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The jonization of water, methylamine, and methyl alcohol, using

electron and ion. impact.

By H. Sjdgren

\ Abstract

'“)\ en s PR . ooe . - .. N - . .
The ionization of Haq was ipvestiga?cd,:using charge ex-

change in a dcgblelmglp spectrometer. The brgakdown graph was
comstructed. A breek in.tho electron impact ionization efficien-
cy curve is explained as being due to preionization, as ‘ite ex;
planation as Piing due to an ion-molecule reaction between ﬁ*
ions and H,0 seoé%“%o be less prohable. The appearance poéential
of OHY was found to be consideralily higher with charge exchange
than when elecﬁron,iﬁpact Qas used, which agrees withﬁgar‘earlier
finding that gptgrcombigation transitions seem tp'be more strict-
1y fofbidden‘}n charge éibﬁ?ﬁge than in electron impact.

CH,NH, and ﬂggu were investigated, using charge exchange at

elevated preasqféa. The hreaks in the ilonization efficiency cur-
ves for these molccules are discussed and ascribed to preioniza-

tion or secondary processes.




Introduction

Our knowledge of the higher ionization potentials (IP) of

‘small and large molecules has been rather limited hitherto. Ths

IP’s are calculated quantum-mechanically for a nuwber of small
molecules. Few cpmpgrieons with experimental results have been
possible and have in some cases shown a diééouraging lack of
agreement. The high IP of methane wés th;s*calculatea to be

about 25 oV, while the éenerally accepted experimental value was

19.4 eV. The third IP of water has been calculated to be 18.6 eV

while oiberimants have given the value 16.2 eV. This lack of
agreement has gonefally been‘interproted ae beiné due to consi-
derable unreliability inﬁerent,in the quantum.mechanical calcula-
tions. In consequence yhg theoretical calculaéions ol other mole-
culer 'have glsb ?ecn cgneidered less reliable.

This sifuation”has nov.been changed. It haa‘beon.poasible
to exg;ain the discrepancies in the case of methane as due to
ion~-molecule reidctions in the ion source of the mass spectrome-
ters u;od [1, 2]. Experiments indicating a value of 24 eY have
also been performed [2]. The good agreement between theory and
experiment thus obtainoé shows that the theoretical galculations
have reached a higher degree of reliability than previously was
believed to exist, at least by experimentalists.

" Ton-molecule reactions in the ion source have also been
shown to give breaks in the elgptfon impact ionization effilciemncy
(Iﬁ)icurveé for 0, [3] and o, [4]. In this paper we will show
that the earlier experimental value of the third IP of H20 i8 not
related to di;ect ionization, and that the correct experimental

vealue is close to the theoretical value. The difference between
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ion and electron impact processes will also be discussed.

Ve have also performed.investigations on QHjNHZ and CH3OH
in order to see whether some discrepancies between the mass
spectrometrically determined IP’s and the ones determined by

other methods can bz expiained in a similar way.




The structure of H,0

The structure of water according to Mulliken 5] and
Ellison and Shull L6J,is given below, together with the IF‘s of

the different electrons in eV.’

2 2 2 2 2

1a1 2a1 1b2 ,3&1 1b1

Probable ionic state ' %8, %A %8,
IP’s L6 557 36 18.6 13.2 11.8
IP’s |71 560 36 18.5 15.1 13.4
IP’s |8) - 18.02 14.23% - 12.61

The IP’s were obtained by LCAO-MO-SCF calculation L6, T)J
and by photoelectron spcétr0360py L84. - V

No potential energy curves for ﬁzo seem to have "been com-
puted,.althougﬁ-qualitative curves have been given by Schulz
L9}, Laidler [10], and Fiquet~Fayard [11, 12]. We have, there~
fo¥§,‘triod to estimate ths Franck-Condon factors for ionization
of nzo from theoretical considerations and photoelectron spece
troaéoﬁiC'néaaurements 113 ].

According to theoretical discussions 16, 14 «16], the 1b1
orbital is approximatelf nonbonding, the 1b2 orbital is strongly
honding while the 3h1 orbital is important for the angle betweon
the OH bonds. Turner found evidence ¢f at least three vibratio-
nal levels at 12.61 eV with a mean spacing of 0.4 eV. At 14.23 oV

he found evidence that a ntran;ly bonding electron is ionized,

giving vibrations up to 17 eV. Finally, at 18.02 another strongly
bexding electron is ionized, giving vibrations up te 20 V. Sirce
the 3&1 orbital tends to diwminish the angle between the OH bonds,

ienizatior of this electron must lead to strong bending vibra-
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tions. Therefore Turner’s observations are in good azreement
with theory.

By using this information we have approximately plotted the
Franck«=Condon curves in Fig. 1a. These curves give a picture of ;
the probabilities for_ionization when using electron and ion
impact. No transitions to rerulsive states are included in
Fig. 1a, since these are not knownm, although they wust also be
taken into consideration. It was shown earlier (002([4]) that

the probabilities of these transitions are sometimes appreciable.

Molecular states of Hég

Our knowledge of the excited states of the .neutral water
molecule has improved considerably during recent years. Walsh
[15] has discussed the absorption of H,0 at 1655 & and 1290 & anc
has given reasons that both trangition; g0 to a Rydberg state
30&1, thbt is broadene@ qwing to interactiqn with a repulsive 2y
state. In thg first case,‘ﬁhe transition is due to a non~bonding
1b1 electron, and in the second case a 3@1 electron makes the
transition. Theréfo;o,'in the 1as§ case b?nding vibrgtions are

observed in the upper state. Owing to these® vibrations, the onergy

of the 3s state is best determined from the long waveélength abw

sorption with maximum at 1655 4, and can therefore be given as

5.1 eV below the ionization limit. Thp higher Rydberg levels 43
and 5s were observed by Price [17§3 and haye rgcontly been difss=
cussed by Johns [18]. They have energies 1.5 and 0.9 eV respec~ i
tively, below the ionization limit, (Thé transitions measured

by Johns are of minsr interest owing to low inten;ity.)

Recuntly, Skerbele and Laasettre were able tc observe all
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these transitions by me#ns of olectron impact spectra [19]. Their
results are given in Fig. 2. The high broad peak at 7.5 eV shows
the transition 1b1-‘33. The transition 3a1'~3a starts at 9.1 eV,
and the bending vibrations in the upper state make this peak very
broad up to 10.4 evV. At 11.1 oV a very intense and narrow peak
corresponds to the transition 1b1-*45, and at f1.7 eV a small
peak corresponds to 1b1-*53. '

Above the ionization limit in Skerbele and Lassettre’s ja-
per a very intense and broad peak can be observed. Since the exci-
tation of an inmer electron 3a1 to 38 gives a very intense peak
in Lassettre’s measursments, it is natural to-suggest that the in-
tense peak at 13 eV may be due to transitions of the inner elec~
tron ?bz. As Turngr's new measurements have given the energy
18.0 eV for the 152 electron, the energy of the transition 1b2—*33
can immediately be calculated as 12.9 eV. But it is further ne~
cessary to take into:consideration'that the 1b2 electron 1s the
main bonding electron in water according to Fllison and Shull (6],
and that, therefore, very strong viorations will be introduced on
excitation of suEh an electron. It is, therefore, natural that the
peak will extend from 12.9 eV up to 14 or 15 eV, which is in com=-
plete sgreement with the resuits obtained by Skerbele and
Lassettre.

As the transition at 11.1 eV (1b; ~4s) is nearly as intense
as the transition at 7.5 eV (1b1it3a), we expact that also the
transition 1b2-*4s will be intense, and, owing to the vibrations,
we will oxpoét a broad peak between 16 and 17 eV. Such a peak is
present in Fig. 2.

It is cl;ar that a molecule in the state at about 16 eV will

preionize, 1if a 3&1 electron fills the hole in the 1b2 orbi.tal
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(which is an allowed transition), and at the same time the

4s electron is ionized. In the state at 12.Q eV the wmolecule
must have a small probability for preionization, for transition
of a 3&1 electron into the 1b2 orbital does not give enough
energy for preionization, and the transition 1b1'~ 1b2 must be
weak. The state 1b2213a1 1b12 4sa, also at about 12.9 eV (not
discussed earlier) can of ;ourae preionize as the transition
1b1'* 3a1 is allowed and the energy is slightly higher than

the ionization energy.

If there exists an excited neutral state of H,0 at 16 eV,
this would be expected to appear by photoionization and photo-~
abserptien no;surements.'such'inrestigationc have been made by a
number .ef authora.~Astoiﬁ [20], Rathenau [21], and Henning [22]
have found strong photoubsorpfion‘cloeb to~1é L) ﬁiézgtr and |
Ceok [23], en the other hand have found a minisum in their phote-
absorption curve at this cuoxrgy. The situation is theiefore not

clear,




Earlier electron impact 1nvoat;5gtiona\of Hzg

Uniﬁé photoolectrdni, Pirice and Sugden [24]\studied the to=-
tal ienization of 320 and fouid breaks in the IE curve at 12.6,
14.5, 16.2, and 18.0 eV. Schulz [9] and Sjsgren [25, 263, using
the RFD technique aczording to Fox et al. [27] ana ;onization
~chimb¢rq.fonnd breaks at 1?.6 andu14,5,_apd at 12.5,"14.2, and
?G.ZJQV, respectively. In addition, some of nggropfg_qurves
showed breaks at about 18 eV (unpublished). Using a mass spec-
trometer, Frost. and ﬁchyo@{;LZSJ and Co?t;?l[293';ound breaks
at 12.61, 14:35, and 16.34, and at 12:61, 14.5, and 16.1 oV,
respectively. - " ‘ _ _ '

-It is CVidont that the first and socond breaka in all these
dotoruinationo correspond to ionization of the 1b1 anﬂ 3a1 elec~
trons 1n eood agroe-ont vith ﬁhe prcviouo values. Further, the.
break at 18 eV, obtained in some or the total ionizution experi~
ments, agraos well with Turnqr*a value 18.02 dV-:og the ionizatien
of the ibé‘cigctrog and also with the calculations by Eilison and
Shull and by‘Moccig.:In an oarlior paper [2] SJBgren shbwed that
especially Moccia’s calculationa of the high IP of me thane [30]
‘agree well with the new experimental determination of this IP,
Since Moccia has porforned the same typo of calculationa on water,
a high dc;reo of roliability must be ascribed to bis values.

I? t@orofore speuf nocegaary to asaumo_thqt,tho va;ue at
about 16.2 eV obtained in most of the electron impact oxpo;imanté
if o due to 6ii§éi ionizatiru but ﬁé a—d;fre?og% précesa;'This
process must differ from the charge exchange described in the case
of nethane’[1, 2] and 092 [4}, since the break‘ig observed not

omly by mass specirometry but also in the total ionization experi- ,
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mnents.

The electron impact mass spectrum of H20 is given in Table 1
together with éhe appearance potentials (AP) [29, %1], possible
dissociation limits, and the corresponding minimum energies. The
minisum cnsrgicg were calculated using known dissociation [32]
and excitation [33] energies and the electron affinity of OH de-
termined by Branscomb et gi. [34].,$iﬁce the two OH+ states 1A

1

and 2+ do not seem to have been detected spectroscopically, we

have estimated their excitation erasrgies in analogy to the similar

.states in the isoelectronic NR molecule [33] at 2 and 3 eV respec-

tively. It may be remarked that the earlier value, 18.8 eV for
the AP (0+), haa—ﬂgen shown by Cottin [29] to be due to pressure
induced me tastable OH+ ions at mass 16.05. In addition, Cottin
[29] found AP’s of both H* and OH™ at 16.0 eV indicating that
these ions are fﬁrned in an ion-pair process at this energy.

However, these appearance ﬁotoutials are not in agreement
vith the values calculated in Table 1. It is of course possible,
that Cpttin hAiAan.unce;thin calibrati;ﬁ of his enexgy scale and
that the correct appearance potentials are 16.9 eV. Measurements
by De Sourza and Green [}5], indicating that the AP (OH™) is
17.5 eV also support this point of’view. In such n>caac, however,
it is impossible to explain the formation of Hzo+ at 16.2 eV by
means of the ion-moleculs reaction involving H' discussed below.
6n'ihc other hand,lit is possible that the theoretical calcula-
tion ia insccurate. The electron affinity of OH is still @ matter
for discuseion, and also the dissociation energy of H20 is some.
what uncertain.’

In this situation there are ovidoﬁtly two possible ways of

explaining the break at 16.2 eV in the electron impact experiment s

LN et a2 ea A HE At S Rl A 0 AT § i 1 SIS LI
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Ion~pair formation and preionization. Both processes must at

least im principle, give rise to breaks in the ﬁot;l ionization
curves. ‘

In order to explain the break at 16.2 eV by ion-pair forma-
tion, 4t is further necessary to’gapume that the "' ionanby sub~
sequent charge sxchangs form new molecule ions accogding to
wt + .m0 - H + Hyo" ' (1) -
in analogy to what was found in the case of Oé:[3J. That this is
the case wil} be oyidopt'froy our 109-1hpact“1nveatigations of
HéO. Although the recorded intensities of the H' ions have been
found to be low (Taplg 1) it must be remembered that these light
'B* ions are discriminated in the mass spectrometer. .

The possibility of preionization has been discussed above,
and it was ﬁoihted out that the break would be g‘u_:ggiged near
16.2_67..Tho'pp§rqy of the break will thus be in better agreement

with. the ebservations than if ion-molecule reactions are consi-

dered.
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1.

Ion inggpt invest%:gtions on H,0

In order to"invnstigate the ionization processes, we bom-
barded néq with slow positive ions in a double 1ana.cpectrometer
described earlier [36,)37], and recorded the mass spectra. The
results are shown in Tnple‘2. The last coluumn in the Table gives
the rolativo,c?ogo’soétiopa (Q) in arbitrary units. The pressure
of the target gas was_gotgrninoﬁ by use of a Xnudsen gauge. Un~
fortunstely, - the apparatus did not permit observation of mt,
Therefore the Q-values at high RE’s are only lower limits.

| In Fig. 1b the Q-values at high velocities.are plotted.
Evidently thay are in good agreement with the estimated Franck~
Condon ‘factors in Fig. 1a. Boubardment with cozf, recombination
energy (RE) 13.8 OY'E4, 36], thus gives approximately the same
Q-=values as vith‘Kr+t RE’s 14.00 and 14.67 eV. This dempnst£ates
the partly bonding character 6f_the_1bi“electy6nt It alsc shows
that thg charge ogchquo reactionv(1),is alloqu, sigce the lowen
BE of H&} 13.6 ev;-oﬁgﬁt to give §ncreaséd trandi?;qn,prpbability
in comparisom with coz“. Also ArT, RE 15.8 eV, gives similar Q-
values. The probability for ionizationfof the 3;1 electron is
thoreforo still large, ..5 oV above the IP. | .

** fons exist in thres states, 24° 2p" 3 11_), and s
with RE’s 17.42 (3p. 60%), 20.01 ( D, 30%), and 22.98 (1s, 10%)
eV {3]. At low velocitias, RE 17.§2,0V.givas no contribution to
the mass spectrum according. to Fig. 1&,.uhilo RE 20,01 eV gives.
nao"f predominantly in the stable 23'2 state. RE 22.98 eV is only
of minor importarce dus to the low abundance of the s state
and pgobably glves only ot ions from‘fepulsivo staﬁp.lgi high

velocities translational ;norgy enables the F' (1D) ions to trans-~
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fer more emexgy %o the_ﬂzo molecule. This explains the important
velocity dependence in Table 2 since the 320+ ions will then be

able to reach the dissociation limit of the 2

Bzhstate and give
OH' ions according to Table 1. It is also possible that H,0" Loms
begin to form in repulsive states bglonging to the same dissocia-
tion limit in Table 1. At the same time, the F* (°P) ioms will be
able to 10nizo.thc 232 stafo, gifipq'inc§o;sing absolute amcunts
of n20+ iens and increasing Q-values. Using rt ions with 500 eV

kinetic energy, Lindholm [38] obtained equal amounts ef nzo+ and

oHY dens.

xe** sone have RE’s about 12.5 and 18«20 eV, but fermatioxn of
xet ihrou{h colli;ion. ayovc the collision chamber must also bo
censidered at higher iro:suroa L24. Xb++ ;tvoq-.inilqr velocity
dependence as ?+ ions, but extrapelation down to qus pressure
and zero velocity shows that no OH' ions form below 20 eV.

Using Ne' i;na,‘RE 21.5 oV, small Q-values are obtained in
agreement with Fig. 1a. However, since the regu;pivgqetatos
leading to formation of n* caqnot'hoAséudiod 1n.tho‘prolqnt 0X=
periment, these Q-values are only lower limits. Evidently the out
iong are predominating gi low pfoasurol.

WVhen the prooiuro is increased, the relative adbundances of
Hzo+ increase, when bombarding with Nef,:f+,~andix.++, probably
according to:roaction (1) or to
ou* + H,0 — oH + Hy0" ©(2)
vhieh-nlto is energetically pe;-iblo. Extr‘polution down to zero
pressure -u;t tgoroforo be performed and shows in the case of
Net tﬁat the H20+ ions are unstable a£.21.g eV, This is very in-
teresting boc;u-c together with the rt and Xef’ results above it

shows that the AP of OH' seems to be mmich higher when using char:
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exchange than when electron impact is used.

In Fig. 1c a tentative breakdown graph of H29+ is plotted,
using the results from Table 2 and the AP’s discuased above. Thise
graph gives but little information about the dissociation above
19.5 eV because of the unknown amounts of HY ions. Since H' must
be formed from repulsive states, it seems likely that the abun-
dances of HY at 20 eV are still low. This is consistent with the
fact that no further breaks seem to have been report~d above

18 eV in the wass spectrometrically determined IE curve of HZO’

gﬁf"
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A theoretical discussion of the dissociation of Hzg:

A\

The dissociation of H,0 has been the subject of many theo-
retical and éxperigpntal 1gvostigationa {11, 12, 39~ ¢3}. On the
other hand, the dissociation of #éo* has been the subject of only
fow theoretical investigations (10 = 12] performed by means of a
generalization of the Wigner-Witmer correiation rules. In this
way it was poszible for Fiquet-Fayard ?o draw the poiential energy
curves fbr Héo+ approximately (ref. 12, p. 459). We will accept
the main features of hér.diagram with a few minor excepticns.
Firstly, it must be corrected for the new experimental IP of the
232 state, and, secondly, we think it is necesgary’ t6 include
OH*,(lA)‘and Oﬁ+ (18) amongst the dissociation products, although
theé; states have not yet been observed by the.sbectroscopists
(Table 1) (cf. [33]).

| In view of the results gnd discuss;oms above it is eyidant

2

that formation of the 81 etate by means of ionization of a ‘H:n3

electron will not he followed by dissoclation; this electron is

234 state is, therefore, stable.

Néx will formation of the 211lstate by means of ionization

essentially nonbonding. The

of a 3&1 electron cauao.any disasociation. The HOH angle will in-
crsase considerably and the 2A1‘state is probably linear (cf. the
correspondingAsFate of NHz,‘which hes been proven te be linear
[44]). The 2A1'atate will .thexrefore be formed with vibrational
excitation, but will also be stable.

2

When the B2 state is obtained after ionization of the bon.

stron 1t i8 necessary to distingulsh between high and
low vibrationel onergy of the state. As the 1bé electron 1s bon.
ding [6] both cases are possible., In the first case the 2B2 don

is formed with low vibrational enexgy. It is then psrfectly stable,
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although it is energetically higher than the disso_iation limit
at 17.9 eV, since predissociation is forbidden for reasons of
symmetry. However, this rule no longer holds in a collisioq with
a2 gas molecule, and pressure induced metastable 0H+ ions, proe-
bably formed in this manner, were obsorved by Cottin [29]. In the
second case dissociation takes place as soon as the energy exceeds
the dissociation limit 0H+'(1A or ?E)-+H . The AP of OH' is there-
fore expected to be about 21 eV, in perfect agreement with our
results that for ions with "™ lower than 20.0 eV no on? ions are
obtainred.

Using electron impact, the lowest AP of OH+ haas been found to
be 18.1 eV [29] in disagreement with theory and with our ien im-
pact results. The exp}anation mast probably invglve the repul-~
sive state 4B1 or 4A2, correlating with the dissociation limit
ot (32")-+H at 17.9 eV. The quartet state can be formed either
directly in the electron impact or via a preionizaing neutral
triplet state. Evidently these results imply that intercombina-
tion transitions, which seem to be forﬂidden in charge exchange,
can be of importance in electron impact. The results on H20 are
similar in this respect.fo our fesults with 002 [4].

The next repulsive state (281 or 2

Aa) correlates with the
dissociation limit HY +0H (zni) at 18.7 eV, but all other re-
pulsive states go to limits higher than about 20 eV and are there-
fore without interest in connection with our discuasion of the
formation of OH' below 20 eV.-

H,0" giving ot ang n2"haa aiso been
treated theoretically by Fiquet~Fayard.{11, 12] and experimen~
tally by Cottin [29]). It will not be discussed further in this

paper since no H2+'ions can be oMserved in our apparatus and the

AP of 0% is higher than 29 ev [29].

e




16.

The structures of CH NH, and CH,CH
. 7 e 7

5 The structures of CB3 2 and CH30H have been given by
Malliken L45J and were further diacuaood in earlier papexrs from
this laboratory L37, 46] They are given belew for reference to-
gother with eiarlier and new estimations of the IP’s in eV. The

changes that have been made are discussed below.

CHSNH2 102 132 202 232 22 x2 yz 32 xz
Location N C NH, CHy N?g c§3. CN CHy N
IP, earlier [37) 19.89 16.57 15.07 13.94 12.16 9.18
IP 421 304 30 24 16.57 15.07 13.94 12.16 9.18
Mulliken (45 (21)(22) 16 14.5 13.5 14.5 11

| CH3OH 132 182 .232 202 - x° y2 z?' x2

f; Location © C OH cH, OH cH, €O CH; 0
IP, earlier [46] - 19 15,3 15.0 13.1. 13.0 10.9
IP T 557 304 36 24 17.23 14.64 14.64 12.35 10.83

Malliken (45} 32 22 17.5 14.5 16 14.5 12.5

As the two isoslectronic molecules ars very similar and
have mearly identical breakdown graphs |37, 46], siwilar coordie-
nate systems have bsen chosen for their raproa;ntation. From the
d‘aicnation of the orbitals the interaction between different
orbitals is ilumediately clear.

In Cﬂslﬂz,'tho IP of the 083 bonding 2s electron has been

changbd to 24 eV in ;ccdrdanco iith the value obtained by Saagfon

Tan o comna .-..-—-A’» e ¢ A o
for the sorrvesponding IP in hane 12). In sgreswent with ihe

discussion in |37] iie lower IP’s have been taken from photo-

electron spectroscopy measurements by Turner [8) and the higher

values are taken from Moccia’s quantum-mechanical cajculations
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fof CH4 130} and NH3 147?. In this way, one ¢f the values given
by Turner (%9.89 V) has not been uzed. Since it was put in pa-
rentheses by Turner it is probably dubious. ‘

In CHjOH, the IP of the CH3 bonding 2s elasctron hus beer
changed to 24 eV for the same reason as in CHSNHQ. The values
for the IP'; of the 0 (is) and the C (1s) orbitals are taken from
Moccia’s calculations for H,0 [7) and CE, [30]. The earlier IP of
the OH [z] orbital was estimated s the mean of fhe second aﬁd
third IP ;f Hzo. This third IP has now been shown to be 18 oV,
which gives the mesn value 16.1 oV. Interaction with the Ciy (=]
orbital ef the aaqo‘symuo¥ry is probably strong cﬁough te elevate
the TP further to reach ‘furner’s value at 17.2 eV, at the same
time as the CHy [z! orbital is Cepressed by about the same amouﬁt
te areund 12 eV. Tﬁe assignuont to the lower IP’s is complicated
by the fact that Turner has fcnn@ one IP too few in CHSOB. In
lack of further data the samo valuo has therefore beou assigned
te the CO [y) orbital and the Cii; [x) orbital at 14.§ eV. It 1is
of course po;aiblo to assume that the IP of the CO ly) orbital
weald be 12.} eV. Hovoyor. with such an assignment, téo IP of the
CO orbital would be wuch lower than the IP of the CN erbital. In
comsaquence, it would therefore seem necessary to assume that in
CHJNH, the IP’s of the CO ly] and the oy [2] orbitals have the
same value 12.16 oV, and that also the value 13.94 eV must be dis-
regarded, which is less probable.

It i poiaiblo that photéblectron spoctrocg&pical HAASUT O~
nonts with increased resolution will solve some of these problems.
It 4s remarkable how well the IP‘s obtained in this way agree with
the eld estimations by Mullikon in Journal of Chemical Physics 3,

506 (1935), except that Mulliken did not take the interaction of

the GH3 erbitals with the othex orbitals inte censideration.
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Earlier measurements

Using slectron impact and an ionization chambe:, Sjdgren 126}
tias studied the IE curve for CH?OH. Breaks in the ;E curve for |
GBSQH were feund at 10.8, 1.7, 12.6, and 14.3 eV in reasonable
agreomont with the IP’s above, except for the wvalue 11.7 eV. Si-
milar measurements on GH3NH2 will be described balow.

Using olectron impact and mass spoctromctric analyasis
Cellin !.48] measured the IE curves for CH;OH and cu3m12 In the
CH3OH curve breaks appeared at 10.85, 12.82,. 14.), 16.06, and
18.85 QV, an§ in the CH3N32‘ curve the breaks appeardd at 9.45,
12.35, 13.90, 17.70, 2175, and 23.75 eV. CH,0H has also been
investigated with a similar technigue by Tsuda and Hamill [49]
vhe found breaks at 10.85, 11.1, 12.1, 13.2, and 13,7 eV.

Using rhotoabeorption, Sanson et al. {50 obtained the IP“s
14.3 and 17.6 oV feor CH30H in good agreement ;igh%ggrparfa values.,

Ths dion 1-pnot‘uasa spectra of cnson and CH3NH2shave been |
studied by Viiponina and Lindﬁéli 146] and Sjagron L37J. It wvas
feund that the 083011+ ion rapidly dissociates having receivod
energies abeve 12 eV, and that the CHBNliz+ ion is stable only up
to 10 eV, In view of theae results it is difficult te vmdersiand
ﬁow the breaks in the uass apéctroscopically determined IE cur-

ves are obtained.
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Ezxpazxrinental results

In erder to investigate whoiher the mass spectrescepically
determinod broeoaks may be due teo preionization er te a charge ox-
change mechaniszm of the same type as was ebserved in QH4 lZ% and
co, l4), the foilowing oxperiments were performed.

CH3NKz-vaa bonbarded with quaai-moﬁccfo-utic electrons in
an ionization chanbsr emd the total lonizatien curve ;us measured
at an estimahed pressura of 10° ~4 terr. The apparatus has been
desorihed eariier {2, 2GJ The ener gy eceale was calibrated using

' the rosonnnao capture poak of CH3N82 which was pqaaurod siml-~
tanoously with the positive ion curve. This peak was feund te

have a narrdé moxioum at 5.4 dY. The position was determined usimg
different miziures of CHNH, and Hy0. The latter molecule has a
resenance capture peak at 6.5 oV determined oariior'[51] in agree~
ment wiﬁh‘riaulta by Buchelnikeva [52] 3.4 oV nﬁd Schults L9l

6.5 oV, The difference betwoon the tv& praks was feund te bo.

1.2 oV. .

Breaks ?n the positive ien curve ef P“TO'CH3§32 were ebserved
at 9.020.1, 9.5£0.1, and 9.920.1 oV (mean of 8 runs). The AP
is therefexe 9.0 ¢V in goed agreement witn the spOcygoicoﬁic Yo~
lue 8.97 oV o¢f Watanabe [53). Additional brodks‘voro’obaorvsd at
10.3+0.1 ov_(é'runs) a.'md"l(").e £0.3 oV (5 runs). No reproducible
bzeaks at hidﬁor eT03EI08 WOro obtained. The bigukg’guct be ascri-
bed to preienization or to axcitation of vibratienal. states.

6830n ‘ﬁd CH3NH2 woro fur%ﬁor investigated by means ef charge
oxchaaj@ it blofﬁf&h procsures in & double mass speédtrometer, A
Kandgen gauge was used to detormine the pressures.

The relative abundances of the molecule tone sfter charge

‘exchange with slow positivo iems erc sbowa in Table 3. The spsctra

e e
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were resolved into mono-isotopic peaks and the sums of the peak
heights werc normalized to 100. ‘

The molecule ions in Table 3 are no doubﬁ formed in seconw
dary processes, but evidonély the small increase is insufficient

to sxplain the breaks in the IE curves as being @ne to charge ex-

change between fragment ilons - formed after the primary charge

e..change and the parent gas. The behaviour of the iens "parent-
plnaponeé shows, however, that ion-molecule reactions do occur in
the collicion chamber.

A further possibility, that cannot be investigated usimg thie
mothod, is that the fragment lons that might be rohﬁ;nsible for
the eléctren:impdct results are obtained through ton-pair forma-
tion. Since pﬂ3f-+0H appears at 13.7 eV (49] and since tﬁe elec~
tron affinity of CH is 1.8 eV (34, 49] one ;uy assume that
Cﬂs4ﬂ$cﬂ' appoars 2t 11.9 eV, This ia"aloo verificd by expsriments
L49], and wmay explain the break at 11.7 eV in Sjégren’s IE curve
for GH3OH L25} No cerresponding broak vonld ba ebtainad in a maso
apeetromotrically determined IE curve, since the RE RE, of CH3 i1s toe
lew, 9.8 eV (37], but, in spite of this, Tsuda and Hamill obtained
a rmuubsr of-?re;kc in thoir curve for CHBOH at energies helow
13.7 eV, It is therefore impoaszible to decida‘vhethor the bhreazk
is due to io§~pair formation, prelonizatien, or, perhaps, vibra.
tional excitation, _

To explain th¢ break found by Collin =zt 12.35 oV in anNHZ,a
nimilar disculaion can be carried through, 81nca 033 -+HH? appears
at about 13.9 oV and since the electron affinity °f.§ﬂz is about
1.2 eV L54j the appearance potential eof CH3 -+NH2_ can be calcuw
lated te be 12.7 aV. In this case charge exchange is allowed he~

cause of ‘the low AP of the CH3NH2+ ion, and it is thevelere ns.

tural that the preasure depcndence is mofc prononaced for #this
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iem than fer thO‘CB3OH+ ion (Table 3). However, since the elecm
tron impact measurements havé siwown & nuwber of breaks hslorw

12 oV and since the abundance of GH3+ ions is low in the mucs
spactrum of gﬂaﬂﬂé, it wust be concluded that aigm in thoe ceso

of cnénna this process is & lass likkely roason for tym low enargy
breaks. “

The braﬁk: at higher inergioa fer both molecules wny, in
additi;n, be, explained by charge oxcheungae roactionpﬂbotwoan
parent gas and fraguent ions with higher RE’s formed frou oLlcwe
cular er 19n;§ states that are net péaaiblc:to reach by don Tome
barducnt‘(cf; the discussion of Béo). In this case it is, ef
courac,~n6t peseible to ;nvodticata‘thc reactions by :iem bouborde
wment., : | |

.gogardlogc'of whether the broaks in the electiron impact IX
cuxrves fer cnéox and CHSNH2 thus are caused Ly charge exchangs,

or by preionizaticn, it 1s ovident that they canmoti be used to

‘determine the higher ienization petentials of the molecules

wi thout further anilyaia. The agreement with inhopondtntly'nea-

-

sured IP’s seom, thorororo; to be accidental.
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Table 1. Electron impact mass spectra of H 0, AP‘s in eV,
dissociation limits and minisium energies in eV.

Jon llectrou 1npuct nass apoctrum Possible procéa.e- Minimum
Manm ot al. [24]Cott1n [22] | epoxrgy
Ms® AP’s Ms® ar’s

0" 100" 13.0 100 12.6 n;'_,o(u,') ~H'0+(231') -
on*  23.2 18.7 23.0 18.1 mo(ha)-or*(CzT)em 17.9
- 21.0 o*(zaz)-on (! A)+lI ~20

or - OH (13+)+H ~21

ot 2,0 18.8 ,1‘.25 1120(252) -o:a+(3z',’)+n 17.9
Proa-dre induced
ﬁgtaatablq peak.
2.1 29.1 o
ut 50 -  5.0516.0 mpo*  -m*('s)som('z) 16.9
1;9.5 ~ 19.6 Hé9+(2A2)~H+(1S)+9H(2Ki) 18.7

. electron energy 100 eV

b eiectron snexrgy 50 eV




Table 2. Mass spectra eof H20 ebtitaimed inm cﬁaru exchange with
incidont pesitive tems of lew kimetic emergy (KE)
as & ﬁncttm‘ of the pressure im the couiuioi chambeor.

Incuani KE Pressure Ioiu

don oY micrems njo': n0" on* -/.‘-16‘ . Q
B 25, 2.0 (T5.3) 66.7 333 _e . 0.2
25. 0.8 (21.2) 395 605 - 0.1
25 0.1 (2.3) 143 85.7 0.2
100 0.4  (2.8) .19.4 80.6 = 0.1
966 0.1 (1.9) © 153 847 . - 0.2
3 100 0.6 (14.4) 797 203 - 3
10 0.3  (5.9) 81.0 19.0. = 3
16 0.1 (3.0) 797 20,3 = 4
25 0.4 (6.0) 82.1 17.7 0.2 5
23 9.2  (3.4) 82,3 1§,7 - 2
25 0.1 (1.5) 813 18,7 3
300 0.8 (9.5 60.6 394 03 9
300 0.3 (3.3) 60.0 40.0 - 9
300 0.4  (1.7) 597 403 - 10
900 0.8 (10,9) 50,8 48.8 0.4 8

900 0.3 (2.8)- 47.2 52.2 0.6
90 0.1  (1.5) 46,2 - 53.4 0.4 12
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Table 2, (Continued)

Ineddent
don

xb**

XE Pressure
' dV':ngcroac
17 14
17 0.6
17 0.1
35 1.2
35 0.5
35 0.1
100 1.2
100 0.6
100 0.1
900 1,2
900 0.6
900 0.1
12 0.1
100 0.1
900 0.1
11 0.1 .
100° 0.1
900 0.1
22 0.1
100 0.1
900 0.1

+
330“

(54.6)

(19.2)

(55.1) -

(16.0)

.(3;7$

(28.8)
(8.5)

© (1.9)

(28.7)
(7.5)

" {1.5)

(2.9)
(1.3)
t1565
(2.9)

(1.4

(1.4)
(1.9)
(1.8)
(1.4)

Ions
H0”
92,1
88.4
85.7
84.2
76.4
T41

. 65.9

58.2

54.8

61,3
53.9
50,2

100.0
98.7

97.8"
100.0

99.8
99.4
160.0
99.7
99.3

C.7

08" w/ex16
7.9 -
11.6 -
13 -
15.8 -
B
25.9 -
33.8 0.3
1.4 0.4
5.2 -
3843 0.4
'45-7 Q.4
49.3 0.5
0.0 0.0
1.3 0.0 .
22 0.0
0.0 0.0
0.2 0.0
0.6 .00
0;0', 0.0
‘0.3 0.0

0.0

2.

Q

0.9
0.8
0.7

® VI U UV e WA Ad a oa

-t
-t

- 23

11
10

11

11




Table 3. Relative abundance in % of molecule ions, p, and "pavext.
~plus~one”, p+ 1, from C.’K3OB and CHBNHZ after charsge
exchange with incident positive ions of low kinetic emergy
(KE) as a fun_ct:lon of thg pressure in the collisicn chawmbeyr.

The p+1 ions are not included in the normalization.

Incident KE Pressure CH;0H . ° Incident XE Pressure OFt ¥t
ion eV B p p+1 don eV 'p p+1
Het

25 0.7 4.0 8
25 0.3 1.5 2.5
1

: . : 25 0.1 1.6 1.0
vet 18 1.8 3.2 54.2 et
18 0.9 2.1 15.5 . 18 0.7 3.6 15.3
18 0.3 1.0 4.8 : 18 0.3 - 1.4 4.0
18 0.7 0.7 3.3 18 0.1 1.4 “2.0
Ft 30 1.3 1.2 48.0 rt .
30 0.9 1.0 18.7 36 0.7 3.3 13.1
30 0.3 1.6 7.0 36 .0.3 1.8 4.3
30 0.1 1.5 .2.2 36 0.1 1.0 3.0
ax¥ 15 1.8 0.6 110.0 - Art : . ,
15. . 0.9 0.4 25.7 20 0.7 2.6 13.6
15 0.3 0.1 4.8 20 0.3 1.1 4.4
: 15 0.1 0.0 2.0 ' 20 0.1 0.4 2.3
© ket 20 1.8 0.3 108.0° S :
] 20 0.9 0.3 27.5 25 0.7 0.7 8.9
20 0.3 0.4 5.5 ' 25 0.3 0.3 3.4
20 0.1 0.3 2.7 25. 0.1 0.5 1.9
Not. 20 1.8 1.1 87.0 ~ xet , o
200 0.9 1.0 23.0 '35 0.7 0.8 9.8
20 0.3 1.1 6.5 RS 35 0.3 0.3 3.4
20 0.1 1.2. 3.5 35 0.1 0.2 4.7

P

= -




Franck-Condon factors

1a.
2 72 23 eV
,Q
154 cQ Kt A F*
- O~ -0
1b 104 ‘O——O ‘ ° N
' ° o Xett Ne
5- o— o
{
0 : , , , N :  _a .,
2 13 1% 15 1 17 18 19 20 21 22 23 eV
cat Xe' Ne'
| \ } ¥
100+ - - \ O— -0 — - ,__o__ -
Hzo*‘ \ \OH‘“
50- ' [
1c. 1 H+
T __/_ _

Fig. 1. ‘a) Estimated Franck-Condon factors for ionization of H20°
b) Relative cross sections for charge transfer between

different positive ions and HZO'
c) Mass spectrum of HZO as a function of -energy (eV).
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