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

The 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, whichis usuallyrepresentedoy M™*

The molecularion is a radical cation sinceit contains
anunpairedelectronaswell asa positivecharge



If lonization energy Is increased,the molecularion
undergoesfurther fragmentation and small organic
moleculescalledfragment, occur

lonization 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 massto charge (m/z) value The
structure of the moleculeis determinedby obtainingthe massspectrum
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MASSSSREEDROMET ERS

The Magnetic Sector Mass Spectrometers

-Singlefocusing mass spectrometer: (Most used in
practice)

Contains only magnetic field
-Doublefocusing mass spectrometer:

Contairs magnetic field and electrical field
Quadrupole Mass Spectrometer
Timeof-flight Mass Spectrometer
lon-cyclotron Rezonance Mass Spectrometer




QuadinupoleVlass Specirometier

Ina quadrupole masspectrometera set of four solid rods is
arranged parallel to the direction of the ion beam. A direct
current (DC) voltage amalradiofrequencyRF) is applied to
the rods, generating an oscillating electrostatic field in the
region between the roddons of anncorrectm/z ratio (too
small or too large) undergo an unstable oscillati@mms of the
correct masgo-charge ratio pass throughe analyzer to
reach the detector.

Detector
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Time-of-flight Mass Spectrometer

Thetime-of-flight (TOF)massanalyzeris basedon the
velocitiesof two ions, createdat the sameinstant with
the same kinetic energy, will vary dependingon the
mass of the ionst the lighter ion will have a higher
velocity

lons are collected at different times accordingto the
m/z values This spectrometer Is not highly
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Singlefocusing Mass Spectrometer
Consists of 5 parts
Sample introduction
lon source and accelerating plates
Analysigube
lon collector ancaamplifier
Detector (recorder)
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1) Sampleintroduction (Sampleinlet): A samplestudied
by massspectrometrymay be a gas,a liquid, or a solid Enough
of the samplemust be convertedto the vapor state at a certain
temperatureandlow pressurewithout degradation

2) lon source and accelerating plates. Vapor phase
sample molecules entering the Ionization chamber are
bombarded with high energy electrons (generally 70 eV) by
heatedtungstenor rhenium filament (ElectronimpactEl) Asa
result of bombardment an electronis ejectedfrom the sample
moleculeto produce a radical cation, known as molecularion.
Although 15 eV is sufficient for ionization potential, 70 eV is
usedfor fragmentationalongwith ionization



Positive ions produced by electron bombardment reach their
final velocitiesby passinghroughthe acceleraing plates These
lons arrive to the mass analyzer, the region of the mass
spectrometerwhere the ions are separatedaccordingto their
massto-charge(m/ z) ratios.

3) Analysistube: It is a metal tube whichis evacuatedinside
and bended in a semicircle,the pressureinside is 107¢10?8
mmHg It must be deflected in a strong magnetic field to
separatethe positive ions passingthrough the acceleratorby
massdifferences Whenthe ions enter the magneticfield, they
follow a circular path, perpendicularto the area The voltage
differenceof the ion-acceleratingplates (V), the strength of the
magneticfield (H,B)and the radiusof curvature of the path (r)
are proportionalto the mass/chargém/e, m/z) value



Particuleswvith 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
M H r

Z,e=the charge on the ion =
H,B=the strength of the magnetic field c 2V
F= the radius of curvature of the path

V=the potential (voltage) diffirence of the ie@ccelerating
plates



4) lon collector and amplifier: In the magneticfield, the
lons separated according to their m/z ratios pass through
regulator strike to collectorasion beamand are counted here.
Faradaycylinder, vacuumtube and electron multiplexers are
usedfor this countingprocess

5) Detector (recorder): The massspectrumis recorded by
scanningrom smallto largeor from largeto small Theheight of
the peaks is proportional to the number of ions (relative
abundancelin eachm value Theresultin massspectranetry is
shown either in graphicalform (massspectrum)or as a list of
relativeabundance®f particules



Mass Spectium

The massspectrumis a graphicalform of the relative
abundancef positive ions peaks(cationsand radical
cations formed by electrons with 70 eV energy)
accordingo the their massto-chargevalues
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If the molecularion (M*, parention) formed by the separation
of an elektron from the molecule can remain without
fragmentation for 10° sec and reach the detector, the
molecularion peakis observedin the spectrum

Themostabundantion formed in the ionizationchambergives
rise to the tallest peakin the massspectrum,calledthe base
peak The spectral intensities are normalizedby setting the
basepeakto relative abundancel00, and the rest of the ions

arereported aspercentage®f the basepeakintensity:.
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Natural Abuntanee®f Commondzlermentand Their

Isotopes

Element Isotope Natural Abundances | Atomic Weight
1

Hydrogen H 100 1.0078
H 0.016 2.01410
1Z

Carbon C 100 12.0000
=G 1.08 13.0034
14

Nitrogen N 100 14.0031
N 0.37 15.0001
1k

Oxygen 0 100 15.9949
0 0.04 16.9991
0 0.20 17.9992
i 3]

Chlorine Cl 100 34.9689
CH 32.5 36.9659
Fi]

Bromine Br 100 78.91 83
SBr 98 809163




Molecular lon

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,isotopic peakscanalsobe
observed

3) More or lessrelative abundanceof the molecularion peak
dependson the stability of the molecularion. If the molecular
lon, onceit isformed, is sounstablethat it disintegratesbefore it
canpassinto the acceleratingregion of the ionizationchamber
And the molecularion peak can be too small or cannot be
observed



Molecular lon

4) Nitrogen Rulle Thisrule statesthat if acompoundhasaneven
number of nitrogen atoms (zero IS an even number), its
molecularion will appearat an even massvalue On the other

hand a moleculewith an odd number of nitrogen atoms will
form amolecularion with anodd mass



Questionl;:

How Is the molecular mass of compound CH,
calculated?

What Is the value of the Molecular lon peakin the
massspectrum?

Are the peakscomposedof other isotopesof carbon
and hydrogenatoms (**Cve °H) observed in the mass
spectrunt



When calculatingthe molecular mass,the massesof
atomswith the highestabundanceare used

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

Molecularlon (M*) weightof CH = 16,0312

If a high resolution spectrometeris used the exact
massof the peakscanbe determined



For CH, M+1 peak is observeddue to 3C and °H
Isotopeswith low abundance The percentageof this
peakrelativeto the M* peakis calculatedasfollows.

%aM+1= (Naturalrelative abundanceof 13C x C humber
In the molecule)+ (Natural relative abundance
of 2Hx H numberin the moleculd

oaM+1=(1,08x1) + (0,016x4)= 1,14
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Besidegnolecularmassedor 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
sourcesasBeymnonTable

Relativeabundancesf molecularions are not always
very high. In this case,it is not possibleto observeM+1
and/or M+2 peaks due to Isotopes with very low
abundance



In molecules containing Cl and/or Br, the relative
abundancesof peaksresulting from different isotopes
of atoms are comparableto the molecular ion peak
and shouldbe takeninto accountwhen evaluatingthe

massspectrum

25



Question 2:

Whichm/e valueis observedin the massspectrumof
benzaldehyde?

How canthe formulaof the molecularion be shown?

I
C—H



Molecular formula= E,0,
Molecular weight= (7.12)+(6.1)+(1.16)=106
m/e for molecular ion= 106

:|C|)3 {0
|l
C—H C—H
©/ e—> ©/ + 2€
m/e= 106

Molecular ion

B o

Different representations of molecular ion
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Question 3: The mass spectrum of the Chloromethe
ompoundis given below. Which is the molecularion pe:
Vrite the formulaof ion with m/z value52.

CHCI=12+3x1)+35=50

5

Molecular
ion peak
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M+ 2

[CH-TCIT
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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). a and b are the relative
abundanceof isotopesand n is the number of chlorine
atomsin the iodine.

If there is one chlorine,l 8, 0 ff, n=1 andthe relative
abundanceof peaksis 3: 1, soif M peakis three units
andM+2 isone unit.

If there aretwo chlorides (a+b¥=&+2ab+lr equationis
used, which is (3+1). The relative abundanceratio of
M, M +2andM +4 peaksis 9:6:1, 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
peaksare 1:2:1, respectively




Metastable pedak( )

If any (a) ilon passes through the acceleration plates of the
spectrometer without fragmentation it is detected as (a) ion in the
detector,

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

If (a) ion fragmentiseinto (b) ion within the accelerationfield, then
neither (a) nor (b) will be detectedin the detector; instead,a very small

andbroadpeakwhichcalledmetastablepeakwill be observed

2
*
m b

a

Although the presence of a metastable peak in the spectrum is
evidenceof a fragmentationof a b, the absenceof thispeakR 2 S & y
meanthat (a)definitelyR 2 S drgg@eéntiseto (b). 31



Fragmentationcofithe\Motecule

Fragmentationcan be expressedas a bond-breakng,
and the possiblility of a bond break is related to the
strengthof that bond.

When evaluating the mass spectra of organic
compounds,it can be estimated how and where from
the fragmentation is going to be in the molecule
considemg the effects such as inductive effect,
mesomericeffect, carbocationstability, conjugation

In the massspectrum,the peaksof the (+) chargedion
and/or radical cations formed as a result of the
homolitic or heterolitic cleavagan the moleculecanbe
observedas well as the peaksof cations formed by
transpositionreactions

32



Homolytic Cleavage

In a neutral compound, two radicals are formed by
homolytic cleavageof the bond electronsbetweenthe
two atoms A singleheadedarrow (fishhook),~ \ is
usedto showmovementof a singleelectron

M > A+ B
Radical Radical



Heterolytic Cleavage

In a neutral compound,heterolytic cleavagaesultsin a
(+) chargedion (cation)anda (-) chargedion (anion). A
double-headedarrow /X isusedto showmovement
of two-electron

[ ® o

A—B ——> A + B
Cation Anion



The molecularion is a radical cation, which can be
convertedinto a cationby cleavageof a radicalgroup.

H H
H:CTH —— H:Co  + H'
H ™/ H Radical
| Molecular ion! Cation

A new cation may be formed from a cation by
separatinga neutral groupwith a heterolyticcleavage

c:H?,—c:Hz—’c?HCZB ——>» CHs- Ccha + «CH;
Cation Cation Carbene

@
CHS_@Z_CHZ —_— > CHQS-B + CH2: CH2

Cation Cation Neutral molecule




When the massfragmentation of the moleculesis
written, first, it isdeterminedwhichtype of cleavage

The movements of the electron or electrons are
iIndicatedusingappropriatearrows

Chargesand electrons on fragmentation products
must be written correctly



Mec Laftenty Rearrapgements

In order for this rearrangementto occur,there must
be a double or triple bond and a substituent H
attachedto the carbonat the gamma(* ) position

R\ /I_I +0O? R\ H_.(ljir
CH” i — |C|:H + _C—X
| C—X CH, CH,”
CH | Vv .
CH» Ethylenic structure Enolic structure
Neutral molecule Radical cation

X =H, R, OH, OR, NH>, CI



Mc Lafferty rearrangementcan also be observedin
alkynesandalkynes

+ o

CHs

IC|3H
CH>

+ o



FRAGMENTATDIODF VARIOUSJIFUNCTIONAL
GROUPS

The fragmentationproductsand their relative abundancein the

mass spectrometer are determined by considering the
carbocationstability.

Hydrocathons

In a homologous series, the relative abundance of the molecular ion
decreasessthe molecularweightincreases

Relativeabundanceof molecularion in straightchainhydrocarbons,
(resistancestability)islargerthan branchednhydrocarbons

The relative abundanceof the molecularion decreasesas the branching
Increases

Thestability of cationsformed asa result of fragmentationof hydrocarbons
Is asfollows. *CH,

- + +
(CH1):C* > ~ 2 “CH, > R,CH > RCH,




The major mass fragmentation of the butane
compoundis given below. The relative abundanceof
the molecularion peakis observedas 10% The m/e
valueof the base peakis43.

CHs- CHo- CHy- CHg

o

CHs-CH," + CHa-CHj <—— | CHa-CHzCHz-CHz | — > CHg-CHo-CHs* & CH]
m/e=29 m/e= 58 m/e=43

|

CH; + CHg-CH,-CHjy
m/e=15

40



In the 2,2,4-trimethylpentanecompound,no molecular
lon peak Is observedin the spectrum, the tertiary
carbacation peak with the value m/e=57 is the base
peak Therelative abundanceof secondarycarbocation

with m/e=43i1s about 20%.

+e

(|3H3 (|:H3 (l:Hg (l:H3 CH3 CH3

= —_— —_ —_ e_ = — = —_— | |

CHs; Cll CH,-CH—CH3 — > | CH3 (ll CHy-CH—CH3 | — » CH3—(|3+ +  *CH,- CH— CHs
CH3 CHS CH3

m/e=114 m/e=57

|

CHs CHa
. |
CHg-C—CHz +  "CH—CH,
CHs; m/e =43

41



The most Important fragmentation product In
cycloalkanesis the radical cation remaining by the

cleavageof an ethenegroupfrom the moleculeandthe
base peakbelongsto thision.

Y _,m_, @ . { R

m/e=70 m/e=42
Temel pik



MassFragmentationsof Methyl

Cyclopentane

le_

[@} o BN\ e oo

m/e =84

_l
CH3\<

m/e = 56

+ CH2: CH2

m/e = 69 m/e =41

Base peak




Alkenes

In the terminal alkenes,the allyl cation m/e =41 is
formed. Thiscationis extremelystable

1 + +
I:R—E—CHZ—CH:CHZ:I — > [CHZ—CH:CHZ S CH2=CH—CH2E| + R
m/e= 41

Characteristic fragmentation of cyclo alkenes is
compatiblewith Retro-DielsAlderreaction

+eo Te

PN
\_ +

L | X




Alkynes

M-1 peakis observedby radical cleavageof terminal
hydrogenin the terminal alkynes Propargylcation

may occurdependingon the structure of the alkyne
Thiscationis not asstableasthe allyl cation

_ . +0_CH0
C=C—CHyCHy-CHy <~ [H—C=C—CHy-CHy-CHg] = —C=C—CH,-CH;

M= 6 m/e = 68 m/e= 53
Base peak .
— CH3CH»
+
H—C=C— CH2
m/e = 39

Propargyl cation




Aromatic Hydrocathbons

In alkyl benzenes benzyl carbocationis formed by
benzyliccleavage

Then this carbocationrearrangesto form aromatic
Tropylium ien. The peak observed in the mass
spectrumat m/e=91 belongsto the Tropyliumcation
(CH,"), not to the benzylcation

__ — +o +
CH,-R| CH>
©/ i> @ T +

- - m/e =91 m/e =91
Benzyl cation Tropylium cation '




The peak of the cation formed as a result of the
McLaffertyRearrangementanalsobe observedin the
massspectrumof benzenederivativeswith propyl and
a largeralkylchain(havinghydrogenin the ! position).

I
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m/e = 92



In the iIsopropylbenzenecompound,the cationformed
by the cleavageof a methyl radicalfrom the molecular
lon first convertsinto a methyksubstituted Tropylium
lon by the rearrangement reaction This ion was
observed asthe bas peak becauseits stability was
higherthan the Tropyliumcationwith hydrogeninstead
of methyl.

— — toe CH3
CHs |

C|3H CH CH
—> —>

— — m/e =105
Methyl-substituted Tropylium ion

48



Alcohols

The intensity of the molecularion peakin the mass
spectrumof a primary or secondaryalcoholis usually
rather low, and the molecular ion peak Is often
entirely absent in the mass spectrum of a tertiary
alcohol

Commonfragmentationsof alcoholsare h-cleavage
adjacentto the hydroxylgroupanddehydration

Peaksformed by cleavageof other alkyl groupscan
alsobe observedn the spectrum



In primary alcoholghe oxonium catiorwith the value of
m/e=31 Is characteristic.

H
| - V.

H— (|3—OH T (|:ng — > |:CH2—OH<—> CHz—OH:| R®
R m/ie=31

M-1, M-2 and rarely M3 peaks can be observed.

H H
| LX) e— " H H H
R—C-OH —>R—C OH—> R—CH= S) H—» R—CH= O—> R—C= Q

L ¢ M-1 M-2 ° M-3




The M-18 peak formed by the cleavageof H,O from the
molecularion should also be consideredwhen evaluatingthe

spectrum

H
L \\I )
H . " - A 1 -
RHC (|JH e dﬁ}ll _H0 RHC\1 XCH.I,,_ RHL\_‘ KfLHE
{CHE]H [CH:)“

In cyclicstructures,the M-1 ion can be 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.
tOH +OH




Phenadls

The molecular ion peak is observedas a significant
peakin the spectrumdueto its stability. In addition, M-
COand M-CHOpeaksare alsoseen

OH O—H s
] | H
_\/ >_<

m/z 94

m/z 65
M-CHO

m/z 94 m/z 66

cyclopentadiene
M-CO




Ethers

"hemolecularion in the dialkylether is formed by the
ossof one of the unpairedelectronsin oxygen M+1
peak can be observed by transferring 1 H® from
neutral moleculeto molecularion.

All_l\' H

+e oo | ° o0
CHa= CHp- O~ CHg + CHz-CHy= O CHg ——> CHa~CHy- O™ CHg + CHy- CHp- O CHy

M+1

The GC bond adjacent to the oxygen atom may
separate

+eo

' +
CHg+CHy- O— CH3——> CH,=0O-CHj + CH3




If the alkyl chain containstwo or more carbons,the
oxoniumion may form with the cleavageof the GO
bond andthe H shift.

lﬂ :
CHZ—CHZ—O CH3—» H—O-CHg + CH,=CH,

It can be heterolytici{ductive cleavagewith the
cleavage of © bond.

)

CHg~CHz~O-CHg — > CHg—CHp—Os + CHg

f

CHg—CHZ—O CH3—> O CH3 + CHg—CHZ




Aldehyde Ketoneand Esters

b- cleavage

.O.
HC= O: <—R R—C—H .

\HA
HON

+ Rl +
R—C=0t<«— R—C—R;, —* » R—C=02

oOo Ab.‘
R '

RO—C=02 <—R_ R_C—OR,

.O.

— —H°*
HC= E)° & CH3—C—H—> CH;—C= O‘

m/e=29 m/e=44 m/e = 43
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Mc LaffertyRearrangment



