
MASS 
SPECTROMETRY



ºThe mass spectrometer is a device developed for
evaporation, ionization of the analysissample and
recordingof that ions basedon their mass-to-charge
(m/z) ratio.
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oThe energyrequired to remove an electron from an
atom or molecule is its ionization potential or
ionizationenergy.

oThe simple removal of an electron from a molecule
yieldsan ion with weight that is the actualmolecular

weight of the original molecule. This is the
molecularion, whichisusuallyrepresentedby M+.

oThe molecularion is a radicalcation sinceit contains
anunpairedelectronaswell asa positivecharge.
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o If ionization energy is increased,the molecular ion
undergoesfurther fragmentation and small organic
molecules,calledfragment, occur.

o Ionization and fragmentation result in a mixture of
various radical cations, cations, neutral or radical
particles.
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Purposeof massspectrometry;

Positive particules formed by a beam of electrons with high energy are
plotted to the relative abundancesof mass to charge (m/z) value. The
structureof the moleculeisdeterminedby obtainingthe massspectrum.
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MASS SPECTROMETERS
ÅThe Magnetic Sector Mass Spectrometers 

-Single-focusing mass spectrometer: (Most used in 
practice)

Contains only magnetic field.

-Double-focusing mass spectrometer: 

Contains magnetic field and electrical field.

ÅQuadrupole Mass Spectrometer

ÅTime-of-flight Mass Spectrometer

ÅIon-cyclotron Rezonance Mass Spectrometer
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Quadrupole Mass Spectrometer
ÅIn a quadrupole mass spectrometer, a set of four solid rods is 

arranged parallel to the direction of the ion beam. A direct-
current (DC) voltage and a radiofrequency (RF) is applied to 
the rods, generating an oscillating electrostatic field in the 
region between the rods. Ions of an incorrect m/z ratio (too 
small or too large) undergo an unstable oscillation. Ions of the 
correct mass-to-charge ratio pass through the analyzer to 
reach the detector.
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Time-of-flight Mass Spectrometer
ÅThe time-of-flight (TOF)massanalyzeris basedon the

velocitiesof two ions,createdat the sameinstant with
the same kinetic energy, will vary dependingon the
mass of the ionsτthe lighter ion will have a higher
velocity.

ÅIons are collected at different times accordingto the
m/z values. This spectrometer is not highly
distinguished.
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Single-focusing Mass Spectrometer 
Consists of 5 parts;

ºSample introduction

ºIon source and accelerating plates

ºAnalysis tube 

ºIon collector and amplifier

ºDetector (recorder)
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1) Sampleintroduction (Sampleinlet): A samplestudied
by massspectrometrymaybe a gas,a liquid, or a solid. Enough
of the samplemust be convertedto the vaporstate at a certain
temperatureandlow pressurewithout degradation.

2) Ion source and accelerating plates: Vapor phase
sample molecules entering the ionization chamber are
bombarded with high energy electrons (generally 70 eV) by
heatedtungstenor rheniumfilament (ElectronImpact-EI). Asa
result of bombardment, an electron is ejectedfrom the sample
moleculeto producea radicalcation, known as molecularion.
Although 15 eV is sufficient for ionization potential, 70 eV is
usedfor fragmentationalongwith ionization.
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Positive ions produced by electron bombardment reach their
final velocitiesby passingthrough the accelerating plates. These
ions arrive to the mass analyzer, the region of the mass
spectrometerwhere the ions are separatedaccordingto their
mass-to-charge(m/z) ratios.

3) Analysistube: It is a metal tube which is evacuatedinside
and bended in a semicircle, the pressure inside is 10-7ς10-8

mmHg. It must be deflected in a strong magnetic field to
separatethe positive ions passingthrough the acceleratorby
massdifferences. When the ions enter the magneticfield, they
follow a circular path, perpendicularto the area. The voltage
differenceof the ion-acceleratingplates(V), the strengthof the
magneticfield (H,B)and the radiusof curvatureof the path (r)
areproportionalto the mass/charge(m/e, m/z) value.

12



Particuleswith m/z ratios that are smallhavesmallercircle,they
deviatemore.

Sinceions with the samemassfollow the samepath, they are
recordedin the sameplacein the spectrum.

m= the massof the ion

z,e=the charge on the ion                                   

H,B=the strength of the magnetic field

r= the radius of curvature of the path

V=the potential (voltage) diffirence of the ion-accelerating 
plates
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4) Ion collector and amplifier: In the magneticfield, the
ions separated according to their m/z ratios pass through
regulator, strike to collectoras ion beamand are countedhere.
Faradaycylinder, vacuum-tube and electron multiplexers are
usedfor this countingprocess.

5) Detector (recorder): The massspectrumis recordedby
scanningfrom smallto largeor from largeto small. Theheightof
the peaks is proportional to the number of ions (relative
abundances) in eachm value. Theresult in massspectrometry is
shown either in graphicalform (massspectrum)or as a list of
relativeabundancesof particules.
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MassSpectrum

The massspectrumis a graphicalform of the relative
abundancesof positive ions peaks(cationsand radical
cations formed by electrons with 70 eV energy)
accordingto the their mass-to-chargevalues.
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o If the molecularion (M+., parent ion) formedby the separation
of an elektron from the molecule can remain without
fragmentation for 10-6 sec and reach the detector, the
molecularion peak isobservedin the spectrum.

o Themostabundantion formed in the ionizationchambergives
rise to the tallest peak in the massspectrum,calledthe base
peak. The spectral intensities are normalizedby setting the
basepeakto relative abundance100, and the rest of the ions
arereportedaspercentagesof the basepeakintensity.
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Natural Abundances of Common Elements and Their 
Isotopes
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1) Themassof the molecularion is equalto the molecularmass
calculated according to the massesof the most abundant
isotopesof the relativeabundanceof atomsin the molecule.

Molecularion hasthe lowestionizationenergy.

2) In addition to molecularion peak,isotopicpeakscanalsobe
observed.

3) More or less relative abundanceof the molecular ion peak
dependson the stability of the molecularion. If the molecular
ion, onceit is formed, issounstablethat it disintegratesbeforeit
canpassinto the acceleratingregionof the ionizationchamber.
And the molecular ion peak can be too small or cannot be
observed.
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4) NitrogenRule: Thisrule statesthat if a compoundhasaneven
number of nitrogen atoms (zero is an even number), its
molecularion will appearat an even massvalue. On the other
hand, a molecule with an odd number of nitrogen atoms will
form a molecularion with anoddmass.
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Question1:

ÅHow is the molecular mass of compound CH4

calculated?

ÅWhat is the value of the Molecular Ion peak in the
massspectrum?

ÅAre the peakscomposedof other isotopesof carbon
andhydrogenatoms(13Cve 2H) observed in the mass
spectrum?



When calculatingthe molecular mass,the massesof
atomswith the highestabundanceareused.

Molecularweightof CH4 =(1x12,0000)+(4x1,0078)= 
16,0312 

MolecularIon (M+.) weightof CH4 = 16,0312 

If a high resolution spectrometer is used, the exact
massof the peakscanbe determined.
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For CH4, M+1 peak is observed due to 13C and 2H
isotopeswith low abundance. The percentageof this
peakrelativeto the M+. peakiscalculatedasfollows.

%M+1= (Naturalrelative abundanceof 13Cx Cnumber
in the molecule)+ (Natural relative abundance
of 2Hx Hnumberin the molecule)

%M+1= (1,08x1) + (0,016x4)=1,14
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Besidesmolecularmassesfor compoundscontainingC,
H, N and O in molecularstructure,percentagesof M+1
and/or M+2 peaksoriginating from isotopeswith low
relative abundance in atoms are given in various
sourcesasBeynonTable.

Relativeabundancesof molecularions are not always
veryhigh. In this case,it is not possibleto observeM+1
and/or M+2 peaks due to isotopes with very low
abundance.
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In molecules containing Cl and/or Br, the relative
abundancesof peaksresulting from different isotopes
of atoms are comparable to the molecular ion peak
and shouldbe taken into accountwhen evaluatingthe
massspectrum.
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Question 2:

ÅWhichm/e valueis observedin the massspectrumof
benzaldehyde?

ÅHowcanthe formulaof the molecularion be shown?
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Molecular formula=  C7H6O1

Molecular weight= (7.12)+(6.1)+(1.16)=106

m/e for molecular ion= 106
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Mass Spectrum of Benzaldehyde
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Question 3: The mass spectrum of the Chloromethane
compoundis given below. Which is the molecular ion peak?
Write the formulaof ion with m/zvalue52.
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If a compoundhas more than one chlorine atom, the
relative abundancesof isotope peaks can be found
using the formula (a+b)n. a and b are the relative
abundanceof isotopesand n is the numberof chlorine
atomsin the iodine.

If there is one chlorine,ŀҒ3, ōҒ1, n=1 and the relative
abundanceof peaksis 3: 1, so if M peakis three units
andM+2 isoneunit.

If there are two chlorides, (a+b)2=a2+2ab+b2 equationis
used,which is (3+1)2. The relative abundanceratio of
M, M + 2 andM + 4 peaksis9:6:1, respectively.

If there is one bromine in a compound,a=1, b=1, n=1,
the relative abundanceratios of M and M+2 peaksare
1:1, and if there are two bromine M, M+2 and M+4
peaksare1:2:1, respectively.
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ºIf any (a) ion passes through the acceleration plates of the
spectrometerwithout fragmentation, it is detected as (a) ion in the
detector.

ºIn contrast,if (a) ion fragmentiseto (b) ion before passto acceleration
field and passthrough the accelerationfield without fragmentation,it
will be detectedas(b).

ºIf (a) ion fragmentiseinto (b) ion within the accelerationfield, then
neither (a)nor (b) will be detectedin the detector; instead,a verysmall
andbroadpeakwhichcalledmetastablepeakwill be observed.

Although the presence of a metastable peak in the spectrum is
evidenceof a fragmentationof aҦb, the absenceof this peakŘƻŜǎƴΩǘ
meanthat (a)definitelyŘƻŜǎƴΩǘfragmentiseto (b). 31
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oFragmentationcan be expressedas a bond-breaking,
and the possibility of a bond break is related to the
strengthof that bond.

oWhen evaluating the mass spectra of organic
compounds,it can be estimatedhow and where from
the fragmentation is going to be in the molecule,
considering the effects such as inductive effect,
mesomericeffect,carbocationstability,conjugation.

o In the massspectrum,the peaksof the (+) chargedion
and/or radical cations formed as a result of the
homolitic or heterolitic cleavagein the moleculecanbe
observedas well as the peaks of cations formed by
transpositionreactions.
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In a neutral compound, two radicals are formed by
homolyticcleavageof the bond electronsbetweenthe
two atoms. A single-headedarrow (fishhook) is
usedto showmovementof a singleelectron.
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In a neutral compound,heterolyticcleavageresultsin a
(+)chargedion (cation)anda (-) chargedion (anion). A
double-headedarrow is usedto showmovement
of two-electron.
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The molecular ion is a radical cation, which can be
convertedinto a cationby cleavageof a radicalgroup.
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ºWhen the mass fragmentation of the moleculesis
written, first, it isdeterminedwhichtype of cleavage.

ºThe movements of the electron or electrons are
indicatedusingappropriatearrows.

ºChargesand electrons on fragmentation products
mustbe written correctly
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In order for this rearrangementto occur, there must
be a double or triple bond and a substituent H
attachedto the carbonat the gamma( )ɹ position.
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Mc Lafferty rearrangement can also be observed in
alkynesandalkynes.
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The fragmentationproductsand their relative abundancein the
mass spectrometer are determined by considering the
carbocationstability.

Hydrocarbons

ÅIn a homologous series, the relative abundance of the molecular ion
decreasesasthe molecularweight increases.

ÅRelativeabundanceof molecularion in straight-chainhydrocarbons,

(resistance, stability)is largerthan branchedhydrocarbons.

ÅThe relative abundanceof the molecular ion decreasesas the branching
increases.

ÅThestability of cationsformed asa result of fragmentationof hydrocarbons
isasfollows.
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The major mass fragmentation of the butane
compound is given below. The relative abundanceof
the molecular ion peak is observedas 10%. The m/e
valueof the base peakis43.
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In the 2,2,4-trimethylpentanecompound,no molecular
ion peak is observed in the spectrum, the tertiary
carbocation peak with the value m/e=57 is the base
peak. Therelativeabundanceof secondarycarbocation
with m/e=43 isabout20%.
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The most important fragmentation product in
cycloalkanesis the radical cation remaining by the
cleavageof anethenegroupfrom the moleculeandthe
base peakbelongsto this ion.
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Mass Fragmentationsof Methyl 
Cyclopentane

43

e

m/e = 41

+

m/e = 69

+

m/e = 84

m/e = 56

CH3

CH3
CH2 CH2

+

CH3
+

CH3

+ CH2 CH2

Temel pik

+

+

Base peak



In the terminal alkenes, the allyl cation m/e =41 is
formed. Thiscationisextremelystable.
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M-1 peakis observedby radicalcleavageof terminal
hydrogen in the terminal alkynes. Propargylcation
mayoccurdependingon the structure of the alkyne.
Thiscationisnot asstableasthe allyl cation.
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In alkyl benzenes, benzyl carbocationis formed by
benzyliccleavage.

Then this carbocationrearrangesto form aromatic
Tropylium ion. The peak observed in the mass
spectrumat m/e=91 belongsto the Tropyliumcation
(C7H7

+), not to the benzylcation.
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The peak of the cation formed as a result of the
McLaffertyRearrangementcanalsobe observedin the
massspectrumof benzenederivativeswith propyl and
a largeralkylchain(havinghydrogenin the pɹosition).
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In the isopropylbenzenecompound,the cationformed
by the cleavageof a methyl radicalfrom the molecular
ion first converts into a methyl-substituted Tropylium
ion by the rearrangement reaction. This ion was
observed as the base peak becauseits stability was
higherthan the Tropyliumcationwith hydrogeninstead
of methyl.
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oThe intensity of the molecular ion peak in the mass
spectrumof a primaryor secondaryalcoholis usually
rather low, and the molecular ion peak is often
entirely absent in the mass spectrum of a tertiary
alcohol.

oCommonfragmentationsof alcoholsare -hcleavage
adjacentto the hydroxylgroupanddehydration.

oPeaksformed by cleavageof other alkyl groupscan
alsobe observedin the spectrum.
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In primary alcohols, the oxonium cation with the value of 
m/e=31 is characteristic.
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In cyclicstructures,the M-1 ion canbe observedby cleavageof
the hydrogenin the carbonto which the hydroxylgroup in the
molecularion is bound. The M-18 peak can also be formed by
the separationof water.
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The molecular ion peak is observed as a significant
peakin the spectrumdueto its stability. In addition,M-
COandM-CHOpeaksarealsoseen.
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Themolecularion in the dialkylether is formed by the
lossof one of the unpairedelectronsin oxygen. M+1
peak can be observed by transferring 1 Hω from
neutralmoleculeto molecularion.
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If the alkyl chain containstwo or more carbons,the
oxonium ion may form with the cleavageof the C-O
bondandthe Hshift.
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Aldehyde, KetoneandEsters
-h cleavage
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-̡ cleavage
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