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ABSlTLàÜT

The H:itachi lìMU 6-D mass spectrometer was studied in or-

der to determine the optimum conditions for the measurement of ion-

ízation efficiency cuïves. These condÍtions r{ere then a-op1Íed. to
" the electron-irnpact study of phosphorus trifl-uoricle fronn r,,irich nine

"oositìve ions (pFl*u ttr*, pF*, p*, F*, p**, pF**r tF2*o, pF3++)

and one negative ion (r-) vrere observed.. The ionrzation efficiency

cllrves r,¡ere deternined for alr the íons except P++, and the appear-

ance potentials weïe measured along with heats of formation. The

j-onization potential of PF, was measured. using thr.ee dÍfferent pro-

eed,ures and was found to be IL"63 i O"0Z electron volts. The f¡asrnen-

tation reactions are discussed and upper limits on the ionization

potentials of PF, and. PF are found..
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SARf ONE¡ GE$ERAI, II{IR0DIICT-I0$

AO PAINCIPT,E OF TEÊ DINECTION-FOCT'SIHE MASS SPECTEOT.ÍEIER

Direction-focusing nÉlss Bpeetronetæy d.enotes tbe nethoô of

enaLysis ln which ione forned by tJne elect¡ron bonbardoent (or pboto'

ionizatlon) of a sa,4r1e a¡e acceleratecl ln an elect¡ric fieLó and. sub-

sêqueatLy d.ispersed by a ns€netia fieltl fnto a nr¡mber of beansp each

wttb a specific n¿se to eharge ratio (^/")o lhe Lon bea,ue are in turn

foeused. onto a fíxecl oolleetor where they are detecteð eleotrioally

witlo fr¡rtber a¡u¡¡Llflcationo the plot of the relatLve LnteneitLes of

tåese bea¡¡s agafnst their naaes to ahargp values oonstltuteõ a na,s6 epec-

trun.

3. 10I{S FoR3{ED 8R0M ELECtR0N-IMPACf

The ionization of the gÞ,Beous eaø¡rle ie oarrieè outo in nost

oÊBêse by the bonbardnent of the san¡rle witb lsw enerry elect¡eoneo

As the ionizfng eleetnon bea,n is usually aseelerated throwtt about ?0

volts a¡rö as first ionluation potential.s rsrely exeeeð 15 eleotron voltøe

nuch of the exeess energxr, besides being dissipatecl as kinetio eaerry¡

is abeorbedl into the vibrati.onal modes of tbe noleeule and r¡ninoLocula¡

iliseoaiatíon resultsn AooordingLyl sevêral dffferent processes wil.l

be taking plaae to produee tbe va¡ioue ione ns¡(ing up tbe ¡naee spectrum

(or 'þattern eoef,fícient") of a compoundo Ihe nost oo¡¡non of these

proeesses will now be eonsi¿ered.:

(") Perent lons

îbese are produced by f,he renonal of a slngle elecbon fron

tbe atomio or uolecnlar sBeoies ¿rhiftsfl to the ion soureeo In general.¡



The reacticn may be clenoted. as

I{ * g = M+ + Ze,

The m/e value of the

ionn therefore, gives the nolecular weight of the compound..

(¡ ) I'iulti.p]y-Charged rons

If the electron bea-m is sufficiently energetic such rhat it
exceeds the second (c: qreater ) ionizati-on potentíale then c.oubly-charged.

ions resul-t:

i4 + e = W+ + 3b.

It shou-ld. be noted.u

hov¡ever, that the probabÍiity oÍ' ihe seconcary ionization process

ll=+ e = M++ + Ze

to forrn d.cubiy-charged.

icns is slight, ciue to the relatively low concentration of i{'ioris in
the ion source ô

( -\ tì*^ ^*-^- + T^\ç/ rl"¿igliieil L r-ol1s

Verious bond-d.issociation processes that nay take place Curing

the electrcn bo¡nbarc.ment of the parent species lead to lhe formation

of fra&nent ions. These processes, as previousry noteo, arise from

the excess ener8.y' cotlte.ined. in the parentts rribratÍona.l anci electronic
deg-rees of freeäom. An illustrative exanple for hyd.rocarbons is n-¡uia.ne

{^^^ +: ^-.*^ r I ..\see.r. }g'lJ-re ri which, by one process, can d.issociate to r'ùÌ.ffi an íon

and, a neut::¡i atomz

û&g¡O + e .æ C,nHg* + H | ?e,
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(¿) Metastable lons

If a¡¡ ion is forneil in the ion source witb ercesg energ¡r in

its vibnational modes, it nay not at once dissociate if its rate of

ðeconposition Ís 81ow. rn terns of sraterts theory(r) tni" tine lag

Eay be interXrreteð as t.be tine required for a n¡mber of vibnations H'itb-

in the nolecuLe to cone into phase. Tberef,orer the ions will be acoel'-

erated. towarils the n¿gnetic fielð¡ ùissociating outside the ion source

into snal,ler neut¡ral speeles and new positively-charged ionen fhese

new ione lrave been gfven the nane Hmetaetable iousil in orèer to specify

that they origj¡¡ate from unstable ions a¡¡d. not frorn a prinary electron-

iupaot proeesso The proðucts of these netastable tne¡eitions reaah

tbe eolLeotor along røith other ione of &ifferent naõses br¡t are observed

nei.tlrer at their "origlnal[ Eass nor at their |ttte$'[ I[&88c Most oftene

in faot, aetastable tra¡rsitions occur ia the tna{ts spectrr¡n at non-lnte-

gfal nass nu¡abers as iLlustsateð in figr¡re 2 fot n-buta¡re. The 25"I¡

3O.l+, and. 31.9 peaks comespond respectively to the netastable trans-
/^\

itions¡\¿/

[¿g]*Elztl*+tal
[¡s]+a[llz]*+[re]
[¡e]*=[+¡]*+[r¡]"

Fígure 2 also serves to illustrate tbe fact that netastable ion lnten-

sitiee are quite weak and a.re observed elearly only at h:igt¡er eletection

sensitivities o

Jo Ao Eipplee Ro trlo Fox, and E. II. Con¿on(3) n** developeè

a siuple relatfon for the position of netastabl.e peaks ia the Dass spêc-

x
tffugtó If Mâ is the nass of the frnetastabletr ion f,o¡ened. fron the ùis-
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sociation of an un-"te-iie -orÍmary ion of mass }io, then tire n/'e value,

Itl., at which the rnetastable ion r,¡ilI be observed is given by

r,r = [¡rã]'/lr%l 
"

ln ) F.earran,.:er.,ent Icns\ç /

¿t the point of unirnolecular dissociati-on of the parent com-

por-ind., rearrangernelits may take place in the nolecule producing rearrangeC

+.*-*^-+^ Ill-hi ^r'aÈ;uç!ruÐo -^.-o produces peaks in the aass spectrum that cannot be

accounted for by a sirnple bond-cleavage mechanism. Än example of such

a process is ihe formation of [CUtl]* ion" in the electron*impact stud.¡r

/¡, \of l rl ol-trideuteroethane \*/ o

1^\\r / l\e8atave fol-Is

there are tr,ro princi,oal mechanisrns by vrhich negati*re ions

nay be produced by electron-impacÈ;

/- \(1) electroncapiur:e: AB + e = ÄB- È A + B-eand

(Z'; ion-pairprocÌuction: -B + e = ¡+ + B- + ê o

Tirese ions can be d.etecteo by reversing the ion-optics of the mass spec-

trometer; hoi+ever, measurements a"re difficult to ca.rry out as negative

ions are almost always formed ',¿ith initiai. kineiic energy and as their

intensities are usually nt'ch snaller than thr:se íor positive ions 
"

/\(S) Ion-liolecule Reactions

Às the electron bean is accelerated th.r'ough a narrow path

in the ion sourceu it is apparent that only a fraction of ihe gaseous

sample wil-l becorne i*nized" This leaos to varioüs secondary processes

invoking reactions between primary ions and neutral moiecules. These

seconclary interactions yield. producis ihat tend. to complicate ihe nass

spectïum of a sanple. ^n example is the appeaïanre of the hydrcniun



Figure J shows the l,forse electronic potential curves for a

d.ia.tsn:ic inolecule (or in general, for one of the possible ¡nodes of vi-

b¡'etion of a polyatomic molecuLe) i-n its gf'ound state ¿B and in its first
j-onic excited state AB+" The potential functions are not parabolic,

a,s sn?ected for simple ha:'nçnic ncti¡n, but rise rapidly as the nucLei

approach, while for larger se:*eetions the molecule tiissociates. As

the poten-uÍal fwrction will depenô on ihe el-ectronic state of the moL-

eculer it is possible that the equilibrium internuclear distanc* i,¡ill-

d.iffer in the uppelr elec.tronic state frorn its value Ín the grcuno state,

Ibom the classical picture of vibrational motion, the nuclei

rvould be e:qpected to spend rnost of the tirne at the extremes of their

motion r'ri-th very smal-l or zero momentum, Qua¡ltu¡n rnechanícally, if . the

,$chrod,inger wave equa.tion Ís sol"ved for Þ , the wave fu::.ction for

vibrational statesr then the pro'bability of position of the nuclei is

.1

'l
I

Y=2

I

V=1

proportionaL to lfl'f tl. PloÈting lfl'r"" the first few vibrariona.l

levels r it is apparent

occrlrs at the centre of

the maximr:m fal-ls near

that for the ground state the r¡,axi-mu:q probability

the potential cu:'ve, while fcr the excited states,

the extremes of the classi-cal limitsa

t/ - r\
YV
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Ànd. therefore, as these are the most probable positions of the

nuclei, it follol+s that electronic transitions wil-I nost ]ikely occur

from these points on the potential curves,

Ä,Ðptying the Franck-Condon Principle to these transitions,

tv¡o restrictions uil-I no'ø arise: (1) es t¡te transition must taJce place

suclt that the AB internuclear dista::ce equals the ¡rB+ internuclear dis-

ta,irce, the transitions must be :'epresented by a vertical l-ine. (Z)

Since the molecule must go to a poínt on the upper electronic state

curve where the momentum ís small or zero, the iransition is most likely

to end at either of the extremes of a vibrationa] level (or at the

centre of the lowest level),

Consid.ering figure l-4, the upper electronic state function

is not appreciably displaced from the grourrd. one" Consequently, all

transítions lead to the forination of 1LB+ mol-eeules Ín their ground elec-

tronic state with some vibrational exitation, The ionization poten-

tialn d.efined. as the energy required to remove an electron from the

highest occupied mol-ecular orbital of the molecule in its ground state,

ie rir¡an lrrlLhô û-0r transition which, fron fig:rrre 4-I , is also the most

probable one" As no dissociation occurs, there is no excess kinetic

energ¡¡ oue to fragments (rigìrre 4-G)"

Part of the continuua may be included in the transitions

as índicated in figure l-8. Und.er these cond.itions dissociation frag-

nents of AB v¡ill be formed. as r,rell as vÍbraiionaliy excited ÀB+ mole-

cu1es. It is conr¡enient at this time to d.ifferentiate between the ad.ia-

batiq ionizatÍon potential and the ¡æflicat j"onization potential" lhe

former is strictly defined as the energy reo.uired- for the 0-0r tran-

sition lrhile the latter represents the energy required for the verti-

cal O*Vr transition, uhere Vl is the vibrational- quantun number for
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L2

atr excited. vlbrational state of the A3* ¡oo1eø¡leo Tbese a¡e illustrated

ia flgUre J-3.

Figgres 4-E alrit ¿r*E gíve the transition probabilíties and

the ki.netic enerry d.isbibutions of the fragneats respectivelyc lbe

kiaetie enerry of the products will nary fron 0 to E*r whene E= is tbe

rraEü¡ruû ener$r above tüe dissociation energir of 3.8+ tbat tJre tTansition

in figure J-3 can impart to a fra€nent'

Finallyr as inùicated in figr¡re l-C¡ the intennualear èis-

tanoe nay be ebifted, so far in the "A.B+ nolect¡le that all transitions

Lie in the oontj.¡ourrno A fi¡¡ther easer aLso shown i¡ figr¡re 3-Cr which

is anølogous to thle one ooc¿rs when A3+ d,oes not h¿ve a stable elec-

tronio state. Tberefore¡ all hansitions will Leatl to fra€nents of

AB with kinetlc eaergåes lfiae between E¡ anit Eyr the nêriüu!Ê and nin-

inum energJ.es respectively at which the ve¡rtic¿l tnansition lntersects

tJre .43+ eleotronio state fr¡netion (ffeure 4-I).



13

PART Tr/¡0: IOI{IZaTION EFFICIEI{CY CIIRVES

A. INTRODUCTION

an ionization efficiency cu.rve is the prot of the ion inten-
sity or ion cutrent for a particular n/e peak in a mass spectrun against

the enerry of the bonbarding electrons. Figr:re ! is the ionÍzation

efficiency plot for Ik+ as deternined. by the Eitachi RMII 6-D nass spec-

trometer. This curve is ty¡lical for most species, the ion eugent ris-
ing linearly with increasing electron acceleration voltage an¿ passing

through a marlmurn in the 30 to 50 volt region. At very high electron

voltages (thousands of e.v.), the probability that an erect:eon wiLl
produce an ion v¡hich reaches the collector is a snall fraction of that
for the ?0 volt ""tge 

(8). consequently, there j.s a slight drop in the

ion cu:rent as the voltage is increased above the narinr¡m point in the

curve. Horqever, as figr.re J serves to irlustrate, the change in ion

intensity in the 50 volt region is much 1ess than the change on the

linearly rising portion of the curve. For analytical- purposes, there-

fore, the electron acceleration voltage is usually set at either 50 or

70 vorts, where slight va¡iations in voltage will not be as likely to

affect the reprod.ucibility of the results.

A salient featr¡re of the curve in figrre 5 ís the rfoot'or
rrtail' at the base of the p1ot. This is primq¡iry caused. by the inher-

ent enerry spread in the bombarôing erectrons" The spreaè in enerry
j-s, due to the Max¿e11ian distæibution in the enerry of eLectrons,

being enitted. fron a hot filanent. ,a second reason for the nfootur

is that in sone cases excited vibrational states in the molecule are
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IONIZå,IION EFFTC]E$CT CÏJRVE
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c]ose in energy to the ground state. rf these excited states happen

to be thermatly populated, electronic transitions will take place from

tlren at lower electron energies than for the ground. state transitions.
tsroadly speaking, hov¡ever, the energ:r sp:.ead. in the ionizing electr.on
bean is by far the principal cause of the rrfootrr. in the cu?ve.

r1 1^\rionig\7/ has attempted. a theoretícal anarysis of ionization
efficiency crlrves. -{ssuming the electron energy spread is lrLar,¡ellian

and that arl erectrons with thermar energ-ies rarger thair the r¡ork func-
tion Q r the energy barrier an erectron must overcome to be emitted.

from the surface of a meta,r, reave the fira.ment, then the number of
electronsr dlde(u), r.'ith thermal energi-es between u and II + d.u reavinE
the filanient per second is given by

awe'(u) (Ltn*A/n" ).u"urp[-( 0 * u)/rrr]ou lr)
where m - electron mass in grajnse

i\- = fi.lament suÌface area in cm¿ , h arr.d. k are respectively the pfanck

and Boltzmann constants¡ and. T = absolute tempenature of the fila-
ment' As the el-ect::cns pass through an electrostatic field V before
reaching ihe ionizing region, their total_ energy vill be E = U -F V"

The total 
'umber of ions produced per secoïid that urtimately :.each thç

collectorr Ni(y), formecl by an er-ectron accer-erating aotential of v
volts, is given by

E

Ni (v) = [ iue (u)p (¡)o¡
'ô

/rr \

r¡here p(o) ¡-s

the "prcbability density'r) ttrat an

an ion that reaches the collector,

ihe probability (or more sirictly,
electron r^¡ith total enerry E produces
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The appearance potential or critical vol-tage, Vc, is defined

as the minimum electron enexgy required, for a particula.r ion just to

be forrned from the neutral species. Horr¡ever, due to the 'rfootrr of the

ionization efficiency curve¡ whieh tends to extend the plot to energies

below the appearance potential, the actual point corresponding to the

onset of ionization cannot be accurately d.eternined without further

analysis of the crlrve.

It has been found ernpirically that p(n) is related. to the

Iteïcess energyrtì of the electrons above the aBpearance potential, Vc: (fO)

p(E) = o 1 for El.-( Vc

p(E) = C(n: - Ve)n for E ) Vô 
(rrr)

where n and. C are constants. Iloni-g(9) forrnA empiricaLly that the best

value of n is 2, although the reJ.ation between p(U) and (n - Vc) is

now considered. to be linear for nost cases(8rtO). On substituting equa-

tions T and III into equation II and. carrying out the integration (usinE

¡ = v), 't hen the following expressions for the ion current, Ni(v), aItsê:
Ni(V)=2CtkI.ãhIc-Vj+3kT].e)ç[-(Q+Vc-v)l.r<n](rv)

' for Vr"-( Vc , 
:,:.::.

Ní(v) = crd[er2rF + 4 kr(v - vc) + (v - vc)å]."*p[- Þ/r.r] i--,',

If Ni(V) i-s now plotted as a function of V, these equations

will yieId. a theoretícal i-onization efficiency curve which, according

to Honig(9), 
"pproaches 

an exponential line below the appearance potential.

However, there are other phenomena affectifig the electron

bea"n that a¡e not as conveniently treated. Enerry spread.s nray be caused.

for V )Vc.

[ìr::

f:.:i:

:.:l:ì:alr

':::.{
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by the potential drop along the filament, the fila.raent tenperature (and

therefore the filarnent current), and most important of all , t:¡.e various

ion-repeller field-s in the ionization chamber. These effects can gen-

erally be accounted. for by injecting a calibrating gas, whose appearall.ce 
:,,,,;.,,potential is accurately known, along with the sa.mple. The ionization : : :

efficíeney cÌrrves are then deternÉned. simultaneously and the appeara.nce

potential of the calibrating gas is ad.justed. to its correct value. lhen

by ad'justíng the unknorrn by the sa¡ne amountr a¡r accurate deterninatÍon 
'.¡.,,,..,,a

of the appearanee potential can be made using procedures to be discussed : .......:...:

later . :'¡':tl.':ìl'

3. THE APPTICA'TION OF APPEARé.NCE POTE1VIIAIS

It is apparent that appea.rance potentÍals and ionization poten-

tÍals are closely related. For the electron-inrpact process

A+e=¡++Ze(vrrr)
it foll-ows that

a.l.(n+) = I.P.(À) + KE; + EE

where A.P.(A+) is the appearance potential of A+, I.t.(A) is the adia_

batic or spectrosoopic ionizatÍon potential , l.E is the erccess kinetic, 1,,,,.,,,,ii.,

enerry'a¡¡d'EEistheexcj-tatÍonenerry(rotationa1,vibrationa]-¡and,
':: : ::: 

.electronÍc). It readily follows from the definitions in section I_C

thatI.P.(atliabatic) = I.p.(verticat) - EE.

For the situation where A+, a parent ion, is formed without ..: :

lt''..t"l-,'1:': .a¡y excess enerry, then A.P. = I.p. This is the case for trbanck_Cond.on ;: :;';: : :

transitions as shovm in fig:ure 3-Àr the electronic potential curves of
the ground. state of the morecure and of the ground state of the ion
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being ln alignnento Ehe appearance potential of a parent ion, there-

foren at v¡orst wiLl g:ive an upper limit to the ionization potential;

bencet sone infornation is gÞ1nêd. as to tJre enerry of the highest oc-

cupied. nolecuLer orbital. ïIsually the terns 'rionization potential"

and rrappearance ¡rotentiaLtr are used. synon¡rmousl.y as applied to parent

ions.

The i¡ert gases aire an eranple of tbe si^up1e process ehown

in reaotion (rfff). As the spectroscopio (adiabatic) ionization poten-

tials are knosm to a high d.egree of precieion for tlrese elements, they

are alnost alvays used as callbnating gases in the &aÊs spectnoneter.

Appearance potentials are aLso ueeful in tleter¡nining ùisso-

ciation energ'Íes e^nd. heats of formati.ono The reaction betweeJn an elec-

tron a¡d a nolecule AB eaJr be written

A3+e&A+3++Zeo (rx)

Therefore, the relation between the appearance poteatial e,e.(A+) and

tbe ionizatioa potential I.Po(3+) ie (neglecting KE and. EE);

a.P"(B+) :G Iæ.(B+) + Ð(A3)

where Ð(Æ) is tbe d.issociation enerry of 43. lhis ean be deternj¡¡ed.

if the ionízatlon potential is hrovm ar¡è íJ KE = EE - 0o O¡¡oe the ùis-

sociatíon enerry is hown, other thermod¡menta quantlties na¡r be cal-

culatedo For erq,'ru¡le' the eheniaaL tlissoelation AB Ë A + I .'

has an enthalpy of reaetion tbat equaLs the cllssocÍation energrå

Ð(¿g) 6 
^Er(3) 

+ aEr(a) F ÁEf(AB), (x)

Aceorðinglye heats of fornation nay be ealeulatetL if süffiotent enthalBy

clata is availablen

Similarlyr by reeognizfng that the appearance potentia] of
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-lB' is ni.:.merica11y equal to the j:eat of reaction in
i:hai

(rx), it follov¡s

ri.r"(t+) = ¡nr(¡+) + ¿¡rr(¿) - d{r(¿¡). (XI)
Therefore, the Íonic heat of formation, Æf (¡*), can be deternined,

In the above cases, the problem of the initíal kinetic energry

has been avoided by assuming it to be zero. A useful empirÍcal observa-

tion for saturated- hydrocarbons in this regard is Stevensonrs p.uì-er(rr)

For a molecule -{B v¡here r,p"(A) is greater than r"p"(B), there are tv¡o

possible processes of dissociation, namely

AB+e=Ä+3+(Xff)

anð.AB+e=A*+3.(Xfff)

stevenson has observeo that equation (;rrr) occurs such that Ä and B+

are forned- in their ground. states r'¡ith no aoditional energy, v¡hile for
rea,cti-on (rrrr)u A' r,¡irl- usually be formed" with excess enerryc

i{c}orve1l and. lfarre"(f¿) have shov¡n that iÍ an ion is formed

iuith a;cpreciable kinetic enerry there r,¡il.l be some e_ifect on the dis_

tribution of the intensity of the focussed ioníc bea¡ns reaching the

corlector slit. Therefore, if there is a¡ increase in the wid.th of
the m/e intensity peak,,;ith a change in the ion accele:,ating potential,
a slight defocusing ís indicated due to the initiar energy"

Fortrmatelyo howeveï, many ions formed. in electron-impact

induced dissociations ha'¡e very nea.rly zero excess kinetic 
"n""g¡¡(lJ).

IÏorrison and- sianto=t{r+¡ have c}aimed, moreover, that frag:nent ions with
ev-cess ene"gy give rise to an er.ror of only 0.05 u"vu in the alpearance

potential - v¡ell within the error that is normally associated with fragrnent

ions. Although it is dif,ficult to draw concLusions from appearance
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potentials of fragment ions, ionization potentials of parent ions can

often be determined. quite accurately. How thi-" is done wil] be consid-

ered in the next section.

C. TIIE ¡ETEIìiVIII\ATION 0F ÁPPilÀïlAlICE POTilftr'IlhlS

Hn Do Sn1yth(l5) """ the first to enrploy a low enerry el-ectron-

impact apparatus coupled wíth a positive íon mass analyser to measure

ionization efficiency cur\reso Taking the ionization potential to be

r¿here the ion current just disappeared, his values for Hg++ varied. from

4 to 5 vofts in e4rerimental deviation" Since this time, the develop-

raent that has taken place in instrumentation and er4:erimental techniques

enables ionization potentiafs to be determined to a fev¡ hundredths of

a volt in mean deviation' Neverthelesst it appears that ceterminations

by different workers can vary by as much as 0"5 volts(re) - presunably,

the value depending on the tytrre of inass spectrometer used, 
"^/hen 

obtain-

ing values for ionization potentialso thereforer as determined by elec-

tron-impacto it is desirable that values from several d"ifferent sou¡ces

be consldered and the most consistant values used.

The basic problem i:r interpreting ionization efficiency curves

is the initiat curvature at low electron energies " This renders the

actual location of the 'rdisappearancetr of the ionic current somewhat

d.oubtful. Accordingly, various methods have been proposed, to overcome

this problem, all of theur i-nvolving the use of a calibrating gas whose

cttrr/e ls determined simul+uãrieousl-y wiuh bhe unlinov¡n. i¡or the riost ac-

cr:rate results, i!îitchel- and Colem*n(f Z) have shor,^/n that a calibrant

sbould be chosen whose ionization potential does not differ significantly

from the appeerance potential of the ion being deternined. As was pointed
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out previot¿slyr the ínte¡nal calibra¡rt overcones the errors due to tbe

effect of the various nagnetic a¡ld electric field.s existing in the ion

source. Obrriouslyr these effects will be greatest at the low electron

energies - that isr in the region where the nost precise measurements

axe requiJed.

It would' seem evid.ent that tbe nost desirable technique çroul¿

be to eIi¡ninate that part of the initial- cr¡rvatu¡e or ttfootu in the

ionization efficieney curve caused by the spread Ín electron enerryc

30*(10't8nr9',) has done this by constructing a retarding potentfat dÍf-
ference source which repells the low-ener€y eleotrons ennitted fron the

filamento Recent1y, l{ar¡oet anð Kerwi" (ZO) have used arÌ energy filter
systeu that produces an energy spread. of less thar¡ OnL êovo

Once the ener€y spread has been elinÍnated., it is possible

to locate breaks in the curves copeÊBond.ing to electronic tnansitíons

to exoiteô vibratlonal levels in the j_on. Morrison(?), ,"Lirrg the as-

sumption that the seperate values of the probabilities for transitions

to all possible states are add.itirre, has observed, that the presence of

eacb of these processes is shor.nr by peaks in the second d.erivative of

the ionization efficiencJr curve. Eence, l{arnet and. Kerwil(z0) r"""
able to resolve the fine strucù¡re in argon and. to rneasure vibrational

¿levels in $), N0+, and $, Eowever, fer^¡ nass spectrometers are equiped

with such sophisticated equipnent and more approrinate nethod.s nust

be used.

Generally speaking, the comnon nethods that have been devei.oped

obtain appeara,nce potential-s fron ionization efficiency curves may

sunma¡ized r¡nder two main heaùings! (1) the Linear Extrapolation

to

be
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(i,.e.) proceclure¡ and (e) tUe Vanishing Or¡nent (V"C.) procedureo The

f,irst of these, tJre linear Extrapolatíon nethod¡ is undoubtably tbe

nost ùixect teahrrique and is the easiest to apply e{¡erimentally. The

linear portions of the ionization efficie¡ray surves for both tÀe etan-

d.ard ar¡d the unknormo are sinply extrapolatetl back to zero ion cr¡nent

(see fiÊx¡re 6-¿). Than by acljr¡sting the energy scale so tha,t the llnear

i¡te¡rsect of tbe sta¡da¡d i-nte¡rsects tbe enerry saale at its spectro-

scoBic val.uee the intersect of tbe rr¡nknown¡ íon yieltls tbe appearance

potential n It is arguetl tÏ¡at tbe values obtained. in this lrâ,!f corlr€e-

pond olosely to the enerry necessany to produce tnaneitions throu6b

the centre of the Franok-conclon reg:iorr(zr)n Eowever, in nearry all

eases the ionization potential deternûnetl by thls nethoô is Larger tban

tbe actr¡al value as obtaineð by s¡lectroscopy(Ze¡, snggesting that the

L.E, procedure is only useful for placing arr upper }init on tlre possibLe

values. Consequently, despite its relative eiupliaityr the L.Eo method'

is no longen useÖ"

Insteaal of clisregartling t]re rrfootil of the curve as in the

above G&s€¡ tJre Vanishtug Crrrrent netJrod. atten¡¡ts to d.eternine the ac-

tgal point on the i:ritial curvaü¡re corresponding to the onset of ion-

izatíon. Conparetl to the L.E. procedure¡ the VoC" nethods usually g:ive

lowen results for ionization potentials whicb are in greater accorè

wlth spectroscopic orro"u(23 ).

The orig:i¡a1 voc, techniquêe &e proposed. by P" t. strtu(z&),

wbich he useò to study the rare g¿ses Eerl{er a¡'id Ar, euployed a.nrrin*

itía1 utr¡ward breakrr procedure. Snith atteuptecl uisually to flncl the

point on the ionization efficiency surve where the 'rinitiaL breakrl
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occurs - that ise the point on the curve where the 'rfoot' begins to ob-

scnre the prinary ionization. Once this point is foundt the curwe Ís

extrapolated to zero ion curent, the justification being that the curve

would. fo¡llow this path were it not for the electron energy spreaå. (see

figUre 6-8). However¡ as the plot tends to approach the enerry axls

afinost assyoiptotically, there is rarely a shar¡r break that can be ob-

served with sone degfee of objectivity. In nost cases, thereforet the

aettsa¡ assigning of the initial break in the curve becomes somewhat ar-

bitrary(25). Nevertheless, l4ariner and Btea¡ney(Zó) r,trr" been able to

Iocate breaks in the ionization efficiency eurve to 0.05 of a volt t¡¡t-
/ ^a\

der cond.itions of high sensitivity. Stevenson and Eipple\¿() used the

VoC. "irlitiat breakrt prooedure to determine the dÍfferenoe between the

ionlzation potentials of Ne and Ar. Their value of 5.65 t "I5 êcvo coltr-

pa:res favourably with the spectToscopic value of 5"80r within the "!5

êrvo êrporo It ha.s been for.rnd, hoirever¡ that the ionization potential

d.ete:mined. in this way w'i1L ôepend on several external variables (e.g.

sa¡ryIe pressure, electron curent, a¡nplifier sensitivity)r+hich have

nothing to clo r,¡ith the inheurent nature of the salopfe(4). It nust be

concludeô, thereforee that the "Ínitial break'r procedure ought not to

be applied. where accurate determinations are necessaryo
¡/^n \

n W. !tra¡ren\¿ol has proposeè an ilextrapolateô voltage differ-

encerr technique for finding the point of var¡ishing curent r¡hich is more

satisfactory tharr Smithrs method. Once the ionizatj-on efficiency curves

of the standard. and the unknor¡rn have been obtained., the ion current scale

of either the caU.brant or the sample is arbitrarily adjusted to nake

the li¡rea¡ portions o,f the curves paraL1e1. The voLtage differences
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betr¡¡een the two curves, AV, are deternined for various values of I, the

ion current. Then by plotting av against r and extrapolating the re-
sulting linear cì¡rve to zero ion c¡¡gent, avo, the enerry difference

at zero ion j.ntensity is obtained. ailo is considered to correspond. to

the differencê between the ionization potentials of the sanple and. the

calibrant (see figìres 6-C and 6-I). Although the adjusting of ttre ion-
ization efficiency curves is difficult to justify theoretica3-1y, the

values obtalned. are reasonably close to spectroscopic o*1r."*(28). Eow-

everr it has been foi¡nd that the 'rextrapolated voltage d.ifference" method.

is not suitable for measuring the appeaxa;nce potentials of ions for¡ned

r,rith very 1or+ i-ntensities Qg) 
"

Å method with reasonably sound theoretical basis is the

'rcritical sloperr proced.ure developed by lionig(9)" Taking the logarithn
of t{i(v) ín equation IT and plotting the resultirlg ex¡rression against

the electron acceleration vortage, vu then in the reg:ion of the ,,crit-

ical vort&gê"t vc, the slope of the semilogarithmic cu-rve wil-l be

4= lroe $i(v)] = t/t<t [t/(vc - v + 3kr)i,
dv

At the critical enerry wbere Iiî = Vc, the

È- lrog $i(v)]crit'cal
slope is therefore

= z/3tr.

coasequentlyn by applying a tangent of critical slope zf*n to the seni-
logarithnic ionization efficiency plot, the poÍnt of contact on the curve

yields the appearance potentiat" (see fig,¡re ?_A)

Honigfs idea of using a seniloga¡ithnie plot has been uti-}iz-
etl in a simple nodification by Lossing¡ Tioknerr and Bnyce(:o¡. Their

enpiricar approach is based. on the initial (Iow enerey) shapes of the
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ionization effi-ciency curves for a large numbe¡ of compounds. It r¡as

found that ií the sample pressures of tire standard. and the unknoro¡n

øere adjusted to g'ive the same ion peak height at an electron enerry of

50 e.v.r then 'r,he ionizatíon efficiencj¡ cu-Tves r$rere e4)onentially par-

allel in the region ,n¡here the ion intensities are approximatery one

percent of their values at J0 e.r'" Therefore, by normalizing the seni-

J.ogarithnic cr;rves of the stanoerd. and. unknovm to a l00y'" value at 5O

Ê.v,e the enerry difference at llj peak height is taken as the differ-

ence in the ionization poteniials of the calibrant and the unknotnrn (see

figuz'e 7-B ) .

/rn \Lossing, Tickner and Bryce\)v/ ¿]ee use a simplified proce-

dure to abtain an estimate of the ionization potential that does not

necessitate the deternination of the whole ionization efficiency cur\re.

Once it has been ascertained, that, the curves for the standard. and. un-

knorr¡:r az'e paralIel in the one percent ion current regione it is simply

necesså.ry to ad.just the ion intensities (bl' varying the respective sample

pressures) to tfre sarne value at 50 e.v. a.nd. to measure the electron en*

ergy difference when the intensities of the tr,¡o ions are at their res-

pective one percent values" therefore, an appeaxance or ionization

potentia.l can be d.etermined in a natter of minutes, It is clai¡ned. that

a reprod.ucibility or io.01 e.v. is possible utilizing this procedure.

A slight modification of the method is used by Dibeler and Reese(31)

who normalize the ion iniensities to a L}O,/í .¡alue at ?0 e.v"

Recently, R. E. -'u,Jinters(32) n"u developed an ,,energy d.j.strí-

bution difference'r methoC which involves a símple inathematical trans-

forma.tion of tlre norme.l ionization efficiency curve d.ata, Equation rr
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gave the ion ounent as
r

si(v) E 
J 

ue(u)n(s)æ.

At some other elect¡on acceleration voltage Vlr the er¡lression becones

Ni(v,) * [r"(o')p(s)dn.
J

If this equation is nultipJ.ied. by a constant b and. subtractecl fron the

eqr¡ation for Ní(V), tnen

a¡Ti(v) = Ni(v) - b¡{i(vt )
rÊ | [ne(u) - bne(ur)]p(a)os.

J

Tbe clifference te:m in bracketE is a new enerry distributíon in tlre elec-

tron current, aNs. Eencee the expression can be written
r

Æ{i(v) a /*"p(E)dE.
The nevr energy firnctione ANee Lras a l{axr*e}lia¡r clistribution (see fig¡¡re

f-C) whioh effectively reðuces the spread. in eLectacon enerry to 0.14

" ".,r. 
(32)

Ibe pbysieal significance of a$f(v) is tbat Ít is the ctlffer-

ence in ion current between ionization produced by N elecbons at a voL-

tage V a¡rd. ionization proilueeô by bN electæons at a slightly higher vol-

tage Vt. The best set of parameters b antl AV ( - V - Vi) ca¡ be obtain-

ed fron the ex¡reninental data by choosing them such that the ex¡ronential

portions of the t'Ii(V) anil bNi(V.) curves coinciden When this is the

siùration, Æ{í(V) is alnost zero in this reg:ion a¡ld the effect of the

enerry spreaê in I{e(U) ís eliminÊ.ted. The expression a$i(V) = Uf (V) -

bNi(Vt) produces an lonfzatíon efficiency curve which is aLnost ident-

ioaL to p(E), the probabiLity of ionization (see figr:re ?-Ð)'

In conclusiono any of the conmon en¡rirical nethotls discussed

above woulö gÉve the conect results if all ionization efficienqy curves



had the sane shape and v/ere parallel . As it is, compare.tive siudies

shou¡ that tne raethoos are usually reproducible to i0"l- e.o.()i) of the

spectroscopí.c values when these are avaj-Iable. The problem of evaluating

the appeara:rce potential is mainly one of interpreting the ionization

efficiency curve, which in the cese of fragnent ions is no mean task

d.ue to the la:r:ge number of processes which could be taking pla.ce " rn

shortr then, ionizati-on potentials of parent ions can often be deternin-

ed quite accurately, vhile eppeaÍance potentials of fragment ions should.

be treated- with some deprep of eaution,
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systen orossing an ion optical systemo The basic tech¡ical problen in

any ion source is how to naintain the electron-matter interaction at

a marimrm while nai¡taining the interaction of the tr¿o optical systens

at a minimu¡n.

As shown in fj,gure 8¡ the sa^nple has passeð through an ori-

fice¡ is ionized. by the electron beanr a¡rd. is accelerated and focused

by a set of electrodes situated. i¡r front of the ion cha.mber. Figure

9 illustrates the r¡arj.ous components of the 1-ã{ ion source. The elec-

trons are emitted fron a hot filanentr aooelerateô through the ion chan-

ber by a potential applied. between the fila,nent and the chanber wall

(the ttchanber voltagett)¡ and strike a target naintained. at a positive

potential raith respect to the chamber waIl" [he divergence of the elec-

tron beam 1s nade as sna1l as possible by use of a coLlinating nagnet

(figure 8)o and by a grid electrode located behintl the fila,nent (figu.re

9) which can be varied betr,¡een 0 a¡rd -20 volts with respect to the fiL-

anent. 0n the edge of the 'rpuL1 slitrrin figure 9 æe located. t¡vo iron

pole pieces which serve to concentrate the flux of the external coIlin-

ator magnet"

Ths grid.¡ cbambere and. target volta€ies oan all be rraried by

neans of potentioraeters located on the ion sor¡rce panel " lhe cha:nber

voltage, which constitutes the electron accelenation potentialr cen be

varied íron about 2 to l-00 volts with respect to the fiLanente while

the target voltage is usually rnaintained 40 to 50 volts above the cham-

ber.

The electron enission fron the fila,¡nent, which is stabilized

rvhen the current through the filanent is about J am'¡reres for Re wire
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of o18 rnm d.iameter? has a marimr:.n value of 200 nicro-a¡rperesr although

it is nomally set at a value below 100 nicro-antperes to preserve the

filament" The oument reaching the target should be 50 to 90 percent

of the emission a¡rd ca¡r be inproved by ad.justing the coLli¡oating magnet,

Both the fila¡oent and target are nowrted on glass assenbLi-es to effect

their easy removal, tbe target assennbly also incl-uilíng coils to heat

the ionization chanber (Z5ooc), This is to prevent contan:ination of

the ion source as uell as anJr thezual cleviations in pattern coefficientso

îhe heater coil-s are well removed fron the filanent to prevent any ther-

nal d:istortion"

0nce the ions have been formed by the electron beanr they are

'rpushedrt into the ion acceleratj.ng field by a potential gradient between

truo repeller el,ectrodes (see figr¡¡e 9)" A narÍ-num D.Cn potential of

3600 volts is inpressed between the tþul1 slitt' and the grounded elec-

tæod.es which serves to accelerate tbe ions into the nagnetic analyser

field. Iocated. bet'ween these plates are a pair of Lens electrod.es v¡ÏÉoh

focus the ion beam in the vicinity of the grorrnd.ed exit slit. By ad-

justing the potential on the repeller and. lens electrod.esr the ionic

oursent reaching the eollector ca¡r be naxÍnizedo

(u) Maenetic Anaryser

0nce the lons leave the lon sourcee they are acted upon by

a perpenùlcular magnetia fiel-d wbich curves the ion bea,n th¡ough a !0o¡

I inch radius sectoro .ê,s the spectrum is sca¡ured.r the current through

the coils of the eLectronagnet producing the field increases to 3OO nilli-

arltperesl at which point the field strength becomes 81000 to 91000 gaussô



))

If the background spectru::i in the mass spectrometer becomes

large, it is required tha,t the analyser tube be baked. this is accom-

ñlì^l-ì^^ h:' ^^^^i-¡.- + (''t¡¡ \ .'
-vrrÞr¡Eu vJ i/á¡:;r¡¡6 vE¿srru ¡rvv â,l]lp€res) d.irectly through the tube at

a low voltage (1 volt). The only othe¡ ma.intenance necessaf,'y is to re-

verse the magnetic coil cr:ment from time to time to prevent the permarl-

ent nagnetization of the nagnetrs core.

(") Detector System

the ion bea¡: may be deiecte<i either by a Faraday cup or by

an electron multiplier, ¡,¡hich can easily be interchanged externally,

The ad.vantage of the Faraday cup is its relative stability, r+hile the

electron multíplier is used for its greater sensitivity. In deternin-

ing íonization efficiency curveso the electron nultiplier is almost

aluays used in order that small- ion intensities at low eLectron bombaro-

ing energies ca.rr be detected-"

Once the signal has been amplified, it enters the HoneJ¡,,¡ell

1608 Visicorder" The Visicorder is a 4-channel galvanometric record.er

r,¡ith a ]ínearity of !Yi". urtravioret lisht falling on the face of a

galvanometer is reflected by a srnall mirror attached. to its torsion wire

onto U.Vo sensitive paper r¿hich ahnost instantly reproduces the tTace.

The sensitivities of the galvanometers are approxímaiely in the ratÍo
^- i^ /^ /-2'//9/3/r, tnus insuring a r¿¡ide ra.nge of ion intensities ca¡. be repro-

duced on the graph paperê
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PA&I TICO¡ Ð(PERIMENTAI, CO$$ÐEAATIOÌ{S

The neaswenent of iorrization efficiency eurves involves tbe

careful aonsiôeration of the various inte¡r-related settings on the m¿gs

spectæometer. rhe cha,nber voltagee target voltager grid voltage¡ total
enlssíon ouffent fbon tbe filanent¡ ancl filarrent ounent can al1 be acl-

Justed. by neans of potentioneters as lndLcatecl in figure 10o Sþs shqr¡-

ber potentioneter ls d.oubly;gungecl¡ R& conÞouing tbe voltage on the

chanben waL1¡ while RL j"nsr¡res tbs,t tbe potential difference between

the target ancl the chanben renalns constalrt when the chanbe¡r vo1tage

is 
"ìaried. 

The target vol.tage can also be i-ndependently varied. by ad-

justing R2" she grfd potentioneter, RJu oontrors the negati.ve potenu*

tial on the grid wítb repect to the fila"nento The total eniseion our*

rent and. fllanent cr¡ment potentioneters, Rl anti R6 respectivelyo cou-

troL the out¡lut stages from a¡r enrission stabirizen aircuitn

Often it beoones neoessary to eoq¡romlse between the optingn

sonditions of tt¿o variables in ond.e¡r to obtain the greatest acørraeyo

For exa,qrler figure lL indfoates the Linear deBentlenoe of the ion ín-
tensity for Ee+ on the total. electnon emieeion fron the filanentn Osten-

siblyr it would. seen desi;rable to ehoose the lar€pst enÍssion possible

in orcler to obtain the greatest sensitívityo fiæ ohoice of a¡ emissi.on

cu:erent fe ssmewhat conplloatedl howevere by the faat that lt must re-
nalR constant tbroughout the enti¡e measu¡enent - other¡ø.ise, there will
be no correlation between intensity neasurenentso It has al-so been sug-

gested that the ereetron emission be keBt as 1ow as possibt"(tg'3t) uo"

to ttæ faet that a¡r lncrease oaïses the lÍnear portion of the ionÍ.zatlon
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ÐIAGRAM 0F TEE- CHAI{BEÊ V0LTAGE,
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AET,Á.ÎIO$ ffi&ffiEÏ{ SEE EOTAI, ETÐCTRON

EßIISSIOS Ai{D TËE ION IIIT-ENSITY
EoR Ee+ (u¿î +)

COÐIÎION$t

larget Voltagp¡ ¿ß volts above oha¡nber
Chanber Volta8e t 50 volte
Gritl Volta€e: -I0 volts
Ion Aoceleration Voltage¡ 1800 volts
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efficiency cu:rve to slip along the energy aris and. the rrfoot" of the

cuïve ìncreases.

It has been fott-nd that a set val-ue of ihe emission cr:.rrenr

can be maintained constant at l-ow chamber voltages by choosing an ap-

propriate value f'or the grid. notential. Figure 12 shows hor,* the enis-

sion end filament currents vary with the grid voltage v¡hen the chanber

pctential is in the region where appearance potentials normally occu:'

/' ^ \ ry" / n4¡n1 ^^ \ ,,^^ -i¡i ti ^'ì l rv ^^+ ^+ Én(\ J0 voJts j . I'ne eal-sS:-on (open u¿r'eJ-es / i,Jas rrrJ- urarr¿r Þç u ¿ " -rJ ltlLcro-

amperes for a grid. potential- of -1 volt. As the grid volta.ge ís increas-

ed. (made more negative), the emission reinains constant until the grid

becomes -8 volts, at whicir point there is a rapid decline, The fila-

ment currento on the otner hand, begÍns to rise l,¡hen the grid is at, -2

vol-ts. This increase offsets the tendency fo:'the emission to faIl as

the grÍo becornes nore negetive. ilor.¡ever'e as the fí ¡nent current begins

to l-evel oif to a maximune nû fuf'ther sta.brl,ij-zation of the emission is
*^^^j'l^1 ^ l+.i^ ^ì^..-i^,,- +-r-^-^fyvèÈrulso ¿u .- obviousn therefore, that e gz'id setting above-B volts

is not acceptable for measuring ionization efficiencJr cl:.l.ves. The only

adverse result of rend.ering the grid potential more positive is ihe ef-

fect on the intensity of the ionizing electron bea"rr. This, however,

carrnot be avoícled.

It is desirable, then, to choose the gríC voltage such that

the emission will r'emain constant when the chamber potentiometer, which

control-s the electron energ;¡' is varied over a rn¡ide renge. Figure IJ

il-lustrates how the electron energy varies r,rith the charnber potentiometer

when the grid is maintai-ned" at -2 vo1ts, the emission being 20 micro-

amperes. /ls the charnber potentiometer is changed in the d.irection of



FIEIAE T!'ELTE

rHE ÐEPENÐEI{CE O¡' TM TOTAT
EIÆCTRON SMI$STON AITD FIT,AI{E}rI
CITBRENT O}T THE GRTD POTBNITAT,

o n o o.FILAMENT CIIRREI¡'I

Q . o r.EMrSSÏoS CIiRREt{rr

CO}ïDITIOI{$:

Chanben lloltage: 10 voLts
fa¡get To1ta6e. 4+ voLts above ohanber
Ion å,cceleratioa PotentÍelt 3600 voLts
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FTGITRE 1ETRTEEN

AET,ATTONSHTP BET}¡EET{ TEE CEA}ÍBER

POTENITOMETER READINE A$'¡ EEE EI,ECTROT{
ENERGÏ

(rs ruesunno oi{ a¡r
Ð(tERI{ar pornr¡¡rol¡ptnrc crncurt )

CO$DITIONS ¡

Total Emission Current¡ 20 n:icro-antperes
Barget t\¡¡rent: approxo LÚ" of the enission
Ton .û.caeleration Potential¡ 1800 volts
Target Voltage: ¿*0 volts above chanber
Grid. Voltage: -2 volts
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decreasing electron energy, the enez'gy cha,nge is linear unti] about 2

oovo These reedings ûray nor¡/ be applied to figure 14 r+hÍch indicates

horr¡ the totaÌ emission current varies v¡ith the chamber potentiometer

reaùj.ng r+hen the grid is -2 vo}ts. lhe emission current r.¡as stabilized

at ?-0 micro-anperes at a chamber potentiometer reading of 40, and the

emission rn¡as recorded as the chamber potentiometer ruas changed. in the

dÈrection of oecreasing electrotr energy" As inùicatedr the emissÍon re-

nains constant until the chamber potentiometer: dial is al 3t which from

figure Il, correspond-s to an electron acceleration potentíal of 2 vol-ts

- that is, vrell below the appearance potential of most ions, Corrsequent-

ly, a grid. seiting of -2 r'olts appears to be quite adeo¡ate for determin-

ing ionization efficiency curves.

Fie;ure 14 sho',¡ed. that the elec',,ron energ"jr varies linearly vrith

the chamber po'Lentiometer setting for a fíxed value of the emission cur-

rent and. grid voltage" However, the electron energy does not stay con-

stant if either the ersission or grid. potentiomete:' ís changed rvhen the

chamber potentiometer is in a fixed- position. .!'ígure 15 shows hor+ the

el-ectron energy changes ',¡iih the tota] erûi-qsion current vhen tlte chamber

potentiometer is in a fixed position corïqsponding to l0 vol-ts (o=

measured on ai1 external potentiometric circuit) at a total- enission of

50 ¡,rÍcro-amperes and a grid setting of -2 volts " StabilizatLon ¡,¡as at-

tained by increasing the current through the filaren-u just up to the

point where the emission cur:'ent and filanient current became constant,

-¿Lbove 50 micro-amperes, the electron energy increases, r+hi-le belol+ tnis



FIGURE FOMTEE}I

RETÀSTOT{SETP 3EM¡M$ TEE TOTAT,

EMTSSION CI'ARETfI AND TEE CHAMBER

?OTE}{TIO}'IETER DTAT, REÂDIIIG

CONDTTION$:

target voltage: ¿pþ volts ab.ove cbanbe¡r
Target ourrent: apptoxo Àf/o of enission
Grld voltage; *2 voLts
Ion acpeLeration voltagec L800 volts
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FIGUNE FIEIEEI{

TARft,TIOI{ O¡' TEE ETECTRON ESERGY

WITE THE TOTAT EMT$$IOI{ CTTRRENT

COI{DIfIONS:

Oha^nber Volta€e: set i:ritially at l0 voLts
for a¡r enission of 50
miero-agperes

larget Voltage ¡ 4¿l volts above chanben
Grid. Voltage 3 ^? volts
Ion Aceeleration lloltagel 1800 volts
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poiat, tlre energ¡r renains fairly oonstaut. Atljusting the chanber po-

tentiometer to the sa,ne posltion each tiner thereforer does not insure

that the eLectron energãr will- be the sa.ne r unLess tbe sa^ne erutssion i-s

used. Note ttrat chan$i¡g the elecþ'on enerry by varying the chanber

voltage potentioneter end leavlng the enission potentioneter constarit

does not affect the total enisslon cr¡æent (fig¡¡re L3); however¡ the

converse is not ttrue - aha¡æÉn8 the total enissíon potentj-oneter d.oes

ohe.nge the chanber voLtage when the eha,nber potentioneter is set at a

fixed va .ue (gig¡rre f5).

As illustrated in figure L6r tbe elect'ron energ¡r also has a

sligbt depenctence on the grid voltageo Once againe the eníssion was

just stabilizeð et 50 nicro-arçeres at a chaaber potentíal of l-0 volts

arad a gritl setting of -2 voltso Altbough the cha¡€p in the eleot¡on

eneTgy ís not as great as the cha.nge observed when tt¡e emíssion is varied"e

it is still sigrrificant (about 0.2 eovo for a clrange of 7 nolts in the

grid potential)r inplfing that the griê volta,ge nust be naintained con-

stant.

In tbe above ûeasurenentse an extern¿I potentfonetríc círcuÍt

øas used to neasr¡re ttp electron energy as the meter on the face of the

rqass spectroueter was fou:rd to be insensitive to suall changes in tbe

chanber vo1ta4e, Aecordingl6 the neter can only be used for a Sua]i-

tative estinate of the chanber voLta€e (a¡rd, hence, the eLectæon energy)o

3esídes the above erl¡eriments3 the target voltage was varied or¡er a w'Íde

rarge of oonditions of the eniesion current and gritl vo}tageo Ït was

found to have little or no effect on either the ion intensity or the

eleotron Brrêrffo
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Target c¡¡¡rent: approxê Lú" of entssion
Target volta6e ¿ L+t+ volts a,bove ohanben
Cba¡ûber volta€es set inltially at 10 volts

for a grid potentíal of -2
volts

Ion accel.eratirrg potential¡ L800 volts
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1o obtain an íonízation efficiency cu-rve for a negative ion,

the adjustments on the HliU ó-l must be somev¡hat modified., i',r)ren the ion

opt5-cs a.re reversed (negati-ve to positive) lt Uecomes necessaxy to re-

adjust the repeller and lens el-ectrod.es until the negative ions can be

seen. It is important that the chanber .rolta.ge be set at a point where

the particular negative ion will be formed from the ionizing eiectrons.

'Iìrereforer several positions of the chamber voltage potentiometer nust

be tried. while the voltag:es on the repeller and lens eiect:rod.es are aC"-

justed.. If the ion is formed by a resonance or electron capture process,

then the rea,ction r+iil only occllr over â very narrolr range of electron

YTTE¿ õJ â

Once tire negative ion has been found, and the appropríate ad-

justments been made, the ionization ef.ficiencJr curve can be obtained.

l¡igure i7 il-lustrates the ionization effi-ciency curves for the ío:.rnation

of 0- from a nrixture of ü0 and.0r, The first tvro peaks on the left in

figure 1l represent the iwo electron-capture processes:

02. + e = 0 + 0- (")

and.c0+e=C+0-.(¡)

the next rise in the curve (at about 19 e"v.) corresponds to

the tuo ion-pair producti-on reactions:

OZ + e = 0++0*+e (")

and, c0 + e = C++g-+s. (¿)

Hagst:'r:m(34), using a mono-energetic electr"on beam, has mea-

s-ured the appearance potential of reaction (a) as 6,5 e.v. and of re-

action (n) as 9,3 e,vu Using the filiU 6-Ð, reaction (n) ira,s an e4:eri-

menial threshold. potential of about I0,2 e,v.p uhile the end point of re-
/\action (aJ is somewhat doubtful 

"
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Rea.ction (") is reporte¿ as lraving an appearance potentiaÌ

of 18 e.v. v¡ith a distinct break i:: tl'ia curve at 22.5 eov., ',rhile re-

action (¿) should commence at lLoJ eol". A1though the two reactions un-

doubtably tend to obscure each other, figr-rre 17 d.oes indicate a:r extra-

polated appeararrce potential for the pair-pro'luction process at abcut

18 e.r', âilc} a corresponding break in the curve at 22o2 eov'e i+hich agree
r "4)well r¡ith Hagstn:mt s results for reaction (a) \'/

As an ionization efficiency curve can take from trvo to four

hou.rs to be obtainedo there will be some decrease in the pressure of

the sample, This can be corrected. for in the following way. The rate

of decrease of 'che ion current due to the pressure drop-off can be writ-

ten (Grahants Lavr):

dt - -kr/ [ (*)1/ 2]

^1

where m is the mass of the parent species effusing through the orificet

I is the ion current, and k is a¡r instrumental constant. fntegrating from

time = 0 seconds to time = t seconds: the ex¡lression becomes;

Log Io = lqs I + ut/ (^)L/ 2

To = r .exp lut/ ç*7U 
zi

r¿here Io is the value of the ion current if it were measured at the start

of the ionization efficiency curve d.etermination'

Figrpe 18 shor¡s the relationship betv¡een tiine and the logarÍthm

of the ion ci;.rrent for nfe 44, a fragment formed. in the electron-impact

stud.y of PFr. Irom the slope of the plot in figure 18 e k has the value

1.)j x 10-3. Hence, the ef,pression becomes;
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ro = r.exp l(t.llll x t0-3 * t)/(^)t/21.

Mriltiptying each value of the ion intensity by the appropriate factor

elqp[(t J)i3 x 1o-3 x t)/(n)I/21, *h"re t is the time in seconds fron

the beginning of the measr¡rements, it is possible to correct for the

faIl in Pressure.

Besides the pressure coxrection, the ionization efficiency

curve data must be corrected for galvanoneter sensitivity ratios and

then normalized at an electron energ:f of 50 e.v. (if the Lossing,

Ticlaaer, æd nrycs(3o) nethod. to obtain appearance potentials is being

used,). This is accomplished by analysing the data in the I.B.M. 1620

computer according to the !-ORTRAN progtrarn gíven ín figUre 18-b' The

syrnbols used i-n the progran are identified. on the preceding Page.

0nce the ion intensÍty peak heights have been measused, the d'ata ís

transfereÔ onto I.B.l{. data card's according to the format in state-

nent ?. The corresponding electron energies are transfered onto cards

according to statement J. The onl-y adjustments required involving tbe

object progran is to fill in the DIITiENSION statement subscripts and to

place the appropriate integers in front of the FOm4A'T conponents in

statenent6.Fore:ranple,if3ionízationefficiencycurvesarebeing

determined and. each consists of 99 ion intensity pointsr then the

Dimension statement would read

DrlmNSroN t (g9,3),s ( gg û),r'(99,3),v (l )'m(f )'l (f )'w(l )

while statement 6 r+ould. be

6 FORtvlÀT (Zr+r6F4.1rF5.1 ,T2tr3) .

Àn e:rplanation of the statenents used in the progra¡n can be foirnd in
//^. \

'any elenentarY FORTRAN iext\))).



¡.ÏGURE EIGTÍTEEN-b

FORTRAN PROGRA}1I FOR. A]{AIYSING
IO}Ì-IZÀTION EFFTCIENCY CURVE DATA

DEFTNITION OF TERMS:

N = total number of ion intensity peaks

M = number of ion intensity peaks measured. on most sensi-
tive galvanometer

L = number of ion intensíty peaks neasured on second most
sensitive galvanoneter

lil = molecular weight of the parent molecule

l, = m/e value of the ion

S = tine required. for each scan (seconds)

K = total nu¡nber of ionization efficiency curves to be
analysed.

IA = subscript of the ion intensity peak to be taken as
the 100.00 percent value

V(I) = electron energy (".o.)

X(f r.l) = ion intensities as measu¡ed, fron peak heights

n(f r.f) = intermed.iate storage of ion intensities for
norrnalization .in final Do 1oop

U(f r.l) - nornalized. and corrected (pressr:re and. galva^n-
oneter sensitivities) ion intensities

ïrJ = variable subscripts
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zzJoB 5 24ooo65G D. Toff.GERSON

),r( ),¡t( ),r( ),ur( )

w.FoP¿52

lrlmtsrou u( , )rE( , )rx( , ),v(
READ 6rNrMrL rlf ,ArSrK rIA

6 FoRI{AT (_I4r_F4.rr_F5 .LrT,2rT3)

33

5

7

B

22

L0
9

11

L2
t3
t+4

77

¿)
L7
50
18
40

RF,AD 5,V
FoarrÄT (t6r5.27
READ ?rx
FonMAT (rr¡?.2)
J=1
c = sQRrF(w(.r))
T = 0.0
D0 77 I=IrN
rn (x(r ¡)) zz¡?2,j3
a(fr,f)=X(lrJ)
G0 T0 44
AB = .001333.7
AC = AB/C
D = EXPF(AC)
rF (r-M(J)) 9,9,r0
rF (r-r,(J)) 11 ,Lr,rz
:cn = x(IrJ)
e0 T0 13
t(,¿. = x(r,J) .3 .04
GO T0 13
x¡. = x(r,J).26.84
E[rJ)'= ¡ç[.þ
T=T+S
CONTINII6
D040 I=lrN
u(r,.1) = (n(rr,r)/n(r¿r.l) ).100.00
rF (r-I) 25,25,50
PUNCH l?rA(J)
FORMAT (6ru/U - ,F6 I/?XT13HNOAI{. pK. gr.rgXrl3HENUnCr (n"V.))
PUNCH 18ru(rrJ) rv(r)
FORMAT (gxotr? "z rl-5xrF6 "2)
CONTINTE
J=J+I
rF (K-J) 66rsrï
CÀIL EXIT
!INÐ

66



IEE EI,ECTROT[.1]æJ,CT S[U}Y OF PF3
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ELECTR0Ì'I-II,'FhCT STUI]Y 0F P!'^
J

A, PäYSICiiL tOi'{STÄNl'S ¡llfÐ Cäil}ÍICAL PlìOPIilTI¡S O1¡ PF3

PF3 is a non-fumingo highly toxic, colourless gas r.¡ith a

nrelting point of -151.5 I O.ZoC and a boiling poini of 101 .L5 ! .05

ocß6), Its structure, a.s d.eternined by ltaman spectroscopy(37) a,rru

by electron cliffraction(J8,39) is trigona.l pyrirnidal (Cjw group), ttre

P-F bond distance being given as I.Jl rio (40), I"5z !,04 Ao (lB), arr¿

/^ñ ^^\ /^¡\L.56: "02 ao \)(1'1r"¡. the F-P-F bond angle has been measured as 99o \3't¡,
/r,r \and.j): +o (fg), while the P-F bond energy is 117 icilocaleries per molel+I/,

Booth and Bozarth (36) n"rr" measured the heat of vaporiza-

tion to be 3þ89 cal-ories per moLe uith the vepor pressure being: given

by Log p = 7"310 - ?6L"4/t (p = vapor pressurer 'I = absoLute iemp-

^ra **¡^ \ lr^i ñ.. +r^ ^ ; .r ^^ rçLa.vwerl. vÐrr¡5 ulty ruç@¿ 6ao øppïOXi¡AatiOn a¡d. StatiStíCai meChaniCS.

Potter anci lliStepha.no (42) n".r" calculated, from spectroscoÐic data,

the ireat of formation of PF" at OÕli and- at zg}aÏ to be -2201600 calor-
J

ies per mole and ^ 22LrlJ} caiories per rnole respectively, AIso from

spectroscopic da.ta., r{umphries, l'Ja]-sn, and ,'/arsop\qJl þ¿ys obtained a

lower limit on the adiabatic ionization potential for PF3 of 10.97 e.v.

The difference between the ad.iabatic and vertical ionization potenti-als

is about 0.? e.v. (+l)" thereforen the eppearence potential- of the

PF" ion shoul-d be in the vicinity of 11.7 e"v,

PF, is onl¡' sl.trly absorbed- by water but will- dissolve ra-

pidly in aqueous base(++). 'rúater slor+ly cÌecompose* PF3 to form HF

and phosphorous acici, while at high teniperatures, PF1 rapid.ly atiacks
/t -\silical.4')/, julost of the chemistry of -Pl'q invol.r"" r-*u abili-ty to com-

J

-1 ^." ,,; +t^ +-^* ^iyrç^ wf,v¡¡ ,-*,,o-tional metals, These compowids are usual-J-y prepa.red



(lt
)'a

]tr c:rh¡fi*rr*-in." Plr for an existing ligarrc. (such es C0) :-n a metalwJ ùuui: ul uvvrtL6 
)

^^-*1 ^-, ^i+l^^-.n,r Tî {/ *-¡l-i-lin-n n¡ hr¡ ^"----ìnrrinp, }rio.h icm_n37af1¡æ^^vurrlj/!çÀt ËI v¡¡s¡ UJ .' . Y . +éuldUf,(Jil 9.1 UJ {-¡:- . j-L|?v¿Ito ---o-_ -. -.j-C¡j
/' ¡ t,a\

a.ìiJ. pre-ssu-res \+6e+'( ) .

B. Picl,Ái?åTl0l.tr

tsÎt ís tlsualLy prepared. fro¡ir the action of a meta-T- f-i-uo:'ide

on PC1" " It has been rilade by the direct action of PCl? cn Sb;'r i:i) ,) " )- j
(t,t,\ t¡..\ /, ^\CrrF, \YTl, .dsF1 \+J)s ZnF.> (+U/, and indirectly by ad.ding P-lr to ,. sol-u-(. ' ) ' v ---'----a ')

tion of NaF and tetramethyl sulphone (+g)"

To obtain very pure PF. for use in the mass spâctr.ometer, it
r,¡as found ihat organic solvents (such as tebrahydrofuran) coutC not be

used due to the la:'ge number of organie íon peeks thai a¡rpea¡ed. :-n i- e

aass spectrum" ?herefore, PCI3 (J'lâti-inct<rodt analyticat reagent) L,as

ïeä.cted d.ireetly wíth technica} gratie sbF., (F:."i.ut che¡nical) und.er

vacuu.mr simply by cond.ensing the Pcra ont-o the antinony trifluo:"ide

with liquid nitrogen. 0n1y the first gases evolving fro¡a the :"caction

'¡¡ere used. as sampl-es, and these vrere purified principally to remo'¿e

PClj Uy passíng the gas tlrrough several CO2-acetone or COZ- isopro-

panoi traps. 1'he PF, samFles wef,"e then stored in p}ryex buibs untí j-

used up in i;he mass spec'Lrometer.

C " I,LASS SPECTRUidi CI¡ PF3

Figr¡re fç unoi''* the nass spect*.un of fl'. at, anelect::on ac-)
celeration pote:rtia,l of 70 *¿olis, The nass spectrum has been eorrected

for background. and the peaks c.i-re to -iit:rsgen (rale z}rl¿l), c;rg5¿en (nf e L6fi),
' 

-: 
^l / . / -a -a\ 'and r} (m/e t6 rLTtlB) have been removeci" lhe aattern coef'ficen.'t of PF. is)

grec.tly sin;}ífieo. clue to the faci thai boih phosphorr-r.s end" ffucr:;ne



FIGTIRE NINETEEN

THE },1ASS STECTRITM OF PFâ

CONDTTIONS

Chamber Volta€e: 70 r¡olts
larget Voltage ¿ l+4 volts above cha"nber
Enission Cr¡¡rent: 81 nicro-a¡nperes
larget Cr¡nent. 35 nicro-a.mperes
Ion Acceleration Voltage¡ 3600 volts
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are anisotopic - hence only 10 ions were observed. In addition to

ihese, peaks that varied greatly in intensity from sampl-e to sample

"+e:',* 
observed at m,le 104, 85, BI, JB, )6, )J, and, 20. ',Ilr'e mf e 10+ and

at -^^1.^ ^ø^ .i,.^ +^ q.iI.. * ^-¡ q'- +o)r -ueaKs ¿ir-'e úL¿s vv -r,4 -.* -i!'J'r respectively and. arise, ¡lresumabl;-t

from ihe attack of PF, on the glass sample bottles @S) , The HCI at nfe

38 and J6, and the t} al u,/e.15 +.nd J? ate b¡rproducts of the SbF3 - PCI3

reaction, the iICI being formed from the H20 impurities in the SbI'3 " The

* /^ .rn ^^^t, ^,,^ 
+^ i{Ë. ^¡.i ^^^ a-^- +h ^ ¡^^¡*.ì n¡ 

/r' ¡' \
,!/v .v yso.Àr **o to äF, arises from the reaction of HrO and. PF?\"rYl" tlhe

n/e Blpeaku r^,hich varied. in intensity more than any orn"" n*uirlras not

id.entified-. Tkre pattern coefficients of PI', at 50 and,70 volts are pïesented

in table I (corrected for backgro'.mo).

n " 'IäE IOi'lIZÀTI0i[ POTdi\tTI:iL 0¡' Pl¡3

The ionÍzation potential of PF, r,,as d.eteri¡ined, using ti:ree

of the procedure-. discussed in ihe introductione (i) the i/a.rren "ex-

trapolated- voltage dj,fference"'method.SZ), a-n¿ (Z) the i'Jj-nters I'energy

distribution difference" method bt), and. (3) ttre Lossing, Ticknero Bryce

semilogaritiunic nethod (:O), In all, four ee--cerinlenis ,,¡er"e perforrned

with Kr as the calibrant, table II illustrating the data obtained. for'

e4:eriment ,Ì'13 . The 0.1 volt steps r.;ere measr:red usino' v¡.¿ e::iernal

potentÍoneter r¡hich could be read to at least 0"005 of a volt" The

unprocessed. d-ata is shol¡n as well as the correctecio normaiized data from

the computer, the AI funetion for -v/interls nethcd. and in the fÍna} column,

the ?alues of the ad.justed ?'r íon intensifies used ín the ì'/arren nethod
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TÁ.BLE ONE

P*.TIERN COEFI'ICIËNTS OF PF3

AT 50 ANÐ 7O V0rÎs

70 Votrs

L5 t/2

T9

25

3I

j4 t/z
4t+

50

69

B8

L9

P++

F+

PF++

p+

J¿-

ft'z
pn **"3
PF+

pn*-'2
PF3n

F-

0.86

3.56

6.90

4 "3L

3.13

?o?
) a/J

g.J8

100.00

70.62

2e)

0.23

2 "47

2.+7

).31+

t"59

2.75

9.70

100.00

88.2r

(see figr.ire

Conditions¡ see figr:¡e 19



TABLE TWO

DATA FoR E¡îilRIliEtNT 3

Notes ¡ (I) cha"nge to
sensitive

(II) cirange to
sensitive

second nost
galvanoneter

least
galvarroneter
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EXPERIMENT NUÌ4BER 3 DAl¡"

EN,ÌRGY
(".o.)

ION
INTENSITIES

(")

ION
INTENSIT]ES
(fron con-
puter)

PFr Kr PFI Kr

FUNCTION VATÏIES
= r(v)-¡r(v') ror

Kt

PFr Kr

ó.oo
6.L0
6.zo
6.30
6.40
6.50
6.60
6.70
6.80
6.90
7 "00
7 "10
7.20
7 "30
7.40
7.50
7 "60
7.70
7.Bo
7.90
8.00
8.10
8.20
8,30
8.40
8.50
8.60
8.70
8.80
8.90
9.00
9.10
9 "20
9 "30
9.40
9.50
9.60
9.70
9.80
9.90

.25

"35
.30
.40
.60
.65
.90

1.12
r.35
r.g7
r.g0
2.95
3.44
+.20
5.70
7.70
9.10

tr.g6
t4.85
18 .70

"20
.2L
.28

"20
.39
.35
¡'lV
.45

.0r
r01
.02
.02

"02
.03
.03
.06
.07
.09
,!2
"L7
.20
.27
.))
.44
,56
.66
.81
.96

1.15
r.33
t.55
L.76
2.02
2.35
2.63
2.88
3 "21+
) "57?o<
4 "zq
4 "74
5.r2
5J+3
6.og

- "01
0
0

.01
-.02
-.01

U

0
-.01

.0?
-.01

0
-.01
-.01

"05
.03
.07
.07
.!2
.13
.19
.20
.26
.3L

.37
"48
.57
.67

"5?
.78
.92
.7?

?.60(t) .50
e.75 .62

l-0 .60
L2.30
L4.50

.7?

.85

.90
t6.60 l.l0

2 .r5 (rr )1 .00
2.40 1.40
2 "70 I .71
3.10 1 "Bl3.40 2.20
3.67 2.68
4.05 3 "404.40 ) .?g
4.78 3.97
5.05 5.10
5 "55 5.78
5 "go 6 "796.r5 8.55
6.78 10.81

.01

.01

.01

.01

.02

.02

.02

"03
.04

"05
.06
.06
.08
.L0
.r2
.15
.rg

-.01
0

Õ

0
-.01

0
0
0

.01
0

.01

.01

U

0
0
0

.02

.02

.02

.02

.04

.0¿+

.04
"05
,07
,09
.11
.11
.L5
.18

"22
.27
.35
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ÐcpEruMEi{T NUT.IBER 3 DATÂ (cowrrmru)

ENERGÏ
(" .v. )

UNPROCESSED
ION

INTENSIÎIES
(*)

NORT'IAIIZED
ION

INÎENSIrIES
(fron con-
puter)

Æ I/,IARREN

FTNCTION VAT,IIES

= r(v)-¡r(v') for I<r

10.00
10.10
10.20
10.30
L0.40
10.50
L0.60
L0.?0
10.80
10.90
11,00
l-1.10
11.20
11.30
11.40
11.50
11.60
11.70
LI.80
lL.90
12,00
].2.50
l2.90
13.50
L).90
15 "41
20.62
25.8+
40.13
50.00

7.00
7.40
7.88
8.21
9.60
9.07
9.55
9,95

L0,25
10.57
10.74
1r.24
LT.55
11.91
l-2,38
L2.79
L).26
L3.42
13.78
14.19
14.40
16.47
18.&¿+
2'J. "96
23 "33
27.43
62.68
74.48
69.72
6?.7t

t3.03 6.39
t5 .79 6.87
6.60(t) 7.4t+
8.25 7 .88

10.50 8.39
12.79 9.00
15.05 9.63
t7 .76 10.20
20 .47 10.68
2).72 1r.20
26.64 ],]-.5?
29.65 L2.31
)2"54 l2.87
36.69 L3 "+9
39 .?O Ll+.26
42.7+ t4.9?
45.81 15,78
50.5L L6.24
5) .55 L6.96
57.65 r7.75
5g .38 18.32
80.34 2r.30
97 .08 24.25

127.19 29.36
t38.t7 31.7L
rg .5a (rr )38.1866.61 88.08
98 J+5 106.¿}1

tr6 "66 L}r.?7
lzz,58 10o.oo

.24

.30

.38

.+9

.6j

.79

'91+
1.13
L.33
r.56
L,?9
2,02
2.26
2.59
?.85
3.12
3.1+0
3.81
þ.11
4.50
4.?r
6.t+g
7.97

ro.62
Ll-.?4
t+ "93
5t.67
77.66
93.58

r00.00

.0 .44

.o .55

.o .69
-.01 .89
-.ol 1.15
.0 L.+4
.04 L,?l+
.oþ z.06
.07 2.42
.08 2.84
.L3 3,26
.lB 3.68
.2L l.l,.11

.19 l+.7L
?1 ( lo.J- ).¿t

J6 5,58
.40 6.Lg
.36 6.93
.53 7.48
.51 B.L9
,?+ B.50

11.81
L4.51
L9.33
2l'37
zZ.3z
94.56

T42.T?
L?r.25
183.00

l.r5
1.0?
1.11
L.3+
I,)9
L.4?
r.55
1.7+
r.93
2.0L
1té*
2.04
2.35
?.43
2.45
2.67
2.76
3.2L
3.r1
3.22
3.5?
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in order to nake the linear portion of the Kr curve parallel to the

lÍnear portion of the PF, curve (see figure 20). These latter values

¡¡ere obtained by nultiplying the Kr data by the ratio of the s1-opes

of the Kr and PF, cr:rves in figure ZO (1.83). The ÀV values were then

obtained as shoi,¡n a¡rð were pi-otted against the ion intensities (fig-

ure 21-A) o The plot was extrapolated to zero ion cr¡nent and the

ôifference between the ionization potential of PF, and. K¡ was ob-

tained "

Figr:re 2l--B shows the detail of the senilogarithnic nol.m-

a}ízed plot in the regions below l"/, peak intensity. The curves were

for¡nd to be parallel at o.)TL intensity, at which point the difference

in the ionization potentials of I{r and' PF3 was taken'

The av fi¡¡rctions were obtained by using ¿ av para^neter of

0.I vo1t, a^nd by calculating b fron the slopes of the exponential

portions of the ionization effj-ciency cu'rves. These are plotted in

figure 22 for exPerirnent three.

TabLe (fff) indicates the results of all four ex¡rerinents

along with the conditions of measqrenent. The grid was set at -2

volts and the terget voltage was k4 vol-ts above the cha"nber potential

for all four er¡reri¡ûents.

E. IONIZÄTION EFT'ICIENCY CIIRVES OF FRÀGI{ENT IONS

The ionízation efficiency curves for the ions in the ¡¡ass

spectrun of PF, are presented in figure 23 to 29 inclusivet exceBt

for the n/e L5 tfZ ion (p**) ..,¡hich could not be neasureô due to its

low intensity. For the positive ions, both the senilogarithnic and



FTGIIR.E TITENTY

BXPERII'.EI{T NUI\ÍBER 3

THT] ADJTISTING OlI TAE LINEAR PORÎIONS OF THE

Kr+-r.E. cirRvE To BE PÀRAILEL I,J.ITH 'rHE
PFa', CURVE
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FIGURE TI'ENTY-ONE

TITE 
^V 

ViIRSüS ION CURRENT PLOT
FOR EXPERIIVI!]NT NUMBER. 3 D.{TÀ

DETAIL 0F THS LO'\^I¡IR PART 0F Îiül
SE}ÍIIOG¡.RÏTR{IC I.E. CU$\TEfi FOR
EXPIIRIIIM]NT NUI{BER 3 DATA
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FTGIIRE ÎI,,JjTNÎY-TWO

AI FUNCTIONS FOR llr AND

PF3 (nXrrarurNT NUiujSER 3 D},TA)
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TABTE THREE

IONIZATION POlÊNtIAr 0F PF3

&

E)G. EMrSSrOl{ rON AtCEt. 'ì,,,I¡.RREN L.T.B. 
"'¡ifuens 

sr¿r.ql¿nls
nicro- VOITS VX.LUES VÄLUES VALUES

_ a4pcles-

I 70 36oo tL,72 L!.& 11.?8 KrB4

2 70 3600 11.90 :-:-.5g LI.6g Kr8¿r

3 50 1800 11.82 LI.65 :-:-.5Z tu86

4 5o l8oo 1r.9r tr.6j tL.56 rtu86

Average 11.81+-.06 11 .63!,ûz 11.641.09



FIGU'RE 23r I.E. CIJRVES FOR
PF3+r 6¡+, PF2+

FIGURE 24: Sm{ItOG I.E. CU;ð.Vil$
FoR PF3+r Kr+, PFr*

FIGURE 25r Í.8. CIIR]IES FOR- Ar*r P+, F+, PF2++, PF#

FIGIIR.E 26: SñfiL0G I.E. CURVES FOR
Ar+, P*, F+, PF2++, PF#

FIGIIRE 27¿ T.E. CURVES FOR

Ar+, PF+, P!-3++

I'IGiIRE 28: SEMILOG I .8. CIiRlfE$
FOR Ar+, PF+, Pr3++

Condi"tions

Target Potential z 44 volts above chanber
F.mission Current z 70 ntÊr,o-anperes
Target Current: approï. 6f/, of emission
Ion Acceleration Voltage: 1600 volts
Grid. Voltage: -2 volts

&rerry scales aJre uncorrected.
ïon j.ntensity is normalized. in aL1 cases
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FIGURE TìdENTY-NINE

IONIZATTOI\I EFFICTENCY CURVE T'OR F-

Conditions

Gríd Voltage: -2 volts
Enission Current. 50 uicro-anperes
Target Current: approlr. LVo of emission
Target Voltage ¿ 44 volts above chanber
Ion Acceleration Voltage: 1800 volts
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the normal curves are given. The appearance potentials fo¡ these ions

are presented in table (fV), as estinated from the ionization effi-ciency

curves either by the tr"l-a¡¡en (w) or Lossing, Ticknerr Sryce (1,.T.3.)

nethod, whichever was more convenient. Also tabulateù in table(fV) are

the probable processes of fornation and the heats of fornatlon for

someoftheions.IheionizationpotentialofArwastakenas!5.?6

a¡rd of I{r as I4.00(f6) .
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T^iliti FOUä

ÀPlrjililÄÌtfC,l POTII'{TI'LS Oir ir;'JiGi'i.'lNI
I01,lS r:l'lf ü¡ii'l'S Ol' ¡'Cä'L='IIOI'í

IOI{ PROBÀBL¡ I)ROC¡SS ji 
"P " i'!ì'l'80¡ Ai{i

(e .v. ) usu¡ (tc.õa: . )

,u'Z* PFr+e=PF2++F+2e L5.5 (trB) Ð5

36.0 (w)

?F+ (r) rr,'. * e = PF+ + ZF + Ze zo,5 (*) z5o
(z) py'+ e = Pr¡+ + ze iz."/ (irl)
or Pi?z ..t- e = PIf + I. + 2e

p+ (r ) rl. * e = p+ + 3F + 2e (t) sz.s (r'¿) 5L5
(z) r { e = P* ,+ ze (z)-t+ (ltt)
orP¡'i-e=P++'i'+Ze

jì,+ pF *e=21n*po¡n*
)

++
nFj" P¡'J+"=PFj +3e

,ur-- uu3*"=i'.þ'z+*+Je+!' -40 (i,TB) -6ga

pl.1-+' p¡."+e=pÍ¡+*+2!.+)e -40 (r:itr) -698-- )
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(r) PF3*

DISCUSSION OF RESULTS

PF3+eEPFä+2e

fhe senilogarithnic nethod of Lossingr Ticknerr arrd Bryce

wag considered to be the least subjectíve of the three method.s used.

to tleternine the ionization potential of PF3. For this reason, the

LL,63 *o02 e.v.'value is taken as the rrbestrr value for the iorriza-

tion potential. However, the results of Hunphriesr \tlalsh¡ and War-

l¿a IsopfrJ/ srrggest that the appeajranoe potential- ougttt to be 11.? e.v.

or greater. tr'or this teasonr thereforer the hla¡'ren method. r¡alue of

]1.81 *.06 ecvc cânnot be coupletely ôisregarded. [he lJinten"'[s¡1-

erry difference clistributionrrprocedure was found to the nost sub-

jective of the three method,s¡ as the point of ild:isappearance[ of the

AI firnction wag often soneÞthat arbitraryo Ne'¡ertheless, it is felt

that the Winters nethod. will yieLô excellent resuLts in situations

where the ion intensities can be measured. to a h:igh degree of preci-

gion.

Using LI.63 êrv, thenr as the ionizatioa potential of PF3r

a¡rd taking the heat of fo:mation of PF3 as -22!.!J kilo-calories(þ2),

the heat of fornation of erl is 46.f kilo-calories.

(z) PFå PF3+e=PFå+F+2e

The appearance potential of eFf was measured as 15.5 euv.

therefore, Æ )--ff(ff2) + D(FZP-F), where AP is the appearance poten*

tial, IP(PF2) is the ionization potential of PF2, and. l(FtP-F) is

the dissociation energy of the F2PJ bond. The appearance potential

ca¡r atso be writte¡r Æ )-ïP(PF3) + l+(r¿-r), where f1r2e-r¡ :."
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the dissociation enerry of the f2flf bond. The average bonä energy

of the P-F boati is 5.1 ".o.(4t)r and if this can be taken as a crude

estination of D(Frr-F), then

r¡(prz) --< er(ml¡ - 5.L

.-( 10.4 e.v.

Tbe upper Ìinit on the ionization potential of PF2 is quite

reasonable as Ít r*ou1d be expectecl to be less than the ionization

potential of PF, (ff.63), due to the fact that there are fewer elec-

tron wÍthtlrawing groups on PF2. Fron the ionization potential of

PF3r it is also possible to calculate an upper linit on o+(r2r-r)

of 3o9 eov.

îbe only other possible reaction to forn rfl is

PF3 + e Ë PEä + F- + e

for r,¡hich AP>IP(PF2) + l(r2r-F) - EA(F), where EA(F) is the erectron

affinity of F-. Taking EA(F) as 3.6 ".o.(50), 
then the IP(PF2) woultl

have an uppen linít of 1fr.0 e,vo This could conceivably put the TP

of PF2 over that of PF3¡ wbich is higbly rrnlikely. If this reaction

were at all prevalentn ûorêovêÌ¡ a large ion cu.rrent due to F- would

be expected as eff is the nost abr¡¡rda¡¡t ion in the nass spectrulne

Tbe fact that little F- is fo¡med ind:icates that this reaction is

improbable.

(3) PF+ (") PF3 + e = PF+ + zE + ze

(t)PF+eÊPF++2e

(c)PFz+ecPF++F+2e

i¡ron figur e 28, it is evid.ent fron the shape of the j.:ottzza-
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tion eíÍ'iciency er.lrve that i'¡-+ is forned. by tr¡ro processesr oíIe oceur-

ing et ZO.J en."r"r ê.nd- the other at LZu? eovn For reaction (a), the

appearance poiential can be r,¡ritten AF ) IP(PF) + Ð(F2P-F) + l(nr-f').

Assuming that Ð(F2P-F): D(FP-I'): 5.1 oovo, then IP(p¡')< 10"3 e,v,

Again, this is a ieascnaþle va-l-ue as the io::ization potential of PF

l,culC be expecied tc -i:u. less than that of PF, or ìrF3 .

Otlrer processes considered for ihre íormation of Pi'' at 20.¡

e.ï, h'eTe

)
+

¿- Þ5* ¿¿-

_r

- ll51* ¿1'

J
(.t .) ,,' (u ) t"j

(¡) FF -i

(c,: P +

l'z'om figur e 26, F* i*

çne at 32.3 e n".î * a;itd *m* aL - 14

+-e

+?tr+

+i¡Ze

+2e

from two cliffe::*n '; r-::i.-*üeËs*s,

reaction (a), tne i,ä:;*n:'ance

-F f -3'

?I,r-

Howeve:", these rrrocesses ruoul-ô put an upper'l-irrrii on the ioniza'tíon

potenti.rl of about ]4 and. 1? eov. resp**tiveiy, which ses¡ls unreason-

able as c;içarect to the icniza'¿j-on potcl. ',ials of l!'^ ano. l:.l¡3 .

For reaction (b) and (c), ttre PI, and PF r,^¡oul-d i:rsst l.i-kely

be forned. fron the ¡nermal deccmpcsition of .-i¡J cn tne îll-.anir.ez"i:. Íf

reaction (U) r+ere prerralent, tiren l-P(PF) -< 12"?, r';,lri-le il' rea.ct::r- \?.

oc cur:'ed, IP(i'f ) .-( ?.ó. ias it has already been e.st¿'o'ir.hed that - -'('Fi

-< it,J, if reaction (b) occurs, then at least 2.4 e.v. eïcûsl tìr\n-r\J.

r*ust be irnpar"teC to the Pil- ion, Äs this is rather *xce-qsive f),.:'z t, si.rigie

fia.¡:ueirt to pcssessn reaction {s) i=, perhapsu to be slrghtiy fa,'.rûured"

c-

e=

P

+
P

+
!)L

also forme<i

Ð .ìtr q itor
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potentiaÌ can be'¡:r':-tten ÂP = IP(P) + 3l(P-f). Using a galue of 10,5
' f ./\

e.v. for the icnization -potentia.I of P- "o', the appearance potenti.al

would therel'ore be 25uB e"v. 0f a.ll ihe possible processes, this cor-

responds the rnost closely to the e;per'i rnenial- val-ue of 32.3 e.v. Some

other concei vabie processes with thei:: theoretice.l a-ppearance pctentials

Ín brackets are!

Pu3+-=

/\¡1/ i'lr- * o\*/ '- 
3

l' '\i0l

l";

l¡ \
\q./

/\\el

Äs ihe app€arå:rice potentiai

rt
Jr

P+

P*+

2î+

F+
-{.

F+

Ê"rlâ âq

F-+

zlt'

ttr +

clcse to the e:r-p e::imei:¿r,'aX.

(zz "z)
(re.3 )

(+z.l)

Alìñ â2ïò-llone cf these -r:eactionsu howeveru

â:ì4¡ -ñÕ+êniì ql eq nora'lì nn lt )Ç:: ¿¿ ev vçr! uie: cù ¿ géW V¡VI¡ \O,/ t

Ior the second. processu tr.ro :rea*tions are pcssi'i;le" Iìeaction

(U) iras a theoretical appezr;:-l.e ootential of L5,6, ''.'iri-le the theoretical

appeerance pci;entrai of ïeåc'uíon (") :-* i0.5. llither" cf 'cltese reac-brcns

could occur¡ therefore, for tlte process at l-4 e,v,, rea.ci-tçn (b)u peihaps,

being slightly fa".rcured. 
"

l.\ t.,*
\) ,t 'r

SeveraL reactions can be consid.ereC. for rhe formeiioil of ¡'+

LOnS 3

()i

J-u'¿rrr¡r+2er ' "t )
+¡'+PF+F+
+

F' + P + ?tt' +

+F+P+2f-
+F' -i. P + b- -F

T.¡' is 16 ,0 g reacti on

(zz "T)

(zz .t)

3z -z)

(l6" o j
/^^ - \e \ tY 'r )

woulc- s**¡: to be

lj-r

tri I



favcured" I{owever, reaction (c) cannot be discard.ed., e.specially since ít
t.- \

occurs for compounds simil-ar to PFq \)l'l. Reaction (c) is also favoured
'h:¡ *l¡^ {-^^+ +h^+uJ urrb) rii,uv ,,r¡a, the ion intensity for l-- is srnal-l , although it should. be

at least tvrice as large as F+ if reaction (O) occurs,

(6) urj-' tFl+eett'3ou+3e

The measured appearance potential for the peak at m/e 44 was

13 '9 e c"r¡ø trhich correËponds closely with the ionization potential of üû*
(t á':(r:.9) t"'n Therefore, ttj-'is almost certainly rnaskec by the CO, -nack-

SoL:r:C at lor"i electron energies. As the mass of CO, is 43,gBgB and th"e
++

wf e v:-lå:*;e of Plr, is 4l "9955, a resolution (1,/uqj of ren ;housand i+ouLd.

be required to spl-i-:. ,i! the t,,ro peaks.

{ ry\ iiì-

As indj.cated- in figr.rre 29, tr' appeâ,rs to be fcrmedr over a vo'irie

r"4rìóÈ or voiiages at a very ]ovr intensity. Âs rescnance captare pïrcesses

occrlr onl¡' 9y"" a rarlge cf a fev¡ volts, if F- i,s formed by electron-imp¿g¿,

then it l¡ould. have to 1re by an ion paÍr-production reaction. Hol¿ever, this

r+ould involve breaking a P-F bond. ( j,l env, ) as weil a.s tlte energy ï-e-

quired to ionizr the positive ion. 'I*.e electron affinity of ¡ (1"6 e.v")l

is not enough to acccunt for this ener€ff, and theref,o::e ii; i,¡ould. have to

be provided. by the Íoni zin¿ electrons, l.i conceivaì;j,e process in i,¡hich onl:¡

one P-F bond ís brorren a.nd the pr-såtive j *n has a rela'r,ively rc,. a'-j,lila-îa,:ce

potential is:

Pi¡+e=P-r+F-+e

The enelgy required for this reaction is 12n0 e"v" Howeorer u h1,e 1¡- i-cn
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is observed at energ'ies v¡ell below this region ( tigure 29 ), The presence

of F- must therefore be accounted. for by sogle other meaJrs than electron-

imi;act; that is, the ion most likely ayi.¡es from the d.econposition of P!',

on the filament" Once formed, the F- ilns r,¡ould be dral¡n into the chamber

by the electron-accelerating voitage, from'¡¿hich Foånt tl¡ey øould be ac'ued

upon by the ion accelerating voltage and. rvould. appea.r, in tho nass spectn:m.

There seems to be no other explanation for the forn of the íonization ef-

ficiency curve of F-,
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. CONCTUSIONS

Ao The ionization potential of PF, Ïras measured as LL,63 !.g2

(Iossing-Tickner-Bryce Nlethod), 11 .6+ !.09 (htinters Method).

and. 11.81 1.06 (hrarren Method.) electron volts. fhe semi-

logarithnic method of Lossing, Tichaer, and Bryce was

found to be the least subjective of the three nethods

used.

B. The appearance potentiaLs of pF2+r pF+, p+, F+, pFr#r and

PF+ were obtained. anè the heats of forr¡ation of PF3+, pFr+r

P+, PFr+ e¡rd pF++ vere calculated.

Co fhe probable reactions of dissociation of PF, were ob-

taÍned fron consid.erations of the .åppearance Potentials.

The origin of the F- ion was not tlirectly from electron-

inpact, but probably arises from the dissaciation of PF3

on the fila,¡nent.
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