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MASS SPECTRSCOPY 

Spectroscopy and the Electromagnetic Spectrum 

Spectroscopy is the study of the interaction of matter and 

electromagnetic radiation. 

Electromagnetic radiation is radiant energy having the properties of 

both particles and waves. A continuum of different types of electromagnetic 

radiation—each type associated with a particular energy range—constitutes 

the electromagnetic spectrum. Visible light is the type of electromagnetic 

radiation with which we are most familiar, but it represents only a fraction of 

the range of the entire electromagnetic spectrum. X-rays and radio waves are 

other types of familiar electromagnetic radiation. 

A particle of electromagnetic radiation is called a photon. We may 

think of electromagnetic radiation as photons traveling at the speed of light. 

Because electromagnetic radiation has both particle-like and wave-like 

properties, it can be characterized by either its frequency (υ) or its 

wavelength (λ). Frequency is defined as the number of wave crests that pass 

by a given point in one second. Frequency has units of hertz (Hz). 

Wavelength is the distance from any point on one wave to the 

corresponding point on the next wave. Wavelength is generally measured in 

micrometers or nanometers. One micrometer (μm) is 10
-6 

of a meter; one 

nanometer (nm) is of 10
-9 

a meter. 
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The frequency of electromagnetic radiation, therefore, is equal to the 

speed of light c) divided by the radiation’s wavelength: hort wavelenths have 

high frequencies, and long wavelengths have low frequencies. 

 

υ = c/λ                  c = 3 x 10
10

 cm/s 

 

Short wavelenths have high frequencies, and long wavelengths have 

low frequencies. 

 

 

The electromagnetic spectrum 

 

The relationship between the energy (E) of a photon and the 

frequency (or the wavelength) of the electromagnetic radiation is described 

by the equation 
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Mass spectroscopy  

Scientists search the world for new compounds with physiological 

activity. If a promising compound is found, its structure needs to be 

determined. Without knowing its structure, chemists cannot design ways to 

synthesize the compound, nor can they undertake studies to provide insights 

into its biological behavior. Today, a number of different instrumental 

techniques are used to identify organic compounds. These techniques can be 

performed quickly on small amounts of a compound and can provide much 

more information about the compound’s structure than simple chemical tests 

can provide. We will look at two more instrumental techniques: mass 

spectrometry and infrared (IR) spectroscopy. 

Mass spectrometry allows us to determine the molecular mass and 

the molecular formula of a compound, as well as certain structural features 

of the compound. 

At one time, the molecular weight of a compound was determined by 

its vapor density r its freezing-point depression, and molecular formulas 

were determined by lemental analysis, a technique that determined the 

relative proportions of the elements present in the compound. These were 

long and tedious techniques that required relatively large amounts of a very 

pure sample. Today, molecular weights and molecular formulas can be 

rapidly determined by mass spectrometry from a very small amount of a 

sample. 

In mass spectrometry, a small sample of a compound is introduced 

into an instrument called a mass spectrometer, where it is vaporized and then 

ionized as a result of an electron’s being removed from each molecule. 

Ionization can be accomplished in several ways. The most common method 

bombards the vaporized molecules with a beam of high-energy electrons. 
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The energy of the electron beam can be varied, but a beam of about 70 

electron volts (eV) is commonly used. When the electron beam hits a 

molecule, it knocks out an electron, producing a molecular ion, which is a 

radical cation—a species with an unpaired electron and a positive charge. 

 

 

The Molecular Ion: 

From an MS, chemists determine the structure of the fragments 

represented by the peaks, then assemble these fragments into the structure of 

the molecule. However, this task is complex and beyond the scope of this 

book. For you, the beginning organic chemist, the most useful information 

that you can gather from an MS is from the peaks representing the molecular 

ion and its isotopes. You can learn the molecular weight of the compound, 

and you can tell if the compound contains certain elements, such as nitrogen 

or a halogen.  

 The mass spectrum of acetone. 
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Notice that the previous mass spectra each have a small peak to the 

right of the peak representing the molecular ion.  

These peaks, which occur at m/z 59 and m/z 87, respectively, arise 

from the presence of isotopes of hydrogen, carbon, and oxygen. Most 

elements have more than one isotope, with the various isotopes present in 

varying amounts. The heavier isotopes give rise to the small peaks at a 

higher mass than the molecular ion peak. A peak that is one mass unit 

heavier than the molecular ion is called the M+1 peak. A peak that is two 

mass units heavier is called the M+2 peak. The following table contains a 

list of elements common to organic compounds, their isotopic masses, and 
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the ratio of each isotope in a naturally occurring sample of that element. 

Thus, you can see how each isotope contributes to the M+1 and M+2 peaks.  

 

Natural isotopic abundance of some common elements in organic molecules. 

  
 Loss of an electron from a molecule weakens the molecule’s bonds. 

Therefore, many of the molecular ions break apart into cations, radicals, 

neutral molecules, and other radical cations. Not surprisingly, the bonds 

most likely to break are the weakest ones and those that result in the 

formation of the most stable products. All the positively charged fragments 

of the molecule pass between two negatively charged plates, which 

accelerate the fragments into an analyzer tube (Figure 2).  
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Neutral fragments are not attracted to the negatively charged plates 

and therefore are not accelerated. They are eventually pumped out of the 

spectrometer. 

The analyzer tube is surrounded by a magnet whose magnetic field 

deflects the positively charged fragments in a curved path. At a given 

magnetic field strength, the degree to which the path is curved depends on 

the mass-to-charge ratio (m z) of the fragment: The path of a fragment with a 

smaller m zvalue will bend more than that of a heavier fragment. In this way, 

the particles with the same m zvalues can be separated from all the others. If 

a fragment’s path matches the curvature of the analyzer tube, the fragment 

will pass through the tube and out the ion exit slit. A collector records the 
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relative number of fragments with a particular m z passing through the slit. 

The morestable the fragment, the more likely it will make it to the collector. 

 The strength of the magnetic field is gradually increased, so 

fragments with progressively larger m z values are guided through the tube 

and out the exit slit. 

The mass spectrometer records a mass spectrum—a graph of the 

relative abundance of each fragment plotted against its m z value. Because 

the charge (z) on essentially all the fragments that reach the collector plate is 

m zis the molecular mass (m) of the fragment. Remember that only positively 

charged species reach the collector. 

 

The Mass Spectrum: Fragmentation 

The mass spectrum of pentane is shown in Figure 13.2. Each m z 

value is the nominal molecular mass of the fragment—the molecular mass 

to the nearest whole number is defined to have a mass of 12.000 atomic 

mass units (amu), and the masses of other atoms are based on this standard. 

For example, a proton has a mass of 1.007825 amu. Pentane, therefore, has a 

molecular mass of 72.0939 and a nominal molecular mass of 72. 

The peak with the highest m zvalue in the spectrum—in this case, at 

— is due to the fragment that results when an electron is knocked out of a 

molecule of the injected sample—in this case, a pentane molecule. In other 

words, the peak with the highest m z value represents the molecular ion (M) 

of pentane. (The tiny peak at will be explained later.) Since it is not known 

what bond loses the electron, the molecular ion is put in brackets and the 

positive charge and unpaired electron are assigned to the entire structure. 

The m z value of the molecular ion gives the molecular mass of the 
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compound. Peaks with smaller m z values—called fragment ion peaks—

represent positively charged fragments of the molecule. 

 

 

Figure 3 

The mass spectrum of pentane, shown as a bar graph and in tabular form. The base peak 

represents the fragment that appears in greatest abundance. The value of the molecular 

ion gives the molecular mass of the compound. 
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The base peak is the peak with the greatest intensity, due to its having 

the greatest relative abundance. The base peak is assigned a relative intensity 

of 100%, and the relative intensity of each of the other peaks is reported as a 

percentage of the base peak. 

Mass spectra can be shown either as bar graphs or in tabular form. 

A mass spectrum gives us structural information about the compound 

because the m/z values and the relative abundances of the fragments depend 

on the strength of the molecular ion’s bonds and the stability of the 

fragments. Weak bonds break in preference to strong bonds, and bonds that 

break to form more stable fragments break in preference to those that form 

less stable fragments. For example, the C-C bonds in the molecular ion 

formed from pentane have about the same strength. However, the C-1 – C-2 

bond is more likely to break than the C-2 – C-3 bond because fragmentation 

leads to a primary carbocation and a primary radical, which together are 

more stable than the primary carbocation and methyl radical (or primary 

radical and methyl cation) obtained from C-1 – C-2 fragmentation. C-2 – C-3 

fragmentation forms ions with or 29, and C-1 – C-2 fragmentation forms 

ions with or 15. The base peak of 43 in the mass spectrum of pentane 

indicates the preference for fragmentation C-2 – C-3. 
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A method commonly used to identify fragment ions is to determine 

the difference between the m z value of a given fragment ion and that of the 

molecular ion. For example, the ion with m/z = 43 in the mass spectrum of 

pentane is 29 units smaller than the molecular ion (M - 29 = 43). An ethyl 

radical (CH3CH2) has a molecular mass of 29 (because the mass numbers of 

C and H are 12 and 1, respectively), so the peak at 43 can be attributed to the 

molecular ion minus an ethyl radical. Similarly, the peak at m/z = 57 (M – 

15) can be attributed to the molecular ion minus a methyl radical. 

Peaks at m/z = 15 m/z = 29 and are readily recognizable as being due 

to methyl and ethyl cations, respectively.  

Peaks are commonly observed at m/ z values one and two units less 

than the m /z values of the carbocations because the carbocations can 

undergo further fragmentation—losing one or two hydrogen atoms. 
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2-Methylbutane has the same molecular formula as pentane, so it, too, 

has a molecular ion with m/z = 72 Its mass spectrum is similar to that of 

pentane, with one notable exception: The peak at m/z = 57 (M – 15) is much 

more intense. 

 

 

 

 

 2-Methylbutane is more likely than pentane to lose a methyl radical, 

because, when it does, a secondary carbocation is formed. In contrast, when 

pentane loses a methyl radical, a less stable primary carbocation is formed. 
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Problem 1: What m/z value is most likely for the base peak in the mass 

spectrum of 3-methylpentane? 

 

Problem 2: 

The mass spectra of two very stable cycloalkanes both show a 

molecular ion peak at m/z = 98. One spectrum shows a base peak a m/z = 

69, the other shows a base peak at m/z = 83. Identify the cycloalkanes 

SOLUTION: 

The molecular formula for a cycloalkane is CnH2n. Because the 

molecular mass of both cycloalkanes is 98, their molecular formulas must be 

C7H14 (7 x 12 = 84 + 14 = 98). A base peak of 69 means the loss of an ethyl 

substituent (98 - 69 = 29), whereas a base peak of 83 means the loss of a 

methyl substituent Because (98 - 83 = 15). 

Because the cycloalkanes are known to be very stable, we can rule out 

cycloalkanes with three or four-membered rings. A seven-carbon 

cycloalkane with a base peak signifying the loss of an ethyl substituent must 

be ethylcyclopentane. A seven-carbon cycloalkane with a base peak 

signifying the loss of a methyl substituent must be methylcyclohexane. 
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Isotopes in Mass Spectrometry 

Although the molecular ions of pentane and 2-methylbutane both have 

m/z values of 72, each spectrum shows a very small peak at m>z = 73 This 

peak is called an M + 1 peak because the ion responsible for it is one unit 

heavier than the molecular ion.  The M + 1 peak owes its presence to the fact 

that there are two naturally occurring isotopes of carbon: 98.89% of natural 

carbon is 
12

C and 1.11% is 
13

C. So 1.11% of the molecular ions contain a 
13

C 

instead of a 
12

C and therefore appear at M + 1 

Peaks that are attributable to isotopes can help identify the compound 

responsible for a mass spectrum. For example, if a compound contains five 

carbon atoms, the relative intensity of the M + 1 ion should be 5(1.1%) = 

5(0.011) multiplied by the relative intensity of the molecular ion. This means 

that the number of carbon atoms in a compound can be calculated if the 

relative intensities of the M and M + 1 peaks are known. 
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The isotopic distributions of several elements commonly found in 

organic compounds are shown in Table 13.2. From the isotopic distributions, 

we see why the M + 1 peak can be used to determine the number of carbon 

atoms in a compound: It is because the contributions to the M + 1 peak by 

isotopes of H, O, and the halogens are very small or nonexistent. This 

formula does not work as well in predicting the number of carbon atoms in a 

nitrogen-containing compound because the natural abundance of 
15

N is 

relatively high. 
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Mass spectra can show M + 2 peaks as a result of a contribution from 

18
O or from having two heavy isotopes in the same molecule (say, 

13
Cand or 

two 
13

C). Most of the time, the M + 2 peak is very small. The presence of a 

large M + 2 peak is evidence of a compound containing either chlorine or 

bromine, because each of these elements has a high percentage of a naturally 

occurring isotope that is two units heavier than the most abundant isotope.  

From the natural abundance of the isotopes of chlorine and bromine in 

Table 13.2, one can conclude that if the M + 2  peak is one third the height 

of the molecular ion peak, then the compound contains one chlorine atom 

because the natural abundance of 
37

Cl  is one-third that of 
35

Cl If the M and 

M  + 2 peaks are about the same height, then the compound contains one 

bromine atom because the natural abundances of 
79

Br and 
81

Br are about the 

same. 

In calculating the molecular masses of molecular ions and fragments, 

the atomic mass of a single isotope of the atom must be used (Cl = 35 or 37, 

etc.); the atomic weights in the periodic table (Cl = 35.453) cannot be used 

because they are the weighted averages of all the naturally occurring 

isotopes for that element, and mass spectrometry measures the m/z value of 

an individual fragment. 

PROBLEM 5_ 
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13.4 Determination of Molecular Formulas: 

High-Resolution Mass Spectrometry 

All the mass spectra shown in this text were determined with a low-

resolution mass spectrometer. Such spectrometers give the nominal 

molecular mass of a fragment—the mass to the nearest whole number. High-

resolution mass spectrometers can determine the exact molecular mass of a 

fragment to a precision of 0.0001 amu. If we know the exact molecular mass 

of the molecular ion, we can determine the compound’s molecular formula. 

For example, as the following listing shows, many compounds have a 

nominal molecular mass of 122 amu, but each of them has a different exact 

molecular mass. 

The exact molecular masses of some common isotopes are listed in 

Table 13.3. Some computer programs can determine the molecular formula 

of a compound from the compound’s exact molecular mass. 
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Fragmentation at Functional Groups 

Characteristic fragmentation patterns are associated with specific 

functional groups; these can help identify a substance based on its mass 

spectrum. The patterns were recognized after the mass spectra of many 

compounds containing a particular functional group were studied. We will 

look at the fragmentation patterns of alkyl halides, ethers, alcohols, and 

ketones as examples. 

 

Alkyl Halides 

Let’s look first at the mass spectrum of 1-bromopropane. The relative 

heights of the M and M + 2 peaks are about equal, so we can conclude that 

the compound contains a bromine atom. Electron bombardment is most 

likely to dislodge a lone-pair electron if the molecule has any, because a 

molecule does not hold onto its lone-pair electrons as tightly as it holds onto 

its bonding electrons. Thus, electron bombardment dislodges one of 

bromine’s lone-pair electrons. 
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The weakest bond in the resulting molecular ion is C-Br the bond (the 

C-Br bond dissociation energy is 69 kcal/mol; the C-C bond dissociation 

energy is 85 kcal/mol; see Table 3.1 on p. 129). The bond breaks 

heterolytically, with both electrons going to the more electronegative of the 

atoms that were joined by the bond, forming a propyl cation and a bromine 

atom. As a result, the base peak in the mass spectrum of 1-bromopropane is 

at m / z = 43 [M-79, or (M + 2) – 81]. The propyl cation has the same 

fragmentation pattern it exhibited when it was formed from 

the cleavage of pentane. 

 

 

 

The mass spectrum of 2-chloropropane is shown in Figure 13.5. We 

know that the compound contains a chlorine atom, because the M + 2 peak 

is one-third the height of the molecular ion peak. The base peak at m/z = 43  

results from heterolytic cleavage of the C-Cl  bond. The peaks at m/z = 63 

and m/z = 65 have a 3:1 ratio, indicating that these fragments contain a 

chlorine atom. They result from hemolytic cleavage of a C-C bond at the α-
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carbon (the carbon bonded to the chlorine). This cleavage, known as α 

cleavage, occurs because the C¬Cl (82 kcal/mol) and C¬C 

 

 

 

 (85 kcal/mol) bonds have similar strengths, and the species that is formed is 

a relatively stable cation, since its positive charge is shared by two atoms: 

 

H3C
H
C Cl H3C C

H
Cl

 

 

Notice that α cleavage does not occur in alkyl bromides because the 

C-C bond is much weaker than the C-Br bond 
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Ethers 

The mass spectrum of sec-butyl isopropyl ether is shown in Figure 

13.6. The fragmentation pattern of an ether is similar to that of an alkyl 

halide. 

1. Electron bombardment dislodges one of the lone-pair electrons from 

oxygen. 

2. Fragmentation of the resulting molecular ion occurs in two principal 

ways: 

a. A C-O bond is cleaved heterolytically, with the electrons going to the 

more electronegative oxygen atom. 
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b. A C-C  bond is cleaved homolytically at the position because it leads to a 

relatively stable cation in which the positive charge is shared by two atoms 

(a carbon and an oxygen). The alkyl group leading to the most stable radical 

is one most easily cleaved. Thus, the peak at m/z = 87 is more abundant than 

the one at m/z = 101 even though the compound has three methyl groups 

bonded to α carbons that can be cleaved to produce a peak at because a 

primary radical is more stable than a methyl radical. 
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Alcohols 

The molecular ions obtained from alcohols fragment so readily that 

few of them survive to reach the collector. As a result, the mass spectra of 

alcohols show small molecular ion peaks. Notice the small molecular ion 

peak at  m /z = 102 in the mass spectrum of 2-hexanol. 

Like alkyl halides and ethers, alcohols undergo cleavage. 

Consequently, the mass spectrum of 2-hexanol shows a base peak at m>z = 

45 (a cleavage leading to a more stable butyl radical) and a smaller peak at 

m/z = 87 ( αcleavage leading to a less stable methyl radical). 
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In all the fragmentations we have seen so far, only one bond is 

broken. An important fragmentation occurs in alcohols, however, that 

involves breaking two bonds. Two bonds break because the fragmentation 

forms a stable water molecule. The water that is eliminated comes from the 

OH group of the alcohol and a γ hydrogen. Thus, alcohols show a 

fragmentation peak at m/z = M-18 because of loss of water. 

 

 

 

 

Notice that alkyl halides, ethers, and alcohols have the following 

fragmentation behavior in common: 

1. A bond between carbon and a more electronegative atom (a halogen or an 

oxygen) breaks heterolytically. 
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2. A bond between carbon and an atom of similar electronegativity (a carbon 

or a hydrogen) breaks homolytically. 

3. The bonds most likely to break are the weakest bonds and those that lead 

to formation of the most stable cation. (Look for fragmentation that 

results in a cationwith a positive charge shared by two atoms.) 

 

The molecular ions in alcohols and amines are not generally very stable. 

Frequently, they undergo a reaction and lose a small molecule. In the case of 

alcohols, the small molecule is water. Thus, the mass spectra for these 

alcohols and amines may not show any visible molecular ion peak. For 

example, the mass spectrum of tert-butyl alcohol (see Figure 9.26) shows no 

molecular ion peak at all, and the mass spectrum of 1-butanamine (see 

Figure 9.27) shows only a very weak molecular ion peak.  



 29 
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Ketones 

The mass spectrum of a ketone generally has an intense molecular ion 

peak. Ketones fragment homolytically at the C-C bond adjacent to the C=O 

bond, which results in the formation of a cation with a positive charge 

shared by two atoms. The alkyl group leading to the more stable radical is 

the one that is more easily cleaved. 

 

 

 

 

If one of the alkyl groups attached to the carbonyl carbon has a γ 

hydrogen, a cleavage known as a McLafferty rearrangement may occur. 

The McLafferty rearrangement is a reaction observed in mass spectrometry. 

It is sometimes found that a molecule containing a keto-group undergoes β-

cleavage, with the gain of the γ-hydrogen atom. A description of the reaction 

was first published by the American chemist Fred McLafferty in 1959. This 

rearrangement may take place by a radical or ionic mechanism. In this 

rearrangement, the bond between the α-carbon and the ß-carbon breaks 

homiletically and a hydrogen atom from the γ-carbon migrates to the oxygen 

atom. Again, fragmentation has occurred in a way that produces a cation 

with a positive charge shared by two atoms. 

 

http://en.wikipedia.org/wiki/Mass_spectrometry
http://en.wikipedia.org/wiki/Fred_McLafferty
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Problem:  

How could their mass spectra distinguish the following compounds? 

 

 

Problem:  

Identify the ketones that are responsible for the mass spectra shown in the 

following Figures: 
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Problem:  

Using curved arrows, show the principal fragments that would be observed 

in the mass spectrum of each of the following compounds: 

 

 

 

 

 

The molecular ion and the pattern of fragment ion peaks are unique 

for each compound. A mass spectrum, therefore, is like a fingerprint of the 

compound. A positive identification of a compound can be made by 

comparing its mass spectrum with that of a known sample of the compound. 
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Liquid Chromatography (LC), LCMS, GCMS 

 

 
Figure E: High-Performance Liquid Chromatography [HPLC] System 

 

 
Figure F: A Typical HPLC [Waters Alliance] System 

 



 
Figure G: Understanding How a Chromatographic Column Works – Bands 

 

 

 
Figure H: How Peaks Are Created 

 
Liquid Chromatography coupled to Mass Spectrometry (LCMS)  

 
 



Gas Chromatography coupled to Mass Spectrometry (GCMS) 

 

 
 

What is the working principle of LCMS and 

GCMS, how they differ and what types of 

analysis can be performed with these two? 
1. The working principle of both is more or less the same, the 

affinity for the stationary phase of a given molecule will determine 

its retention time (and as such the separation). 

A very crude definition could be: 

LCMS (Liquid Chromatography coupled to Mass Spectrometry) is 

applied mainly for the analysis of thermally unstable molecules in 

complex samples. (Example, analysis biological fluids) 

GCMS (Gas Chromatography coupled to Mass Spectrometry) is 

applied mainly for the analysis of volatile compounds in complex 

samples. (example: analysis of gasoline and petroleum products) 

 

When you couple a separation technique to mass spectrometry 

you can do quantification of a given compound (or compounds) 



and identification of unknown species. Of course you can do a lot 

more with these techniques, basically it depends on what do you 

want to do. 

2.	In LCMS,the analyte must be soluble in the mobile phase that is 

used as mobile phase or carrier solvent, while in GCMS , gas phase 

is used to elute the analyse. This means that the analyte used for 

LCMS must be soluble in the mobile phase, while analyte for 

GCMS must be volatile and does not decompose upon heating. 

The detection principles are almost similar, using the mass 

fragments that resulted from ionisation of the molecules. Basically, 

for volatile compounds, GCMS is very useful, while for polar 

compounds, LCMS is more useful. 

   3. LC-MS -MS works on soft ionization technique where as 

GC-MS works on hard ionization technique. These is a basic 

differences between two. LC-MS-MS is useful for non volatile 

compounds , vitamins, amino acids, protein and pep tides 

having molecular weight in Kilo Dalton. It is very much useful 

for studies purity and impurity profiles in drugs. So these 

tool has wide application in R & D in pharmaceutical 

industries.  

   GC-MS is useful for identification volatile compounds having 

molecular weight less than 1200 amu. It useful in petro 

chemical , pesticides industries and in field of perfumery . 	
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