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SURFACE IONIZATION OF DIFPERENT CLASSES
= seraain N ME OAPPRRENT CLASSES
OF ORGANIC COMPOUNDS

5I of I50 molecules of different clmases of organic compounds
bhas been studied by the present time, mainly these are the com-
pounds with VY “subgroup hetercatom. The formulas for thess
clasaes are shown in the slide, the corresponding surface ioni-
zution efficienciem are given in the other aslide, (Sec +ul¢.3 Lecture])

It was found that what is jonized is primarily not the mole-
cules of the original compounds but rather the products of their
chenical transformations at the emitter surface (mainly of the
dissociation resctions,snd on metal snitters,only of them).

The SI mass spectra
irrespective of the emitter materisl used, asuch ion lines as
-8, (M-BY*, (MeH)*, (M-B-nH)*, (M-R-oH)* and sometimes W,
where M is the original moleculse, H is the hydrogen atom elimi-

oxhibit only few lines &nd may contain,

nated from or added to it, n is an integer, R is the radical. The
(MeH)* ions are cbserved only in the ionization on oxidized me-
tuls.wmmwmﬂw sotre, I
anf
prement in the Tabloﬁn!&a the linem of primary ions (i.e. the
lons produced by SI and reaching the mase spectroneter collector
Theuw ar

without breakup on the way)valsc these—of secondsry (fragment)
icns, These ions are products of monomolecular breakup of the

primary iona during their transit through the mass spectromater,

Lhat ‘ll the aspects bearing on the formation in the couree of
SI of vibrationally exvited metastable ions and on their monomo-
lecular breakup will be analysed in the next lecturs.

Thus surface jonization is preceded, asm a rules, by a heteroc-
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geneoua reaction inveolving the formation of the particle under-
golng ionization. Note that the radicals (M-H) and (M-R) form
a8 2 result of rupture in the admorbed molecule of the g -bond
(C-H and C-R) relative to the nitrogen atom, The actual number
of the (M-H-nH)* and (M-B-nH)* lines present depends on the
length of the substituent slkyl chain. The maximum n cCorres-
ponds to the dehydrogenation of alkyl radicals in which conjuga~
ted double bonds are formed. Note that the line intenatity for
aven n 1is always much stronger than that for odd.

411 the ions formad in the SI of organic compounds with nit-
Togen hetercatoms have, as @ rule, an even number of electrona
s0 that they can be spproximsted as ilons with a quadrivalent ,po-
sitively charged nitrogen having up3-, apz- or sp-hydrid orbi-
tals. Por instance, the (M+H)* ions of emines are similar to the
smmonium ion N34+ and have a quadrivalent nitrogen ion with -p5-
hydrid orbitals, Damely,

Note, that the amines are derivatives of ammonia NH3 where radi-
cals are substituted for the hydrogen atoms. The amines can ba
primary, secondary or termary depending on the actual number of
the substituted hydrogen atoms in the ummonia molecule,
The (M-H)¥ ana (M-R)* ions have a nitrogen ion with Bp2
hytrid orbitals
3]
El f ) Ll ot (4
~ - . N s
P.A"N 2CH-K C\uc‘ le &
and, finally, for the (M-H-2nH)+ and (M-B-2nH)* iong we have
-chzcp Flcit oy

M = [‘H'R ond

4
ir * IV, - FH
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(obviously encugh, the ideas of the charge in ion being localised
on one atom 1s oversimplified; indeed, the charge in a many-ato-
mic ion is actually dictributed so that the structure of the
u-p)* ion, for instance, should rather be represented in the

form

4 e,
Q':r\f.—cua — N -,
N Rea

with the highest probabllity for the charge to reside on the
nitrogen stom. However for the sake of convenience we will in
what follows congider the charge in an ion structure to be on
the nitrogen atom).

The ionization efficlency depends on the character of the
aminogroup involved, The ion current densities of similar radi-
cals and associastes grow substantially as the hydrogen atoms at
the nitrogen become substituted by radicals.Indeed, the current
densities of ethylamine (M-B)* ions are in the range of
I(:""5 A/Torr cm2, those of diethylamina - 3'10'I A/Torr cm2, and
of triethylamine - 4 A/Torr cm©.

The change in the ionization efficiency of alkylamine radi-
zals correlates with that in the ionization potential of the par-
ticles undergoing ionization and can be explained gqualitatively
in the same way as this is done in the case of molecules, namely
as due to a mutuasl influence of functional groups in the molecule
within the framework of the inductive effect. For instance, alkyl
~adlcals possess electron-donating properties which are more
elearly pronounced than these of hydfogen atoms, they repel the
nitrogen lone pair electrons stronger than the bydrogen atoms do,

and attract weaker than is the case with the hydrogen atoms.
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Effect of substituents in amine molecules on the composition
and efficiency of ionization is illustruted clearly by the &I
of trimethylamines (CH3)2N-CH2-R, where R denotes substituents
with different electronegativity: I = CH3’ II - CH = CHE,
III - N(CHz),, W = CN, v = Cgg, Y/ = n - CgHlyNO,. (sec takl 2)

The production efficlency of the (M-H)’ ions depends substan-
tially on the electronic and chemical properties of the substi-
tuents R, the (l-H)* current density verying within five decades
{from 3 to 3-10'5 A/Torr cm2). This may be due not only to a dif-
ference in the ionization potentials of the (k-H} radicals of these
compounds but to different yields of their formation on the enmit-
ter as well, i.e. to the difference in the values of ‘6 . The
cbserved qualitative correlation between the production efficien~
cy of the (M-H)* iona and the Taft coefficients of the substi-
tuents permit one,however, a suggestion that the influence of
the electronic and chemical propertles of substituents on the
yield in the reaction of abgtraction of an eagily migrating
hydrogen atom from absorbed molecules is weak and that the effect
of substituents affecta primarily the magnitude of Y which
depends substantially on the electron density distribution in
the particle.

The temperature dependences of the ion currents of many-ato-

mic particles are determined by Lhe ‘ﬁlqjhnd ?r(?d relation,so

that the W_lT} plots can differ markedly from the Iﬁfﬁo graphs.
The experimentally measured I{?ﬁ plots do indeed differ

from the I[IJdependences. For all the olkylamines studied,

the I(Tﬂ dependences were found to be typical of each ion spe-

cies (Fig.i ). The latter comes from the difference in the
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dependences tor each gpecies of particlesy indeed, reactions in-
volving the formation of (M+H) associatea proceed at lower tempe—
rature than is the case with the dissociation reactions, and the
temperature threshold for the formation of (M-Alk) particles is
substansially higher than the threshold of hydrogen atom elimi-
nation.

The congiderable drop in the ion current observed with in-
creasing T connot be attibuted to the }(T) dependence and
originates obvicusly from the GWT) relation; for instance, as
the temperature increases, the (M+R), (M-H) and (M-Alk) particles
dissociate or the dissoclation of the original molecules into
sualler fragments becomes mors pronounced,

The drop in the ion currente with decreasing emitter T nay
originate not only from the temperature threshold of SI when the
ion current falloff is conpected with the increasing concentration
of adsorbed particles on the surface and the effect on the emit-
ter work function and the heats of ion desorption, but also from
the existence of a temperature threshold for the reactions invol-
ving the formation of the particles undergoing ionization.Which
of theae processes dominates in each particular case can be re-
vealed, for example, by monitoring under the chosen experimental
conditions the emitter work function as the temperature is varied,

It turned out that the decrease in the (Il-l-H)+ and (M-H)*
amine ion currents at low temperatures is indeed connected with
v decresge in the emitter work function, while throughout the tem-
perasture range where I(I)dependence of the (I-R)+ ion current
was studied the work functiom did not change, One can thus con-
clude that the threshold on the I(T) dependence of the (MeHE)™* and

(M—-li)+ ions is due Lo a threshold temperature of the SI, the tem-
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perature threshold of the chemical reactions with formation of
(ueE)* ana (M-B)* particles lying below that of the SI for these
particlea, Por the (II-R)+ ions the threshold in the Jfﬂdependence
play & dominant role.

4 clear evidence for the effect of -6[7) an the 1l1}depen-
dences of the (M-H)* and (M-R)* ions was obtained by comparing
the IlT)of trimethylamine (M-E)* and dimethyloctylamine

(u-cyays)*

octylamine (I—C?HIB) radicals are the same (CH3)2N082 particles,

tons ( Fig.2 ). The trimethylomine (M-H) and dimethyl-

however the T(T) dependence of the ion current of tiese parti-

cles produced in the ionization of $rimethylomine is illustrated by

curve 1, while that for the particles obtalned in the lonization
of dimethyloctylamine is illustrated by curve 2,

Pinally, direct evidence for the dominant role of JY?j in
the ilf” dependence of the (M-R)* ions was obtained by determi-
ning the B(T) and comparing them with the T(1) plots (Pig.3 ).
(The details of p lU determination will be discussed at the

next lecture).

MECHANISM OF FORMATION OF ASSOCIATED OR

PROTONASED (MeH)* IONS

411 ionization studies of primary and secondary amines on

oxidized wetal emitters reveuled lines of associated or protona-~
ted (MeH)*
not form, The (M+H)*

ions, On metal emitters,however, the (M4H)* tons dia
lons are produced also in the SI on oxidized
metals of other classes of orpanic compoundg, for instance, of
pyridine, phenol and others. In cases where the SI mass spectra

of tertiary alkylamine did have (Mell)+ ion lines, they were weak

and poorly reproducible,

The (M+H)* ions are always observed at low emitter tempera-
ture, i.e. at the highest degrees of emitter surface coverage by
adstrbed molecules, which sti11l allow BI to be measufed

The bimolecular nature of the process (J}f )Vﬁﬁg—%ﬁi_i:x—
wellian distribution of the (MeH)* ions in initial kinetic
erergy at the emitter temperature suggested that these ions
ferm in the SI of (M4H) complexes {or associates). One had now
to find the way in which the (M+H) complexes are produced on the
aurface,

Note that the possibility of existence of stable Hy O ana
N}L,complexes has been proved both experimentally and theoreti-
cally. Indeed, Ch.E,Melton obgerved desorption from a heated Pt
surface of ammonium ions NH,* and complexes NH, when ammonia
was admitted to the mass spectrometer. Since the yield of these
particles was found to increase with hydrogen adwitted to the
instrument, it wes concluded that the complexes form at the pla-
tinum surface in the reaction NH, + H2--NH4. One can assume that
the (M+H) complexes can form in this way also in the adsorption
of amines. However admission to the mass spectrometer of H2 or
D2 did not result in a growth of the (M+H)* ion current or an
appearance of the (M+D)* ions.

It is known thut because of the presence of a lone electron
pair on the nitrogen atoms, the amines exhibit atrongly pronounced
protophobic and protophilic properties, Therefore the (M+H) com-
plex formation is believed to result from the interaction on the

enilter surface of amine nolecules
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Note that since the particles are adsorbsd and thus parti-
cipate in electron exchange with the surface, the adsorbed com-
plex can be represented schematically in the following form

;j:f{l:

In the courge of desorption, such & puarticle can "leave"

an electron with the emitter and vaporize as a stable ion
il:rdﬁ Z with a quadrivalent, positively charged, spi-hybri-
dized nitrogen.

This gcheme is capable of accounting for the cbserved fea-
tures of the (M+H)* ion formation, namely, (I) (M+H)* ions are
produced at low rr » l.e. under the conditions favorable for
the formation and survival of the (M+H} complexes, The decrease
in the current with increasing T‘ results from a decrease in
the concentration of the (MeH) particles in the adsorbed layer
because of the decreasing molecule concentration as well as from
the increasing probability of dissociation of the weakly bound
{(M+H) complexes; (2) Secondury amines are stronger bases than
the primary ones and the (M+H)* current densities are higher in
the lonization of the secondary amines; (3) In the cuase of terna—
Ty amines which are Btronger buses than Llie primury ones the
(Mell) complexes cannot form by sutoassocintion tince tle molecules
do not have a hydrogen atom capable of participating in the pro-

duction of such associates, As !or the manifestation in the &I

maps spectra of ternary amines of low intensity and poorly re-
producible (MeH)* 1lines, they can be accounted for by the inter—
action of the amine moleculea with the molecules of an impu-
rity, e.g. water, This is supported by the observation of the
(M+H)* ion line intensity in the ternary amine mass spectra be-
ing proportional to the residual water vapor pressure in the in-
strument and by the subsequent direct studies by T.Fujii of the
effect of D20 admission on the efficlency of protonated ion
formation.

Another model is alsc possible. By this model , a protonated
ion forms by proton transfer in a bimolecular reactlon on the
cuitter surface, which can subsequently undergo thermal vaporiza-
tion. This mechanism can operate only under conditions inhibiting
or hindering electron exchange between the emitter and the par-
ticles adsorbed on it, as is the case, ¢.g., with the formation
on the surface of zeolite of carbonium lons of triphenylmethyl
in the sdsorption of PhacBr and subsequent vaporizetion of these
ions from the heated zeolite surface (Rollgen). However while the
oxidized W, Mo and Re belong to semlconductors, at the emission
temperatures they reveal metallic properties; st any rate, the
lonlzation of atoms and molecules with different '\f (ranging
from 3.9 to 7.7 V) on the surface of oxidized tungsten waa shown
to follow the Saha-Langmuir relation, thus ilmplying that charge
eguilibrium between the emitter and the adatoms with different
obtains without any difficulties.

The ST of more couwplex amines, such ag acridinyltetrahydro-

quinolenes and acridinylanilines with various subetituents on the

nitrogen atom (H, CH3' CEHS)' benzimidasoles, the alkaloid allo-
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matrane and other follows the same lines in the ion fFormation as
the 81 of the lower amines,

The Tab1e3presents the 51 mags gpectra of some of them, The
51 mass spectra of thege compounds are seen to consist of the
same characteristic set of ion lines as thege for the lower
amines, namely, (M#H)*, M*, (M-H)*, (M-R)Y, (M-H-2nH)*, A1) the
lona with the exception of M* have an even number of electrons
and can be represented as saturated-bond ions with a positive

3--hybridized nitrogen atom.

charge on the guadrivalent Bp2— or sp
A study of the major features typical of the 81 of amines
and their derivatives permits one to formulate simple rules of
ion formation which can be used to predict the ion composition
in the 51 mass spectra of amines and to evaluate the correspon-
ding ion current densities. These rules stem from the high selec-
tivity of SI with respect to the ionization potential of the par-
ticles being investigated;y from the fact that the formation of
bond-gaturated ions, which in the case of amines can be repre-
sented ag having a guadrivalent, positively charged hybridized
nitrogen atom, is an energetically preferable processy finally,
from the dependence of the Y of the particles undergoing
ionization on the electropnegativity of the substituents.
(I) If the amine molecule contains a hydrogen-bonded carbon at
position ~/ to the nitrogen, then the gH—H)’ ions will always
form, The current density of these ions in the smine series in-
creagses as the hydrogen atoms on the nitrogen are replaced by al-
kyl or other elcctron-donating substitucnts.kElectron-withdrawing
substituents reduce substantially the (M-H)+ current density.

When ionized on oxidized W, the (M-H)+ current densities

- I -

are . 10'5 - 1072 A/Torr cn® for primary amines, 10-1 A/Torr cm®
for secondary, and ~ (I-5) A/Torr cm® for tertiary amines,These
current densities do not change much when ionization 1s carried
out on emitters made of oxidized Mo and Re.

(2} If a molecule contains a carbon {or another atom) which 1is

to the nitrogen, then the UP (C-B)~bond breaks, this process
being the more efficient the more stable is the radical R, The ni-

trogen-ceontaining radicals thug formed are ionized yielding
g;: N cH,
the current density of such iona depends on the electronegativity
of the RI and R2 substituents, ag well as on the energy of forma-
tion of the radical R. If Rp and Ra are alkyl radicals, the (M-R)*
current density is ~ 5 A/Torr cm®.
(3) The ionizetion of amines with alkyl gubstituents can be pre-
ceded by dehydrogenation of the molecules on the emitter, with
single bonds being replaced by doudle ones. The ionization of the
compounds thus produced yields (M-H-2nH)* and (M-R-2nH)* ions, In
the icnization of amines with linear substituents, the line in-
tenaity of such ions is ulways substantially lower than that of
the (M-H)}' ana (¥-R)* ions, In the mass spectra of N-heterocyclic
compounds, the line intensity of the (M-H-2nH)' ions leading to
the ring aromatization can exceed that of (M-E)*,
(4) Ionizution of primary and secondary amines always rcveals
stable and producible (M+H)* lines originating from the ilonization
of the (M+l[) complexes which are produced in the autoassociation

of the oripinal molecules at the surface,



(MeH)? ions cun be observed also in the ionization of top-
nary smines. Complexation is favored in this case by the prescnce
in the mags spectrometer residual gas of water vapor or other
protophobic compounds.

(5) Measurable currents of the molecular ions M' are observed in
cages where the ionizatlon potentials of the molecules do not ex-
ceed the emitter work function by more tham - 2 eV§ also, during
their lifetime in adsorbed state the molecules should not under—
go complete transformation into particles of a different chemi-
cal composition. This situation occurs with aromatic amines and
N,N-heterocyclic compounds. However even when these conditions
are met, the M* lines are revealed more clearly, as already men-—
tioned, in the lonization of compounds which do not produce effi-
ciently the (M-H)* ions.

These general features of ion production which are¢ common
for all amines end their derivatives and which do not depend on

emitter material have been used in congtructing a scheme of adsorp-—

tion of the amine melicules and of their reactions on the cmitter.

Amine adsorption may be considered to occur via Lhe forumstion of

& coordinat ion bonding with the adserbent (it is known that the
nitrogen lone pair in amine molecules is sssociuated with the

hybrid orbital, the amine molecule having ¢ pyrumidal structure
with a nitrogen at the apex and being strongly oriented and polar,
As the electron pair is being drawn out toward the emitter, a frac-

tional positive charge forms on the nitrogen utom

H
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Basing on chemical ideas of general nature and quantum-mechanical
calculations, this should result in a substantial weakening of the
‘F)-bonds to the nitregen.The rupture of these weakened (C-H) and
(C-R) bonds leads to the formation on the heated emitter surface

of (M-H) and (M-R) radicals:

4
. Qi-—. ,/\j C” -
C'l N~CH-R 2 p> //\!'CH_Q b 1,_’2 ?)

ae s
1 J gl

(The (C-R) bonds bresk always at higber T than the (C-H) ones
which happens at tempepatures below the ionization threshold).
Such particles, as shown by measurements of their mean lifetimes
oh emitter surface, reside for a comparatively long time on it,
attain a thermal and charge equilibrium with it and undergo ioni-
zation by the SI mechanism when desorbing,

Apart from the above processes, the adsorption of amines can
involve also other reactions resulting in the appearance of both
ionissable particles, e.g. products of dehydrogenation of the mo-
lecules, such as (M-B-2nH) or (M-B-2nfH), and unicnizable fragments.
However the high efficiency of (M-H)* and (M-R)* production ob-—
served in many cases shows that the reactions involvipg the for-
mation of (M-H) and (M~R) particles in amine desorption dominate
(at least at low degrees of coverage) and can proceed with close-
to-unity yields.

The sbove picture of amine adsorption is supported by the
following features of the processs the low threshold temperatures
of (M-H) radical ionization which are even lower than those for

Cs atoms at the same flux densityj the (M-H)* and (U-R)* emine ions
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having heats of desorption lower than those of Cs* ions (if the
adsorbed anine molecules were bound to the surface throurh many
atoms, the particle desorption would occur at considersble higher
q'); the dependence of the efficiency of (M-H)* production on
the steric accessibllity of the nitrogen atom in the isomeric mo-
lecules of diethylbutylamines.

Until recently, a mass spectrometric study of surface ioni-
zation has been carried out on more than tSb organic compounds,
among them hydrocarbons, lower ethers and alcohols, nitrocompounds,
nitriles, phenols, acids, peroxides, amines and their various de-
rivatives, including those of biogenic origin, hydrazines, hydra-
zones, azocompounds, tetrazenes, phosphines and arsines and & num-
ber of organometallic compounda., It has been shown experimentally
thet meny-atomic particles, viz. molecules and radicals of orga=-
nic compounds, are capable of forming ions by SI, their ionization
obeying the relations following from the Saha-Langmuir expresalon,
One has found that many organic compounds can be lonized efficient-
1y by SI, determined the classes of compounds jonized on the sur-
face with practicaelly the highest possible efficiencyy eatablished
the major features of ilonizatlen of the organie compounds contai-
ning hetercatoms of the V-A gubgroup which permit prediction of
the icn composition formed and the corresponding current densities.

The results exposed in this lecture show that studies of the
EI of organic compounds not only broaden our ideas concerning the
phenomenon proper but alsc inerease substantially the possibili-
ties of their upplication. Indeed, while earlier the 8I wos used
to produce positive ilons of about ?0 elements, it is possible now

to obtain by LI fons of many-atomic particles of diverse chemical
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composition and structure, Apart from this, new possibllities of
using the phenomenon have been demonstrated, among them obtaining
information on heterogeneous chemical reactions and their tempe-
reture behavior, Ploally, one can now extend the SI technique to
the invegtigation of physicochemical properties of a vast number
of particles,namely, organic molecules and their radicals, as
well ag to the study of the process of their interaction with the
surfaces of solids, - thege problems will be discussed at the
following lectures "Surface Ionization-Baged Maag Spectrometry
and Gas Analyzers of Organic Compounds,.Applicetion to physicoche-~
mical research and to the analytical and structural chemistry of
organic compounds" § and "Nonstationary Processes in the Surface

Ionization of Many-Atomic Particleas".
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