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 Glossary

Modern chemistry depends on a wide range of techniques for the analysis of materials 

and the determination of the characteristics of individual molecules. Many variations 

and combinations of these techniques have been developed as advances in electronics 

opened the door for new methods of analysis. The techniques described in this 

collection are by no means exhaustive, but they introduce you to some of the important 

tools currently available to chemists and mentioned in various parts of the text.
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MAJOR TECHNIQUE 1 Infrared and Microwave Spectroscopy2

Electromagnetic radiation with longer wavelengths (lower frequencies) than red light is 
called infrared radiation; a typical wavelength is about 1000 nm. A wavelength of 1000 nm 
corresponds to a frequency of about 300 THz (3 3 1014 Hz), which is comparable to the fre-
quency at which molecules vibrate. Th erefore, molecules can absorb infrared radiation and 
become vibrationally excited; that is, they begin to vibrate. Microwave radiation has a longer 
wavelength than infrared radiation, typically of the order of millimeters and centimeters, and 
a frequency of about 1 GHz (109 Hz). Th ese frequencies are typical of the rate at which mol-
ecules rotate, so microwave spectroscopy is used to study the characteristics of molecules and, 
through them, their bond lengths and angles.

Vibrations
Neighboring atoms vibrate as they move closer to each other and away again. Th is type of motion 
is called a “stretching” mode. Polyatomic molecules can also undergo “bending” vibrations in 
which bond angles periodically increase and decrease and “twisting” vibrations in which the 
molecule distorts in more complex ways. Th e frequency at which a molecule vibrates depends on 
the masses of its atoms and the stiff ness of its bonds: a molecule made up of light atoms joined by 
stiff  bonds has a higher vibrational frequency than one made up of heavy atoms joined by loose 
bonds. Th e former molecule will therefore absorb higher frequency radiation than the latter. 
Bending motions of molecules tend to be less stiff  than stretching motions; so bending vibra-
tions of a given molecule typically absorb at lower frequencies than do its stretching vibrations.

Th e stiff ness of a bond is measured by its force constant, kf . Th is constant is the same as 
that in Hooke’s law for the restoring force of a spring: Hooke observed that the restoring force 
is proportional to the displacement of the spring from its resting position, and wrote
  Force 5 2kf 3 displacement (1)
A stiff  bond (like a stiff  spring) experiences a strong restoring force, even for quite small 
displacements, and so in this case kf is large. A loose bond (like a weak spring) experiences 
only a weak restoring force, even for quite large displacements, so its associated kf is small. In 
general, the force constant is larger for stretching displacements of molecules than for bending 
or twisting motions. Th e stiff ness of a bond should not be confused with its strength, which is 
the energy required to break the bond. Typically, though, the stiff ness of a bond increases with 
the strength of the bond (FIG. 1.1).

Th e vibrational frequency, � (nu), of a bond between two atoms A and B of masses mA 
and mB is given by the expression

  � 5
1

2p
 akf

�
b1/2

    � 5
mAmB

mA 1 mB
 (2)

Th e quantity � (mu) is called the eff ective mass of the molecular vibration (some call it the 
“reduced mass”). As anticipated, the frequency is higher for stiff  bonds (large kf) and low 
atomic masses (low �). It follows that by measuring the vibrational frequency of a molecule, 
which involves measuring the frequency (or wavelength) at which it absorbs infrared radia-
tion, the stiff ness of its bond can be determined.

Th e rate of vibration of a molecule is commonly reported as a wavenumber, �| (“nu tilde”), 
which is defi ned as
  �| 5

�

c  (3a)

where c is the speed of light. Because the frequency, �, of the radiation is related to the wave-
length, �, by � 5 c/�, the wavenumber can be interpreted as the reciprocal of the wavelength:

  �| 5
c/�

c 5
1
�

 (3b)

and interpreted as the number of complete wavelengths that fi t into a given length, such as 
1 cm. Wavenumbers are typically reported in reciprocal centimeters (cm21), so to convert a 
frequency to a wavenumber c is expressed in centimeters per second (as 3.00 3 1010 cm?s21). 
Th us, a frequency of 300 THz corresponds to

  
Hz
}

�| 5
3 3 1014

 
 s21

3.00 3 1010
 cm?s21 5 1 3 104

 cm21

Th at is, 10 000 wavelengths of this radiation span 1 cm.
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FIG. 1.1 The strength of a bond is 

a measure of the depth of the well 

in the potential energy curve; the 

stiffness—which governs the vibrational 

frequency—is determined by the 

steepness with which the potential 

energy rises as the bond is stretched or 

compressed.
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MAJOR TECHNIQUE 1 Infrared and Microwave Spectroscopy 3

In practice, the vibrational absorption spectrum of a molecule is measured by using an 
“infrared spectrometer.” Th e source of infrared radiation is a hot fi lament and changes in absorp-
tion of the radiation as it passes through the sample at diff erent wavelengths are measured. Th e 
result is a spectrum in which dips occur at the wavelengths of radiation absorbed by the sample.

The Vibrations of Polyatomic Molecules
A nonlinear molecule consisting of N atoms can vibrate in 3N 2 6 diff erent ways, and a linear 
molecule can vibrate in 3N 2 5 diff erent ways. Th e number of ways in which a molecule can 
vibrate increases rapidly with the number of atoms: a water molecule, with N 5 3, can vibrate 
in three ways, but a benzene molecule, with N 5 12, can vibrate in 30 diff erent ways. Some of 
the vibrations of benzene correspond to expansion and contraction of the ring, others to its 
elongation, and still others to fl exing and bending. Each way in which a molecule can vibrate 
is called a normal mode, and so benzene has 30 normal modes of vibration. Each normal 
mode has a frequency that depends in a complicated way on the masses of the atoms that move 
during the vibration and the force constants associated with the motions involved (FIG. 1.2).

Except in simple cases, it is very diffi  cult to predict the infrared absorption spectrum of 
a polyatomic molecule, because each of the modes has its characteristic absorption frequency 
rather than just the single frequency of a diatomic molecule. However, certain groups, such 
as a benzene ring or a carbonyl group, have characteristic frequencies, and their presence can 
oft en be detected in a spectrum. Th us, an infrared spectrum can be used to identify the species 
present in a sample by looking for the characteristic absorption bands associated with various 
groups. An example and its analysis are shown in FIG. 1.3.

A further aid to identifi cation comes from the fact that a molecule commonly has a 
complex series of absorptions spanning a range of wavelengths. Th is fi ngerprint region of the 
spectrum may be too diffi  cult to analyze in detail, but its presence enables the substance to be 
recognized by comparing the spectrum to an atlas of spectra.

Rotations
According to classical physics, a solid body such as a ball can rotate with any energy. According 
to quantum mechanics, however, rotational energy is quantized, and a body can rotate only 
with certain energies—that is, only at certain speeds. A diatomic molecule AB can rotate with 
only the following energies:

EJ 5
h2

8p2�R2 3 J(J 1 1)    J 5 0,1,2, p  (4)

where � 5 mAmB/(mA 1 mB), with mA and mB the masses of the atoms and R the bond length; 
h is Planck’s constant, and J is a quantum number. Th ese energy levels are shown in FIG. 1.4 
for HCl. Th e energy needed to excite a molecule from the general state J to the next higher 
level, J 1 1, is

  ¢E 5 EJ11 2 EJ 5
h2

4p2�R2 3 (J 1 1) (5)

Th is energy diff erence is equivalent to a frequency � 5 DE/h, and photons of this frequency 
excite the molecule to higher rotational energies. Th erefore, to determine a bond length, a 
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FIG. 1.2 (a) The three normal vibrational 

modes of H2O. Two of these modes 

are principally stretching motions of 

the bonds, but mode �2 is primarily 

bending. (b) The four normal 

vibrational modes of CO2. The first 

two are symmetric and antisymmetric 

stretching motions, and the last two are 

perpendicular bending motions.

FIG. 1.3 The infrared spectrum of an 

amino acid, with the groups contributing 

to some of the peaks identified.
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MAJOR TECHNIQUE 1 Infrared and Microwave Spectroscopy4

beam of microwave radiation is passed through a gaseous sample, its frequency is varied, and 
the frequencies, � (nu), that result in a strong absorption are determined. Th e energy of the 
photons corresponding to this frequency is h�, and this value can be set equal to the expres-
sion for the energy diff erence DE. Th e resulting expression is then solved for the value of R, 
the bond length.

Th is technique works only for polar molecules, because only they can interact with 
microwave radiation. An important point is that when a molecule bursts into vibration (as in 
an infrared spectroscopy observation), its rotational state may change, much as when spinning 
ice skaters throw out or draw in their arms. Th erefore, infrared spectra of gas phase molecules 
show a detailed structure due to rotational transitions, and bond length data can be deduced 
from them too.

Exercises

MT1.1 Predict which bond will absorb radiation of shorter wavelength and explain why: 
COH or COCl.

MT1.2 Infrared spectra show absorption due to COH bond stretching at 3.38 mm for a 
methyl (OCH3) group and at 3.1 mm for an alkyne (OCqCOH) group. Which COH 
bond is stiffer (has the larger force constant kf), assuming that the vibrating atoms have 
the same effective mass?

MT1.3 Express a frequency of 975 MHz as a wavenumber in reciprocal centimeters.

MT1.4 Express a frequency of 782 MHz as a wavenumber in reciprocal centimeters.

MT1.5 Vibrational spectra are often so complicated that assignment of a particular 
absorption to a given bond is difficult. One way to confirm that an assignment is correct 
is to carry out selective isotopic substitution. For example, a hydrogen atom could be 
replaced by a deuterium atom. If an iron-hydride (FeOH) stretch occurs at 1950 cm21, 
at what energy will this stretch occur, approximately, for a compound that has deuterium 
in place of the hydrogen?

MT1.6 Certain gases, called greenhouse gases, contribute to global warming by absorb-
ing infrared radiation. Only molecules with dipole moments or nonpolar molecules that 
undergo distortions that create momentary dipoles (such as CO2, see Fig. 1.2) can absorb 
infrared radiation. Which of the following gases, all of which occur naturally in air, can 
function as greenhouse gases? (a) CO; (b) O2; (b) O3; (d) SO2; (e) N2O; (f) Ar.

FIG. 1.4 The infrared absorption 

spectrum of gaseous HCl shows the 

splitting of the vibrational transition 

into closely spaced peaks due to the 

simultaneous excitation of rotation.
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MAJOR TECHNIQUE 2 Ultraviolet and Visible Spectroscopy 5

A spectroscopic technique for identifying compounds and for determining their concentra-
tion in samples is based on the selective absorption and transmittance of visible light and 
ultraviolet radiation by a substance.

The Technique
When electromagnetic radiation falls on a molecule, the electrons in the molecule can be 
excited to a higher energy state. Radiation of frequency � (nu) can raise the energy of the 
molecule by an amount DE,
  ¢E 5 h� (1)
where h is Planck’s constant. In the process that energy is absorbed, provided that an empty 
orbital exists at the right energy. For many molecules, each photon of ultraviolet radiation (with 
wavelengths of 100 to 400 nm) and visible light (with wavelengths in the vicinity of 500 nm) 
brings enough energy to excite an electron into a diff erent distribution. Th erefore, visible and 
ultraviolet absorption give information about the electronic energy levels of molecules.

Visible and ultraviolet absorption spectra are recorded in an absorption spectrometer. Th e 
source generates visible light or ultraviolet radiation and the wavelengths are selected with a 
diff raction grating. Th e incident beam consists of a wide range of wave-
lengths, but constructive interference (Major Technique 3) between rays 
of the same wavelength results in rays that travel in diff erent directions 
from the grating. Th erefore, as the orientation of the grating is changed, 
radiation of a specifi c wavelength is passed through the sample.

An important diff erence from infrared (vibrational) spectra (Major 
Technique 1) is that the electronic excitation generated by visible light 
or UV radiation changes the forces acting on the nuclei of the atoms, 
and they respond by bursting into vibration. In gases, the electronic 
absorption spectrum consists of a series of lines (sharp absorptions) 
with a separation that depends on the vibrational characteristics of the 
molecule. In solution, the battering of the solvent molecules on the 
absorbing molecule broadens these lines so much that they merge into 
each other. As a result, the absorption spectrum consists of a series of 
broad bands rather than individual lines. A typical absorption spectrum, 
that of chlorophyll, is shown in FIG. 2.1. Note that chlorophyll absorbs 
both red and blue light, leaving the green light present in white light to 
be refl ected. Th at is why most vegetation looks green.

Chromophores
Th e presence of certain absorption bands in visible and ultraviolet spectra can oft en be traced 
to the presence of characteristic groups of atoms in the molecules. Th ese groups of atoms are 
called chromophores, from the Greek words for “color bringer.”

A carbon–carbon double bond is an important chromophore. When a photon is absorbed 
by it, an electron is excited from a bonding p-orbital to the corresponding antibonding orbital, 
p*. Th is transition is therefore known as a p-to-p* (pi-to-pi star) transition (FIG. 2.2); it 
occurs at a wavelength of about 160 nm, which is in the ultraviolet region. Th e transition can 
be brought into the visible region by decreasing the separation between the bonding and anti-
bonding orbitals. Th ese orbitals lie close in energy when the molecule has a long chain of alter-
nating single and double bonds. Such “conjugated” double bonding between carbon atoms 
occurs in b-carotene (1), the precursor of vitamin A, which is partly responsible for the color 
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FIG. 2.1 The optical absorption spectrum of chlorophyll as 

a plot of molar absorption coefficient against wavelength. 

Chlorophyll a is shown in red, chlorophyll b in blue.

*

FIG. 2.2 In a p-to-p* transition, an 

electron in a bonding p-orbital is excited 

into an empty antibonding p*-orbital.1   -Carotene, C40H56
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MAJOR TECHNIQUE 2 Ultraviolet and Visible Spectroscopy6

of carrots, mangoes, and persimmons. Th e p-to-p* 
transition is also responsible for the primary act of 
vision, as explained in Topic 2F.

Another important chromophore is the car-
bonyl group, .CPO, which absorbs at a wave-
length of about 280 nm. Th e transition responsible 
for the absorption is the excitation of a lone-pair 
electron on the oxygen atom (a “nonbonding” 
electron, denoted n) into the empty antibonding 
p*-orbital of the CPO double bond (FIG. 2.3). 
Th is transition is therefore called an n-to-p* (n-to-
pi star) transition.

A d-metal ion may also be responsible for color, 
as is apparent from the varied colors of many d-met-
al complexes (Topic 9D). Two types of transitions 
may be involved. In one, which is called a d-to-d 
transition, an electron is excited from a d-orbital of 
one energy to a d-orbital of higher energy. Because 
the energy diff erences between d-orbitals are quite 

small, a photon of visible light brings enough energy to cause this excitation; various colors are 
absorbed from white light and the sample takes on colors complementary to those absorbed 
(FIG. 2.4): a “complementary color” is the color that white light becomes when a specifi c color 
is removed from it. In a second type of transition involving d-orbitals, called a charge-transfer 
transition, electrons migrate from the ligands (the groups attached to the central metal atom) 
into the atom’s d-orbitals, or vice versa. Th is charge-transfer transition can result in very intense 
absorption; it is responsible, for instance, for the deep purple of permanganate ions, MnO4

2.
Th e presence of highly delocalized electrons in the large molecules found in the petals of 

fl owers and in fruits and vegetables is largely responsible for their colors. An electron in a p 
system of such a molecule is like a particle in a box comparable in size to the whole molecule. 
Because the “box” is large, the energy levels are close together and the highest occupied molec-
ular orbital (HOMO) is not far removed in energy from the lowest unoccupied molecular 
orbital (LUMO, FIG. 2.5). Photons of visible light have enough energy to excite the electrons 
across this small energy gap, and the absorption of these photons results in the perceived col-
ors. For example, lycopene (2), the red compound that gives tomatoes their color, has a highly 
delocalized p system. Related compounds account for the colors of shrimp and fl amingoes.

*

n

FIG. 2.3 In an n-to-p* transition 

of a carbonyl group, an electron in 

a nonbonding orbital (one localized 

wholly on the oxygen atom) is excited 

into an antibonding p*-orbital spread 

over both atoms.
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FIG. 2.4 The perceived color of a complex 

in white light is the complementary color 
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FIG. 2.5 In large molecules, there 

are many closely spaced energy levels 

and the HOMO–LUMO gap is quite 

small. Such molecules are often colored 

because photons of visible light can be 

absorbed when electrons are excited 

from the HOMO to the LUMO.

2   Lycopene, C40H54

Exercises
MT2.1 Dye molecules are of commercial importance because they are very intensely 
colored. Most dye molecules possess many multiple bonds and are often aromatic. How 
do these multiple bonds contribute to the absorption characteristics of the dye molecule?

MT2.2 Treat the p system of a dye molecule composed of a conjugated carbon chain of N 
carbon atoms as a box of length NR, where R is the average COC bond length. Given that 
each C atom contributes one electron and that each orbital can accommodate two elec-
trons, derive an expression for the wavelength of the light absorbed by the lowest-energy 
transition. Should you increase or decrease the number of carbon atoms in the chain to 
shift the wavelength to longer values?

MT2.3 In which of the following molecules could there be an n-to-p* transition? Explain 
your choices. (a) Formic acid, HCOOH; (b) ethyne, C2H2; (c) methanol, CH3OH; (d) 
hydrogen cyanide, HCN.

MT2.4 Aqueous solutions of compounds containing the Cu21 ion are blue as a result of 
the presence of [Cu(OH2)6]21. Does this complex absorb in the visible region? Suggest 
an explanation.
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MAJOR TECHNIQUE 3 X-ray Diffraction 7

When two or more waves pass through the same region of space, the phenomenon of interfer-
ence is observed as an increase or a decrease in the total amplitude of the wave (FIG. 3.1):

• Constructive interference, an increase in the total amplitude of the wave, occurs when 
the peaks of one wave coincide with the peaks of another wave. If the waves are electromagnetic 
radiation, the increased amplitude corresponds to an increased intensity of the radiation.• Destructive interference, a decrease in the total amplitude of the waves, occurs when 
the peaks of one wave coincide with the troughs of the other wave: it results in a reduction in 
intensity.

Th e phenomenon of diff raction is interference between waves that arises when there is an 
object in their path. One of the earliest demonstrations of interference was the “Young’s slit 
experiment,” in which light passes through two slits and gives rise to a pattern on a screen. If 
you were presented with the pattern and were told the wavelength of the light and the distance 
of the detection screen from the screen containing the slits, it would be possible to work out the 
spacing of the two slits.

X-ray diff raction is a more elaborate version of the Young’s slit experiment. Th e regular 
layers of atoms in a crystal act as a three-dimensional collection of slits and give rise to a 
diff raction pattern that varies as the crystal is rotated and the “slits” are brought into a new 
arrangement. Th e task for the x-ray crystallographer is to use the diff raction pattern to deter-
mine the spacing and arrangement of the “slits” that gave rise to it. Th is enormously complex 
task is universally carried out using computers.

Why x-rays? Diff raction occurs when the wavelength of the radiation is comparable to 
characteristic spacings within the object causing the diff raction. Th erefore, to obtain diff rac-
tion patterns from layers of atoms, it is necessary to use radiation with a wavelength compa-
rable to the spacing of the layers. Th e separation between layers of atoms in a crystal and of 
atoms in molecules is about 100 pm, and so electromagnetic radiation of that wavelength, 
which corresponds to the x-ray region, must be used.

X-rays are generated by accelerating electrons to very high speeds and then letting them 
plunge into a metal target. Th is technique generates two types of x-radiation. One type comes 
from the bombarding electrons themselves. Because accelerating and decelerating charges emit 
electromagnetic radiation, the electrons generate radiation as they are brought to a standstill in 
the metal. Th e radiation covers a wide range of frequencies, including that of x-rays. However, 
for current versions of x-ray diff raction, a well-defi ned wavelength is needed. Such radiation 
is generated by a second mechanism. Th e fast electrons hit electrons occupying orbitals in the 
inner shells of atoms and drive them out of the atom. Th at collision leaves a gap in the atom, 
which is fi lled when an electron in another shell falls into the vacancy. Th e diff erence in energy 
is carried away as a photon. Because the energy diff erence between shells is so great, the photon 
has a very high energy, corresponding to the x-ray region of the electromagnetic spectrum. 
When copper is used as the target, for example, the x-radiation generated in this way has a 
wavelength of 154 pm.

In the powder diff raction technique, a monochromatic (single-frequency) beam of x-rays 
is directed at a powdered sample spread on a support, and the diff raction intensity is measured 
as the detector is moved to diff erent angles (FIG. 3.2). Th e pattern obtained is characteristic of 
the material in the sample, and it can be identifi ed by comparison with a database of patterns. In 
eff ect, powder x-ray diff raction takes a fi ngerprint of the sample. It can also be used to identify the 
size and shape of the unit cell by measuring the spacing of the lines in the diff raction pattern. Th e 
central equation for analyzing the results of a powder diff raction experiment is Bragg’s equation,
  2d sin � 5 � (1)
which relates the angle � (theta), at which constructive interference occurs, to the spacing, 
d, of layers of atoms in the sample, for x-rays of wavelength � (lambda). For instance, if con-
structive interference is observed at � 5 11.28 when using x-rays of wavelength 151 pm, the 
separation of the layers in the crystal sample would be reported as

d 5
�

2 sin�
5

154 pm
2 sin11.2°

5 396 pm

Th e single-crystal diff raction technique is much more elaborate and gives much richer 
information. Th e fi rst task is to grow a perfect single crystal of the sample. Whereas that task is 
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FIG. 3.1 (a) Constructive interference. 

The two component waves (thinner 

lines) are “in phase” in the sense that 

their peaks and troughs coincide. The 

resultant (thicker line) has an amplitude 

that is the sum of the amplitudes of the 

components. The wavelength of the 

radiation is not changed by interference, 

only the amplitude is changed. 

(b) Destructive interference. The two 

component waves are “out of phase” 

in the sense that the troughs of one 

coincide with the peaks of the other. 

The amplitude of the resultant is much 

lower than in the case of constructive 

interference of either component.
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Diffracted
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Incident
ray
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FIG. 3.2 In the powder diffraction 

technique, a sample is spread on a 

flat plate and exposed to a beam of 

monochromatic (single-frequency) 

x-rays. The diffraction pattern (inset) is 

recorded by moving the detector to 

different angles.
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MAJOR TECHNIQUE 3 X-ray Diffraction8

usually straightforward for simple inorganic solids, it is oft en one of the most diffi  cult parts of 
the investigation for the huge molecules characteristic of biologically important compounds 
such as proteins. Only a tiny crystal is needed, about 0.1 mm on a side, but the task of grow-
ing one can be very challenging. Once the crystal has been grown, it is placed at the center 
of a “four-circle diff ractometer” (FIG. 3.3), a device for rotating the crystal and the detector 
so that the entire three-dimensional diff raction pattern can be recorded under the control of 
a computer.

Th e raw data consist of the intensities of the x-rays at all the settings of the angles in 
the diff ractometer. Th e computational task is to analyze these measurements and convert 
them into the locations of the atoms. Th e process of conversion is called Fourier synthesis 
and requires lengthy calculations carried out on a computer that is an integral part of the 
diff ractometer. Th e end product is a detailed description of the location of all the atoms in 
the molecule, the bond lengths, and the bond angles. Th e most spectacular achievement of 
this kind was the elucidation of the functioning of the genetic messenger, DNA, where x-rays 
were a source of insight into the workings of life itself. Even at this stage in your studies, you 
can begin to see the spark that ignited Watson and Crick’s vision of the structure of DNA. 
FIGURE 3.4 shows the characteristic X pattern obtained by Rosalind Franklin. Th e two 
crossed arms of the X told Franklin that the molecule must be a helix, and from the slopes 
of the arms and the diff raction spots along them Watson and Crick were able to deduce its 
pitch (the distance between turns) and radius. Th e two arcs at the top and bottom of the 
photograph represent diff raction through a big angle and therefore a narrow spacing; this 
they could interpret in terms of the spacing of the nucleotide bases along the helix, with 10 
bases per turn of helix.

Exercises

MT3.1 A reflection from a cubic crystal was observed at � 5 12.18 when x-rays of wave-
length 152 pm were used. (a) What is the separation of layers causing this reflection? 
(b) At what angle would you detect the reflection arising from planes at twice the layer 
separation?

MT3.2 “Graphite bisulfates” are formed by heating graphite with a mixture of sulfuric 
and nitric acids. In the reaction, the graphite planes are partially oxidized. There is 
approximately one positive charge for every 24 carbon atoms, and the HSO4

2 anions are 
distributed between the planes. (a) What effect is this oxidation likely to have on the elec-
trical conductivity? (b) What effect would you expect it to have on the x-ray diffraction 
pattern observed for this material?

MT3.3 The following diagram shows two lattice planes from which two parallel x-rays are 
diffracted. If the two incoming x-rays are in phase, derive Bragg’s equation 2d sin � 5 � for 
the angle at which diffraction occurs. Hint: Identify the angle at which the peaks of the 
outgoing waves coincide, given that the peaks of the incoming waves do coincide; focus 
on the path length difference of the two rays.

d

θ

1

2
X-rays

Lattice layer 1

Lattice layer 2

MT3.4 X-rays generated from a copper target have a wavelength of 154 pm. If an 
x-ray beam of this type is passed through a single crystal of NaBr, a diffracted beam is 
observed when the incident x-ray beam is at an angle of 7.428 to the surface of the crys-
tal. What is the minimum spacing between the planes in the crystal that give rise to this 
diffracted beam?

Circle 1

Circle 2

Circle 3

Circle 4

To
detector

Crystal

X-ray
beam

FIG. 3.3 A four-circle diffractometer 

is used to obtain highly detailed 

information about x-ray diffraction 

patterns from single crystals. The 

diffraction pattern is monitored as the 

orientations around each of the four 

axes are changed.

FIG. 3.4 The x-ray diffraction pattern 

that led to the elucidation of the 

structure of DNA. (Science Source.)
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MAJOR TECHNIQUE 3 X-ray Diffraction 9

MT3.5 Constructive interference at 7.238 was observed from a crystal when x-radiation 
from a molybdenum source (� 5 71.0 pm) was used. What is the spacing of the layers of 
atoms responsible for the diffraction?

MT3.6 Constructive interference at 12.18 was observed from a cubic crystal when 
x-radiation of wavelength 152 pm was used. What is the spacing of the layers of atoms 
responsible for the diffraction?

MT3.7 The unit-cell edge length of lithium fluoride is 401.8 pm. What is the smallest 
angle at which the x-ray beam generated from a molybdenum source (� 5 71.07 pm) 
must strike the planes making up the faces of the unit cell for the beam to be diffracted 
from those planes?

MT3.8 Could electrons be used for diffraction studies of molecules? The energy of an 
electron accelerated through a potential difference V (in volts) is eV. What potential 
difference is needed to accelerate electrons from rest so that they have a wavelength of 
100 pm? Hint: Use the de Broglie relation (Topic 1B) and the fact that acceleration of an 
electron from rest to an energy eV gives it a kinetic energy of 1

2 mev
2.

MT3.9 Could neutrons be used for diffraction studies of molecules? The average kinetic 
energy of neutrons in a beam at a temperature T is 1

2 kT , where k is Boltzmann’s constant. 
What temperature is needed to achieve a wavelength of 100. pm for a neutron?
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MAJOR TECHNIQUE 4 Chromatography10

Th e scent of a fl ower may be due to hundreds of diff erent compounds, so it is diffi  cult for per-
fume manufacturers to duplicate fl oral scents. Establishing the identities and relative amounts 
of the components of a fragrance was actually impossible until the development of chroma-
tography. Related techniques are used in forensic laboratories to match samples of fl uids, by 
food manufacturers to test product quality, in spacecraft  to search for evidence of life on other 
planets, and at security installations to sniff  out dangerous materials.

Solvent Extraction
If an aqueous solution of a compound is shaken with another liquid that is immiscible (mutu-
ally insoluble) with water, some of the compound may dissolve in the other solvent. For 
example, molecular iodine, I2, is very slightly soluble in water but is highly soluble in tetrachlo-
romethane, CCl4, which is immiscible with water. When tetrachloromethane is added to water 
containing iodine, most of the iodine dissolves in the CCl4. Th e solute is said to partition itself 
between the two solvents. Solvent extraction is used to obtain plant fl avors and aromas from 
aqueous slurries of the plant that have been crushed in a blender.

In some cases, the solids themselves are subjected to extraction by a solvent. For example, 
in one process used to decaff einate coff ee, the coff ee beans are mixed with activated charcoal 
and a high-pressure stream of “supercritical carbon dioxide” (carbon dioxide at high pressure 
and above its critical temperature, Topic 5B) is passed over them at approximately 90 8C. Th e 
carbon dioxide removes the soluble caff eine preferentially, without extracting the fl avoring 
agents, and evaporates without leaving a harmful residue.

Liquid Chromatography
In the early part of the twentieth century, the Russian botanist M. S. Tsvet found a way to sepa-
rate the many pigments in fl owers and leaves. He ground up the plant materials and dissolved 
the pigments, and then poured the solution over the top of a vertical tube of ground chalk. Th e 
diff erent pigments trickled through the chalk at diff erent rates, producing colored bands in the 
tube, inspiring the name chromatography (“color writing”). Th e separation occurred because 
the diff erent pigments were absorbed to diff erent extents by the chalk.

Chromatography is one of the most powerful and widely used means for separating 
mixtures, because it is oft en inexpensive and it can be used to provide quantitative as well as 
qualitative information. Th e simplest method is paper chromatography. A drop of solution is 
placed near the bottom edge of the “stationary phase,” an absorbent support, such as a strip of 
paper. Th e “mobile phase,” a fl uid solvent, is added below the spot and the solvent is absorbed 
on the support. As the mobile phase rises up the stationary phase by capillary action, the mate-
rials in the spot are carried upward at a rate that depends on how strongly they are adsorbed 
on (adhere to) the stationary phase (FIG. 4.1). Th e more strongly the solute is adsorbed on 
the stationary phase, the longer it will take to travel up the support.

Th e same concepts apply to column chromatography, where the stationary phase is 
normally small particles of silica, SiO2, or alumina, Al2O3. Th ese substances are not very reac-
tive and have specially prepared surfaces to increase their adsorption ability. Th e column is 
saturated with solvent, and a small volume of solution containing the solutes is poured onto 
the top. As soon as it has soaked in, more solvent is added. Th e solutes travel slowly down the 
column and are eluted (removed as fractions) at the bottom (FIG. 4.2). If the mobile phase 
is less polar than the stationary phase, the less polar solutes will be eluted fi rst and the more 
polar ones last.

To improve the separation of the solutes in a mixture, high-performance liquid chro-
matography (HPLC) was developed. In this technique, the mobile phase is forced under high 
pressure through a narrow column, yielding excellent separation more quickly. HPLC has 
become the primary means of monitoring the use of therapeutic drugs and of detecting drug 
abuse; it is also used to separate the compounds contributing to the fragrances of fl owers.

MAJOR TECHNIQUE 4 Chromatography

a

b

(a)

(b)

FIG. 4.1 Two stages in a paper 

chromatography separation of a mixture of 

two components. (a) Before separation; 

(b) after separation. The relative values 

of the distances a and b are used to 

identify the components.

FIG. 4.2 A column chromatography experiment. The mixture is placed on top of the column (left). 

As the solvent passes through the support, the mixture is washed down the column and separates 

into bands.
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MAJOR TECHNIQUE 4 Chromatography 11

Gas Chromatography
Volatile compounds can be separated in a gas chromatograph, in which the mobile phase is 
usually a relatively unreactive carrier gas such as helium, nitrogen, or hydrogen. Th e principles 
are the same as those for liquid chromatography, but the output is more oft en a chromatogram, 
rather than a series of eluted samples (FIG. 4.3). Th e chromatogram shows when each solute 
was eluted, and the peak areas tell how much of each component is present. Th e identity of the 
solute producing each peak can be determined by comparing its location against a database 
of known compounds.

In gas–liquid partition chromatography (GLPC), the stationary phase is a liquid that 
coats the particles in the tube or the walls of the tube. Oft en the tube itself is very narrow and 
up to 100 m long, and has to be coiled (FIG. 4.4). Solutes are separated, as in liquid chro-
matography, by their relative solubility in the gas and liquid phases. In gas–solid adsorption 
chromatography, solid particles coat the inside of the narrow tube. Th e solute vapors are 
separated by their relative attraction for the solid particles. In both cases, it is relative polarity 
that determines the distances between peaks.

As the vapor leaves the tube, the compounds in the sample are detected by a device 
such as a thermal conductivity detector. Th is instrument continuously measures the thermal 
conductivity (the ability to conduct heat) of the carrier gas, which changes when a solute is 
present. Th e detection techniques are very sensitive, allowing tiny amounts of solutes to be 
detected. Many environmental monitoring and forensic applications have been developed.

Some detectors can give additional information about the eluted solutes. One example is 
the gas chromatograph–mass spectrometer (GC–MS), which produces a mass spectrum of 
each compound as well as its relative abundance and location in the chromatogram (see Major 
Technique 5). Th is powerful means of detection can be used when standard samples are not 
available to help determine the identities of the solutes. A beam of electrons bombards each 
compound as it emerges from the chromatograph. Th e compound breaks up into ions of dif-
ferent masses, providing a spread of narrow peaks instead of one peak for each compound. 
Th e relative amount of each fragment is determined and used to help identify the compound.

Exercises

MT4.1 A pair of amino acids is separated in a column in which the stationary phase 
is saturated with water and the mobile phase is methanol, CH3OH. The more polar the 
acid, the more strongly it is adsorbed by the stationary phase. The amino acids that were 
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FIG. 4.3 A gas chromatogram of a mixture of 

pesticides from farmland. The relative areas of the peaks 

indicate the relative abundances of the compounds.

Detector

Sample
injection

Carrier
gas

Oven

Coiled column

FIG. 4.4 A schematic representation of the arrangement in 

a gas chromatograph. The coiled column, which is packed 

with the stationary phase, may be as long as 100 m.
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MAJOR TECHNIQUE 4 Chromatography12

separated in this column are (a) HOOCCH(NH2)CH2OH and (b) HOOCCH(NH2)CH3. 
Which amino acid will be retained in the column longer?

MT4.2 Inorganic cations can be separated by liquid chromatography according to their 
ability to form complexes with chloride ions. For the separation, the stationary phase is 
saturated with water and the mobile phase is a solution of HCl in acetone. The relative 
solubilities of the following chlorides in concentrated hydrochloric acid are CuCl2 . 
CoCl2 . NiCl2. What is the order of elution of these compounds?

MT4.3 A pair of amino acids is separated in a column in which the stationary phase is satu-
rated with water and the carrier solvent is methanol, CH3OH. The more polar the acid, the 
more strongly it is adsorbed by the stationary phase. The amino acids that were separated 
in this column are (a) HOOCCHNH2CH2COOH and (b) HOOCCHNH2CH(CH3)2. 
Which amino acid would you expect to be eluted first? Explain your reasoning.

MT4.4 Compounds A and B were extracted from a sample of Martian soil. A mixture of 
0.52 mg of A and 2.30 mg of B in 1.00 mL of solution was separated by gas chromatogra-
phy. The areas of the two peaks were 5.44 cm2 for A and 8.72 cm2 for B. A second solution 
contained an extract with an unknown amount of A. To determine the concentration of A 
in the solution, 2.00 mg of B was added to 2.0 mL of the solution, which was then intro-
duced into a gas chromatograph. Peak areas of 3.52 cm2 for A and 7.58 cm2 for B were 
measured. What is the concentration of A in the second solution?
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MAJOR TECHNIQUE 5 Mass Spectrometry 13

In mass spectrometry, a magnetic fi eld is used to separate ions by their masses. Th is technique 
is one of the most powerful analytical methods because it provides both quantitative and quali-
tative information about the substance being analyzed, it requires only tiny samples, and it can 
be conducted in the fi eld, by using lightweight, portable units. Mass spectrometry is used to 
determine isotopic abundance (Fundamentals B), to study the composition of bone and other 
body tissues, to analyze the blood of newborns for congenital diseases, to detect vanishingly 
small concentrations of drugs in urine, and to determine the structure of the human genome.

The Technique
One classic type of mass spectrometer is described in Fundamentals B. Another type of mass 
spectrometer is the large-magnet mass spectrometer (FIG. 5.1). In each case, the spectrom-
eter uses the extent to which charged particles are defl ected by a magnetic fi eld to determine 
the relative masses of the particles. In a mass spectrometer, the sample is fi rst vaporized and 
then ionized. Th e resulting ions are accelerated by an electric fi eld into a narrow beam that, as 
it passes between a set of magnets, is defl ected toward a detector. Th e heavier the particle, the 
less it is defl ected, and the degree of defl ection allows the relative masses of the particles to be 
determined. Th e results are displayed as a series of peaks, with the height of each peak being 
proportional to the relative number of particles with a given mass.

Th e entire spectrometer must fi rst be evacuated (have all the air pumped out) to ensure 
that no gas molecules can collide with the ions produced from the sample and defl ect them 
in unpredictable ways. Th en the sample is introduced in the form of a vapor into the sample 
inlet chamber and through a pinhole into the ionization chamber. In this chamber, rapidly 
moving electrons collide violently with the molecules of the vapor. When one of the acceler-
ated electrons collides with a molecule, the colliding electron knocks another electron out of 
the molecule, leaving a molecular cation. Th e molecular ion may split apart into two or more 
charged fragments. Th e positive ions—the original molecular ions and their fragments—are 
accelerated out of the chamber by a strong electric fi eld applied across a series of metal grids. 
Th e speeds reached by the ions depend on their masses: light ions reach higher speeds than 
heavier ones.

Th e rapidly moving ions pass between the poles of an electromagnet. Th e magnetic fi eld 
bends the paths of the ions to an extent that depends on their speeds and on the strength of 
the fi eld. In the large-magnet mass spectrometer, the magnetic fi eld is kept constant but the 
strength of the electric fi eld is varied, and so the molecular ions are accelerated to diff erent 
speeds. At a given electric fi eld strength, ions of only one particular mass reach the detector. 
Any ions with diff erent masses collide with the walls of the chamber. Th e strength of the elec-
tric fi eld is varied and the result is a mass spectrum—a plot of the detector signal against the 
strength of the electric fi eld. Th e positions of the peaks in the mass spectrum give the mass-to-
charge ratios of the ions. If all the ions have charges of 11, then the peaks give the mass ratios 
and their relative heights give the proportions of ions of various masses.

The Mass Spectrum
If the sample consists of atoms of one element, the mass spectrum gives the isotopic distribu-
tion of the sample. Th e relative molar masses of the isotopes can be determined by compari-
son with atoms of carbon-12. If the sample is a compound, the formula and structure of the 
compound can be determined by studying the fragments. For example, the 11 ions that CH4 
could produce are CH4

1, CH3
1, CH2

1, CH1, C1, and H1. Some of the particles that strike 
the detector are those that result when the molecule simply loses an electron (for example, to 
produce CH4

1 from methane):
molecule 1 e2 ¡ molecule1 1 2 e2

Th e mass of this molecular ion, the “parent” ion, is called the “parent mass.” Th e parent ion 
has essentially the same molar mass as the compound itself.* However, if the electron beam 

MAJOR TECHNIQUE 5 Mass Spectrometry

Pinhole
Sample

Electron beam

Accelerating fieldTo pump

Magnet

Detector

FIG. 5.1 The layout of a large-magnet 

mass spectrometer.

*Th e molar masses of parent ions are for single isotopes. Th us, HCl will show parent masses of 35.98 and 
37.97 g?mol21 whereas the average mass (Fundamentals E) is 36.46 g?mol21. Th e two peaks have a ratio 
of approximately 3:1 corresponding to the distribution of 35Cl and 37Cl in naturally occurring chlorine.
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MAJOR TECHNIQUE 5 Mass Spectrometry14

is moving at a very high speed, only fragments of the molecule may survive. Some fragments 
are almost always produced, and other information must be used to help with the inter-
pretation. For example, a sample of a known compound can be analyzed and its spectrum 
compared to that of an unknown sample to look for similar fragments. Th e sample can also 
be passed through a gas chromatograph fi rst (Major Technique 4). Th e chromatogram allows 
comparison with a large number of possible compounds, and the mass spectrum verifi es the 
identifi cation.

Th e identifi cation of a molecular structure from a mass spectrum requires good chemical 
detective work. For instance, suppose you were trying to identify a simple compound, the one 
that produced the mass spectrum summarized in the Table. Th e parent mass is 18, 19, or 20. If 
the parent mass is 20, the compound could be HF. However, fl uorine has only one stable iso-
tope, fl uorine-19, so the large peaks at 17 and 18 are not explained. Because of the very small 
abundances of the peaks at 19 and 20, it is likely that they represent the less abundant isotopes 
of one or more of the elements in the compound. You can conclude that the parent mass is 
18 and the compound is probably H2O. Th e peaks at 19 and 20 would be due to the mass of 
parent molecules containing naturally occurring isotopes such as oxygen-18 and deuterium. 
Th e peak at 17 represents the OH1 fragment, the peak at 16 would be O1 ions, and the peak 
at 1 the few H1 ions that form in the ionization process.

More complex detective work is required to analyze large biomolecules and drugs. 
However, fragmentation generally follows predictable patterns, and one compound can be 
identifi ed by comparing its mass spectrum with those of other known compounds with similar 
structures. FIGURE 5.2 shows the spectrum of a sample of blood from a newborn infant. Th e 
blood is being analyzed to determine whether the child has phenylketonuria. Th e presence of 
the compound phenylalanine is a positive indication of the condition. Some phenylalanine 
labeled with a radioactive isotope has been injected along with the sample to identify the parent 
mass. Th e radioactive compound, which contains an isotope making it 5mu heavier than the 
phenylalanine, appears in the spectrum 5mu above it, thereby allowing a positive identifi cation 
of the presence of the chemical.

Exercises

MT5.1 A chemist obtains the mass spectrum of 1,2-dichloro-4-ethylbenzene. Give 
at least four possible fragments and the masses at which you would expect them to 
occur. Chlorine has two naturally occurring isotopes: 35Cl, 34.969mu, 75.53%; and 37Cl, 
36.966mu, 24.47%. The mass of 1H is 1.0078mu.

MT5.2 How will the mass spectrum of D2O differ from that described in the text for H2O?

MT5.3 The occurrence of isotopes of some elements allows the presence of these ele-
ments to be readily identified in a mass spectrum of a compound. For example, Br has 
two naturally occurring isotopes with masses 79mu and 81mu, in abundances 50.5% and 
49.5%, respectively. How will this information make the determination of the number of 
bromine atoms in an organic molecule relatively easy? For example, in the bromination 
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FIG. 5.2 The two phenylalanine peaks 

include the radioactive tracer (the right-

hand peak) and the phenylalanine in 

the blood (the peak 5mu to the left). 

The presence of the latter peak shows 

that the baby from whom the blood was 

drawn has phenylketonuria.

m/z* Peak intensity as a percentage of largest peak

  1  ,0.1

16  1.0

17  21.0

18  100.0

19  0.08

20  0.22

The Mass Spectrum of an Unknown Compound

*Th e quantity m/z is the conventional notation for the mass-to-charge ratio 
of molecular ions, with the mass a multiple of the atomic mass constant mu 
and the charge z, the total charge on the ion divided by the fundamental 
charge e.
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MAJOR TECHNIQUE 5 Mass Spectrometry 15

of an alkane, it is possible that a number of products with more than one bromine atom 
might be produced.

MT5.4 A chemist treats toluene (methylbenzene) with chlorine in the presence of 
a metal catalyst. A sample of the reaction mixture is injected into a GC-MS unit (gas 
chromatograph–mass spectrometer). One of the compounds that is separated by using 
gas chromatography gives a mass spectrum with peaks at 128mu, 126mu, 113mu, 111mu, 
and 91mu, among others. The peak at 128mu is approximately one-third the size of the 
peak at 126mu, and the peak at 113mu is approximately one-third the size of the peak at 
111mu. What is the likely composition of this compound, and what fragments may be 
assigned to these peaks?
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MAJOR TECHNIQUE 6 Nuclear Magnetic Resonance16

Nuclear magnetic resonance (NMR) is the principal technique for the identifi cation of organic 
compounds and is among the leading techniques for the determination of their structures. 
Th e technique has also been developed, as magnetic resonance imaging (MRI), as a diagnostic 
procedure in medicine.

The Technique
Many atomic nuclei behave like small bar magnets, with energies that depend on their ori-
entation in a magnetic fi eld. An NMR spectrometer detects transitions between these energy 
levels. Th e nucleus most widely used for NMR is the proton. Two other very common nuclei, 
those of carbon-12 and oxygen-16, are nonmagnetic, so they are invisible in NMR.

Like an electron, a proton possesses the property of spin, which for elementary purposes 
can be thought of as an actual spinning motion. Because a proton has an electric charge and 
because a moving charge generates a magnetic fi eld, a proton acts as a tiny bar magnet that can 
have either of two orientations, which are denoted c (or a) and T (or b). In the presence of a 
magnetic fi eld, these two orientations have diff erent energies.

If the sample is exposed to electromagnetic radiation, the nuclei are fl ipped from one 
orientation to another when the energy of the incoming photons (which is h�, where � is the 
frequency of the radiation) matches the energy separation of the two spin orientations. Th e 
strong coupling between nuclei and radiation that occurs when this condition is satisfi ed is 
called resonance. At resonance, the radiation is strongly absorbed and a sharp peak appears in 
the detector output. Superconducting magnets are used to generate very high magnetic fi elds, 
and resonance requires radio-frequency radiation at about 500 MHz.

Each proton in a compound comes into resonance at a frequency related to its location in 
the molecule and strength of the external magnetic fi eld. FIGURE 6.1, for instance, shows the 
NMR spectrum of ethanol. Th ere are three groups of peaks and a characteristic pattern of split-
ting within the groups. Because all compounds that contain hydrogen give a characteristic NMR 
fi ngerprint, or pattern of peaks, many can be recognized by comparing the observed pattern 
with a library of patterns from known substances or by calculating the expected pattern of lines.

The Chemical Shift
Th e separation of the absorption into groups of lines is due to the diff erent proton environ-
ments within the molecule. Th us, in ethanol, CH3CH2OH, three protons are present in the 
methyl group (CH3), two are present in the methylene group (CH2), and one is present in the 
hydroxyl group (OH). Th e applied magnetic fi eld acts on the electrons in these three groups 
and causes them to circulate throughout the nuclear framework. Th ese circulating charged 
particles give rise to an additional magnetic fi eld, and so the protons in each of the three 
groups experience a local magnetic fi eld that is not the same as the applied magnetic fi eld. 
Because the electronic structure in each of the groups is diff erent, the protons in each group 
experience slightly diff erent local magnetic fi elds. As a result, slightly diff erent radio-frequency 
fi elds are needed to bring them into resonance, and three groups of peaks are observed in the 
NMR spectrum.

Each group of protons is said to have a characteristic chemical shift . Th e measurement 
of the chemical shift  helps to identify the type of group responsible for the absorption and 
indicates what groups are present in the molecule. Th e chemical shift  of a group of lines is 
expressed in terms of the � scale (delta scale), which measures the diff erence in absorption 
frequency between the sample (�) and a standard (�8):

  � 5
� 2 �°

�°
3 106 (1)

Th e standard is typically tetramethylsilane, Si(CH3)4, which has a lot of protons and dissolves 
in many samples without reaction. Each group has a characteristic chemical shift , although the 
precise value depends on the other groups attached to the group of interest. For instance, if a 
resonance is observed at � 5 1, it is likely to be due to a methyl group in an alcohol.*

MAJOR TECHNIQUE 6 Nuclear Magnetic Resonance

*Chemical shift s are sometimes expressed in parts per million, such as � 5 1 ppm for the methyl reso-
nance; just ignore the ppm in calculations.
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FIG. 6.1 The NMR spectrum of 

ethanol. The red letters denote the 

protons that give rise to the associated 

peaks.
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MAJOR TECHNIQUE 6 Nuclear Magnetic Resonance 17

Th e intensities (heights) of the peaks are proportional to the numbers of protons that 
they represent. Th e three peaks in the ethanol spectrum, for example, have overall intensities 
in the ratio 3:2:1, as would be expected for the three methyl, two methylene, and one hydroxyl 
protons.

The Fine Structure
Th e fi ne structure of the spectrum is the splitting of the resonance into sharp peaks. Note that 
the methyl resonance in ethanol at � 5 1 consists of three peaks with intensities in the ratio 
1:2:1. Th e fi ne structure arises from the presence of other magnetic nuclei close to the protons 
undergoing resonance. Th e fi ne structure of the methyl group in ethanol, for instance, arises 
from the presence of the protons in the neighboring methylene group.

Protons in the methyl group in ethanol can sense the spins of the two neighboring 
methylene (OCH2O) group protons. Four orientations are possible for these two protons: 
aa, ab, ba, and bb. First, suppose they are aa. Th is arrangement gives rise to a magnetic 
fi eld that the methyl protons experience in addition to the applied magnetic fi eld, so they 
come into resonance at the corresponding frequency. Now suppose the CH2 protons are bb, 
then the methyl protons experience a diff erent local magnetic fi eld and come into resonance 
at a diff erent frequency. If the CH2 protons happen to be either ab or ba, then the magnetic 
fi eld arising from the a spin cancels the fi eld arising from the b spin; so the local fi eld that the 
methyl protons experience is the same as it would be in the absence of any neighbors, and they 
resonate at the characteristic frequency. Because there are two arrangements (ab and ba) that 
give this resonance, the central line of the resonance will be twice as intense as the two outer 
lines (which arise when the neighbors are aa and bb, respectively). Th us, a 1:2:1 fi ne structure 
is expected, just as observed.

If there are three equivalent protons in a nearby group (as there are for ethanol’s methylene-
group resonance, because the methylene group has a methyl group as a neighbor), then four 
lines are expected in the intensity ratio 1:3:3:1, just as observed. Four equivalent neighbor-
ing protons yield lines in the intensity ratio 1:4:6:4:1, fi ve produce intensities in the ratios 
1:5:10:10:5:1, and so on.

Th e hydroxyl resonance is not split by the other protons in the molecule because its 
proton is very mobile: it can jump from one ethanol molecule to another ethanol molecule 
or to any water molecules present. As a result, the proton does not stay on one molecule long 
enough to show any characteristic splitting or to give rise to splitting in other groups.

Magnetic Resonance Imaging
Magnetic resonance imaging is a noninvasive structural technique for complex systems of 
molecules, such as people. In its simplest form, MRI portrays the concentration of protons in a 
sample. If the sample—which may be a living human body—is exposed to a uniform magnetic 
fi eld in an NMR spectrometer and a resolution is used that does not show any chemical shift s 
or fi ne structure, then the protons give rise to a single resonance line. However, if the magnetic 
fi eld varies across the sample, then the protons will resonate at diff erent frequencies according 
to their location in the fi eld. Moreover, the intensity of the resonance at a given fi eld will be 
proportional to the number of protons at the spatial location corresponding to that particular 
fi eld value. If the fi eld gradient is rotated into diff erent orientations, another portrayal of the 
concentration of protons through the sample is obtained. Aft er several such measurements 
of the absorption intensity, the data can be analyzed on a computer, which constructs a two-
dimensional image of any section, or “slice” through the sample. FIGURE 6.2 shows how the 
distribution of protons—in large measure, the distribution of water—in a brain and the diff erent 
regions can be identifi ed.

A major advantage of MRI over x-rays is that, if a series of slices is obtained, the slices can 
be assembled into a three-dimensional image that yields a much more accurate image of soft  
tissues than is possible with x-rays.

Exercises

MT6.1 Predict the features of the NMR spectrum of ethanal, CH3CHO.

MT6.2 Predict the features of the NMR spectrum of propane.

FIG. 6.2 To perform an MRI examination, 

the patient must lie within the strong 

magnetic field. The detectors can be 

rotated around the patient’s head, thereby 

allowing many different views to be 

recorded. (© ONOKY-Photononstop/
Alamy.)
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MT6.3 Explain the features of the following NMR spectrum of ethyl-3,3-
dimethylbutanoate:

8.0 7.0 6.0

* Tetramethylsilane

*

5.0 4.0
d

3.0 2.0 1.0 0

MT6.4 The NMR spectra of (a) 2-butanone and (b) ethyl acetate are shown here. The 
spectra are very similar yet have some important differences. Explain the observed simi-
larities and differences.

8.0 7.0

(a)

6.0 5.0 4.0 3.0 2.0 1.0 0

* Tetramethylsilane

*

d
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

(b)

* Tetramethylsilane
*

d

MT6.5 A mixture of compounds is obtained when propane reacts with chlorine. The 
mixture is separated and analysis of one of the components gives the NMR spectrum 
shown here. What is this product?

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

* Tetramethylsilane

*

d

MT6.6 Some other nuclei besides the proton have a nuclear spin of 1
2 and, in principle at 

least, may be suitable for nuclear magnetic resonance spectroscopy. From standard litera-
ture or online sources, find at least five other naturally occurring, nonradioactive nuclides 
that have spin of 1

2 and that can be examined by NMR spectroscopy.

MT6.7 One naturally occurring isotope of carbon is suitable for NMR spectroscopy. 
(a) From literature or online sources, determine which isotope of carbon has a spin of 1

2. 
(b) What is the natural abundance of this isotope of carbon?

MT6.8 Predict the features of the NMR spectra of benzene and the three isomeric dichlo-
robenzenes. Is it possible to distinguish the isomeric dichlorobenzenes on the basis of 
their NMR spectra alone?
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Computers have had an enormous impact on the practice of chemistry, in which they are used 
to control apparatus, record and manipulate data, and explore the structures and properties 
of atoms and molecules. Computer modeling is applied to solids as well as to individual mol-
ecules and is useful for predicting the behavior of a material, as for example to indicate which 
crystal structure of a compound is energetically most favorable and to predict phase changes. 
Here the focus is on the use of computers in the exploration of molecular structure. In this 
context, they are used both to explore practical problems, such as predicting the pharmaco-
logical activity of compounds, and to achieve a deep understanding of the changes that take 
place during chemical reactions.

The Technique
In semi-empirical methods, complicated expressions that arise when solving the Schrödinger 
equation are set equal to parameters that provide the best fi t to experimental data, such as 
enthalpies of formation. Semi-empirical methods are applicable to a wide range of molecules 
with a virtually limitless number of atoms and are widely popular. Th e quality of results 
depends on using a reasonable set of experimental parameters that have the same values across 
structures, and so this kind of calculation has been very successful in organic chemistry, where 
there are just a few diff erent elements and molecular geometries.

In the more fundamental ab initio methods, an attempt is made to calculate structures 
from fi rst principles, using only the atomic numbers of the atoms present and their general 
arrangement in space. Such an approach is intrinsically more reliable than a semi-empirical 
procedure but it is much more demanding computationally.

A currently popular alternative to the ab initio method is density functional theory, in 
which the energy is expressed in terms of the electron density rather than the wavefunction 
itself. Th e advantage of this approach is that it is less demanding computationally, requires less 
computer time, and in some cases—particularly for d-metal complexes—gives better agree-
ment with experimental values than other procedures.

The Output
Th e raw output of a molecular structure calculation is a list of the coeffi  cients of the atomic 
orbitals in each LCAO (linear combination of atomic orbitals) molecular orbital and the ener-
gies of the orbitals. Th e soft ware commonly calculates dipole moments too. Various graphi-
cal representations are used to simplify the interpretation of the coeffi  cients. Th us, a typical 
graphical representation of a molecular orbital uses stylized shapes (spheres for s-orbitals, 
for instance) to represent the basis set and then scales their size to indicate the value of the 
coeffi  cient in the LCAO. Diff erent signs of the wavefunctions are typically represented by dif-
ferent colors. Th e total electron density at any point (the sum of the squares of the occupied 
wavefunctions evaluated at that point) is commonly represented by an isodensity surface, a 
surface of constant total electron density (FIG. 7.1).

An important aspect of a molecule, in addition to its geometric shape and the energies of 
its orbitals, is the distribution of charge over its surface, because the charge distribution can 
strongly infl uence how one molecule (such as a potential drug) can attach to another (and 
dock into the active site of an enzyme, for instance). A common procedure begins with a 
calculation of the electrical potential at each point on an isodensity surface. Th e net potential 
is determined by subtracting the potential due to the electron density at that point from the 
potential due to the nuclei. Th e result is an electrostatic potential surface (an “elpot surface,” 
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(a)

(b)

(c)

(d)

FIG. 7.1 Some graphical representations of fluoroethene, CH2PCHF: (a) the isodensity surface 

showing the general shape of the molecule; (b) the electrostatic potential surface showing the 

relatively negatively charged region (denoted in red) close to the fluorine atom; (c) the highest-

energy occupied molecular orbital showing the p-bond between the two carbon atoms and the 

partial involvement of a fluorine orbital; (d) the lowest-energy unoccupied orbital, which is the 

antibonding counterpart of the p-orbital.
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Topic 2E) in which net positive potential is shown in one color and net negative potential 
is shown in another, with intermediate gradations of color. Th e soft ware can also depict a 
solvent-accessible surface, which represents the shape of the molecule by imagining a sphere 
representing a solvent molecule rolling across the surface and plotting the locations of its 
center (FIG. 7.2).

Procedures are now available that allow for the presence of several solvent molecules 
around a solute molecule. Th is approach takes into account the eff ect of molecular interac-
tions with the solvent on properties such as the enthalpy of formation and the shape adopted 
by a nonrigid molecule, such as a protein or a region of DNA. Th ese studies are important for 
investigating the structures and reactions of biological molecules in their natural environment.

FIG. 7.2 The calculated solvent-accessible surface for the oxygen storage protein myoglobin. The 

heme group in the oxygen binding site is shown as sticks.
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ab initio method A computational procedure using only the 
atomic numbers of the atoms present and their general 
arrangement in space.

Bragg’s equation The equation relating the angle of maximum 
constructive interference to the dimensions of the lattice 
responsible for diffraction: 2d sin � 5 �.

charge-transfer transition A transition in which an electron 
migrates from the ligands (the groups attached to the central 
metal atom) into the atom’s orbitals, or vice versa.

chemical shift A measure of the slightly different radio-frequency 
fields (or magnetic fields) that are needed to bring different 
groups of nuclei into resonance.

chromatography The separation of substances that makes use of 
their differing abilities to adsorb on an inert support.

chromophore A group of atoms in a molecule responsible for a 
characteristic absorption (in the ultraviolet and visible region 
of the spectrum). Examples: a double bond, a CO group.

column chromatography A form of chromatography in which the 
stationary phase (the adsorbent) is held in a vertical column.

constructive interference The increase in the total amplitude 
when the peaks of one wave coincide with the peaks of 
another wave.

density functional theory (DFT) A computational procedure in 
which the energy is expressed in terms of the electron density 
rather than the wavefunction itself.

destructive interference The decrease in the total amplitude when 
the peaks of one wave coincide with the troughs of another 
wave.

diffraction The interference between waves that arises when there 
is an object in their path.

d-to-d transition, A transition in which an electron is excited 
from a d-orbital of one energy to a d-orbital of higher energy.

� scale (delta scale) A measure of the difference in absorption 
frequency in NMR between a group in sample and a standard.

fine structure The splitting of a nuclear magnetic resonance 
spectrum into sharp peaks due to interaction with neighboring 
magnetic nuclei.

fingerprint region A complex series of vibrational absorptions 
spanning a range of wavelengths and characteristic of a 
polyatomic molecule.

Fourier synthesis A mathematical technique used to convert a 
diffraction pattern into a crystal structure.

gas chromatograph The output of a chromatography procedure 
in which the mobile phase is an unreactive carrier gas such as 
helium, nitrogen, or hydrogen.

gas chromatograph–mass spectrometer (GC–MS) A procedure 
that produces a mass spectrum of each compound as well as 
its relative abundance and location in a chromatogram.

gas–liquid partition chromatography (GLPC) A form of gas 
chromatography in which the stationary phase is a liquid that 
coats the particles in the tube or the walls of the tube.

gas–solid adsorption chromatograph A form of gas 
chromatography in which solid particles coat the inside of the 
narrow tube.

highest occupied molecular orbital (HOMO) The highest energy 
molecular orbital that is occupied in the ground state of a 
molecule.

high-performance liquid chromatography (HPLC) A form of 
chromatography in which the mobile phase is forced under 
high pressure through a narrow column.

isodensity surface A surface of constant total electron density.
large-magnet mass spectrometer A mass spectrometer in which 

ions are deflected by a large electromagnet.
lowest unoccupied molecular orbital (LUMO) The lowest energy 

molecular orbital that is not occupied in the ground state of a 
molecule.

magnetic resonance imaging (MRI). An investigative medical 
procedure based on nuclear magnetic resonance.

mass spectrometry A technique in which a magnetic field is used 
to separate ions by their masses.

normal mode Each way in which a molecule can vibrate. Example: 
bending motion of a linear triatomic molecule.

n-to-p* (n-to-pi star) transition A transition in which an electron 
is excited from a nonbonding orbital to an antibonding orbital.

partition The distribution of a solute between two or more solvents.
p-to-p* (pi-to-pi star) transition A transition in which 

an electron is excited from a bonding p-orbital to the 
corresponding antibonding orbital.

powder diffraction technique A technique in which a 
monochromatic beam of x-rays is directed at a powdered 
sample spread on a support, and the diffraction intensity is 
measured as the detector is moved to different angles.

resonance (in magnetic resonance) The strong coupling between 
nuclei and electromagnetic radiation that occurs when the 
frequency of the latter matches the separation of the energy 
levels of the former.

semi-empirical method A computational procedure in which 
complicated expressions that arise when solving the 
Schrödinger equation are set equal to parameters that provide 
the best fit to experimental data.

single-crystal diffraction technique A technique in which x-rays 
are diffracted by a single crystal.

solvent extraction A procedure used to obtain plant flavors and 
aromas from aqueous slurries of the plant that have been 
crushed in a blender (and more general extractions).

solvent-accessible surface A surface that represents the shape of 
the molecule by imagining a sphere representing a solvent 
molecule rolling across the surface and plotting the locations 
of its center.

wavenumber The number of complete wavelengths that fit 
into a given length. Units are commonly reciprocal 
centimeters (cm21).
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