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The influence ,,;r polymerized gaseous moleC'.ules upon equilibrium · 
. ' 

;proseu.re measurements and ttp':n. measurements c_,f rate of vapodzat1on 1S. 
H~;,;'t, 

discussed. 'taporiziatimi de.ta. .t'or red ph<;.sphcrtls · ~· ~~en1e are presented . 

and the existence of ca.taJ.y"ti.c e~f'ects . up..~n ra.t~s. of va~Oriza.ti¢,rt is 

dem.cnstre t{lld. • 
.~ ! 

.Ila'RODUCTIOll 
~ . . . l :; : • . . . 

Recent mass spectrcmetez· measurements - h~ve demonstrated that 

c;::mpleY. polymeric gaseous molecules. ar~ ra.truer ccinmOn .. in high t~ernture 

va.pe;rs. · !n a aa.tl..l..r'ated. ve.pcr in equilibrium with a ;condensed p~e, it 

can b¢ denKnstrated that the vapor beccme13 more ccii:ll'Ii.L¢X as the tempereture 

is raised, and the various ptssible minor spe~iea ill.$ vapor l".e.v.i! t(leir 
~ ~ . ,• 

Greatest ~.mpo~ance e,t the boiling point. Tlrl.s. n;ay be illustl"ll'te~ ~1 

the well-knoi-'11 example of saturated sodium ><:apor, which consists cf 99 •<:» 
atomic sodium and o.l% Na,2 at 400"Kt but whiehcon~iJ;ls abc.:ut i2 ~.,.le .~ · . 

Ne. at 1100'1\. 4 Brewer5 has ah<;~'l'l that' a simple ;ela~ionsh:tp exists 2 

bet,,:een the heats of .._,Upo:riza.t1on ,.,.r rnopom~ric and dli!ierle apeciee and 
- ~ - . 

the heat of disscciat1on of ·tne dimer. vlhen the t1:eat o£ Qisaoo1ation of 
' 

(*) Abstracted from the thea is to be submitted by James S • Ktlile 1n 

partial se.tisfactic.u of the requirements for the degree ct Doctvr of 

Philoscphy in .C:'1emitlt.t·y at the University of Ca.litornie.~ 



the dimer, ~ is- eqt.lal to the heat of vaporiee.tion of t.he monomer, M
1

, 

both tbe moucaner and the d.imer have eq,ual heats of v·apor.tzation, and their 

proportion remains uncll8llged as tne temperature i.s changed. It, can be 

shrn.;n that the entrcpies of vapcxr:i3ation ·,rill not differ greatly. Thus 

mcnomer a.:td dimer· species •>ill be of the same crder of ccncentratitrn -wilen 

aa2 is equal to AH
1

• · If the heat cf di!iisvciation of. the <Umer is less 

than A!1, "'hich is the usual case, the vapor will <:!Cnsist largely of 

~he mcnomer at ·lc' . .t temperatures, but as the temperature is increased, a. 

larger and larger pro,Portion of the saturated vapor will consist c:f 

is true of higher pGlymers. In the rarer situation ·,1here the heat Qf 

disoocia.tion of the Climer is ~.Srea.ter than the heat of vaport:zat1on of 

the mencmer, the dimer i'l'ill be the lll.l)l.in species at low tempe:t-atures, 

tthil'e the peJ~centage of mcnomer and higher polymers in the satureted 

·.rcpor. ·,~ill increase as the temperature is increased. Brewer5 has illustrated 

this behavicr by e.xamining the stability of dimefa of the halides of the .. 
elements. A ::;imilar behavior 1s to be expected for tl)e elemental •.rap6rs 

and other saturated vapor systems. Thus if one vj.shes tCI study the 

va.rio-l.ls minor polymeric gaseous species c.f a $Ubst~'l:Ce.t it is us'ually' 

easier to detect them at higher temperatures ~-;here these polymers c<~r1Se 

a higher prop<.rtion of the vapor. 

method, (,hich consists c:t the measurement of the l:'S.te cf vapcrlze.tion 

in a lo··! pressure system1 is ccmmonly used for the detel."mination of the 

vapcr pressure. The rate of vaporization qan normally ~:..m~a.sured •.dtb. 
¥"-··· 

u high accuracy s.u.d vith much less difi"icuJ.ty due to t!'l.e r'!!a~t.ion 0f the 



.. ; ... 

va.pcr vi th containers .and ·,;:f. th much less chance of cc-ntatrl.nat1on by 

ge.se~;ua impur1 ties than one enec-unte~·s \vi th other vap<.:Jr prestiu:re ' 
. ' ~ . 

this method requires the equating of the rate of vaporizet1on ·to the 

rate of ec:udensation. The rate .of cc.ndens&.t1on ae.n be oalculated 
. • I 

accurately from kinetic theory if the assumption is made that every 

molecule stri.ki11g the surface condenses w.ithout rebounding, '~•'hen this 

~•mdition. is ·met, 1 t co1·reap<;.nds t.::;. a unit s'ti cld.l"lS or eondensatiCID; 

coef'f1c1ent a.'ld a. unit vaporization coefficient. In the l~tera.ture, 

both of these coefficients are ccmnonly call~d accomcdat.ion -coet'f1e1ents ~ 
. . . 

The v-aporization coefficients or ~'1Y ma.:terials have been checked, &1d 
. "• .) 

'- irtually all materials ~t have been investigated b.a:ve_ ~n fOUl'ld. te> 
6 ' 

have unit vapr.:;rizatioh cnefi'icients. That is, tb.~ rates ot vapcriza.tion 
'. 

are f'olli"ld '.rith1n experimental errcr, tc be these eXpected frcm the 

equilibrium pressures and t~e kinetic theory of gases. Frc-m e.."'Cperi~ce 

to date, (lUe Can predit ,that all molecular lattices that .. Cor,tsist of_ 
the main gaseous molecular species hlld togeth0r by van 4er Waals forces 

. . . •. . . 
;;;r -;;ee.k fcrces of any type ;.d.ll have wd t "~:poriza.tion coef'~tcient 

for the main ga.seous apecies. HoHever 1 ·&$ indica tea by Guthri.e,, SC:ott 

and Waddington 7 for rhcmbic sulfur 1 · minor' r:;~cies ·~bat are not present . . . 

in the mcleculal.· lattice and wlli<:h are nc.{ teadily f'omed. from the main 

(;asecus species !l'IB.Y not be present in t~ ga.s vapcrizing frcm a ~urf'aee 

under reduced pressures' end thus the rate of vapo-rizatiop. r..rill be. 

slightly L ~er than that expected frc:m the t.:::tal -eqtli..librium pr-eaaure1 

since the rate "<111 ocrrespr,md only to the partial presat.tte ~cf the main 

species. All elemente that vapc.rize p:redcminately to atcmic\ f))pee1ea have 
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.· .. 6 
been found ·to ha\re unit vaporization coefficients ~henever checl:'..Sd. 

"Ul ionic salts such as the alkali bSJ.ides that vaporize p:redom.inately 

to a monomeric gaseous molecule are believed tu have vapOrization 

ce:effS.cietlts close to un.ity, althc,ugh some measurements yield values 
8 . . . 

e.s loH as 0. 5. There have been aome accurate measurements indicating 

slightly lo-.r values, b~.1t there are no indications that vapcirlzation ,. . . ' . ·, 

COefficient$ beloi> the range 0 .8-1.0' are to be expected £6-r ·~ ionic 

substance ~:here the ions required for a g;;tseous molecule are tn corrtact. 

Hydrogen-bonded. eubstahces have been found to have unit acccmodiation 

coefficients whenever ·Checked. 9-ll 

The onl¥ cl~arly demonstrated .les c;t l.o·.,; vaporization 
. . ·~~ 

coefficients· c>ccur ·.rheu the main molecul.a.r gaseous speei~ doea not 

occur as such in the cmtdensed ph~e. . The investiga.ticn of Str~ki 
12 . .· . . . . .. · . ' . •' . 

and 1:lolf':f on the rate Of ~-aporization of two crystallin~. mod.ifie'ations 

cf .As2o?/ arser .. olite and claudetite,~ ser-"e~ t<~ illustrate; this pO:iut. 

The crystal structure cf e.rsenoli te Js kno'.fil t6 be a .. moleculAr lattice 
. . 

. . . ' 

of As4o6 molecUles, while the struct1,1re of cl~ud~ttte, is ~own, · 

other than that it is mc-noelinic, ~ does not c011;131St ?f a tno;J..e~l!tl.at . ' . 

lattice. In both . cases 1 the satu.re:~ed equi1i~rtum itS.p~ "fZJO'nsiets 

primarily of As1tp6 xnomcules. T'ne rate of ve.porl.za'ti?n o.f aJ:>senc-~ite 

is observ~ tc· be 106 times grea.ter· ''than that .(;f' clli.ude~ite •. The~ .are ' ... . . . - . 

other examples SU(!h as • the amnc:ni uln ba.J.idea . whiCh . 'Vaporiee. to e.mt);lori.ia 

ru.'ld hydroge..>"l halide~ l} neither or -~hich is prese11t in. the: .cb~4d~nsed· 

;phase. Elemental pb.ospb.9rus is another. cleru• example. ::\'lll1~e phosPhorus, 

1i1hich is a. moleculru:· lattice cf P4 molecules,· the ~n gaseous e~1ea, 

has a u.ni t ~i':iza.tion ecef'ficient, vh1.le red· phosphcuv..G "'Ihieh 1s riot 



believed to cc·utain P4 rru;;.l.ecula.r uriits .hs.s e. ~!~z~tion coefficient 
. -6 

of about 10 • Similarly 1 aroenic 7 whose .lattice is known not tc 

contain As1"' units, has a low- vap.:;r1Z$.t1on coeffioien.t. 1' 

In. an effort to .elucidate the meabe.niem of v1:tpor1ze.ti,;n -... •hen one . .. . 

has a barrier ti{t.Mnat vapb!'izat~on e.s indicated by e. .to'' vaporization 

coefficient, a:$1"~~ has. been made. of tb~ vaporizati<JL'l. of arSenic under 
,, •• ,_,, .• ,. !!' ,,· . ' 

a variety of conditicna, and a sim:U.a.r study 1$ under 'izay for red and 
14 . . ' 

blACk phosphorus. Mel ville and Gray attributed the an.c:malously lc~w 

rate of' vaporis-..aticr.a of red phclsphorus to the e:dst~nce ct p~ unit.a il~ 

the sd.id lattice, &ld t!;\ey hypothesized that P 2 v.ras vapurlzing '>-11th 

u."rlt vap(·riza.tion cooff'1cient. fr.<::m the solid, but; becnus~ vf the sms,1J. 

partial ;pressure cf P 
2 

ccmpar,;~d tCl. P4, a vecy lc'<: · rate of val>or1zat1on 

~•as obtf.1ined. To check this hypothes1,.s for r~ pho~phorus, we have . , 

repeated. .their I..av,.gmuil .. measurements and have obtained results agreeing 

'>•ithin an order vf magnitude. i~e hav-e evaluated the data in the 

literature en the equilibrium between P4 &J.d P2 in thfJ gase~us pluule 

and agree ·.dtb Yost and Ru.sselll5 that the measurements .of Preuner and 
. . . . 

Brockmcl.ler16 must be in error, and that the. measurements. of ~\~~ft 
Gibson and 8tamw.17 appear to be .reliable. '!'nus fr(m the lmo.;.rn 

equilibrium pressure of P4 ever rc."'<i phosphorus a.s detelmined by static 
·. w . . 

metbcds and the equilibrium _Petrneen 1'4 and P2, "~e havE'!: beell able to 

calculate the equilibrium partial pressure ~~-:r P2 'in equilibrium .with 

solid red ;pbosphO.t"\).5 ~ We find that the rate of vs.:porlza.t1on of red. 

;pbosph.:.1rus is smaller than "'hat would be ex-Pected fran tPe t:;qu.1Ubri,um 

pressure of . p 2. rus ~rould. 'indicate that even p 2 has a vs.porization 



coefficient less than unity.. ThuG the limit1ng rate of' vnpor1ze:t1on 1n a. 

Langmuir experiment is net ite¢eesa.rtly fileed by the p 2 \~per pressure as 

propoeed by Melville a.nd Gray •. Fo!l arsenic ~:rllere equilibri~ ~tn. a~ 
. . 

n•"Jt e.vai~ble tc dete~rre the pressUre of.As2 in eq-..d..U.brlum w-1th 1the 

fKl::id, \>le have exam;tnecf the va,por f%'C'lll a Langmuir typ~ experitllent .in·· a· 
. . . 

mass spectrCllleter 1 and ·have f'~ the ·vapor to ... be predcuina.tely' · A&4• 

Tc cheek the correla.tian between vapcrizlittion. caetfici&n.ts and sticking 
' . . ~ 

t;;r ct.:.rndensatiori coefficients, m~:ilecttle.r. beams r.Irf Pitos~~crua and arsenic 

vapor ·were impinged upon var10'..t.S targete that had been cooled to a 

a-..t.f'f1ciently luw temperature sc• that any phc.i-GphoNs or a:.rset¢c tr..at would 

that virtualiy all of the vapor. t-ebounded wi tllout condensation frcm most . . 

target materials. Copper cooled. to a. low tempe,ra.ture appeared tc be the 

most eftleient target. 

·As the equi~brium ;pressUre 'or .A.s4 over ·arsenic did n6t eppe~ ~0..,.,., , .. 
be cu:ttplete~ established by means of stat.ic .mea.surements}6,l9,00 the 

•ro.pc,r pressure f.)f arsenic ·,"IR6 evaluated by the Kt1wlaen methOd using 

. . 6' .. )+ orit'1ce erea to "-apcrizing area. ra.tioa ra.nging fr<:m. 1.0 to 1. x 10 • 

It was found that the orifice to vapc.•:dzing a.~a lw.d tro be less than . . 

10-; bet' ore a trapr..;r pressure near to the equilibrium value and independent 

cf orifice size ;tas reached. Cc~rison of La..1lgmuir results with the 

equilibrium pressures .indicated vapori~tion coefficients 0f about 5 x 
~ . . 

10 ~ Sam.e measurelllents vere e..lsc made with red. p.'losphorus and with the 

. . . . -4 
small.est cri:t'ice tc ve.:pori21ng e. rea t.ried, L ::S3 x lO , th~ va-por pressure 

in the Knudson cell W:lS still onlj' 1.0-3 t1mes the equilibrium value. 



Fran the re'sults obtained to dltt'te, it f~ppears clea.r that it will be 

extrem.el.y di:f'ticul.t. tt) obtain any.: reli'{ble vapor pressure reau.lts for 

red. phosphorus by tbG! conventicma.l fmudsen method. The orifice si~~ 

required tm.· any :roa.$Cfne.ble cell must be ao smaJ.l that crooks . and 

fissures e.r..d pr.>rosity cf the eell mate~1al will beecmer c~ble tc:. 

the c..rU'ice ·area •. To elim:l~te tlrl.s difficulty, an attempt to f~d c. 

catalyst .for 'che ~r;tzat1on rea.etion was made. It had been o'b&er'V'ed 

tho.t f:teah ~es of phc-ephor-..:~.s and. arsenic gave abnonnallY high .ra.toe$ 

of vapcrizat$.on whic~t deorea.sed as vnpo.rization proceeded. · ·~ m.i.gbt 

be attributed tc im,purl ties suob as oxide a, ete. , but the effect seemed 
l 

larger· t.b.an might be attributed to 1mpur:$.:~iea ~ O"d!' 'hypothesis i.-.'Us that· 

freSh mat·erial ccnt&~ed ma.cy distorted. or deter.:ti ve ceystal.s .in wb1,eb the 

e. toms "'ere not so rigidly f,ixea.. Thus they cculd ~organim ·to toUil P4 

or As
4 

molecules •.fherea.s 1n a perfect lattice; it to~ould be exttemel.v 

difficult to distort tile rigid lattice to -produce a, P4 or an Aa4 .mo.utcul.e. 

Thus •re · 'b$llet.req the.t the a'Qn(n"lnal v-aporization rete was due tt'J the 

dis tot-tad crystal.e that were. soon removeQ.. The eftect ·Cf the nature of· 

thtll . material was a.l.Go a~rent in the reprodUcihillty of. ~uir -cy:pe 

. . 
appeared to vary fran sam;ple to sample for oo cbviouE; ~on.; <4\ex~ ~ 

me~w.·em.ents with the Sa.mi: lt!ate;d.als made by Knudsen ~tb.Od ~>dth.'S!iJa.U 

enough orifices tc prctluc~ thE:> eq~Hbrium pressw-e o~ ~u>4 were ln"<lch mete 

reproducible. It tho.s appeared that we might be able to· eatal.y'ze the 

rate of vapoi'ieat1on by lo<>Stttx~ng up t~ la.ttice.. A :s1dlpl~ Pr.~~tl~J;: 
: -~' 

tro accomplish this wc)uld be to a.&l acme non.vol.e.tile liquid vh1eh 1-f(ll.lld 

not rat1ct chem.tca.lly •.•'ith phG.~eph(.)rus or arsenic to tbnn. an,y intel:'l'llediate 



.. a .... 

phaSes; but r;mt·ch YR<>uld dis~olve some of these elements. . In the mobile 

liquid, it should·be possible for the.e.t~·t~ :rearrange to fom the P4 

and As
4 

aggregates necessary for· e.tta.inmi:mt of· equilibrium pressures. 

Thallium and ·lead appeared to .be. liquids· 'that would 'meet the reqUirements • 

. Tha.J.,lium was added to phosJ_)horus ·e.ud arsenic· in Knudsen cella with . 
' ' 

relatively_ large ori:f'icet;;·, and heated above the meltins pb1nt of 

thallium. The pressures observed \oiere ;o times greater .than tbPse 

observed rl thout Mdi tion of the liquid catalyst, all otli~r eXperimental 
~ 

conditions being the same. tlpon further heating the same sBm,ple, the 

pres.sure steadily .d.ecretis~, e.ithough the quan~ity of arsenie present 

was still suffic:ient to. mair1ta1n a soli~ ·arsenic phase~ &.xamtns:tion of 

the syst.em•upon.coo~i~ indicat~d.tb.e.t' tb.e·p~osphorus or. arsenic in 

contact vith ·the ·fi<J.Uid. ~ diasa:l:ved; leaving vary f~ points of 

cbntact between<tne s6lid and 'liquid·. : 'l'blis ·t-he ~trans:te·r 'Of. material· 

between the solid. a.tid liquid pee arne slower and slovrer .• · To min:1m1ze this,· 

miXtures of thallium and arsenic w'~re heated in sealed quartz . tubla's tC' 

.1000~ and then . chilled, tes~l~·ing in a. fine intermiXture of arsenic.·~ 

thai:lium. w1len the~e .mixtures vere again heated. in Knudsen c~ll.s 'W.ith 
. . . ' . . ' 

l;S;rge orifices, the pressures were .-.again about 50 t~s higher than 

<>'bserved 'lolithout the catalyst present, . and in· f$Ct were very close to. 

• '·T. , - ' -1 - -- • • ' , ' 

the ext~polation of .the equilibrium vapor. pressure curve ·detel"iDined at . ...._ ; · ·, 
' . . 

higher t~ratu.res· b¥" sta.t19. methods. Furt.her, ccntimied heating of tbe 

samples gave ec;:~aistent restil.ts, shawing tbat slovness in trarister· bet11een 
. ' 

the liquid and s~l1d. he.s been greatly reduced. The me.in experimental 

results demonstrating the effects .are giv.en in Figure I. The srn.a.ll . . . 

dependence upon .orifice size even in the ,pres'ertce of thallium liquid < 

shows that the transfer from solid to liquid still limits the rate of 
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evapomtio11 t.o some e>;tent p however. BecQ.use of the large arsenic 

pressure vhen liquid tha.llium ·was· ;present, large Knudsen ·orifices 

or a I.ane;,muir type l'l:I.Qasureznent (Wuld have given tao rapid a. loss of 

material for accurate ·measurements. ·sxtra.pole.tion of the thell.ium. 

results to unit orff'ic-e to surface area ratio shows that addition of 

tballium has increased ~he rate ~f ve.porize.tign of ar,seni:c almost 100 

fold. 'l'hus by mea.na ·of the thallium cata.lyst it is possible to 

aecelerate the mte of' ve:porl.~tion · su:ftic1ent~y to sllow th~ · 

detemination -of pressures closely approaching the equilibr1um ve.lues 
. . 

using· a ·Knudsen ce11.of at:m,paratively .large. orifice. To .insure that 

the effusate in these .runs-vas araenlc only, spectroscopic t:'i.l:ml,yses 
'. 

\fere u~ilize4.~ the quantity of' the.llium found _'being· much less than 

in a_ .standard alloy' mixture conteining 1~ thallium, . m ~senic. 
Sim1lar experiments .at-e nvw in progress vith.red ana.. bl.a.ek.phoephorus. 

Alth~ it appears possible to .saturate the 11quic11ueta.1 ".1.1-th · 

arsenic Gr phoaphoruG lr.i obtaining a: large -surface contaat bE:itween the 

sQlld and liquid, the_ :resulting·vepor pressures for tir.sentc a.ppear·-·to 

be. about .40% lower than the ·extrapolation of the equilibrium curve 

cbtain~ fran static met~ods •161 l9,20. with regard to these. static . 

measurements} c.JJns·1derat1on of the data 1!l the literature does not 

enable. the equilibrium pressure to· be fi~ precisely. A cbna1dera.b1e 

variation is found bet·v~een _different investigators 1n the values given 

fer the equilibrium vapcr ·pressures; .and since the molecular constants 

are not known for· the As4 molecule, one is not able tc subject tbe 

data. to a. third la-w check.. Therefore, for this work, e. hee.t ce.pa.c1tt 

for the gas •ta.s estimated, a constant 1£. t'fa.s assumed over the temperature 
p 



range of' the experiments; and the Pbest': .ll:n.e. »:-as drawn throu€')1 th'e . 
experimental points. The eq"'lrl..libr1um. pressures calcu.lated in this 

' . 

manner are thet'etore un~erla.in to ·e. relAtively large degree. The t 

plOt · of the data is shown in Figure n. 
re used over this range w~ .. a.6. 
. p . ., 

In e.dditi·oo to the fact that the eqUilibrium pressure :te un-

certain, the difference l)etween the pr.essures of .the arsen1c-tb.all1um 

eXperlments and-· the equilibrium values may be attr,ibuted to another 
. . 

:facto~· Thallium· ruidoubtedly f~nns .~ .sclld f.olut1on with arsenic to 

some extent and the se.tu.t:i:l.:ted .. solUtion bf e.rst!mic in liqUid. thAllium . 

my not-· be quite at unit activity with respect to pure .arsenic S.Clld. 

In the phospijcrus thallium system· there ~s .a. solid oo:l(~'t1llity·' of ·thalllum 
- ~ . . 

i.n ;phcsph;orus .of. 25 .atomic ~. ~1 _Tl;e results: using liqUid ·1ee.d. will give 
•. 

lt ·1a of interest tc ccmpare the· eqU111~r1um. heat ·Of VR-:POrizatiori . ' . . . . . . 

of '' + 1 .keale at 550Px \lith·. the neat of 41 .kce.ls obtatned fl'tCm,·the . ..... . • #!.,.··· ' . . . ' . 

temperature coefficient of e. ntimber of l.a.ngt!nlir type m~su~Qts ~which 

\1/ere made. The barrier of .8 ltealt1 indicate« by these ·data. shCJl;lld ' "~ 
' . .; ~ . 

eorrespOt'..d to ~ vaporizatton coefficient of exp ..&:Joo/2 
X )So: or e. 

factor of ab,qut · 6. x ~0 • 4 : . The observed e.cccmodation coefri~ients · 
... ,ere of this order of magnitude, aithough. e. d1stt.nct t.rend to Stna.l-ler 

aecemoda.tton coefficients vas ·c>l?s~rved with the smaller orifices .. 

DISCUSSION 

It is believed that same genera.l1zation ce.n be made about s;ystems 

•dth low ·.raporizo:tion coefficients'" From the available Q.ats:, ~mv 



vapcrlza.tion. coefficients ean be ·e1Cpeeted 'lrlhenev~_r the: JDain vapor-izing 

ga.sec;.us species are· not present as. such· iri · the condensed phase and the . 

atoms or molecules in the condensed phase are heldso rigidly that-they 

cannot readily reorganize' to form the main' ga,seoua ~species. ~t a.PJ?eara 
-

.very unlikely that materials va.poro!zing.·pred.omina.~ely to. atomic!' gaseous 

species w.ill -have low vaporization coefficients • Fth1:;her, it is 

r~ona.ble to e~ct that ma.terlaJ.s •a.pcrtzing to Predamil'llltely d!atcmic 

gaseous species \•fill. have low. vaporization coefficients in ca.s~s ·wlier:e. 

the two ccmponent a.tans . are so eepa.rat·ed in· the· condetised phe.se that 
' . . 

they cannct t-eadily ·contact each oth~r. Thus Margre:'le22 ·:reports o. lo-.1 

-;e.pcrimtio:n coefficient for the vaporization .of ma'e;llesium ~tr1de ·that 

vaporizes under equ.ilibrium conditions ·to Mg atoms and. N2 oolecul.es 

because of the separation of .n! trogea at~. 111 the r!g1d ~esfum · " 

nitride lattice. In general we would expect low va~rlza.tion eoeffieieilts 

when the ma.in gaseous ·species is e. pol.ya.tomic .m.olecuie tMt :does not exist 

· ~ such 1n the c:ol¥lensed phase and because of the rigidity of the atti-c~ 

. cannot readily ·,form within the J..a:ttice •. The examples:tof red.phoB_Phom, 

arsenic, arsenic ox1de.1 ammcnium ~lides etc., fe:!l 11i .th1e· cla.Gs. · For . 

a . similar reason, mtaterte.ls that vapo~1ze. :predominately t6 e..t.auie species 

with a vaporl:tati~n coefft..cient close to unity .may prOduce·-~ different 

vapor '.ihen vaporizing in a -~uir type exp~riment c~ ·to ·the · 
.. 

equilibriVlil vapor. Tb1e 1s due to lo-w- vapor!,ze.t1on coof':f1cients ~or 

the various complex polymeric ~pec1es that d.o nc;t 'affect the observed · 

rate of' vaporization materially becEiuse of .their ,amaJ.l. percentage 

contribution, part1cule.:r l;y at lO'.r tett~:perat~es • · HO\fever; ·at higher 

temperatures \f'here they become more 'impOrtant the effect of the po~ric 
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species ma.y becane noticeable. Also mass spectrcmeter studies that ee.n 

detect these minor po~ric species may :yiel4 different results "''ith 

vapors produces in a Langmui1• ty-pe_. exper1men~ ln controat tc a ~por · 

obtained from a. lfnudaen cell vi th ·a small orifice. Although lJ,qu14s 
• ' . l 

general.ly would be expected'. to yield ~per1zaticn ~oett1eients close 

to un1 ty because Cif a better cbinee of rearrangement to prOO.uce the. 

desired molecular species} two interesting examples giving evidence to 
. ' 

the contrary r.na.y be noted. ln the stuo,y by Motzteldt23 of the ve.porieation 

of liquid sodium ea.rbcn..~te .. to produe~ ·sodium a.tans, oXy-gen .molecules.; .and 

carbon dioxide mclecules., he found a lmi vapc.rizaU.on coof'tic1ent which 
' . .. ~ 

he attribut~ ~o t~ diffieuity. o~ bending _.a t.rian.guie.r .earbonate. 1on 

in the liquid tc f'om a linear ~~bon diorlde r:uolecW.e •. Also; .St~sk112 

in his study of the arsenic oxides 1 obs~r-r:es. that aJ:though the va.porize.tt~m 
l . • ' 

coefficient frcm the moleeule.r lAttice modifieat1on (ersanol1 t~) ·is Ullity 1 . . : . ' ' ~ ' . " . . 

measurements made on the supercooled liqtdd. sho\r the vapc,rizattoti coefficient . . . . ·" .·. . :. ' 

.. 
to be conaiderab~ less. In tllia case the attraction 'between adJacimt . ' 

As4o6 molecules iG apparently stronger ·fn the Uquid t_bs.D in the solid~. 

It is of interest to apply the:S~· genera.llzaU.ons to the rate of 
' • f' • • 

-..... 
·.mpcn•izat1on of graph! te fot:' 'WhiCh. vaporization coef'tt.cient.s ~ess than 

f • • 

u..'11ty are kno•.ro to exist. It is of :S.ntereat to no~ the.: ·.black ~bosphoru.s 

and arsenic have structures that are closely. related to ~be graph! te 
. . 

structure and the.t red phoSphorus · .~ believed· elso to have a sSmi.le.r 
24 25 . . . . 26. . . . . . . 

structure. ' Goldfinger 1 Ha.elbroeck c.nd DoehArd have presented a 

model for ·the ve.poriza.tion.of graphite :based on the· J{e;rzl)erg .. Jierztield .. 

Teller model which t;;ooul.d require a J.c-lrf vapori·zat1on. coefficient for 
.. 

mona.tanic· carbon, a.· uni.t va.pc.:riza,tion ccaff'icient f'c,r C21 ~ a much 

larger than unit. vaporization coefficient for. c5. Although their mocle~ 
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is self-consistEnt and quite concei·vable, it ~ouU. :be much more reasonable 

on the baSiS Of eA~rience with other S~Gtema that the atomic products 

would vaporize lrl.th a hie;h vaporization coeff1cie11t vrhile more cootplex 

molecules might have a low vapcr1ze.tion eoeff.1cient-. The more recent 
'' . 

mass speatromet~r results of Inghram arid Cbu;ita5 and -H~ch, Bl.a.ckburn, 

. Dingledy and· Johnston 27 no;o~ cle~ly ,demo~t~te that · manatcmic e-arbon 

must ha.ve a vaporization coefficient' between o.l and J. and couia. not ;have 

a vaporization c~eff1e1ent of 10•:5 as tm~ ~ p~c,sed. Their results 

together vith the· ~r method measurements .... auld be ~Of1S~stent with 

a va.pcriza.tion coeff_icien~- for c2 bet"Y;een 0.5 ~d l, a coeff~eient for 

C around o.:;, e.nd a. coeffi-cient for ~3 of_ abqu.t o.~. _. Th~:s -~ne of . · 

these species could account for the high :vapor pressure c!llserv-ed by · 
.• ; _· ·_ - •-. •. ~.- • ·••. . __ ::· t .''' ·,h_J.; 

Goldfinger, Doehard and t~aelbroeclt u.aing .Knudsen cells vitb. e~~lt: , 
• •• < • • .. .,. '.~ • 

small orifices, and one .is torc.ed to. attribute. their results to e. more . . 

. . ~ .-· .. ~· ; .. . .... 
indica~e that_ the c5 molecule has an. ext~ly low vaporl.~tion co~~~icient 
~ .. • • •• J • • • • ~ ' • • • • •• •• ,.; ' '/ 

and beccmes ·.·er"J 1Jnpo1-tant 1n a .Knudsen cell measun:ment • AlthOU$b these 
·, .. 

mea.aurelt".ents require verification. before they ·can ·oe full~. :aecepted, such 

a 'species •Aould e.dequatelY explai.~- Goldfinger' .. s results as ¥eU a.s the 
• . • ""! • :;· . .. _· • ..~ . \ • ; • • . ' 

various static detenn1na.t1ona of the tote.l vapoJ.• ptreasure_. 0~ graphite. 

Examinati-On of ~he structure· of graphite. shm/a that it \fOuld be 

extremely d1f.~1cult to fonn a. c.~ molecul;e. fran' the grapbite _structure 
. - ,. . . . . 

and one would· expect 0. loi-1 vapori'zation ·COefficient f<.>r GUCb a molecUle • 

From. its required high stability, it must be a. ring or other eanpa.ct 

structure. 
. ' . .· .· . "'8 . . . . ~ 

It is of interest to _no~e tba.t Bre-wpr,. G1~les e.na J~nk.ins 

report that grapb1 te pow-der g1 ves an abno:nnally high vapor pressure upon 
. ' 

first heating that grs.du.a.l.J,y decreases Just as observed with phosp~ortl..S 

· and arsenic, and the same explanation might app~y. Thus imperfect or 
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strained graph~ te crystals might allow the n~cessa.ry distortion to· tom 

c
5 

molecules and thus ·rou.ld vaporize ra6re rapidly than the m6re pe~ect 

eryetals .from which it ·would 'be ~ry dH'ficult to form ~5 mole~ules. 
If the mass 'spec.t·rcmeter obae~tion& of c5 c~n be verified, .. ~ reacy: 

reconciliation of au ·the epparentl.y · ~onta:~di~tory date. on t~ vapor· · 

pressu...-r-e of graphi~e can be ma.de.. v71tb. ~5 the main_ species ~der true 

. equilibrium conditions, one 'itould. expect ·b.tgh va}'Or pr:esaure9: under-· 

static con41t1ons or with Knudoe~ cells wit~ extrem.e~ small or~t~ee~ 
l . . . 

as used by Goldfinger, Ji}ehard. .ana Waelbrot;ak. .However· ·'With tb.e very 
. .!;r: . ' . ' .. 

anall ve.porization coefficient. of probably 10~4 _or ~ler f~r c5, 
other kinetic metho4a cf' detel"Ji4n.thg the ~por ·pressure :Would .give' 

. ! . 
little indication o~ c

5
, . and the measured vapor ~pressures ~auld 

correspond mainly to C and c
3
) as ·the <.12 pressure :ts conaid.embly 

.6lll3iler. As both ? artd c, are prese~t in cam.Parable smounts, thi~ 
. 

le.\: ~alcul.a.tions using total vapor pressure measurements obtained by 
I 

· the usual. Lo.n(911Uir. aild Knudsen methods ~orUl give· the he~t· ot subli.mtl.tion 

· ~f gJ:·a.phite to men...~tomic carbon \.l"itb.in a fi}w kilocalories. !t shm.tld 

' 
be posaible to check the importenee . of c5 by ·U:Sing a ee.ta.lyst a.s .haS 

been done 'dth phosphorus and. arsenic. A suitable llquJ.q. that v.culd . 

. disar::.lve SJ.~:.ipltite '.rithout fprm:ing &'1. intermediate phase or ~ithou.t 

·.~ 

reducing the carbon activity would be llquid. platinum ~r another ·relatively 
·. .· :i 

non-volatile plat.inum group metal. Preliminary a.xperlments "'1 th platinum . . 
and gra.phi te. hav·e indicated. tbst liquid platinum vill dissolve appreciable 

amounts of carbon: at 2100cC. If' ~he same ef'tect is obtained as has :be¢n · · 

observed W'ith phosphorus arid arsenic, one ~hould observ~ high pressur~ll 
'• 

similar to those observed by Goldfinger, Dc..>ehard and Waelbroeck, even 

with Knudsen cells of· large orifice. 
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Further experiments )are '1n progress to comb1ne mass .spectroacop1c 

exsmination with tar~; a!ld ~udsen tYPe exPed.mcnt~ to establish 

the ve.poriza.tto~ coeftic1ents of the miner species .~ well as of the 
. . ~ .. .. 

major species of systems like phosphorus and arsenic and to check so.me . 
. .. ~ 

This work w'tts perf'~nned ·unaer the auspices of the.·Unit~ Ste:tes . . . . ', 

Atomic Energy C~ssion. 

.. . · 

·, 

"··~ j,1.'" 
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