Idaho State Police
Forensic Laboratory Training Manual
Spectroscopy

1.0.0 INTRODUCTION TO SPECTROSCOPY

The term spectroscope derives from two root words: the Latin word spectrum meaning
image, and the Greek word skopein, 1o view {e.g. microscope, telescope, elc.). Soa
spectroscope is an instrument that permits visual observation of spectra. Instruments that
record a spectral image are commonly called spectrographs. If a @%oelectric cell is used
to measure how much of each color appears the instrument is ¢aled a spectrometer (from
the Greek metron, measure). Since a device for measuungé\ intensity of radiation is
called a photometer, the final combined term is vpecno neter, or recording
spectrophotometer.

Every atom, ion or molecule has a unique a ctet.%?c interaction with
electromagnetic radiation. The way in wh l@gdlat -acts with matter can be used to
gain information about the matter, Specno asurement and interpretation of
electromagnetic radiation absorbed or q@lte en &ules, atoms or ions of a sample

move from one energy state to dgt@g {Q 0@

The interaction of matter an leatm\@ e throughout the entire specttum of
electromagnetic radiatio @c na diation throughout this spectrum is the
same; the only differenc m @ and wavelength of the radiation and the
effects the radiatio Radiation is photons moving at or near the speed
of light. The ty ntelé‘ro; %@ton has with matter is very much dependant on that
photon’s ene he w ngth — low frequency photons in the radio {requency
range have L*S@e y to cause a reorientation of the nuclear spin states of
substan Photo nfrared region, cause changes in the vibrational and rotational
ener g f molecules. “Phe high frequency, short wavelength photons in the X-ray region

have dufficient energy to eject inner shell electrons from atoms, Figure | depicts the
romagnetic spectrum and shows the different regions of this spectrum as well as the
hanges to atoms or molecules caused by the radiation.
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In general, two types c@neas @eg@c taken with spectrometers — absorbance and

emission. (b‘ Q/

With absorba e ra ﬁbn sed through the sample of interest, and the amount of the
radiation agsgbe iffi wavelengths is determined. Infrared (IR),

i
108

3

ultravi isible (UV@ and atomic absorbance (AA) are common examples of
absobéhice spectrometry,

QO

emission spectrometry, the molecules or atoms in the sample of interest are bombarded

with sufficient energy to raise them to an excited state. As they fall back to their normal
state, they emit characteristic radiation. X-ray fluorescence, ultraviolet fluorescence and
atomic emission (such as flame emission and inductively coupled argon plasma (ICP)} are
examples of emission spectrometry.

All spectrometers need an energy source - either to excite the sample into emitting
radiation, or as a source of radiation for the sample to absorb., All spectrometers also need
a way of discriminating between different wavelengths that have interacted with the
sample. Instruments dealing with different regions of the electromagnetic spectrum take
different approaches. Many instruments use monochromators, which disperse and
separate the different wavelengths of radiation. Some instruments use filters to remove

Page 2 of 6 Rev2

Spectroscopy training
6/03
Issuing Authority: Quality Manager




the wavelengths that are not of interest. Other instruments use energy discriminating
detectors. The specific sources and methods for discriminating between the wavelengths
of radiation will be explained in detail later in the reading material.

A photon has the properties of a microscopic particle of definite energy and at the same
time has properties of a wave extending over a broad area of space. When a photon passes

a particular region of space, the electric field in that region oscillates with the frequency of
that photon. Figure 2 gives a graphical representation of this oscillation.
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The number of waves passing a flxe nt 1 e s is the frequency (1) of the
that is, cycles per second, The

radiation. Frequency is usually

distance between successive maxima Q‘Sﬁ B on Figure 2) is the wavelength (O).
The units commonly used f Scribing we ength dlffel considerably in the various
spectral regions. For ex& 1 nm (10 m), is employed with visible and
ultraviolet radiation a m (10°® m), is used for the infrared region. The

relationship of fre y tW is given in Equation I where c is the speed of

light in a vacm 1 the speed of light in a vacuum is 2.99792 x 10
m/sec but is l u ly @ 0 3.00 x 10° m/sec (3.00 x 10'® enw/sec). In air the speed
of hght 1 5peed of light in a vacuum,

e/t
OQ Equation 1
%metimes the wave number is used instead of the frequency. Wave numbers are the
number of waves per centimeter and ate expressed in units’ cm™, As shown in Equation
2, wave numbers are equal to the reciprocal of wavelength and also equal to frequency
divided by the speed of light.

v=1/A(cm)=v/c=v/3x10"(cm/s)

Equation 2
The energy of a photon, E, is given in Equation 3, where /i is Planck’s constant (6.6262 x

103 1/Hz).
OE [ h)0he/()
Equation 3
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As can be seen from Equation 3, the energy of a photon is directly proportional to its
frequency, and inversely proportional to its wavelength. In other words, the energy of a
photon increases as its wavelength decreases and frequency increases.

While frequency depends only on the source of radiation and remains constant for a given
radiation, the velocity at which light moves through a medium is dependent upon both the
composition of the medium and the frequency of the radiation. This leads to a
phenomenon known as refraction, in which light changes direction when going from one
medium to another in which the speed of light is different (see Figure 3).
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the amount of refraction a on the frequency of light. Shorter
wavelengths are bent m(@ These differences in refraction can be used

to disperse, or sepa %leffiﬁb f%o/ﬁ cies of light (see Figure 4).

6(0 O(\ O\/

‘\ \5(\ &

Q@ NN

R
QK

Because the speed of hght in eze ;@ies depending on the frequency of light,

Figure 4 - Dispersion by a Prism

Prisms can be used to disperse ultraviolet, visible and infrared radiation. 'The material the
prism is made of will differ depending upon the wavelength region. Prisms are rarely used
in modern monochromators. They have been replaced by diffraction gratings, which
consist of parallel grooves cut into a surface, ranging in density from 10,000 to 61,000
grooves per inch. Diffraction gratings offer several advantages as dispersing elements.
Perhaps the most important is the wavelength independence of dispersion that makes the
design of a monochromator considerably simpler. With prisms, short wavelengths are not
dispersed as much as long wavelengths, so other parts of the monochromator have fo
compensate as a spectral range is scanned. Gratings also provide a means of dispersing
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radiation in the far ultraviolet and far infrared regions where absorption prevents the use of
prisms. The chief disadvantages of gratings are that they produce more stray light and
they pass higher order spectra (“overtones”). Gratings are still used in vltraviolet
spectrometers, however in modern infrared spectrometers they have been largely replaced
by interferometers. The function of monochromators and interferometers will be covered
in the reading material in the Ultraviolet/Visible and Infrared Spectroscopy sections of this
manual.

Three important radiation phenomena to consider are diffraction, reflection and scattering.

Diffraction is the departure from the rectilinear propagation of li %ays and occurs when
light rays encounter some sort of barrier. Diffraction occurs wihes the dimensions of the
barrier or the dimensions of the openings in the batrier are parable in size to the
wavelength of light involved, When light is passed thr@a very narrow slit, it is
“diffracted” or spread out in a manner somewhat ana{@gous to water under pressure
spraying out of a narrow nozzle. (See Figure 5). A§marrow slits are often used in
monochromators, diffraction must be taken inti@ oun.Q\

(<O
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Diffraction can also b ause@a )@deﬁned straight edge, such as the lines on a
diffraction grating, X0V~ x& Q/
&(} O(\ \% _ _

Reflection — 'k“be ¢ a.% o %@ of reflection. Specular reflection, or gloss, may be
defined as tl@deg@ 0 ‘% a surface possesses the light-reflecting property of a perfect
mirror.\ h mirror li@' lection, the angle of reflection equals the angle of incidence.
Wit cular reflectance, a “mirror image” is usually produced. Diffuse reflection is seen

V&@ ull surfaces. The radiation is reflected from the sample surface through a wide
Qa ge of angles. (See Figure 6.) A perfectly diffuse reflecting surface (matte), even under
unidirectional illumination, has a constant luminance regardless of the angle from which it
is viewed. With diffuse reflectance, no “mirror image” is produced.

angle of incidence
equals
angla of reflection

¥
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Specular Diffuse
Reflection Reflection Scattering
Figare 6
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Reflection occurs whenever a light ray encounters a boundary between two media. These
encounters are repeated over and over again in granular or fibrous structures where a light
beam will encounter a new interface every few millionths of a centimeter. These repeated
encounters result in thorough diffusion such that the surface tends to appear uniformly
bright in all directions: this is the diffuse component that is responsible for colotr where
color exists. Particle size plays an important role. Whiteness and reflectance gain as the
diameter is reduced to about one-half of the wavelength of the incident light. At very
small particle diameters, less than one-fourth the light wavelength, scattering takes over
and diffuse reflectance falls of. As the particle size becomes very small in relation to the
wavelength, scattering becomes less and less of a problem. Rcfle@% and scattering are
problems with turbid and opaque samples, A\

N

The amount of radiation a sample absorbs cannot be diré& measured. It must be
determined indirectly. What can be measured is the‘{@)unt of radiation a sample allows
to transmit through it. Transmittance (T) is defin Equation 4:

Transmitta@@(T&)@
< K
&uat' C4) Q/é

Where I is the intensity of the r. @\enel t@he sample and I is the intensity of
the radiation emerging from the %

Absorbance is related to‘%i&n %@e a@own in Equation 5.
I

@)sor@l\ce& —log T =log,, _:_ long0
F Sy
5\ O O Equation 5
Infrared s e@um@g\u@ displayed as % transmittance verses wavelength while
s

UltravigietAVisible sp are generally displayed as absorbance verses wavelength, This
is p1 y due to the fact that UV/Vis is more commonly used as a guantitative technique
a&&is easier to relate absorbance to concentration. Quantitation will be discussed

QL ther in the Ultraviolet/Visible Spectroscopy section.

2.0.0 QUESTIONS

1. How is the energy of a photon related to its wavelength and frequency?

2. When the bottom half of a stick has been placed in water, why does it appear that the
stick bends at the point it enters the water?

3. What is frequency? Under what name is frequency usually expressed as? What are the
units of this frequency?

4, What is a wave number and what are wave numbers units?

5. How can wavelength be converted to wave numbers?

6. How is frequency related to wavelength?
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