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ABsrRAcr 

The e&y stages of combustion are considered for a flame viewed as a site for in situ 
chemical ionization_ This study explores the information provided by the measurement of 
axial concentxation profXles for both positi and negative ion species upstream in a 
conical premixed methanmxygen 5e of fuel-lean composition (equiva!ence ratio = 
O-2) b uming at atmospheric pressure. Making use of existing energetic and kinetic data 
now available forin&vidualion--molecule reactio~,theprofileinformationc-Jnbein~- 
preted to reveal the mechanisms which dominate the positive and the negative ion 
chemistry independently_ Confidence in these general mecb - l~dsilltrvntOiXlter- 
pretation of the nature and behaviour of the underlying neutral species present upstream 
in tbe flame_ A neutral beam sampling study of a simii flame is available in the literature 
for comparison purposes, and our work corroborates the presence of a number of neutral 
speci= (Oz. 3320, co. coz, 0, OH, H02. HCHO. CHSOH. CHJO1). Initiated by tbe 
protons avaiiabIe from primary CHO* ions, the positive ion chemistrp is dominated by 
fast proton transfer reactions which indicate the presenceof other neutrals in protonated 
form (CH, CH2, CHB, GH2, HCO, CH&HO, CX&CO. CH3CHC0 and possibly C, HCOOH. 
C&I&HO)_ The negative ioa chemistry is more complierted, irmohing charge transfer. 
proton tmnsfer and rearranges ent with an uncertain contribution from three-body 
association reactions and switching reactions- Nevertbel~ the negative ion data indicate 
the presence of several neutral specie8 not previously reported for this fuel-lean ilame 
(#&Hz, CH&O, 03 with inamdusive evidence for H-H). 

PITRODUCTTON 

During the last decade, chemica2 ionization (CI) mass spectrometrg has 
become established as a powerful technique for the analysis of a wide variety 
of sample compounds [l'] . In the must general sense, the technique exploits 
the high efEiciency.and selectiviQ of several different types of ion--molecule 
reactions~ which--can -be used to -ionsZe the sample. The ion chemistzy 

roceedbg- in- partSly-ioniz42d flames, aIthough generaUy more compl- 
Ln that _ocatBinsinaconventionalGIsource,canbe~~inagimilar 
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bm~~~er+ provideinformationaboutthecompositionofthebathof neutral 
const&uentsi.uwhichthe individualion--molecule~tionsproceed. 

In ~studywe~lore~e~ormationprovidedbymeasurementof 
axialconcentrationprofilesforbothpositive-andnegatme-ionspeciesup- 
streaminaHDnicalpEmiX edmethan~xygenflameoffuel-hzancomposi- 
tion (equivalence ratio # = 02)bumingatatmospheric pressure.Good 
spatialresolutionisobtained~mtheconicalflamegeometrywhichpermits 
insertionofasamplingprobeupstream.TheindividualionprofSsareinter- 
pretedtoreflectthe occmrence ofchemkxl ionizationprocesses whichcon- 
tainthereqx&edinforma tionabouttheneutralcomposition.Theinterprela- 
tion is based on a fairly complete understanding of the upstream ion 
ch . .~madepos&bIe by ~tstudiesofion-moIeculereactionsinour 
own~~~~~usingtheflowingafterglowtechnique[2] andelsewhere 
[3]. MohxuIar beam samplingstudies ofthepredominantneutralspecies 
present in alow-pressure flame ofsimilarfuel-leancompositionareavailable 
forcomparisonpurposes[4~.Theprimaryaimofthisresearchist.cascertain 
what can beleamed abouttheearly stagesofcombustionwhenaflameis 
vrewed~asiteforinsituchemicalionization. 

Thepremix edfuel-leanflamewasburnedverticallyonasimplecylindrical 
quartz capillary burner(2.3rmmi.d.)withmethaneandoxygenflowratesof 
1.76 and16.3 atmosphericcn$~-~, respectively.Theluminousreactionzone 
wasaboutO.2mm thickin the form ofacone of base diameter4mm and 
height6.5mmwitharoundedtip surroundedbyaflowingargonshield.The 
calculat& adiabatic flame temperature was 2241 K.Thebumerwas 
mountedonacarriagehavingaccura teaxialalignmentandcabbrateddrive 
suchthatO.lmmalongtheflameaxiscorrespondedtolcmontheX-axis 
OfanXY-recorder. 

Theflame.ionmassspectrometeris shown inFig.l.The flame burned 
againstapinhole0.'9mmindiameterin a platinum/iridiumdiscweldedinto 
a water-cooled stainless steel mxmting. The sampling rate was about1 
atmosphericcm3s-* (i_e.~~t6%ofthetotalpremixed~).Afastvapour 
boosterpump(Kdwards954)maintainedthefirst vacuumchambernear 
10-4 tOh,TheionbeamwasfocussedelectrostaticalIythrou~a2-mm 
oriEce-intoasecondvacuumchambermaintained~ow5X10-6torrbya 
six_in~~onpump(EdwardsF603)andtrap,whereitwasanalysedby 
a~~quadrupolemafffiIterofourownd~o~~byacommer- 
cially_Ie Power supply (EEuclearQPS Oil-l).Themas-analysed 
ionscaabedetectedwitfianoffgxiselectronmultiplier(BendixM306),In 
tbepresentexpeximents,howev~~ asimplewndklnlslPF~_cagewas 
employedcoxmectedto avibmting=med el&meter(Cary31)hgvingagrid- 
Leakresistanceof18*Lohms,andeoupIedtotbeY~ofthe~-eonler. 
Positiveornegativeionsmaybedetect&by revfzhg,tbe poIariQ on all 



Fig. l_ Schematic diagram of the flame-ion mass spectrcmeter_ 

electrodes_ Absolute calibration from measurem ent of the total ion current 
in the first chamber showed that approximately 20% of the ions entering the 
pinhole reached the mass filter_ 

Concurrent with the tracing of each ion profile, the flame pressure profile 
derived from an ionization gauge mounted in the second vacuum chamber 
was drawn on a second XY-recorder. The pressure profile showed a 
minimum corresponding to the down&ream tip of the luminous reaction 
zone, and provided a reproducible origin (z = 0) in the flame for the distance 
scale of the ion profiles. The design of this flame-ion mass spectrometer was 
i.nflue~~& by others 1581; one significant dif&rence in this instrument is 
that the flame bums vertically upwards, thereby avoiding buoyancy effects 
when tracing axial profiles and enhancing stability, 

RESULTSANDDISCUSSION 

The ion chemisky is presum ed to commence upstream with t&e accepted 
chemi4onization reaction 

CH+O+ CHO*+e AH“=-4 (11 

to form p&onated CO and fiee electrons [7]. (Empirical formulae for ions 



‘wiI1beusedtbroughout,butstructuralformulrteforneutralstoavoidiso- 
merit ambiguities. Standard enthalpies bf reaction are quoted atroom 
tempemWre in kca3 mol-'.)The verybigbconcen&ationof Oz assuresthe 
attachmentofmostoftheelectronsinathnx&odyprocess 

e+O*+M+ O;+M A+ = -11-6 (2) 

to fonnO;ions_TheCHO+andO; prhnarg ions~formedinabathof 
neutral ~withwhFch~eycanread.Thedegreeofio~onis 
sufficientapIow(oforderl~l~)sothatthepositive-ionand negatiwsion 
chemistqcanbe consideredtop~independently,atIeastinthe~y 
stagesoftheflame. 

What neutrals areavailabeforreaction~~theprimargionseadyin 
the reaction zone? Part of the answer is supplied by the heam sampling 
studies ofPeeters andMabnen [43 whoobtainedconcentrationprofilesfora 
number ofneutzaltspecies presentinaflatme~~~g~flameoffuel- 
Zeancomposition(Q=O0-2l)atapressure of40tin.TheirprofiIesareshown 
in Fig- 2 where thedi&ancescaIezhas beenconvertedtoatznospheric 
pre5sureassumingz~v~yproportioxuIltopressLue_ Aneworigin(z=O) 



based on the disappearanceofmethanehasbeenincludedIn‘~o~~~ 
withourmethoddescribed above. In thed%cussionofthefIame-ion** 
fol.low, evidence for these same neutrals will be considered, along wit& 
evidenceforotherneutralsnotpreviously~~~bytheseauthors, 

ItwiiI becomeapparentthatthe~~retationofindividualprofFlesfor 
bothpcsitiveandnegatmeionsissubjectto~efollowinggeneraIIimi~tions_ 

1, More than one reaction channel’may be involved in the production of a 
given ionic species, 

2, A given ionic m number may represent ions of different chemical 
composition or ions of different structure having the same chemical com- 
position. 

3, Isotopicspeciesmayaccountforasignificmtfractionofan ion profile, 
4. The profile of an ion may be obscured by achsterion ofthesamemass 

number;forexample,ahydrate. 
Thesecaseswillbereferredtobynumberwhenindividualionprofilesare 

considered.AminorprobkmofpureIyinstrumentaloriginarisesbecausethe 
peak shape inherent in quadrupole mass spectrometers is asymmetric 
to~Iowmass_Itisthereforedifficulttoobserve asmallsigndatmassM 
immediately preceding a very large signal at m&s (M + l)- 

Positive ion chemistry 

PrimaryCHO‘ionsformedearIyinthereactionzonewiU undergoproton 
transferreactionswiththose neutra.Ispeciespresenthavingaprotonaffinity 
(PA) higher than that of CO. Subsequent proton txmsfer reactions will 
fkour those neutrals of p rogres&eIy higher PA. A great many such reac- 
tions have been measured at room temperature [S] andare,ingeneraI, 
knowntobefast (k= lo* cm' molecule-’ s-I)_ The PA’s of species which 
-YbeP--n tear1yintheflamearegiveni.n TabIelforroomtemperature 
andare,toour~awIedge,thebestvalueswhichhavebeenmcasuredto 
date.ThevaIuesmaybesomewhatdifferentatthehighertemperatureofthe 
~e~~ou~thepro~n~~reactionsftomw~~theyarederivedare 
not expected to be strongIy temperature dependeut;atleast the relative 
orderofthe PA’s shouIdnotvarysignificantIy. 

SekctedpositiveionprofiIesforfourteenmassnumbemaregiveninFig.3 
foraconicaIfIamebumingatatmosphericpressute havingtbesamecom- 
position (r$ = 0215) as~tusedfortheneu~beamsamplingstudiesof 
Peeters and Mahnen 141. Since expansion coolingduringsamphngcan 
~~ehydratefonnation,thehydrateion~havebeencombinedwi~ 
thatoftheparentmass numberwherethecontdbutionsareappreciableand 
wheretheidentim of~ehydrateisnot~o~yindoubt;this~~ent 
Fsi_G& by other workers [18], ChemicaI assignments of these 

~-numbersaregi~inT~l~2,~ontheadditionofa 
proton_~thecorrea@nding_teutrals~+es- 
_ Tn~~~o~ioasare~Piitfia~onscpemeearlJrin _ .-- - 
___ _ I* -- c _ _ >-. _-‘_‘ - __ 
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Atom or P&Z38 Reference AtOlXlW 
&xl mol.-=) 

P’zga Reference 
molecule molecule (&al mol-I) 

101.0= l-2 LSI CaHt 161=3= E13.141 
101-5220' c10.111 c4H2 162=4= Cl41 
116_3*0-Sb ISI 

CHH3 128 =2e [13.141 ZO 
165e3 
168*1 ;z: 

co2 128.6 f 1.3d HCOOH 175 f 5 1171 
130.9% l.6d 176 f 2= c13.141 

CO 1426*leO Cl21 g=OH 152% 3 

GzH6 144 *3d 
El71 

CH3CH0 1852 2 r171 
OH 144 =2= f13.141 C2H50H 187 * 2 
C 149 f 1= t131 CH3COOH 18823 :z; 

HO2 149 *7= 113.141 cWsOCH3 190 f 5 1171 
H202 151 ) *c 

153 z G.f 
Cl51 CH2 200+3= 

c2HZ 
::x:: 

CH2C0 20x+ 2 R_I1"' 
CHO 155 t4= s CH&OCH3 202 f 2 Cl71 

1 Cakxdatecl using the equilibrium constant Es = 2.2 f 0.9 for tbe reaction H: + O2 = 

H< + H2_ 
b CaIcuIated using the ionization potential IP(OH) - 12.99 V- See ref_ [12] for the lead- 
ingreferences_ 
= Calculated using -&andard heats of formation & f ,198 given in JANAF Tables El31 when 
avsi!abIe. or NSRDS-NB3 26 [14]_ The latter reference dots not quote una=rtaint.ics, 
which have been assumed to be *2 kcd mol-’ for both ions and neutrals 
d Fium unpublished equilibriuxu con&ant me 
afterglow apparatus_ 

asurements obtained using the York flowing 

= PA (H&) < PA (H202) C PA <H*O)_ 
f Based on the appearance potential of C& from C&a [lS]. 

TABLE 2 

selected mass numbers and assignments of positive ions 

Mass nulnber 

<-u) 
Empzrical formula 
XH? 

colTespondi.ngne!utral 
X 

13 
14 
15 
19+37+55’ 

a2 
H-0 

27 C2% 
--z - 

z 
CHo+ U&G) 

C2H2 

CH20+ 
CO U&H,) 
XC0 

31+49 cEI,o+ u&m, 
33+51+69 U&0+ 

Haa0 <C2H,d 

CHQOH Y-m 
43+61 
45+63 
47+65 CH3OZfciH70+) 

E$ZO 

57+75 _ 
ZiCOOH (C2H50H, CHsOCH3) 

59 z$$z+ 
CH3CHC0 

- . ~~~0(cHscocEb~ _ - 

= Additional numbers giv& after the primary -nrlmktiin~t;edan~~ 
successive hydrates which may be e&unced by ~cooIingduringsmn~%%e 
correspondingprofiEesbowninRg,3isthesumofthoae~ 
beI% indicated 

rtafl&$he~&- 
> 
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Fig.3.Axial profiles of positive ions atselectedmassnumbershf. Additional numbers 
givenafterthe~~j rnaarnPmberareinterpreted~repreantiPg~~ehy~~* 
andtheproEileshownisthesumoffhorse0~ atallofthemarsnumbersindicated. 

theilamewhichis dominatedbyprotontxansf'erprocesses.Itis therefore 
convenienttat~~~~~~the profiksapproximatelyinttxmsofincreaging PA 
oftheneutralsgiveninTabIe1. 

H, 0, 0. CH% CO,, CH~_Theionsfonnedby protinatingtheseneutral~ 
which have PA’sIessthauthat ofCOshouIdbeabsent,andindeeddonot 
appearto bepresenLThatis,ionsofM3* ~~)andM17(HO+,~)arenot 
detecti A small signal atM16,which in fsctpersi&fardownstream.is 
attributedtoO~mratberthan~,andmorelog'lcalcandidatesare~~ 
~terforbi33and45~anprotonatedO~and~,respectivelp. 



h_ The signal at Ml3 can only be CR whose foxmation from CHO’ is con- 
sistent with PA (C) > PA (CO) and may therefore indicate the presence of C 
atoms m the flame. The evidence is not conclusive, however, since reactions 
suchas 

CH:+OH+ CH++HsO AH'=-11 (3) 
may contribute to CH? formation (case 1). 

OH, J&O. Won, H,O,_ While M18 corresponding to protonated OH can be 
detected, icS profile (not shown in Fig, 3) is ohscured by the very large HBO* 
signa at IkflS. The upstream tail of the Ml9 profile (drawn l/5 scale in Fig_ 
3) provides ckar evidence for proton tram&r to Hz0 before otberieactions 
take over to explain the rapid rise of the profile near z = 6 (case 1). No 
evidence was obtaiued for either HO2 or H,O, since isotopes account for all 
of the cbrresponding signals observed at M34 (“CHsO*, CD-O’, (3rHS170*) 
and M35 (CH,‘=O’), respectiveIy (case 3). 

t&E&, C,U, C&L CJZ& AppreciabIe concentrations of C;- or C4-hydro- 
carbons would not be expected in such a fuel-lean flame although they have 
been detected in a fuel-rich methane-oxygen flame [19]_ The profile 
observed at M2i which must be C&H’, may involve direct protonation of 
GHt, although other reactions are possible (case 1); for example 

cJkI$+cH,+&~+H (x+y)=4 (4a) 

-+CaG+Ha (x+y)= 5 (4b) 

The interpretation of the profiles at M29 and 31 is also somewhat ambiguous. 
Most of ~W29 is believed to be CHO’ with a minor contribution from GG 
arising from direct proton transfer to C&H, or from reactions similar to eqn. 
(4) with (x + y) = 6 or 7, Mass 31 is believed to be mainly protonated 
formaldehyde CHaO* rather than GH,_ In this instance, no counterpart to 
eqn- (4) is possible_ The huge signal measured at M51(197 mV maximum, 
not shown separateIy in Fig_ 3) is ascrii to the hydrate of Af33 (case 4) 
which wouid obscure any minor contribution from protonat& &HI even if 
the latter were present. 

HCO, ECHO, The profile at M30 is ascribed to protonated HCO radicals; a 
rise of the profile further down&ream (not shown in Fig_ 3) is attributed to 
NO* as air is occluded through the argon shield. Reactions other than proton 
transfer might again contribute to the formation of CHaO+; for exampIe 

CH$+ OH+ CHeO++ H A@=--67 

~+O-+CHaO++H A@=-44 

The M31 profile provides strong evidence 
observations of Peeters and Mahnen [4]. 

(5) 

(6) 
for HCHO, in agreement with the 



NCOOE?, GIZSOW. CN,OCZS+ With regard to the M47 profile, theG&n- 
siderations of case 2 make HCOOH indistinguishable from the two mctur%l. 
isomers GHSOH and CH,OCH, which have higher PA’s, 

CH, CH,_ Case 1 does not appear to apply to Ml4 since reactidns such 8s 

C~+OH+CH$+HsO Axle-66 (7) 
are endothermic. If alternative production channels do not exist, the Ml4 
profile is indicative of CH radicals_ 

The restively iarge profile at Ml5 (drawn 112 scaIe in Fig, 3) is indicative 
of CHz radicaIs_ The evidence for CH2 is less ambiguous than that for C and 
CH. The counterpart of eqns. (3) and (7) should not occur since the forma- 
tion upstream of Cl% from CHS is unlikely, as pointed out previously, 

CHxOH, CH&HO. CNJCOON. The profile at M33 is identified with CHSOH 
in agreement with Peeters and M&men’s result 141. However they were 
apparently unable to detect CH&HO which must be responsible for the M45 
profile if proton transfer reactions dominate; no other neutral appears to fit 
this mass number provided CJH, and the unsaturated alcohol CHS = CHOH 
are discounted. The identification of CH&OOH at M6l is precluded by the 
hydrate of M43 (case 4). 

CW,CO, CH3CHC0. The profile at M43 is thought to provide strong evidence 
for the presen ce of CH.&O in the flame; the very large amplitude of the 
profile does not necessarity imply a high concentration of ketene but rather 
reflects its very high PA_ SimiIarIy, the profile at MS7 appears to be 
protonated methyl ketene CH&HCO whose PA is not known but is 
expected to be comparable to that of ketene; other possible structures for 
neutral M56 (CH&HCHO and HCCCH,OH) am less likely in view of the 
ketene evidence. 

C&H&HO, CH3COCH3. The profile at M59 provides evidence for either 
GH&HO or CH&OCH, (case 2). 

One final consideration is rekzvant to the discussion of positive ions; 
n.amely,theextenttowhich charge transfer can compete with proton tmnsfer 
in the formation of a given ion. The HCO radical has the rather low ioniza- 
tion energy (IE) of 188 kcal mol-* (or 8.15 eV) so that charge trausferreac- 
tions of CHO’ wit31 virtually all stable neutrals in the flame are endothermic. 
Few of the ions XES+ formed as protonated neutrals are good reagents for 
charge transfer since the radical product XH will usually be unstable yielding 
X + H, making the overall reaction endothermic_ Of possible importance are 
several neutral xzdkals having mass numberis identical with those of the ions 
of interest discussed above. Some of these have relatively low IX’s such as 
CH (JE =- 246.8 kcal mol” or 10_70 eV), CHz (241 or 10.5), CHS (255 or 
S-76) and C&O (-167 or 7.24). Thus, the formation of the corresponding 



Ton for any one of these x&id, say a, by charge transfer 
_- 

m++c&-CH$+CH -3 ‘A@=-6 
- - : 

i8, - . 

may compete with ,+ fqrmation by proton transfer 

cHo*+CH+c~+CO A@ = -33 (9) 

For this example, the contribution of eqn, (8) to the profile at Ml4 is 
probably minor compared with that of proton transfer since a considerable 
number of flame ions W protonate CEX 

In summary, the positive ion chemistry early in the reaction zone is 
qualitatively consistent with a simple proton transfa model initiated by 
primary CHO* ion& The flame-ion evidence for the neufxal speciesP==nt 
may be summa&ed as folIowsr 
0% RO, Co <G=.s)r HCHO (WG), =&OH; - - 

_ __ _ 

(b) species not reported by Peeters and Mahnenr C, GH2, HCO, CH, CHz, 
CH,CHO, CH&O, CH&HCO; 

(c) species not-reported witi chemical or isomer& ambiguities: HCOOH 
G&OH, CH,OCH~), C&H&HO (CH3COCH3). 

Negafive ion chemistry 

The neg&ive ion~chemistry originates with 0; ions formed early in the 
reaction zone but is complicated by the fact that several w of reaction 
are possible- Charge transfer (CT) of electrons ~$3 have a trend in favour of 
those neutraki p-t of in creasing& high electron affiniw (EA). The EA’s 
of anumberof ~whFchmapbepresentearlyinthe~earegiven~ 
Table 3 in order of increasing EA, &condly, proton transfer (P!F) reactions 
are possibIe for those negative ions p resent of sufficiently high base strength 
to abstract protons from neutral “a&W’_ The PA’s of a number of negative 
ions are given in TahIe 4 for room temperature in order of decreasing base 
strength; a given negative ion is energetically capabIe of proton abstraction 
from the corresponding neutral (conjugate acid) of a lower member of 
TabXe 4, Thirdly, 0; and other negative ions may undergo rearmngement 
reactions with some neutrals in proceses other than CT orPT (designated R 
for Bent), Finally, negatke ions including 0; may take part in 
thzee-bodg associ&on reactions to form cluster ions (designated C for 
clustering); for exampIe, the cIust&ng of 0; with 0, to form O& In some 
cases, these clusfxzionsmaysubsequentlyundergofastsw&bing~onsin 
which the neutraI cIus&xed to the ion is replaced by a-different neutral 
(designated S for switching)~ In all cases, the negative product ion will not 
n~ybed~~~ifitreadsrrqridlp~~O~_or~, . -_._ e-e - 

LittIe in.formatiotGs presently; availaWe-for *e.rate con&an* of &rge 
transfer reactions of O;~~-vGith &imersiica& most-&f_which have-- 

_ - _ _ - _- _- _ - - - =- _ 
_ - _ - _ _ _ - T 

_ “- 



_ _ 

AfomOr 
--*-_-_ 

EAE -c= Referenc&_c _<: ; 
molecule (neg. ion) * 

(kcal mot+) (eV moIt&ie~~ ) (kca!mol-f) - 

-2 4.8 20.7 0.21 * 0.03 66 -*2 cl3,201 
02 10.1 f 0.2 _ 0.440 f 0.008 -1l.6 f 0.2 12x1- 

17.392 O-75421 33.231 r 0.001 tl3.221 
S-I 28.55= 0.18 1-236 = O-008 112_0 eo.3 _ 
C 29.24 f 0.12 1.266 5 O-005 140.2 f O-6 
0 33_71= O-07 1-462+0.003 24.4 = 0.1 
CHSO <36_? = 0.9 Cl.59 f O-04 ,(-34 = 2) 

C2H50 c39 .+4b Cl_7 = 0.2 a(-46 = 3) 
CHCO >4l *4b al.8 + O-2 <(-6 = 3) I261 
OH 42-09 * 0.05 l-825= 0.002 -34.1 + 0.1 113.271 
03 48 r2 2.1 f 0.1 -15 '2 L13.333 

E% --~~ -3.0 --66 L13.291 
2 'Y_$ - 119 - c’ln? 

c2 &_7 (3.54 >ll7 [13,3x j 
C2H G36_0,<62=4b r3.73,<2_7= O-2 >41*1,>64*3 [l3,31.32] 

aTbe standard heat of formation at298Kforanegative ion Y-is caIcuIatedf@omthe 
expression ti,~&(Y-) z ti.dY) - EAg(y)- 1.480 kcal mol-‘, where the last term 
represents (512) RT for the electron ~6th R = l-987 cal mol-’ deg-1 and T = 298 XC. 
b Based ox unpublished results from the York ffowing afterglow apparatus. 

TABLE4 

Proton aSinities of negative fhme ions in order of dsreasing base stxength 

Negative ion FAzss Reference 
(kcal mol-l) 

CHZ 418 +2’ 1131 
H- 400.42 2 0.01' 1133 
=i-> Cz,, C2Hr >400b 
OH- 390.9 = o-1* El31 

387 k-1' 1133 
382.1 t0-2' Cl33 
381 t2= 

QHO- ~380 26b.c 

C2HsO- >37? 2 5b.C 

G 3s370' 
c- 365.4 f O-7' 1131 
CzH&XF -360 

C2H ,354 * 1,<375*4b.C 

s 351 =2* 1x31 
-344 Il3J41 
-334' I131 - 

*Calcohted~d(~~eion)~n~honnTable3aPdsLandardheatroffor- 
tion a* 2988 from JANAl? Tables 1131 -and N6RIX-NBS 26 Cl43- Where the latter refer- 
&_& b&n-rroe;d,_tfre_ontg ~~eOntxib&hr + t&k mxertahtieSyis that for 
ki&G _&&G f&g- (cx-&.gO)_+-i4:6 f 1 kcal r+t &as been -hss+d: _ 

_b R&& ~*~Ghp+isbed-resulti fGm the York fXow3ng_aftergEow apparattls, _~ 
f _+ed qp_EAdC+O_) q3&7fO_9 qr A&&=& ) - --34 f 2 kcal md - 

_ . .z? 



EA'shigherthan that ofO,(Table 3).Incontrast,thel0wbasestrengthof 
O~willrendermanyof its protontransfer W$~O~S endothermic (Table 4). 
TheO~ionwillundergo associativedetachment~onswithseveralmnall 
flameneu.‘rals(e_g_HaadO)at~mtemperature[333~However,notmuch 
is known &out 0: rearrangement reactions, partimy above room 
temperatureinthe&mewhere rearmngementmaysucce&ul&compete 
with associative detzhment, The kinetics of clustering involving 0; and 
subsequentswitchingreactions are well established atroomtemperature _ 
[343_Thefonnetareexpectedto~b~an~tivetem~~dependence 
WhilethelattershouMberelativelytemperakueindependent, 
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selected mass numbers and assignments of negatie ions 

Bua3l3nnmber EknpiTical 
(===) formula 

FMatz?dneQtral~ 

16 
17+35= 
25 
32+50+68 
33t51 
41 
45+63-c81 
47+65 
48+66 
60+78 
61+79 
76 
77 

0- 
OH- 

c2H- Cd32 U”J-3; C2H (~2”) 
OZ 02 (by 3-body electton attachment) 
HOT 3302 (CT); H202 (PT) 
C&HO- 
CHO;- (C2HsO-) 

CH2C0 (PT); CHCO (CT) 

CH3OF 
HCCCH (C2HsCH. CHJOCH~)(PT); HC02 (CT); HCHO (R) 
CH302 <CT) 

0; 03 (CT); 0 (R) 

zc 
CC2 (R. C); CO (S) 

3 COP (WC0 (S) 
COT CC2 (C. S) 
CHOT CO2 <C. S) 

1 Additional numbers given after the primary mass number are interpreted asrepresenting 
successive hydrates which may be enhanced by erpaaaion cooling during sampIiug. The 
corresponding profile shown in Fig. 4 is the sum of those ohserved at all the mzss numbers 
indicated. 
b Formation of the ion from the &ted neutral may invoke change transfer (CT), proton 

trsnsfer (m), r wrrangement (R) and clustering (C); the cluster ions may also take part in 
switching reactions (S). 

same as that for positive ions. Assignments of these negative ions are given in 
Table 5 together with the neutrals involved in their production by CT. PT. 
R. C and S reactions_ Tbe negative ions will be discussed in groups where _ _ 
wmrlnr considerations are involved in order to evaluate the evidence for 
neutral species present early in the flame. titially at least, tbe discussion 
approximately follows the ion order of Table 4, 

W, C&_ CK. None of these ions was detected in this flame. Only H- would 
be formed by charge transfer of the corresponding neutral radical with 0;. 
EA (CH,), dthougfi not well established 1353, is expected to be lower than 
EA (0,). Fxuthermore, the low acidity of Hz, CHI and CH, precludes the 
formation of the corresponding anions by proton transfer; that is, these 
anions are very strong bases (see Table 4)_ The H- formed by charge Wansfer 
to H would be expected to disappear in rapid proton transfer reactions with 
a variety of neutral species in the flame, or by associative detachment; for 
example 

H+02+HOz+e AEP=-28 (10) 

for which k10 = 1.2 X lo* cm3 molecule” 8-l at 300 K [33]. 

w;_ ~__Bota these ions_- also not detected. qe energetics for their 
fcmm+icm by charge or proton qer_arq again unfavourable. These ions 

--;.- .-- 
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would therefoxe be unsuitable for the CIdetection of C;H3 and GHs (CT) or 
GHs and G& (m- 

OR. The fkilure to observe those negative ions listed above which are 
ksufE&stiysfrongbase!3to abstract protons from water suggests that proton 
transfe is not a major source of the OH’ observed eariy in the flame. One 
possible souse is charge transfer 

~+OH~OH-+C& A@ = -32.0 (11) 
k which case the OH- profile would be indicative of the growth of OH 
radicak in the fkme_ AItemativeIy OH’ may be formed by the H-atom 
txansfer reaction of o- w-xl cH+ 

0-+C&+OH+CH3 A@ = -5.6 (12) 

for which k,= = l-0 X lO_“’ cm3 moIecu.Ie” S-I at 300 K [36], or with other 
hydrocarbons. Consequently the OH- ion profile does not provide evidence 
for any single neutral species. 

C, CFT_ AIthough neither was observed, both ions could be formed by 
ch&rg~ansfer_fkom 0: to C and CH, or by proton transfer from CH and 

suffkenffy strong base (eg. OH-)_ However, the ions may be lost 
in ~ementre8ctzons with o* 

C-+02*0-+CO A@=-142.2 (13) 

CH-+o*-roH-+Co AP = -1725 (14a) 

+O-+HCO AH0 = -77-2 (14b) 

where kra = 4-O X lWra cm3 moIecuIe” sBx at 300 K [37], or possibly by 
associative detachment 

CT+OACO+e AEP = -226.2 (15) 

CHF+OH+HCHO+e AEP = -149.2 (16) 

The absence of detedable C’ and CH- fails to conoborate the positive ion 
evidence for the preen ceofanyofthem(c=O-2)radicak 

o-_ Although associative detachment, 

0F+O*03+e AuO = -13.9 (17) 
for which gl, - 2 X lO’*O cm3 molecuIe-a 8-l at 300 K j33], is dominant 
nearroomtemperakare,chxugetrsn&r 

o~+o-o-+o, AX” =-23.6 - (18) 

may become predom@ant as tie temperatue increases through the reactEon 
zone- Similar considerations may apply to the productioxx of 0: by pioton 



abstraction from OH by the stronger bases in Table 4 such as _ .-1-?g _ 

OH+OH-,O-+H*O AB” = -8.8 is&)- 

since, once again, associative detachment 

OH+OH-+H20z+e AH0 = -8,O (20) 

may dominate near room temperature_ Even when formed, O- can react 
directly with C% by eqn. (12)_ These two factors may explain the late rise 
of the O- profile at a point in the reaction zone where C& is somewhat 
depleted, and the increased temperature probably mitigates against associative 
detachment processes whose rate coefficients, in general, have been observed 
to decrease with increasing ion kinetic energy [33] I overall, the 0’ profile 
must provide evidence for either 0 or OH, b.W,. the two cannot be distin- 
guished. 

CI-IaO-. No ion was detected at M31, perhaps partly because it immediately 
precedes the large 0; signal obsexved at M32. The moderate electron effinity 
of CH30 and mcderate acidity of CHSOH would favour the formation of 
CH30- early in the flame once O;, O- or OH- have become established. 
However, the possible subsequent reaction of CH,O- with 0, 

C&O- + O2 + CHOZ + Hz0 AEI” =G -138 (21a) 

+ HOT + HCHO AH“<-60 (21b) 
would render the ob servation of this ion difficult, 

CZH-. HO;. t&HO-_ These three ions each pose a similar dilemma For 
mple, HO,’ may arise either by proton transfer from H,O, 

OH- + H202 + HO? + Hz0 Ap = -57 (22) 

or by charge transfer TV HO* radicals 

w+H01+H0;+02 AH(‘=-59 (23) 

The HOi profile is the earliest measured upstream_ The same dilemma 
applies to the pairs GH,/&H and CH&O/CHCO. Other reactions may 
further complicate this situation; several channels have been measured in the 
appn, ximate proportions shown for the reaction of O- with GHz at room 
temperatum 1381 

O-+GHzzCH&O+e A@ = -32 (24a) 

%&H+OH AH” > (-28j, < (-7) (24b) 

.=GHO-+H AHe<(-28) - (24d 

=G+H=O AH”>&) _ _ _ (244 



_ mc In neu&aI beam sampIing studies of 8 fueI_rich melhan~xygen flame by 
Hastie [19], GHz but not c?H was detqted, and the M25 profile is there- 
fore taken as evidence for acetylene in the present case. ConverseIy. the 
profile at M33 as HW produced by charge traasfer from 0: would confirm 
the pxesence of Ha radicz& reported by Peeters and Mahnen [4]. Our 
positive ion evidence at M43 for the presen ce of C&CO indicates that the 
negative M41 profiIe can be attributed to proton abstra&on from ketene, 
probabIy by OH- and 0-. It should be noted that the M43’ and Bf41- 
profiles maxim&e at the same position in the flame. For the three ions GH-, 
HO; and t&HO-, however, no siugle consistent mechanism appearstobe 
operative. 

CHO;. The profile at M45 yieIds the largest negative ion signals measured, 
and many sources can be envisaged. The CHOZ ion could be produced either 
by proton transfer involving virtuaUy all the ions in Table 4 including 0: 

0; + HCOOH + CHO; + HO= A_@=---? (25) 
sinceinthiscase02~aag~basethanCH05,orbychargetransferto 
the HCOt radical 

O;- + HC02 + CHOF + O2 AHO = -63.2 (25) 

A considerable number of rearrangement reactions with flame neutraIs couId 
lead to CHO; such as 

0y+C&-,CHOz+HH2 A@ = -137 (27) 

OF + C&co + CHOZ + CHO A@ = -77 (28) 

O-+HCHO+CHO;+H A@ = -59 (29a) 

+oH-+CHo AliP=- (29b) 

where kzg = 3.1 x 1o-9 cm3 molecule-* s-* at 300 K [39], which are 
energeticalIy and chemically reasonable. A number of these reactions are 
presently under inve&gation in our flowing aftergiow laboratory. Also, 
proton abstraction from GH&H or CH30CJ33 wilI yield the same mass 
number (case 2 above). The possibilities are too numerous to provide clear 
evidence for any single neutral species. ItisIikeIytJlatmanyofthesere%c- 
tions may, in fact, contribute to the negative M45 profile. 

CHSO, 0:. The M47 profile is the second earliest measured upstream- 
AIthough some part of the profile shown in Pig. 4 derives from an isotopic 
contribution from M45 (CH1*0160‘, case 3 above) and a hydrate contriiu- 
tion, the peak positions of the two profiles are significantly different. No 
nem exists at M48 to provide a IogicaI proton &an&r po&bWy Thus, 
M47 appears to derive fkom charge taan&r 

. 

o~+cEI~o~+cH~~+o~ 
_- 

- Gw 
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involving the same radical species detected far upstream by Peete$$$ 
Mahnen [43 _ - 

SimikrIy, the M48 profile has an early upstream tail a& prehmably;~~~ 
large hydrate contribution. No reasonable possibility exisfs for its prociuc- 
tionbyprotontransfer,Itcanbeformedbycharge~~ 

o~+os+o~+o2 AE-IO = -38 

o-+os+o;+o Al#’ = -14 

for which kB1 = 3-O X 1O-‘o 1401 and ks2 = 
[41] at 300 K, although a reanangement 
room temperature 

0~+0+0~+02 

+ o-+201 

(31) 

(32) 

5-3 X 10~lo cm3 molecule-’ s-l 
reaction has been measured at 

(33a) 

I33b) 

for which k,, = 4-O X lo-i0 cm3 molecule-’ s-i at 300 K 1421. Nevertheless, 
0; is thought to provide evidence for the presen ce of ozone in the flame. 

CO;, CHO;. CO,-, CHO;, It is well known from flowing aftergiow studies of 
ionospheric chemistxy that these ions are high& stable 1423. It is therefore 
not surprising that many modes can be envisaged for their production. Some 
likely two-body flame reactions might be 

o~+Cos~co~+os (34) 

CO;+HX+CHO;+X (35) 

O~+COs~CO~+02 (33) 

CO(+HX+CHO~+X (37) 
for which ks = 4.0 X lO-‘O [40] and k% = 4-3 X lo-i0 cm3 molecule-’ 8-l 
1343 at 300 K, where WX is an H-atom donor. Some three-body cIustering 
reactions (C) which may contribute to the formation of these ions include 

o-+COs+M-CCO~+M (38) 

OH-+C02+M+CH034M (32) 

~+ws+M-+CO~4M (40) 

HO~+COs+M~CHO~4M (41) 

AItemativeIy, these ions may be formed indirectIy by three-body association 
foIIowed by switching reactions 

W-HzO+~_~~<f_HsO (42) _ - 
HOT -HsO+CO+CI?O;4Ht0 (43) 
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0~-H20+COt-,CQ~+H20 (44) 

HO; -Hz0+C02+CHO~+H20 (45) 

The degree to which these iatter eight rea~tion~ also occur during sampling is 
uncertain, an auy event, these four ions CO:, CHO3, CQ2, CHOZ present 
some evidence for C& and CO, aIbeit in a complicated manner- 

In summary, the negaf2ve ion chemistry initiated by 0,‘ is quite complex 
and cannot be descrii by a simple model since a Iare variety of reaction 
types appear to be invohred_ The r’lame-ion evidence for the neutral species 
may be summarized as fol.Iowsr 

(a) species which corroborate the observations of Peeters and Mahnen: 01, 
HtO, 0, OH, HO, (or Hz&), HCHO, CH,O,. CO, CO,; 

(b)new species not reported by Peeters and Mahnenr C&H, (or GH), 
C&CO (or CHCO), 0s 

(c)species not reported with chemical or isomeric ambiguities: HCOOH 
(or HC02); (GH,OH, CH,OCE&)_ 

CONCLUSIONS 

The purpose of this work was to ascertain what can be learned fiorn ion 
profiies con ceming the neutral specie5 p resentearlyinaflameviewedasa 
site for in situ chemical ionization. The degree to which the early ion profile 
shape can be reiated to the growth of a neutral species is determined by the 
degree of confidence one has in ascertaining the dominant ion chemistry. 
The recent rapid growth of information ahout individual ion--molecule reac- 
tions has made possible the realization of a model which provides a reason- 
able description of the inherently~ompkx flame-ion chemistry, The model 
views the positive and negative ion chemistry as proceeding independently in 
the early stages of combustion- This allows, at least in principle, two 
independent means of identification of a given neutral by chemical ioniza- 
tion, albeit not often realizd in this study. Perhaps more signScant is the 
potentiaJly increased range of neutxals that can be distinguished_ 

The major primaxy ions CHO* and 0; are not seriously in doubt, Early 
in the flame, the positive ion chemisixy is dominated by fast proton transfer 
reactions_ The protons initiaUy available from CHO’ shuffIe amongst the 
neutxal species p resent with a trend towards those of high proton af%nity; a 
large ion signal refIects a high proton aff%ity end/or high concentration of 
the neutral- The behaviour at the higher temperatures of the flame is 
quaIitativeIy predictsHe &rn room-temperature measurements of rate con- 
stants for proton tram&r reactions which are not, in genexal, strongly 
temperature dependent. Charge tzansfer does not appear to compete 
seriously with proton transfer early in the flame. 

The negative ion chemistry is much more complicated since a variety of 
chemical ionization processes may operate. Very early in the 2lame, the 
mechanism appears to bechargetransferfrom the primary 0; ion to radicals 



(and ozone) having higher EA’s than Oz. This estdlishes appreciable &II- 
centrations of ions having a high base strength (e.g. OH-, O-), so that-I+ _ 
proton tmnsfer mechanism becomes competitive. Altexnatively, 0; may 
undergo direct proton Wansfer with a few flame neutrals (e.g. HCOOH) 
although 0: is itself a very weak base. The competition of charge and proton 
transfercreatesa dilemma since many of the observed anions R- may derive 
either f&m charge transfer to the neutral radical R or from proton abstxac- 
tion from the parent neutral RH. Furthermore, additional complications 
arisefrom rearrangement reactions leading to R- as well as secondary reac- 
tions of R- with the O&H., bath. Still other reactions can contribute 
significantly to the formation of ions sf high mass (e.g. COT, CHO:, CO;, 
CHO;), namely, three-body association to form cluster ions which may 
subsequently undergo switching reactions. The degree to which sampling 
may play a role in this connection has not yet been determined. Despite 
these complications, negative chemical ionization provides additional and 
complementaxy evidence to the positive ion results. 
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