An Introdugtion to
Spectrometric Methods

S pectrometric methods are a large group of analyt-
ical methods that are based on atomic and molecular
spectroscopy. Spectroscopy is a general term for the sci-
ence that deals with the interactions of various types of
radiation with matter. Historically, the interactions of
interest were between electromagnetic radiation and
matter, but now spectroscopy has been broadened to
include interactions between matter and other forms of
energy. Examples include acoustic waves and beams of
particles such as ions and electrons. Spectrometry and
spectrometric methods refer to the measurement of the
intensity of radiation with a photoelectric transducer
or other type of electronic device.

The most widely used spectrometric methods are
based on electromagnetic radiation, which is a type of
energy that takes several forms, the most readily recog-
niizable being light and radiant heat. Less obvious
manifestations include gamma rays and X-rays as
well as ultraviolet, microwave and radio-frequency ra-
diation.

This chapter treats in a general way the interac-
tions of electromagnetic waves with atomic and molec-
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ular species. After this introduction, the next five chap-
ters describe the various types of spectrometric methods
employed by chemists for the identification and deter-
mination of the elements present in various forms of
matter, Chapters 13 through 21 then discuss the uses
of spectrometry for structural determination of molecu-
lar species and describe how these methods are used for
their quantitative determination.

6A GENERAL PROPERTIES OF
ELECTROMAGNETIC RADIATION

Many of the properties of electromagnetic radiation are
conveniently described by means of a classical sinu-
soidal wave model, which embodies such parameters as
wavelength, frequency, velocity, and amplitude. In con-
trast to other wave phenomena, such as sound, electro-
magnetic radiation requires no supporting medium for
its transmission and thus passes readily through a vac-
uum,

The wave model fails to account for phenomena as-
sociated with the absorption and emission of radiant en-
ergy. To understand these processes, it is necessary to




invoke a particle model in which electromagnetic radia-
tion is viewed as a stream of discrete particles, or wave
packets, of energy called photons where energy is pro-
portional to the frequency of the radiation. These dual
views of radiation as particles and as waves are not mu-
tually exclusive but, rather, complementary. Indeed, the
wave-particle duality is found to apply to the behavior
of streams of electrons, protons, and other elementary
particles and is completely rationalized by wave me-
chanics.

6B WAVE PROPERTIES OF
ELECTROMAGNETIC RADIATION

For many purposes, electromagnetic radiation is conve-
niently represented as electric and magnetic fields that
undergo in-phase, sinusoidal oscillations at right angles
to each other and to the direction of propagation. Fig-
ure 6-1a is such a representation of a single ray of
plane-polarized electromagnetic radiation. The term
plane polarized implies that all oscillations of either the
electric or the magnetic fields lie within a single plane.
Figure 6-1b is a two-dimensional representation of the
electric component of the ray in Figure 6-1a. The elec-
tric field strength in Figure 6-1 is represented as a vec-
tor whose length is proportional to its magnitude. The
abscissa of this plot is either time as the radiation
passes a fixed point in space or distance when time is
held constant. Throughout this chapter and most of the
remaining text, only the electric component of radiation
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will be considered because the electric field is respon-
sible for most of the phenomena that are of interest to
us, including transmission, reflection, refraction, and
absorption. Note, however, that the magnetic compo-
nent of electromagnetic radiation is responsible for ab-
sorption of radio-frequency waves in nuclear magnetic
resonance.

6B-1 Wave Parameters

In Figure 6-1b, the amplitude A of the sinusoidal wave
is shown as the length of the electric vector at a max-
imum in the wave. The time in seconds required for
the passage of successive maxima or minima through
a fixed point in space is called the period, p, of the
radiation. The frequency, », is the number of oscil-
lations of the field that occur per second! and is equal
to 1/p. Another parameter of interest is the wavelength,
A, which is the linear distance between any two equiv-
alent points on successive waves (e.g., successive
maxima or minima).> Multiplication of the frequency in
cycles per second by the wavelength in meters per cy-

! The common unit of frequency is the reciprocal second (s™!), or
hertz (Hz), which corresponds to one cycle per second.

2 The units commonly used for describing wavelength differ consid-
erably in the various spectral regions. For example, the angstrom
unit, A (1019 m), is convenient for X-ray and short ultraviolet ra-
diation; the nanometer, nm (10~ m), is employed with visible and
ultraviolet radiation; the micrometer, mpu (10-% m), is useful for the
infrared region. (The rmicrometer was called the micron in the early
literature; the use of this term is discouraged.)
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Figure 6-1 Representation of a beam of monochromatic, plane-polarized radiation:
(a) electrical and magnetic fields at right angles to one another and direction of propaga-

tion, (b) two-dimensional representation of the electric vector.



118 Chapter 6 An Introduction to Spectrometric Methods

cle gives the velocity of propagation v; in meters per
second:

Mpi— P?L; (6-1)

It is important to realize that the frequency of a
beam of radiation is determined by the source and re-
mains invariant. In contrast, the velocity of radiation
depends upon the composition of the medium through
which it passes. Thus, Equation 6-1 .implies that the
wavelength of radiation is also dependent upon the
medium. The subscript i in Equation 6-1 emphasizes
these dependencies.

In a vacuum, the velocity of radiation is indepen-
dent of wavelength and is at its maximum. This veloc-
ity, given the symbol ¢, has been determined to be
2.99792 X 108 m/s. It is significant that the velocity of
radiation in air differs only slightly from ¢ (about 0.03%
less); thus, for either air or vacuum, Equation 6-1 can be
written to three significant figures as

¢=vA =300 X 103 m/s = 3.00 X 10 cm/s (6-2)

In any medium containing matter, propagation of
radiation is slowed by the interaction between the elec-
tromagnetic field of the radiation and the bound elec-
trons in the matter. Since the radiant frequency is in-
variant and fixed by the source, the wavelength must
decrease as radiation passes from a vacuum to another
medium (Equation 6-2). This effect is illustrated in Fig-
ure 6-2 for a monochromatic beam of visible radiation.3

3 A monochromatic beam is a beam of radiation whose rays have iden-
tical wavelengths. A polychromatic beam is made up of rays of dif-
ferent wavelengths.

A =500 nm
v=60x101%Hz

Amplitude A

Note that the wavelength shortens nearly 200 nm, or
more than 30%, as it passes into glass; a reverse change
occurs as the radiation again enters air.

The wavenumber v, which is defined as the recipro-
cal of the wavelength in centimeters, is yet another way
of describing electromagnetic radiation. The unit for »
is em™!. Wavenumber is widely used in infrared spec-
troscopy. The wavenumber is a useful unit because, in
contrast to wavelength, it is directly proportional to the
frequency, and thus the energy, of radiation. Thus, we
may write

v =ky (6-3)

where the proportionality constant & depends on the
medium and is equal to the reciprocal of the velocity
(Equation 6-1).

The power P of radiation is the energy of the beam
that reaches a given area per second, whereas the inten-
sity I is the power per unit solid angle. These quantities
are related to the square of the amplitude A (see Figure
6-1). Although it is not strictly correct to do so, power
and intensity are often used synonymously.

6B-2 The Electromagnetic Spectrum

As shown in Figure 6-3, the electromagnetic spectrum
encompasses an enormous range of wavelengths and fre-
quencies (and thus energies). In fact, the range is so great
that a logarithmic scale is required. Figure 6-3 also de-
picts qualitatively the major spectral regions. The divi-
sions are based on the methods that are required to gener-
ate and detect the various kinds of radiation. Several
overlaps are evident. Note that the visible portion of the
spectrum to which the human eye is sensitive is tiny

A =500 nm
v =6.0x 10" Hz

A =330 nm
v =6,0% 10" Hz

Distance

Figure 6-2 Effect of change of medium on a monochromatic beam of radiation,
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Figure 6-3 Regions of the electromagnetic spectrum.

when compared with other spectral regions. It should
also be noted that spectrochemical methods that employ
not only visible but also ultraviolet and infrared radia-
tion are often called optical methods despite the fact that
the human eye is sensitive to neither of the latter two
types of radiation, This somewhat ambiguous terminol-

TABLE 6-1 Common Spectroscopic Methods
Based on Electromagnetic Radiation

ogy arises from the many common features of instru-
ments for the three spectral regions and the similarities in
the way in which we view the interactions of the three
types of radiation with matter.

Table 6-1 lists the wavelength and frequency
ranges for the regions of the spectrum that are important

Usual Usual
Wavelength Wavenumber Type of

Type Spectroscopy Range* Range, cm~! Quantum Transition

Gamma-ray emission 0.005-1.4 A — Nuclear

X-Ray absorption, emission, 0.1-100 A - Inner electron

fluorescence, and diffraction

Vacuum ultraviolet absorption 10-180 nm 1 % 10%t05 X 10¢ Bonding electrons

Ultraviolet visible absorption, 180-780 nm 5% 10%t0 1.3 X 10* Bonding electrons

emission, and fluorescence

Infrared absorption and 0.78-300 pm 1.3 X 10*t0 3.3 X 10! Rotation/vibration of

Raman scattering molecules

Microwave absorption 0.75-3.75 mm 13-27 Rotation of molecules

Electron spin resonance 3cm 0.33 Spin of electrons in a
magnetic field

Nuclear magnetic resonance 0.6-10 m 1.7 %10 2t0 1 X 102 Spin of nuclei in a
magnetic field

*1A=10""pm = 10"%cm
lnm=10""m = 10"7 cm
lpm=10"%m = 10"*cm
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for analytical purposes and also gives the names of the
various spectroscopic methods associated with each.
The last column of the table lists the types of nuclear,
atomic, or molecular quantum transitions that serve as
the basis for the various spectroscopic techniques.

6B-3 Mathematical Description
of a Wave

With time as a variable, the wave in Figure 6-1b can be
described by the equation for a sine wave. That is,

y = A sin(wt + b) (6-4)

where y is the electric field, A is the amplitude or maxi-
mum value for y, ¢ is time, and ¢ is the phase angle, a
term defined in Section 2B-1, page 28. The angular ve-
locity of the vector w is related to the frequency of the
radiation » by the equation

w = 2mp
Substitution of this relationship into Equation 6-4 yields
y = A sinQ2mvr + $) (6-5)

6B-4 Superposition of Waves

The principle of superposition states that when two or
more waves traverse the same space, a disturbance oc-
curs that is the sum of the disturbances caused by the in-
dividual waves. This principle applies to electromag-
netic waves, whereby the disturbances involve an

Time

(a)

electrical field, as well as to several other types of
waves, whereby atoms or molecules are displaced.
When n electromagnetic waves differing in frequency,
amplitude, and phase angle pass some point in space si-
multaneously, the principle of superposition and Equa-
tion 6-5 permits us to write

y = Ay sin(2myt + 01) + Aj sin2mwyt + 6,) +
coo+ Ap sin(2meat +0,)  (6-6)

where y is the resultant field.

The solid line in Figure 6-4a shows the application
of Equation 6-6 to two waves of identical frequency but
somewhat different amplitude and phase angle. The re-
sultant is a periodic function with the same frequency
but larger amplitude than either of the component
waves. Figure 6-4b differs from 6-4a in that the phase
difference is greater; here, the resultant amplitude is
smaller than the amplitudes of the component waves.
Clearly, a maximum amplitude occurs when the two
waves are completely in phase—a situation that pre-
vails whenever the phase difference between waves
(b1 — &2) is 0 deg, 360 deg, or an integer multiple of
360 deg. Under these circumstances, maximum con-
structive interference is said to occur. A maximum de-
structive interference occurs when (b — ¢,) is equal to
180 deg or 180 deg plus an integer multiple of 360 deg.
Interference plays an important role in many instrumen-
tal methods based on electromagnetic radiation.

Figure 6-5 depicts the superposition of two waves
with the identical amplitudes but different frequencies.

/
y 0 L A Nyt

Time

(b)

Figure 6-4 Superposition of sinusoidal wave: (a) Ay < Ay, (b1 — d2) = —20°, »; = py;
(b) Ay < Aj, (b1 — b)) = —200° vy = »,. In each instance, the solid curve results from the

combination of the two dashed curves.
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Figure 6-5 Superposition of two waves of different frequencies but identical ampli-
tudes: (a) wave 1 with a period of 1/»y; (b) wave 2 with a period of 1/vz (v2 = 1.25 v1);
(c) combined wave pattern. Note that superposition of v and py produces a beat pattern
with a period of 1/Ar where Ay = lvy — »o l.
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The resulting wave is no longer sinusoidal but does ex-
hibit a periodicity or bear. Note that the period of the
beat P}, is the reciprocal of the frequency difference Ay
between the two waves. That is,
1 1
i Av (2 —n) )
An important aspect of superposition is that a com-
plex waveform can be broken down into simple compo-
nents by a mathematical operation called the Fourier
transformation. Jean Fourier, an early French mathe-
matician (1768-1830), demonstrated that any periodic
function, regardless of complexity, can be described by
a sum of simple sine or cosine terms. For example, the
square waveform widely encountered in electronics can
be described by an equation with the form

1
y=4 (sin 27et + 3 sin 6met +
1 |
g sin 10mpt + - - - + = sin 2mwr) (6-8)
where n takes values of 3, 5,7, 9, 11, 13, and so forth. A

graphical representation of the summation process is
shown in Figure 6-6. The solid curve in Figure 6-6a is

the sum of three sine waves that differ in amplitude in
the ratio of 5:3:1 and in frequency in the ratio of 1:3:5.
Note that the resultant approximates the shape of a
square wave after including only three terms in Equa-
tion 6-8. As shown by the solid line in Figure 6-6b, the
resultant more closely approaches a square wave when
nine waves are incorporated.

Decomposing a complex waveform into its sine or
cosine components is tedious and time consuming when
done by hand. Efficient software, however, makes it
practical to perform Fourier transformations on a rou-
tine basis on a computer. The application of this tech-
nique was mentioned in Section 5C-2 and will be con-
sidered in the discussion of several types of
spectroscopy.

6B-5 Diffraction of Radiation

All types of electromagnetic radiation exhibit diffrac-
tion, a process in which a parallel beam of radiation is
bent as it passes by a sharp barrier or through a narrow
opening. Figure 6-7 illustrates the process. Diffraction
is a wave property, which can be observed not only for
electromagnetic radiation but also for mechanical or
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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.

acoustical waves. For example, diffraction is readily
demonstrated in the laboratory by mechanically gener-
ating waves of constant frequency in a tank of water
and observing the wave crests before and after they pass
through a rectangular opening or slit. When the slit is
wide relative to the wavelength (Figure 6-7a), diffrac-
tion is slight and difficult to detect. On the other hand,
when the wavelength and the slit opening are of the
same order of magnitude, as in Figure 6-7b, diffraction
becomes pronounced. Here, the slit behaves as a new
source from which waves radiate in a series of nearly
180-deg arcs. Thus, the direction of the wave front ap-
pears to bend as a consequence of passing the two edges
of the slit.

Diffraction is a consequence of interference. This
relationship is most easily understood by considering an

experiment, performed first by Thomas Young in 1800,
in which the wave nature of light was unambiguously
demonstrated. As shown in Figure 6-8a, a parallel beam
of light is allowed to pass through a narrow slit A (or in
Young’s experiment, a pinhole) whereupon it is dif-
fracted and illuminates more or less equally two closely
spaced slits or pinholes B and C; the radiation emerging
from these slits is then observed on the screen lying in a
plane XY. If the radiation is monochromatic, a series of
dark and light images perpendicular to the plane of the
page is observed.

Figure 6-8b is a plot of the intensities of the bands
as a function of distance along the length of the screen.
If, as in this diagram, the slit widths approach the wave-
length of radiation, the band intensities decrease only
gradually with increasing distances from the central
band. With wider slits, the decrease is much more pro-
nounced.

In Figure 6-8a, the appearance of the central band E,
which lies in the shadow of the opaque material separat-
ing the two slits, is readily explained by noting that the
paths from B to E and C to E are identical. Thus, con-
structive interference of the diffracted rays from the two
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Figure 6-7 Propagation of waves through a slit:
(@) xy == &; (b) xy = A\
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Figure 6-8 Diffraction of monochromatic radiation by slits.

slits occurs, and an intense band is observed. With the aid
of Figure 6-8c¢, the conditions for maximum constructive
interference, which result in the other light bands, can be
derived. In Figure 6-8c, the angle of diffraction 0 is the
angle from the normal, formed by the dotted line extend-
ing from a point O, halfway between the slits, to the point
of maximum intensity D. The solid lines BD and CD rep-
tesent the light paths from the slits B and C to this point.
Ordinarily, the distance OE is enormous compared to the
distance between the slits BC. As a consequence, the
lines BD, OD, and CD are, for all practical purposes, par-
allel, Line BF is perpendicular to CD and forms the trian-
gle BCE, which is, to a close approximation, similar to
DOE; consequently, the angle CBF is equal to the angle
of diffraction 6. We may then write

CF = BCsin 0

Because BC is so very small compared to OE, FD
closely approximates BD, and the distance CF is a good

measure of the difference in path lengths of beams BD
and CD. For the two beams to be in phase at D, it is
necessary that CF correspond to the wavelength of the
radiation; that is,

N = CF = BC sin

Reinforcement also occurs when the additional
path length corresponds to 2A, 3A, and so forth. Thus, a
more general expression for the light bands surrounding
the central band is

n\ = BCsin 0 (6-9)

where n is an integer called the order of interference.
The linear displacement DE of the diffracted beam
along the plane of the screen is a function of the dis-
tance OF between the screen and the plane of the slits,
as well as the spacing between the slits, and is given by

DE = OD sin 0
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Substitution into Equation 6-9 gives
BCDE _ BCDE
D\ = —= = ——=
oD OE
Equation 6-10 permits the calculation of the wave-
length from the three measurable quantities.

(6-10)
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EXAMPLE 6-1

Suppose that the screen in Figure 6-8 is 2.00 m from
the plane of the slits and that the slit spacing is 0.300
mm. What is the wavelength of radiation if the fourth
band is located 15.4 mm from the central band?
Substituting into Equation 6-10 gives

0.300 mm X 15.4 mm
2.00 m > 1000 mm/m

5.78 X 1074 mm or

4\ =

578 nm

6B-6 Coherent Radiation

In order to produce a diffraction pattern such as that
shown in Figure 6-8a, it is necessary that the electro-
magnetic waves that travel from slits B and C to any
given point on the screen (such as D or E) have sharply
defined phase differences that remain entirely constant
with time; that is, the radiation from slits B and C must
be coherent. The conditions for coherence are that (1)
the two sources of radiation must have identical fre-
quencies (or sets of frequencies) and (2) the phase rela-
tionships between the two beams must remain constant
with time. The necessity for these requirements can be
demonstrated by illuminating the two slits in Figure
6-8a with individual tungsten lamps. Under this circum-
stance, the well-defined light and dark patterns disap-
pear and are replaced by a more or less uniform illumi-
nation of the screen. This behavior is a consequence of
the incoherent character of filament sources (many
other sources of electromagnetic radiation are incoher-
ent as well).

With incoherent sources, light is emitted by indi-
vidual atoms or molecules, and the resulting beam is the
summation of countless individual events, each of
which lasts on the order of 108 s. Thus, a beam of ra-
diation from this type of source is not continuous but in-
stead is composed of a series of wave trains that are a
few meters in length at most. Because the processes that

produce trains are random, the phase differences among
the trains must also be variable. A wave train from slit B
may arrive at a point on the screen in phase with a wave
train from C so that constructive interference occurs;.an
instant later, the trains may be totally out of phase at the
same point, and destructive interference occurs. Thus,
the radiation at all points on the screen is governed by
the random phase variations among the wave trains;
uniform illumination, which represents an average for
the trains, is the result.

There are sources that produce electromagnetic ra-
diation in the form of trains with essentially infinite
length and constant frequency. Examples include radio-
frequency oscillators, microwave sources, and optical
lasers. Various mechanical sources, such as a two-
pronged vibrating tapper in a water-containing ripple
tank, produce a mechanical analog of coherent radia-
tion. When two coherent sources are substituted for slit
A in the experiment shown in Figure 6-8a, a regular dif-
fraction pattern is observed.

Diffraction patterns can be obtained from random
sources, such as tungsten filaments, provided that an
arrangement similar to that shown in Figure 6-8a is em-
ployed. Here, the very narrow slit A assures that the radi-
ation reaching B and C emanates from the same small re-
gion of the source. Under this circumstance, the various
wave trains that exit from slits B and C have a constant
set of frequencies and phase relationships to one another
and are thus coherent. If the slit at A is widened so that a
larger part of the source is sampled, the diffraction pat-
tern becomes less pronounced because the two beams
are only partially coherent. If slit A is made sufficiently
wide, the incoherence may become great enough to pro-
duce only a constant illumination across the screen.

6B-7 Transmission of Radiation

It is observed experimentally that the rate at which radi-
ation is propagated through a transparent substance is
less than its velocity in a vacuum and depends upon the
kinds and concentrations of atoms, ions, or molecules in
the medium. It follows from these observations that the
radiation must interact in some way with the matter. Be-
cause a frequency change is not observed, however, the
interaction cannot involve a permanent energy transfer.

The refractive index of a medium is one measure of
its interaction with radiation and is defined by

&

M=
Vi

(6-11)



where m; is the refractive index at a specified frequency
I, v; is the velocity of the radiation in the medium, and ¢
isits velocity in a vacuum. The refractive index of most
liquids lies between 1.3 and 1.8; it is 1.3 to 2.5 or higher
for solids.*

The interaction involved in transmission can be as-
cribed to periodic polarization of the atomic and molec-
ular species that make up the medium. Polarization in
this context means the temporary deformation of the
electron clouds associated with atoms or molecules that
is brought about by the alternating electromagnetic field
of the radiation. Provided that the radiation is not ab-
sorbed, the energy required for polarization is only mo-
mentarily retained (10~ !4 to 10~15 s) by the species and
is reemitted without alteration as the substance returns
to its original state. Since there is no net energy change
in this process, the frequency of the emitted radiation is
unchanged, but the rate of its propagation is slowed by
the time that is required for retention and reemission to
occur. Thus, transmission through a medium can be
viewed as a stepwise process that involves polarized
atoms, ions, or molecules as intermediates.

Radiation from polarized particles should be emit-
ted in all directions in a medium. If the particles are
small, however, it can be shown that destructive inter-
ference prevents the propagation of significant amounts
in any direction other than that of the original light path.
On the other hand, if the medium contains large parti-
cles (such as polymer molecules or colloidal particles),
this destructive interference is incomplete, and a por-
tion of the beam is scattered in all directions as a conse-
quence of the interaction step. Scattering is considered
in a later section of this chapter.

Since the velocity of radiation in matter is wave-
length dependent and since ¢ in Equation 6-11 is inde-
pendent of this parameter, the refractive index of a sub-
stance must also change with wavelength. The variation
in refractive index of a substance with wavelength or
frequency is called its dispersion. The dispersion of a
typical substance is shown in Figure 6-9. Clearly, the
relationship is complex; generally, however, dispersion
plots exhibit two types of regions. In the normal disper-
sion region, there is a gradual increase in refractive
index with increasing frequency (or decreasing wave-

4 For a more complete discussion of refractometry, see §. Z. Lewin
and N. Bauer, in Treatise on Analytical Chemistry, 1. M. Kolthoff and
P ], Elving, Eds., Part 1, Vol. 6, Chapter 70. New York: Interscience,
1965.
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Figure 6-9 A typical dispersion curve.

length). Regions of anomalous dispersion are fre-
quency ranges in which a sharp change in refractive in-
dex is observed. Anomalous dispersion always occurs
at frequencies that correspond to the natural harmonic
frequency associated with some part of the molecule,
atom, or ion of the substance. At such a frequency, per-
manent energy transfer from the radiation to the sub-
stance occurs and absorption of the beam is observed.
Absorption is discussed in a later section.

Dispersion curves are important when choosing
materials for the optical components of instruments. A
substance that exhibits normal dispersion over the
wavelength region of interest is most suitable for the
manufacture of lenses, for which a high and relatively
constant refractive index is desirable. Chromatic aber-
rations (formation of colored images) are minimized
through the choice of such a material. In contrast, a sub-
stance with a refractive index that is not only large but
also highly frequency dependent is selected for the fab-
rication of prisms. The applicable wavelength region
for the prism thus approaches the anomalous dispersion
region for the material from which it is fabricated.

6B-8 Refraction of Radiation

When radiation passes at an angle through the interface
between two transparent media that have different den-
sities, an abrupt change in direction, or refraction, of
the beam is observed as a consequence of a difference
in velocity of the radiation in the two media. When the
beam passes from a less dense to a more dense environ-
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Figure 6-10 Refraction of light in passing from a less
dense medium M, into a more dense medium M;, where
its velocity is lower.

ment, as in Figure 6-10, the bending is toward the nor-
mal to the interface. Bending away from the normal oc-
curs when the beam passes from a more dense to a less
dense medium.
The extent of refraction is given by Snell’s law:
sin®; m W

: (6-12)
sinf, My Vg

If M, in Figure 6-10 is a vacuum, v; is equal to ¢, and 7;

is unity (see Equation 6-11); with rearrangement, Equa-

tion 6-12 simplifies to

) e (sin 01) yac
Ml = i 6,

(6-13)
The refractive indexes of substance Mj; can then be
computed from measurements of (8;)y, and 6,. For
convenience, refractive indexes are usually measured
and reported with air, rather than a vacuum, as the refer-
ence. The refractive index is then

) fSil’l Bl)w
N2)air sin 05

(6-14)

Most compilations of refractive indexes provide
data in terms of Equation 6-14. Such data are readily
converted to refractive indexes with vacuum as a refer-
ence by multiplying by the refractive index of air rela-
tive to a vacuum. That is,

Mvac = 1.00027 mgir

This conversion is seldom necessary.

6B-9 Reflection of Radiation

‘When radiation crosses an interface between media that
differ in refractive index, reflection always occurs. The
fraction of radiation reflected becomes greater with in-
creasing differences in refractive index. For a beam that
enters an interface at right angles, the fraction reflected
is given by

L —m)?

Iy (mz+m)? 6:15)

where [ is the intensity of the incident beam and /, is
the reflected intensity; m; and 7 are the refractive in-
dexes of the two media.
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tEXAMPLE 6-2

L Calculate the percent loss of intensity due to reflec-
{ tion of a perpendicular beam of yellow light as it
L passes through a glass cell that contains water. As-
t sume that for yellow radiation the refractive index of
L glass is 1.50, of water is 1.33, and of air is 1.00.

The total reflective loss will be the sum of the
L losses occurring at each of the interfaces. For the first
| interface (air to glass), we can write

EEEE

Ly (150—100P _
Iy (1.50 + 1.00) 0050

O = =

( The beam intensity is reduced to (/y — 0.040 Ip) =
L 0.960 Iy. Reflection loss at the glass-to-water inter-
:: face is then given by

L
I (1.50 — 1.33)2
= = T 36
09601, (1.50 + 1.33)2 a0
Ir2 = 0.0035 f@

The beam intensity is further reduced to (0.960 [y —
0.0035 I) = 0.957 Iy. At the water-to-glass inter-
face

Iy _ (150 - 1.33)°
0.957 Iy (1.50 + 1.33)?

fr3 = 0.0035 IU

= (.0036

| and the beam intensity becomes 0.953 /. Finally, the
. reflection at the second glass-to-air interface will be



L I (1.50 — 1.00)?

L M= = 0.0400
t 0953 1;  (1.50 + 1.00)2

t Ly = 0.038 I

lL' The total reflection loss [, is

£ 1, = 0,040 Io + 0.0035 I +

t 0.0035 Iy + 0.038 Iy= 0.085 Iy
L

0 and

I I _

- TL=085 or 85%

L Iy

It will become evident in later chapters that losses
such as those shown in Example 6-2 are of considerable
significance in various optical instruments.

Reflective losses at a polished glass or quartz surface
increase only slightly as the angle of the incident beam in-
creases up to about 60 deg. Beyond this figure, however, the
percentage of radiation that is reflected increases rapidly
and approaches 100% at 90 deg, or grazing incidence.

6B-10 Scattering of Radiation

As noted earlier, the transmission of radiation in matter
can be pictured as a momentary retention of the radiant
energy by atoms, ions, or molecules followed by ree-
mission of the radiation in all directions as the particles
return to their original state. With atomic or molecular
particles that are small relative to the wavelength of the
radiation, destructive interference removes most but
not all of the reemitted radiation except the radiation
that travels in the original direction of the beam; the
path of the beam appears to be unaltered as a conse-
quence of the interaction. Careful observation, how-
gver, reveals that a very small fraction of the radiation
is transmitted at all angles from the original path and
that the intensity of this scattered radiation increases
with particle size.

Rayleigh Scattering

Scattering by molecules or aggregates of molecules with
dimensions significantly smaller than the wavelength of
the radiation is called Rayleigh scattering; its intensity is
proportional to the inverse fourth-power of the wave-
length, the dimensions of the scattering particles, and the
square of the polarizability of the particles. An everyday
manifestation of Rayleigh scattering is the blue color of
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the sky, which results from the greater scattering of the
shorter wavelengths of the visible spectrum.

Scattering by Large Molecules

With particles of colloidal dimensions, scattering is suf-
ficiently intense to be seen by the naked eye (the Tyn-
dall effect). Measurements of scattered radiation are
used to determine the size and shape of polymer mole-
cules and colloidal particles.

Raman Scattering

The Raman scattering effect differs from ordinary scat-
tering in that part of the scattered radiation suffers quan-
tized frequency changes. These changes are the result of
vibrational energy level transitions that occur in the
molecules as a consequence of the polarization process.
Raman spectroscopy is discussed in Chapter 18.

6B-11 Polarization of Radiation

Ordinary radiation consists of a bundle of electromag-
netic waves in which the vibrations are equally distrib-
uted among a huge number of planes centered along the
path of the beam. Viewed end on, a beam of monochro-
matic radiation can be visualized as an infinite set of
electrical vectors that fluctuate in length from zero to a
maximum amplitude A. Figure 6-11b depicts an end-on
view of these vectors at various times during the pas-
sage of one wave of monochromatic radiation through a
fixed point in space.

Figure 6-12a shows a few of the vectors depicted in
Figure 6-11b at the instant the wave is at its maximum.
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Figure 6-11 Unpolarized and plane-polarized radiation:

(a) cross-sectional view of a beam of monochromatic radia-
tion, (b) successive end-on view of the radiation in (a) if it

is unpolarized, (¢) successive end-on views of the radiation
of (a) if it is plane polarized on the vertical axis.
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i

B
(b) (c)

Figure 6-12 (a) A few of the electrical vectors of a beam
traveling perpendicular to the page.

(b) The resolution of a vector in plane XY into two mutu-
ally perpendicular components.

(c) The resultant when all vectors are resolved (not to
scale).

The vector in any one plane, say XY as depicted in Figure
6-11a, can be resolved into two mutually perpendicular
components AB and CD as shown in Figure 6-12b. If the
two components for all of the planes shown in Figure
6-12a are combined, the resultant has the appearance
shown in Figure 6-12c. Removal of one of the two resul-
tant planes of vibration in Figure 6-12¢ produces a beam
that is plane polarized. The resultant electric vector of a
plane-polarized beam then occupies a single plane in
space. Figure 6-11¢ shows an end-on view of a beam of
plane-polarized radiation after various time intervals.

Plane-polarized electromagnetic radiation is pro-
duced by certain radiant energy sources. For example,
the radio waves emanating from an antenna and the mi-
crowaves produced by a klystron tube are both plane
polarized. Visible and ultraviolet radiation from relax-
ation of a single excited atom or molecule is also polar-
ized, but the beam from such a source has no net polar-
ization since it is made up of a multitude of individual
wave trains produced by an enormous number of indi-
vidual atomic or molecular events. The plane of polar-
ization of these individual waves is random so that their
individual polarizations cancel.

Polarized ultraviolet and visible radiation is pro-
duced by passage of radiation through media that selec-
tively absorb, reflect, or refract radiation that vibrates in
only one plane.

6C QUANTUM-MECHANICAL
PROPERTIES OF RADIATION

When electromagnetic radiation is emitted or absorbed,
a permanent transfer of energy from the emitting object
or to the absorbing medium occurs. In order to describe
these phenomena, it is necessary to treat electromag-
netic radiation not as a collection of waves but rather as
a stream of discrete particles called photons or quanta.
The need for a particle model for radiation became ap-
parent as a consequence of the discovery of the photo-
electric effect in the late nineteenth century.

6C-1 The Photoelectric Effect

The first observation of the photoelectric effect was
made in 1887 by Heinrich Hertz, who reported that a
spark jumped more readily between two charged spheres
when their surfaces were illuminated with light. Be-
tween the time of this observation and the theoretical ex-
planation of the photoelectric effect by Einstein in 1905,
several important studies of the photoelectric effect were
performed with what is now known as a vacuum photo-
tube. Einstein’s explanation of the photoelectric effect
was both simple and elegant but was far enough ahead of
its time that it was not generally accepted until 1916,
when Millikan’s systematic studies had confirmed Ein-
stein’s theoretical conclusions in every detail.

Figure 6-13 is a schematic of vacuum phototube
circuit similar to the one used by Millikan to study the

Vacuum Radiation
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Stopping
Lasmsme T,
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source

Figure 6-13 Apparatus for studying the photoelectric
effect.



photoelectric effect. The surface of the large photo-
cathode on the left usually is coated with an alkali
metal or one of its compounds, but other metals may be
used. When monochromatic radiation impinges on the
photocathode, electrons are emitted from its surface
with a range of kinetic energies. As long as the voltage
V applied between the anode and the cathode is posi-
tive, the electrons are swept from left to right through
the phototube to produce a current [ in the circuit.
When the voltage across the phototube is adjusted so
that the anode is slightly negative with respect to the
cathode, the photoelectrons are repelled by the anode,
and the photocurrent decreases as expected. At this
point in the experiment, however, some of the electrons
have sufficient kinetic energy to overcome the negative

potential applied to the anode, and a current is still ob--

served,

This experiment may be repeated for phototubes
with different materials coated on the photocathode.
In each experiment, the photocurrent is measured as
a function of the applied voltage, and the voltage Vj
at which the photocurrent becomes precisely zero is

noted. The negative voltage at which the photocur-
rent is zero is called the stopping voltage. Tt corre-

sponds to the potential at which the most energetic
electrons from the cathode are just repelled from the
anode. If we multiply the stopping voltage by the
charge on the electron, e = —1.60 X 1071 coulombs,
we have a measure of the kinetic energy in joules of
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the most energetic of the emitted electrons. When
this experiment is repeated for various frequencies
of monochromatic light, the following results are ob-
served:

1. When light of constant frequency is focused on the
anode at low applied negative potential, the pho-
tocurrent 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 pho-
tocathode.

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.

These observations suggest that electromagnetic
radiation is a form of energy that releases electrons
from metallic surfaces and imparts to these electrons
sufficient kinetic energy to cause them to travel to a
negatively charged electrode. Furthermore, the number
of photoelectrons released is proportional to the inten-
sity of the incident beam.

The results of these experiments are shown in the
plots of Figure 6-14, in which the maximum Kinetic en-
ergy, or stopping energy eVy, of the photoelectrons is
plotted against frequency for photocathode surfaces of
potassium, sodium, and copper. Other surfaces give
plots with identical slopes, A, but different intercepts, w.

Figure 6-14 Maximum kinetic energy of
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photoelectrons emitted from three metal sur-
faces as a function of radiation frequency.
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The plots shown in Figure 6-14 are described by the
equation

eVo=hr + o (6-16)
In this equation, the slope h is the Planck constant,
which is equal to 6.6254 X 10734 joule second, and the
intercept w is the work function, a constant that is char-
acteristic of the surface material. Approximately a
decade before Millikan's work that led to Equation
6-16, Einstein had proposed the relationship between
frequency » of light and energy E as embodied by his
now famous equation
E=hv (6-17)
By substituting Einstein’s equation into Equation 6-16
and rearranging, we obtain
E=hr=¢eVy—w (6-18)
This equation shows that the energy of an incoming
photon is equal to the kinetic energy of the ejected pho-
toelectron minus the energy required to eject the photo-
electron from the surface being irradiated.

The photoelectric effect cannot be explained by a
wave model but requires instead a quantum model in
which radiation is viewed as a stream of discrete bun-
dles of energy, or photons. For example, calculations
indicate that no single electron could acquire suffi-
cient energy for ejection if the radiation striking the
surface is uniformly distributed over the face of the
electrode as it is in the wave model; nor could any
electron accumulate enough energy rapidly enough to
establish the nearly instantaneous currents that are
observed. Thus, it is necessary to assume that the
energy is not uniformly distributed over the beam
front but rather is concentrated in packets, or bundles
of energy.

Equation 6-18 can be recast in terms of wavelength
by substitution of Equation 6-2. That is,

E=h§=eVQ—m (6-19)

Note that although photon energy is directly propor-
tional to frequency, it is a reciprocal function of wave-
length.

LEXAMPLE 6-3

Calculate the energy of (a) a 5.3-A X-ray photon and
(b) a 530-nm photon of visible radiation.

he
E=hv=—
3 ik

(6.63 X 10734 J . 5) X (3.00 X 108 m/s)
5.30A X (10-1° m/A)

=375 %X 10716

(a) E=

EEREmMrEErEEEEEErE

[ The energy of radiation in the X-ray region is com-
monly expressed in electron volts, the energy ac-
quired by an electron that has been accelerated
through a potential of one volt. In the conversion
table inside the front cover of this book, we see that
1J =624 %1018V,

E=375X%X10"16] X (6.24 X 1018 eV/]) =
2.34 X 10 eV

(6.63 X 1073 T . 5) X (3.00 X 108 m/s)
530 nm X (10~° m/nm)

=375 X 1071?]

o = S B

(b) E=

=SS EE R I A

Energy of radiation in the visible region is often ex-
L pressed in kJ/mol rather than kJ/photon to aid in the
| discussion of the relationships between the energy of

t absorbed photons and the energy of chemical bonds.
L
I E=375%10"1° X
L photon
U

6.02 X 10>? photons kJ
L[ ( P ) % 10~3 —
1 mol J
L
L

= 226 kJ/mol

6C-2 Energy States of Chemical Species

The quantum theory was first proposed in 1900 by Max
Planck, a German physicist, to explain the properties of
radiation emitted by heated bodies. The theory was later
extended to rationalize other types of emission and ab-
sorption processes. Two important postulates of quan-
tum theory include:

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 radi-
ation in making the transition from one energy state
to a second, the frequency » or the wavelength A of
the radiation is related to the energy difference be-
tween the states by the equation

he
Ey—Ey=hr= W (6-20)
where E is the energy of the higher state and Ej the

energy of the lower state. The terms ¢ and A are the
speed of light and the Planck constant, respectively.

For atoms or ions in the elemental state, the energy
of any given state arises from the motion of electrons
around the positively charged nucleus. As a conse-
quence the various energy states are called electronic
states. In addition to having electronic states, molecules
also have quantized vibrational states that are associ-
ated with the energy of interatomic vibrations and quan-
tized retational states that arise from the rotation of
molecules around their centers of gravity.

The lowest energy state of an atom or molecule is
its ground state. Higher energy states are termed excited
states. Generally at room temperature, chemical species
are in their ground state.

6C-3 Emission of Radiation

Electromagnetic radiation is produced when excited
particles (atoms, ions, or molecules) relax to lower en-
ergy levels by giving up their excess energy as photons.
Excitation can be brought about by a variety of means,
including (1) bombardment with electrons or other ele-
mentary particles, which generally leads to the emission
of X-radiation; (2) exposure to an electrical current ac
spark or the heat of a flame, an arc, or a furnace, which
produces ultraviolet, visible, or infrared radiation; (3)
irradiation with a beam of electromagnetic radiation,
which produces fluorescent radiation; an exothermic
chemical reaction that produces chemiluminescence.
Radiation from an excited source is conveniently
characterized by means of an emission spectrum, which
usually takes the form of a plot of the relative power of
the emitted radiation as a function of wavelength or fre-
quency. Figure 6-15 illustrates a typical emission spec-
trum, which was obtained by aspirating a brine solution
into an oxyhydrogen flame. Three types of spectra are
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evident in the figure: lines, bands, and a continuum. The
line spectrum is made up of a series of sharp, well-de-
fined peaks caused by excitation of individual atoms.
The band spectrum consists of several groups of lines
so closely spaced that they are not completely resolved.
The source of the bands consists of small molecules or
radicals. Finally, the continuum portion of the spectrum
is responsible for the increase in the background that is
evident above about 350 nm. The line and band spectra
are superimposed on this continuum. The source of the
continuum is described on page 133.

Figure 6-16 is an X-ray emission spectrum produced
by bombarding a piece of molybdenum with an energetic
stream of electrons. Note that in Figure 6-16, there is
also a line spectrum superimposed on a continuum. The
source of the continuum is described in Section 12A-1.

Line Spectra

Line spectra in the ultraviolet and visible regions are
produced when the radiating species are individual
atomic particles that are well separated, in a gas phase.
The individual particles in a gas behave independently
of one another, and the spectrum consists of a series of
sharp lines with widths of about 10~4 A. In Figure 6-15,
lines for gas-phase sodium, potassium, strontium, and
calcium are identified.

The energy-level diagram in Figure 6-17a shows
the source of two of the lines in a typical emission spec-
trum of an element. The horizontal line labeled E; cor-
responds to the lowest, or ground-state, energy of the
atom. The horizontal lines labeled £ and E, are two
higher-energy electronic levels of the species. For ex-
ample, the single outer electron in the ground state £,
for a sodium atom is located in the 3s orbital. Energy
level E; then represents the energy of the atom when
this electron has been promoted to the 3p state by ab-
sorption of thermal, electrical, or radiant energy. The
promotion is depicted by the shorter wavy arrow on the
left in Figure 6-17a. After perhaps 1078 s, the atom re-
turns to the ground state, emitting a photon whose fre-
quency and wavelength are given by Equation 6-20.

T (E1 = Eg)/k
A, = hol(Ey — Ey)

This emission process is illustrated by the shorter
straight arrow on the right in Figure 6-17a.

For the sodium atom, E; in Figure 6-17 corre-
sponds to the more energetic 4p state; the resulting
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Figure 6-15 Emission spectrum of a brine obtained with an oxyhydrogen flame.,
(K. Hermann and C. T. J. Alkemade, Chemical Analysis by Flame Photometry, Znd ed., p. 484. New York:

Interscience, 1963, With permission.)

emitting radiation A, appears at a shorter wavelength or
a higher frequency. The line at about 330 nm in Figure
6-15 results from this transition; the 3p-to-3s transition
provides a line at about 590 nm.

X-Ray line spectra are also produced by electronic
transitions. In this case, however, the electrons involved
are those in the innermost orbitals. Thus, in contrast to
ultraviolet and visible emissions, the X-ray spectrum
for an element is independent of its environment. For
example, the emission spectrum for molybdenum is the
same regardless of whether the sample being excited is
molybdenum metal, solid molybdenum sulfide, gaseous
molybdenum hexafluoride, or an aqueous solution of an
anionic complex of the metal.

Band Spectra

Band spectra are often encountered in spectral sources
when gaseous radicals or small molecules are present.
For example, in Figure 6-15 bands for OH, MgOH, and
MgO are labeled and consist of a series of closely
spaced lines that are not fully resolved by the instru-
ment used to obtain the spectrum, Bands arise from nu-
merous quantized vibrational levels that are superim-
posed on the ground-state electronic energy level of a
molecule.

Figure 6-17b is a partial energy-level diagram for a
molecule that shows its ground state Ej and two of its
several excited electronic states, E; and Ej. A few of the
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Figure 6-16 X-Ray emission spectrum of molybdenum
metal,

many vibrational levels associated with the ground state
are also shown. Vibrational levels associated with the
two excited states have been omitted because the life-
time of an excited vibrational state is brief compared
with that of an electronically excited state (about 10~ 155
versus 1078 s). A consequence of this tremendous differ-
ence in lifetimes is that when an electron is excited to one
of the higher vibrational levels of an electronic state, re-
laxation to the lowest vibrational level of that state oc-
curs before an electronic transition to the ground state
can occur, Therefore, the radiation produced by the elec-
trical or thermal excitation of polyatomic species nearly
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always results from a transition from the lowest vibra-
tional level of an excited electronic state to any of the
several vibrational levels of the ground state.

The mechanism by which a vibrationally excited
species relaxes to the nearest electronic state involves a
transfer of its excess energy to other atoms in the sys-
tem through a series of collisions. As noted, this process
takes place at an enormous speed. Relaxation from one
electronic state to another can also occur by collisional
transfer of energy, but the rate of this process is slow
enough that relaxation by photon release is favored.

The energy-level diagram in Figure 6-17b illus-
trates the mechanism by which two radiation bands that
consist of five closely spaced lines are emitted by a
molecule excited by thermal or electrical energy. For a
real molecule, the number of individual lines is much
larger because in addition to the numerous vibrational
states, a multitude of rotational states would be super-
imposed on each. The differences in energy among the
rotational levels is perhaps an order of magnitude
smaller than that for vibrational states. Thus, a real mo-
lecular band would be made up of many more lines than
we have shown in Figure 6-17b, and these lines would
be much more closely spaced.

Continuum Spectra

As shown in Figure 6-18, truly continuum radiation is
produced when solids are heated to incandescence.
Thermal radiation of this kind, which is called black-
body radiation, is characteristic of the temperature of

0

Sl

Figure 6-17 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 spec-
trum,
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Figure 6-18 Blackbody radiation curves.

the emitting surface rather than the material of which
that surface is composed. Blackbody radiation is pro-
duced by the innumerable atomic and molecular oscilla-
tions excited in the condensed solid by the thermal en-
ergy. Note that the energy peaks in Figure 6-18 shift to
shorter wavelengths with increasing temperature. It is
clear that very high temperatures are needed to cause a
thermally excited source to emit a substantial fraction
of its energy as ultraviolet radiation.

As noted earlier, part of the continuum background
radiation exhibited in the flame spectrum shown in Fig-
ure 6-15 is probably thermal emission from incandes-
cent particles in the flame. Note that this background de-
creases rapidly as the ultraviolet region is approached.

Heated solids are important sources of infrared,
visible, and longer-wavelength ultraviolet radiation for
analytical instruments.

6C-4 Absorption of Radiation

When radiation passes through a layer of solid, liquid,
or gas, certain frequencies may be selectively removed
by absorption, a process in which electromagnetic en-
ergy is transferred to the atoms, ions, or molecules com-
posing the sample. Absorption promotes these particles
from their normal room temperature state, or ground
state, to one or more higher-energy excited states.
According to quantum theory. atoms, molecules, or
ions have only a limited number of discrete, energy lev-
els; for absorption of radiation to occur, the energy of
the exciting photon must exactly match the energy dif-
ference between the ground state and one of the excited
states of the absorbing species. Since these energy dif-
ferences are unique for each species, a study of the fre-

quencies of absorbed radiation provides a means of
characterizing the constituents of a sample of matter.
For this purpose, a plot of absorbance as a function of
wavelength or frequency is experimentally determined
(absorbance, a measure of the decrease in radiant
power, is defined by Equation 6-32 in Section 6D-2).
Typical absorption spectra are shown in Figure 6-19.

Examination of the four plots in Figure 6-19 re-
veals that absorption spectra vary widely in appearance;
some are made up of numerous sharp peaks, whereas
others consist of smooth continuous curves. In general,
the nature of a spectrum is influenced by such variables
as the complexity, the physical state, and the environ-
ment of the absorbing species. More fundamental, how-
ever, are the differences between absorption spectra for
atoms and those for molecules.

Atomic Absorption

The passage of polychromatic ultraviolet or visible radi-
ation through a medium that consists of monoatomic
particles, such as gaseous mercury or sodium, results in

(a) Na vapor
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Figure 6-19 Some typical ultraviolet absorption spectra.



the absorption of but a few well-defined frequencies (see
Figure 6-19a). The relative simplicity of such spectra is
due to the small number of possible energy states for the
absorbing particles. Excitation can occur only by an
electronic process in which one or more of the electrons
of the atom are raised to a higher energy level. For exam-
ple, sodium vapor exhibits two closely spaced, sharp ab-
sorption peaks in the yellow region of the visible spec-
trum (589.0 and 589.6 nm) as a result of excitation of the
3s electron to two 3p states that differ only slightly in en-
ergy. Several other narrow absorption lines, correspond-
ing to other allowed electronic transitions, are also ob-
served. For example, an ultraviolet peak at about 285 nm
results from the excitation of the 3s electron in sodium to
the excited Sp state, a process that requires significantly
greater energy than does excitation to the 3p state (in
fact, the peak at 285 nm is also a doublet; the energy dif-
ference between the two peaks is so small, however, that
most instruments cannot resolve them).

Ultraviolet and visible radiation has sufficient en-
ergy to cause transitions of the outermost or bonding
electrons only. X-Ray frequencies, on the other hand,
are several orders of magnitude more energetic (see Ex-
ample 6-3) and are capable of interacting with electrons
that are closest to the nuclei of atoms. Absorption peaks
that correspond to electronic transitions of these inner-
most electrons are thus observed in the X-ray region.

Molecular Absorption

Absorption spectra for polyatomic molecules, particu-
lally in the condensed state, are considerably more
complex than atomic spectra because the number of en-
ergy states of molecules is generally enormous when
compared with the number of energy states for isolated
atoms. The energy E, associated with the bands of a
molecule, is made up of three components, That is,

E = Eelectronic + Evibrational T Erotational  (6-21)

where Eejecironic describes the electronic energy of the
molecule that arises from the energy states of its several
bonding electrons. The second term on the right refers
1o the total energy associated with the multitude of in-
leratomic vibrations that are present in molecular
Species. Generally, a molecule has many more quan-
lized vibrational energy levels than it does electronic
levels, Finally, E;oarional 1S the energy caused by various
otational motions within a molecule; again the number
of rotational states is much larger than the number of vi-
brational states. Thus, for each electronic energy state
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of a molecule, several possible vibrational states nor-
mally exist; and for each of these vibrational states, in
turn, numerous rotational states are possible. As a con-
sequence, the number of possible energy levels for a
molecule is normally orders of magnitude greater than
the number of possible energy levels for an atomic par-
ticle.

Figure 6-20 is a graphical representation of the en-
ergy levels associated with a few of the numerous elec-
tronic and vibrational states of a molecule. The heavy
line labeled Ey represents the electronic energy of the
molecule in its ground state (its state of lowest elec-
tronic energy); the lines labeled E| and E; represent the
energies of two excited electronic states. Several of
the many vibrational energy levels (e, ey, * - -, e,) are
shown for each of these electronic states.

As can be seen in Figure 6-20, the energy differ-
ence between the ground state and an electronically ex-
cited state is large relative to the energy differences be-
tween vibrational levels in a given electronic state
(typically, the two differ by a factor of 10 to 100).

The arrows in Figure 6-20a depict some of the tran-
sitions that result from absorption of radiation. Visible
radiation causes excitation of an electron from £ to any
of the n vibrational levels associated with E| (only five
of the n vibrational levels are shown in Figure 6-20).
Potential absorption frequencies are then given by n
equations, each with the form

1 '
W= ;(EI ar G = Eg) (6-22)
wherei=1,2,3,-- - n.

Similarly, if the second electronic state has m
vibrational levels (four of which are shown), potential
absorption frequencies for ultraviolet radiation are
given by m equations such as

i = By + € — Ey (6-23)
wherei=1,2,3,---m.

Finally, as shown in Figure 6-20a, the less ener-
getic near- and mid-infrared radiation can only bring
about transitions among the k vibrational levels of the
ground state. Here, k potential absorption frequencies
are given by k equations, which may be formulated as

1= (e = €0 (6-24)

wherei =1,2,3,- -k
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Figure 6-20 Partial energy-level diagrams for a fluorescent organic molecule.

Although they are not shown, several rotational en-
ergy levels are associated with each vibrational level in
Figure 6-20. The energy difference between the rota-
tional energy levels is small relative to the energy dif-
ference between vibrational levels. Transitions between
a ground and an excited rotational state is brought about
by radiation in the 0.01- to 1-cm range, which includes
microwave and longer infrared radiation.

In contrast to atomic absorption spectra. which
consist of a series of sharp, well-defined lines, molecu-
lar spectra in the ultraviolet and visible regions are ordi-
narily characterized by absorption regions that often en-
compass a substantial wavelength range (see Figure
6-19b, ¢). Molecular absorption also involves electronic
transitions. As shown by Equations 6-23 and 6-24, how-
ever, several closely spaced absorption lines will be as-
sociated with each electronic transition, owing to the
existence of numerous vibrational states. Furthermore,

as we have mentioned, many rotational energy levels
are associated with each vibrational state. As a conse-
quence, the spectrum for a molecule ordinarily consists
of a series of closely spaced absorption lines that consti-
tute an absorption band, such as those shown for ben-
zene vapor in Figure 6-19b. Unless a high-resolution in-
strument is employed, the individual peaks may not be
detected, and the spectra will appear as broad smooth
peaks such as those shown in Figure 6-19c. Finally, in
the condensed state, and in the presence of solvent mol-
ecules, the individual lines tend to broaden even further
to give continuous spectra such as that shown in Figure
6-19d. Solvent effects are considered in later chapters.
Pure vibrational absorption is observed in the in-
frared region, where the energy of radiation is insuffi-
cient to cause electronic transitions. Such spectra ex-
hibit narrow, closely spaced absorption peaks that result
from transitions among the various vibrational quantum



levels (see the transition labeled IR at the bottom of Fig-
ure 6-20a). Variations in rotational levels may give rise
to a series of peaks for each vibrational state; but in lig-
uid and solid samples rotation is often hindered to such
an extent that the effects of these small energy differ-
ences are not ordinarily detected. Pure rotational spec-
tra for gases can, however, be observed in the mi-
crowave region,

Absorption Induced by a Magnetic Field

When electrons of the nuclei of certain elements are sub-
jected to a strong magnetic field, additional quantized
energy levels can be observed as a consequence of the
magnetic properties of these elementary particles. The
differences in energy between the induced states are
small, and transitions between the states are brought
about only by absorption of long-wavelength (or low-
frequency) radiation. With nuclei, radio waves ranging
from 30 to 500 MHz (A = 1000 to 60 cm) are generally
involved; for electrons, microwaves with a frequency of
about 9500 MHz (A = 3 cm) are absorbed. Absorption
by nuclei or by electrons in magnetic fields is studied by
nuclear magnetic resonance (NMR) and electron spin
resonance (ESR) techniques, respectively; nuclear mag-
netic resonance methods are considered in Chapter 19.

6C-5 Relaxation Processes

Ordinarily, the lifetime of an atom or molecule excited
by absorption of radiation is brief because there are sev-
eral relaxation processes that permit its return to the
ground state.

Nonradiative Relaxation

As shown in Figure 6-20b, nonradiative relaxation in-
volves the loss of energy in a series of small steps, the
excitation energy being converted to kinetic energy by
collision with other molecules. A minute increase in the
temperature of the system results.

As shown in Figure 6-20c, relaxation can also
occur by emission of fluorescent radiation. Still other
relaxation processes are discussed in Chapters 15, 18,
and 19.

Fluorescence and Phosphorescence Relaxation

Fluorescence and phosphorescence are analytically im-
portant emission processes in which atoms or molecules
are excited by absorption of a beam of electromagnetic
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radiation; radiant emission then occurs as the excited
species return to the ground state. Fluorescence occurs
more rapidly than phosphorescence and is generally
complete after about 10~ s from the time of excitation.
Phosphorescence emission takes place over periods
longer than 1072 s and may indeed continue for minutes
or even hours after irradiation has ceased. Fluorescence
and phosphorescence are most easily observed at a 90-
deg angle to the excitation beam.

Resonance fluorescence describes the process in
which the emitted radiation is identical in frequency to
the radiation employed for excitation. The lines labeled
1 and 2 in Figures 6-20a and 6-20c illustrate resonance
fluorescence. Here, the species is excited to the energy
states E; or E, by radiation that has an energy of
(E) — Ep) or (E; — Ey). After a brief period, emission of
radiation of identical energy occurs, as depicted in Fig-
ure 6-20c. Resonance fluorescence is most commonly
produced by afoms in the gaseous state that do not have
vibrational energy states superimposed on electronic
energy levels.

Nonresonance fluorescence is brought about by ir-
radiation of molecules in solution or in the gaseous
state. As shown in Figure 6-20a, absorption of radiation
promotes the molecules into any of the several vibra-
tional levels associated with the two excited electronic
levels. The lifetimes of these excited vibrational states
are, however, only on the order of 1013 s, which is
much smaller than the lifetimes of the excited electronic
states (10~% s). Therefore, on the average, vibrational
relaxation occurs before electronic relaxation. As a con-
sequence, the energy of the emitted radiation is smaller
than that of the absorbed by an amount equal to the vi-
brational excitation energy. For example, for the ab-
sorption labeled 3 in Figure 6-20a, the absorbed energy
is equal to (E; — Eg + € — ep), whereas the energy of
the fluorescent radiation is again given by (E; — Ejp).
Thus, the emitted radiation has a lower frequency or
longer wavelength than the radiation that excited the
fluorescence. This shift in wavelength to lower frequen-
cies is sometimes called the Stokes shift.- Both reso-
nance and nonresonance radiation can accompany fluo-
rescence of molecules, although the latter tends to
predominate because of the much larger number of
vibrationally excited states.

Phosphorescence occurs when an excited molecule
relaxes to a metastable excited electronic state (called
the triplet state), which has an average lifetime of
greater than about 107 s. The nature of this type of ex-
cited state is discussed in Chapter 15.
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6C-6 The Uncertainty Principle

The uncertainty principle was first proposed in 1927 by
Werner Heisenberg, who postulated that nature places
limits on the precision with which certain pairs of physi-
cal measurements can be made. The uncertainty princi-
ple, which has important and widespread implications in
instrumental analysis, is readily derived from the princi-
ple of superposition, which was discussed in Section
6B-4. Applications of this principle will be found in sev-
eral later chapters that deal with spectroscopic methods.?

Let us suppose that we wish to determine the fre-
quency »; of a monochromatic beam of radiation by
comparing it with the output of a standard clock, which
is an oscillator that produces a light beam that has a pre-
cisely known frequency of »,. To detect and measure
the difference between the known and unknown fre-
quencies, Ay = »; — v, we allow the two beams to in-
terfere as in Figure 6-5 and determine the time interval
for a beat (A to B in Figure 6-5). The minimum time A¢
required to make this measurement must be equal to or
greater than the period of one beat, which as shown in
Figure 6-5, is equal to 1/Ar. Therefore, the minimum
time for a measurement is given by

Ar = /Ay
or

AtAy = 1 (6-25)

Note that to determine A with zero uncertainty, an infi-
nite measurement time is required. If the observation
extends over a very short period, the uncertainty will be
large.

Let us multiply both sides of Equation 6-25 by the
Planck constant to give

At - (hAv) = h
From Equation 6-17, it is apparent that
AE = hAv
and
At-AE=h (6-26)

Equation 6-26 is one of several ways of formulating the
Heisenberg uncertainty principle. The meaning in
words of this equation is as follows. If the energy E of a
particle or system of particles—photons, electrons, neu-

5 A general essay on the uncertainty principle, including applica-
tions, is given by L. 5. Bartell, /. Chem. Ed., 1985, 62, 192.

trons, or protons, for example—is measured for an ex-
actly known period of time At, then this energy is un-
certain by at least 2/Ar. Therefore, the energy of a parti-
cle can be known with zero uncertainty only if it is
observed for an infinite period. For finite periods, the
energy measurement can never be more precise than
hiAt. The practical consequences of this limitation will
appear in several of the chapters that follow.

6D QUANTITATIVE ASPECTS OF
SPECTROCHEMICAL
MEASUREMENTS

As shown in Table 6-2, spectrochemical methods fall
into four major categories. All four require the measure-
ment of radiant power, P, which is the energy of a beam
of radiation that reaches a given area per second. In mod-
ern instruments, radiant power is determined with a radi-
ation detector that converts radiant energy into an elec-
trical signal S. Generally S is a voltage or a current that
ideally is directly proportional to radiant power. That is,

S'=kP (6-27)

where k is a constant.

Many detectors exhibit a small, constant response,
known as a dark current, in the absence of radiation. In
those cases, the response is described by the relationship

S=kP+ ky (6-28)

where k; is the dark current, which is generally small
and constant at least for short periods of time. Spectro-
chemical instruments are usually equipped with a com-
pensating circuit that reduces k, to zero whenever mea-
surements are made. With such instruments, Equation
6-27 then applies.

6D-1 Emission, Luminescence,
and Scattering Methods

As shown in column 3 of Table 6-2, in emission, lumines-
cence, and scattering methods, the power of the radiation
emitted by an analyte after excitation is ordinarily directly
proportional to the analyte concentration ¢ (P, = ke).
Combining this equation with Equation 6-28 gives

S=kc (6-29)

where k' is a constant that can be evaluated by exciting
analyte radiation in one or more standards and by mea-
suring S. An analogous relationship also applies for
luminescence and scattering methods.
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by both atomic and molecular absorption measure-
ments. Certain limitations to the applicability of Beer's
law are encountered, and these limitations will be dis-
cussed in detail in Section 13B.

Measurement of Transmittance
and Absorbance

Figure 6-22 is a schematic of a simple instrument called
a photometer used for measuring the transmittance and
absorbance of aqueous solutions with a filtered beam of
visible radiation. Here, the radiation from a tungsten
bulb passes through a colored glass filter that restricts
the radiation to a limited band of contiguous wave-
lengths. The beam then passes through a variable di-
aphragm that permits adjustment of the power of the ra-
diation that reaches the transparent cell that contains the
sample. A shutter can be imposed in front of the di-
aphragm that completely blocks the beam. With the
shutter open, the radiation impinges on a photoelectric
device that converts the radiant energy of the beam to a
dc current that is detected and measured with a mi-
croammeter. The output of the meter § is described by
Equation 6-28. Note that the meter has a linear scale
that extends from 0 to 100.

In order to make such an instrument direct reading
in percent transmittance, two preliminary adjustments
are carried out, namely the 0% T, or dark current, ad-

Justment, and the 100% T adjustment. The 0% T adjust-
ment is made with the detector screened from the
source by closing the mechanical shutter. Any small
dark current in the detector is nulled electrically until
the needle of the detector reads zero.

The 100% T adjustment is made with the shutter
open and with the solvent cell in the light path. Usually,
the solvent is contained in a cell that is as nearly as pos-
sible identical to the cell that contains the sample. The
100% T adjustment with this instrument involves vary-
ing the power of the beam by means of the variable di-
aphragm; in some instruments, the same effect is real-
ized by varying the radiant output of the source
electrically. The radiant power that reaches the detector
is then varied until the meter reads exactly 100. Effec-
tively, this procedure sets Py in Equation 6-31 at 100%.
When the solvent is replaced by the cell that contains
the sample, the scale then indicates the percent trans-
mittance directly, as shown by the equation

P

mxlp@%=P

Obviously, an absorbance scale can also be scribed on
the readout device. As shown in Figure 6-23, such a
scale will be nonlinear unless the output is converted to
a logarithmic function by suitable hardware or soft-
ware.

%T = —P— X 100% =
Py
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Figure 6-23 Readout for an inexpensive photometer.
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6E QUESTIONS AND PROBLEMS

6-1 Define

(a) coherent radiation.

(b) dispersion of a transparent substance.
(¢) anomalous dispersion.

(d) work function of a substance.
(e) photoelectric effect.

(f) ground state of a molecule.
(g) electronic excitation.

(h) blackbody radiation.

(1) fluorescence.

(j) phosphorescence.

(k) resonance fluorescence.

(1) photon.
(m) absorptivity.

(n) wavenumber.

(0) relaxation.

(p) Stokes shift.

6-2 Calculate the frequency in hertz, the energy in joules, and the energy in electron volts
of an X-ray photon with a wavelength of 2.70 A.

6-3 Calculate the frequency in hertz, the wavenumber, the energy in joules, and the energy in
kJ/mol associated with the 5.715 pwm vibrational absorption band of an aliphatic ketone.

6-4 Calculate the wavelength and the energy in joules associated with an NMR signal at
220 MHz.

6-5 Calculate the velocity, frequency, and wavelength of the sodium D line (A = 589 nm)
as light from this source passes through a species whose refractive index, mp, 1s 1.43.

6-6 When the D line of sodium light impinges an air/diamond interface at an angle of inci-
dence of 30.0 deg, it is found that the angle of refraction is 11.9 deg. What is np, for di-
amond?

6-7 What is the wavelength of a photon that has three times as much energy as that of a
photon whose wavelength is 500 nm?

6-8 The silver iodide bond energy is approximately 255 kJ/mol (Agl is one of the possible
active components in photogray sunglasses). What is the longest wavelength of light
that is capable of breaking the bond in silver iodide?

6-9 Cesium is used extensively in photocells and in television cameras because it has the
lowest ionization energy of all the stable elements.
(a) What is the maximum kinetic energy of a photoelectron ejected from cesium by
500 nm light? Note that if the wavelength of the light used to irradiate the cesium
surface becomes longer than 660 nm, no photoelectrons are emitted.
(b) Use the rest mass of the electron to calculate the velocity of the photoelectron in
(a).

6-10 The Wien displacement law for blackbody radiators states that the product of tempera-
ture in kelvin and the wavelength of maximum emission is a constant k(k = T - Apax)-
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6-11

6-12

6-13
6-14

6-15

6-16

6-17

6-18

6-19

Calculate the wavelength of maximum emission for a Globar infrared source operated

at 1400 K. Use the data in Figure 6-18 for the Nernst glower for the evaluation of the

constant.

Calculate the wavelength of

(a) the sodium line at 589 nm in an aqueous solution that has a refractive index of 1.35.

(b) the output of a ruby laser at 694.3 when it is passing through a piece of quartz that
has a refractive index of 1.55.

Calculate the reflection loss when a beam of radiant passes through an empty quartz
cell assuming the refraction index of quartz is 1.55.

Explain why the wave model for radiation cannot account for the photoelectric effect.

Convert the following absorbance data into percent transmittance:
(a) 0.375, (b) 1.325, (c) 0.012.

Convert the following percent transmittance data into absorbance:
(a) 33.6, (b) 92.1, (c) L.75.

Calculate the percent transmittance of solutions with half the absorbance of those in
Problem 6-14.

Calculate the absorbance of solutions with half the percent transmittance of those in
Problem 6-15.

A solution that was 4.14 X 1073 M in X had a transmittance of 0.126 when measured
in a 2.00-cm cell. What concentration of X would be required for the transmittance to
be increased by a factor of 3 when a 1.00-cm cell was used?

A compound had a molar absorptivity of 2.17 X 10° L cm~! mol L. What concentra-
tion of the compound would be required to produce a solution that has a transmittance
of 8.42% in a 2.50-cm cell?






