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CHAPTER I 

IN'l'RODUCTION 

Sir J,; J ... :rt1on1sor1 Vias first to rt:cognize the in1portan.c.e. of 'ITlt:t.s:~ 

t,p>2ctrometry as an annlyt:ical tool. and in 1913 (1) be desc·ribed the use 

of his parabola mass spe<"trograph in the analys:Ls of very sma1l samples 

of gatoes and for the d~termtna,tion of atomic and n:.olecular wei.ghts. The 

weal th of chem:! cal :Lnfonnation which could be extracted from mass 

specti~a1 dattt pro:mpted researchers tc devise 1na11J" te.ct1niques for rnass 

spectrom,1tric i.nvE,stigation of cherdcal systems, ;:ind by the 1950's the 

mass spectrometer had ac:hir,vcd th<0 status of a necessa.ry tool for 

chemical research. 

The mass s:pectrometer Lc,; an Jnst:rtrment designed to produce ions from. 

a gaseous sample, sep:;.rate. the ions accordi.ng to their mass-to-charge 

(m/q) .rat:i.o, and measure the rE;.1stive number of ions of a given m/q value. 

The mass spectrometer .i.E; eften used for both qualitative and quan.titative 

analysi.s of 1aixtures, and the mas~~ spectral f:ragmentation pattern enables 

strui:::tural analysis of many con1plex molecules. The mass spectrum. a plot 

of relative ion abundanc,~ t,.s a function of m/q valus:", is familiar to 

c:.hem.ists as a tool for compound :tdent:U:ication~ but mass spectromotric 

data. also provides valuable inf ormat:i.on about the energetics and bonding 

in molecules. Si:nc,e the use of the. mass spectrometer to obtain energetic 

measurements is ofteri less familiar to the cbemJst than is the recording 

of matrn sp1cictra, a descr:l.pt:Lon of these measurements is presented here 

to fad .. 1ttate later disc:uss:t.ori of the experiments conducted in this study. 

1 
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s sp12c.tr0Illf2ter 

tt1re processes 
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and ion p tiOtl 

AB+ e 
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the ionization i,~ff.i 
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energy required for i 
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For th.e dissoc.Ji::1.t:i.Tb?: tron capture proc,ess 

appeara11ce ven 

AP ) 

:ts the bond dissoci ti energy for the bond broken in the 

formation of thf~ In each of these process,~s the electron 
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is captur2d by tbe -molecule and must have exa.ctly the right amount of 

~:nt:rgy to satisfy tbt~ appearance potential re.latiot1shipt, If the k:bet:!.c 

energy if ions a 1:e formed having a range 

of k.in,etic e11(~rg:Les tnen. e.lectrons of a correspond.i.r1g range of energies 

Ion pai;r- formation (rea.ction .)) is observ{:.>d ut electron energies high 

positive and a negative ion, and stable ions m,;1,y be formed by coJ.lision.s 

:is thus .less 1ikel7 

to he forrned ir1 an 1-1nBtable excited st:a.1:e by h:igl1 energy* electrons tl1an 

' .. 
i_ltl.,,,:,ic pt C)C0SS J; 

{ "') (\··· 7 \ .. .t.v Tore) so th,:1t ions form.z:d by tt1e processes described above may be 

ins trurnerrt Roi,i::ine .:malyt:lcaJ app]j.c.atlor~.s of mass spectrometry are 

ce;3scs invol:"..;ing s.Ln.g1e. coll:Lslons of atcYm ... s or m.olecu1es 'VJ:lth elec~.tr."or1s 

Ion-Molecule Reacticr1s 

Ions fnrmed by processes described above cH"'e termed primary ions 
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tude fast.e than free rad:Lca react:i.mrn) :tonic reactions must be 

of th.e ) i i11 additiori to fl11rnes arid gaseous 

dis 

cant role the cal 

the tern .. 

Hut 

tricted to gaseous sys 

molecules 

, and the effect o ionic 

s tui:e on ascerta,ir1 

reactio11s of 

LOI1S as is illustrated fo1 and Ti<:!rnan 

( of a series of alco11ols 

re.actions 

+ RO 

R + RO .R.OH. 

the ratio and 

cons ta11t 

Bron.ste.d ac.idi t11e alcob.ols A scale of acidities 

any effect of solvent, 

an.d in rder of ac:idi be reverse :f that de 

frorn so1u t:Lon s t1..1c.ttes This :resul suggests that the order determined 



tn solution is actually the result of solvent ,1.ffccts such as hydrogen 

bo11dir1g or dipole ir1tera.ctions betv1t~e:n tl1e soJ:vc:nt and a1koxide ions f' 

With only bvo exc.eptions (9,10), all evidence suggests that fref:'. 

n.egativ•~ ions can ac::::::(w,.::;dat2 only a single. 11.et c.harge for times long 

mult:Lply-c:ilarged negat::i.v,~, iorw an~ stabilized in c:rys tals and :in solut:i.ons 

Thus the relatively 

simple s trttc ture of ·negative ion:: lends i tse.1f t0 an evaluation of the 

co11trJ .. bt1tio11 of molt:ct1lar pa,r,e1mE}t.ers strch as structu:re to reac.ti·vi.t}Y of 

Since incrgan te 

oxi dat:i01.t stat es -may r.,avc di. f ferent moJ.ei:ul.ar geo,11e t·rles, examination 

suitable for alucid11tin.g th.e in1portar1c.e of factors sucl1 as nH)lecu.la_r 

The sys tt::m of :lnorgani c n0nc:1e:t:.,.l fluorides prov:ides a parti.cnlarly 

Among 

that it is it1 ge:ne.-ra.l c11(~11tically :ln.ert Ca,se and Nyman (12) reported the 

reaction of SF, with several "fluorophilic" LE:wis acids which resulted in 
0 
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l 6 with sodhrm i.n 

dime l t:ther solutton and with sod:1.um i uid 

solution, 

ces 1. u1n ir1 

de Graa electron 

actions t~e initial on or tfJ 

t initial s 

the 

6 

k-11ovrn to have a 

1ec:t:rcn1s at O'" eV (16)' 

se. 1;;;:n1ed 

rous ( 7 18 19) but 

Studies 

ctila.r pa.rameters on. ·reacti.vi 

( 

cal, 

and 5 

a.11:Lons 
6 

con 

is tins 

SF,. with potassit:.n1 and 
b 

studied t1H::. reae;tion of 

a gr1rr1111a source 

In each of 

ar1d P~F 

lutior! ( 

basis for t'r1e 

of 

Since:; transfer fluoride ion r.o 

to transfer lectro11s, fhe 

m.eas¥..rred rate. cor1s t::tr1tf;, a:nd reaction. cross sectior1s ve relative 

Thus stu.dies of 
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n1a:r~ provide c1 quar1titati·ve bas~ts for a scale of 

I~eT:,.r:i.s acidit.ies of in.orga11ic mo1ect1ler, -frlh:ich. ts ir1depet1dent of solv·e:r1t 

In. addition, studies of negat.i·ve ion~-n1olecule reactior1s cot1ld 

yield useful information on reactions and mechanisms of gase,Jus dis-

charges and photolys:ls, and conceivably the irr110,stigations described 

here could lead t:o analytical techniqU..:!S fan: detecting trace quanti.ties 

nf: gaseous matG,rials, 

In. stHnn1ary, tl'1e purpose of tt1J.J::1 re.sea.rch ts t11re.efold: (1) to in-, 

vesrigate the chemistry of free inorg,'=111ic negat:Lve i,ons and determine 

the effect of mole,cular pararr:eters cm reactivity; (2) to add to thi• 

beht.:rvior; arul (J) to apply the ct1rrent th.e.ori.es (Jf ion-rnole.ci1li! reaction.s 

nega ti V7e :Lo11 reac tiox1s. 



T'hi.s s 1.S c.011ee;-rr1ed t?ith gase.otts ir,ns 

Pre\rt.01Js tudi.es reactions 

the. gas ods ed 

tiU.zed :in 

Ut:lt t.he dat obtaiw:.,d thls t 

of his 

deve of theoretical desc tions reactive collisions 

here to facilitate r disc11sslor1 of 

t:Lons have been si11ce tb.e. 

"lon in. 

J, ltl 191J~ His sugges tton 

that this s tance n1.1,,i~;t be the + ton V\r,;:is con,ft.r1ned 

( , and the 

p a11d in_ 19 to 

In 19 der:tved a th.eoretical 

co11sta:nt r Thecn::E,t:I conside:ra.t:ton of tl-ie ir1ter-

e had in fact 

initial ()f tl1i.s Th,on1son s i11ce 

11 



had formulated an expression for Ion-molecule collision processes as 

early as 1905. liogriess (24) and 1 3 

1r1 the rnass spect:run1 of iodin.e ,.raport ·markJ.,1:1g tl1e first ohse-rva.tion of 

These early experi.-

ments established that thi::, abcmdance of the secondary ion is dependent 

or1 tl-ie cot1ce11 tra tiort of reactant neutral sps:,c:Les 1 and experimentors 

frnm<l tt1at mass spectra obta:Lned at low ~ample pn:•ssu:res did not exhibit 

these t-:t:oubleS()me sf~eoI1da:t)-~ ion.s vihicJ1 ofte11 111terfered r.vitl1 cb.e1nical 

analyses. ' Etna 

because of lac:k of interest :Ln gas--phase :ion d1emistcy, the stui:r; of ion-· 

.Fos.i.tive I.on-Molecule Reacti.0113 _,_., .. , __________ , ,.......,. _____ ,. _____ , . ....--.......... ~-----·---
More :recen. t tnVL':S tiga ti ons 

the high·~pressure mass spectrum of methane as a result of the reaction 

+ Cfl .... 
) 

(12) 

Although this process was dlscovi::red by Eltentou (25) in 1940!1 it \-;as the 

Soviet Union 'Whieh regenerated int0Ll'.'es t in gas·-pha.se ion chemistry. A 

very large, number of experi.ments t111 the posi.tlve ion chemistry of hydro--

and theories of ton-molecule reactions 'dere developed 

to explain the kinetic:s of the react:ions observed. Although a. d,;;tailed 

discussion of the theory of :ion-molecule reactions will follow, mention 

of the historical de,.12lopment of the thecry is worthwhile at this point, 

The early work of Langevtn (23) was developed by Gioumousis and 

Stevt::nson (27) into a theor::v· which demonstrated qui.te good agreement with 
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ex;:,€:rime;;1ta1 results. FrankUn., Field, and Lampe (28, 29) through their 

extE-:nsive i-n-vesti.gaticns of the ton chernistr; of hydrocarbon systems, con-

tributed a substantial body of informati.on~ both experimental and theo-

ret:Lcal, toward the understanding of thr:: reactions of ions with gases. 

Sign.ificant efforts.; from many other researd1e:rs qntd~.ly followed those 

of the mentioned, aI"!d todD.y thE? :t:i.eld of ion-moleeule reaction.s 

enjoys widespread i.nte:r(1st due to the (~stablished importance of gas·--

ph:_:i.se ion chemistry. Particular emph.as:is ha,-i been gi.ven the study of 

posi.tive i.cn reactions, ,-md ,.m important <leve1op'rtent 1n this area is 

Field and Hunson I s (30) us<'i of ion-·mo1ecule reacticn cbemis try to supple-

merit the low·-pressu:r,::: mass spectta of organic molecules under the termi-

110.logy· ;·:chernictt1 Ionization .tv!ass Spectroraet1.;.r Ii!;, 

Investigations tnvolv:ing negati.ye ions have evolved slwly) and very 

few reactions of negative ions 1-n~re reported before. 1960. I'rio.r to this 

the pr.eviously-ment:l.oned work of Hogn(~ss and Harl<:nes,:, (24) and studies by 

Nuschli tz (31), J\ielton and Ropp (32) ;.rnd Uenglein rrnd Mucc:i.tti (33) con-

stltute:d th,~ entire body of Jnfonriation knowT1 about negative i.cn-m.olecule 

reactions. Rf;ac tic,ns reported by Henglein and 1'1uccird. (33) 

0 + N0 2 N0 2 + 0 

and those reported by Fehsenield, F£:rguson, and Schmeltekopf (34) 

0 

(13) 

( 'f ' ' .1.4) 

(15) 

(16) 



are 

u.e 

p 

ions 

·+ C(111 
"· 

co + 3 

+ 

3 

Cha1-cote arid 3-ensen 

as the 

OCCtl't' duc.f.:, t!.1e 

3 + 

C 

in the 

ions of 

p 

an.d 

roved 

tu.di.es o 

of ri t11teres research in other 

Sti:ine th.tit 

dis 

reac.t.i._orts .such 
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exped.me.nts on the radiolysis of water vapor by 100 eV electrons, an 

observation which su6gests the poss:ible importance of negative ions :ln 

ot}1f!r radiation s3;rsterns~ 

Studies of tht~ gas-phase solvation of negative ions by Kebarle, 

Sci1rborough, a11d i\rs11adi (40) have shown that negative 

ions are held to the sGlvent molecule in the gas phast, by ion--dipo1e 

Cl 

(23) 

(24) 

TLexnan and Hughes (8) have uti1izE,d gas-phase reactions of organ.1.c anions 

to cletermi.It\-:! gas-ph,ase ac:idltJ .. e,s o:f a se.ri,21s of c11cohols based on t.h.e 

re:Lati ve rates of the forwa:rd reaction 

and the analogous reverse reaction 

s,.::arborough, and Arshadt (40) and of Tiernan and Hughes (8) can be expect-

ed to prc.,vide information a.bout so l:vent effects on ion chemistry. 

Dillard and :Franklin (id.,42) and Dillard, Franklin, and Se:Itz (43) 

s (27) 

(28) 



16 

NB') 4· COS ·• OCN + H . ..,S 

0 + CNG1. -;- OCN + Cl 

lrn, 
L,, 

+ CNCl ~r CN ~+- OC1 

(29) 

(.31) 

(32) 

(33) 

(35) 

(36) 

,, • • 1 • ' ( " - --10 3/ and have me;sisurect ·rate r;:onstants ot atH.1ut tne same Ulc3.gnJ.tuoe .LU cm 

Kraus, Mu11er-Duysing and Neuert (44) ear lien: observi:°'d reaction 36 and 

other c::harge-trans£er re,ictions 

cs 
NH,-, 

£. 

·+• so,•) •+• sol) 
.:.. .{,. 

·+ cs 

+ NH,., 
.{. 

(37) 

(38) 

ha·\.re. recer:ttly reported secon,dar:,., negative io11s :it1 t:hE~ 1nass SfH:!ctra of 

nonmetal fluor:id,"s and ha1re propo0.H,!d that the n~ac t:!.ons proceed by the 

Es tinmtes of th~1 rHte eons tan ts for these reactions in thEi range 

are determined by comparison of the 

rate of reaction 2 7 measured by Di Ila.rd and Franklin (41). As a 

(39) 

(40) 
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of the work and Dillard have 

rate data for fhwride ion transfer reactions of the 

+ 
( 

ther th.ese sarne ve ion-neutra systems is 

r1ot t as 

Frankli.n., and Field (;i otnnousis a11d te\1enson ( 2 been 

ion systems with about su.ceess, 

sina.11 to:re of ti VE, ion dst:a s ti.ll leaves 

the c.ab111, of 

tht! Giou,rno11sts-.. s t,:!venso11, because of the 

reduced likelihood eac:h col 1ision in reaction :for the 

( ve.ry few 

ion-a torn then::: does not seem to be any 

ftrn. da111E~I1 ta.1. tlveer1 tive and ion react:Lo11s" Th.f! 

io11'""'f..ltorn ea1 of those 

1nea.su.red for 1nar1y tive. ion r1:.:ae:t:i.ons d and 

measured reaction rates for sulfide. 

ar:2. of tb.e sa.-rne order of tive .i.on react:Lons 

ti:ve ion-

molecule react:Lons to ion systems, this 

is utLl:Lzed to dt,scribe., the kinet:l.cs of reactions obse1·ved in 
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Phenomenolor:Lcal Reacti.011 Cross Sect.Lon ·--, ----- -~ .- - ----·•·-------·-< ~~----·-... - - ' 

Primary ions are fo:rme.d :Ln the electnm beam and are moved toward 

tb.e ic,n exit sl.i.t upon e:{periencir1g tl1e field of tl1e repeller ele.ctrode 

Ir1 n10-\rin.g £1:·01n th.t:! E!lectron. bearn towa:r:d tJ1e ion. e:x:L t slit t11ese~ i.011s n1cry 

undergo collision and reaction with neutn,1 molecules to form secondary 

S:i:nee only a su.1all 

sotrrce 1nay be tak.e:n. as constant~ The diminution of the pr:i mary ::ton current 

(i ) in p 0 
electron beam by c:011:ision to forr,:, secondary ions :Ls 

ogous to the att<,inuation of a photon bea.m u:aversing an abosrbing medium. 

Tl1e n1easttred prin1a:·cy ion. ct.1:rrE:n.t, 

-dnO e. \, 

:L i, is gi w~n by p 

of the molal extinction coefficient of the Beer-Lambert Law. The quantity 

the conc:entration of 

If the. r,rtmary ion reuc:ts to gi.ve only cne type of secondary· ion, 

t11e 1n.e.astrred sec<Jt1dary ion c:urt"en t, 

.i. - (iI)O ~:i. s .. p 

i. ) p 

is 

anJ rearranging and solving for Q yields the expression 

1 
nd 1n(l 

(44) 

(45) 

(46) 
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so that 1).;ihen << l, the phenomenolog:i.cal reaction cross section is 

1. 
s 

i r 

related to a bimolecular rate constant~ k, by the expression 

n1~ :1s thf! .. priru,;1ry i.on 1nass., 
l. 

(4 7) 

(48) 

Lampe, Franklin, and Field (29) have, evaluat,o'd th12: specific reaction 

ntte constant of an :i.on·-mo1ecu1e react:lon as 

k .. 
i p 

, 
(•- .L ·) 
· nt · 

(49) 

1>1nE::re n is tl1e cor1ct~intrr1t:Ion of ne·utrr.t.1 r1nd t is t11e ~tox1 resideI1c.e time 

in the reaction chamber. The n,side11ce t:tme ic gi.vrm by 

(50) 

when° m. is tb>; primary ion rnassl e is the electronic charge, E :Ls the 
1. 

repe11ec field~ and d is the 1.on path length in the :i.on source. 

R,!act.i.on Cross Section from Collision Theorv .,...___,_.,. ____ --- .-----·-... -- _____..., __ ,..,.., ____ __,.. ,,. __ ,_ ----
From stucLi.ed of the mobilities of ions :i.n gases Lan.ge·vin (23) in 

1905 derived the classical collision cross section for the interaction of 

an ion of clwrge q and a neutral molec:ul·::: of polari.zabili ty Cl,. The long·-

range attraction potential energy be t•,,n":en these two particles is described 
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(51) 

2Tre (52) 
g 

v1here g is tl1e rt:~.lcitive ·vf::J.ocity of the ior1 .~n1d 'Lt :Ls tt1e r,.:;d11ced mass of 

the rela t:ions}~ip 

e.Ld , 1/2 
l. 2m. ) 

:t 
(53) 

a.nd stii)stitutior1 yield.s th.e z.~qt1L1t:ton for the e!1ergy ... ·,.i11deper1dt~-nt colltsio11 

r:rt te cor1s tart t 

k ·~ 2·:i-e (5,4) ,. ,, . ., 

babilU:y oi E,ac:h coliisiou being a reacU_ ve collision is taken as unity. 

Gi.oumous:i.s and S tevfmscm (2 7) were first to apply the La!',gev:in <.,r-

bi ting co:11.:i.si.on cross section to j on-molecule :reacti;:ms of positive ions 

obser\l\';!d :i:n the l.abox:1tory,, ar't.d tl1e.i:t: ca.lcu,lation.s of reactiort cross sec-

tions based on Langevin I s orbitJng comp lex suggsc,s ted that many ioH-rnv1.cd1le 

collisions have a reaction proGabi li.ty approaching unity since thf" agree-

ment '.vi.th experiment ,.;·as qui tc goodi though not universaL Hoelr:i.jk and 

proposed a modification of the theory to a11 ow for the phys:L-

cal size of the coJlidJng species, and a number of results have been 
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,2xpla.ined in terms of this description (54-57). 

Light (58) has developed a.n extension of the s~i.rnple orbiting picture 

which has bes:::n applied to ion-.-mol.ecule reactions by Wolf (59). The phase··· 

space th.:1cry of Light predicts the rcla tive, weights of Gompet.Lng exothermic 

mic reaction channels, with the most exothermic channels being markedly 

favored. This leads to the sa.me general result as do,?s the orh.i ting 

picture i.11 tha.t exothermic :reaction,s are predicted tr> bf;! fasc. Ferguson 

('51) has pointt,d out th.Ht the failure of both thii:,ori,?:s in explaining slow 

reactions is probabJy d11>.': to their 1aek of consideration of true' fH)tenti;,11 

(~urves for tf1e interactt11g speci,r:s .. 

Electron. 1Jensi. t..t Rearr.2.r-~gement Model 

Schaefer and Henis (60) l',avE-, propo;:;ed an electron d,,m.si ty n:>:t,rrange-

ment model for q ualt t-3-ti v,~ly predJ.c.ting trHc magn:i tude of the J:,;\acti on 

cross sc:ction:::. for low-·energy i.011--molecule re<1ctions. This model :i.s re-

a relati..ve kinetic ene:rgy of lE:ss t:hB.n about 1 eV and ar•;;! nut vibratfonally 

exe'itedof T!1is a1J,o·ws use of a t,vo--,state a.ppro2(1.mat1011 for describin.g t11e 

tu,dc:2 of the re.;ietion c.ross sect:Lo:n ts redu.ced to ti deterntlnation of tl1e 

A + BC --:,,, /ill + C (55) 

in ,:onsidered in t(?-rms of the?- relative ,~1ectront:!gativities at th,2 reaction 

centers A and B. If the e1ectronegattvi ty of A is larger than B, then 

1-Ltt.le change in elec.tr01:1 density ·will be necessary around cente:r B upon 



proceeding to the Af3 ton since the electronegative A moiety will cormnand 

a larger share. of the electron density in thE· product ion. However, 1.f 

the electronegativity of B is much .larger tha:n that of A, then formation 

of th_e product ion will rt:!qutrf:', a net sJ:-1ift of c-1lectron densit·y to B at 

or near the time of :reacti.on. Th,, authorB (60) thus predict that for the 

s:i.tuatlon requiring little effr.:ct:i.ve :rearrangement of ,2.lectron density 

t11e n:action will be. enh;,:n,c.ed and a large reaction cross sec.ti.on 

? (Q > 1 A-/molecul1::.) wi.11 probablv be relative 

ur:rangemen·s: occurs, th;;:;n, a s:nall ero,ss ::.;ection :i.s exp(~cted for the reaction, 

A later appl:i.ca.t.i.on oi this theory to the negative .ion systems investigated 

i.n. th.i.s st·udy .. w.ill illustrate tl1e util-.i.,ty· o.f tl1is rnode.l in q1.1a.litatively 

pred:i.ctiug the relative n~ac:t:iv.Lty of ion·~molecule re.:1ction systems, 

Tbe relationships dcrnel.oped by Gioumo,;.sis and Stevenson (27) and 

Lmupe, Fnmkl:i.11, a.nd Field (29) w:LU be ut:LtL~ed to evaluat,?. reaction 

rate cons tar1 ts cind ~rea.c ti.on. cross sect~:i 011s for th.e sys terns s tudi,~d h.e.:re, 

ar1d tb,_e energy depende:nce of tl1e cross sections de:t:errrrtn.e:d will be dis-

The 1.1sefl1lness of ne.gativ·e ior1-rnoleci1le reactions :Ln dete.r1ni.n.i·ng 

reacti.vi ty cf free ions i-11.,d i.n expJaining the behavior of ions in 

solution has been alluded to earlier. In ord1-:cr: to deterutine the extent 

to ·which negative. icrn,.,·,rnolecu.le reactions cc1r1 be used for these purposes,. 

metal fluorides have. been st:udi.f:d, and a desc:r.i.ption of the experimental 

techniques an.d app,Tratus ust:cd in these i.nvest"igat:i.ons is presented in the 

follcrwing chapter. 



CHAPTER III 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

The study of gaseous ion chemistry requires equipment capable of 

producing ions and detecting ionic species, as well as facilities for 

handling gases. Many types of apparatus have been developed for experi-

ments in this field, including drift tubes (61), flowing afterglow 

systems (34), crossed beam systems (62,63), ion cyclotron resonance spec-

trometers (64,65), tandem mass spectrometers (66), and mass spectrometers 

utilizing high energy radiation as sources of ionizing energy (67). The 

apparatus chosen for this study was a single-source mass spectrometer 

utilizing electron impact as the ionizing medium. 

I. MASS SPECTROMETER AND RELATED APPARATUS ----------
The mass spectrometer was an Hitachi Perkin-Elmer RMU-7 double-

focusing instrument capable of analyzing and detecting both positive and 

negative ions. Figure 2 shows a schematic outline of the ion-optical 

system of the spectrometer. The Nier-Johnson design utilizes a 45° 

electrostatic sector for kinetic energy focusing and a 90° magnetic 

sector for mass analysis. Although the instrument can be operated at 

very high resolving power (M/~M = 20,000), the high resolution capability 

of the spectrometer was not used because the ions of interest did not 

require high resolving power for identification. 

Ions are formed in the ion source of the mass spectrometer by 

electrons emitted from a rhenium filament. A potential of appropriate 

sign(~·.&•, a negative potential for negative ions) applied to the 

23 
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repeller electrode pushes the ions out of the ionization chamber through 

the ion exit slit. The ions then pass through a region in which they are 

collimated by a lens system and are accelerated into the analyzer region 

of the spectrometer. The electrostatic analyzer does not separate ions 

according to their m/q ratio, but rather it is a velocity analyzer which 

allows ions of a given energy to travel to the magnet. This condition, 

in combination with the magnetic-sector mass analyzer, achieves the double-

focusing condition in which ions of a given m/q ratio and homogeneous 

in kinetic energy are brought to the collector slit. The ion current is 

measured by a Faraday cup collector or a ten-stage electron multiplier 

calibrated for negative ions by the Faraday cup, and the signal is output 

to a Hitachi QPD 53 strip-chart recorder, a Honeywell 1706 Visicorder, 

or a PDP8/I digital computer. 

Generation of a gas-phase ion in the mass spectrometer requires the 

collision of an electron with a molecule. In order to detect the exis-

tence of that ion, it must pass from the ion source to the collector 

without being destroyed by collision with an ion or neutral species, and 

this is accomplished by greatly reducing the total number of molecules 

present (!:·.S.•, by operating the instrmnent at reduced pressures). The 

mean free path of an ion is described as that distance which the ion 

may travel (on the average) without experiencing a collision with another 

particle. Since the ions must travel a distance of 159.2 cm in passing 

from the ion source to the collector, a mean free path of at least this 

magnitude is required to insure that no ions are lost in transit. There-
-6 fore the spectrometer must be operated at a pressure of 5 x 10 Torr or 

less since ions studied in these experiments have mean free paths of about 
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200 crn at this pressure.. 

'Ih.e oc.c,1,1rrer1ce of ion-rnolecuie react:i.011s ir1 a rn.ass spec.trornete.r ixl-"' 

·volve.s t11e rea.ctiv(~ collision of ~:t prir:1ary i.on, forrned 1r1 th.e electron 

i.on1za~tJot'.t ci1arnb,1r"' 

th.e. rnass spectTom.ete1" to gi·ve pe,aks at tht.~i.r respective 1n/q ~.ra.lues Stnc.e. 

lVi th .. Ol.1 t. undergoing ccllisi on; a of 
-~6 

less thar1 5 x 10 Torr :ls 

requ.:Lre.d irl t:l1e a:nalyzer rt~gio!1 of tl1e spectrornet:er/\\ 

tr1to the analy~!e.r rc~gion, :if tb,e. rn.a.ss analysis of sec.ortda.ry io11s ts to 

be: accornp.ltsbed tinder tb.e sa.1.n.e. focl1sir1g condittons as prirr.ia.ry ior1s. J.r1 

"ti.Ll 111fdntain the .low pr~:ssures :tEoquired for mass 1:malys:b :i.n the analy-

zer reg:Lor1 of the. :tnstr,um.ent, it 1?as :necessary- to d::Lffe.re:nti.ally p11c1p 

of the spect: rorrrc te :c. 

Tt1i.s v,;as accornplished 1Jv constru.ct'l£:)tl of the J1igh prt.J,ss·u~ce ior1 source 

:LilustratE,d in Figu.r.·f, 3 anci the d:Li'fer2ntial pumping ,rpparatus shown in 

Figure l+'!f The :Lon scun;,1"' region is separated from tlw analyzer reg:Lon by 

a part.Lt.ion wi.t:h a sl.i t through which ths2 .ion beam enters the analyzer 

regioo. The e.nvelope surrounding the :Lem sour<;e is pumped by a high :3pt!ed 

The ionization chamber is 

stain.le.ss steel and is c.crnstrt1.ctE~d to 1n.ir1irn:tze lei-1k.s i.nto the e11·velope 
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region. The gas inlet tube is fitted to the ion source block by a Viton 

0-ring so that gases cannot leak around the tube. The electron entrance 

slit (4.0 x 0.25 mm) and the ion exit slit (8.0 x 0.25 mm) are reduced 

in size from that normally used in this spectrometer. The electron target 

is electrically insulated from the ionization chamber by a Teflon gasket 

which also serves to prevent gas leakage through the electron exit slit. 

These changes limit diffusion of gases out of the ion source to the 

electron entrance slit and the ion exit slit. To facilitate the rapid 

removal of gases from the filament region, a filament grid of stainless 

steel mesh was used and the ion source assembly was positioned with the 

filament at the throat of the pumping system. Any ionic and/or neutral 

decomposition products resulting from pyrolysis on the filament are thus 

quickly removed from the ion source region. 

The repeller electrode is a single electrode located 4.0 mm from the 

ion exit slit and 2.5 mm from the electron beam. Thus an ion formed in 

the electron beam travels 1.5 mm to reach the ion exit slit, and for a 

typical repeller field strength of 5 volts/cm the ion falls through a 

potential difference of 0.75 volt. To prevent field penetration into the 

ionization chamber from the lens and ion acceleration electrodes, the ion 

exit slit was covered with 80-90% transmittance stainless steel mesh. In 

an experiment to be discussed later, the reaction cross section for the 

reaction of Ar+ with H2 was measured as a function of repeller voltage, 

and the excellent agreement with previous studies indicates that field 

penetration into the ion source is insignificant and that measurements at 

low repeller voltages are valid. 

The ion source may be operated at temperatures from 55° to 300° as 
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measured by a thermocou:ple attached directly to the ionization chamber. 

It :is generally assumed that the gaseous sample is in thermal equiJibrium 

td.th the ion. source (68) and on this basis tlu~ temperature o:f the g;c.is is 

tak.en as equ~11 to tl}.e ion. source tHJnperature" l11creasing th.e i.on source 

tewperature has two principal effects on mass spectra (68): (1) the 

intensitic-,s of all ions decrt2ases and (2) the relative intensity of the 

parent ion decreases markedly. Investigation of the. ratio of SF6 /SF5-

currents afi a function of temperature (69) hci.s shown that the 

ion cun:ent ls consid.c,,:;::·,:1J:ily dind n:Lshed nt hfgher te.mp8ratures. In order 

to :nin:i .. mize. the influence of temperature on these studies, e.:-;peri.ments 

-,, .. ,e:ce c.r)nducted at e. c:onnn.on temperature of about 100°. 

To f?.Xtend the H.fetime of th00 ion soun:e and to reduce the proba-

bility .:;ii Sc~condary e1s',ctron :formation on exposed metal surfaces, the 

ioni zat:1.on chamber surfaces and the rep~~l:Le:r electrode: wen'! coated w:i th 

a tt1tn layer of co1lolda1 carbon by paint.ing these surfa.er,s with Dag 

D:Lspers5.ori /J154, During the exper:Lniet1t:s no effects due to thermal de·~ 

compusi ti.on of the compounds were deHocted~ nor was then: any Ecvidence 

of deposits on the surfaces of the ion source duii:i to rfJacti.on andior 

decomposition, 

When the non.1w-Jtal fluorides were i.ntroduced into the mass speetrc·~ 

mass spectra could be obtained. Th.i:,; behavior has been reported by other 

workers (70) i.n t11v.:,stigations of inorganic aod presrnna.bly the 

er:rati.c behav:ior re.sults from reaction. of the gas with the filament and 

other met;;tl surfg_ces in the instrument. Unti.1 these surfaces are passi-

vated, the ion s:Lgnals vary unpredi(•tably and the measured ion current 
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is not reproducible even ever a short tinm span, Pai:1s:tvation of the instru-

ment :1-s accomplished by extended contact ,,,:i th the nonmetal fluoride, ai.,d 

the gas ,1Jas allowed to flow through the instrument 1.mti.1 conslstent ion 

current measurements 1>:E:Xf:: obta1ned, 

Ti:te length of timE, reqn:Lred for conditioni1tg t:he instrument varir::d 

with the compound studied, ,dth the phosphorus, boron, and silicon 

fluorides .requiring about 1-·2 hours. PtW., required a conditioning period ., 

of about 3 hours~ and PSF., and the ars;;:;nic fluorides requ:i.red from eight 
,) 

to tweJ ve hour:, be.fore reproducible spectra wen, obt ai.ned. 

Once the ion source was conditioned for 8 part1eu:Lar gas, subsequent 

exµeriments :requ.it·ed no cond:J tioning pertod u:nless a different compound 

was i.ntroduce<l into the instrument or un.less the instrument was cJ.eaned 

by evacuation at elevated temperature. 

Th,:: pressnne in the ionization chamber was measured with an MKS 

Haratron !01odel 14/+ capacita:ace manometer wh1ch operates i.n the region of 

the ionization chamber by about 10 mm of a 6 mm diameter stainless steel 

cone attached to a Kov,n~ me,ta.l-to-g1.ass tubi.ng section. The glass tubing 

passes ot1t of tlte icrn so11rce 11ot1sing er1v,elope tl1r·ou.g·h a Cajon Ultra:-~forr-

0-ririg f:i tting. A second Kovar meta1-·to-·glass tube is attached to a 0.5 11 

to the pressure head couplh,g, The tot:al length o:f tub1ng from the ion 

source to th{?. pressm:e head is about one foot. 

The 1,ressure head of the Baratron contains a taut: titanium m&?tal 

diaphragm which separa te,s the sample volume~ at the pressure to be 
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measured, from a reference volume held at a constant pressure which is 

lower than that of the sample. Changes in the position of the metal 

diaphragm (caused by a change in pressure differential) are detected as 

a change in the capacitance across the diaphragm. Unlike McLeod gauge 

measurements, the Baratron pressure measurements are independent of the 

nature of the sample gas and accurate pressure readings for condensible 

vapors may be obtained. 

The Baratron was calibrated for ion source pressure measurements 

using a gas of known absolute cross section for ionization by electrons 

of a specific energy (71). The positive ions formed in this gas are 

collected at the repeller electrode by applying a negative potential to 

the repeller, and the voltage drop across a precision resistor (681 m 
t 1%) is related by Ohm's law to the number of ions collected at the re-

peller electrode. The pressure of the gas can then be calculated using 

the relationship (50) 

N. 
N =---1 __ 

m Qi Ne le 
(56) 

where Nm is the number of neutral molecules per cubic centimeter, Ni is 

the number of ions collected per second, N is the number of electrons e 
collected per second at the target, 1 is the electron beam path length, e 

and Q. is the absolute ionization cross section for the sample gas. The 
1 

voltage drop across the resistor was measured by a Triplett Model 60 

volt-ohmmeter with an input impedence of 11 megohm. 

Another method used in calibrating the Baratron gauge was the com-

parison of pressure readings taken with the Baratron and McLeod gauge. 

Both pressure measuring devices were attached to the vacuum line manifold. 
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ration revealed 

difficulties with the refe.renc vacuum supplied to B,ira t:ron gauge. 

T}1ese reference me an 

evacuated tubo ,.:.1osed off means of a vacuums Results of the 

g sys tern ivh:t ch co1:1s 

or th.e Baratror1 gaugt"' ca.lib 

cross 

section.s fc,r tudie,d ion-molecu.le, reaetior1s" 

Gases were introduced into let 

rese:rvo:i:r 

vol.l.rm.e. three 

J.011 u:rce for 

up to 

:into ,:1 common conneeted t t11e raass rome.ter, 

rolled stai~less steel fine mete vabres and. the partial 

the Bar .a.tr on gau.ge 'I' 

_zatton chrunber pressl1re 1,,;ras n1.ai11ta.i1l~· 0 .1·~ 10 mie:rc1n range in 

t:o reduce of The ion source 

pressure was mai.n ta:Ln,;d at about 10 Torr and the 

zer 011 of tbe than 

about 2,0 x -6 Torr, as measured ionL~ation gauge the 

ana .zer tube. 

:i.n th.is work raisf.ts questions 
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concerning experimental difficulties encountered because of the dangerous 

and/or corrosive nature of these materials. With the single exception 

of sulfur hexafluoride, all of the compounds studied are to some extent 

toxic and sensitive to residual moisture, and PSF3 is spontaneously 

flammable in air. Precautions were taken to prevent contamination of the 

laboratory with these gases during purification and transfer, and the 

pumping systems were vented to the hood exhaust. Vacuum lines in which 

these chemicals were handled were maintained moisture-free •~ther by 

flaming the glass repeatedly during evacuation or by wrapping the vacuum 

line with heating tape which maintained the glass at about 100° during 

pumpdown. The mass spectrometer inlet system was kept dry by constant 

heating except when samples were being introduced into the spectrometer, 

and no peaks due to water were observed in the mass spectra nor was there 

any observable hydrolysis of the fluorides while in the inlet system. 

Modifications of Electronic Circuits 

In order to improve the precision with which the repeller electrode 

voltage and the electron energy could be controlled, the electronic cir-

cuits supplying these voltages were modified. Figure 6 shows the improved 

repeller electrode voltage supply in which the voltage source is a 67.5 V 

dry cell battery. A ten-turn potentiometer is used to select the voltage 

applied to the repeller electrode, and the available dynamic range is 

+8.0 to -8.0 volts relative to the ionization chamber. 

Since contact potentials due to surface effects in the ion source 

can cause a shift in the effective repeller voltage experienced by the 

ions formed in the electron beam, zero volts on the repeller electrode was 

established by monitoring the SF6- ion current as the repeller voltage 
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i:.;as c+.anged fron, tv,o to zero volts, As the repeller voltage ·n~aches 0 

volt, the measured Jon current drops sharply s1.nee ions are no longer 

push,ed out of tl1e- 1or1 source i11to tl1e ac.celera tin,g region~ The linearity 

of the voltage supply was confirmed hy measuring th£:: voltage supplied to 

th,e. repeller o·ver the entire rrrnge .. The circuit was found to vary by· less 

than five per cent from the e:,z:pected output 1nised on f:l calculated change 

(}f 1(0 60 

of the impa!~ting electrons. The elect.con enetg-1 is sel.ected by applying 

a negatis:e volt age to the fil.,iment w1. th re ferenc,~ to the ioni.zation chmn~ 

bi:or so that t:he elecc:t:rons formed at the filan,ent: are acceJerated t.hrough 

the pot,mtial dr,ip between the filament and the chamber. The original 

chamber voltage supply pr,::,vi.ded ;:;. continuously v;::rriable electron energy 

range of 0-·150 V; selected by a ten···tunt 1.0 KQ potenttomet,.?.·r. The modi fi1:.~d 

The voltage aourcE: is a. bank of mercury batteries. 

A :rotary a.Twitch aJ.10,,1;.; the S<'slection of either tlH:! orig:Lnal circ:u:it, wh:tch 

is useo for electron energi(~s higher than about 20 volts, or the modified 

control ci:rcui t, wh:i ch ts used for low-energy experi.ments. The. 25-·turn 

potentiometer provides 1nuch smil11,:,r increment,5 in the voltage range 

(1.08 volt/turn, compared to about 15 volt/turn in the original circuit) 

and the high 1:inE!arity of the potenti.ometE-'r and constant output of the 

n:ercury cells provide a scale of 12lectron. energy which is more reproducible 

and more~ precise than :is available with the original c:ircu:1.t. The negative 
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portion of the voltage rang;;:: was includ,~d so that :ionlzat:Lon efficiency 

curves for resonant electron. capture proce.sses could be measu.n!d over 

shown in Figun~ 8 suggests that the ions are not fo:r:mfid at 

e]ectron energi0s. Ionizing electx:ons are produced from a h,,:tited fila-

ment: and have apprec:iable thermal energies which are described by the~ 

This <l:ls trihution of thermal Emerg1.t:S :is 

:Lons fDrmed by n,sonance capture so that 

the SF 6 ionization efficiency curvt, reflects the width of thr'? thermal 

The errdssi.on regulator eircu:it of thE¼ mass spectrometer ma:lntains a 

constant li;c:vel of elect ror.. 12missio11 nnd8 r normal opera.ti.en by varying the~ 

Although this is desirable for obtain-

by resonant eli:-:ctron capture. Variation in 

tl:H:>. fi1a,'TH,mt current du~:ing thE, 1,1i0.asurement of :Lon1zat:1.on efficiency 

ion current to changes in 

the therma.1 energy dist ributton of the elec:tron beam and in early experi·-

n1er1ts such bf~h11v'ior pror.rpted the modificat:iort of the e.misslo·n regulator 

circuit as rc;hown in Figure 9. A mercury cell supplies a voltage to the 

tube grid so thu t no elf~ctrcns are passed to the collector and the ci. r-

cuit is prevented from regulating the filament carrent as if thf.~re were a 

11:igl1 lev·el of en1tssior1 •. This circuit 1.s of value for e1,'"c.tron energies 
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of 10-25 volts and for lower electron energies at high filament current. 

It has been found that for experiments conducted in the resonance capture 

region, a low filament current (about 2.8-3.0 A) is sufficient condition 

to prevent operation of the emission regulator circuit and thus provide 

a constant filament current. Under these conditions the emission 

stabilizer circuit is not used. 

II. COMPUTERIZED DATA ACQUISITION AND~ REDUCTION 

Experimental identification of the primary or precursor ion (or ions) 

is necessary to understand the processes occuring so that the kinetics of 

the reaction may be evaluated using the proper parameters. The technique 

used in this study is that of matching appearance potentials (68), a 

method which assumes that the secondary ion is formed only at those ener-

gies at which the precursor ion is formed. Unless the secondary ion is 

formed by an endothermic process requiring significant quantities of 

kinetic or vibrational energy in the primary ion, the ionization efficiency 

curves of the primary and secondary ions will match, allowing unequivocal 

identification of the reaction process. 

This procedure requires a precise measurement of the electron capture 

ionization efficiency curves for all ions in the low energy negative ion 

mass spectrum, and this is accomplished by monitoring the ion current of 

the respective ions as the electron energy is varied over the region of 

interest. Secondary ions are often of very low intensity and in some cases 

the signal-to-noise ratio even approaches unity. In order to measure these 

low intensity ion signals and to obtain ionization efficiency curves with 

the precision necessary for identification of the precursor ion, the mass 



spectrometer was interfaced with a laboratory computer and the ion current 

signal was timi:; averaged to givE"o .improved signal-to-noise ratios. In 

addition to improving the signal-to-:n.oise rati.o, the computer.ized data 

acqu.isition pro1:ess has advantages which should not be overlooked. 

Mt~asuremen t of :L0nization efficiency c.urv""~s is ac:comp1 ish,?.d quickly and 

with a higher degree of aceurucy than it1 possib l.e using the potentiometric 

The data are ston.,d in the c01nputer· memory and can he. operated 

1.ns tant :recall of a particuh,r curve for comparison with a newly determined 

on;;,, Upon completion of the experiments, the accu11mlated data sets may 

bE, plot:te.d ,.:in an X-·Y n:,:order, and thf! data are, output on punched paper 

tape as c-1 pf1rinar1er1t T(~cor-d$ 

Lahora.t.orv Co-ru,r_;uter -· -....-~ .... --~·-.---~.,...,..,....... __ ......_, _________ _ 

The (:omputer us,~d in thi:;; study was a Digital Equipment Corporation 

PDP···8/l w:i.th a ccr{:i memory cf 8192 twelve-·bit data words. Bt.tlk data. 

sterage de.vices avaj.labh'! are a 32 K Type DF.32 random acc1:.~ss disk f:ile 

and a Tennecomp TP-1351 kl:igne tic tape data storage unit. The compute.r is 

equippe<l w:itti. a. photoelectric h:Lgh speed paper tape reader and a high 

speed paper cape punch, and i~raphical data are displayed on a. T,.=ktron.ix 

2D-2"'\M X---Y recorder. 

The :-uass t;pectromt:'ter uas interfaced to the computer through a 

Dig:i ta.1 Equipment: Corporation AXOB La.borato:cy Peripheral Unit as shown 

in Figure .LO, 

nnalog-to-di1?,i.t.al (ADC) convertf:.rs which handle digital information ln 
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the range -256 1;.o +256 (Y axis) and O to 512 (X axis). Ion signals are 

i..:iput to sofb.;are-selected mu1 tip1.ex channels whtch accept analog signals 

with dynamic nmges of:+: LO V, 125 mV~ :t 16 mV~ or±: 2 mV. The mu1ti-

µl,;:xed input ft'.eds a sarnple·-and-·hold register ·v:hich :t.n turn pro·vides access 

to the ADC unit. The an.alog·-·to·-digltaI conversion requires about 17 usec 

Le:r c:ompietion, so that the mm:in:um sampling rate is about 58 kJlz. The 

data acquisition was facilitated through us"" of the MADCAP ru (72) data 

acquJsitJoi:\. pl'.'ogra.m wr:t ttcn by G, W. Dulaney and modified for use in this 

study by, tl1e au.th.or f Tl1is prograrn i.s designed to sarrrple. arid digitize the 

this value in core for later plQtting and display. The program w.i11 take 

any numbe,: of data pohits up to thf, limit of co1:e storagf.: (about :lOOO 

po:i.nts), and the data acquisitton is v,1:rrni.nated by typing CTRL/C on the 

The data acquisi tior1 process is initiatt!.d by a pulse st~nt to a 

Schmitt trigger St.msor: tn tl1e AX08 whL:h det0cts a change in the, applied 

voltage level from a positive value to a voltage urore negat:iVf; than thi:.:~ 

cells shown ::Ln Figure 10. Since no cu:rre:nt is pass,:?d in the process of 

changing the volt,ige levEol~ two size AA. drv cEilJs suffice. as a 'v'Ol tage 

supply and the voltage level tc,: switched from +LS V to -1.5 by closing 

'i'lu1 iord.zatJon. effi.c.iency curves me,':l.sui:·ed in this study were obtained 

through use of MADCAP IV$ and since & large number of curw,\s are ordinarily 

mt:,asured for any given exper:Lm,~nt, NADCA:P. IV was modified to utilize disk 

f:Lle:s for on-line storage and allow remote operation of the computer 
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through the KSR-35 teletype. The electron energy was varied in increments 

of 0.05 eV, and the ionization efficiency curves were measured several 

times to insure that no instrl.llllental artifacts were present in the curves. 

When necessary, the data sets were smoothed by an eleven-point least 

squares parabolic fit smoothing routine. Unless otherwise specified, all 

ionization efficiency curves presented here were measured at a repeller 

potentional of 2 V, and the ion currents for all ions were arbitrarily 

scaled to the same height for display purposes. 

Calculations of the per cent ion current, reaction rate constants, 

and reaction cross sections were carried out using the laboratory computer 

and the FOCAL language programs listed in Appendix A. These studies were 

conducted at low electron energies where SF6- is formed via resonance 

electron capture, and the ion currents for all primary and secondary ions 

formed at this electron energy were measured using the Hitachi QPD 53 

recorder. These measurements and the temperature, pressure, and repeller 

voltage were then combined using the relationship described in Appendix 

A to calculate the per cent ion current, the reaction rate constant, and 

the reaction cross section. 

University Computing Center 

In addition to the laboratory computer, an IBM System 360 (Model 65 

and Model 50) computer was utilized for calculation of isotopic abundances 

of various ions which were observed in this study. These calculations 

were carried out using a FORTRAN IV program obtained from R. w. Kiser and 

R. E. Sullivan and modified for use on the Virginia Polytechnic Institute 

Computing Center System 360. Use was also made of a statistical program 

available at the VPI Computing Center for regression analysis of the cross 



47 

section data obtained for the reactions studied. This program is the 

"Biomedical Computer Programs" (73), BMD-OSR, developed at the University 

of California at Los Angeles. 

III. MATERIALS 

The compounds used in these experiments were purchased from commer-

cial sources with the exception of thiophosphoryl fluoride which was pre-

pared using a method cited in the literature. Before use, all compounds 

were examined for purity by mass spectrometric analysis. Purification 

methods, where necessary, are described below. Table 1 lists the com-

pounds of interest in these experiments. Several of the compounds listed 

are impurities found in the sample gases, and the boiling point and freez-

ing point data (74) pertinent to these compounds and to the purification 

procedures followed are also tabulated here. 

Sulfur hexafluoride and phosphorus pentafluoride were purchased from 

Matheson Gas Products and were used without further purification since 

mass spectrometric analysis revealed no detectable impurities. Phosphorus 

trifluoride and phosphoryl trifluoride, products of the Ozark-Mahoning 

Company, were also found to be of sufficient purity to be used as supplied 

by the manufacturer. The limit of detectability of impurities in these 

compounds is less than about 0.5% of the total sample. In 1:1 mixtures 

of SF6 and nonmetal fluorides the secondary ions observed in these studies 

are formed in abundance approximately 0.01 that of SF6-, so that an 

impurity level of 0.5% is insignificant with respect to the measurements 

of secondary ion current. 

Silicon tetrafluoride was obtained from Matheson Gas Products. Mass 
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spectrometric analysis :revealed oxygeD-containing impurities which pre·-

sum.ably were formed by hydrolysis of tl11:; tetrafluoride, a reaction which 

is known of occur (75) slowly to produce hydrous oxides of silicon. Thest' 

irn.ptiri.ties 1,.vere successft111y re1ncrved by repeated trap-to .. -trap vaeuuin dis"-

til.lation of the tetrafluoride: using a benzy1 ace ta t.e s1u8h batr1 (· .. 52°) (76). 

use;. T!1e principal im.purities containE1d cl1lorine. an.d ,vere likely the 

m.ixed chLorLde .. f1uorLdes of boron, HClF., and BC1,,F, wh:l ch are present in 
,c_. -' 

mixtures of and BC13 due to bo l0ge.n exchange (77,73). 

0zark-Malwn:i.r1.g Company. The t:rif1uo:dde :1s a J.iqu:ld at room temperature 

and about 2 ml of li(1ul<l w21s tram;;ferred to. 500 ml satnp le bulb prior to 

in.trocluctio11 'i.11to tb.e n:12:-1ss ::1pe.etrcnneter!l 'Th,i mass spectrum revealed the 

presence of sig:ntfica,nt .runc,11n.ts of· 

tc· re.rnove. tl1is impu:ri..ty" 

S:iF, 
4 

and repeated di.st:illaUons failed 

Sl:F 1 v;r-as riot succ.essfttlly ren101led frorri 
'f 

the smnple tmt::il the AsF, was transferred under vacuum to a Hoke stainless 
J 

form slush bath (-63°). Once t·he S:i1?1 had been 1:em.oved from, the sarn.ple, 
li 

no problE,ins due to its n:.currencc, were ei:u.::ountercd even though vaporized 

samples ws,re still introduced into the mass speetrometer through a glass 

irtle.t systern~ Apparently, the liquld ABF 3 ,etched t:be glass surface and 

ca1.1sed th<-:1 forrnati..011 of 

The mass spectrum of arsenic pentafluoride contained ions which 

suggeF:ted ti,e presence of arsenyl fluoride (79), AsOF-:i~ as an impurity. 

A1 dwugh this compound has a rrn.J.c11 

J 

higher boiling point than h3F 
5 

the 
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much broader liquid range of AsOF3 places the melting points of the two 

compounds quite close together and complicates the separation process. 

Repeated passes of the material through a U-tube cooled by a chloroform 

slush (-63°) resulted in gradual removal of AsOF3 until the remaining 

AsF5 was found to be of satisfactory purity for use in these studies. 

Thiophosphoryl fluoride was prepared according to the procedure of 

Tullock and Coffman (80). One mole of NaF (Matheson, Coleman and Bell) 

was stirred in a three-necked round bottom flask containing about 100 

ml of tetramethylene sulfone (tetrahydrothiophene -1, 1-dioxide, Eastman 

Organic Chemicals) as solvent. About 0.25 mole of thiophosphoryl chloride 

(Alfa Inorganics, Inc.) was slowly added from an addition funnel, and 

the system was evacuated and heated to about 150°. Impure PSF3 was con-

densed in a trap cooled by liquid nitrogen (-195°) as it evolved from the 

solution, and the mixture was transferred to a vacuum line for subsequent 

purification. Principal impurities detected by mass spectrometric analysis 

were the mixed halides PSF2Cl and PSFC12• The latter impurity was readily 

removed by trap-to-trap distillation using a chloroform slush (-63°), but 

the PSF2Cl presented a m:,re difficult problem since its boiling point is 

higher than that of the desired component and in addition its freezing 

point is lower. PSF3 was almost entirely removed by many very slow passes 

through a trap cooled by a 1-nitropropane slush (-108°). This process was 

extremely tedious and resulted in loss of quantities of the desired com-

pound, so another method of purification was used which gave more satis-

factory results. 

A quantity of the crude PSF3 was sealed in a dry Pyrex tube along with 

NaF and the system was maintained at 100° for about three weeks. Analysis 
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of the gaseo1..1.s resid,1J.e revealed a, q uaI1ti tati.·vc yield of PSF 0 from PSF~Cl, 
.) .. 

Be.fo:re -rneasu-re:rnents (>f th,e 

for th.is 

(5 7) 

(58) 

0 + N0 0 NO + N0 
4. 

(59) 

. 
,:o,,stant for the format.io,, of CIJ_-..- was ncfWrte.d by Ha1:rlson, Ivkot and :) 

field 

stren.gth of 10 5 volt/cm. Exper:i 1nertts 1.41.th tJ1e. b.igh presstrre rnass spee-

trometer used study 
-·10 yielded a rate constant of 7.1 x 10 
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cm3/molecule-sec for reaction 57. This measurement was conducted using 

a repeller field strength of 10 volt/cm. 

+ The reaction of Ar with hydrogen has also been investigated by many 

researchers (56,87-92). Stevenson and Schissler (89) have measured the 

reaction cross section for reaction 58 at various repeller voltages. A 

similar investigation of the Ar+-H2 reaction was carried out with the 

instrument used in this study and the results are compared with the data 

of Stevenson and Schissler. Figure 11 shows the variation of reaction 

cross section with (d E)-112 as determined by Stevenson and Schissler (85) 

and by the author. The quantity (dE) is the product of repeller field 

strength (E) and the distance the primary ion travels in the ion source 

(d), and the reaction cross section is seen to vary as a linear function 

of (ion energy)-112 • 

The excellent agreement with accepted values for the experimental data 

obtained for these systems demonstrates that the high pressure mass spectro-

meter constructed for this study is capable of yielding reliable kinetic 

data for positive ion-molecule reaction systems. Since the experiments of 

interest in this study involve negative ions, reaction 59 was studied to 

determine the capabilities of the spectrometer for negative ion-molecule 

reaction studies. 

Paulson (35,36) has studied reaction 59 and has reported a rate con-
-11 3 stant of 3.4 x 10 cm /molecule-sec for a repeller potential of 4.0 volts. 

Measurements by the author for reaction 59 yielded a rate constant of 
-11 3 3.14 x 10 cm /molecule-sec at the same repeller field strength used by 

Paulson. This agreement confirmed that the high pressure mass spectro-

meter is suitable for the study of negative ion-molecule reactions. 
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The primary rr~ac tan t ion :L'n the SF . 6 -nonmetal fluor::Lde systems 

studied here has been the subject of many mass spectrometric :Lnvestiga-

1s a "'temporary negat.i.ve ionn which 

spon,ti.:t11t!ously de.cornpost~fj by 1oss of an, electron~ Since rneasur·e.1.:net1ts of 

reaction,s as the primary ion are dependent on the number 

must ht~ corre,:ted fm: any loss of priwary Lons along thee pAth :from the 

to the destruction of 

lyze:r nigion of the. spectrometer: c.oll:!.sional detachment 

(60) 

(61) 

molecule (eithf'.r SF, or nonmetal fluoride)• 
b 

:ls r,robnbly not a 

signif.i..ca.rit path.\vay for destruction of SF, 
{) 

in tne low-pr0:ssure region 

of the mas;s spec.tnm;eter. The rate of i:olli.sional <letac.hment for SF,. 
0 

. ., . b ,.. d ',., ,·96' b ,, ·(~-15 3, has o,~err meas t1:t'E;a y 11as te ario .i:1eg \ J to e k x .l; cm , sec ii 

by 

Since it is likely that collision detachm,mt by SF6 or a nonmet,:Ll. fluoride 

would not diff.:H: significantly from that by Xe, it :i.s apparent that the 

collisional d01tachment process is ius:igni.fi.cant, In addition, it is 

obsE,1:~,1 ed that for SF,.. alone, the SF" ion n1rrent is a. linear fu11ction 
0 0 

of pressure of SF6 over the pressure range use,d in these studies, and this 
) 
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confi nns that SF 6 is not removed in the ion source by reaction 60 wl:11,:,m 

Similar behavior with nonmetal f111orides Cc1n. reaso11abl·y be 

expected, and :Ln all ce.lcuJat:tons it ha,c1 be:en ussumed that no SF6 has 

be:en lost due to co1lis:i.ona1 detachment. 

Autodetachn~ent, however 1 :ls a sign:.i.f:i cant process for the loss of 

SF,, in tlw. analyzer r~g:ion of the :;pectrometer, The autodetachment half-
o 

1::i.fe fu:i:· SF 6 has been measur::':'<l by vad<Y,1s m,:;thods as 10 usec (94), 26 

:-:sec (93), and 500 ,JSE!:C (95), K1ots (97) h«s evalnated these differences 

en.ergy distribu.t:Lon,s contrib11te to tl1fs "Variat'i<J11 :ln li.ft?tirne 1:ne;J.su.1-:rr:-

ments. 

fuJJcti.on of te1nperat.l1re, ~t11d h-~-ts shown that the SF, 
I.) 

ion current ratio as a 

ion, cu.rrent decreases 

Since thf1 measurement by Compton, Cbristophorou~ Hurst, and Htdnh:u:dt 

(93) ,,'as obtained usi.ng experimental cond:l.tions sim:i.lar to those of this 

ton flight tinv.:. be tween 

accz=Iera. tior1 a.n.d cc1llect:Lo11. is of the order of 20 11se.c ·::L:n the rnass spectro-

rf\eter. A correction i:a,:tor esL61.blished from the autodetaci:lment 1.lfet:ime, 

the Jon path length, and the :Lon acct,lerattng voltage was appli1=d to the 

u1t..~as·ured SF~- io11 curre:nt.4 Tl1E: correct:Lor1 factors are 2 ... 087 mid 2.465 
tl 

for accele.ratlng voltageB of .3. 75 and 2,5 kV, respectively,, Sine(:; the 

ion fJ.ight ti.me varb2.s with a:::celeerating voltage, the appropr:iateness of 

the c.orn~c,tj_ou factor may be evaluated by comparison of reactton cross 

sections rr,easure.d at dtfferent. accelerating voltages while hold:ing other 

With the :ion current corrected for 



autodetachment the cross sect:lons should show no on 

Table I lists reaction cross ctions 4 formation at 

vc1 of t'.lals * It ob-

acce1J.;;:ra 

fo1.111d be f the accelerr,,dng 

basis of the ccn::rectton factor to the 

curren, t i~ decrned 

I 

secticns will reflect error tn the 

Ovenis t:.lmation the correction facto 

u:ndereorreetic-11 for loss of 

:ra 

correction factor is not 

sE:;;c.tions. 

A.sF r: arld 
.J 

to usnect that these ions 

pressure. of TTTllSS rorneter* 

curren 

an todetachment process 

no correction was 

than the true valu,2s, 

to autodetachmen t ,;,,,rill 

this s any f,rror inherent 

r a t£!B a.r1d cross 

in the low 

Tl1ere.fore 110 e~'Jrrecticn factor 

AsFc-
.1 

a radical anion 1tke 

for 

to the 

be lost 

is a 

ion cm:rent, 
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and the abundance of AsF5 was taken as that measured at the collector. 

If AsF5- is indeed a temporary negative ion then the rate constants and 

cross sections calculated for formation of this ion are lower than the 

actual rates and cross sections. 



CHAPTEft IV 

of the reac_ tions of ions in solution have 

tanc.e 

tl1e cont~rlnin ions.,. The 

reactio11s gaseoun s 6 nonmetal flu.o:r:ides l1a:ve. beet1 J.11ves ti 

i11 tlr:t to information ve ions 

and 

tia1 s tt1diE!S transfo f :rcJm 6 

dtH.:t: iOI1, p F ) . 

not accti,pt a fluor:Lde ton in solution to 17);, 

this rnol.eccrle 1~itas s tt1dj,,ed to tern:d11e the ion 

Pr') at lev1 p 
,j 

f fluorine atoms , No parent nega-

energy t and the t 

than MacNr.s.il 

and hav,:,, s tud:led the ra.ass o·" PF and l~ .. 3 

tf1e loi~1es t appe.strance t:lal for ion formation reported 

these workers :Ls 111 3 eV' for PF') 
"" 
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1:n gaseou.s rnJxttrres of SF,. and FF" or PL, at low electron energies 
0 .J .j 

and hi.gh pressures in. the mass apectrometE~r the secondary ions PF 6 and 

PF 4 are obser\te.d~ Tl1E"?.se :ions :;re 11ot presc~nt at lov;,; electro11 e.r1ergies in. 

the 1ot:J preJ:3Slrre ne.gative ion rnass spe.ctra of either pftosphorus fluoride-

Therefore it appears that these ions are formed via r:egative ion-molecule 

reac ti.ons involv.i.ng phosphorus-containing ions and/ or negative ions pn,·-

Ion·-fulecule Reactions 

Since no parent negative ions or fragment negative ions virsre observed 

at low electrcrrt for 

ions by processes such as 

-+ PJ?,, ,.., 

PF, 
'+ 

+ PF 

dary ions by reactions involving 

as reaction 66 is eliminated. 

the formation of secondary 

respectively, 

fluorine atom abstract"lou froni SF 6 

(62) 

(63) 

(65) 

suct1 

(66) 

The rnrnt abundant negative ions fo~n:ned from sulfur hexaf1uo:r1de are 

and (16) which have maxima in the ,3Jectron capture iord zatfrm 
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efficiency curves at 0.08 and 0.16 eV, respectively. The fluoride ion 

has also been detected at near 0 eV,, with the abundance of F- being no 
. -greater than about 0.01 that of SF6 (98). Since the secondary ions are 

formed in abundance about 0.01 that of SF6- it is unlikely that F- is the 

primary ion. 

The secondary ions PF6 and PF4- appear in the energy region where 

the SF6 and SF5- are abundant. Ion molecule reactions which may explain 

the occurrence of the secondary ions are (using PF5 as the example) 

- kl - (67) SF6 + PF5 + PF6 + SF5 

- kl 
(68) SF5 + PF5 + PF6 + SF4 

- k2 - (69) SF6 + PFS + M + PF6 + SF5 + M 

k2 - (70) SF5 + PFS + M -+ PF6 + SF4 + M 

Reactions 67 and 68 are bimolecular processes involving the formation of 

the secondary ion and neutral SF5 or SF4, respectively, while reactions 

69 and 70 are three-body processes involving collisional stabilization 

of the secondary negative ion. 

The number of primary ions present will always be small compared to 

the number of neutral molecules, and reactions 67 and 68 may be treated 

as pseudo-first order reactions and reactions 69 and 70 become pseudo-

second order. Expressions 71 and 72 represent the pressure dependence 

of the ion current ratio, i /(i + i ), for the first and second order s s p 

dependence, respectively, at constant SF6 pressure 
i s = k1t (PF5) i + i (71) 

s p 

i s k2t (PF5) (M) == i + i (72) 
s p 



where (PF,_) :LS the crmcentration of PF,; and (M) is the coucentrat:Lcrn of 

stabilization, if it i,:,; assumed chat SF, and PF,- are equally efficient 
0 ~) 

as ba.th molecaJ.es a plot of ion current ratio as a £u1.1ctio11 of P.FF 
;:; 

pressure at co11.s tan.t SF 6 pressl1re should lt:~ad t.o an. idt~.:ntification. of tlte. 

order of the reac tL:m, A plot of ion c:ur:eent ratio as a function of PF5 

press,Jre J.s given in Figure. 12 and the ob.served pressm:t: variation is in 

.agre.e1nent i~rith tl1e r1r0dictio11 of c:quat:lon. 71, cor.1firming tha,t thtc: process 

o'bserved is £1. Bin1ple bi:rno1E~c1Jlar reaction ... Similar results were obtained 

:tor: tl10 SFc.-P1?,~ syste111., 
<J -"' 

or SF5 , was identLfi.ed by the method 

of matching :Lon:i zatiPn eff:Lc.1.e.ncy curve:::L Figure 13 shOvJ:s, the e:lectron 

eap ture ioni2a t:ion for and PF. 6 ) d,'ctermined 

ar1d PF 5 in the 1:na:;s The con.·espondence 

of 

67 as the process l.eading to the. :form.d tion Sirrd.lar results were 

obtained for PF 1 , 
"' 

indicati.ng that 

fer of a fluoridf! icn froni S}1'16 to the norunetn.l fluoride acc:0rdi.11g to tb.e 

general reaction 

( 73) 

React.ion Rat~:: Cons_tants and Reaction Crus.s _Sections 

Having identified th,"" process by which the se.condary ions an: formed, 

the kine tics of the fluoride ::!on tnmsfer were inves tig,3te.d, 'The ion 

current of all ions tn the low E,ner:gy ma.ss spectrum were measured as a 

furH~ti0n of repeller voltagf,, and at various partial pressures of 11on-

metal fluoride and SF,,. Reaction rate constants and cross sections were 
"' 
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calculated using the relationships discuss,:cd e;:n:1ier emp1oying the 

c.otnpute.r progralli listed jn Appendix 1lalut:s obtai:ned arE~ presented 

Tbe :raL>. cor,stant for fltwr:Lde Ion tran.sfe:r to PF5 to form PF6 at 

-10 3 a repel ler fie].d c,£ 2. 0 vol.ts is L 59 x 10 · · cm /molectil.e···sec; indi cat-.. 

ing that tbi.s r1aact:Lon is much faster than are. typical free ri'.l.dical 

reactior1s ){I This extremely fast :cate ,Jf reaction is eha.rac te d.s tic of ton-

molec'c,1":' reacti.ons and is a factor which di.ctat,~s their consideration as 

:n:1e obsey··vat::Lon of fluoride ion trartsfer to t·he phosphoru.s fluorides 

suggested a general reaet.i.on ,·!hi.ch would enable studies of many inorganic 

fl.uoridrt and sillccm tet:rafL.10r:i.de WEH'fl chosen as reactants for subsequent 

s tud:lc:s 

no 1nolec:t1lar io11 forYn.H.tion, and 110 r1egative ions were fo1:111ed c1t electrot1 

rn.ass spectrometer th~: n.egati ve ions BF\> an<l J! <lominiite th.e spectrum and 
k 

F,,1 is observed ·tr1 1cst~l al)t1ndance$ 
L, 

This is in agret'ment wi..th the previously 

11.e ga ti ~ve 1 or1 m.a.s s Si.ii.eon tetrafluoride 

a.1so fo:rms on.Ly fragm2nt: negative ions in thf~ mass speetrometer, and 

again no :rnns were observed be.low 10 eV. Hae.Neil and Thynne ( 46) lu.rve. 
-observed the formation of the m~gative ions F , SiF3 , and F,., 

£, 
1n S:i F. at 

4 
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~C1\BLE III 

REACTION Rc\:IE CONSTANTS FOR 

nv r L 

L 

FORMATION 

·+ SF 

SECONDltRY IONS 

cule-sec.) 

p 
4 

Ot,16 

0.116 

0~111 

0 cc 112 
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TABLE IV 

REACTION CROSS SECTIONS FOR THE FORMATION OF SECONDARY IONS 

AS A FUNCTION OF REPELLER VOLTAGE FOR THE REACTIONS 
- -SF6 + PF5 PF6 + SF5 

SF6 +PF3 -+PF4 +SF5 

Repeller 2 Cross Section (A /molecule) 
Voltage Seconda!l: Ion 

(V) - -PF6 PF4 

1.5 34.4 3.88 

2.0 31.9 2.88 

2.5 28.5 2.60 

3.0 25.7 1.89 

3.5 24.9 1.68 

4.0 23.3 1.59 
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Lm~·MoJ.ecule React.tons 

fragment negativ,2 Jons formed only at ehic.tron en~rgies greate1: than 

about 10 ,:,V. 

tected in either the spectra of the pure gases or spectra of mixtures with 

secor1d.ary in pure BF5 by the 

(75) 

at 1.cBs thv.n 10 eV, an<l in th:ls study no ions containi.ng boron or silicon 

duced into the m:;:1:::1s spectrometer at high pressttr-EcS. 

to BF,, or S:i.F4 in the :Lon source at high pressures 
I . 

and SLF r: , respectivel.v i were det02cted at near 
J . 

0 eV e1ectron 

or Sif :Lon,01 Wi:!re detected ,'lt low electron energies in pure BF 3 or SiF4 , 

to:n .... 1nolec:11le rea.ctio11s i11v<Jlvi11g rtegati ·ve ions formed from BF~ o~"" s-iv _j .. .,,,~ 4 

a:r'e exc.lu.ded frorn cons:'Lderat:Lon for the formation secondary ions at 

Exaui:tnation of the electron capture ioni:z:ation efficiency curves 
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shown in Fi.gure 14 fo:r ions deteeted at low ,~lect:ron energi.E!S i.n mixtures 

that form . .atior1 of tI1.e secon.J.ary ion BF, 
't 

occurs 

by £1uod de :Len transfer ac(~ord:l.ng to raaction 73. SF,, is identified as 
Q 

for Sf,. 
0 

and 

th.e st::,conda.ry tcn1 B.F' 1't Io11L2f1.t:iot1 c:~ff:i.cie1.1cy c1Jrve.s (:btained for :Ions -, 

in 

·via fluor.i.de ion. tran.sft21"' fron1 ;:iF / 
0 

The plot ion current ratio as 

is also formed 

in Fi.g,:::re 15 confirms that SiF_ 
.) 

is f,::n:meJ by a s:i.mple bimolecular pro-

lec.l1lax: collisi.ort ~\li.tll SFr.. according to tl1e r.eac ti.ons 
'•' 

(76) 

("'-) , I I 

Reac. t:Lor1 }?.ate Ccn.s tan. ts an.cl H.t::acti or1 Cross Sections -•«---~ --.. ------,-~------- ~-....... -~ ------- ~.--,, .... __ _,,,...., .......,.., ___ ,., ...... _._.,_ 

pa:ri.:,m,2:tcrs usi.ng the comrute1· p-rc,grarn 1is ted in Appendix A, Rate consta:n.ts 

.:;.nd ,:::ros:3 sectim1s for ll sedes of repeller voltages are presented in. 

Table V :::ind 'VI~ Tf1e Ir1agni t.i1de of tl1e,; rE;,action. cross Sf!ct::Lon indicates 

that both HF" and SiF. aceept a fluoride :Lon more read:i.ly than do the 
_1 lf 

phosphorm; flu1Jrides. 
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TABLE V 

SDCONDARY IONS 

REPELLER VOLTAGg FOR THE REACTIONS 

6 5 ,) 

Rate 

1 5 .97 

.68 2,81 

3,19 

3,0 3 

'l 
•. .J"' 3 11 

3.60 



.5 

2.0 

4.0 

S1? 

SiF 1 
'+ 

73.6 

73.9 

56, 7 

46,9 

51,.2 

+ SF~ 
:J 

.8 

50,l 

.8 
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In order to determine the effects of hetero atoms on the rates of 

fluoride ion transfer processes, the reactions of SF6- with phosphoryl 

fluoride, POF3, and thiophosphoryl fluoride, PSF3, were studied. The 

hetero atom effectively replaces two fluorine atoms in the bonding 

sphere of pentavalent phosphorus, so that POF3 and PSF3 have different 

coordination numbers than PF5• The substituted phosphorus fluorides also 

differ from PF5 with respect to structure, polar character, and polariza-

bility, and an examination of the rates of fluoride ion transfer to these 

molecules should reveal the effects of these differences on reactivity. 

III. PHOSPHORYL FLUORIDE AND THIOPHOSPHORYL FLUORIDE 

When pure POF3 and PSF3 were introduced into the mass spectrometer 

at low pressure, only the F ion was observed at electron energies greater 

than 10 eV. No ions were detected in the low energy region near O eV at 

low pressures, and similar behavior was observed for the high pressure 

negative ion spectra at low energies. Upon addition of SF6 to the non-

metal fluoride in the mass spectrometer, secondary ions were observed 

in the electron energy region where SF6 and SF5- are formed by resonance 

electron capture. This behavior is analogous to that already described 

for the fluorides of phosphorus, boron, and silicon. 

Ion-Molecule Reactions 

Since the secondary ions POF4- and PSF4- are not observed in the high 

pressure mass spectra of pure POF3 and PSF3, an ion-molecule reaction with 

ions formed from SF6 is suggested. Figure 16 shows ionization efficiency 

curves for the ions observed at low electron energies for mixtures of SF6 
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and POF3, and the matching ionization efficiency curves for SF6 and 

POF4 confirms that SF6- is the precursor ion for the formation of POF4-. 

For mixtures of SF6 and PSF3 the ions SF6-, SF5-, and PSF4- were ob-

served at low electron energies, and comparison of the ionization efficien-

cy curves for these ions identified SF6- as the precursor for the forma-

tion of PSF4-. 

As with the fluoride ion transfer processes previously described, a 

plot of ion current ratio as a function of pressure was constructed to 

identify the order of the reaction. Figure 17 shows the variation of ion 

current ratio for PSF4 as the PSF3 pressure is varied, and the linear 

dependence is in accord with pseudo-first order behavior as predicted 

by equation 71. The ion current ratio for POF4- likewise shows a linear 

dependence on POF3 pressure, and these results indicate that the secondary 

ions are formed via bimolecular ion-molecule collisions. Since both 

systems involve SF6- as the precursor ion, the general fluoride ion trans-

fer process illustrated by reaction 73 is suggested as the method of 

formation of the secondary ions POF4- and PSF4- and the processes are 

given as 

SF6 + PSF3 + PSF4 + SF5 

SF6 + POF3 + POF4 + SF5 

Reaction Rate Constants and Cross Sections 

(78) 

(79) 

The secondary ions formed in POF3 and PSF3 are much less abundant 

than those formed in BF 3, SiF 4 and PF 5 , indicating that the tendency to 

accept a fluoride ion is less than that for the fluorides of boron, sili-

con, and phosphorus. 
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The react.ion rate constants and cross sections measured fo.r the 

are presrmted :Ln Tables VII and VIII, and 

an exaudcation of that the :n:cacti vity of POP -:i .,, and PSF,. 
3 

toward SF,. :-i.,s si£n:ificant1.y les~; t.han for the m1substituted nonmetal b . 

fluorides previously discussed. 

Tt1t~ react.to:t18 ()f Slt,~~ 1 . .J·:i.tb the nonrnE:':taI. flt1oriti.es disc.1-1ssed th.us 
(; 

cross SE~.c:tio11s deternri.t1e.d for the forrr1attor1 of se.co11<Jary :i.on_s,~ TI1e 

.fl11or1de.s of ars-er1ic .are a.11alogous to th.c: pi1osph.orus fl11orides st1-1d:ied 

phosphorus fluorides PF3 and the 

sf"fect of the incre2sed :.;ize of the arst:,nic atom as c..:.ompared to phos-

ph.orus a'.'nd the i11.flu.e.nce of i11creased dipole 1noraftnt .i. n AsF,1 compared to 
,) 

IV, ARSENIC TRI.FLUORIDE AND ARSENIC PENTAFUJORIDE ,....,...-••-•-~-.. -•-.•~kS --•-•----••·~-----«,•---- _,...,,~ .. ,..~- .., __ ..., __ .. __ •-•,..,,_.,,.., ___ __,,.,...,_, ____ ,.._ 

the mass spectrometer at both 

since PF.1 form1::,d several fragment ions cf .large a'.bundance. The negative .. , 
io:n rna.ss spectrurn of A,s:F' ... was a.ls(: s1.,,1:rprisfn.g ::L11 that tl1is cornpound . ) 

:forrned Et pa.ren. t negative ion~ AsF- • ,1nd a:n ion corresponding to the 
) ~ 

mole etJla.r io·n p.i1..1s a fluorine atom .. The ions Asf4 and F were observed 

tr1 the. laif pr1::.ssure rnass spect:rura of ;A,s.F I::'. 
.) 

tile AsF, ion was detect,~<l at T:E,nr O eV, 
,4 

and 
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3 .. 5 

TABLE VII 

SF + POF 6 

SF 

POF 1 
'f 

0.226 

0,227 

i213 

4 + S:Fc 
~) 

T'ftE RE/ACTIO'.NS 

PSE'1 
'4 

0.0205 

0.02 

0, 
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TABLE VI I 

REPELLER VOLTAGE FOR THE Rt:ACTIONS 

6 

Voltage 

4. O, '-i.29 

2 0 5,50 

2,.5 /+, 28 o. 413 

o. 
3.5 3.45 

0.381 



Ion-Molecule Reactions ,,____ .... -·-·-· ----·----.,_.__., .. 
When AsTi' .. .is introduced into the :lon sourcEo at high pressure the 

) 

Eme rgy :.n1d thE, wi.cl.ths of all reson<1r1ct, curves are approx:i.matE:1y equal. 

The rea.ctior1 for tl1e. forrnatiot1 c;f A.sf' 1 is t·be. di.ssoci,ati v·e e1e.ctron 
i."f 

capt.·ure _process 

(80) 

sirn:Llar to titt::: r-eac.tion ..fo:r forinntiori of SI\:: ,, T\,.;o posstbiltt:les exist 

~,,,. t\sF c· 
.) 

j 

ox- th_t~ cha.rge,,.~t.rt'J11sfer i.on-·rrro1ecu.le reaction. 

AsF,,. + AsF4, ;; 

ion 1nay be 

As:FL + 

-t- A.sF,.. 
:) 

formed by the reactions 

+ AsF,,, 
.. ) 

(81) 

(82) 

(83) 

(84) 

F5.gure 19 shows the va:d.ation with pressur(> of the. per c,,,nt of t:otal 

ion current for AsF'r 
J 

The. prima.ry icm AsF 4_ is observed 

to decrease slightly in per cent abundance with an inc.rease in pressure of 
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AsF5 , while both AsF5- and AsF6 increase with increasing AsF5 pressure. 

Examination of the variation of per cent ion current for AsF5 as a 

function of AsF5 pressure suggests that AsF5- is a secondary ion, and 

since the ionization efficiency curve for AsF5- coincides with that of 

AsF4-, the molecular ion AsF5 is presumed to be formed by charge trans-

fer according to reaction 82. At pressures exceeding 0.5µ of AsF5 the 

per cent ion current levels off and proceeds to drop slowly, ~uggesting 

that the cross section for charge transfer decreases dramatically at 

these pressures and that AsF5- formed by charge transfer is destroyed 

by some process not operable at lower AsF5 pressure. The mechanism for 

destruction of AsF5- is likely collisional detachment by AsF5 

(85) 

although an ion-molecule reaction (reaction 84) is possible. Since the 

initial formation of AsF5- is pressure dependent (pseudo-first order) and 

corresponds to a biomolecular process, reaction 84 would demonstrate pesudo-

second order kinetics and would require consecutive bimolecular reactive 

collisions if this were contributing to the formation of AsF6-. This pro-

cess is not likely since much higher pressures are normally required for 

such behavior, and no change in slope of the curve for the formation of 

AsF6 is observed in the region where AsF5 is diminishing. If reaction 

84 does contribute to the formation of AsF6-, the amount of AsF6 formed 

is insignificant to that resulting from other pathways of formation. There-

fore reaction 84 is eliminated from consideration as a means of destruction 

of AsF5 and the loss of AsF5- is ascribed to collisional detachment 

(reaction 85). AsF6 is observed to be formed with a linear pressure 
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dependence over the entire range studied, and the correspondence of the 

ionization efficiency curve with that for AI3F4 identifies reaction 83 

as the process for formation of AI3F6- in pure AI3F5• 

Since secondary ions are observed in the high pressure negative ion 

mass spectrum of pure AI3F5, the identification of ion-molecule reactions 

with SF6 was made more difficult. When SF6- was added to AI3F5 in the 

mass spectrometer, the secondary ion AI3F6- was observed to increase in 

abundance while AI3F4- and AI3F5- showed no corresponding increases. This 

behavior was determined by three experiments in which pure AsF5 was in-

- -troduced into the instrument and the ion currents for AI3F4 , AsF5 , and 

then AI3F6 were monitored as the SF6 was added. This behavior suggested 

that the ion-molecule reaction 

(86) 

occurs in mixtures of SF6 and AsF5 and that charge transfer between 

SF6 and AI3F5 does not take place. The ionization efficiency curves for 

the formation of negative ions in the low energy region are presented in 

Figure 20 for mixtures of SF6 and AI3F5• Since the SF6- curve is coinci-

dent with the curves for all ions containing arsenic, positive identifi-

cation of reaction 86 to the exclusion of reaction 83 is not possible. 

Figure 21 shows the variation of AsF6 ion current ratio in mixtures 

of SF 6 and AI3F 5 as a function AI3F 5 pressure. The points designated by 

squares are the calculated ratios for reaction 83 based on the measured 

rate constants for the ion-molecule reaction in pure AI3F5• The calculated 

AsF6- ion current due to reaction 83 was subtracted from the measured 

ion current and the ion current ratio due to reaction 86 was taken as 
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the difference. Although a direct measurement of the separate contribu-

tions to the formation of AsF6 would be preferable to this subtraction 

technique, the linear pressure dependence of AsF6- formation due to 

reaction 83 suggests that the data derived in this manner are valid. 

When SF6 was added to AsF3 in the mass spectrometer, the secondary 

ion AsF4- was observed in the region where SF6- and SF5- are formed by 

resonance electron capture. The ionization efficiency curves for SF6-, 

SF5-, and AsF4- are presented in Figure 22, and SF6- is identified as the 

precursor for formation of the secondary ion AsF4 • Figure 23 shows the 

pressure dependence of the secondary ion formation, and, as with non-

metal fluorides previously discussed, the formation of AsF4- is 

pseudo-first order in pressure of AsF3 and corresponds to the fluoride 

ion transfer reaction. 

(87) 

Reaction~ Constants and Cross Sections 

In pure AsF5 the formation of secondary ions was observed, and the 

reaction rate constants and cross sections for these reactions are pre-

sented in Tables IX and X. The large values measured for both the charge 

transfer reaction (reaction 82) and the fluoride ion transfer reaction 

(reaction 83) reflect the very strong acceptor properties of the AsF5 

molecule. The charge transfer reaction forming AsF5 is the only such 

reaction observed in these studies of nonmetal fluorides, and the magnitude 

of the cross section for AsF5- formation indicates that AsF5 is an ex-

tremely reactive gas and that ion-molecule reactions are probably quite 

important in the gas-phase chemical behavior of arsenic pentafluoride. 
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IX 

PTJHJ~ .A. 1tUN Ct"l'I 011 

4 + .5 

.o 

F 5 

5.31 

5.26 

5.82 

VOLTAGE FOR TIU:: REACTIONS 

AsF, q 

J.83 

3.80 

3.65 

3.58 
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6 + 

) 

As 6 

i38.7 

78, 

9 • 0 66.8 

87.8 60.5 

55,4 
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se 

reactiJJ'n 82 as d.escr:Lbed the section. 



+ 5 As 

r 

6 

4,34 

4.38 2.20 

.49 

,59 2.15 

4.61 2.13 
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TABLE XII 

REACTION CROSS SECTIONS FOR THE FORMATION OF SECONDARY IONS 

AS A FUNCTION OF REPELLER VOLTAGE FOR THE REACTIONS 

Repeller 
Voltage 

(V) 

1.5 

2.0 

2.5 

3,0 

3.5 

4.0 

- -SF6 + AsF3 + AsF4 + SF5 

SF6 + AsF5 + AsF6- + SF5 

Cross Section (A2/molecule) 
Secondary Ion 

- -AsF4 AsF6 

100.7 72.4 

84.7 55.8 

78.7 39.6 

73.7 34.7 

69.7 32.7 

65.5 30.4 



CEAP'.CER V 

DISCUSSION OF RESULTS ------~-

The react:l.on rate c.onstants ,ind cross sections for the ga::,;-phase 

dat:a dete.rmJn;;;;d for syst:e-nm of nonmetal fl.nor:f.des. These data mB:y be 

utilized to calculate, ton.le heats of forma.t.ion c.t the se(;.ondary ions 

formed, and the reactivity of t:he neutral species 1.s considered in light 

of the ni.agnitude 1.) f t:h~: reaction croHs section deterwJ.ned. 

I, REACTION CROSS SECTION AS A FUNCTION OF' ION ENERGY 

the mass spectro-

y:ie1<l the reac ti.011 prod,ucts. ThE, primary ions are formed in the elEoctron 

beam~ LS mn:1 from tbe ion exit sli.t, and experienc.,~ continuous acce1(;~r-

o.ticm in moving to th~1 exit slit due to the effect of tlu0 repeller 

electrode Held. 

energy, kin-:.stJc energy, and tbe energy :Lmp:nted to the ion by accelet-· 

ation in the repeller field. At repeller fields used in this study the 

is :formed with no k:inetic 

energy (16) by n::sonance electron capture, the only energy :!.rrrparte.d to 

the ion is that due to the repeller field, Calculattons of react.ion 

:rat<:: constarit:s require a knowli::idge of the primary ton e11e:rgy, and in the 

calculation method used here the ion :1s assigned an average ent,'.!rgy based 

on the repeller field strength, 

Many efforts have been devoted to dE,termine the dependence of 

96 
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reaction cross section on the 211ergy of the primary ion. Gioumousis and 

Stevenso.n (27) and Ste.venson and Sc.hJ.ssler (87,89) have proposed an E-l/Z 

dependence and ma.ny si.1apJ.e sys te:ms have been found to exb:Lb:i t this be-
...l. 

havior. An example is the reaction of J;r' with H2 discussE~d earlier in 

conjunction with Figure 11. 

' ana 

Field, Franklin, and Lampe (101) and field and Lampe (83) bave found 
.. 1 

that the reaction cross section varies with reciproca:1 ion energy (E .... 

dependence) fo:r many reactions involving primary po8:Ltive ions formed 

in hydrocarbons. Thus £01: poly,:1tom:lc :ions and molecules having many 

stated that the un8rgy ciependence i.s observed to vary with t:.:1.Ei Lon. exit 

en.ergy~ At 
.., tr. 

-· l/ L ., >j repeller fields an E dependence 1.s :notec while at 

b.i.gl1 repell.t;:r field strt~ngths ·-1 a tnmsitio:n u, E dependence is predominant. 

'I'he·y su,ggest that at repel1er fields grr;ate,r tl1an th.e energy ctt. tvhicb, 

this transition occ.urs, the :li!1paet parameters of neutn:tl molect1lf; 

collislons and 1::10. :influence of short-range :repulsive forc£,s must be in-

eluded :Ln a com.p.lete de,scri.ption of the energy dependence of the reaction 

Tv;o (lifferex1t cross sections arf: therefore lmporta11t over 

the range of ion e.nerg:ies. a cross section for ha.rd-sphere collisiona 

and the col1.iston cross sectiun :for Lange.vin orbiting collisions as 

developed by Gioumousis and S t(,VEcnson (2 7). 

Futrell and Ryan (102) and Han:ison, Myher, and Thynne (103) haw~ 

utili.zed pulsed ion sourCE'!S to investigate the :reactions of thermal 

energy icms and the former ha:ve. suggested that space charge effects and 
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discrimination eff1;;cts may be responsible for the various enE:.rgy depend-

ences obset·ved at low field strengths. 

The hwest:i.gations of the energy <lep,~tide:n.ce of reaction cn:iss 

section.s d~scribed above have irt\roJ:~1ed s:,i7stt:111s co11taiu1ng pOf:litive :i.011s. 

these systems, Figures 

2 4 a:nd 25 sho;,v· . , .,-n the va:r:LB.tion of reaction c:r:o:,is seetion w:L tn L (n ''" 1/2,1) 

·? Sf."'£7 
.J 

(38) 

(89) 

of behrrvio:r for example) .a:nd the dependence only 
.... J 

:roughly approximat:t.~s an E · rel:3.tionship. 

fluor:id0, :Lon txansfer :reactions studied here the Langevin a:rb:i.ting 

co11is:to11 niodt:::1 proposed b")7 Giouff1ousis an.d Stevet1sor1 (27) is :t1ot a, 

satl3fac.to:ry d,.:oscription of the energet:i.es of collision processes 

occurring 1n the :Lon source. 

The enc,n:gy dep,in.dence of th,?se reactions may be deterrnined by 

.fu:rth(c,r r,reast;r,:,m,'onts of reaction cross sections at higher repelh:;r vol-· 

tages 

s tt1dy the cross sections at repeller voltages higher than 4 volts were 

not c.onsidered recliab1e br"eause a reaction forming secondary tons via 

reaction with contribute<l to the secondary ion current at high re,•~ 

peller potentials. In order to determine the energy dependence of the 
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SF6 reaction it would be necessary to subtract the contribution from the 

endothermic reaction, and more extensive investigation of the reaction 

involving SF5- is required before this subtraction can be carried out. 

Determination of the reaction cross section for the SF6- reactions using 

the pulsed ion source methods described by Ryan and Futrell (102) and 

Harrison, Myher, and Thynne (103) also might provide information which 

would be useful in establishing the energy dependence. 

Since the electron affinity of SF6 has been estimated to be about 

1.1 eV (93) or 0. 75 eV<E.A. (SF6)<1.47 eV (104), SF6- produced at near 

zero electron energies in this study must be formed with excess internal 

energy in the form of electronic and/or vibrational excitation. It is 

of course possible that this quantity of internal energy is sufficient 

to mask the E-l/Z dependence of the cross section at low ion energies. 

Therefore studies of the temperature dependence of the reaction cross 

section would be of value in determining the energy dependence for these 

reactions. 

The cross sections for the reactions studied here exhibit a de-

crease in magnitude with increasing ion energy, an effect which is 

characteristic of exothermic reactions. The reactions involving SF6- are 

therefore shown to be exothermic, and thermochemical ealculations of the 

ionic heats of formation of the secondary ions may be carried out since 

~H (reaction)~0 for these reactions. 

II. THERMODYNAMIC CALCULATIONS 

Heats of formation of primary ions observed and radical species 

predicted in this study may be calculated from a knowledge of the 
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appearance potential and the pcedicted n:iaction process. The heat of 

formati.on of the ton is ca1cu1a ted ustng the appearance potential of the 

of the neutral s:·adic.al species are {,value1ted for the appearanc,~ potential 

of an ion which has a known heat cf formation. Tables XIII and XIV list 

the heats of formation of the neutral and ionic species of :i.nteres t, 

rec_;pect:i_V(?ly, :Ln thi,;;; s tud_y. F·com the nei:,.r-zero appearance potfmti.al of 

SF c (16) for the reso:nanc(:. electron <::,aptur,a nrocess 
0 

(90) 

the l'1eat oi forrnat.ion to th,;; heat of formation 

AR fq~ -) - -289 kcal/mole. .l..J. f.,,,L,,J,.6 '""'" J..S formed at O .16 

eV by the process 

SFt-: + e S:Fr.: + F 
·,J -,I 

(91) 

and 

The of forrn.a.tion. be calculated from the. 

reactiort 

(92) 

for which Curran (98) has ,foterrrd.ncd the appearance potent:tal of F and 

the total ki.netic energy to be O and O. 23 eV, respectively. The heat of 

forma.t::Lon of given by 

(93) 

the bond dissociation energy of the sulfur-fluorine 
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TABLE XIII 

HEATS OF FORMATION OF GASEOUS NEUTRAL SPECIES OF INTEREST 

IN THIS STUDY 

M (q) 

SF6 

SF5 

SF4 
PF5 

PF3 

BF3 

SiF4 

POF3 

PSF3 

AsF5 

AsF4 

AsF3 

F 

aSee Text 

-289 

-234 

-185.2 

-381.4 

-219.6 

-271. 75 

-385.98 

-289. 5 

-254 

-295.5 

-258 

-220.04 

18.88 

Reference 

105 

a 

105 

105 

105 

105 

105 

105 

106 

107 

a 

105 

105 



Ion 

PF6 

BF 1 u 

StF,.. 
) 

As Fr: 
,,,I 

SF ... 
0 

104 

Ti\BJJE x:Iv 

Lattice Calculations 

SFr + POF 0 + POP + SF_ 
0 J 4 j 

SF, + PSf~ PSF. + SF5 D 14 

+· :\s]?,, 
. ./ 

R.eference 

-289 a 

-304 a 

a 

--466 a 

--32 7 

108,109 

-441 

a 

-583 110 

-345 a 

-309 a 

a 

a 

·-273 a 

-296 a 

-346 a 

a 

a 
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bond broken in the dissociation process. This quantity is related to the 

appearance potential of F-, the electron affinity of F, and the total 

kinetic energy by 

(94) 

so that on substitution of 94 into 93 equation 93 becomes 

Expression 95 now yields ~Hf(SF5) = -234 kcal/mole using the data 

reported by Curran (98), the electron affinity (111) of fluorine (3.45 eV), 

and the heats of formation of SF6 and F listed in Table XIII. 

The observed decrease in reaction cross section with increasing 

repeller voltage (and therefore, increasing ion energy) indicates that 

the formation of secondary ions by fluoride ion transfer from SF6- is 

an exothermic process. The general reaction for the formation of these 

secondary ions 

(96) 

and the thermochemical relationship 

~H(reaction) = I ~H(products) - I ~H(reactants) + U + W (97) 

· (where ~H(reaction)>O for these reactions) may be used. 

For these calculations, the heat of reaction is asstm1ed to be eqqal to 

zero. Heats of formation of gaseous ions calculated from these mass spec-

trometric measurements may be larger than the true heat of formation due 

to excitation energy (U) and kinetic energy (W) in the product ion. Thus, 
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if ions are formed with kinetic energy or in excited states, the calcu-

lated heats of formation represent upper limits unless the excess energy 

involved in the process has been determined. In these studies no measure-

ments of kinetic energy of the negative ions were conducted, and the 

thermodynamic values reported here must be considered as upper limits 

for the actual heats of formation. 

These data are of value, however, since the heats of formation 

calculated here represent the first such enthalpy data for the fluoro-

anions and these values may serve as reasonable estimates for use in 

further studies of the thermochemistry of inorganic nonmetal fluorides. 

In this study it has been shown that the dominant process for the 

formation of the [AFn + 1 ] - ions at low repeller potentials (low ion 

energy) is described by reaction 96, an exothermic ion-molecule reaction. 

However, all primary ions acquire kinetic energy from the repeller field 

as they are swept toward the ion exit slit and it is possible that the 

kinetic energy gained may be sufficient to initiate endothermic ion-

molecule reactions. From the enthalpy differences of reactions 96 and 98 

SF6- + AFn--+ [AFn + 1 ]- + SF5 

SFS +AFn+[AFn+1]-+sF4 

(96) 

(98) 

the reaction with SF5 is calculated to be endothermic by about 2.6 eV. 

In the dissociative resonance process SF5- is formed with less than 

0.1 eV kinetic energy (16), which is not sufficient to overcome the en-

dothermicity of reaction 98. However, if the repeller potential is in-

creased the kinetic of SF5 will also be increased and at kinetic energies 

greater than the endothermicity of the reaction, the formation of 
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secondary ions may be observed. Fx:01:1 EHl examinat:to11 of t11e ionizatio:n 

eff:id.ency curves a11d high repeUer poten-· 

tials, a shift in the high energy porticn of curve should 

In add.i.tlon 1 the formation of by the endothermic process 

(:tE!aCtio:n 98) sl1<.)ulcl 1it::ad to ai7. :L11crease i11 t·he fr<1cttt)nt1l al:ru::ndan.ce. of 
r l 
lAii'n + 1 j as the rf.'.peller potential is inerease.d. Extrapolation of the 

r.i.si.ng portion of -i::'he fractional abundance cu:r\7e gi:ves an approximate value 

for the repeller potential (related to :h1n 0nergy) at which the endother-

the [AF A.. 1 n , 1 j 1on con then be t?st:j.mated. from the end.othEn:1nic reaction by 

ut.i.lizing the e,~tr.apolated value :for the endotherm..ir..:t ty and the heats cf 

for;nat:ton of the :Lonie and neutral species listf!d in Tables XIV and XIII. 

The h,0xafl.uorc!phosphat-2 (V) negative. ion :ls formed by the reaction 

(99) 

By application of Iless I s Law using neutral and ion:i.c heats of formation 

in Table~:; XIII and XIV the ri<:.>at of f,:n:1:1:ation of FF6 n:.ay be calculated 

from expression 97~ 

(97) 

"" -436 kcal/ mo le, 

Exa1n:Lnat.ion of the :i.onizatton e.ffid .. enc.y curve formation at 

6 V (Figure 26) and the var:i .. a.tion. of I'F, 
ti 

fractional abundance for repeller 

volt ages in the range O • .5 to 8. 0 V suggest that additional processes may 
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r)f tl1e SFf 
,) 

cl1rves are tdeI1tic.a1 

t.he :fcr1rrc1tion ~Jf PI'.,. icrns :Ls obser'\red at htghe.r ele,ct:ro11 e:nergies :rhe 
t) 

p:rvduction of 

eV) 

vc,1tage.s to 

t11e PF,, 
b 

ions .?:tt th.ese high.c-:r er1.e.rg:i.es c.ou.ld occur ir.1 

n2.ut:ra ls via process~ 
J 

IJOLe11.tials an.d the distribt1tion en the e1ectro:n bea.111 is not distorted at 

repE:11er poteri.tia1.s, ion. is not 1(:!sponsibJ..t: .to:r.: the 

h:lgh :re-pe.1ler vc11tages I, 

plotted repeller potential. It '"' .J., •. ,.t n:::,ted that tht:1 fractional abun-· 

dar.1ct~ of 1ntr1-aLLy expected for an exo tl1crnri c 

eae.rgy) i11creases dran:atically, The on.set: 

energy· for tl,.t:; fo:crnat:ion of :secondS:.ry ions a.t this i.on ?2:n_ergy approach.es 

frae-tiona1 abu11da11ee correspor1cis to ai.1 J..011 '7:nergy of 1 .. 5 e.·v for th:Ls pro,.-

t\ valt1c may be estimated from the 

eudot.henni.c reaction~ by utilizing the extrapolated value for the 

e:ndothcrinicit:,r of the reacti.011 a11d th.e 11e.ats formation listed 



:u.o 

E" 
FIGURE 2,~ FRACTIONAL ABUNDANCE OF PF; AS A FUNCTION 

OF REPELLER VOLTAGE 
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Tables XIII and XIV. 

Th.is differs from the heat of fo:rT11ation calculated for PF,, formE,d in the 
0 

In. thls s tttdy l:he. e11er.t;i,y of the rea.c.ting io11s at a gi.·ve.n r·epeller 

field is an averagE: En1ergy and the observation of the onset of 5. 0 V re-· 

pelle:r potential is a g:ross f~ffect~ Ho1.VfYV£~1:s,, if re1Jctior1 92 .is of import.-

ance f,t hi.gh n~peller field strength,;; this observaticm suggests a method 

of th~te:rnd .. ning ratf:. co:nstants .a:nd ci:oss sections for er.u:1ot11e,r1rd .. c n.egat:.ive 

jc,n-w.o.le.culc reac t:Lons. Sepa:rat:ion of the eontrfbutions to the measured 

rate constant a.nd cross section c.ould be accomplish,:ld through deeonvolut:io11 

:fet_r..;:'lf~.1!0:CCH:D,:,1_pho~?.P.£i~!!:-. (V) and J.'etra£1uorot.h'ic'.£!lOSJ?..hate_ . (V) Ani.op~: £01:.4 
and PSF. ---··"4 

111(:: 1"1eats of for:rnation a:nd PSF 1 - are 
"t 

ca.lcuJ.ated 1.1s:i.11g ci for-rn of e.qt1atton 97 an.d tl1t~ heats of forrnatio:n ltste<l 

in Tables XIII and XIV, Upper limits for the heats of formation are 

""-309 kcal/mole. No literature 

The observation of sbj ft in the lord u1 tion efficiency cm:vt, for the 

se.eondary :ion at high repeller voltage wa.s also ob:3erved £.::n~ the formation 

oi PSF, as :Ls shown in F:i gure 28, and the plot of relative ion abundance 
4 

·:c a function of reJH3l.h~r voltage for PSF 4 - formation .is shown in Figure 

29. Extrapolaticm of the rising portton of the curve to zero ion abundance 

may not be valid here since the maximum in the rising portion of the curve 

.lies beyond the Hmits of th(:: data available. The extrapolated value of 

repel.ler voltage (2. 8 volts) i.ndicates that the re.action occurs wi.th an 
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A shou} der on the iorl.i zation efficiency curve o.f ·was also 

observed at high repelier volt.ages, but the variation in ion abundance 

id.en t.i fl ea t:i on of reac t:Lo:n i.mro 1 ving SF - carmot 

be accomplished from the dat,1 availabJ.i,, The absence of an increase in 

:ts than forrnatlo11 w 

Pentafluorosilicate (IV): 

111e 'h8at o:E for1nation ::Jf the S:i Ff" a:n:ton. is deternrtr1e,d to be :) 

(100) 

£\H.~(Si.Fr..: ) :~ ~441 k.c:.:t1/rnol~~ frcrm. (:01nbin,<::1.tion of the }ieats of forrnation of 
L .. J 

ioxis an.cl 11e-i1trctls i11 t}!e reac:tion, 

(101) 

-583 l-cca.1/mole, reaction 

(102) 

This value may Pe compa.reci with determined here, and the 

diffenmce probably is thE: result of internal and/or ki.uetie energy in 

th,3 reactants and products. These quant1t:i.es w·ere not measured in e.:LthE!r 

of 

Examination of the j onizat:ion efficienc" c:urve £or Si F ] . 5 at high 

repeller voltages reveals that a shift in the curve is observed, 
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suggesting the occurrence of an endothermic process as describE,d for 

Tl1e fractional abt111dar1ce of SiF t:: 
_; 

, when plotted as a fun.ct:i.on 

repeller voltage; showed an i.ncreaEH'; at high repeller voltage similar to 

that observed f;:,,: PF6 in Figure 27. The extrapolated onsc~t for formation 

of Si.Fr: by the endothermtc r,ro,::<~ss ,,ras found to occur at a repeller vo1-
.J 

tage of 4,'5 -,ro.!.ts, so that the endothenu.icity of the re:action for forma-

was 39 kca 1/:noJ.e. Therefore tbe hE:,at of formation of S:i.F,. 
J 

lVas calculated = -466 kcal/mo1:! for the en,fothe.rmic: 

Comparison of the two values obtained for 1.\H+(SiF "'·-) 
J. .) 

from this study 

shows that the heat of fon1a tion obtained from the endothenn:i.c process is 

1no1::·c0. negative th.an that f1~cnn reac.tior1 101 by· about. 25 k,ca1/mo1e, sirggesting 

that 

tribu.t:Lo:ns fron1 trrte.rr1a1 ar1d/or lci11etie energy~,t. 

and PF --·-- -·-4 

Upper limits for the heat.a of fo:rrnati.on of the secondary 

and PF, are calculated by corribining the heats of fo:nnati.011 of reactants 
"t 

and prnch;cts in rea,:::tion 96 to obtain tJJ"'(EFt- ) = -327 kcal/mole. aud 
.J., -f 

Other inve;,:;U.gators have ev:iluated icnii e. neats of format:Lon 

fro,n. lattice f,nergy calculations (108,109) to bt~ -407 kcal/mole. This 

estimate cmrrpares at leai:1t qualitatively with thE: µresent: value and the 

discn°pancy likeJy ariE:"es :from the fact th.flt t:IH.,, value obtained jn the 

or kinetic en<c:rg7 of the reactants and products, Such contributions may he 
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stgni:Eicant ir, negative .i.on formation an<l reacti.on precesses. 

Shoulders were also observed en tl-1e ionization efficiency curves 

of the :Lons BF, and PE, i1t high repeller voltages, and the variation 
4 "'+ 

pe.ller ,rolta.ge Js si1n:Llar to :Ln Figure 29 in that no 

0£ ionic he ... -:rts o:f forn1atior1 of these :iQ11s rnay be dete11r1i11ed~ 

:ton. 1\sF, 
4 

formed nfoar O e.V by the process 

(103) 

as observed in th:Ls study, and t::iklng the appearance potential cf AsF 4 

to be 0, the heat of formatio1J. 

-351 k.cnl/.n1c,l2,.. 

observed, an,d 

:is ~·308 kcal/mole. 

upper limits fan: thE: heats 

AsF,. was also 
.) 

(104) 

The heat of formation of AsF, may be calculated from this process since 
0 

of fonnat:ion of and AsF., are . .;, 
., Kr1own R11rl A11' fAQF· -) heAn 

-~- . ...,. .... ,.l. .. f \. ....,. 4 1.1.;.,,--ib L,, l:;.,. 

dE!term:ined from meas 1.1.rements of the appearancE:l potential of A.sf, formed 
s; 

by reacti.ou J.03. Th.e heat of for::riati.on of AsF,,. formed tn reaction 104 is 
0 

thus /,H (AsF ) "' -384 kcal/mole. •-' f " 6 

from the reac. tion. 

If the Ya1ue of 6Hf(AsF, ) determined 
:.. .'.f 
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then the heat of formation determined is -349 kcal/mole. This value is 

much closer to the 8Hf(AsF6-} determined from the SF6- reaction with AsF5 , 

and is less negative than the previous value by 33 kcal/mole. It is 

interesting to note that this difference is at the upper limit of estimates 

for the electron affinity of SF6 and is therefore approximately the limit 

of excitation energy to be contained in SF6 formed at 0.08 eV electron 

energy. It is not probable, however, that all of this energy is trans-

ferred to the secondary ion in the ion-molecule reaction since the energy 

transferred to products must be distributed according to the ratio of 

reduced masses of the products. SF5 would therefore be expected to retain 

a share of the internal energy of SF6-, and it appears that the difference 

of 33 kcal/mole cannot be attributed entirely to excitation in SF6 - • The 

8Hf(AsF6-} = -384 kcal/mole is assumed to be the more meaningful value for 

the heat of formation of AsF6- since, being more negative, it likely con-

tains fewer contributions from excitation energy than does the value ob-

tained from the ion-molecule reaction of SF6- and AsF5 • 

Examination of the ionization efficiency curves for the secondary 

ions AsF4 and AsF6- formed at high repeller voltages reveals that shoulders 

are observed similar to that for PF6-, suggesting that an endothermic pro-

cess similar to reaction 98 is occurring. However, since reliable ion 

current measurements for these ions were not obtained at repeller volt-

ages greater than 5 V, no onset for such a process was observed and no 

calculations of 8Hf(AsF4-} or 8Hf(AsF6-} from endothermic reactions were 

carried out. 

Pentafluoroarsenate (IV}: AsF5-

The heat of formation of AsF5- may be evaluated from the reaction 
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(105) 

Th:Ls quantity may be c,1-lculated from thE, relation-

ship 

(106) 

(1.07) 

In orde:r t;he bond dissociation energy of the 

AsFe:; + AsF,, + 2F 
_, .j 

(108) 

ts eonsid(~red since the heats of L:irn1atlon of all the q uanttt:Les are known. 

From the relat-Lonship 

(109) 

114 kca.1/mole and D(l\sF1 -F) is taken as one-half this ene:cgy, or 57 kcal/ 
-4 

mole, 

Equatio:t1 107 rr:u:.1)1' ncrv/ be 

arid th.e l1e,1 t of for1r1ation of A.sF h formed by· reactto11 103 is ca.lenla ted, 
-1 

hy the process 

If one assu1:nes t11ttt \sP J .. 5 :nay be formed 

for AsF r 

(110) 

may be utilized 
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It is worthwhile to emphasize again ti1at the heats of format:ion of 

i ans calculated here are upper limits and do not correspond to equilibrium 

values since no provision for kinetic energy in the ionic and neutral 

Charg_e--·TransferRe,Stcti.ons and R1~Iatlve Molecular E).ectron Affinities 

As the :result of experiments in this :study it has been proposed that 

formed via charge transfer with aceording to the reaction 

(105) 

Ne other :,1omwta1 Lluoride studied here (except SFt.) :formed a. parer,t 
,.> 

n2gative .ion or partictpa.ted in a reaction similar to reaction 105, 

when introduced into the mass ~'ipect:rometcr fcn:ms the parent ne.gati:ve iot1 

Thi.s ion does not undergo charge 

tl1t'! mass spectro1neter i.n tJ1e ion 

current atter the initial process of passivat:i.ng the ion source was com-

thu,s it is proposed that the. reac:.ti.oris 

(111) 

(112) 

do not occur. 

jn this study elect::ron affinity of AsF4 may be estimated to be .65 eV< 

from the tablet, Si.11ce ttie yvaluE: of -308 kcal/mole has been 

desi.gnate,d as t:hlt "best" value, the LA,(AsF4) :Is probably about 2.2 eV. 
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This is greater than estimates for the electron affinity of SF6 (93,104), 

and thus charge transfer from AsF4 to SF6 is not expected. Since this 

behavior is indeed observed, it may be concluded that E.A. (SF6)<E.A. (AsF 4) • 

No charge transfer was observed from SF6- to any of the nonmetal 

fluorides by reactions such as 

(113) 

so that for each of the nonmetal fluorides the molecular electron affinity 

is less than that of SF6• 

III. REACTION CROSS SECTION AS A MEASURE OF ACCEPTOR PROPERTIES -- -
The nonmetal fluorides investigated in this study are well-known for 

their behavior as Lewis acids in solution. PF5 forms the PF6- anion in 

solution (17,18,19) and many salts containing this anion have been isolated. 

(18,19). PF3 is known to form a 1:1 adduct with trimethylamine (112). 

BF3 forms many complexes with Lewis bases, and the acidity of BF3 has 

been studied by many workers (18,19,113,114). Wilkins and Grant (115) 

and Muetterties (116) have investigated adduct formation with SiF4, and 

the SiF5 anion has been isolated by Clark and Dixon (100). The acceptor 

properties of AsF3 are well known and the AsF4- anion has been identified 

by Woolf and Greenwood (117) and by Muetterties and Phillips (118). AsF5 

is a strong acid and forms the AsF6- ion in solution (18,19). The 

acceptor properties of POF3 and PSF3 are less well-characterized than are 

the other nonmetal fluorides studied here. Muetterties, Bither, Farlow, 

and Coffman (17) have noted that POF3 has little tendency to form adducts 

with typical organic bases. The chemical behavior of PSF3 has not been 
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widely investigated since it is spontaneously flammable in air (74). 

The nonmetal fluorides described here are thus divided into two 

groups, those having strong acceptor properties (BF3, AsF5, AsF3, PF5 , and 

SiF4) and those having relatively weak or unknown acceptor properties 

(PF3, POF3, and PSF3). 

Addition of a fluoride ion to the nonmetal fluoride molecule is 

analogous to the addition of a pair of electrons to the molecule, and the 

ability of the nonmetal fluoride to accept the fluoride ion is certainly 

related to the ease with which the electron pair from F- may be incor-

porated into the bonding sphere of the molecule. Steric factors probably 

do not play a large role in the addition of F- to the molecule since the 

fluoride ion is extremely small. 

Since the fluoride ion transfer reactions studied here involve 

addition of F- to the bonding sphere of the neutral nonmetal fluoride by 

the gas-phase process 

SF6- + AFn + [AFn + 1] - + SF5 (114) 

a detennination of the relative ease of incorporation of this fluoride 

ion should provide information regarding the Lewis acidity of the free 

molecule. 

Since the Lewis base SF6- in reaction 114 is common to reactions 

involving the nonmetal fluorides, no differences in reactivity of the 

base should be involved in comparisons of relative reactivities toward 

this base. SF6 is generated by resonance electron capture of thennal 

energy electrons, and since the width of the ionization efficiency curve 

reflects the energy distribution of the electrons used in forming SF6- (16), 



.it ·ts possible to select ions of uniform energy distributions by observ~· 

ing the width of the electron capture curve. This procedure was followed 

these experirn8n ts, so that . ., l .in au ens es t le xeactartt iot1 SI?, 
0 

ver:y nearly th£: same energy state. In addition, the studies wen:: all 

i.n 

carrii2d crut aJ..: a con.stant ternperat11re of approxin1ate.ly 100~ C,. a11d th.ere-" 

fore d:U:fen:;nces :tn reacU.vity of the. base duE', to differences in population 

of excited vibrational or ele:ctror1ic states in reactiori 114 s1"1ou1d be 

rnir1irnized I< 

frh,~ reaction L::ross seeti.011 for tl1e process illltstrated by re,actio11 

ts an i.ndicat:Lon of the reactiv:l.ty of tht: free nonmetal fluoride 

11tol4:;1.ct1le, m1affr::cte.d hy sol,-:Iet1t inte:rc1ctiot1_(:;, tovlard tl1t: eadicEtl ax1io1.1 

rn::L1<tt1res wt th SE'r, C:(nirpar:ison <Jf t11t1 reac t1on cross sec.tJ.o,n £or th.ese a 

processE':,s shouJd be a valid measure of the :re1ati ve acceptor strength 

exh.ibi ted by the nonmetal fluorid .. molecules. 

The re.a.cti(n1 cxoss sections for the formation of secondary icns by 

114 are smmnarized in l'nble XV. Since the n1action 

from As~~',.. exhibits the largest cross Sl',c:tion at s.11. repe11er voltages for 
,) 

tb.ose reactions stJ.1d:Led., a scal.i':, of Le.v1ts ac1dtt1e,s may be constru.cted 

relative to the rea.c:i;:ivity of AsF3 • By taking the :reec. t:i. vi ty of As F 3 to 

be. ux1i t:y at eacl1 repeller volt:age, tl1e, -retie ti , 1:L ty of e,a.ch, of th,e r10:nm.etal 

fluorides may 1:.ic detF.n:ra.:ined relative to this cross section and the cn:dc:>r 

determined should be indepenci.ent of repell,.:or voltage. 

&ci.d a t"rengths of the nonmetal fluorid0"!s dete:rmined in this way are pre-

se11ted in Table XVI. It is apparent tbat the relative acidity is indeed 
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TABLE XV 

SUMMARY OF REACTION CROSS SECTIONS FOR THE FORMATION OF SECONDARY IONS 

AS A FUNCTION OF REPELLER VOLTAGE 

Repeller 2 Cross Section (A /molecule) 
Voltage Seconda!'l Ion 

-(V) AsF4 BF4 SiF5 AsF6 PF6 POF4 PF4 PSF4 

1.5 100.7 73.6 68.8 72.4 34.4 4.64 3.88 0.429 

2.0 84.7 73.9 56.5 55.8 31.9 5.50 2.88 0.412 

2.5 78.7 57.3 52.1 39.6 28.5 4.28 2.60 0.413 

3.0 73.7 56.7 50.1 34.7 25.7 3.71 1.09 0.404 

3.5 69.7 46.9 47.2 32.7 24.9 3.45 1.68 0.404 

4.0 69.5 51.2 48.8 30.4 23.3 3.02 1.59 0.381 
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independent of the repel.1.er voltage at which the cross sect:Lon was deter-

nLi11ed, i.ndicatirtg t!1a.t the 'Le~ris acid strength listed 'here. reflects t'he 

acidity of the mole::::ule ra tner than exoerlment,'il c.ondit:1.ons in the ion 

source.~ Ex,,:i.rnination of these data suggest an order of acid strengrh of 

studies;) are denoted as strong Lewis 

acids and PF~ is c.011siderr:;d to ~be a weak Lf~~vls acid (74)~ 
;; 

Cli.f:ford, 

Beacl1e11, and Jack, (18) have dt:terrni11f:~d relati·v(~; a.c:idities of flttorides 

a strong acid 

aatuce wbE-,r,2.as PF,. was desig:r,ated a weak acid. and SrFI.,_ was described as J ~· 

Th:is is in corrtrast to the order de,ternd~rH.:~d. fro111 ior1._,_ 

1no lt.=~:cule rea.c tion s tud:ies, B:i.nce th.e formation 

by a factor of 2 a1:d is nearly as large HS 

tl1e cross section. for HF, f:orruat:ionit 
4 

Tl1e predictiQtl acid based on the gas-

phase ion""molecule reactions described here and the reversr\ prediction 

from studies :tn EF solut:l on (18) refh:ct the basic <li£fcrence in the 

The so1.utio:n study J .. n:vol,re<l equilibri.a in ·wfiich 

the di1:1soeiation of b.ydrcgen fl uoridf:.: provides an excess of fluor:i de ions 

which may be added to the trrn 

ph;~;;e e,q:,er·:imi=nts are non-equiJib rium processes with respect to the 

:is a . .l.lot..Jed per SiF I molecule at pressures ust~d :L11 this study· I 
4 

J:o:r:11,2d is imr.1edidtely extr;.icted from the re.action zone ( the ion source) 

arH:1. ther0fore t.he observed cross Sfoction reflBcts th~, addition of only 
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Repe11er Relative~ Le~r:ls l\cidi ty 
Voltage Nonrnetal ~·----·-·-.... ·-- Fluoride 

(V) li.t--.~·_F 3 r,v SiF,, As Fr ..,..JT"'i J?OF.,, PF~ .PSF,, jJJ~ '"' .t L! 5 
_) I-if- J .,i _} J 

1,. 5 1.00 o. ~"., I ,J O:i68 o. 72 o. " , J'-+ 0.046 0.038 0.004 

2.0 1le00 0.87 o. 67 0.66 0~ 38 0.065 0.034 0.005 

') r. ,,_. ,) 1.00 o. 74 Oi>66 0~50 0~36 0.055 0.033 0.005 

3.0 1~00 o, 77 0.68 ()#47 o. 35 0.050 0.026 0.005 

3 1' 5 1+00 0.67 0.66 0.47 o. 'r' J.L tL050 0.024 0.006 

4~0 1400 t· ..,j;,, 78 o • 75 o. !f6 0~36 0. 01+6 0.0214 0.006 

1\1.1erage 1.00 (L 76 0""68 0.55 o. J~j 0.052 0.030 0.005 



011£0 fluoride ion to form the SLF 

The of n:.:lative s of the l:-u?-;;rnfJuQro anions is in 

accord observed :Ln solution 

p cJf PF.,1 cornp:ire ·wJ. th that 
,; 

from olution studies 

f,'luetterties, I3i , Fa:rl Co f frnart ( 1 

afluoride is often cla.ssified a s 

than 3 ( 19), and the ords:::,r cted here is 

both are classified as s 

sys ten tud ied hero was found to be much more compl:I than the 

the pure gas 

AsFr should occur in 
:, 

observed in 

l{E: ac ti OTlS of 

tl1od of calculation of tht!, c.rc,ss section fo reac.tio-r1 

snou1ct Therefore 

DO reascn,1 is the Lewis acidt 

of l\sf\~ totvar<l the 1.ke:-,tJls bctse~, ., 

the order o:E Lewis ac:Ldities determined 

fro1n gas cule reactions s ciggEs ts that 

s1.1c11 s tt1d:i.es be n1eans of es tati.ve scale oJ:' 

Le.\vis acidi.tie.s 

IV, THE 

Unders the between st ture and reac.tivi :may 

be the. t1ltirnat:e of the ch.en1J..ca1 kir1ettcts and deter-

minat:i.on rel.a. 1I1U8 con1e from 

£ :rates The determination of rela 
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of st·.cuctm·e to rtiactivit:y 'invri'l.vi;is a study of chem:ical n:oac:tions for a 

serLE-}S of mcle<:ules with variou;::; s tnKtura1 paramet8rs. To el:Lminate 

effec.ts of solvents, and condensed phaS€.\ interactions, :Lt ls important 

to curry out these inves t.i.gatic,ns in the gas phase where mc,lecuJar re-

Unf.c.1 rtuna.te.ly many reactions cannot be studied 

in. th,is 1:,.r1:J.y '> si11ce reac. tion.s \ihich. oc~c:1.rr ir1 solut:tori are not en.ergetically 

energy i:'m.d/or a stabiltz.ing ::tnflurmce on the products formed, 

to s truetu:ral parcnneters 

Effect of Eleetron Density_ Distribution on 

an t=:1ectron di:-mstty rearrange-

merit n1odt:>J" for iort·-raolecu1e rea_ct.ions \\1l1ich assl1mes tl1at t'he d.ominant 

(:lect.xon. denr,ity rearrangt!rnent requi.re.d in proceedit1g from retHctants to 

pr.odu,:: ts,, 

A + BC ·>· AB + C (11.L) 

it; considered 1.11 terms of the re.1.a.t:i.ve e1er.:tron.:igativit:i.E:'.S at the reaction 

If th1:: e.lcetro:oegativity of A .is larger than B, then 

11 t·tl P .rearrange,m,c,nt of eJ.ectron de.nsi ty wi 11 be necessary upcn proceeding 

to the ~w ion since the more electronegative A molsty will command a 

larger shs:rrc of the. electron density in th1:: product ion. Similarly, if 
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tIH~ electronegativity of B is much larger than that of A, then formation 

of the product ion w:Ul require a net shift of electron density to B at 

or near the t:ime of 1~caction, The authors (60) thus predict that for 

t:he situatirxi requiring .l.ittle effectivi~ rearrangement of electron density 
?. 

the rea.c: tion ·wil 1 be enhanced and a large reaction cross section (Q> IA - / 

DYJlecu.le) ,vill p:robably be obs-erved~ Like·wlse., if the. relati",re va.l11es of 

tl1e 21.ec.trcmegat:lvities of A and B are such that extensive :rearnmgement 

occ.u.rs, the·n a snia.11 cross sec tic,rt is expect~ed for the reaetion t' 

Applying thE· cri tt:ria of Schaefer and B.,.:-n1s (60) to the fJuor.ide ion 

t:.r·c111sfer reacti.on.s results i11 thr.::: pred:ictiori of 1.arge re.action. cross 

sections for each of t:he :n,:ll.CtJ.ons n1ported. The electronegativi ties (119) 

Since the (dectronega.tivity of 

fluorine is much larger than e:tther of the atoms occupying 

center of the neutral molecule, then little electron density rearrHnge·-

ment should be requin:d upon transfer of a £luo:r.Lde ion to the neutral 

molec.ul(; to forn1 t11e secortdary :ton" Ca.1cu.latio:ns of £::.1.ee.t.ronic dlstri---

·butio11s :t11 tend to suppol'."t this prediction for 

Sant r:y and SegaJ (120) bave pointed out th.at the e1 ect ronic dis td.-

bt1tior1 111 s·F6 i·nvo~tves a :net sh_ift of electron. der1sity to tl1E~ f_:tuorine 

at.orn.s .. These authors also suggest that the electronic distribut:hm in 

PF~ is quite simi1ar to that in SF6 .t with electron density on the fluorine 
,) 

atorns being signific:ar,t due to inefficient back-donation of elec trans to 

the phosphorus. Similar electronic distributions may be~ expected with the 

arsrmL::, boron~ m1d silicon fluorides. Mi tc.he.11 (121) has suggested that 
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the unpaired electron in S?6 may l.ie in a nmlecular orbital having a 

large con trlbut:i.on from the sulfur atond.c orbitals$ thus malnts.ini.n.g 

Since both the re-

actant ion and th<:~ .neutral are likely characteri.zed by a high electron 

is necE:"ssi tated by t1:·ans fer of fluod.dc :!.011 to the neutral molecule 

the prediction of a ]1i.gh reaction cross section for this process is 

de.t,med reasonable. The int.e.rpreta.tion of the elt,ctron dens:i. ty rearrange-

phosphoryl fluoride, 

Oxygen and sulfur both have elE'.ctronegativlties greater than that 

lik;;:ly dis-

Trans fer of a 

fluoride ion to these molecules ,;rnuld requ:ire l:i ttle rearrangement of 

elec.tr0n density since in both the rE•a.:.::tant s:nd product electron density 

Then?.fore the Sehaefer-B.en:ls theory 

pred:i.cts a large cross s.:~ctlor1 for this procf.:ss The forma.tior1 of P<)F 4,. 

is found to hrrve ::ci cross seetion larger than that for PF4 fonnationi 

the rea.cticm involving PSF 3 does not agr,;:;c with the predictions of 

the Schaefer-11t::r1is ntodel,., 

In. addi.tion 1 t<he large rar1ge of \1-.':Llues of reaction, cross sectior1 

observed fo:r these. r2actions is not explained in a sat·Isfact:ory manne.r 

bv the elc,ctron density rearrang,~ment model. It is suggested that factors 

in addition to the rearrange.men t of electron density must be considered 

in order to obtain more meaningful predictions, 
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Of the r1orune,tal fluorides discussed here, and ,2.sFc 
..) 

have zerci di.pole moments" whe,reas each of thE~ other nonmetal fluoride 

rertetartts has a ,no11ze.ro ·;:1on1er1t~ -,1nr•2 :neutral molecules having a per-

m'"ment: dipole should exhJbH diffe:re.nt behav:l..or in c:.ollid::ng w:tth an ion 

i,nstructi:'"'.re to r:011stder the effc::c.t of dipole. rnorne·nt on. reaction cross 

sections detcrrn1ir1ed £01_,, icrn=rnole,cule reactior1s in tl1e. gas phase"' 

,a11d 11eutral specles witl:1 perrnar1e11t dipolr~ n1orr1r;::11ts, the "1:eactior1 cross 

section Js quite largE( if the possibility of orientation of the ion-dipolE: 

Thus the 

e:ffe.ct of d:Lpo1e attr~1ctions t;; to enha:r1cE:: th.e l"'f:actiori cross section.s 

co11:Lsio11$ There fore. the reac ti,JD cross secti.ons for these ions ·will not 

be dependent on any part:J.cular orientation with respect to the?. Jon, Howeve:r, 

or'.1 ent,atic-;n effects -probably are irnportant 11-1 tt1ese 1uolecules 'f 

(122), 2.81 (123)) J.Tl (122), and 0.63 (124) Debye mdts 1 respeeti11ely. 

Fo lJ.owi.ng the argument of 'Moran and Hamil 1 (5 7) these moL.,,eu1es are pre-

dictr,d to have a high rea,ction eross section if interaction with the 

impacting ion may be accompl:Lshed with th,~ µroper ori'"ntation of the dipole 



wi tll respect to tt1e charge cf the ior1,. I£ sEch alignment is achieved, then 

However, if the reauired orientation cannot be assumed by 

reaction be less J..tkely to oecur and the reac ti vi ty 

of the rnolecttle will probably be qtt.ite ~o,~1~ 14it!1i:n the grot1p of mo.lee.tiles 

with a dipole mom,,mt, ora.c,r of increas:Lng observed cross section Dhould 

?a:r.aLlel the ordei: of increasing dipole moment, and thLs is indeed the 

Tht.::: effEoct of the dip,)1e is not alw,3ys strong enough to e:nhance the 

a larger cross section than 

Electronegative 

st1bst:Ltuents at the posi tiv0 end of tl-te dipol~ ntay' shte1d tl1e phosphorus 

atom fror:1 the negat:L ve charge. on sr6 und 11ullify the enhanc:e.d re··-

PO:F'"' and PSJF ... 1 are syramt!tri~2 top ruolecu1e.'.s YlJth the. 0:.K)'get1 a.nd sulfut~ 
.,.) -· 

]tw presence of the oxygen and 

sulfur atoms at the. p:Jsiti'\f(c". end of the molecule apparently nulliftes the 

Ioc.k-in c:d:feci:: of the <l:Lp0le with the charge of the ion, and the fluori.de 

ion tra.r1sfer to in thus has no c-;lectronega-

dve atom at the positive end of its dipole~. but charge delocalization 

to tha P-F bunds (125). Th1.1s the r-:-1ectron pair i:n p-hosphorus is not sb 

tightly bound as that in. .1\sP3 , and thtc: donation of thc,.se elE!c.trons :i.s 

possible as in. th_t;~ for;-nati0r1 of PP 11 C(Ymple.xes 
.) 

similar to t'hose of carbor1 

Phosphorus t1:~fluoride 1s expecu~d to have ,3, low ref1c.t.ivity 

and this i.s ti:ie obsEcrved behavior. the 
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electron pair: apparently func.tions in tht: same manner as the oxygen and 

sulfur atom in PGF 3 and PSF3 .,. and the effect of the di.pole in overcoming 

tl1is obstructi.011 is ref1t~c.ted 1-n, th.e obser·ved order of reactio11 c.ross 

sec.tioD.s for these 11101ec.u1es,. 

The pr,,,vious discussions have illustrated the importance of 

molecular pa.rameters suc.h as eJ.ectron den,1ity distribution and dipole. 

moment in determining the r:eactivi.ty of the nonmetal f1uor:i.des toward 

In addition, the structure of the mol1.~cule deter.mines to a large 

t?xter:.t tht~ a,bility of the rnolect11f; to assu.rne a prope,r orientation. whtc}1 

w:i.11 enhance the fluoride ion tr,1nsfer, and th£.., ability of the central 

a tom to e.Kpand :i.t:s bonding sphere to includ,~ the incoro:ing fluoride ion. 

The role of ox:1dat1crn sta.te a.,:1d coordir1stion 11tnnber e,lident in 

th1;;: relattve reacti,rities of the phosphorus and arsenic fluod.des. 

l'hosphor:.rn (V) n:eadily expands its cciordination numbEd.'. in fonning the 

.i.n its coordinat.ton. sphere so 2asi ty, apparently du,2 to the presence of 

evident in thE, formation of P?6 , a:nd the syrm.11etric;:rl octahedral structure 

s tabili.ty obs2xved, 

Th~ six-coordinate strueture attained in AsF6 also :L11ust:rates the 

,2ase of expanding the coordination sphere from f:Lve coordination to stx-

coordinati.o:n., and the large reaction cross section observed for this 

process is :Ln agreemer.1 t i:.;;:i th the expected behavior, Arsenic trifluoride 
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has J.ong arserdc-fluo:d:ne bonds (L 72 1:\ compared to L 53 A in PF 3), in-

dicating that the ,o:ffect:i.v,:, charge on 1:he As atom is probably quite 

positi.ve with respect to the fluorines. This pos:Ltive effective charge 

enl1a11ce.s tl1e. addi.t:i.or1 of a fot1rt1i fluor:i.nt.~, a:nd t:he. large 

eross sect1or1 obse:r·\."ed fo~t this react:i.or1 ::LndJ>::ates that effective c11arge 

at th.e. rr";actton cE:.n.te.r is :l1nporta11t in. de.teJ.1ni11.ir1g tl1e rE:.~ac.ti.vity of tl1e_ 

fftO le cule 

tl1e ef:fec.tJ\tEt pcs1t:i \re ch.aracter of tb.e nonrne-ta1, ar1d the 1.1tgl1 c;ross 

~,<,,c.tion for addition of f ... to the.se molt:;cules n,lfleets the importance of 

this parameter in d,~termi ning reac.ti vity. 

""f11t:: ir1\testigatior1 of gaseous negative :tor1-~1nolec1.1le re.actior1s th.us 

t:n.ab.les tJ:u::; correlation. of var.led structt1ral para.n1ete·rs \r-.r:Lth 1"'eac:t:tvit·y 

thE::-refore a.id attaining th.e 2oal of 

relating structural parameters to the inherent chemical react:Lv.ity 0 1' 

n1olect1.,1es. 
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VII. APPENDICES 

Appendix A. The FOGAL language program used to calculate rate data for 

the fluoride ion transfer reaction forming AsF 4 from AsF 3 

is presented here. This program requires few changes to be 

applicable to any of the other reactions studied except the 

AsF5 system. Only the headings listing the secondary ion 

and statement 2.30 must be changed to complete the transition 

to any of the systems desired. Statement 2.30 converts the 

measured ion current to a value representing the total ion 

current for all the isotopic peaks observed for an ion. Since 

SF5 contains one sulfur atom, the measured SF5 ion current 

for the sulfur-32 isotope is divided by the fractional abun-
32 dance of s, giving the total SF5 ion current. Since 

arsenic is monoisotopic (as is fluorine) no correction for 

the AsF4 ion current is necessary. The program calculates 

the reaction rate constant and reaction cross section from 

values of temperature, pressure of the neutral species, the 

repeller voltage, and the ion currents measured for all the 

ions observed. In addition, the per cent of total ion current 

for each ion observed is calculated by the subroutine in 

group 7 .00. 

Appendix B. The program listed here was used to calculate the rate data 

for processes occurring in pure AsF5• Both an ion transfer 

and a charge transfer reaction were observed in pure AsF5 , 

and this program calculates the individual rate constants and 

141 



cross sections for these processes. 

The FOGAL program listed nere was us13!d to ca.lc:ulate rate 

data fo in Three 

processes were observed in such ni.xturi2,s i with two reactions 

a. corrnnon The subroutine in group 10.00 

iias u.t::Ll1ze.d to subtract tl1e co11tr.lbutior1 fron1 the react:io11 

in ure As dete.rnrir1ation of rate data 

for 



APPENDIX A 

C-8K MODV 11-219 

01.01 C-CHANGE 1217 FROM 4551 TO 7600 TO SUPPRESS: 
01.02 C-CHANGE 6002 FROM 4551 TO 7600 TO SUPPRESS: 
01.10 T !1!!!!1!!!!!!!1 
01.20 S N:l; T "IMR RATE CONSTANT AND CROSS 
01.30 T " SECTION CALCULATION" ! 
01.40 A !, "DATE "Z9,Z8,Z7; T " 
01.50 T "SEC• ION : ASF'4-" 
01.60 A !, #, "TEMPERATURE,C "T 
01.70 S M:146; T i.4," PRIMARY ION MASS:" M 
01.80 A !, "IS PRESSURE CONSTANT?" YY 
01.81 I <YY-25) 1.9,1.85,1.9 
01.85 A" PRESSURE" P 
01.90 T !!; A "REPELLER VOLTAGE" V 

02.10 A!, "I<ASF'4-)" IS; A" ICSF'6-) "IP 
02.20 A ff I<SF5-) ff IZ 
02.30 S IP=2.465*IP/.95018; S IZ:IZ/.95018 
02.50 I <YY-25) 2.6,2.7 
02.60 A I, "PRESSURE" P; G 2.9 
02. 70 T I, 7.3 .02, "PRESSURE :" P 
02.90 T ff MICRON"; I <P-1) 3.1,3.1,2.91 
02.91 T "Sff 

03.10 S A:1; S B:IS; S A=IP; S R:B/(A+B) 
03.15 D 7 

" 

03 .40 S KC I ):FSQTC (8.6067*R12*CT+273 .16) 12*V) /(P12*M) J 
03.50 S QCI):F'SQT[CKC1)12*M*5.5307)/CV)J 
03.60 S QR(l):[ 6.900*R*CT+273.16)1/P 

04.10 T !!, 7.10.06, "K :" KCI) 
04.15 T " * 101-10 CC/MOLECULE-SEC" 
04.20 TI, ffQ -" QCI> 
04 .30 T " Af2" 
04.40 T !, "QR:" QRCI>; D 4.3 

05 .10 A .. SAME V? "zz 
05 .15 I CZZ-25) 5.3,5.4,5.3 
05 .30 T !!, " "• s N=N+ 1 •••••••••• ' 05.35 I CN-4) 1.9,5 .8,5 .8 
05.40 T I!, " "• s N:N+ 1 • • • • • • • • • • , 
05.45 I CN-4) 5.95,5.9,5.9 
05 .80 T I!! 1 ! ! ! ! ! ! ! ! ! l ! ! ! ! ! !; s N=0; G 1 .9 
05.90 T ! ! f ! ! ! ! ! ! ! 1 ! f ! ! ! ! ! f !; s N:0 
05.95 T ! ! ' 7.4 .02, "REPELLER VOLTAGE =" V; G 2.1 
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06.04 T !tt, 1.8.05," K*10fl0 Q" 
06.05 T " QR R" 
06.06 T t," CC/M•SEC Af2" 
06.07 T" Af2" 
06.10 TI, 1.8.05, "IMR "KCl>," "QCI) 
06.11 T" ff QRCt) 
06.15 T %10.09, ff ff R 
06.20 T I, I, 1.8.05, "CTR ff KC2>, " " Q(2) 
06.21 T ff ff QRC2) 
06.25 T 1.10 .09, ff ff R 
06.30 R 

07.10 TI, ff ASF4- ASF5•" 
07 • 11 T " ASF6•" 
07.20 S DN:IS+IP+IZ 
07.30 TI, %8.06, "% ION CURRENT ff 100*IP/DN 
07.35 T ff " 100*1Z/DN 
07 .40 T " ff l 00*IS /DN 
07.60 R 

* 
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NEGATIVE ION-MOLECULE REACTIONS: 

AN INVESTIGATION OF FLUORIDE ION TRANSFER REACTIONS 

IN SELECTED NONMETAL FLUORIDES 

Thomas C. Rhyne 

ABSTRACT 

In this study of negative ion-molecule reactions a high pressure mass 

spectrometer was utilized to investigate the formation of fluoroanions. 

The reactions of SF6- and SF5- with the nonmetal fluorides PF3, PF5 , POF3, 

PSF3, BF3, SiF4, AsF3, and AsF5 were investigated. 

Reactant negative ions were produced by electron bombardment at low 

electron energies in the mass spectrometer by resonance electron capture 

processes. From an examination of the electron capture ionization 

efficiency curves for primary ions (SF6- and SF5-) and secondary ions at 

low electron energies, SF6 was identified as the reactant ion. A study 

of the pressure dependence of the primary and secondary ion currents 

confirmed that the reactions are simple bimolecular processes. 

Reaction rate constants and reaction cross sections were determined 

for the fluoride ion transfer processes, and the variation of the reaction 

cross section with energy of the reactant ion was investigated. Shifts 

in the electron capture ionization efficiency curves for secondary ions 

formed at high repeller voltages (and therefore at high reactant ion 

energies) suggested that the primary ion SF5 might also react to form 

[AFn + 1 ] - ions if supplied with sufficient energy. 



Heats of formation of the secm1dary ions were evaluated from a know-

ledge of the heats of format;ion of primary ions and neutral species and 

S:i.n.ce no ki11t~tic energy 111easuren1en.ts v-:rere 

carried out, the enthalpy data n,ported here represent upper limits for 

the act1-1al heats of forn1atif)D, of t11e se:::.011dary io11s 

The react:Lon cross sectionti dt!te:n:n:i11ed for the fluoride ion transfer 

reacti.011s 1:ver,:; c0r1s:tdered as a rneasure of th.e relative accepto·r s trt:!ngth 

of ;:he nonr:ietal fluorides. 

cross section data an.cl tl1e order of Lewis acid 

de te:n1d.ned t:o be 

The electron 

u2u2 in predicting L:Hl magn:i. tude of the reaction cross sect:ion. Fae. tors 

Tr1e in£.luence of a permanent ct1.poJ.e rn.oment on the, reactive ion-

u10It:?.c.1.1le cc!11is:io11 was foun.d to be: q1J.ite :narked, and the stereoct'.tE!r..ti.stry 

of the reactant rnol,o:cules i.s suggested as important in determirdng the 

Molecular symmetry and 

coordination nun{bex· of th.e neutral. also detet·mine tn a large extent the 

ability of the,. neutral spectes tc incorporate an additional species into 

the bonding sphere, Therefore, the correlation of these parame.ters with 

the reaction cross sections measured for the fluo:rtde ion transfer 



X'E\aC ti 0115 S ts that s tu.di.e.s of ion-molecule :reactions may 

te 1.1sE"::ful ,mders the effect of structure on che.mical 
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