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Mass Spectroscopy
Lecture 5

١

Prof. Nizam M. El-Ashgar

MS – Spectra Interpretation
v Use molecular ion fragmentation mechanism:
ØCheck fragment masses differences for expected

losses (Cl = 35; Br=79; Me=15; Et=29 etc…)
Ø Look for expected substructures
Ø Look for stable neutral loss (CH2=CHR)
Ø Look for products of known rearrangements

v Postulate structures:
ØSearch library data base
Ø Run hit compound on the same instrument to

confirm.
v Use MS/MS if further confirmation is needed.
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Applications of Molecular Mass Spectrometry: 
The applications are numerous and widespread 

الحصن االصیلة
العینات االثریة

٤

Identification of pure compounds
Several kinds of data obtained from the spectrum of a pure
compound.
1- MWt of the compound.
2- MF of the compound.
3- Presence or absence of various functional groups (from

fragmentation).
Ø Molecular weights from mass spectra:
By identification of the ion peak or (M+1)+ or the (M-1)+

peak.
Caution: when electron-impact source is used the molecular
ion peak may be absent or small relative to impurity peaks.
Ø Molecular formula from exact molecular weights:
The molecular ion peak can provide the exact mass.
Requires high resolution instrument which capable of
detecting mass differences of a few thousands of mass unit.
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Example:
Molecular ions m/z of : Purine (m =120.044), benzamidine
C7H8N2 (m =120.069), ethyltoluene C9H12 (m = 120.096)
and acetophenon C8H8O (m=120.058).
If the measured mass of the molecular ion peak is 120.070
(±0.005) the all but C7H8N2 are excluded as possible
formula. (precision ≈ 40 ppm) which achieved by high
resolution double focusing instruments.
Ø Molecular formulas from isotopic ratios:
Data from a low resolution instruments can yield useful
information about the formula of a compound if the
molecular ion peak is sufficiently intense that its height and
the heights of the (m+1)+ and (M+2)+ isotope can be
determined accurately.

vExample:
vCalculate the ratios of the (m+1)+ to M+ peak

heights for the following two compounds:
dinitrobenzene, C6H4N2O4 (m = 168) and olefin
C12H24 (m =168).
v13C isotope = 1.08%
vFor every 100 12C there is 1.08 13C atoms.
vIn nitrobenzene C carbon present so 6x1.08 =

6.48 molecules having one 13C for every 100
molecules having non.
vSo (m+1)+ peak will be 6.48% of the M+ peak.
For other isotopic elements:
٦
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MS – Isotopes Abundance

Most Other Percentage (%)
• H1 H2 0.015
• C12 C13 1.08
• N14 N15 0.37
• S32 S33 0.8
• S34 4.4
• Cl35 Cl37 32.5
• Br79 Br81 98.0
• Si28 Si29 5.1
• Si30 3.4

٨

13C 6x1.08 = 6.48%
2H 4x0.015 = 0.060%
15N 2x0.37 = 0.74%
17O 24x0.04 = 0.16%
So (M+1)+/M+ = 7.44%

For C12H24
13C 12x1.08 = 12.96%
2H 24x0.015 =0.36%
So (M+1)+/M+ = 13.32%

Thus measuring the heights of (M+1)+ and M+ the two
compounds can be discriminated (same MWt.)
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Ø Determination of Molecular Formulas and Molecular
Weights:

The Molecular Ion and Isotopic Peaks
The presence of heavier isotopes one or two mass units above
the common isotope yields small peaks at M+.+1 and M+.+2

١٠

The intensity of the M+.+1 and M+.+2
peaks relative to the M peak can be
used to confirm a molecular formula
Example: In the spectrum of
methane
one expects an M+.+1 peak of
1.17%
based on a 1.11% natural
abundance of 13C and a 0.016%
natural abundance of 2H

Structural information from fragmentation
Ø It is seldom possible or (desirable) to account for all the peaks 

in the spectrum.
Ø Instead characteristic patterns of fragmentation are sought.
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High-Resolution Mass Spectrometry
v Low-resolution mass spectrometers measure m/z values to

the nearest whole number.
v High-resolution mass spectrometers measure m/z values to

three or four decimal places.
v The high accuracy of the molecular weight calculation

allows accurate determination of the molecular formula of a
fragment .

Example
vOne can accurately pick the molecular formula of a

fragment with a nominal molecular weight of 32 using high-
resolution MS

١٢

The exact mass of certain nuclides is shown below
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Molecular weight considerations:  M+

Molecules containing only C, H, & O have even
number molecular weights.

Nitrogen has an even number atomic weight and
forms an odd number of bonds so molecules
containing an odd number of N atoms will have an
odd numbered molecular weight.

C5H10O:   MW = 86

C4H9N:    MW =71 C4H10N2:    MW = 86

The Rule of 13

A CH contributes 13 units to the molecular mass of a
molecule. We can use this to identify possible molecular
formulas.

Suppose that we have an M+ at 110 amu.

110/13 = 8 with a remainder of 6. This might be C8H14.

Consider the possibility of an oxygen. Then

(110 – 16)/13 = 7 with a remainder of 3. This gives C7H10O.

What if we had two nitrogen atoms. Then

(110 – 28)/13 = 6 with a remainder of 4. This gives C6H10N2 .
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Problem: A low resolution mass spectrum of the
alkaloid, vobtusine, showed the molecular weight to
be 718. This molecular weight is correct for the
molecular formulas C43H50N4O6 and C42H46N4O7. A
high resolution mass spectrum provided a molecular
weight of 718.3743. Which of the possible molecular
formulas is the correct one for vobtusine?

43(12.0000) + 50(1.00783) + 4(14.0031) + 6(15.9949) = 
= 718.3733

42(12.0000) + 46(1.00783) + 4(14.0031) + 7(15.9949) = 
= 718.3369

Problem: The mass spectrum of an unknown liquid
shows a molecular ion peak at m/z = 78, with a
relative intensity of 23.6. The relative intensities of the
isotopic peaks are as follows. (HW Plz Interpret)

m/z = 79 (0.79)
80 (7.55)
81 (0.25)

100
23.6

multiplying each of these by gives

3.35
32.0
1.06

These are the
relative
intensities
based on the
M+ as 100.

The M + 1 peak (79) tells us this contains 3 carbons.

The M + 2 peak (80) tells us this contains Cl.

78 – 35 – 3(12) = 7      There are 7 hydrogen atoms
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Fragmentation.
• In EI mass spectrometry the molecular ion is

highly energetic and can break apart (fragment).

• Fragmentation pathways are predictable and can
be used to determine the structure of a
molecule.

• The relative ion abundance is extremely
important in predicting structures of fragments.

Better carbocation wins and predominates 
““Stevenson’s RuleStevenson’s Rule””

[M·]+ A+ + B· (neutral)

or
B+ + A·

EI ••FragmentationFragmentation

Stevenson’sStevenson’s RuleRule::
For simple bond cleavage, the fragment with
lowest ionization potential takes the charge (in
other words, the most stable ion is formed).
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The “Even Electron Rule” dictates that even (non-
radical) ions will not fragment to give two radicals
(pos• + neutral•) (CI)

CI
[M+H]+ PH+ + N    (neutral)

• Loss of neutral molecules, small stable, from
MH+

• Loss of neutrals from protonated fragments
• Subsequent reprotonation after a loss
• Typically there is no ring cleavage (needs

radical) or two bond scissions.
• Depends highly on ion chemistry specifically

acid-base (proton affinities)

Ø Governed by product ion stability consideration.
Ø Octet rule.
Ø Resonance delocalization.
Ø Polarizability and hyperconjugation.

hyperconjugation is the interaction of the electrons in a
sigma bond (usually C–H or C–C) with an adjacent empty (or
partially filled) non-bonding p-orbital, antibonding σ or π
orbital, or filled π orbital, to give an extended molecular
orbital that increases the stability of the system

Ø electronegativity

FragmentationFragmentation
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Fragmentation by Cleavage at a Single Bond:
• Cleavage of a radical cation occurs to give a radical
and a cation but only the cation is observable by
MS.

• In general the fragmentation proceeds to give
mainly the most stable carbocation.

– In the spectrum of propane the peak at 29 is the
base peak (most abundant) 100% and the peak at
15 is 5.6%.

٢١

General Fragmentation PathwaysGeneral Fragmentation Pathways
OneOne--bond cleavagesbond cleavages
aa--cleavagescleavages

C O HR
- R C OH C O

Cleave α to Heteroatoms like O, N

O
R

: .
+
•

R

O:: .

neutral

+

+

HeterolyticHeterolytic cleavagecleavage Observed in Mass Spec
provided that a good stabilized
carbocation can form
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O
+

M+• -43; also tropylium ion

Example

1-Phenylpropan-2-one (Mol. Wt.: 134.18)

ββ--cleavagescleavages
Cleave β to a heteroatom (capable of supporting 
positive charge)

RO
RO

RO

:

:
Obs. in Mass Spec
Resonance stabilized

neutral

+

+

• +

Note the use of  “half arrow” for one-electron movements. 
e.g homolytic cleavage
examples •Primary alcohols, m/z =31 CH2=OH+

•Primary amines, m/z =30 CH2=NH2
+

m/z 30

+
+•

β-cleavage
CH3 CH3

CH3 - CH- CH2 -CH2 -NH2 CH3 - CH- CH2 CH2 = NH2
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Fragmentation Equations.
• The M+. Ion is formed by loss of one of its most loosely held

electrons.
• If nonbonding electron pairs or pi electrons are present, an

electron from one of these locations is usually lost by
electron impact to form M+.

– Loosely held nonbonding electrons on nitrogen and
oxygen, and π electrons in double bonds are common
locations for an electron to be lost (i.e., where the
remaining unshared electron in M+. resides).

• In molecules with only C-C and C-H bonds, the location of
the lone electron cannot be predicted and the formula is
written to reflect this using brackets.

٢٦

Example: The spectrum of hexane
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Example: spectrum of neopentane
– Fragmentation of neopentane shows the propensity of

cleavage to occur at a branch point leading to a
relatively stable carbocation.

– The formation of the 3o carbocation is so favored that
almost no molecular ion is detected.

٢٨

Fragmentation by Cleavage of 2 Bonds.
•The products are a new radical cation and a neutral molecule.
•Alcohols usually show an M+.-18 peak from loss of water.

• Cycloalkenes can undergo a retro-Diels Alder reaction 
(section 13.11) to yield an alkadienyl radical cation.
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O O

O

: .

+

++:

+
: :

Obs. in mass spec.
Acylium ions are
resonance-stabilized

neutral

CH3C=O+

m/z=43

Cleavage α to C=O groups

Prominent for 
ketones

O

O O

M+• -45, loss of 
ethoxy radical

O
+

C
+

O

O
+

Example

•Ethyl 3-oxo-3-phenylpropanoate •(Mol. Wt.: 192.21)
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Compounds identification from comparison 
spectra

1- Determination of MWt. and isotopic distribution and
fragmentation patterns.

2- Narrowing the possible structures.
3- Comparing the unknown spectrum with the available

reference compounds.
Procedure assumptions:
1-mass fragmentation patterns are unique.
2- Controlling experimental conditions to produce

reproducible spectra.
The EI ionization is the method of choice for spectral

comparison.

Limitations:
Heights of mass spectral peaks dependent upon:
vE of electron beam.
vLocation of the sample with respect to the beam.
vSample pressure and temperature.
vGeneral geometry of the mass spectrometer.

Generally it is desirable to confirm the identity of
a compound by comparison of its spectrum to the
spectrum of an authentic compound obtained with
the same instrument under identical conditions.

٣٢
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Hyphenated Mass Spectral Methods

Mass spectrometers are coupled with various
efficient separation devices. Used to analyze
mixtures.
Examples:
• GC/MS
• LC/MC
• Capillary electrophoresis/MS
• Tandem mass spectrometry (MS/MS).

٣٤

Tandem Mass Spectrometry (MS/MS)
Coupling one mass spectrometer to a second.
vThe first one serves to isolate the molecular ions of

various components of a mixture.
vThe second one used to fragment each molecular ion

one at a time to give a series of mass spectra.
vThe first MS equipped with a soft ionization source (CI)

the output is a large molecular ion or protonated
molecular ion.

vThese ions then pass into an ion source for the second
spectrometer.

vFurther fragmentation of the former occurs to give
numerous daughter ions which scanned by the second
MS.
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Consider a hypothetical mixture of isomers ABCD and
BCDA and other molecules such as UKL and UMN.

1- Singly charged molecular ions obtained by the firs
MS.

2- Ions with an m/z value corresponding to ABCD+ and
BCDA+ (with identical m/z) are transmitted to the
second MS.

٣٥

٣٦

The following using MS/Ms :
• The analyte consists of two different compounds that have

identical masses (278).
• The first spectrometer set to mass of the protonated parent

ions.
• The two quite different daughter ion spectra obtained after

further ionization by collision and passage through the
second spectrometer.

• So molecular ions of isomers are separated from other
components of the mixture.

• In the second MS ionization chamber fragmentation takes
place and different daughter ions produced: AB+, CD+, BC+,
DA+.

• Each fragment has a unique m/z so identification is possible
in the second MS analyzer.
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Example of Daughter Ion MS/Ms Spectra

Source: Skoog, Holler, and Nieman, Principles of Instrumental Analysis, 5th edition, Saunders College Publishing.

٣٨

Parent –ion MS/Ms

• The first spectrometer is scanned while the second
spectrometer is set to the mass of one of the daughter ions.

• Used to measure the identity and concentration of members
of a class of closely related compounds .

Example:
Determination of alkylphenols (HOC6H4CH2R) in solvent

refined coal.
v The second spectrometer is set at m/z value of 107 which

corresponds to the ion HOC6H4CH2
+ .

v The sample is then scanned with the first spectrometer.
v All of the alkylphenols in the samples yield an ion of mass

107 regardless of the nature of R. (measured in a complex
sample)
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Applications of Tandem
v Analysis of complex mixtures either organic or biological.
v Faster than GC/MS separation complete in milliseconds.
v No dilution with mobile phase is needed (interferences occurs)

as that of GC/MS and LC/MS.
v So tandem MS is more sensitive than GC/MS or LC/MS (smaller

noises).
v Used for quant. And qualit. Determination of the components of

a wide variety of complex materials either in nature or industry.
Examples: identification and determination of drug metabolites,
insect pheromones, alkaloids in plants, trace contaminants in air
alkaloids in plants, polymer sequences, petrochemicals,
polychlorinated biphenyls, prostaglandins, diesel exhausts and
odors in air.

v It will find wider applications in future.
Disadvantage:
Greater cost.

٤٠

Quantitative Application of MS
Fall into two categories:
• 1- Quantitative determination of molecular species in organic,

biological, and inorganic samples.
• 2- Determination of the concentration of elements in inorganic and

less commonly organic and biological samples.
Quantitative Determination of Molecular Species
v Performed by passage of the sample through a chromatographic or

capillary electrophoretic column and into the spectrometer.
v Spectrometer set at suitable m/z value, the ion current is then

recorded as a function of time (selected ion monitoring technique).
v Some techniques monitoring occurs at 3 or 4 m/z values.
v The plot of data consists of a sereis of peaks with each appearing

at a time that is characteristic of one of the several components of
the sample.

v Generally the Area α to concentration of component. (MS detector).
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Second type:
ØAnalyte conc. are obtained directly from the

heights of the mass spectral peaks.
ØFor simple mixtures it is sometimes possible to find

peaks at unique m/z values for each component.
ØCalibration curves of peak heights versus

concentration used for unkn. Analysis.
Ø Internal standard of fixed amount (for both sample

and standard) is used to obtain more accurate
results. (reduce prep. uncertainty)
ØPlot of (peak In of analyte/ peak In. of standard)

versus analyte conc.
Ø .

Types of internal standards:
1- Isotopically label analog.
2- Homolog of the analyte that yield intense
peak of fragment similar to analyte fragment.
Precision: 2-10 % relative.
Accuracy depends upon complexity of the
mixture:
For gaseous hydrocarbon mixtures: (5-10
components) absolute error: 0.2-0.8 mol%
appear.

٤٢
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Applications:
Mixture without sample heating:
Natural gas: C3-C4 hydrocarbons, C6-C8 saturated
hydrocarbons, C1-C4 chlorides and iodides, fluorocarbons,
thiophenes, atmospheric polutants exhust gases,,,,,,.
Employing higher temperatures:
C16-C27 alcohols, aromatic acids and esters, steroids,
fluorinated polyphenyls, aliphatic amides, halogenated
aromatic derivatives and aromatic nitriles.
Highe MWt. Polymeric materials:
Ø The sample is first pyrolyzed.
Ø The volatile products are then admitted into the

spectrometer for examination.
Ø Or heating can be performed on the probe of a direct inlet

system.

Polymers yield single fragment:
ØIsoprene (from natural rubber)
ØStyrene (from polyester).
ØEthylene (from polyethylene).

Polymers yield two products:

Depend on amount and kind of pyrolysis
temperature.

٤٤


