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220 .Iii Mass Spectra

El Instrumentation and the Recording of Spectra

First of all, the principle of mass spectrometric separation will 
be afrcassecf b!1elly fflien accelerated, positlve/ycfzargecf par
ticles are in the gas phase, a homogeneous magnetic field will

separate them by an amount proportional to their mass. The 
experimental means of achieving this is complicated and 
requires further explanation, which will only be given to the 
extent that is necessary for an adequate understanding of the 
method by an organic chemist. 

2.1 The Principle of the Mass Spectrometer 

As indicated in the schematic diagram in Fig. 4.1, the func
tions of a mass spectrometer may be divided into four sec
tions: sample injection, ion generation, mass separation and 
ion detection. The ion generation and the processes in the 
magnetic analyser (mass separation and ion detection) occur 
under high vacuum in order to minimise undesired collisions 
between ions and molecules or atoms. In ordinary mass spec
trometers, the following pressures are obtained: in the ion 
generator: 10- 3 to 10-4 Pa; in the magnetic analyser: 10-6 to 
10-

1 Pa. A great deal of instrumentation is necessary for the 

sample 

inlet 

sample reservoir 

sample injection ion generation 

Fig. 4.1 Schematic representation of a mass spectrometer 

generation and control of the high vacuum, but this will not be 
cftscussea' 1iz any a'eta,f /Jere. 

Sample Injection 

It follows from the above explanation that there is a problem 
in how one gets a sample of a substance at normal pressure 
into the high vacuum without breaking the vacuum. Princi
pally, there are two types of injection systems. These are the 
gas inlet and the direct inlet systems. 

Gas inlet. Application: for liquid or gaseous samples. A liquid 
can either be injected with a microsyringe through a septum 
directly into a previously evacuated reservoir or frozen in a 
glass vessel (e.g. with liquid nitrogen). The air above the fro
zen sample can be pumped away and the sample can then be 
vaporised into the reservoir. In order to minimise the inclu
sion of gases in the frozen material, it is advisable to thaw and 
re-freeze the sample at least once while it is under vacuum. 
The reservoir is fitted with various valves (e.g. to the vacuum 
pumps, inlet port and ion source), the internal surface is as 
inert as possible ( e.g. glass or enamel) and it can be heated 

mass separation 

JlbiJw 

ior,i detectio

recording 

- photographic plate

insertion



'suor Jo uorlcalep lceJrp egl JoJ uorlelueturulsul cgrceds

Jo lueudole^ep aw pe^\ollB sBrI uorlBnbo srqJ'l?rtruelod uorl
-BJelecce er{l puu eJruelJnc Jo srupBJ er{l 'q1Euer1s pleu crleu
-3eu eq1 uodn luepuedep aroJereql sr orler e8reqc/ssutu eql

(r) o'z=, :1
,B ' ,*' tu

:(7) d;letuorlceds sseru 3o uorlenbe p1
-ueruBpuru eq1 errl8 o1 peurqluoc eq rrBc (g) puu (1) suo4enbg

q13ue4s pleg crleu8eur S

(E) -{:7:-, a.ta

:se pesserdxe eq uec
eJnlBAJncJo snrper eq1 ('resz(puu crlau8eru eq1 prl? ecJnos uor
eqt uee qeq peceld sr 'suol eq1 3o ISreue eq1 sncoJ 01 se^res
qcrqal'res,{pue cq?lsor1cele Isuorlrppu ue'sreletuollceds
sseru SursncoJ-elqnop qllA) 'llp€r luepuedep ssBru glLy!. seu
-ope[zr1 relncrrc tuop eaoru suor snouel eg1 'sproar reglo u1
'seycrped revr.eeq eqlJo esoql rrBrll petrcegep dpuorls erorrr eq
par suor relqEII eglJo sqled eq1'e8reqc erues eqlJo suor glrid.

'qcrq,r ur'(I I Jo epnlruSeugo repro sq13o) pleg crleu8etu
B ur sJncco uolleredes eql'sseru 4eg1 01 puorgodord sr puu
res,(1eue c4eu8eu eq1 ur aculd se{el suor erluo uorleredes eq1

uogeruile5 ssuy41

pllueloduotlu:eletru,
peeds uo1 ^
ssaur uor w

(a . u:) e8reqc aruor z

:a

(r) z : n., za'w

:s.laolloJ sB polelnclBc eg uBc suor eqlJo
peeds eq1:es,{1eue crleuEuru eq1 olur ssed ol w?eg uor oquo
uor8el snooueSouoq eroJeJeql pue'p4uec ldouuu eq1 .{po
sltuned tlF llxe eql'plog culcele puoryppu uu ,(q perr.erqcz

sI suor oqtr Jo EursncoJ sr11 'CA 0) IF ]Ixe eq1 1e peqceer
sr peeds IBug eq1 pue (,1>1 Ot ot Z ruo{ luewrulsurgo ed,! eq1

qil.ll. seuu I?rlue1od uorlerelecce eq1) ecJnos eql ol Iequelod
e 3uil1dde i(q pea.elqce sr suor orll Jo uorl€Jaleccu eqa 'pesnc

-oJ pue pelsJelecc? lrrou oJB pe13Jeuo6 ueaq eAEq l€ql suor
J?lnceloru eql suaJeq,r\'sdurnd urnncul q8q eq1 dq requuqc
scJnos uor eql ruo{ pelotuoJ oJs selor1red pesuor-uou erLL

'Ggc
'd ees) 6'8'cos q pessncslp €rE sernpecord uopequol reql6

-et* *zN -_0+W
z$1uenber3 ssel ro

_ez* *N - -e *N
:o1 Suprocce

@ZZ'tZZ'dd ees) suor rslnceloru pe8reqc fle,ulrsod selure
-ue8 sepceloru I?nneu eql pue suoJlcelo ogl ueaarleq uortrce
-re1ur eq1'pefoldrue dluurou sl Ae 0l gtnogllr 'pesn eq uec

A0 00I 0109'.Er1ceds prurouroJ pue pesn sr1e 91 o161 'erlceds
e8elloa-lrrolrog1e 00€ pu? g uae,nlaq,truc u?c suorpele egl
1eql suueru qcq^\ 

^ 
00€'Freua8 q'pue 0 uae^\treg perrc^ eq

uec epoIIB aql pu? epogluc egl uaetqeq ecueJerllp prluelod
eq1'[epoue w puu (apoqpc) lueweg loq ? ues^qeq] tueeq
uoJlcele uB qlln&,(yreyncrpuederd slcasrelur trl ersql\ ecJnos
uor aql olul srueer1s seFceloruJo tueeq elqrssod sE lrrulsuoc
se pw eug u'(1epr poJlp Jo seE) suelsds 1e1ur aquo euo uord

uopBreue9 uol

ilszg e8rul BJo ecqrns
eql uo rulg ? se lno peJ?arus eq'eldruexe roJ (lou plnogs prre

luelurutrsq 0q1 01 elqslrB^s eq i(lelepeurur lsnru seqrluenb
eldures ueirt8 eq1 Jo lunorue IInJ erdl 'sluerueJnseeru IEru
-rourog 8ru I'0 ol 100'0 :toltn porrp ,/rr :3 sr_0l ol 6_0IJo uor8er
eql rn :CC ,ld ltru 1 o1 1'g :1epr su8 u7 'slueuer.mbar aldurrg

'eldrues peleeqJelo ue looc i(plcrnb o1 ro'ecrnos uor (1oq) eq1

dq eldrues eqlgo uorlesuoderr. eqlrepuq o1'soldrues pesuod?^
dpsze;o luetueJnsuetu eql elq€ue ol sE os pelooc eq osp uec
eqord eq13o dp eql'e1pueq er{l urou pelelosr Igecupele eq

lsnru'etu11oa qtrq E 1€ sr qclrl,l\'$Jnos uol ogl ur sr 1uq1 eqord
eqlJo pue eq1 'uorlgppe u1 'sesuodeir eldues eql llun peleorl
dlarols pue ecJnos uor ogt otq lq8norq sr eqord eq1 go dp
pelooc eq1 tequeqc eq1 Surlunc?ae regv'Jeqtuuqc-{col ? olur
pepesut sr eqord eqlgo dp eq1 puz egord eyqeleeq ego dr1 eq1

uo pexg sr gclgm'(uru 1 reletuep purelur iurnrulunp ro plo8
'3'e) elqrcruc Ieleru B ur peceld s eldurus eq1 'seldures prnbg
snocsll ro e111-renbcul'eqgz1s,{.rc :uor1ec11ddy'}o1u! paq11

'OSC'd'I I'8 'ces ees) (31411 '31) qderSoleu
-orqc ppbg B ro (CC) qderSoleurorqc set e o1t reletuorlceds
ssuru oql o1ur,(11cerp pelcelur eq osle rJBc secu?lsqns elFBIoA

'lBes-Ieerq ? qlr^\ peilg roul?luoc s q8norql rroa;esor ogl olul
pecnpolur aq uuc seldruus snoeseg'(4ee1 ploEl egnl ssup e
olut pelletu IroJ plo8 peproled e 'E'a'azls cgrceds ego eloq e)

\eele DM ecJnos uor aql ol pelceuuoc sl JIoAreseJ eql'(3"69l
dgensn sl ecllJes snonurluoc Suunp ernleredtuel 'xetu)

Q)

AIE

6utp
'uorl3ala

p3TEq.
S3sI3q
IIMITJE,IT
'urnrlEr
pu?,rqr{
-nlrq eq

eq ueryl I

-oJJ 3ql {

e gI. v$z
urrudegi
pinb{v

3q1 eJS €

-IrurrJ -E

eJnsserd
ulelqord

:Qlou1p

.,ZZ3r,ll pue



" 221::,':,111;;:::::,:.:..itlr;; il$ilc1l;l,.i.',,,1,,r 
,.:.,r,,.,,,,'.,'...,,.,,,,,,,r,,,,,,,,',

Ion Detection

If the acceleration potentiai and the magnetic field strength
are kept constant, Eqn. (4) reduces to Eqn.(S):

Dl n ,'-'. (k: const') (5)
Z

This means that the m/z ratio is directly proportional to the
square ofthe radius ofcurvature.As a result ofthis behaviour,
it is possible to use a large number of individual collectors for
the ion detection, or a photographic plate on which the num-
ber of impinging particles will be indicated by a corresponding
variation in the degree ofdarkening ofthe plate. The distance
between the individual dark streaks is then related to the mas-

ses of the recorded particles.

If the acceleration potential and the radius of curvature in
Eqn. (4) are kept constant, Eqn. (6) is obtained:

m k B' (k: const.)
z

Thus, for the determination of m/z (earlier m/e) ratiLos using a

fixed radius ofcurvature it is only necessary to vary (scan) the
magnetic field strength. In this case, only one ion detector is
required at the exit to the magnetic analyser and an electron
multiplier (EM) is used to ampli-fr the veryweak ion current.

A mirror galvanometer is used for the actual ion der**rrr"
This device directs a beam ofUYlight onto UV seositi'r= pry
and as the paper moves forward, a spectrum is prod::,xc
Usually three traces are recorded simultaneousl)', \t-hidh 3&-
pict the same spectrum at diflerent sensitivity ratios (u-*;@
1:10:100). Additional traces are often also recorded. zuci. w
the ticked line of the mass marker. (Mass markers genel=.-f
function very accurately, however it is necessary to cal:-brucr

them against aknown mass fromtime to time.Normalllai'r*-
mark is made at every fifth mass unii.) Another ua* nqrru
can be drawn records the total ion current. This caa i:e :w. u
a record of the sample pressure developed during rhe mwc-
rement.

Today, the electrical signals are generally recorded during the
measurement by a computer, which is directly coupled to the
instrument. The data can subsequently be evaluated and
printed as desired. Frequently the data are printed as a list of
masses which contains both the mass number and the relative
abundance of each mass. Furthermore, the computer can also
display the data graphically as spectra, similar to those shown
throughout this chapter. In contrast to the recording ofspectra
directly onto photosensitive papeqweak signals (( 1Yo) are not
registered under normal conditions. Ifsuch signals are to be

made visible - e.g. for the recognition of molecular ions with a

lowrelative abundance - additional manipulation of the spec-

trum must be performed by the operator (e.g. a signai of low
abundance, rather than the most abundant one, can be chosen
as the base peak).
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E Fragmentation of Organic eompounds

The following discussion contains generalised remarks about
the behaviour oforganic compounds under the influence of
electron bombardment (70 eV). For the behaviour of inor-
ganic or organometallic compounds, see the bibliography.
With regard to other ionisation methods, which sometimes
substantially reduce the fragmentation, see Sec. 8.9 (p.263).

For reproduction in the literature, the recorded spectrum is

drawn so that the most abundant peak of the spectrum (base
peak) is set to 1000/o (relative 9o) and all other signals are scaled
accordingly. If the most abundant signal appears at m/z: 28,
or a similar mass number, it is advantageous to examine the
sample of the compound for the presence of foreign substan-
ces (air, solvent). A convenient scale for displaying spectra has
been found to bd 1 rel.0/o:1 mass number:1 mm. Occasion-
a1ly, one also finds the percentage fraction ofthe total ion cur-
ent (0/o X) marked on the right hand side of the spectrum

(see Fig. 4.2, p. 223). For this, the abundances of all signals

above a speci-ficmass(e.g.m/z:20) canbe added together and

the sum (e.g.335) set to 1000/o.If,forreasons oflowabundance,
an important signal (e.g. M-) still does not appear in the dis-
played spectrum when either of these scales are used, the
affected region can be drawn using an expanded scale. This
section would then be indicatedwith the labe1 x 0.1 or x 0.01

(equivalent to x 10 or x 100), see Fig. 4.2. Another possibility
for the display ofsignals oflow abundance is to use a logarith-
mic rendering of the abundance of the total spectrum, instead
of re1.0/0. Forvarious reasons (e.g. the over-weighting of weak
signals), this latter method is used only rarely.

The determination of the mass numbers in a spectrum, i.e. the
association of each signal with a mass, is achieved either from
the output of an automatic mass marker (as in a spectrum
recorded and stored by mass on a computer), or by the count
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It rs a characteristic of compounds that possess elements with
:*-o common isotopes (e.g. Br and C1), that the type and num-
ber of atoms of these elements can be deduced from the inten-
sity ratios ofthe isotope peaks (see Tab. 4.13, p. 304 and 4.10,
p.294).

The mass number of the molecular ion in compounds of the
tlpe C,H,N*O*(halogen)rS, also permits certain information
to be derived about the number of N-atoms that are present.
When the mass of the molecular ion is an even number, the
presence of an even number ofN-atoms (No,Nr,Nu,...) is indi-
cated. Conversely, an odd number for the mass of the molecu-
lar ion points to N,, Nr, Nr, ... (nitrogen rule).

Furthermore, the molecular ion represents that ion in a spec-
trum which possesses the smallest appea-rance potential (AP).
In order to remove an electron from a neutral atom or mole-
cu1e, a minimum amount of energy, the ionisation potential
(IP), is required. For organic molecules, this energy lies be-
tq"een 7 and 14 eV(1 eY:23.04 kcal.mol-1 :96.3 kJ.mol-1).
Some exampies:

ethanol 10.48 eV
acetaldehyde 10.21 eV
acetic acid 10.35 eV

Atzrttt -

Atztl+t:

0.002922
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n-hexane 10.17 eV
cyclohexane 9.88 eV
cyclohexene 8.95 eV

The elemental compositions given in formulae (2].-.tJ ;
223) correspond, as which can easily be calculated q-irh *e
help of Tab. 4.13, with the ma$ses

1s6.017147 (2)

1s6.020069 (3)

1s6.010827 (4)

156.018008 (5).

For the separation of these masses, the following resolving
powers are required:

benzene
anthracene

9.25 eY
7.23 eY

methylamine
aniline

8.97 eV
7.70 eY

trifluoromethane 13.84 eV

Therefore, when just the ionisation energy is available, only
the molecular ion can appear as a signal in the mass spectrum.
For the creation of fragment ions, an additional dissociation
energy must be provided, so that the appearance potential of
the fragment ions lies above that of the molecular ion2.

Clear information about the elemental composition of a mo-
iecular ion can be obtained by the determination of its exact
mass. This can be achieved by the use of high resolution mass
spectrometry. The resolving poweq l, of a mass spectrometer
is defined by

t't1A- . (7)
/nt

According to the 10o/o-valley definition, two neighbouring sig-
nals can be considered to be resolved when they do not over-
1ap each other by more than 100/0. (The alteration of the posi-
tions of both maxima caused by the 100/o overlap wiil still be
within a tolerable limit.) As an example, two signals of equal
intensity are shown in Fig. 4.4. In order to separate, for exam-
ple, m/z:950 from 951, a resolving power of 950 is required:
A:950/1:950. Low resolution mass spectrometers have a

resolving power ofbetween 1000 and 2000. In contrast, the
determination of the exact masses of ions requires a much
larger resolving power, as can easily be seen in the following
example.

0.006320

A,..,,..: 156 :180756r:'rrr 
0.000863

:

From this it can be deduced that in order to record all four sig-
nals, a tesolving power ofca. 181 000 is needed. The resolving
power of a mass spectrometer fitted with a magnetic analyser
is particularly limited when the ions are generated by electron
impact, because the translational energy of the ions (caused,
for example, by the effect of charge) is too inhomogeneous.
The insertion of an electrostatic analyser before the magnetic
analyser converts a simple mass spectrometer into a double-
focusing instrument (cf. Fig. 4.5). The electrostatic analyser
focuses the speed and energy of the ions. High resolution
mass spectra can only be produced with such equipment.

156
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Electrical recording (magnetic field scan),In this case the mass
spectrum is not recorded on photographic paper (see Sec. 2),
but three data channels (ion current, total ion current and
variation in the magnetic field strength) are processed as a
function of time by an interface and stored and displayed on a
computer. The spectra of the sample and the reference sub-
stance (PFK) are recorded simultaneously and a "superim-
posed spectrum" is produced. The spectrum of PFK is recog-
nised by the computer, because it is stored therein, and before
it is eliminated, it is used as an aid for the subsequent calcula-
tions. A special computer program associates each signal with
an exact mass (within a certain margin of error or uncertainty).
(This calculation is based on the ratio ofthe distance between
neighbouring PFK signals to the distance between a PFK sig-
na1 and that of the substance whose mass is to be determined -
both values are measured - as well as on the exact mass of the
PFK signal, whose value is known.) In this way, the elemental
composition of the corresponding ions can be determined
and printed out as a list. It is advisable to record several spec-
tra, one after the other, and compare the results.In this way it
is possible to eliminate false spectra (e.g. due to the absence of
any substance, the presence of only PFK, impurities, spikes,
electronic noise or peak deformation).

The advantage of the method lies in its abilityto rapidlyrecord
and evaluate high resolution spectra. The time required for
one scan (ca. 20 s for measurements up to m/z: 450) can be a
disadvantage when there is only the smallest amount of
sample available or when the substance is thermally labile.
This tlpe of measurement also has a relatively low resolving
power (ca. 10000; multiplets). The computer printout of a

high resolution spectrum is listed and explained on p. 325
(Chapter 5, 16, spectrum 19). One possibility for overcoming
these disadvantages is to record Fourier-transform spectra.

Peak matching method. First of all, by varying the magnetic
fie1d, a signal from a reference substance with a known exact
mass (n1) is displayed on a cathode ray oscilloscope in such a
way that the half-height width of the peak fil1s about one third
ofthe oscilloscope screen and the peak is scanned repeatediy
at fixed time intervals. By the application of a supplementary
potential (bythe alteration ofthe acceleration potential), a sig-
nai of known nominal mass, but unknown exact mass (nr),

can also be projected onto the oscilloscope screen in a similar
way. Both ofthe signals are displayed alternateiy. The supple-
mentary potential is adjusted so that both signals appear at
exactly the same point on the screen. This supplementary
potential can be determined exactly and the exact mass can
then be calculated from (B: const.):

m1'.n12-U2:U1 (8)

mr'U,
nt, --' Ll) 

(9)

Because 14: 1 and in, are known, the unknown mass can be
determined by division (uncertainty t3 ppm). There is a re-
striction that, depending on the type of instrument, the differ-
ences between the masses m, and m2 must not exceed 10 to
200/o of the mass of in,.

The advantage of the method is that the ion signals of the
sample in question are visible to the operator, which means
that multiplets ian be recognised visuall% even when the con-
stituent peaks have significantly different intensities. The
limits ofuncertainty can also be checked and ions ofpredicted
elemental composition can be verifled by the suitable applica-
tion of Eqn. (9). The mass numbers obtained in this way are

very exact. Two disadvantages are evident: a longer time, and
thus a greater amount of substance, is required for a measure-
ment, which consequently leads to the ion source becoming
contaminated more quickly.

General reference for high resolution mass spectrometry: 3.

The molecular ion that has been excited by electron bombard-
ment can now undergo fragmentation reactions (i.e. decom-
position reactions). In Sec. 4 it will be assumed that the charge
is localised, at least at the moment of the onset of the fragmen-
tation reaction. Preferred sites for localisation are primarily
heteroatoms with lone pairs of electrons, although the sites of
a-bonds and r-bonded systems are also favoured. The least
preferred sites are abonds. As wiil easily be seen from the
examples that are given, this concept is well suited to the inter-
pretation ofthe spectra oforganic compounds.There are also
other theories applicable to fragmentation reactions, however,
these will not be discussed here.
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I fne Main Fragmentation Reactions of Organic Compounds

In this section, the most important, i.e. the most frequently
obsewed, fragmentation reactions of organic compounds will
be presented and discussed with the aid of examples.

4.1 o-Cleavage

Analogous reactions from other areas of chemistry fuhoto-
chemistry): Norrish Type I reaction (c-cleavage).

a-Bonds adjacent to heteroatoms (such as N, O, S) are cleaved
preferentially, because the ensuing charge is stabilised by the
heteroatom.
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from 2-butanone is formulated in Schemes 4.1,4.2 ard4.3.ln
order to explain the style usually employed today for writing
mass spectrometric decomposition reactions, the possibilities
in this example will be discussed in detail. Under electron
bombardment, one electron is ejected from the neutral mole-
cule 1 and the singly charged positive molecular ion 1*' is
created,which is registered on the m/z scale (mass per charge)
atl2.Bywriting [formula]*'it is meant that one is not making
any assumption about the location of the charge within the
molecular ion (Scheme 4.1). Because both of the fragment
ions a and b result from the localisation of the charge at the
O-atom, one chooses the two writing styles formulated in
Scheme 4.1 where, in each case, an electron has been removed
from one of the two electron pairs on the O-atom to give a

single positive charge on this atom. Two bonds are present
which are q-bonds to the O-atom (not to the C:O group).It is
therefore possible to stabilise the lone electron on the O-atom
by pairing it with one electron ofthe single bond at the carbo-
nyl C-atom. The second electron of the abond remains with
the alkyl fragment, in this case the CH3 (creating CH3') or
C2H5' fragments, respectivelt'. These radicals will not be
recorded by the mass spectrometer because they are un-
charged. The resultant fragment ions are denoted with lower
case letters (a-z,zz-tz,ba...) when they are referred to in the
text. It proves to be extremely useful if the mass is given in
parentheses under the symbol of the fragment ion. Some-
times it is also useful to indicate the heavier neutral fragments
with their weight; this is then done as depicted in Scheme 4.1 :

e.g. CHr' (15 amu). The ions m/z:29 and 15 originate most
often from m/z:57 and,43, respectively; see in this regard Sec.

41 (p.244).

If one onlywishes to indicate on a structural formula howthe
main fragment ions are generated by c-cleavage, the formula-
tion given in Scheme 4.3 should be chosen. Suitably modified
schemes can also be used to indicate other cleavage reactions.

A generally important rule for o-cleavage is that with com-
pounds of type 2 the heavier substituent will cleave preferen-
tially in the case where Rl and Xf are homologues (see Tab.
4.1). An analogous behaviour is found for compounds of the
general type 3 (see Table 4.2). For the *cleavage of carborylic
acids and their derivatives, see Sec. 4.5 (p. 240). Although the
o-cleavage of aliphatic compounds leads directlyto the forma-
tion of fragment ions, the corresponding alicyclic compounds
yield only isomeric molecular ions. Cyclohexanone (4; M:
98), for example, is just such a case. The base peak ofthe spec-
trum (Fig.4.8) is m/z:55.1t can be shown by labelling experi-
ments that the mechanism given in Scheme 4.4 forthe forma-
tion of the ion of this mass is correct.

" The movement of a single electron is indicated by a fish-hook arrow
( -); that of an electron pairis shown bya normal arrow (*).In prin-
ciple, the movement of every single electron must be indicated by a
fish-hook firow, as shown in Scheme 4.1. However, because the
shorterstyle used in Scheme 4.2 isjust as cleaE it is used in preference.

Tab.4.1 The relative abundances of fragment ions generated
by o-cleavage of 

I
R1 

-"-R2

x
I

Rz-c-R,

2

R2-cH2-x-cH2-ft1
3

G)o
C
€a
C
=o
(0

q)

50

x . Bt R2 M - Rl M - R? ,, Compound
I all straiohl- m/z rel. mlz rel.

,C-. cnain" abund. abund.
(o/o) ' (o/ol'

ketones
o cH. c"H.
I cir. c-n"

-'- crHu c.H,
caHT c4He
c3H7 c6H13

57643
85443
71 61 57
85 75 71

113 66 71

100 2-butanone
100 2-hexanone
100 3-hexanone
100 4-octanone
100 4-decanone

100 2-butanol
100 2-pentanol
100 2-hexanol
100 3-hexanol

100 2-butanthiol
100 2-pentanthiol

secondary alcohols
oH cH3 crHu 59 19 45
I cH, c.H, 73 6 45-Y- cr,. c"H" 87 5 4s
H C2H5 C3H7 73 41 59

?' secondary thiols

-c- cH3 crHu 75 5 61

il an. c.H, 89 2 61
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100
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Tab.4.2 The relative abundances ol fragment ions generated
bY o-cleavage of 

Rr -cH2-x-cH2-R2

R' R2 M - 81 M - R2 Compound M
all straight m/z rel. m/z rel.

X chain abund. abund.

ethers
o cH3 c.H,

c2H5 c3H7

amines
CH, C,HU

NH

c2H5 caHT

59 100

73 100

butyl ethyl
ether
butyl propyl
ether

N-ethyl pro-
pyl amine
butyl ethyl
amine

872

87 54

72 10 58 100

86 43 72 100
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Fig. 4.10 Mass spectrum of iV-ethylcyclohexylamine (6)

may occur with a similar probability. On the other hand, the
incorporation of an ethylene acetal function instead of a car-
bonyl group causes a marked preference for o-cleavage at the
new group. To illustrate this, the spectrum of 5o-androstan-3-
one ethylene acetal (7;M:318) is reproduced in Fig.4.11.The
primary main cleavage reaction is the o-cieavage that is con-
trolled by the ethylene acetal residue. Howevel in contrast to
the "mode1 substance" behaviour of the ethylene acetal of
cyclohexanone, the two o-bonds adjacent to the functional
group (C-2-C-3 and C-3-C-4) are not equivalent, because
the "cyclohexane ring" is substituted at C-5 and C-10. As a
result, it is apparent that 7 can undergo two o-cleavages. Both
of these possibilities have been confirmed by D-labelling
experiments and are shown in Scheme 4.5.The cleavage ofthe
o-positioned C-3-C-4 bond produces the isomeric molecular
ion g, which is comparable with the primary cleavage ion from
cyclohexanone (Scheme 4.4). (In Scheme 4.5, the o-cleavage
of the bonds C-3-C-4 and C-2-C-3 is depicted by 3 ll 4 and 2

ff 3, respectively. This is an altemative to the use of various
arows to indicate cleavage possibilities, as was done in
Scheme 4.2.) The resonance-stabilised and also isomeric
molecular ion h is generated by the transfer ofan l1-atom from
the 2-position. This is then converted by the breaking of the
C-1-C-10 bond into the tonf (m/z:99), which possesses con-
jugated double bonds. In a similar way, the second o-posi-
tioned bond, C-2-C-3,cleaves to give i and then j. The cleav-
age of the C-5-C-10 bond in j does not, however, result in the
loss of a radical, but once again an isomeric molecular ion (k)
is formed, in which the tertiary radical once more accepts one
of the C(6)-11-atoms yia a6-membered transition state.In the
thereby obtained ion l, the possibility exists for an ideal radical
cleavage: the cleavage of the C-7-C-8 bond yields the ion m
(m/z:125) with three conjugated double bonds. The spec-

trum in Fig.4.11 clearly shows that the fragment ions f and m
play a dominating role in the decomposition of 7.

Similarly, the N,N-dimethylamino group, which is frequently
found in steroid alkaloids, possesses the same strong o-cleav-
age properties as the ethylene acetal group. Very abundant
fragment ion signals, which corespond with ions of similar
structure, are also observed for these compounds. The appear-
ance of various very abundant signals in the spectra of these
types of compounds permits the determination of the points
of substitution of the o-cleavage directing groups and, as a

result, important parts of their structures can be deduced.
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4.2 Benzyl and Allyl Cleavage

Aromatic centres, delocalised double bonded systems and
even isolated double bonds have an activating influence on
suitable benzylic or allylic bonds, in a similarway that a hetero-
atom influences a bond and leads to o-cleavage.

Benzyl cleavage. The mass spectrum of butylbenzene (9; M:
134) is shown in Fig. 4.13. The cleavage of the benzylic C-C
bond results in the loss of a propyl radical to yield the main
fragment ion, which is seen as the base peak of the spectrum
m/z :91 (n, o, p) (see Scheme 4.6).

Fig.4.13 Mass spectrum of butylbenzene (9)

The high abundance of this signal indicates that the corre-
sponding ion is very stable. The stability is notjust a result of
the formation of either of the tautomers n or o, but also origi-
nates from the formation of the tropylium ion (p, CrHr+).The
proof that p really is the deciding species comes from, among
others, the subsequent reaction, which is the loss of CrH, to
yield q(m/z:65). In the symmetrical tropylium ion (p), all of
the C-atoms are equivalent to each other, as are all of the
l/-atoms. In contrast, the ions n and o possess at least three
types of C-atom (CHr, CH, C) and at least two types of/1-atom.
If a 13C- or D-labelled compound is now used, it must be pos-

sible in the case of the ioss of C2H2 from n and o to determine a

dependence of the labelled atoms on the original labelling
positions, whereas this would not be possible for p. Analyses
of alkylbenzenes have confirmed the equivalence of the
C-atoms in the ion m/z: 9l,whichfavours the acceptance of
p. From the spectrum ofbutylbenzene, the reverse conclusion
can also be drawn, which is not unimportant for structural ana-
lyses. That is, that an abundant signal at m/z:9lindicates the
presence of a benzyl residue in a compound of unknown struc-
ture.Weak signals, however, are less characteristic because the
highlystable tropylium ion can also be formed bycomplicated
rearrangements.

At the same time, the spectrum of 9 shows that the phenyl-

cleavage (form ation of r, m / z :77) is signifi cantly less favoured
than the benzyl cleavage. r also loses acetylene (ion s, m/z:
51). The pairs of ions, m/z:91/65 and m/z:77/51, are typical
for monosubstituted alkyl aromatics. The ion m/z:92wtllbe
discussed in Sec. 4.5 (p.2aD.

m/z

Fig.4.14 Mass spectrum of benzyl chloride (10)
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Fig.4.17 Mass spectrum of 1-heptene (14)

recorded as the second most abundani peai l,-:- :i r; r - :
abundance, because of the greater stabiliir o: i:= ':: - -r-
carbocation. (The ions m/z:42 and 56 res;-:: :.l"l: -

lerty rearrangement, see Sec. 4.5, p.2l1l. I F:r:: :--,:i- . "r,rtt,"

p1es, it follows that cleavage at all-v1 positions r. -.: - -::: ., :'
that at C C bonds. However, the charge s:.:-:i- -: "'tr
resulting a11y1 cation is not reliable and. in "::-- - - - - :1
ing reactions can occur, which interfere t i.;: - .:- :i: :lt
the recognition of the C:C bonds. Particul:.-, -::;:ij\*11l .

moreover, is the shifting of C:C bonds fror: .:: --i*,.r
sites. It is therefore better and safer to fix the pos-:, , - : -* .

C:C bonds by derivatisation and to anallse t}-t: :; -.-- s
mass spectrometricaily. The acetonyl compounis r. -,:= - -'

responding diols have proven themselves to be sui--:-: --
rivatives. Similarln for C= C bonds, the analysis of de .r.-:, -
(carbonyl compounds produced by the addition ofsaiei r
preferable.

4.3 The Cleavage of "Non-activated" Bonds

This section will summarise cleavage reactions in which the
bond to be cleaved is not activated by heteroatoms (o-c1eav-

age), phenyl groups (benzyl cleavage) or C:C bonds (a11y1

cleavage). Fig. 4.19 shows the mass spectrum ofhexadecane
(16; M : 226). This spectrum is typical for unbranched,
straight-chain hydrocarbons. The most abundant signals lie in
the region corresponding to fragments with three and four
C-atoms, i.e. between m/z: 40 and 60. With an increasing
number ol C-atoms, the abundance of the homologous ions
decreases almost asymptotically. An [M - 15]. ion will not be
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Fig. 4.18 Mass spectrum of 4-methyl-1-hexene (15)
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The decomposition of aliphatic halohydrocarbons is deter-
mined onlyto avery smal1 extent byo-cleavage adjacent to the
halogen atom. Fluorohydrocarbons show ions that have aris-
en through o-cleavage as single abundant peaks. Conversely,
with iodoalkanes, the breaking of the C-X bond with charge
localisation on the halogen atom occurs much more fre-
quently and can easily be recognised in 1ow resolution spectra
by the large gap in the masses, which is due to the iodine. (If
the charge is localised on the alkyl chain, the presence of
iodine cannot be esiablished.) Particularly characteristic is the
behaviour of 1-chloro- and 1-bromohydrocarbons with at least
five linearly ordered methylene groups. They usually florm, as

the most abundant signal of the spectrum, pentacyclic chlo-
ronium and bromonium ions with thelr characteristic isotopic
abundance ratios (see Tab.4.10, p.294). To illustrate these

points, the mass spectra offour 1-haloheptanes are given in
Figs.4.2l to 4.24.

m /z = 135 * 13'1

4.4 The Retro Diels-Alder Reaction
(RDA Reaction)

Review article: a.

Six-membered cyclic systems that contain a double bond can,
viaacotcerled decyclisation reaction, dissociate into two frag-

tM+'\lM*')
1?8 r80
\l

m/z
Fi1.4.23 Mass spectrum
of l-bromoheptane (20)

Fig.4.24 Mass spectrum
of 1-iodoheptane (21)
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half as abundant as these fragment ion signals (see Tab.4.4).In
the spectrum of the methyl derivative 23, rrot only is ,41*'

shifted by the mass of the substituent, but the fragment ion
signal is also shifted by a similar amount; i.e. the fragment ion
contains the methyl group and therefore also the N-atom.The
situation is different with the hydroxy compound. Indeed the
molecular ion is also shifted by +16 amu, however, the frag-
ment ion signal is found at the same mass number as in the

Tab.4.4 Compounds used in the analysis of the R DA reaction of
1,2,3,4{etrahyd r ocarbazole (22)

Compound M*' Fragment ion

spectrum of 1,2,3,4-tetrahydro carbazole (22) itseif. This allows
the conclusion to be drawn that during the transition from
W' - m/z:1,43 the atom C-3 is also lost. This method of anal-
ysis is known as the ShiftTechnique (orBiemann Shift).It can
be employed when compounds possess the same skeleton,
but have different substituents and, aside from smal1 differ-
ences in the abundances of the signals, exhibit similar mass
spectra. Based on the shifts in the signals (or the absence
thereof), conclusions can be drawn about the substituentsr.

For the unequivocal clarification of a reaction mechanism,
it is, howeveq necessary to investigate labe1led derivatives.
Therefore the following deuterated compounds were synthe-
sised: 4,4-dideutero-1,2,3,4-tetrahydrocarbazole QZa; M :
173 ; by reduction of 1,2,3,4-tetrahydrocarbazol-4-one with
LiAlD4 and working up in the presence of HrO); 1,1,3,3-tetra-
deutero- 1,2,3,4-tetrahydrocarbazole (22b ; M : 1 75 ; by boiiing
the vinylo gous amide, 1,2,3,4-tetrahydrocarbazol-4-one, with
CD3OD/CH3ONa, neutralisation of the reaction solution
with DC1/DrO and reduction of the thus formed 1,1,3,3,9-pen-
tadeutero- 1,2,3,4-tetrahydrocarbazol-4-ote with LiA1H,) and
1,7,2,3,4,4-hexadeutero- 1,2,3,4-tetrahydroc arbazole l22c; M:
177 ; by boiling 1,2,3,4-tetrahydrocarbazol-1 -one with DCl/
DrO and reduction of the product with zinc amalgam/DCl/
D, O (- 7,1,2,2,4,4,5,6 :7,8,9-unadecadeutero- 1,2,3,4-tetrahy-
drocarbazole) followed byboiling with HC1/HrOl. The results
of the mass spectra of the three compounds are summadsed
in Table 4.4. (The determination of the D-content of the mo-
lecular ions was, because ofthe strong [M - 1]* signal, carried
out by comparing the field ionisation spectra. The D-content
of the fragment ions was determined using the 70 eV spectra
(see Sec. 8.6,p.261). The corect positioning of the isotope
insertion was confirmed with lH NMR spectra.) If one as-

sumes a priori that for the loss of ethylene from (22) the six
combinations

r2
(A) HrC:CHr,

m/z dillerence rel. m/z
from M*' abun-
of dance
22 Pk)

difference rel.
from abun-
m/z dance
:143 (Vo)

HaN.sl
r12d )-)z ,r, o

^V \_l-5 15

63 143

185 + 14 50 157 + 14

187 + 16 43 143

'100

22

CHs
I

^-N.^(xj
23

H
Nrx 71\rt-V.

ott
24

$,rlgrw

ru *i LLL:I

t*
.-_-:r -[

--: ;]i-l:
100

H
N

CQ^)-r,L-
22a

ob"
D

22b

Ho
--rN.,-kYo( V-! Xn: r',Y"D

22c

13
(B) HrC:CI-I,

1+
(C) HrC:CH,

34
(F) H,C:CH,

.--- t

.': l'1.

: :-

2t

173 +2 62 145+2 100

175+4 62 145 +2 100

ttt i b 80 147 +4

2321
(D) H,C:CHr, (E) H,C:CHr,

are possible, then the spectrum of ZZapermits the elimination
of possibilities (C), (E) and (F), the spectrum of 22b addi-
tionally eliminates (B) and that of 22c eliminates (A), whereby
the possibility (D), i.e. the elimination of HzC(2):613;11r,.un
be taken as proven. Based on these results, two mechanisms
can be brought into consideration (Scheme 4.8).

I In the case of the two compounds 23 and 24, when the sites of both
substituents are unknown, but the mechanism olthe fragmentation
reaction is, however, known, the following conclusions can be drawn:
the methyl group could be attached at the positions 1,4,5,6,7,8 or9 and
the hydroxygroup at positions 2 or3, without expecting the spectra to
be significantly different.
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sulfonic acid esters) and C:C (e.g. alkylarenes, alkylheterocy-
cles, benzyl ethers, olefins).
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Scheme 4.9 See Fig. 4.26n

4.5 The McLaffefi Rearrangement

Analogous reactions: photochemistry: Norrish Type II reac-
tion; ester pyrolysis, Tschugaev reaction, ene reaction.

This reaction type is also designated as a Fcleavage with an
H-atom migration. In this reaction, an I/-atom is transferred
via a 6-membered transition state from the T.position to an-
other atom which must be at least double-bonded. Simulta-
neously, a migration ofthe double bond occurs and a neutral
fragment containing the ft arrd y-positioned atoms is ejected.
The process can occur either in a concerted (I) or stepwise (II)
fashion. The acceptor double bond that is necessary for reac-
tion can be either already present in the starting molecule or
formed in another fragmentation reaction (e.g. o-cleavage).
Among the groups that can undergo a Mclafferty rearrange-
ment, a few are: C:O (e.g. carboxylic acids, esters, aldehydes,
ketones, amides, lactams, lactones), C:N (e.g. azomethines or
Schiff bases, hydrazones, oximes, semicarbazones), S:O (e.g.

s At this point one should allude to the occasional errors in formula-
tion that appear in the literature: ifboth the ene and diene compo-
nents appear as ions from an RDA reaction, as in the case of30, then
the formulation

30+i - v (m/z : 152) + w (m/z : 134)

is wrong, because it implies the nonsensical physical condition
of +': -t + +'. However, it is acceptable to write

30+' - v (m/z: 152) or w (m/z:734).

/H

\nn,

/H.+f,
I

\-cH,

The Mclafferty rearangement can be illustrated with a cou-
ple of examples. Methyl butanoate (31; M: 102,Fie.4.27)
forms the iort. m/z:74 (x) through a Mclafferty rearrange-
ment involving the loss of ethylene. Otherfragment ions ema-
nating from 3l (m/z: 31, 59,71) can be explained by o-clea-
vages (Scheme 4.10).The ejection of CO from theionm/z:71
results in m/z:43.

The signals at m/z:74 (Mclafferty rearrangement) and 59
(a-cleavage) are characteristic for methyl esters; for ethyl
esters, the signals are found at 88 and 73, respectively, etc. The
ion from the Mclafferty rearrangement of aliphatic carb-
oxylic acids is m/z:60.

H -o *.

HrcAor-r

m/z=h\)

H3Ct^--'-COOCH3
31

CsHroOz.M:102
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Fig.4,27 Mass spectrum of methyl butanoate (31)
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Under electron bombardment, N-isopropyl-N-methylbutyla-
mine (33; M:129,Fie. 4.29') loses CH,' or CrHr' through
o-cleavage, whereby the ammonium ions ab (m/z :714) and
ac (m/z:86) are formed.

HrC- _ CHs

I

,"a -N-,,"-.,-CH3-33
CeHleN.M=129

^ toot
C)
O
C
CO

!
C
=_o
(s

o-50

The double bond in ion ab has a y-positioned /1-atom which
can reaffange according to Mclafferty. The fragment ion
thereby forme d is ad (m / z : 7 2). The other ion from the ct-c1eav-

age (ac) is unable to undergo a similardecomposition reaction
(no 7-11-atom). Conversely, both ammonium ions can

undergo the onium reaction in which an .H-atom is transferred
lrom the alkyl residue to the N-atom and the alkyl residue is

eliminated. Thus CrHu (56 amu) is eliminated lrom ab to give

the ion rc (m/z:58),whi1e the elimination of CrH6 (42 amu)
from ac produces fi(m/z:44) (see Scheme 4.12). Because the
precise origin of the f/-atom that is transferred to the hetero-
atom is usually unknown (no regiospecificity; deuteration
experiments have shown that the various /1-atoms along an

a1ky1 chain will be transferred to varying degrees), one choos-

es, for example for the further decomposition of ab, the follow-
ing manner of representation: r rle\\^/

:

-* -i

Schane

Frg.4.31

O-e;eryl
i 1 E--.*l
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Fig. 4.29 Mass spectrum of tV-isopropyl-tV-methylbutylamine
(33)
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H3C _ CH3
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. -iN--^-CH:H:U

33+'
lm/z = 129)

Similar decomposition sequences can be established for
ethers [see Fig. 4.30, Scheme 4.13, butyl ethyl ether (34;

M : 102)l and thioethers.

In addition to alkyl substituents (other than CH,), acyl resi-
dues can also undergo the onium reaction. In the mass spec-

trum of N-butylacetamide (N-acetylbutylamine, 35; M : 115,

Fig.4.3l),m/z:30 (ag) is the base peak. The same base peak is

found for the n-alkylamine itself. However, the primary amino
group in 35 is acetylated and therefore is not free. According to

Hrc^oMcH,
34

CoHrrO,M=102

50 rca m/z

Fig.4.30 Mass spectrum of butyl ethyl ether (34)
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H,c1g-cH:

nrclNU

.. o-cleavaoe
\

H:C,CH:

H3c'N--cr-1,

ac
lm/z =86)

;
O
c
CO

!
C
f

_o
CO

o _^
'50

I vcraterty

I 
rearrangement

ontum
reaction

H:cr
I

l lt'
H3C- '-CH2

ad

lm/z =72)

nao

H
I

H3C-''--Cg,

af
ln/z=t,t)



l67t= z/u)

uJe

ze, 0rl aos 9!', euaqcs

lLLl= z/u)

le

\zzz= zlu)

.+ 9e

'(1.{so1 :; -1.{uogpseuenlol-d'-1,,tuo;1ns euezueg' -1f,o2

-ueq ''3'e 'ere senprser qcns i(luotler8rluJ-H rJe q1t.tr.) uotlceer
runruo ue q8norql pelcele eq osle uec'sruole-p. pepuog crlrqd
-11e due ureluoc lou op qcrg.{\'senprser 1.(cz 1eq1 Surxreruer
quo,^ . sr 11 'gg o1 ^,tlreprurs eAErIeq spunodruoc 1fiece-17 req19

'reJsu?rl ruop-l7 Ieuorlrpp? u? q1,r lueure8uerreer dgegelcy4l
e ruo{ sllnser qclq,!\'(IB) 09:z/ru 1e puSrs e.{q pesrrelcerBqc

eJe seprruBlec? peln1rlsqnsdl Jo erlceds eql'.eJolluetlund' €,
:z/ru lE pu8rs eq1 ,(q pesruSocer eq uec spunodruoc 1d1ece-p
pue -1rr 1zq1 Suruorlueu qgo.^& sr lr lurod sq1 lv'lsol sI euele{
qclg.^A. ul uoltrceer runruo rr3 ,(q pecnpord sr 3u 'flluenbes
-qns 'tuole-N egl o1 luecefpe e8e.teelc-o uz q8norql uot relncel
-otrr eql ruo{ IIeJo lsrg peruroJ sr (71:z1ut) qr'll'l erueqcs

(99) eprurelecel{1nq-ry 1o u;nrlceds sseyl te','6H
z/u oor os

/o- ,o,]

H-o\^ 
-.,o,rJ--tlO

* 
W uotlc'ol untt
\o- \g

Ie
/^\
il

euc-\o/\r;\ surog-
:ilt-
\cV eoenuel:r-o

rlt-:
,or'

'o'
,Hc^.0/\r'\
EHc._io;$y'

ivt

rrro{ slnser uorlesrlc.{c eq1 'ses11c,{c 'Q7r) ttt : z1w 'enp
-rser.(xo1p ue3o uorlcefe eq1,(q pecnpo.rd sr leql uor eql :ecue
-lsxe sli roJ {uerll otr uorlceer runruo ue seq osp '(Zt'V'31d,
'ZZZ:IN i99) eppqlqd ldqlerp'3'e'srelse 1&1pp plce cpqlqd
go zrlceds eq1 ur (uu) 6tI: z/ru uor lrrepunq? lsoru eql

;g y 611 aeg tl't ourorlcs

l0E=z/u)

6e

H
I

zHf,7T'H

Io)
oE
f
o-
OJ
f'
oo
s

olSupra
ourue-irc
sr leed au
.SII : I{:
-ceds sseu
-rseJ I[rE'

i7g) ;eqg
roJ peqsg

(88=4

*

H
-N'

u

-r .olloJ aq
-sooq3 3ur

uu Suop r

uorl?Jslnl
-oreleg 3q

eql esn"}
(nru" Zt)
e,rl8 o1 ge

si enprseJ

pereJ$rs
uec sEot
uorl3eeJ r
-A?elf,-D ar

uol 1{r3ln

rprqa {rr(

!e

ZHN\T 3EH

H.o

{zL=z/wl
qe

HH
| ,l-

,uc-'l?J"H
0

le= z/u

+

,e{'"-u

69= z/u

+

,,,^.-o"-)tH .HJ

0e t 0r! oos g!', ouaqcs

Sj=z/u l'=z/u
++

,HO--o-OeH H-O--3ZH

L8= z/q

^+tH3-_,^O!--rzp
- i---;z ej=z/u

.)tH
ilt

+O

ebeneelc-n

6 uo e6reqc

\/
\oe,reerc-y'r,c-

.*90

H
^t tH3-../--...,/N 

f 
3uH

I
\ZOl= z/ u )

,*?E
euc--,-.-ii.._..ce u

aqr ',,,

'"J]::,"i |':Iz' 
- rueuue0uerrffh{'' ""1?":Y'"

./.,rr -

eui- ;]..],sii €;u-e.6rg Jo suollcBau:r:u:olipiuarii6a€r:.qlcrll.:



o^cH:
ov,cH3

l.rriil llll!Iili:.l.llil. i*i.S c;til'i.i.r,.rrri

^ 100

0)o
C
(d
!
C
=_o
Cd

q)-so

"..
=
o
O
C
coc
C
a
'o6

950

the influence ofthe adjacent (o-positioned) second ethoxycar-
bonyl group (al) and enables the charge from the charge-carry-
ing carbonyl group to be transferred to the ether O-atom. The
ion am (m/z:149, Scheme 4.15) is then produced vla an
f/-transferfrom the alkyl residue to the O-atom (see pp.253,
302). Frequentiy, o-disubstituted benzene derivatives, when
compared with the m- and p- isomers, show a special mass
spectrometdc behavioul which is known as the ortho effect,
see Sec. 8.15 (p.269).

In a few cases, the ejection ofacyl residues that are bound to O-
or N-atoms occurs directly from the molecuiar ion. In particu-
lar, acyloxybenzenes and,{N-diacetylalkylamines belong to
such compounds. It must be remembered, however, that these
substances are very easily hydrolysed and that, because ofthis,
it is very easy for mixtures of substances (e.g. formation of
phenois, N-acylalkylamines) to find their way into the anai-
ysis.

4.7 Loss of GO

Cyclic, highly unsaturated compounds and even ions that
have been formed by o-cleavage adjacent to a carbonyl group
(see p. 228), have the tendency to eject CO (28 amu). Ifseveral
CO groups are present in a mo1ecule, they can be eliminated
one after another. Usually such a fragmentation reaction is
indicated by an (intense) metastable signai (cf. Sec. 8.25, p.

277).

The mass spectrum of tropone (37; M : 106) is given in Fig.
4.33.It clearlydocuments the favoured fragmentation reaction
in such systems. The remaining part of the spectrum of 37
resembles that ofbenzene,which means that the ion resulting
from the loss of CO is cyclic.

Fig. 4.32 Mass spectrum of
diethyl phthalate (36)

50 rcA m/z

Fig. 4,33 Mass spectrum of tropone (37)

Compounds, whose enol form in solution is much more
abundant than the keto form, also lose CO in the mass spec-
trometer. Phenols are typical of this substance class.

Phenol (38; M:94) itself gives the spectrum shown in Fig.
4.34.The most abundant fragment ion of the spectrumis m / z:
66 (an), which is formed by the loss of CO. Because this ion is
sti11 a pseudo-molecular ion, it can transform to the cyclopen-
tadienyl catior(m/z:65) through the loss of an H'(Scheme
4.16). As an exampie of a compound with two CO groups, di-
spiro[4.1.4.1]dodecane-6,12-dione (39; M: 192, Fig. 4.35) will
be discussed. The base peak of the spectrum is at m/z: 96,
which is half of the mass of the molecular ion. This peak is not
due to a doubly charged molecular ion (isotope peaks at half
mass numbers are not present), but represents the fragment
ion ao. This fragment then loses CO and presumablyproduces
the cyclopentene ion ap (m/z:68),which can convert to the
cyclopentadienyl cation rq(m/z:65) by the ejection of a total
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reactions. The loss of both CO groups also occurs to some
extent with other diketones (e.g. anthraquinone).
The o-cleavage with its variants of the benzyl and allyl cieav-
ages and the cleavage of non-activated C-C bonds, the RDA
reaction, the Mclafferty reaffangement, the onium reaction
and also, because of the frequent occurrence of carbonyl
groups, the loss of CO, very often play a deciding role in the

decomposition of organic molecules. However, the range of
decomposition reactions is not compietely exhausted. Special
functional groups or a particular arrangement of atoms can
sometimes bring about special fragmentation reactions. Some
examples ofsuch reactions are: loss ofwateq Sri reactions and
reactions with neighbouring group pafiicipation (see Sec. 8.15,
p.269).
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E Thermal Reactions in the Mass Spectrometer

In order to record an electron impact mass spectrum, it is
necessary, as described earlier, that the sample of the sub-
stance be in the gas phase. Because most organic compounds
are liquids or solids at room temperature, they must first be
brought into the vapour phase. Furthermore, for particular
measurements (e.g. spectra of gases and liquids), it can be
important to maintain the samples in the gas phase while they
are held in sample reservoirs for relatively long periods of
time. Not only does the vaporisation process require an e1e-

vated temperature, but the gaseous molecules can also
undergo collisions with the walls of the reservoir and with
parts of the ion source, which must be maintained at higher
temperatures in order to prevent condensation. Collisions of
this type lead to an increase in the energy of the molecules and
can give rise to cataiysed thermal decomposition reactions.

The inlet sections of the mass spectrometer have been im-
proved markedly in recent years. Materials that promoted
thermal reactions have been replace by more inert compo-
nents. The vaporisation device has also been improved signifl-
cantly. The result of this is a reduction in the number of ob-
served thermal decomposition processes in the mass spectro-
meter (for this reason, among others, older and newer spectra
frequently show characteristic differences). However, many
reactions of this type are still obsewed, so that a knowledge of
them is absolutely necessary for the interpretation of mass
spectra. Thermal decomposition reactions occur especially
when high temperatures are necessary for the vaporisation of
the sample, which is the case for compounds with large rela-
tive molecular masses P 400) and/or multiple polar function-
al groups (e.g. -COOH, -OH, -NHr, -SH). Furthermore,
impurities in the sample (e.g. silica gel, aluminium oxide or
even activated charcoal) can catalyse thermal reactions.

These thermal reactions have nothing to do with the actual
mass spectrometric fragmentation reactions. They occur

before the ionisation and iead, in comparison with the sub-
stance being analysed, to heavier, iighter or equally heavy (i.e.
isomeric) particles. If two or more particles result from such
processes, they will be ionised independently of each other
and give superimposed mass spectra.

5.1 The Most Important Types of Thermal
Reactions5

It can happen that organic substances decompose in an unspe-
cific way into many small and large pieces. This usually occurs
with high molecular weight compounds that are introduced
into the mass spectrometer yia the direct inlet system and ion-
ised under electron impact conditions. If one records several
mass spectra from such samples, one after the other, these
spectra generally bear no great resembiance to one another.
One gets the impression that a mixture of several substances
must be present whose ion abundances decrease with increas-
ing mass,without there being an obvious end to the spectrum.
Aside from this type of general, more or less unspecific decom-
position reaction, a few frequently obsewed general cases are
described below with the aid of examples.

Thermal Loss of Smaller Fragments

C0, (Decarboxylation). In particular, Boxocarboxyiic acids,
but also aromatic and other compounds with multipie carb-
oxylate groups, are readily inciined to lose COr. This is especi-
ally so when the B-oxocarboxylic acid is part of a larger mo-
lecular assemblage.

CO (Decarbonylation). o-Oxocarboxylic acids and their alkyl
esters lose CO to some extent at their distillation temperature.
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strong loss of .CzHs @/z : 131) is not foreseeable (it would
mean the cleavale of a C:C bond with an 11-migration).
However, if one assumes that, preparatively, 48 can be isomer-
ised thermally to 49 (this can actually be done by heating for
20 hours in octane), which is possible vla an aromatic [U]-sig-
matropic hydrogen shift followed by a cyclisation, then the
mass spectrum can be explained very we1l. Indeed the mass
spectrum of49, prepared synthetically, is in exceptional agree-
ment with that of 48.
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This type of degradation is particularly favoured by iodides,
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Fig. 4.36 Part of the mass spectrum of 2-(1,3-pentadienyl)-
phenol (48)

Disproportionation, Dehydrogenation and Hydrogenation
Reactions

During the measurement of certain classes of compounds
(e.g. dihydroquinoxalines, dihydroquinolines), it can happen
that the expected molecular ion is not recorded, but, instead,
those ofthe compound's hydrogenation and dehydrogenation
products. Thus, for 2-(rertbfiyl)-7,2-dihydroquinoxaline (50;
M:188), onlythe molecuiarions of 51 (M:186) and 52 (M:
190) are found. The reason for this is a thermal disproportiona-
tion reaction, whereby one molecule functions as a donor and
the other as an acceptor of two /I-atoms.

The appearance of relatively abundant [M + 2]*' signals is
characteristic of the mass spectra of quinones. Conversely,

- 
G_rc{cH3)3

[M-2]*' signals are observed in the spectra of hydroqui-
nones. Such peaks have not onlybeen identified in the spectra
of o-quinones, but also in those ofp-quinones and quinone
monoimines. It can be shown (by administering DrO) that
HrO, which is present in the mass spectrometer, acts as an
r?-donor.

Pyrolysis of Quaternary Nitrogen Compounds

Protonated salts of organic bases easily decompose thermalty
into the bases and acids from which they were constituted.
These compounds are then ionised independently under elec-
tron bombardment in the mass spectrometer. However, the
analogous deprotonation of the thermally more stable quater-
nary nitrogen compounds cannot occur, because, in these
compounds, the substituent bound to the nitrogen atom is an
a1kyl residue.

Under the conditions necessary for the recording of EI mass
spectra, a salt cannot be brought into the vapour phase

without first transforming the salt into neutral particles. This
thermal transformation into neutral molecules occurs accord-
ing to specific rules, which permit conclusions to be drawn
about the relative molecular mass of the salt in question. Qua-
temary nitrogen compounds of the general formula 53 (X:
halogen) can be transformed into neutral molecules in three
ways.

Dealkylation. The anion attacks at the alkyl group of the qua-

tertaty N-atom with the formation of a tertiary amirre (nor-
base) ard an aikyl halide:

51

A

48

Other isomerisation
bond shifts)s.

reactions are also known
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250 Mass Spectra

heparative high vacuum distillation or sublimation. If the sam-
ple ol the substance to be analysed is purified by a bulb-to-
bulb distillation (or sublimation) in a glass vessel under high
vacuum (at least 0.1 Pa) and the distillate (or sublimate) shows
itself in thin 1a-ver chromatography to be identical with the
undistilled material. then there is no reason to assume that the
sample will deoompose thermally upon introduction into the
mass spectrometer. Howeveq if this treatn-rent olthe sample
results in the formation of one or more products that are dif-
lerent from the undistilled material. tlren this reaction can
also occur in the mass spectrometer, although not necessarily
so, because the vaporisation conditions in the mass spectro-
meter are considerably more favourable than in the distilla-
tion r.essel (1ower pressure, no condensation necessary, short-
er fllght path and therefore fewer wa11 reactions). If one also
records the mass spectra ofthe distillation products and all of
the signals due to the distillation products can be detected
u-ith the same relative abundance in the spectrum olthe undi-
stilled material, then it is probable (but not certain) that the
same themral reaction has also occurred in the mass spectro-
meter. Ilthe reaction is. for example, a retro Diels-A1der reac-
tion, rvhich is a reaction that can occur thermall-v as well as

mass spectrometricall.v, then the mass spectrum of tl,e undi-
stilled material can arise from dillerent causes: pure thermal
decomposition, pure mass spectrometric decomposition, or a
rnixture of both processes.

Recording of other mass spectra. If, instead of recording a spec-
trum atthe usual 70 eV.itis recorded at 12 to l5 eV(a1ow-vo1t-
age spectrum), which is just above the ionisation potential of
organic compounds, then, for energetic reasons. fragmenta-
tion reactions will be reduced and partialll,suppressed,where-
as thermal reactiol'ls will remain unaffected (because the con-
ditions necessary for such reactions have remain unchanged).
Il. lor example, two new molecules arise lrom the thermal
reaclion, then these will be recorded as ntolecular ions.
(However, this behaviour is not necessarily obsened in all
cases, because particularly energetically favourable fragmer-rta-
tion reactions can also occur at this 1ow ionisation potential.)
When soft ionisation methods are emplol,ed (see Sec. 8.9,
p.263). the ionisation conditions are sigr.rificantly gentler on
substances than those used lor electron impact ionisation
spectra. As a result. considerabl)'feu'er thermal reactions are
observed under these conditions. Houever. it should be em-
phasised that even under the solt conditions required to
record. for example. field ionisat jon and tleld desorption spec-

lra. thermal reactions har,e still been for-Lnd ro occur.

Measurement of metastable transition signals. Il the tl-rermal
reaction leads to the lormatior-r oit$ o or r-nore products, then
it is not possible to find a transitior s1,cr;r- r cf. Sec. 8.25,p.277)
between the"molecularions"of the pr 16-', srs products.except
il the process also occurs mass spectr.ir:trica111,.

Recording of multiple spectra. 1, .. .'
recorded one afteranotlle- -'--:.- - -

ditions and the sample has deco:r-:,- :: - - -: ': 
.

of the mrss spectrorneler inlo ..1 ...-. . -

tra can exhibit significant diflerenc:. .:- .. - .: - -

signals. The behaviour is similar to ,a:. -, -

stances in which the component:1'. .--
tion temperatures.Nelrer instrume'L- : - -- -
automatic temperature ptogrammed n- :."
parlial separation of cornponeuti lh..l lr.. . - - . . '

ties.

Derivatisation. Ifthe functional groups thli :-- :-:
being in the substance are derivatised. then I:. . :
peak must shilt by a definite mass dii-it:::-:. :,
-COOH - -COOCH3 (+ 14 amu). -Oti -
(+ 12 amu), -CH:CH - -CH2*CH:- (- 2 anr * :: :
(p. 279). If the relative molecular mass oi ,'.
material is determined to be, for example..lf ' :.::
[M + 58]*'lor the nTethyl ester, then the starting ::..
Lost CO, (44 amu) during a thermal reaction r

tion). The h-vdrogenation of a double bond can.
prevenl a (thermal) retro Diels-A1der reaction.

Analysis of the fragmentation pattern. Sometimes f, rrr-:: : : . :

trum is obtained rvhich does not appear to be in ;-g:.. : -

with the structure olthe compound under inveStl!r., : : :

e.g., 48, p. 248), or there are mass differences betri i: , -
dant signals and the heaviest ion (possibly the ntole;-.--
which cannot be explained b-v fiagmentation react:c:. , .
M-14, M-20), or which can only be explained rvith g:-. -
cr-Llty. In such cases a mixture is probably present. u h :
either already present ftom the outset or has arisen l]:: - - - - -

thermal reaction.

5.3 Prevention of Thermal Reactions in the Mass
Spectrometer

For the prevention of thern-ral reactions, it is importan.
recognise their cause. In a few cases. the purification ofa s:: -

ple (recrystallisation, filtration) is suflicient to stabilise it. F:.-
quently, however. fr-rnctional groups are responsible, eiri.-
directly (e.g. -COOH, -CH:CH-) or indirectly (by incr=--
sing the vaporisation temperature), for the occurrence of .
thermal reaction.Ilthis is the case, a derivatisation (which the-
leb-v also alters the molecular weight) is unavoidable. The
methods for the modification ol functional groups are u elr

known (e. g. esterifi cation, reduction, hydrogenation, ether for-
mation). In addition, the plocedures to aid the volatilisation oi
organic substances rvill be assumed to be known, because
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