Figse. 11 end 12, and ths
~ attendant uncertainty deduced from all the cooling and heating cufvea, are
16,3 # 2 keal and 17.7 # 1 keale These values can only be construed as
lower limits, beeaﬁae of the unknown fragmentation contributions to the
measured i§n currenta; |

-That'tha Sh and the.sz heats of 15.3 and 15.2 keal (Figs. 13 and 15)
are well within the accuracy of the 15.5 keal Sg heat indicetes that these
ions arise primarily from fraguentation of Sge The slightly higher value
of 16.5 kcal for $q is probably due to contributions from frégrdeptation
of the other three neutral molecules. Thersfore, thase heats carnot be

construed as heats of vaporization for the respective neutrel molecules.

v
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GENERAL DISCUSSION

Thisg quk

The most disconcerting aspect of this vork was the inconsistency
of the absolute values of the ion currents and the irregular bvehavior
of the 5.7/8g" ratios. Although the values of the ion currents at &
given temperature woulé ‘generally beqome constant one to two hours
after a day's measurements were begun, when the same temperature vas
reproduced on @ subsequent day, the constaut values the ion currents
reached would be almost inveriably lover. For exemple, the Sgt peak
heights, vhich showed a downward trend throughout this series of
measurements; normally would decrease during & run to. & stabile level
that would be as little as 2/3 of the initial level, although there
was one day during which the peak heights increased and _two days
during vhich they did pot change. The 8g* peak helghts consistently
decreased between each day's measurements, with the greatest decrcase
- (by & factor of 1/2) occurring at the beglnning of one of the days
during which the peak heights remained constant, and following the
_cooling system's being kept in operation overnight.

The 8,'/6g" ratios, which were calculated in order to normalize
all peaks with réapeet to the SB"' pealk, 'did not show any consistent
_iﬁczfease or decrease, but did vary from day to day. For éxample ,
the low 85*/5g" ratios betveen 183 and 196° (Fig. 6) vere almost all
obtained on one day, vhile the higher values in the same temperature
renge were obtained on the preceding day end on the folloving day.

To investigate any trend in the ratios, the temperature of the sulfur
source was kept constant for severel hours on the days Jjust pre~ N
ceding and just following the cooling system's being left on overnight,
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but all the values of these ratios coincided within the accuracy of
the measurements.

A lack of reproducibility was characteristic of all the measuremnts
made dﬁring this study. It wvas expeo‘écd that the fragmentation pattern
for Sg could be cbtained from the values of the ion currents ab approxi-~
mately 90°, as the vepor should be predoninently Sg at this temperature,
but even though these 'da:ta were useful for determining that the 87"’/88'*'
ratio approached zero, .the variation of the 85“‘/88'1' ratio from 0.62 to
1.24 ond of the 36’*'(38“‘ ratio from 0.21 to 0.45 made any fragmentation
assignuents i.zrxpoﬁsibie.

A probable explenation for some of the lack of yeproducibility
is that a portion of the molecular sulfur beam entering the lonization
chauber did not cowe directly from the sulfur container. These mole-
cules could have come from en anthillelike ‘cmposit of su:!.i‘uf that
wasg i‘éwad on the bottom of ‘Ehe copper dise clokseét to the sulfur
conteiner vhen the source wes dismantled at the conclusion of this
work, The anthill was approximately 3/8 in. high and 5/8 in. in
alancter, end its hole dlameter was about 1/16 in. The position of
this sulfur deposit *bogethai' with the geometry of the slits, would
make the probabllity very low that a mclecule would evaporate Lrom
the anthill and enter the fonlzation chamber without lmpinging on o
celd copper surface. However, the obﬁemtioﬁ that the level of | s
the ion currents generally decreased for several hours at the
beglnning of each day's yun, and that no decrease was observed

during the day after the cooling system bad been in operation

overnight, strongly suggests that there was en appreciable probe-

ability thet a sulfur molecule could hmpinge on the cold coppey and
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be reflected.

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

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
1likely that growth of the anthill could account for this decrease,
as a i/;é in. hole would have a negligible collimating effect com-
pared with that of the 0.0135-in.~diemeter hole of the hot slit. Also,
the anomalous behavior'described previously-~that is, that no lon
current was observed until the temperature of the sulfur container
had. reached 184°»at the beginning of one run--is most likely attrib-
utable to complete plugging of the copper slit by the sulfur deposit,
Therefore, it does not appear that the size of the hole decreased |
with the regularity required to explain the consistent decrease in
the level of the ion currents.

The most plausible explangtion for an over-all decrease is thati
the first dynode of the electron multiplier became contaminated by
gulfur and that the gain of the multiplier decreased as the degree of
contamination increased. Because of the coincidence of the cooling
and heating points (Figs. 9 through 15), 1t appeaﬁs 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 vere reproducible and that thermal
end chemical equilibrium vere attalned.) |

The existence of & woondm'y sulfur source and a continuous
decrense of the galn of the electron multiplier provide an ez;plan
~ nation for the obeerved bebavior of the levels of the ion currents.
The irregularity of the 5;/35" ratios in the work reported here,
can be attributed to the a;f'fect’s' of the secondary au.lfur gource,
Hdwevezr , the variations of the ratios beﬁwe@n ganples are not exw
plained. |

The lack of reproducibility did mt affect the qtm.utative
Mtenpretation of these data, but did sariously hamper ettempts to
present quentitative information. By obta‘.ﬁ.ping cooling~andeheating
and appearance-potential deta consecubively, end by choosing the |
higher valugs of the ratios m"repmaent these date 80 as to minmize
the inclusion of contributions from the 1097 temperature sulfur vapor
’v;r’ithin ihe gource, sowe of the gf‘facts of the lack of éapmduci‘bili_ty

vereg excluded.

The only work that eppears unguestionsble is that of West and
Bwnzie_s; and 1t vas a pleasure to vead their article and leern of
their palnstaking efforts. |

The thermodynamic functions from Guthrie et al.which are based
oﬁ the assumptions of Braune et al. .thab only Sg and 8¢ exlst in .
appreciable quantities be.’Ler 300° €, require recaleulation because
bf the evidence presented here for the existehca of &, and Bg

molecules .~
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The vapor density weasurements umde by Braune et al. eppear to
be quite good, so that the limiting factor in thelr accuracy is
probably the extrapolotion required of virtually all of their data
in order to obtain vepor dencitiece for the saturated vepor. As noted
previously, the values of n ovtained by calculations based on thelr
extrapolation below the tewperatures at which they made thelr experie
mental measurement require re-cvaluation.

The ness spectrometric work of Bradt et al. was not designed to
provide information ehout the composifion of sulfur vepor, and the
dlgagreenent betveen their appearance potential work end resulte of
this investigatlon 1s alwmost wvithin the mutual ecxperimental errors.
Since the conditions under vhich this work was performed virtually
eliminated contributions from\the lonization chember, and cince the
resulis more ncarly corrceopond to the irst lonizatlion potential of
sulfur, it is belioved that the 9.8 ¥ 0.k cv appearance potentisd
obtained here for S§+ ls the more accurate value.

The conclusions of Goldfinger et al. concerning the nature of
stable noubral sulfur species do not appesr to he substantiated by
their experimentel findlngs. Their data could as easily be inter-
preted as random scatter as showing "the shift of the ionic intensities
toward lower molecular specles” as o result of increasing the tempera-
ture bf the upper portion of their two-temperature tube. Also, the
predominance of the 82+ {on current (colwms IV through VI, Table I)
strongly cuggests that thelr observed lon currents were more indic.
atlve of sulfur vapor partially equilibvrabed with the electron
filgment than of sulfﬁr vapor effusing from thelr two~temperature

tube. If thelr ctatements (quoted in the Introduction to this work}
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that fragnentation resctions did not provide the major portion of the

ion currents they observed are used as a basis for caleculating n from
their ion currents, the disagreement with all vaporedensity measuree
ménts is really violent,

Their conclusion that a neutral 89 molecule exlsts appears to

be based on a sihgla observation of a small S; ion current when the
high vapor pressure of sulfur in their ionigation chember would be
quite conducive to th;a occurrence of addition reactions, end disagrees
with the observations of Bradt et el. and this worl,

The information that odd mumbersed molecules exist in sulfuy vapor
is an unexpected result of this work. ’I’here_ is no spparemt reason for
assﬁm‘lng that only éven nunbered molecules exist, although J"i/he presence

of 37 énd 3p, and presumably at higher temperatures of ‘833 certainly
com_pl:!.cates the ploture of sulfur vapor., It would appear thet 87,
86’ and 85 are ring molecules for several reasons, Rings are to be

expected unless:. the strain energy of a ring structure plus the product

of the temperaturs and the mtfapy change for ring opening is comparable
to the energy of an 5-8 bond. The energy of a sulfur-sulfur bond is of
the order of 50-60 keal (the difference between A Hg of 85 to Sglg)
and of 85 to 83 (g) times 1/8.) The entropy of ring opening cannot
amount ta more than a few cal, mole™ deg™l, and at 500%K the comtribue

tion of an entropy difference of evén 10 cale mele“l deg"’l to a reaction
free cnergy is only 5 keal, Unless the strain energy of a ring is LO or

more kcéaly a ring molecule must be more stable than the corresponding 6
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straight chain molecule, For hydrocarbons strain energies are small for
rings of five or more members, so that strain energy 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 for 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 Sy rings,
there is direct evidence that both sy and S rings exist. The fact that

. + + + . .
appearance potentials for the four ions sg , S, 3,7 y and 38+ are identical

to within experimental error suggests that the ions are produced by
reaction with molecules of similar stabilities toward simple ionization.
Sg (gas) is known to be a ring; the implication is that 85, S¢» and S7ma¥
also be ring molecules.

The complete absence of 89 or higher molecular weight molecules
in the vapor is probably because 8g 1S the vaporizing species, with S‘,],
Sgs and 85 resulting from S84 dissociation, (The observations that
the S7+/88+ ratio 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 concentration of 87 is appreciable,
in order to determine whether or not S7 arises from dissociation of 88
or from direct evaporation,, The largest orifice used during this study
wes 0,010 in. in diameter, which did not produce significantly different
87/58 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 adapted 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 1t would undoubtedly eclipse the effusing

vapor.




-m-

CONCLUSIONS

The results of this study lead to the conclusion that sulfur vapor in
equilibrium with the condensed phase, in the temperature range of 120 to
210° C, contains appreciable quantities of 38’ S 86’ and 85 molecules only.
It appears that all four of these molecules are ring shaped rather than
linear, and that S S¢s ad 65 most likely result from dissociation of
Sg, Which is evidently the vaporizing speciss, It was not possible to
establish the quantitative composition of the vapor, but upper limits were
obtained for Sy and S, at 120°C of 86% and 1% respectively.

The ionization potentials of S‘-8, 8‘7, Sé,lard 85 appear to be identical
and are equal to 98 0,4 ev. It was not possible to determine absolute
values of the heats of vaporization,’ but the results indicate that the heat

. of vaporization of s is 2,5 kcal greater than that of Sg at 120°C to 210°C.

7
Information was also obtained that sulfur vapor impinging on a

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