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Goals of Part (III)

1
• Use a mass spectrum to determine a compound’s molecular

weight, and propose which elements are likely to be present

2
• Given a structure, predict the major ions that will be observed

in the mass spectrum from fragmentation of the molecular ion
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13. Introduction to Mass Spectrometry
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• Mass spectrometry (MS) provides the molecular weight and valuable information
about the molecular formula, using a very small sample. The mass spectrum also
provides structural information that can confirm a structure derived from NMR and IR
spectroscopy.

• Mass spectrometry is fundamentally different from spectroscopy. Spectroscopy
involves the absorption (or emission) of light over a range of wavelengths. Whereas,
mass spectrometry does not use light at all.

• In the mass spectrometer, a sample is struck by high-energy electrons, breaking the
molecules apart. The masses of the fragments are measured, and this information is used
to reconstruct the molecule.



13A. The Mass Spectrometer
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• A mass spectrometer ionizes molecules in a high vacuum, sorts the ions according to
their masses, and records the abundance of ions of each mass.

• A mass spectrum is the graph plotted by the mass spectrometer, with the masses plotted
as the x axis and the relative number of ions of each mass on the y axis.

• Electron Impact Ionization: In the ion source, the sample is bombarded by a beam of
electrons. When an electron strikes a neutral molecule, it may ionize that molecule by
knocking out an additional electron.

When a molecule loses one electron, it then has a positive charge and one unpaired
electron. The ion is therefore a radical cation. The electron impact ionization of methane is
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• The ions of smaller molecular weights are called fragments.
• Bombardment of ethane molecules by energetic electrons, for example, produces the molecular ion and

several fragments. Both charged and uncharged fragments are formed, but only the positively charged
fragments are detected by the mass spectrometer. We will often use green type for the “invisible”

uncharged fragments.
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• Separation of Ions of Different Masses: Once ionization and fragmentation have formed a
mixture of ions, these ions are separated and detected. The most common type of mass
spectrometer, shown in Figure 12-16, separates ions by magnetic deflection.

• After ionization, the positively charged ions are attracted to a negatively charged accelerator
plate, which has a narrow slit to allow some of the ions to pass through. The ion beam enters an
evacuated flight tube, with a curved portion positioned between the poles of a large magnet.
When a charged particle passes through a magnetic field, a transverse force bends its path. The
path of a heavier ion bends less than the path of a lighter ion.

• The exact radius of curvature of an ion’s path depends on its mass-to-charge ratio, symbolized
by m/z (or by m/e in the older literature). In this expression, m is the mass of the ion (in amu)
and z is its charge in units of the electronic charge.



13B. The Mass Spectrum
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• In the printed mass spectrum, all the masses are rounded to the nearest whole-number
mass unit. The peaks are assigned abundances as percentages of the strongest peak,
called the base peak. Notice that the base peak does not necessarily correspond to the
mass of the molecular ion.

• A molecular ion peak (also called the parent peak) is observed in most mass spectra.



14. Determination of the Molecular Formula by Mass Spectrometry
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14A. High-Resolution Mass Spectrometry (HRMS)

• Consider a molecular ion with a mass of 44. This approximate molecular
weight might correspond to C3H8 (propane), C2H4O (acetaldehyde), CO2, or
CN2H4. Each of these molecular formulas corresponds to a different exact
mass:

• If the HRMS measured the exact mass of this ion as 44.029 mass units, we
would conclude that the compound has a molecular formula of C2H4O,
because the mass corresponding to this formula is closest to the observed
value.



14B. Use of Heavier Isotope Peaks
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• Most elements do not consist of a single
isotope, but contain heavier isotopes in varying
amounts. These heavier isotopes give rise to
small peaks at higher mass numbers than the
major M+ molecular ion peak. A peak that is
one mass unit heavier than the M+ peak is
called the M+1 peak; two units heavier, the
M+2 peak; and so on.

• Table 12-4 gives the isotopic compositions of
some common elements, showing how they
contribute to M+1 and M+2 peaks.

• Iodine is recognized by the presence of the
iodonium ion, I+, at m/z = 127.
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15. Fragmentation Patterns in Mass Spectrometry
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• An electron with a typical energy of 70 eV (6740 kJ/mol or 1610 kcal/mol) has far more energy than
needed to ionize a molecule. The impact forms the radical cation, and it often breaks a bond to give a
cation and a radical. The resulting cation is observed by the mass spectrometer, but the uncharged
radical is not accelerated or detected. We can infer the mass of the uncharged radical from the amount
of mass lost from the molecular ion to give the observed cation fragment.

• This bond breaking does not occur randomly; it tends to form the most stable fragments. By knowing
what stable fragments result from different kinds of compounds, we can recognize structural features
and use the mass spectrum to confirm a proposed structure.



15A. Mass Spectra of Alkanes
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• The mass spectrum of hexane (Figure 12-19) shows several characteristics typical of straight-chain
alkanes. Like other compounds not containing nitrogen, the molecular on (M+) has an even-numbered
mass, and most of the fragments are odd-numbered. The base peak (m/z = 57) corresponds to loss of an
ethyl group, giving an ethyl radical and a butyl cation. The neutral ethyl radical is not detected, because it
is not charged and is not accelerated or deflected.
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• Cation and radical stabilities help to explain the mass spectra of branched alkanes as well.

• Figure 12-20 shows the mass spectrum of 2-methylpentane.

• Fragmentation of a branched alkane commonly occurs at a branch carbon atom to give the most highly
substituted cation and radical. Fragmentation of 2- methylpentane at the branched carbon atom can
give a secondary carbocation in either of two ways:



15B. Fragmentation Giving Resonance-Stabilized Cations
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• Fragmentation in the mass spectrometer gives resonance-stabilized cations whenever possible. The most
common fragmentation of alkenes is cleavage of an allylic bond to give a resonance-stabilized allylic
cation.
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• Compounds containing aromatic rings tend to fragment at the carbon (called a benzylic carbon) next to the aromatic ring. Such
a cleavage forms a resonance-stabilized benzylic cation.

• Ethers, amines, and carbonyl compounds can also fragment to give resonance stabilized cations. The oxygen and
nitrogen atoms in these compounds have nonbonding electrons that can stabilize the positive charge of a cation
through resonance forms with octets on all the atoms.

• Common fragmentations often cleave the bond next to the carbon atom bearing the oxygen or nitrogen.



15C. Fragmentation Splitting Out a Small Molecule; Mass Spectra of Alcohols
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• Mass spectral peaks are often seen corresponding to loss of small, stable molecules. Loss of a small
molecule is usually indicated by a fragment peak with an even mass number, corresponding to loss of
an even mass number. A radical cation may lose water (mass 18), CO (28), CO2 (44), and even ethene
(28) or other alkenes.
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