
lowing sections, a few frequently encountered contaminants

will be discussedT.

6.1 Solvent

Organic substances are frequently contaminated with solvent

,.rldrr.r. This can occur in crystals, lacs and undistilled oils'

Usuatly they vaporise before the actual substance' The spectra

of a few soivents are illustrated in Tab. 4'11 (p' 291)'
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6.2 Foreign Substances in Solvents

For various reasons commerciai solvents frequently contain

impurities or additives, which can subsequently be found

again in samples ofsubstances. To be noted in particular are

cf,loroform (statitlseO with ca. 20lo ethanol), denatured etha-

nol (most common additives: benzene or methanol), petro-

leum ether (contains heavier and therefore less volatile hydro-

carbons), dir..t. ethers (stabilised with 2,6'di(tert-bttyl)-4-

methylphenol, see Tab.4.12, p. 301) and carbon tetrachloride

(upon long standing in the presence oflight, various. products

are formed from dichlorocarbene CClr)' Because solvents are

usually used in a great excess, compared with the amount of a

substance, any impurities that are present under these circum-

stances will become quite significant'

The following example convincingly shows how incorrect

conclusions can be made during the evaluation of spectra

from contaminated samPies'

Nearly all commercially available grades of methanol contain

varying amounts of formaldehyde, although usually only in

fru.tlons of parts per million' Nowthere are substances which

react quantitativelywith even the smallest quantities of form-

aldehyde, e.g. 1,3-propanediamine' N,ll-diethyl-1,3-pro-

pun.diu-i.r. i61; reacts with formaldehyde to form 1,3- di
ithylperhydropyrimidine (62). Although the molecular ion of

fl (m / z :-130) produces a very weak signal, thelM - 1l+ signal

of 62 at m/z:l4lis extremely strong' (The M- ion of 62 also

produces a very weak signal.) Ifboth compounds are present

as a mixture, their mass spectra will be superimposed' Such a

case is shown inFig.4.37.In this spectrum, the signal abun-

dances for m/z:\30 (ltf'ftom 61) and m/z:l4l (M - 11*

from 62) are, in terms of their order of magnitude, the same'

However, a gas chromatographic measurement determined

the ratio of [61]:t621 to be 99'4:0.3, from which it can be con-

cluded that 62 is present as an impurity with an extremely

small concentration. The main fraction of this "mixture" is

therefore not in agreement with the result of a superficial

mass spectrometric analysis which shows the presence of the

straight-chain diamine 61 and the formaldehyde condensa-

tion product 62 as a secondary component in an approxi-

mately 1:1 ratio, and a third substance (63)'

62"'
Im/z=1t2)

a)
H jC-N-7Nl-.CH3

1*17 =1/,1)

u:c_il_r,il].cur
I

CH:

1617 =1i5 )

urc.-.rQ'r;.cn.
CH:

63+'
(m/2.156 )

Fig 4.37 The [M + 11]. peak. Mass spectrum of a mixture com-

po-sed of ca. gg.4o/o,A/"rV'-d iethyl- 1,3-propaned iam.i ne (61 ; M :
iiO), 

"r. 
0.3% 1,3-diethvlperhvdropvrimidine (62; M :1 42) and

"u. 
Oi.zvo 1,3-diethyl-2- methvl perhyd ropvri m id i ne (63; M : 1 56)'

gas intet,ZO eVThe relative amount of each compound in the mix-

ture was determined bY GC

important to point out that the operator stops recording a spec-

trum when a mass spectrum is obtained which appears to be

"sensibie". Howeveqif this is onlythe spectrum of an imp.urity

about which the operator has not been informed, then only

time is wasted and the desired information is not forthcoming'

For important preliminary information, mass spectra of mix-

tures (i.g. chromatographic fractions of organic natural mate-

riais) can Oetivervaluable data.The handiing of contaminated

samples can be facilitated by using a mass spectrometer

equipped with a temperature programmed mode' In the fol-
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ffi lsotopie tahelling Heaatioms

The specific 1abelling of functional groups or their environ-
ment is an experimental technique that is employed fre-
quently for spectroscopic, kinetic, bioorganic or mechanistic
investigations. The employment of 2H (D), ttc, lsN and r8O

1abelling is particularly favoured. Today, the range of commer-
cially available reagents and compounds which contain these
isotopes is very 1arge, so that a multitude of labelling experi-
ments can be conducted. It is the nature of things that, aside
from a few examples, the synthesis of 13C- and '5N-1abe11ed
compounds usually necessitates a great deal ofeffort, whereas
D-labe1ling is possible with much less labour.

Labelled compounds are used in orderto identiflspecial func-
tional groups or their position within a molecular assemblage,
to investigate chemical or biochemical reaction mechanisms,
or to clarify the mechanisms of mass spectrometric fragmenta-
tion reactions.

Important, constantly recurring reactions are summarised in
the following sections. There are a few trivial, but important,
comments that should be made at the outset. These are that,
under the same conditions, H/D exchange reactions are also
D/H exchange reactions, that the air contains a considerable
amount of HrO and that glass and other containers at room
temperature are coated with a fllm of HrO.

7.1 HID Exchange Reactions

Acidic hotons

Protons that are bonded to heteroatoms, as in the groups

-NHr, :y11, -CO-NHr,-CO OH, -OH and -S H, exchange
very easily with deuterons. For this purpose, samples are
evaporated several times with DrO, CH3OD, etc. under high
vacuum (not the vacuum from a water siphonl) and finally
introduced into the mass spectrometer, whereby DrO or
CH3OD is introduced simultaneously into the gas inlet
system. The number of exchanged deuterons can be deter-
mined from the shift in mass of the molecular ion. Under
these conditions the exchange is rarely quantitative. There-
fore, the chances ofobtaining clearproofthat more than three
protons have been exchanged are normally not very 1ikely.

Aromatic Protons

Aromatic protons can be exchanged bi, an electrophilic aro-
matic substitution with DC1/DrO, D,PO* or D2SO4.

H
, I U DCI,DSO,
"'-/4.-:r''' or D PO,

I lr
.t\--\"l

H

D

n-,2..-n

,-t\A
D

By employing a final washing with HrO or CHTOH, the fun;-
tional groups with acidic protons (e.g. -OH), shouid any be
present in the compound, will be converted back to proton-
containing residues.

Example: Evaporate the sample [60 mg (4-phenyl)butylamine] three
t:imes (high vacuum or dryN2) in the reaction vessel, each time with I m1

CH3OD (for the removal olH2O), then add 5 m1 380/o DCl/DzO. Heat at
150 oC for 30 h in a sealed tube, then dilute with 10 ml D2O. Neutralise
with anhydrous sodium carbonate (additionally heated); extract with
ether; drythe ether extract with sodium carbonate; evaporate to dryness
and distil the residue. After repeating the entire procedure once, a nearly
quantitalive insertion of 5 D-atoms into the aromatic ring is achieved.

Carbonyl Groups With o-Positioned hotons

Due to the formation of enols or enolates, the following trans-
formations can be carried out with acids (DCl, DrS04, D3PO1,

etc.) or bases (NaOD, CH.ONa/CHrOD, NarCO,/DrO, etc.):

*9.,:ATD1 l-o
o

A
- CHz - C00CH:

- cH2 - cooH

- C Dz- COOCH:

c D2- c00 D

H:o - -c D2- cooH

//
-CHr-CO-N -CDr-CO-N' \ ' \-HU

H,O /+ -cDr_c0_N
H

With all of these reactions, one must be careful to ensure that
the neutralisation ol the reaction solution is done in the
absence of proton donors (HrO, etc.). In order to remove so1-

vent residues and water, the sample should be evaporated
with DrO or CHrOD before beginning the exchange reaction.
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The decarboxylation ofmaleic acid derivatives under deuterat-
ing conditions produces monodeuterated derivatives8 :

1. LiAlD4
2 H,O

1. LIAID,
or NaBDo

2 H"Q

1 ,COOH D,o \ ,COOD
nn/ 'coou / tooo

A
r C00D
Y/'D

The reduction of alkoxycarbonyl groups with LiAlDo and the
subsequent work-up in proton-rich solvents frequently results
in the inciusion of a somewhat greater number of D-atoms
than is predicted theoretically. Presumably, before the reduc-
tion, additional exchange reactions occur to a sma1l extent at
the o-position with respect to the carbonyl group.

The reduction ofprimary and secondary hydroxy groups can
be carried out expediently by the reduction of the tosyloxy
derivative with LiAlDr.

7.3 Determination of the Degree of Labelling

The aim of this method is the determination of the hearry iso-
tope content ('H, "C, 

t'N, "o) of the labelled compound, i.e.
the establishment of the extent to which the inclusion of these
isotopes in the desired compound has been successful. How-
ever, before this mass spectrometric determination is carried
out, the following analyses should be undertaken:

a) The labe1led compound must be chemicallyhomogeneous
(melting point, DC, GC) and behave in regard to these
properties exactly like the unlabelled compound whose
characteristics are to be investigated.

b) Independently from the synthesis, it should be checked
spectroscopically (e.g. by IR, 1H-NMR, 13C-NMR) that the
1abelled atoms are located at the desired sites in the mole-
cule. Furthermore, a quantitative determination of the
D-content can sometimes be carried out by using
IH-NMR spectra. This can be done when the exact integra-
tion of a definite region of resonance is possible. In addi-
tion, a combustion analysis where sti11 available, together
with an IR spectroscopic determination of the DrO or
HDO concentration, delivers very good results for the total
D-content. As a complement to the mass spectrometric
determination of the D-content, these procedures give

important additional information from which emoneous
conclusions are less likely to be drawn.

These analyses are essential in order to obtain the greatest pos-

sible value from the information that is available in the mass
spectra of 1abe11ed compounds.

For the mass spectrometric determination of the degree of
labelling of a compound, the molecular ion peak is brought
into play. In the ideal case, this peak should have a nicelyvisi-
ble intensity and not be accompanied by the [M - H]*', [M - 2
H]*' or the [M + H]* signais. When more abundant accom-
panying signals are present, overlapping signais will occur for
the labelled compound and these signais will make a quantita-
tive evaluation ofthe spectrum impossible. On the otherhand,
the margin of error will be too great when evaluating very
weak signals that onlyjust appear above the background or
general noise of the spectrum. However, if behaviour of this
kind is present, the following altemative possibilities are avail-
able: the evaluation of low-voltage spectra (in general, in low-

iD{
,' toH

LiALD4\ ,H Toe. cl \ ,HXX/ 'OH / 'O 
-Tos

165, p-CH3C6HrSO2

The reduction of ketones with Zn/DCl according to Clem-
mensen does indeed lead to the formation of the expected
dideuteromethylene derivative, but the extent of"over deu-
teration" (caused by an acid-catalysed enolisation reaction) is
too great. Therefore, this reaction is not recommended. An
exception is when the carbonyl group has no o-positioned
methyl groups or there has already been a complete CHrlCD,
exchange.

-6Dzr ^ zetaL -CDz.,D
FU X

-CDz -CDz'D

Benzyl positioned C:O, C-OR and C-N residues can be
transformed with D2lPd and, in the case of the first two com-
pound types, with LiAlD4/AlCt into di- or monosubstituted
derivatives (CDz, CDH) with good yields and corect D-inser-
tion.

The diphenyl ether cleavage with Na/ND3 (synthesised from
MgrN, + DrO) is a suitable method for the specific labelling of
the sites of aromatic ether linkages.
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f Additional Methods and Concepts

Otherimportant concepts and methods of mass spectrometry
which were not discussed in the previous sections, will be
explained briefly here. With regard to additional kel,lvords,
see the bibliography.

8.1 Ghemical lonisation (Cl)

A mass spectrometric ionisation method involving ion/mo1e-
cuie reactions. In principle, a reactant gas (e.g. hydrocarbons,
lL, HrO, NH3, a1cohols, nobie gases) is ionised by eiectron
impact (gas pressure ca. 1 kPa). In the case of methane, the ion
[CHo]*' is formed, which reacts with other methane mole-
cuies, e.g.:

[cno]*'+cH4+[cnr]t+cHi

(Awhoie series of additional ions, such as C2Hs*, C3Hs*, CH3*,
etc., are also formed;) At the same time, the molecule to be
aaalysed, M, is aiso present, although at a much lower concen-
tration. This then reacts with the protonated methaae
(Bronsted acid), whereby a proton transfer occurs in the gas
phase:

[cnr]* + M + [u*H]*+ cHa

[M + H]t undergoes decomposition reactions and produces a
CI spectrum.

If other types of reactant gases are chosen (e.g. noble gases,

CO2,N2), then a charge exchange occurs (abbr. : CE), instead of
the protonation of M:

[n"l*'+M+[u].'+He

HzN..-,--=a.-COOCHs
I

NH,
64

C7H16N202, M = 160

Additional reaction types are electrophilic addition (M +Xt -
MX+) and anion extraction (AB + X+ - B+ + AX).

Depending upon the choice of reactant gas, it is possible to
control the formation of fragment ions, as shown in Figs. 4.38

arrd 4.39, which depict spectra obtained from lysine methyl
ester (64). From this it follows that CI is a soft ionisation
method and can therefore be used as an alternative to electron
impact ionisation.

Literature review: Io.

An EI and a CI mass spectrum from the same compound can
be compared by referring to Figs. 4.56 and 4.57,pp.271,,272.

HzN.--r'a.zCOOCH3
I

NHz

64
C7H15N202, M = 160

50 1oo 15o m/z

Fig.4.39 Cl mass spectrum of lysine methyl esier (64), reactant
gas: methane
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8.4 Fast Atom Bombardment (FAB)

(a1so known as liquid secondary ion mass spectrometry
LSIMS)

This is an ionisation method for organic molecules that are
either difflcult to vaporise or cannot be vaporised. The princi-
ple of the method is that fast neutral atoms are shot onto a
thin fi1m of the sample in the ion source of a mass spectrome-
ter. The sample ions thereby formed are acceierated, focused
and fina11y analysed with the usual instrumental optics.

The fast neutral atoms (usually argon and less frequently
xenon) are generated bya so-called atom gun.Within the gun,
Ar*' ions are initially generated by charge separation and then
accelerated (5 to 10 kep. They then collide with neutral
lr-atoms in a collision chamber, whereby a charge exchange
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Fig.4.42 ESI mass spectrum of interleukin
6 (recorded bythe Finnigan MATinstrument
rso-700)

Fig. 4.43 Deconvoluted ESI mass spec-
t'um o[ inte'leukin 6 from Fig. d.42

occurs without the loss of very much kinetic energy. This
results in a beam of fast Ar0 atoms. (The fast particles are
printed in bold.)

Aro ....-
Ar*' + Aro ....*

Ar*'+ e

Aro + Ar+'

jj=er

The atom beam is then directed onto the sample fi1m. The
sample itself is embedded in a matrix (glycerine is used fre-
quently, although other substances are also suitable, e.g.

3-nitrobenzyl alcohol, thioglycerine), which is placed on a flat-
tened copper tip. The preparation of the sample requires ex-
perimental skill and experience.
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Tab. 4.6 Alternative ionisation methods

lonisation .method
(Abbreviation)

vaporisable") electron impact(EI)
chemical ionisation (Cl)

field ionisation (Fl)

atmospheilc pressure
ionisation (APl)

electrospray ionisation (ESl)
field desorption (FD)

laser desorption/ionisation (LDl)
secondary ion mass

spectrometry (SIMS)
fast atom bombardment (FAB)
direct chemical ionisation(DCl)
thermal desorption (TD)

thermospray ionisation (TSl)

require that organic samples be in the vapour phase beior:
their ionisation. Recently, these endeavours have becorae p--
ticularly topical because the desire of organic and bio-org::'-
chemists to investigate mass spectrometricall-v the slrd..-=s
of higher molecular and biologically relevant matenals '< :e-
coming increasingly stronger. Compounds of this kina =-:
as polypeptides, oligosaccharides, giycosides. nuclel,::--
etc.) nearly aiways contain several polar functional -rycL---
which make it impossible to vaporise the compound ri iil - --
pyrolysis occurring.

Another justification of altemative ionisation procedure. ::
electron impact ionisation is that there are various classa ::
compounds which, under EI conditions, either do not 1-ie.i "
molecuiar ion or only one whose abundance is too 1ow.

In addition to electron impact ionisation, chemical iomsation
is also suitable forvaporisable samples. Because the latter can
be operated with many collision gases, which lead to various
types of spectra, this method has a very large scope. Further-
more, there is now a very large arsenal available for use with

ii .. !

Sample Explanation,
see p.
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, ; f -:cluding GC analyses

lab.4.7 Frequently employed mass spectrometric ionisation methods

ionisation method
(abbreviation)

trlectron impact
ronisation

(EI)

ionising particle Types of ions

M*'and
fragment ions

Possible additional
signals

Normal mass
region max.
up to ca.

3500

Possibility of
thermal
decompositioh

Pcss,:

yes

Chemical
ionisation

(ct)

charged
reactant gas,
e.g. CHl, NH]
Ar*'

e.g. with NHf:
M-', [M + H].,
[N/ + NH.].
and clusters

reactant gas and 3500
reactant gas
clusters

yes

Fast atom
bombardmenl
(FAB)

e.g. Af
high kinetic
energy

e.g. [M + H].,
[N/ + Na].
(tN/ + Kl.)
and clusters
e.s.[2M+H)-

signals from matrix 3500
clusters, e.g,

[2 glycerine + H]-

very rare

Flectrospray
ionisation

(ESr)

none
(electrostatic)

[M + H].,
[M + Na].,
(tM + Kl)
and clusters

1 00 000

Thermospray
ron Lsation

fist)

f requently
CH.CO,NHO

lM + Hl.,
[M + NH.]-

sometimes solvent
cl usters

3500
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pound decomposes under EI conditions, an [M -2H2O]*'
signal can be observed under FD conditions. In the Li* ion
addition spectrum, the only peak to appear is that of the [M +
Lil* ion at m/z:749.

Even without the addition of alkali-metal cations, it is also
found that under soft ionisation conditions [M + Na]* and,
less frequently, [M + K]* ions are recorded. These alkali-metal
cations appear to be ubiquitous.

Reference: 20.

8.11 The Coupling of Other lnstruments to Mass
Spectrometers

Because of the very sensitive detection limit for small
amounts of substances, the mass spectrometer is used as a
detector for gas chromatographs (GC) and liquid chromato-
graphs (LC). Of course, eluate sampies which have been sepa-
rated by GC and LC can be collected and subsequently ana-
lysed individually by mass spectrometry. This latter method
can occasionally have certain advantages for the solution of
special problems (e.g. identification of the components of fra-
grances, or the recording of other types of spectra).

Today, the GC/MS combination is a standard method of organ-
ic chemistry. Both types of column, i.e. packed and capillary
columns, can be coupled to mass spectrometers. When a
packed column is combined with a mass spectrometel it is
necessary to have a separator at the junction of the instru-
ments in order to reduce the arnount of carrier gas.

A discussion ofthe chromatographic process is not possible
within the scope of this book. We shal1 start with the assump-
tion that a mixture is well separated into its components by a
chromatograph (GC orLC).The column of the gas chromato-
graph is located in a thermostatted chamber (adjustable up to
200"C). The end of the column leads into the ion source of the

749 [Mr Li]+

75O m/z

Fig.4.50 Li* ion addition spectrum of loroglcss -
(65)

mass spectrometer, where the succession of componeou
emerging from the column are directly ionised online ard
recorded. The connection, or interface, between the gas chro-
matograph and the mass spectrometer has a special impor-
tance. The substances that have been separated in the chroma-
tograph should not become mixed again while traversing the
interface. For this reason, the component connecting the
instruments should be as short as possible and should be hear-
ed (to ca. 20oC above the GC temperature) in order to avoid
partial condensation.

The time required while a single component of a substance
emerges from a packed column can be up to ca. 1 min; with a
capillary column this time can be of the order of 1 s. The time
factor is therefore very important for the recording ofthe spec-
tra. In order to collect all of the components mass spectromet-
trically, as many scans as a.re necessarywill be carried out auto-
matically and stored in a computer [magnetic fleld instru-
ment: scan time 1 s, reset time 2 s, total ca. 3 s for one mass
decade (ca. m/z:300 to 30)1.

After completion of the measurement, the chromatogram is

computed (abscissa: sequence numbers of the mass spectra or
the time in minutes; ordinate: concentration of the individual
components, measured with the total ion curent detector
(TIC) instead of the flame ionisation detector (FID) custom-
arily used in GC analyses).

The evaluation of the spectra, i.e. the determination of the
structures of the components, is then conducted, preferably
by using a computer to compare the spectra with those in a
spectral iibrary.

The measurement of a spectrum with the GC/MS technique
only requires exceptionally small quantities of the individual
components (nano- to femtogram region), cf. Sec. 2.1.

Naturally, ali of the limitations that apply to gas chromatogra-
phy also applyto the GC/MS combination: onlythermally sta-

b1e compounds can be measured.

nq' {"51
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For fu11 details about this method, as well as additional advan-
tages and disadvantages, refer to the specialised iiterature2l.

The principie of the GC/MS combination is itlustrated by the
following example (see Fig.4.51).

Consider a mixture of four compounds, one of which is defi-
nitely the synthesised pyrrolizidine alkaloid. The gas chroma-
togram - detected with a flame ionisation detector (FID) -
shows five signals, one of which is the solvent. A mass spectro-
metric analysis yields the TIC chromatogram (total ion cur-
rent) which corresponds with the FID chromatogram. The
mass spectra were recorded automatically at 1 s intervals, inde-
pendent of the appearance of any compounds. The best spec-
trum of each component is illustrated (A, B, C and D). The
results show that all four compounds have the same molec-
ularweight (M:223), howeverthere are small, almost insigni-
ficant differences in the abundances ofthe fragment ions. This
evidence, togetherwith the support ofother analytical results,
identifies the substances as four diastereomers.

A further GC/MS example is given in Chapter 5, exercise 7.

There are special practical difficulties with the directly coupled
LCIMS.The column chromatographyis carried outwith pure
solvents or mixtures of solvents. Howeveq for the mass spec-
trometric analysis, these solvents (usually strongly po1ar,

sometimes buffered) must be removed, because, in compari-
son with the solvent, only a tiny amount of material is of inter-
est. Because the LC method is a very important analytical tool
in chemical laboratories, a gteat deal of effort has recently
been put into the development of a usable directly coupled
LCIMS. Three methods are available commercially.

The moving belt method. The LC eluate is continuously placed
onto an endless rotating ribbon (or wire). After the evapora-
tion of the solvent (IRheater,vacuum), a thin film of the relati
vely involatile sample remains behind on the ribbon. The rib-
bon then enters the high vacuum region where the sample is
vaporised (IR heater) and introduced into the mass spectro-
meter. Before the ribbon is reused, it runs through cleaning
processes. These are not always completely successful and
residues can build up with each cycle of the ribbon. This
makes the previously obtained LC separation apparently inef-
fective.

Polar compounds are readily separated with the aid of LC or
high-performance liquid chromatography (HPLC) and they
are usually thermaily 1abi1e. Suitable ionisation methods for
these compounds are those which were developed for sub-
stances that are either difficult to vaporise or cannot be vapor-
ised, i.e. FAB, FD, LD and SIMS22.

The thermospray ionisation method (TSI). Th-s >:. -'- - : : -- i
of analysing products from the directll c-oup,:: - r- l-i5 ,
be explained in more detail in Sec. 8,2+. ;. i--.

The third procedure is the ionisation of pari:.;: :. ..lrs:-r-
spray (ESI). This method was presented in S:; ! :. - -'"
Reference: 22.

8.12 Laser Desorption / lonisation Mass
Spectrometry (LDI)

The interaction of a UV laser beam with matter lo::::. _,,: -
tively and negatively charged ions, which desorb lrom . .-.-
face and can then be analysed mass spectrometricaliy.

The method was developed for the analysis of, among other
things, tissue samples and ailows the smallest regions to be
specifically analysed with the microscopically adjustable laser
beam (LAMMA@ : laser microprobe mass analyser).
(Pseudo)-molecular ions are formed (e.g. 14", [M + H]* and

tM - Hl , as well as M2*, M3* or cluster ions such as [2M]-.
[3M]'z*, [2MF*, etc.). For the mass spectrometric analysis. a
time-of-flight (TOF) mass spectrometer is employed with, for
example, a 3 keV acceleration potential. The laser is, for exam-
p1e, a Nd-YAG laser with a wavelength of 266 nm and a pulse
frequency of 10 ns. The sample being analysed absorbs energl-
in one of three ways: directly (a chromophore is available) or
as occurs particularly with aliphatic compounds, the metal
support undemeath the sample absorbs the energy initially
and then transfers it to the molecule (e.g. the formation of
[valine 'Ag]*), or the matrix in which the sample to be exam-
ined has been embedded initially absorbs the UV radiation
(MALDI: matrix assisted laser desorption ionisation). Nico-
tinic acid or aminobenzoic acid, for example, serve as suit-
able matrices. LDI is a soft ionisation method.It is possible to
determine molecular weights up to ca. 300 000 Daltons and
the actual amount of substance required is ca. 10 17 mol, i.e.
50 fmo1. The remaining unused material can be recovered.

Reference: 23.

8.13 Multiply Charged lons

As mentioned in Sec.2 (p.220), singly charged molecularions
are formed by the eiectron bombardment of molecules.
However, at the same time, even if considerably more rarely,
processes do take place in which two and, stil1 less frequently,
three electrons are removed from the mo1ecule. This results in
the formation of doubly and tdply charged particles, respec-

lI
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Mass spectrometric S*i reactions also belong to this class of
fragmentation reactions. Literature review: 25.

The orthoBffect

This is a special case of mass spectrometric neighbouring
group participation reactions which is observed with ortho-
disubstituted benzene derivatives (or with p e rl disubstituted
naphthalene derivatives). Frequently, a mass spectrometric
differentiation between o-, m- and p-isomeric benzene deriva-
tives is impossible. The spectra of the m- and p-isomers are
generally identical, but they can be distinctly different from
that of the o-isomer. However, a prerequisite for this behav-
iour is that both of the adjacent substituents undergo, by
mutual interaction, reactions that neither of the substituents
would be involved inwhen alone.This indicates that"atypical"
fragmentation reactions occur for the special ortho afial1e-
ment. These reactions are recognisable by the positions of the
signals which cause spectra of o-isorners to have a different
appearance.

A typical example of the similarities (m- and p-isomers) and
differences (m- and p- versus the o-isomer) in the spectra is
shown by nitrotoluene : o-nitrotoluene (67; M : 137, Fig. 4.53),
z-nitrotoluene (68 ; M : 137, Fig. 4.54) and p-nitrotoluene (69 ;
M: 132 Fig. 4.55).

The m- arld p-isomers give typical fragment ions for the nitro
compounds: [M - 16]*: m/z:721, [M - 30]*: after reamange-
ment to the nitrite ester m/z:107 and [M - 46]*: m/z:91,
Scheme 4.19. For the o-compound 67, these signals are indeed
present, but now m/z:120 (a) also appears and is the most
abundant peak of the spectrum. This corresponds to the loss
of OH'from the molecularion (Scheme 4.20). Otherions that
have a higher abundance in the spectrum of 67 Ne m/z :92

100

Fig. 4.53 Mass spectrum of o-nitrotoluene (67)
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Fig. 4.54 Mass spectrum of m-nitrotoluene (68)
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Fig. 4.58 Mass spectrum of m-xylene (71)

ofp-substituted compounds can also differ from those of the
m-isomers. This is because only the p-isomers are capable of
forming resonance stabilised ions upon the loss of functional
groups and the corresponding signals are therefore particu-
larly abundant. p-Methoxybenzene derivatives, for example,
are capable ofsuch reactions.

Comprehensive literature: 26.

The periEffect

The phenomenon of the mass spectral behaviour of l,8-disub-
stituted (pen-substituted) naphthalene derivatives is mostly
summarised under the discussion of the oxho effect.

8.16 Photoionisation (PI)

The ionisation of molecules occurs by irradiation with ener-
getic photons:

M+hv-M"+e

The method is particularly suitable for the exact determina-
tion ofthe ionisation potential [a1so cf. laser desorption / ioni-
sation mass spectrometry (Sec. 8.12, p. 268)1.

8.17 Quadrupole Mass Analysers

Quadrupole mass analysers serve to separate ions. The separa-
tion is achieved through deflection of the different masses by
means of electric flelds. Four paraliel metal rods, arranged
symmetrically about the z-axis, form the heart of the device.
The rods diametrically opposed to each other are electrically
connected. A constant potentid U and a modulated radio-fre-
quencypotential (Zo.cos r,lr) are applied (Fig.4.59) to the rods.
The ions, which are injected along the z-axis (field axis), oscil-
late in the x- and y-directions.

When a particular potential is applied, a specific ion of a cer-
tain mass rn will execute a stable oscillation and, after passing

through the rod system, reach the detector, while under the
same conditions, the other masses will be screened out. In this
way a mass separation is achieved. A mass spectrum is ob-
tained byvarying U and Zo, while maintaining the U/Voratio.
The recorded mass m is proportional to 26.
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214 El . Mass Spectra

the double bond orthe functional group at the double bond or
in its immediate vicinity. If the fragmentation occurs outside
the sphere ofinfluence ofthe double bond, the spectra will be
the same, otherwise differences can be observed. These differ-
ences are usually evident in distinctly different abundances of
individual signals; rareiy are completely different mass spectra
observed. As examples, the mass spectra of m aleic acid (12;M
:116) and fumaric acid (73; M:116) are repro-duced in Figs.
4.60 ar'd 4.61.
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Fig. 4.60 Mass spectrum of maleic acid (72)

Fig. 4.61 Mass spectrum of fumaric acid (73)

Decarboxylation(m/z:72) plays a domlrani r,:-: r_ - : - *
spectrometric decomposition of maleic acid ill .'ir_:r:_: -

the case offumaric acid (73),the loss ofuarer n- - : -; _- -
the decarbonylalion (m/z-- 88) of the molecu_- -. :-: - -:
dominant.

Diastereoisomers

Depending on the distances between two funcrio::- ; -_.
diastereoisomers can behave in a mass spectrom:i;:. - . :. _-

manner to E,Z-isomers. According to the fype oi cc,:::: - _: :
and the fragmentation reaction, the spectra ol dia:l::=_ _i.-
mers can display either almost insignificant or coilsr:;:.: .
differences. This behaviour is also dependent upon rh: , 

"-
tion of the primaryfragmentation. For example, the mrr: ::=: -

tra ofcls- (74) and trans-1,4-cyclohexanediol (75) are \:., t'-
ferent with regard to the loss of water from the molecu,- -

In the spectrum of the crs-compound, the loss oi ;._=-
amounts to 1.80/o I and a subsequent 1,4-elimination ( de::::- -
ned by a DJabelling experiment) consumes about hall- ur, --_--_"

(0.990 X). In the spectrum of the //,.r?r-compound, 8.1: o _i
due to the ioss of wateq but, compared with74,at eighr t,*-
greater proportron (7.30k X) is involved in the 1,4-elimrrrar_ : :
This find-ing is in good agreementwith the geometric arra:g=-
ment of the hydroxygroups in the boat form. Similarto th;. _.
not quite so pronounced, is the loss of ammonia from ci-r- r:_:
trans-cy clohexanediamines and their derivatives.

.,,** iMfi
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H COOH
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8.21 Collision Activation (CA)

(also known as collision induced dissociation: CID)

This is a method for the analysis of the structures of ions.
When ions, which possess a high translational energy (a ferl'
hundred eV), impinge upon gaseous neutral atoms or mole-
cu1es, the ions are electronically excited at the expense ofthe
translational energy. They then undergo decomposition reac-
tions and produce a spectrum which is characteristic of the
structure and energy content of the ions (CA spectrum). CA
spectra of the same ions (same elemental composition) from
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Mass spectrum of authentic 1,2,4-1ri-
chlorodibenzo-p-dioxin, recorded using
the same procedure

Fig. 4.62 Fundamental outline of a tandem mass spectrometer together with an example
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This signal therefore proves that the ion ofmass 143 is formed
directly from the molecular ion. In general, it can be said that
the appearance of metastable peaks does not exclude other
processes which lead to the formation of an ion of the same
mass. On the other hand, the absence of m * peaks does not ex-
clude the existence of a particular fragmentation step. Meta-
stable peaks are important aids forthe deduction offragmenta-
tion pathways. Sometimes more metastable ion signals are
recorded in the spectrum than can be assigned to consecutive
decomposition cascades. Unfortunatelymetastable peaks will
not be registered when the mass spectra are recorded with the
aid of a computer, because the programs are designed to sup-
press broad signals of low intensity.

As an altemative possibility, the so-called "linked scan" should
be described. In this procedure, the magnetic field B and the
deflection potential l/ofthe electrostatic analyser are scanned
simultaneously while a specific relationship is maintained be-
tween them. In particular, three procedures should be men-
tioned:

For example, it has been reported that the ions C H-\,--
(m/z:127),CTH6NO* (m/z:720),C1H1O- (m/::l0- , --- -

CrHr* (m/z:91) are formed from the molecular io:r ;:
o-nitrotoluene (67; m/z:13t cf. Fig. 4.53,p.270).

b) Ifthe ratio B/I2 : const. is chosen for the scan, then the ol:-
gin ofthe daughterions is recorded.In the present example
of o-nitrotoluene it can be shown, for example, that the
daughter ion at m / z : 120 odginates from the ion m / z : 737.

c) Finally, if the function B2l V1t - t1 : 
"onst. 

is used for the
scan, then all ions which lose neutral fragments of the
same mass are recorded (in the present case, for example,
16 corresponds to O and CH).

By using the techniques that have been described, it is possi-
ble to obtain an insight into the molecular structure of an
unknown compound. However, one must constantiy bear in
mind that a particular fragment ion is not necessarily formed
in only one way, but that many decomposition pathways can
sometimes be involved (...many roads lead to Rome ...).

a) If the scan is conducted with the r atio B / Z: const., then all
daughter ions of a given mother ion appear in the spectrum. Reference: 3a
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