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 Throughout this chapter, this logo indicates  
an  opportunity for online self-study at  
www.tinyurl.com/skoogpia7, linking you to 
 interactive tutorials, simulations, and exercises.

6A GENERAL PROPERTIES OF 
ELECTROMAGNETIC RADIATION

An Introduction to  
Spectrometric Methods

chapterSIX

T
his chapter treats in a general way the interac-
tions of electromagnetic waves with atoms and 
molecules. After this introduction to spectro-

metric methods, the next six chapters describe spec-
trometric methods used by scientists for identifying 
and determining the elements present in various 
forms of matter. Chapters 13 through 21 then discuss 
the uses of spectrometry for structural determination 
of molecular species and describe how these methods 
are used for their quantitative determination.
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121 6B Wave Properties of Electromagnetic Radiation

6B WAVE PROPERTIES OF 
ELECTROMAGNETIC RADIATION

e 

6B-1 Wave Characteristics
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FIGURE 6-1 Wave nature of a beam of single-frequency electromagnetic radiation. In (a), a plane-polarized wave is shown 
propagating along the x-axis. The electric field oscillates in a plane perpendicular to the magnetic field. If the radiation were 
unpolarized, a component of the electric field would be seen in all planes. In (b), only the electric field oscillations are shown. 
The amplitude of the wave is the length of the electric field vector at the wave maximum, while the wavelength is the distance 
between successive maxima.
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6B-2 The Electromagnetic Spectrum

6B-3 Mathematical Description of a Wave
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6B-4 Superposition of Waves
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FIGURE 6-2 Change in wavelength as radiation passes from air into a dense glass and back to 
air. Note that the wavelength shortens by nearly 200 nm, or more than 30%, as it passes into 
glass; a reverse change occurs as the radiation again enters air.

Exercise:
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5 1 pn 1 f 2 1 1 pn 1 f 2
1 c 1 1 pn 1 f 2

1f 2 f 2

1f 2 f 2

TABLE 6-1 Common Spectroscopic Methods Based on Electromagnetic Radiation
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FIGURE 6-3 Regions of the electromagnetic spectrum.
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FIGURE 6-4 Superposition of sinusoidal wave: (a) A1 , A2, 1f1 2 f22 5 20 n1 5 n2;  
(b) A1 , A2, 1f1 2 f22 5 200 n1 5 n2  In each instance, the black curve results from the  
combination of the two other curves.
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FIGURE 6-5 Superposition of two waves of different frequencies but identical amplitudes: 
(a) wave 1 with a period of 1 n1; (b) wave 2 with a period of 1 n2 1n2 5 1.25n12; (c) combined 
wave pattern. Note that superposition of n1 and n2 produces a beat pattern with a period of 
1 Dn where Dn 5 0n1 2 n2 0 .

Simulation:
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e 

6B-5 Diffraction of Radiation
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FIGURE 6-6 Superposition of sine waves to form a square wave:  
(a) combination of three sine waves; (b) combination of three, as in 
(a), and nine sine waves.
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FIGURE 6-7 Propagation of waves through a slit: (a) xy W l;  
(b) xy 5 l.
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Simulation:

FIGURE 6-8 Diffraction of monochromatic radiation by slits.
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127 6B Wave Properties of Electromagnetic Radiation

EXAMPLE 6-1

Solution

l 5
3

3
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l 5 3 2 5

6B-6 Coherent Radiation

2

6B-7 Transmission of Radiation

5

2 2
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6B-8 Refraction of Radiation
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FIGURE 6-9 A typical dispersion curve.
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FIGURE 6-10 Refraction of light in passing from a less dense 
medium M1 into a more dense medium M2, where its velocity is 
lower.

www.JamShimi.ir شیمی جم



129 6B Wave Properties of Electromagnetic Radiation

5

6B-9 Reflection of Radiation
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EXAMPLE 6-2
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6B-10 Scattering of Radiation

Rayleigh Scattering

Scattering by Large Molecules

Raman Scattering
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6B-11 Polarization of Radiation

6C QUANTUM-MECHANICAL 
PROPERTIES OF RADIATION

6C-1 The Photoelectric EffectFIGURE 6-11 Unpolarized and plane-polarized radiation:  
(a) cross-sectional view of a beam of monochromatic radiation,  
(b) successive end-on view of the radiation in (a) if it is unpolar-
ized, (c) successive end-on views of the radiation of (a) if it is plane 
polarized on the vertical axis.
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FIGURE 6-12 (a) A few of the electric vectors of a beam traveling 
perpendicular to the page. (b) The resolution of a vector in a plane 
XY into two mutually perpendicular components. (c) The resultant 
when all vectors are resolved (not to scale).
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131 6C Quantum-Mechanical Properties of Radiation

5 3 2

1. When light of constant frequency is focused on the 
anode at low applied negative potential, the photo-
current is directly proportional to the intensity of the 
incident radiation.

2. The magnitude of the stopping voltage depends on 
the frequency of the radiation impinging on the 
 photocathode.

3. The stopping voltage depends on the chemical com-
position of the coating on the photocathode.

4. The stopping voltage is independent of the intensity 
of the incident radiation.
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FIGURE 6-13 Apparatus for studying the photoelectric effect. 
 Photons enter the phototube, strike the cathode, and eject 
 electrons. The photoelectrons are attracted to the anode when it is 
positive with respect to the cathode. When the anode is negative 
as shown, the electrons are “stopped,” and no current passes. The 
negative voltage between the anode and the cathode when the 
 current is zero is the stopping potential.

Tutorial:

www.JamShimi.ir شیمی جم



132 Chapter 6 An Introduction to Spectrometric Methods 

EXAMPLE 6-3

5 n 5
l
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FIGURE 6-14 Maximum kinetic energy of photoelectrons emitted from 
three metal surfaces as a function of radiation frequency. The y-intercepts 12v 2 are the work functions for each metal. If incident photons do not 
have energies of at least hn 5 v, no photoelectrons are emitted from the 
photocathode.
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133 6C Quantum-Mechanical Properties of Radiation

6C-2 Energy States of Chemical Species

1. Atoms, ions, and molecules can exist only in certain 
discrete states, characterized by definite amounts of 
energy. When a species changes its state, it absorbs 
or emits an amount of energy exactly equal to the 
energy difference between the states.

2. When atoms, ions, or molecules absorb or emit 
radiation in making the transition from one energy 
state to another, the frequency n or the wavelength 
l of the radiation is related to the energy difference 
between the states by the equation

E1 2 E0 5 hn 5
hc
l

where E1 is the energy of the higher state and E0 the 
energy of the lower state. The terms c and h are the 
speed of light and the Planck constant, respectively.

6C-3 Interactions of Radiation and Matter
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radiation
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or chemical energy
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l l l
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n
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FIGURE 6-15 Emission or chemiluminescence processes. In (a), the sample is 
excited by the application of thermal, electrical, or chemical energy. These pro-
cesses do not involve radiant energy and are hence called nonradiative processes. 
In the energy level diagram (b), the dashed black lines with upward-pointing 
arrows symbolize these nonradiative excitation processes, while the solid colored 
lines with downward-pointing arrows indicate that the analyte loses its energy by 
emission of a photon. In (c), the resulting spectrum is shown as a measurement 
of the radiant power emitted PE as a function of wavelength, l.
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Simulation:
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FIGURE 6-16 Absorption methods. Radiation of incident radiant power P0 can be absorbed by the analyte, resulting in a  transmitted 
beam of lower radiant power P. For absorption to occur, the energy of the incident beam must correspond to one of the energy 
 differences shown in (b). The resulting absorption spectrum is shown in (c).
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FIGURE 6-17 Photoluminescence methods (fluorescence and phosphorescence). Fluorescence 
and phosphorescence result from absorption of electromagnetic radiation and then dissipation 
of the energy emission of radiation (a). In (b), the absorption can cause excitation of the ana-
lyte to state 1 or state 2. Once excited, the excess energy can be lost by emission of a photon 
(luminescence, shown as solid line) or by nonradiative processes (dashed lines). The emission 
occurs over all angles, and the wavelengths emitted (c) correspond to energy differences 
between levels. The major distinction between fluorescence and phosphorescence is the time 
scale of emission, with fluorescence being prompt and phosphorescence being delayed.
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6C-4 Emission of Radiation

Line Spectra

2 2

2

FIGURE 6-18 Inelastic scattering in Raman spectroscopy. (a) As incident radiation of frequency nex impinges on the sample, 
 molecules of the sample are excited from one of their ground vibrational states to a higher so-called virtual state, indicated by 
the dashed level in (b). When the molecule relaxes, it may return to the first vibrational state as indicated and emit a photon of 
energy E 5 h1nex 2 nv2 where nv is the frequency of the vibrational transition. Alternatively, if the molecule is in the first excited 
 vibrational state, it may absorb a quantum of the incident radiation, be excited to the virtual state, and relax back to the ground 
vibrational state. This process produces an emitted photon of energy E 5 h1nex 1 nv2. In both cases, the emitted radiation  differs 
in frequency from the incident radiation by the vibrational frequency of the molecule nv. (c) The spectrum resulting from the 
inelastically scattered radiation shows three peaks: one at nex 2 nv (Stokes), a second intense peak at nex for radiation that is 
 scattered without a frequency change, and a third (anti-Stokes) at nex 1 nv. The intensities of the Stokes and anti-Stokes peaks 
give quantitative information, and the positions of the peaks give qualitative information about the sample molecule.
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FIGURE 6-19 Emission spectrum of a brine sample obtained with an oxyhydrogen flame. The spectrum consists 
of the superimposed line, band, and continuum spectra of the constituents of the sample. The characteristic 
wavelengths of the species contributing to the spectrum are listed beside each feature. (R. Hermann and C. T. J. 
Alkemade, Chemical Analysis by Flame Photometry, 2nd ed., p. 484. New York: Interscience, 1979.)
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FIGURE 6-20 X-ray emission spectrum of molybdenum metal.
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Band Spectra

2 2

Continuum Spectra

FIGURE 6-21 Energy-level diagrams for (a) a sodium atom showing 
the source of a line spectrum and (b) a simple molecule showing the 
source of a band spectrum.
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6C-5 Absorption of Radiation
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FIGURE 6-22 Blackbody radiation curves.
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FIGURE 6-23 Some typical ultraviolet absorption spectra.
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Molecular Absorption
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FIGURE 6-24 Partial energy-level diagrams for a fluorescent organic molecule.
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Absorption Induced by a Magnetic Field

1l 5 2
1l 5 2

6C-6 Relaxation Processes

Nonradiative Relaxation

Fluorescence and Phosphorescence Emission 
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6C-7 The Uncertainty Principle
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6D-1 Emission, Luminescence,  

and Scattering Methods

1 5 2

5 r

r

6D-2 Absorption Methods

Transmittance
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5 3

Absorbance

5 2 5

Beer’s Law

5

2 2

P

5 P

P 2 2

TABLE 6-2 Major Classes of Spectrochemical Methods
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Absorbing
solution of

concentration c

b

FIGURE 6-25 Attenuation of a beam of radiation by an  absorbing 
solution. The larger arrow on the incident beam signifies a higher 
radiant power than is transmitted by the solution. The path length 
of the absorbing solution is b, and the concentration is c.

Tutorial:

Tutorial:
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Measurement of Transmittance and Absorbance

5 3 5 3 5
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%T

FIGURE 6-26 Single-beam photometer for absorption measurements in 
the visible region.

 QUESTIONS AND PROBLEMS

 6-1 

 (a) 

 (b) 

 (c) 

 (d) 
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 QUESTIONS AND PROBLEMS (continued)

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 

(k) 

(l) 

(m) 

(n) 

(o) 

 (p) 

 * 6-2 

 * 6-3 
2

 * 6-4 

 * 6-5 1l 5 2

 * 6-6 

 * 6-7 

 * 6-8 

 * 6-9 

 (a) 

 (b) 

 * 6-10 1 5 # l 2

 * 6-11 

 (a) 

 (b) 
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145 Questions and Problems

 * 6-12 

  6-13 

 * 6-14 

 (a) (b) (c) (d)

 * 6-15 

 (a) (b) (c) (d)

 * 6-16 

 * 6-17 

 * 6-18 3 2

 * 6-19 3 2 2

Challenge Problem

  6-20 

 (a) 

 (b) 

 (c) 

 (d) 

 (e) 

  f1d2 5
p a d 2

d

1
d

2 cb 1d # 2

  f1d2 5
p cp 1 d 2 a 2d 2

2 d

1
2 d

2 cb d 1d $ 2
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 QUESTIONS AND PROBLEMS (continued)

f1d2 @
F1d2 5 f1d2 d

d 5 2 d 5

d, kT  f 1d2

 (f) 

l kT 

 (g) 
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147 Questions and Problems

 (h) 

 (i) 

 (j) 
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