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= Chapter 1 Ultraviolet and Visible Spectroscopy

1.1 Introduction

Spectroscopy is the measurement and interpretation of electromagnetic radiation absorbed,
scattered, or emitted by atoms, molecules, or other chemical species. Most of what we know
about the structure of atoms and molecules comes from studying their interaction with
electromagnetic radiation, which is associated with the changes in the internal energy levels
of the molecule. Different regions of the electromagnetic spectrum provide different kinds of
information as a result of such interactions.

The electromagnetic spectrum ranges from very short wavelengths (including gamma and
x-rays) to very long wavelengths (including microwaves and broadcast radio waves). We
broadly refer to this radiation as light, even though only a very small portion of the spectrum

is visible to the human eye. Figure 1. 1 shows a brief overview.

Microwaves Visible light X-rays

Radio waves Infrared Ultraviolet Gamma rays

L Visible waves .
M o oW Only a very narrow band of the High
equency electromagnetic spectrum is visible. frequency

Figure 1. 1 The electromagnetic spectrum
Electromagnetic radiation is propagated as a transverse wave. It consists of an oscillating
electrical field and an oscillating magnetic field, perpendicular to each other. Electromagnetic
radiation has wave-like properties as well as particle-like properties. Electromagnetic
radiation possesses a certain amount of energy. The energy of a unit of radiation, called the

photon. Electromagnetic radiation is characterized by its frequency or wavelength with the




energy of a photon. Quantitatively the relationship is as following equations 1.1 and
1. 2. These equations tell us that frequency and energy change proportionally, but wavelength
has an inverse relationship to these quantities. Table 1-1 gives some units commonly used to
express wavelength. Table 1-2 summarizes the wavelength, frequency and energy

relationships of the various parts of the electromagnetic spectrum.

v=c/A (1.1)
v frequency, A wavelength, ¢ velocity of light (¢ =3 x10" cm/s)

E=hy (1.2)
E energy, v frequency, h——Plank’ s oconstant (h=6.6 x10 > J - s)

Sometimes it is convenient to label the radiation with the inverse of the wavelength. An
example is cm ~'. This inverse of centimeters is called the wave number, and the unit is used
most often in infrared spectrometry. A measurement made in wave numbers is often denoted

by v. Then, the photon energy is the product of hc and the wave number. That is,
E=hcv (1.3)

Table 1-1 Commom units used to express wavelength

-

Unit Relation to Meter

Meter (m)

Millimeter ( mm) Imm=10"3m

Micrometer ( um) lpm=10"°m
Nanometer (nm) 1nm=10""m M
Angstrom (A) 1A=10""m

Table 1-2 Wavelength, frequency, and energy relationships of the electromagnetic spectrum

Spectrum Wavelength(\) Frequency(v) Energy(E) *

~y-ray <0.005 nm >6.0x10" >2.5x10° eV

X-ray 0.005 ~10 nm 6.0x10" ~3.0 x10' Hz 2.5x10° ~1.2 x10% eV
ultraviolet 10 ~400 nm 3.0x10' ~7.5 x10"Hz 1.2x10% ~3.1 eV
visible 400 ~800 nm 7.5x10™ ~3.8 x10' Hz 3.1~1.6 eV
infrared 0.8 ~1 000 wm 3.8 x10" ~3.0x10" Hz 1.6 ~1.2x1073 eV
microwave 1 ~300 nm 3.0x10'" ~1.0 x10° Hz 1.2x107% ~4.1x10°% eV

radiofrequency >300 mm <1.0x10° Hz <4.1x107% eV

*1J=6.241 x 10" eV
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When a substance is exposed to electromagnetic radiation, the substance can absorb the
electromagnetic radiation only when the energy corresponds to some energy need or transition of
a substance, taking it to a higher energy state, which is called transition (see Eqution 1. 4).
Transitions in our substance can be: electronic transition ( AEe:1 ~20 eV), vibrational
transition (AEv:0.05 ~1 V), rotational transition ( AEr:0. 005 ~0. 050 eV). The last two
are only seen for molecules.

AE =hv (1.4)

Plank’ s oconstant

E energy, v frequency, h

X-ray (very high energy) is so energetic that they excite electrons past all the energy
levels, causing ionization. Ultraviolet light ( higher energy) has a shorter wavelength
(‘approximately 10 “"'m) than infrared radiation (lower energy), which has a wavelength of
approximately 10 ° m. Energies in the ultraviolet-visible range excite electrons to higher
energy levels within molecules. Infrared energies excite molecular vibrations, and microwave
energies excite rotations. Radio-wave frequencies (very low energy) excite the nuclear spin

transitions observed in NMR spectroscopy.

Example 1. 1
Calculate the wavelength of a photon with an energy of 4. 50 x 10 i
: he
Solution ekt
N _he _6.62x107*J - sx3 x10°m - s
E 4.50x10™J
=4.41x10 " m
=441 nm
Example 1. 2
Calculate the energy in cm ™' of a photon with a wavelength of 4. 00 wm (in the infrared
region).
Solution 4.00 pm =4.00 x10 * cm
veia——Lo -3 50 510" o
A 4.00x10
Example 1. 3

Calculate the energy, in joule per mole of radiation, of a wave with wavelength 2.5
pwm. What type of radiant energy is this?

Solution 2.5 pm=2.50x10 m
_he _6.6x107*J-sx3x10°m-s”
A 2.50x10 °m

E




=7.92x107%° . ]
E=7.94x10"" ] x6.022 x10* =47.82 kJ

1.2 The Principles of Ultraviolet and Visible Spectroscopy
1.2.1 Basics of Ultraviolet and Visible Light Absorption

The ultraviolet and visible (UV-Vis) spectroscopy involves the absorption of ultraviolet
light by a molecule causing the promotion of an electron from a ground electronic state to an
excited electronic state. The transitions are generally between a bonding or lone-pair orbital
and an unfilled non-bonding or anti-bonding orbital. The wavelength of the absorption is then
a measure of the separation of the energy levels of the orbitals concerned. Consequently, ab-
sorption spectroscopy carried out in this region is sometimes called “electronic spectroscopy”.
A diagram showing the various kinds of electronic excitation that may occur in organic mole-
cules is given in Figurel. 2. The highest energy separation is found when electrons in g-bonds
are excited, giving rise to absorption in the 120 ~ 200 nm range. This range, known as the
vacuum ultraviolet, since air must be excluded from the instrument, is both difficult to meas-
ure and relatively uninformative. Only the two lowest energy ones (m—1 " or n—r" ) are a-
chieved by the energies available in the 200 ~800 nm spectrum. They involve excitation of e-
lectrons from p- and d-orbitals and mr-orbitals, and, particularly, mr-conjugated systems,

which gives rise to readily measured and informative spectroscopy.

o*(anti-bonding)

¥ (anti-bonding)

T
n  (non-bonding)

Energy

1 (bonding)

o (bonding)

Figure 1.2 Relative energies of o, .m* and ¢ * orbital
1.2.2 The UV-Vis Spectrum and the Lambert-Beer Laws

The UV-Vis spectrum typically represents the absorption of light as a plot ( Figure 1. 3)
of energy (as wavelength, A, in nanometers, from E = he¢/A) versus the intensity of absorp-

tion (as absorbance, A, or molar extinction coefficient, £, where £ is a rough measure of
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the transition probability).

€ max

0 A 2

Figure 1.3  Typical UV-Vis Spectrum
UV-Vis spectra tend to show broad peaks and valleys. The absorption curves are broad-
ened because vibrational and rotational levels are “superimposed” on top of the electronic

levels. Peak broadening is illustrated in Figure 1. 4.

Vz et
Vi } Vibrational levels
Vo

E; Electronic excited state
A%
Vi } Vibrational levels
Vo -——

Eo Electronic ground state

Figure 104 Peak broadening
When sample molecules are exposed to light having an energy that matches a possible
electronic transition within the molecule, some of the light energy will be absorbed as the
electron is promoted to a higher energy orbital. The absorbance, A, of the sample at a

particular wavelength is governed by Lambert-Beer’ s law.
loe L 2loe Lo = |
A—logT—logI—s b-c (1.5)

I, and I are the intensities of the incident and transmitted light respectively, b is the
path length of the absorbing solution in centimeters, and c is the concentration in moles per
liter, log I,/I (logl/T) is called the absorbance or optical density; & is known as the molar
absorptivity and has units of em ™’ mol ' L but the units are, by convention, never
expressed. It is a measure of how strongly the sample absorbs light at that wavelength. The
spectral data that are most characteristic of a sample are as follows:

1. The wavelength(s) of maximum absorbance, called A, ;




2. The value of the molar absorptivity £ at each maximum, ¢ ..
1.2.3 Measurement of the Spectrum and Instrumentation

The UV-Vis spectrum is usually taken of a very dilute solution. An appropriate quantity
of the compound ( often about 1mg when the compound has a molecular weight of 100 ~200)
is weighed accurately, dissolved in the solvent of choice (see below), and made up to, for
instance, 100 mL. A portion of this is transferred to a silica cell. The cell is so made that the
beam of light passes through a 1 cm thickness (the value 1 in Eq.1.5) of solution. A
matched cell containing pure solvent is also prepared, and each cell is placed in the appro-
priate place in the spectrometer. This is so arranged that two equal beams of ultraviolet or vis-
ible light be passed, one through the solution of the sample, one through the pure sol-
vent. The intensities of the transmitted beams are then compared over the whole wavelength
range of the instrument. In most spectrometers there are two sources, one of  white’ ultravio-
let and one of white visible light, which have to be changed when a complete scan is re-
quired. Usually either the visible or ultraviolet alone is sufficient for the purpose in hand. The
spectrum is plotted automatically on most machines as a log /,/1 ordinate and A abscissa. For
publication and comparisons these are often converted to a & versus A or log & versus A
plot. The unit of A is almost always nm. Strictly speaking, the intensity of a transition is bet-
ter measured by the area under the absorption peak (when plotted as & versus frequency)
than by the intensity of the maximum of the peak. For several reasons, most particularly con-
venience and the difficulty of dealing with overlapping bands, the latter procedure is adopted
in everyday use. Since UV-Vis spectra are broad and lacking in detail , they are rarely printed
as actual spectra. The spectral information is given as a list of the value or values of A_,_ to-
gether with the molar absorptivity for each value of A .. The isoprene (2-methyl-1, 3-butadi-
ene) spectrum is shown in Figurel. 5. It was obtained from a dilute hexane solution (¢ = 4
x 10> mol/L) in a 1 cm sample cuvette. A simple calculation using the above formula indi-
cates a molar absorptivity of 20 000 at the maximum absorption wavelength.

Instruments for measuring the absorption of UV-Vis radiation are made up of the following
components. Figure 1. 6 shows a block diagram of a double-beam UV-Vis spectrophotometer.

1. Sources

Both deuterium and hydrogen lamps emit radiation in the range 160 ~375 nm. Quartz win-
dows must be used in these lamps, and quartz cuvettes must be used, because glass absorbs
radiation of wavelengths less than 350 nm. The tungsten filament lamp is commonly employed
as a source of visible light. This type of lamp is used in the wavelength range of 350 ~
2 500 nm. The energy emitted by a tungsten filament lamp is proportional to the fourth power




of the operating voltage. This means that for the energy output to be stable, the voltage to the
lamp must be very stable indeed. Electronic voltage regulators or constant-voltage transform-
ers are used to ensure this stability. Tungsten/halogen lamps contain a small amount of iodine
in a quartz “envelope” which also contains the tungsten filament. The iodine reacts with gas-
eous tungsten, formed by sublimation, producing the volatile compound WI,. When mole-
cules of WI, hit the filament they decompose, redepositing tungsten back on the filament. The
lifetime of a tungsten/halogen lamp is approximately double that of an ordinary tungsten fila-
ment lamp. Tungsten/halogen lamps are very efficient, and their output extends well into the

ultraviolet. They are used in many modern spectrophotometers.

1.0

1 Ama=222 nm (]:H’
8 0.8 : H2C¢C\C|¢CHZ
<
-g 0.6 : H
2 o4k Isoprene
| L
0.2
(] = } 1 Il 1 fl L } 1 I 1 1 1 |
200 220 240 260 280 300 320 340
A(nm)

Figure 1.5 The UV spectrum of isoprene

2. Wavelength selector ( monochromator)

All monochromators contain the following component parts: an entrance slit, a
collimating lens, a dispersing device, a focusing lens (usually a prism or a grating) and an
exit slit. Polychromatic radiation ( radiation of more than one wavelength ) enters the
monochromator through the entrance slit. The beam is collimated, and then strikes the
dispersing element at an angle. The beam is split into its component wavelengths by the
grating or prism. By moving the dispersing element or the exit slit, radiation of only a
particular wavelength leaves the monochromator through the exit slit.

3. Sample containers

The containers for the sample and reference solution must be transparent to the radiation
which will pass through them. Quartz or fused silica cuvettes are required for spectroscopy in
the UV-Vis region. These cells are also transparent in the visible region. Silicate glasses can
be used for the manufacture of cuvettes for use between 350 nm and 2 000 nm.

4. Detector

The photomultiplier tube is a commonly used detector in UV-Vis spectroscopy. It
consists of a photoemissive cathode (a cathode which emits electrons when struck by photons

of radiation) , several dynodes (which emit several electrons for each electron striking them )

o




and an anode. Photomultipliers are very sensitive to UV and visible radiation. They have fast
response times. Intense light damages photomultipliers; they are limited to measuring low
power radiation. The linear photodiode array is an example of a multichannel photon detector.
These detectors are capable of measuring all elements of a beam of dispersed radiation
simultaneously.

A linear photodiode array comprises many small silicon photodiodes formed on a single
silicon chip. There can be from 64 to 4 096 sensor elements on a chip, the most common
being 1 024 photodiodes. For each diode, there is also a storage capacitor and a switch. The
individual diode-capacitor circuits can be sequentially scanned.

In use, the photodiode array is positioned at the focal plane of the monochromator ( after
the dispersing element) such that the spectrum falls on the diode array. They are useful for
recording UV-Vis absorption spectra of samples that are rapidly passing through a sample
flow cell, such as in an HPLC detector.

5. Signal processor and readout

Monochromator { Reference }—l Detector I—l

| Ratio | Output ]

—| Sample l——' Detector‘l——'

Figure 1.6 Block diagram of UV-Vis spectrometer
Example 1. 4
A solution containing 1.00 mg ion ( as the thiocyanate complex) in 100 mL was
observed to transmit 70. 0% of the incident light compared to an appropriate blank. (a)
What is the absorbance of the solution at this wavelength? (b) What fraction of light would
be transmitted by a solution of iron four times as concentrated?
Solution

(a)  T=0.700

1
A —logo. 700 =log 1.43 =0. 155
(b) 0.155=ab(0.0100g - L™")
ab=15.5L-g"’

A=15.5L-g '(4x0.0100 g+ L") =0.620
1ogiT=o.620

T'=0.240




