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• Introduction

• Ion production- EI, CI, FD and FAB

• Factors affecting fragmentation,

• Ion analysis, Ion abundance.

• High resolution mass spectrometry (HRMS).

• Mass spectral fragmentation of organic compounds,

• Common functional groups,

• Molecular ion peak,

• Metastable peak,

• Mc-Lafferty rearrangement,

• Nitrogen rule.
• Examples of mass spectral fragmentation of organic compounds with

respect to their structure determination.

Syllabus	M.	Sc.	II

Sachin Shinde, PDVP College Tasgaon 2



What	is	Mass	Spectrometry	?
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Ø MS is quantitative technique (Process of measuring)

Ø MS is most accuratemethod for determining themolecular mass of the compound.

Ø In simpler terms, a mass spectrum measures themasses within a sample.

Ø MS is used in many different fields and is applied to pure samples as well as

complexmixtures.

Mass spectrometry (MS) is an analytical technique that ionizes chemical
species and separates the ions based on their mass-to-charge ratio (m/z).

Mass
spectrometry Molecular Mass

mass-to-charge (m/z)

(ionization)70 eV

Destructive Method
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Molecular Mass
mass-to-charge (m/z)

(ionization)

(70 eV)e
-2e

Why	molecular	mass	in	Mass	Spectrometry	?
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History	of	Mass	Spectrometry
ü In 1886, E. Goldstein observed that, cathode rays are negatively charged and

anode rays positively charged.

ü In 1899, Wilhem Wien constructed a device with perpendicular electric and
magnetic fields that separated the positive anode rays according to their
charge-to-mass ratio (Q/m).

• He 1st identified a positive particle equal in mass to the hydrogen atom.

ü In 1890, English scientist J. J. Thomson later improved on the work of W.
Wien by reducing the pressure to create the mass spectrograph and mass-to-
charge ratio of electron.

• In 1912-13 J. J. Thomson studied the mass spectra of atmospheric gases
and used to demonstrate the existence of Neon-22 from Neon-20, thereby
establishing that elements could have isotopes.

ü The earliest Modern techniques of mass spectrometry were devised by A. J.
Dempster and F. W. Aston in 1918 and 1919 respectively.
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To date, no fewer than five Nobel prizes have been awarded for work directly
related to mass spectrometry:

Nobel	Prizes	for	Mass	Spectrometry

J. J. Thomson, 1906, Physics WilhemWien, 1911, Physics

F. W. Aston, 1922, Chemistry Wolfgang Paul, 1989, Physics

J. B. Fenn and K. Tanaka, 2002, Chemistry

for theoretical and
experimental investigation on
the conduction of electricity by
gases.

for his discoveries regarding
the laws governing the
radiation of heat.

for discovery by means of a
mass spectrograph, of
isotopes, in a large number
of non-radioactive elements.

for the development of the
ion trap technique.

For development of electrospray (soft desorption)
ionization, now a commonly used technique for large
molecules i.e. biological macromolecules and routine
liquid chromatography-tandemmass spectrometry.



Basic	Principle
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A technique for measuring and analyzing molecules, that involves introducing
enough energy into a (neutral) target molecule to cause its ionization and
disintegration. The resulting primary ions and their fragments are then analyzed,
based on their mass-to-charge (m/z) ratios, to produce a "molecular fingerprint."
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Mass spectrometry

How	does	it	work	?

Gas, liquid or solid
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Instrumentation
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Instrumentation
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Sample	Inlet	system
Sample	introduction	system

1. Direct	probe	method
i)	Syringe	for	direct	infusion	
ii)	MALDI	probe

2.	Gas	Chromatography-Mass	Spectrometry	(GC-MS)

3.	Liquid	Chromatography-Mass	Spectrometry	(LC-MS)
4.	High	Performance	Liquid	Chromatography-Mass	Spectrometry	(HPLC-MS)

GC-MS HPLC-MS

5.	Ultra	High	Performance	Liquid	Chromatography-Mass	Spectrometry	(UPLC-MS)



Components of  Mass Spectrometer

Ionisation Ion DetectionIon Separation

Ion Source Mass Analyser     Detector
Electron Ionisation (EI)

Chemical Ionisation (CI)

Fast Atom Bombardment (FAB) 

Electrospray Ionisation (ESI) 

Matrix-Assisted Laserdesorption/
Ionisation (MALDI)

Quadrupole

Magnetic Sector Field

Electric Sector Field

Time-Of-Flight (TOF)

Ion Trap

Electron Multiplier
Multichannel plate 
Faraday Cup 
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Ionization	Chamber

Unionized 
molecules

Positive (+)
electron potential
Absorb (-ve) ions

Negative (-)
electron potential

Converts 
ions into 
uniform 
beam

(70 eV)

Sachin Shinde, PDVP College Tasgaon 13

Electron	Ionization:	

High energy

Most organic compounds have ionization potential ranging between 8 and 15 eV.

M + e- à (M+.)* + 2e- •Removal/addition of electron(s)



Neutral species à Charged species
1. Removal/addition of electron(s)

M + e- à (M+.)* + 2e- • Electron Ionization (EI)

2. Removal/addition of proton(s)
M + (Matrix)-H à MH+ + (Matrix)-

• Chemical Ionisation (CI)
• Atmospheric Pressure Chemical Ionization CI (APCI)
• Fast Atom Bombardment (FAB)
• Electrospray Ionization (ESI)
• Matrix Assisted Laser Desorption/ionization (MALDI)

Ionization Methods

„Hard“
Ionisation

„Soft“
Ionisation

EI CI MALDI,FAB ESI
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1.	Electron	Ionization	(EI-MS)	
Probably the most widely used method
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• Vapor phase samples → from GC

• Sample bombarded with high energy electrons 25-80 eV

(2.4-7.6 MJ/mol, 573–1,816 kcal/mol) → 70 eV typical

• Ejects 1 electron from molecules positively charged ion is left,

odd electron ion, radical cation.

• Typical ionization energies for organic molecules ∼15 eV∼50 eV.

• Excess energy dissipated by breaking covalent bonds

• Sample must be relatively volatile.

• Lots of fragment ions.

• Fragment pattern is unique to a given molecule.

• Many times molecular ion (M+) is not observed.

• Difficult to analyze high molecular weight compounds and

biomolecules.
EI is most useful for organic compounds which have amolecular weight below 600



2. Chemical Ionization (CI-MS)
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• It is “Soft Ionization” method.

• Vapor phase samples (Much less energy transferred < 5 eV).

• Sample introduced to ionized reagent gas (Highly volatile liquids, Methane, Isobutane, 

Ammonia, methanol others)

• Collisions between sample & gas ions cause H transfers, electron transfer and adduct (+ ve or 

–ve) formation which → produces [M+H]+ ions, not M+ ion.

• Less fragmentation and Less information about structure.

• High abundance of molecular ions means good for molecular weight determination.

• Analysis of high molecular weight compounds and many biomolecules. 



Comparison	of	EI-MS	and	CI-MS	Spectra

lack of fragments and M+ has become M+H+

CI-MS	Spectra

EI-MS	Spectra
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3.	Field	Desorption	(FD-MS)
• It is a soft ionization method.
• A high-potential electric field is applied to an emitter with a sharp surface, such as a razor 

blade, or more commonly, a filament from which tiny "whiskers" have formed.
• Little or no fragmentation.
• The technique was first reported by Beckey in 1969.
• It is also the first ionization method to ionize nonvolatile and thermally labile compounds.
• One major difference of FD with other ionization methods is that it does not need a primary 

beam to bombard a sample.
In FD, the analyte is applied as a thin film directly to the
emitter, or small crystals of solid materials are placed onto
the emitter. Slow heating of the emitter then begins, by
passing a high current through the emitter, which is
maintained at a high potential (e.g. 5 kilovolts). As heating of
the emitter continues, low-vapor pressure materials get
desorbed and ionized by alkali metal cation attachment.

Ion formation mechanisms;
Field ionization, Cation attachment, Thermal ionization, Proton abstraction
Ø A major application of FD is to determine the molecular mass of a large variety of thermally

labile and stable nonvolatile, nonpolar, and polar organic and organometallic compounds, and
of molecules from biochemical and environmental sources.

Ø The FD methods are good for qualitative analysis but less suitable for quantitative analysis of
complex mixtures



• It is Soft Ionization method for large and non-volatile molecules.

• Neutral atoms to ionize the sample. Sample is mixed with a condensed phase matrix.

• Mixture is ionized with high energy (6-10 keV) Xe or Ar atoms.

• Matrix protects sample from excess energy (glycerol, thioglycerol triethanolamine).

• Ionization from protonation ([M+H]+), cation attachment ([M+23(Na)]+), or deprotonation 

([M-H]+).

• High resolution masses are possible (peptides)

• Exact mass determination upto 20,000. 

• Can be complicated by ions from matrix
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4.	Fast	Atom	Bombardment	(FAB)



5.	Electrospray	Ionization	(ESI-MS)
ESI and Atmospheric Pressure Chemical Ionization (APCI) two methods are common.

• More useful for studding high molecular wt. biomolecules and non-volatile compounds.

Do not require vacuum pressures. Same working as old Thermospray ionization (TSI)

• Ideal for study by both can be coupled to an GC and LC system (GC-MS and LC-MS).

• Multiply charged ions are possible and can be useful for large molecules (e.g. proteins).

• m/z = 100,000 Da/40 charges 2,500 m/z, used for basic amino acid side chain. 

•The charged droplet evaporates and ionizes the analyte.

•Liquid phase samples of large size (biomolecules) can be ionized using ESI.

•Many small molecules with molecular wt. in the range 100-1500 range can be studied.
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• It is Soft Ionization method for wide range molecular wt. from small polymers to 3,00,000 amu.

• Sample is mixed with a condensed phase matrix.(Nicotinic, picolinic cinnamic acid derivatives)

• MALDI requires only a few femtomoles (1 X 10-15 mole) of sample.

• Ability to absorb the UV light from laser pulse (337nm for N2 laser).

• Matrix absorb most of the energy from the laser pulse and mixture is ionized with a laser.

• Charged molecules are ejected from matrix.

• Little excess energy → little fragmentation.

• Good for large molecules (e.g. proteins, oligonucleotides, antibodies,carbohydrates, polymers).

6. Matrix-Assisted Laser Desorption Ionization (MALDI)
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Ion	Separation	(Mass	Analyzers)	
1. Magnetic Sector Analyzer
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• A particle with the correct m/z ratio can pass through the curved analyzer tube and reach the
detector.

• A particle with m/z ratios that are either too large or too small strike the sides of the analyzer tube
and do not reach the detector.

• Therefore, magnetic field strength is continuously varied (magnetic field scan) so that all of the ions
produced in the ionization chamber can be detected.

• The detector plot of the number of ions versus their m/z values.

The greater value of m/z, larger
the radius of the curved path.



2. Magnetic Sector  and Electric Sector Analyzer
Double beam mass spectrometer

High Resolution Mass Spectrometer (HRMS)
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• All leaving particles from ionization chamber do not have same velocity.
• The introduction of an electric field after (or before) the magnetic field is called double
beammass spectrometer. So ions travels in constant velocity.

• It permits high resolution so that called High resolution mass spectrometry (HRMS).
• It provides the mass of ion in four decimal places. (i.e M+= 132.1234).
• The resolution of the mass improves by a factor of 10 or more over the magnetic sector
alone.



High Resolution Mass Spectrometry (HRMS)

CO
N2

C2H4

CH2N

all show m+ at 28  

CO  27.9949
N2  28.0062

C2H4  28.0312
CH2N  28.0187

exact mass

Determination	of	Molecular	Formula

MF MW exact mass
C3H8O 60.1 60.05754
C2H8N2 60.1 60.06884
C2H4O2 60.1 60.02112
CH4N2O 60.1 60.03242

Comparisons	of	Molecular	Weights	and	
Precise	Masses



3.  Quadrupole Analyzer
Voltage-carrying rods 

(Ion trap)

Un-stable Oscillations Stable Oscillations
Single (m/z value)
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• There is a stable oscillation that allows a particular ion to pass from one end of the
quadrupole to the other without striking he poles.

• This oscillation dependent on the m/z ratio of an ion.
• Therefore, ion of only a single m/z value will traverse the entire length of the filter.
• All other ions of unstable oscillations will strike the poles and be lost.



4. Time of Flight  (TOF)  Analyzer
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Detectors
Ø Measure one (single) m/z value at a time (single channel detectors)

Ø Multiple detectors are used for multiple ion detection

Ø High resolution magnetic sector instruments use multiple detectors (called multicollectors)

Electron Multiplier (EM)

- The most common 
detector in MS for ions

- Similar to PMT

- Very sensitive and has 
fast response

Faraday Cup

- A metal or carbon cup 
serves to capture ions 
and store the charge

- Cup shape decreases 
loss of electrons

- Least expensive detector 
for ions

- Has long response time

Array Detectors

- Used in TOF MS instruments

- Employs a focal plane camera 
(FPC) consisting of an array 
of 31 Faraday Cup

- Up to 15 m/z values can be 
measured simultaneously

- Exhibits improved precision 
compared with single 
channel detectors
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Inlet

Ionization

Mass Analyzer

Mass Sorting (filtering)

Ion 
Detector

Detection

Ion 
Source

• Solid
• Liquid
• Vapor

Detect  ions
Form ions

(charged molecules)
Sort Ions by Mass (m/z)

1330 1340 1350

100

75

50

25

0

Mass Spectrum

Summary:	acquiring	a	mass	spectrum



ü Mixture	of	ions	of	different	mass	gives	separate	peak	(each	m/z)	.

ü Separation	of	peaks	depends	on	relative	mass	to	charge	ration	(m/z	or	m/e	ratio).

ü Intensity	of	peak		proportional	to	percentage	of	each		ion	of	different		mass	in	mixture	
(%	Abundance).

Nature	of	Mass	Spectrum

Base Peak
(Most Abundant ion 

100% abundance)

Molecular 
Ion

Isotopic peak
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Fragment ions
(Daughter ions/Metastable ions)
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Various	ions	produced	in	mass	spectrum
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Molecular	ion	peak	(M+)

The	simple/single	removal	of	electron	from	a	molecule	to	give	radical	cation	is	
known	as	molecular	ion	peak.
Characteristics:

• Also	called	as	parent	ion.
• The	ion	of	highest	mass	(m/z)	in	spectrum.	(Heaviest	peak	in	mass	spectrum.)
• It	is	indicated	by	M+	or	Radical	cation	(M+.).
• Lifetime	was	10-5 sec	before	fragmentation.
• The	mass	(m/z)	of	M+		gives	molecular	mass	of	the	sample.	
• The	abundance	of	M+	increases	at	low	ionization	potential.	
• The	M+	is	sometimes	base	peak	in	the	spectrum.
• The	M+	is	sometimes	absent.	The	decomposition	of	the	M+		increases	with	increasing	
molecular	size	of	compounds	in	homologous	series.	(highly	substituted	alkanes	and	
tertiary	alcohols).

M: M
+.

(ionization)

e

-2e
Radical	cation
(m/z=		Mol.	mass)
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Molecular	ion	peak	(M+)

Nature	of	molecular	ion	(M+):
• Exact	mass	(HRMS):	Identification	of	isobaric	structures
• Nitrogen	Rule:	No.	of	Nitrogen	atoms	in	molecule.
• Base	peak:	Most	stable	ion	formed	in	MS
• Isotopic	peaks:	Presence	of	isotopes	and	their	ratio.

Application	of	molecular	ion	(M+):
• Determination	of	molecular	weight	and	molecular	formula.

Loss	of	e- =Non-bonding	electron		>	pi	conjugated	>	pi	non-conjugated	>	Sigma	electrons	
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MF MW	 Exact	mass
C3H8O 60.1 60.05754
C2H8N2 60.1 60.06884
C2H4O2 60.1 60.02112
CH4N2O 60.1 60.03242

Comparisons	of	Molecular	Weights	and	Precise	Masses
(Isobaric	Species)

Determination	of	Exact	Mass	(HRMS)

Rule of Thirteen: (Empirical molecular formula) 

M= Exact Mass of compound
n= numerator
r= remainder

Index of Hydrogen Deficiency

Base formula = CnHn+r
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Nitrogen	Rule
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Nitrogen	Rule
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Base	peak		(100	%	abundance)
The	most	abundant	ion	formed	in	ionization	chamber	gives	tallest	peak	in	mass	
spectrum	is	called	as	base	peak.

• Most	stabilized	ion	in	ionization	chamber.
• Most	intense	peak	in	mass	spectrum.
• Base	peak	indicated	as	100	%	abundance.
• Relative	abundance	of	other	peak	reported	from	%	of	base	peak.
• Base	peak	sometimes	molecular	ion	peak	(M+).
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Isotopic	peak
ü Mass spectrometers are capable of separating and detecting individual ions even
those that only differ by a single atomic mass unit (Isotopes).

ü As a result molecules containing different isotopes can be distinguished.

• The intensity ratios in the isotope patterns are due to the natural
abundance of the isotopes.

• "M+1" peaks are seen due the the presence of 13C in the sample.
• This is most apparent when atoms such as bromine or chlorine are

present (79Br : 81Br, intensity 1:1 and 35Cl : 37Cl, intensity 3:1) where peaks
at "M" and "M+2" are obtained.

M+ : Mass of Molecular ion Peak

M+1: Mass is One unit higher than M+

M+2: Mass is Two unit higher than M+

M+4: Mass is Four unit higher than M+

M+6: Mass is Six unit higher than M+
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Isotopic	peaks	of	Bromine

1	:	1 1	:	2	:	1 1	:	3	:	3	:	1

100:97.7 100	:	195	:	95.4 100:	293.0	:	286.0	:	93.4

Intensity

Abundance

The intensity ratios in the isotopic patterns are due to the natural abundance of the
isotopes.
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Isotopic	peaks	of	Chlorine

3	:	1 9	:	6	:	1 :				:			:	

100	:	32.6 100	:	65.3	:	10.6 100:	97.8	:	31.9	:	3.47

Intensity

Abundance

The intensity ratios in the isotopic patterns are due to the natural abundance of the
isotopes.
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Calculation	of	intensity	of	Isotopic	peak
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Bromomethane



1-Bromopropane



2-Chloropropane



(3-Chloropropyl)benzene

CH2 CH2CH2Cl

base peak m/e 91 (m-63)



Chloroacetone

CH3CCH2Cl

O

m+ = 92
m+2 = 94

- Cl

- CH3

- CH2Cl

.

.

.

O

CH3CCH2

O

CCH2Cl

O

CH3C

+

+

+
m/z = 57 

m/z = 77,79

m/z = 43 (base)(3:1 ratio)
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CH3CCH2Cl

O

m+ = 92
m+2 = 94

- Cl

- CH3

- CH2Cl

.

.

.

O

CH3CCH2

O

CCH2Cl

O

CH3C

+

+

+
m/z = 57 

m/z = 77,79

m/z = 43 (base)(3:1 ratio)

Typical	EI-MS	gives	both	molecular	ion	and	fragment	ions
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m*	=	(m1)2/M+

m*=	Apparent	mass	of	metastable	ion.
m1=	Mass	of	new	fragment	ion.
M+=	Mass	of	original	ion	from	which	fragment	is	formed.

(Daughter ion of fragment ion)

The ion appears at an m/z ratio that depends on its own mass as well as the mass of the
original ion fromwhich it formed. Such ion is called metastable ion peak.

Nature	of	Metastable	ion:
• Lower	kinetic	energy.
• Much	broader	than	normal	ion.
• Relatively	low	abundance.
• Arise	by	flight	down	through	ions	rather	than	IC.
• Frequently	occurs	at	non	integral	m/z	values.
• Linear	peak	on	the	mass	spectrum.

m1	+	m*	M+	

m1

M+

M+	or	m1 m*	as
m1
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Advantages/	Importance/	Significance:
1. It gives definitely/responsive link of two fragment ions together.
2. To prove a proposed fragmentation pattern.
3. Gives more correct structural proof problem.
4. Always distance below than fragment ion on the mass scale which is lies
below than parent ion.

5. Distance is approximately similar to the distance that fragment ion lies
below parent ion.
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Examples:	
1.	Toluene	(m/z):	92,	91,	65	(46.64).

2.	p-Methoxyaniline (m/z):	128,	108	(94.8),	80	(59.2)

Calculations	of	position	of	metastable	ion	peak

m*	=	(m1)2/M+

m*=	Apparent	mass	of	metastable	ion.
m1=	Mass	of	new	fragment	ion.
M+=	Mass	of	original	ion	from	which	fragment	is	formed.
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Generation	of	Molecular	ion	(M+)
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Generation	of	Molecular	ion	(M+)
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General	Rules	for	Fragmentation
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General	Rules	for	Fragmentation
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General	Rules	for	Fragmentation
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Some	common	and	reasonable	losses	from	
molecular	ions	(M+)
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Factors	affecting	Fragmentation



C C Z C C Z+

C C Z C C Z+

C C Z C Z+ C

Modes	of	Fragmentation
1.	One	bond	cleavages:	(a-cleavage)

a-cleavage: Homolytic /Heterolytic (Inductive)
Radical site/Charge Site

Radical site

Charge Site

Inductive

Homolytic

Homolytic

Charge Site
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Modes	of	Fragmentation
1.	One	bond	cleavages:	(a-cleavage)
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Modes	of	Fragmentation
1.	One	bond	cleavages:	(a-cleavage)



C C Z Z+ H
H

C C

+

+

Full mechanism

Abbreviated:

2. Two	bond	cleavages/rearrangements:
a.	Elimination	of	a	vicinal	H	and	heteroatom:

b.	Retro-Diels-Alder	reaction:

H2O,	NH3,	HX,	Alkene
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Modes	of	Fragmentation



Full mechanism

Abbreviated:

H
+

H

H
+

H

c.	McLafferty Rearrangement:

3. Other types of fragmentation are less common, but in specific cases
are dominant processes.

Include:	a)	Fragmentations	from	rearrangement,
b)	Migrations,
c)	Fragmentation	of	fragments.

Alkene, Aromatic, carbonyl, 
imine, Nitrile compounds
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Modes	of	Fragmentation



+

+

Full mechanism

Abbreviated:
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Retro-Diels-Alder	reaction
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Retro-Diels-Alder	reaction
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Retro-Diels-Alder	reaction
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Retro-Diels-Alder	reaction
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Retro-Diels-Alder	reaction
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Retro-Diels-Alder	reaction
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McLafferty Rearrangement

H

O

Hm+ = 86

+.
O

H

H

a
b

g
.+

O
H

H

.+

m/z = 44

+

First	discovered	by	Fred	McLafferty in	1956
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McLafferty Rearrangements	in	Alkyl	Benzenes

g

b
a
CH2 CH2

CHCH3H

m+ 134

loss of CH3CH=CH2

.+ CH2

H

H

+.

m/e 92

CH2
+

m/e 91

- propyl.
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Ketones

O

H

m+ = 128

O

+.
+

loss of 
C6H13

.

m/z = 43

loss of pentene
O

H

.+

m/z = 58

via McLafferty

a

b
g

McLafferty	Rearrangement
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Aldehydes

Ketones

Acids

McLafferty Rearrangement
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Amides

Nitriles

Pyridines

McLafferty Rearrangement
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McLafferty Rearrangement

Esters
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McLafferty Rearrangement

Esters
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Alkane
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Alkane
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Alkane
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Alkane
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Alkene
Allylic	cleavage

Retro	Diels-Alder

Base	peak

Base	peak
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Alkene
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Alkyne

Loss	of	-H

Allylic	cleavage
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Alkyne
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Aromatic	compounds
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Aromatic	compounds
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Aromatic	compounds
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Aromatic	compounds

m/z=91
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Loss	of	Water
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Nitrobenzne
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Halides
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