Spectroscopy notes


· Spectroscopy uses electromagnetic radiation to interact with atoms or molecules. The nature of the interaction depends on the energy of the electromagnetic radiation. Look at the electromagnetic spectrum. And the various energy of the different types of radiation. 
· Spectroscopy can tell us the following information about atoms and molecule:
· 
· What is Frequency and wavelength. What do they have to do with energy?
· The higher the frequency (and shorter the wavelength) the higher the energy of the electromagnetic radiation. E = hV = hc/lambda

· In each of the techniques, the molecule or atom absorbs a specific amount of energy (called a quantum), which causes the molecule to move to a higher energy level. 
· Molecules can be excited in different ways: The excitation of an electron, the movement of a molecule to a higher rotational or vibrational state, or nuclear spin state.
·  copy table 

Part 1 – Analysis of elements in compounds: Flame tests, AAS, AES

Flame tests (for metal ions in compounds) -  Salmples are burnt in a non-luminous flame. If the flame changes colour, then the colour is compaed with a set of known colours, to determine the metal ions present.

Electrons in energy levels close to the nucleus have the lowest energies and experience the strongest attraction to the nucleus. An electron can jump to a higher energy level if it absorbs energy that corresponds exactly to the difference in energy between the lower energy level and the higher energy level. When electrons jump to a higher energy level they move to a higher energy subshell in a different shell. For some metal atoms, the heat of a Bunsen flame provides sufficient energy for this to happen.
Higher energy levels are unstable so the excited electrons quickly return to lower energy levels, emitting the energy they had absorbed. If the energy emitted falls within the band of energies visible to the eye, it can be seen as coloured light (Figure 7.7). Radiation emitted from other parts of the electromagnetic spectrum, such as the ultraviolet region, is detected using instruments.
The energy of a photon of light emitted by an excited electron has a fixed value, equal to the difference in energy between the higher energy level and the lower energy level to which it returns. The light consequently has a specific wavelength and colour.
Because electrons can be excited into different energy levels, they can can give off different quantum’s of energy (i.e. different amounts of energy, meaning different colours of light)
What are the limitations of this analysis?
Different elements can emit similar colours of light. The analysis is only qualitative.

Atomic Emmision Spectroscopy
This is a similar principle to flame tests, but uses:
· A hotter flame, enabling the electrons in the outer shell to just to all the possible energy levels.
· A prism is used to split the light emmitesd from the sample, showing us all the bands in the excitation spectrum.

Every line on the emmision spectrum corresponds to radiation of a specific frequency, wavelength and energy level equal to the difference in energy of the electron energy levels.
We get specific lines because the energy is quantised
Limitations – Still only qualitative, and largish sample concentrations needed.
Atomic Absorption spectroscopy
In this technique, instead of looking at the emissions of electromagnetic radiation, it looks at the absorption of electromagnetic radiation.
It can detect over 70 elements (limited, because some elements wont be excited by even the hottest of flames
What does it test? Metal Ions..
Each element will absorb light of a specific energy to excite en electron to a specific energy level. In order to generate this exact energy, the light source if made from the element itself. This is called a hollow cathode lamp Very important, a different light source will be needed for each different element to be analysed. The cathode of the lamp is made of the analyte metal, which, when vaporised will emit light of the required wavelength.
Steps:
1. The sample is dissolved into water 
2. It is then sprayed into the flame, where it is converted into an atomic vapour.
3. Light containing the predetermined wavelength is passed through the flame
4. Atoms of the element being analysed will absorb some of the light (proportional to the concentration of metal ions in solution.
5. The light is passed though a monochromator (which allows selection of light of a specific wavelength.
6. This is then measured using a detector.


How do we use this for quantative analysis? Make standard solutions and create a calibration curve! Then plug in the values.

Just quickly: List which type of analysis each method is appropriate for, List the pros and cons of each, List the types of information which can be obtained from the analysis, List the sample form and draw a diagram of each technique.

A different technique: Uv-visible spectroscopy
We know that substances will absorb energy of certain values.. Some of these energy quantum’s happen to be in the visible and UV regions. The particular wavelength of light that a compound will absorb will tell us about its structure, allowing us to identify the compound. Every compound is unique because in each compound the arrangement of electrons, and interactions with the nucleus is different, hence less or more energy in bonds etc.. 
The wavelengths of UV and Visible spectrums has enough energy to promote electrons to higher energy levels. 
Beer lambert law A=ecl (Absorbance 0-1 = morlar absorptivity constant x concentration x path length)
This technique uses light in the UV- Visible region to 
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movement of molecules to higher vibrational, rotational and nuclear spin 
energy levels. Like the electronic energy levels, all of these energy levels 
are quantised; that is, they have certain fi xed values. In each case the energy 
difference between the quantum levels is given by the equation ∆E = hν.
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 Figure 7.3
A water molecule has different types of energy.


Spectroscopic 
technique


Part of the 
electromagnetic 
spectrum


Wavelength range 
(cm)
(approx)


Part of atom or 
molecule affected


Ultraviolet 
spectroscopy (UV)


Ultraviolet 4 × 10–5 to 10–7 Electrons in 
molecules


Colorimetry Visible 7 × 10–5 to 4 × 10–5 Valence electrons in 
molecules


Atomic absorption 
(AAS) and 
atomic emission 
spectroscopy (AES); 
fl ame tests


Visible 7 × 10–5 to 4 × 10–5 Valence electrons in 
atoms 


Infrared 
spectroscopy (IR)


Infrared 0.01 to 7 × 10–5 Bending and 
stretching of bonds 
in molecules


Nuclear magnetic 
resonance 
spectroscopy (NMR)


Radio > 10 Nuclear spin states


TABLE 7.1 Spectroscopic techniques make use of the way 
electromagnetic radiation interacts with atoms and molecules


7.2


Analysis of atoms
We will start by looking at three techniques that use radiation from the 
visible region of the electromagnetic spectrum to give us information about 
the elements present in a sample: fl ame tests, atomic emission spectroscopy, 
and atomic absorption spectroscopy. While the details of the instruments are 
different, the chemistry behind the techniques is similar.


Flame tests
We are all familiar with the colourful effects that are created in fi reworks 
displays (Figure 7.4). Small quantities of different metal compounds are 
incorporated in fi reworks to create different colours. For example, strontium 
compounds produce an eye-catching scarlet, and sodium compounds are 
added to produce yellow. If you have ever spilt salt into the fl ame of a gas 
stove, you might have noticed this same yellow colour.


Chemists use the fact that some metals produce particular colours when 
they are heated as a convenient method of analysis. The metallic elements 
present in a compound can often be determined simply by inserting a 
sample of the compound into a non-luminous Bunsen burner fl ame (Figure 
7.5). The metal is identifi ed by comparing the fl ame colour with a list of the 
characteristic colours produced by metals (Table 7.2).


To understand how the colour is produced we must look at the structure 
of the atom. A simple model of an atom is shown in Figure 7.6. In this model 
a central nucleus is surrounded by electrons moving in regions called shells.


Metal Flame colour
Sodium Yellow
Strontium Scarlet
Copper Green
Barium Yellow-green
Lithium Crimson
Calcium Red
Potassium Lilac


TABLE 7.2 Flame colours*


*Some common metal ions, including iron, silver, 
tin, aluminium, zinc and magnesium, do not 
produce fl ame colours. They emit radiation in the 
ultraviolet (UV) region of the electromagnetic 
spectrum.
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a number of higher energy levels, so light emitted from a sample placed in 
a fl ame is likely to be a mixture of several different colours (and energies). 
Violet light, the highest energy form of visible light, has a relatively small 
wavelength. Conversely, red light has low energy and a longer wavelength.


Atomic emission spectroscopy
Flame tests can give us only limited qualitative information about the likely 
elements present in a sample. Only a few elements give a coloured fl ame 
in a Bunsen burner fl ame, and the colours of some are alike (Table 7.2). In 
impure samples a fainter colour may be masked by a stronger one.


Figure 7.5 shows the sample giving a reddish colour to the fl ame. Is this 
the scarlet of strontium, crimson from lithium, or red due to calcium? 


Two modifi cations greatly improve the usefulness of the technique:
 using a hotter fl ame, so that suffi cient energy is available to excite 


electrons in a wider range of elements
 passing the light through a prism, as shown in Figure 7.8. The different 


energies in the light emitted by a heated sample are separated into a 
series of coloured lines, called an emission spectrum.


Slit Prism


Emission
spectrum


Hot sample


Because each element has a different number of protons in the nucleus, the 
attraction of the nucleus for electrons will vary from element to element. No 
two elements will therefore have energy levels of exactly the same energy, 
so a spectrum is characteristic of a particular element. It may be used as a 
‘fi ngerprint’ to identify the elements present in a substance (Figure 7.9).


review


For more detail on electron shells, see 
Heinemann Chemistry 1, Chapter 2.


a


b


c d


 Figure 7.8
Essential elements of an atomic emission spectrometer.


 Figure 7.9
The emission spectra of a calcium, b sodium, c mercury and d cadmium.
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7.4


UV–visible spectroscopy
A UV–visible spectrophotometer makes use of the fact that many substances 
absorb light of characteristic wavelengths. The wavelengths of the light 
absorbed by compounds can be used for their identifi cation.


UV–visible spectra arise because photons in this region of the 
electromagnetic spectrum have suffi cient energy to promote electrons from 
low energy levels to higher energy levels. Such electron transitions may 
occur in atoms, ions or molecules. Because different substances have many 
different energy levels, the energy and wavelength of the light required to 
promote the electrons vary. The spectrum can therefore be used to assist in 
identifying a substance.


When a substance absorbs visible light, it appears coloured. The colour 
observed is the complement of the absorbed colour because this is what 
remains to reach our eyes (Table 7.4). For example, chlorophyll appears green 
because its molecules absorb violet and red light. A solution of copper(II) 
sulfate is blue because of the absorption of energy from the orange region of 
the visible spectrum.


Wavelength (nm) Colour absorbed Colour observed
380–420 Violet Green–yellow
420–440 Violet–blue Yellow
440–470 Blue Orange
470–500 Blue–green Red
500–520 Green Purple
520–550 Yellow–green Violet
550–580 Yellow Violet–blue
580–620 Orange Blue
620–680 Red Blue–green
680–780 Purple Green


TABLE 7.4 Colours of visible light and complementary colours


Although it can be used for qualitative analysis, UV–visible spectroscopy 
is mainly used for determining the concentration of a substance in a sample. 
This procedure involves recording the spectrum of the pure substance and 
selecting a wavelength at which the substance absorbs strongly but other 
components in the sample do not. The absorbance of the sample is then 
measured at this wavelength and compared to the absorbance of a series of 
standard solutions.


UV–visible spectroscopy has a wide range of applications, including:
 clinical analysis, measuring the concentrations of specifi c substances in 


body fl uids such as urine or blood. Hospital pathology laboratories use 
UV–visible spectroscopy to determine the haemoglobin content and 
sugar levels in blood


 determining the amount of coloured dye in plastics
 identifying the presence of metal ions; even if the metal ion itself is not 


coloured, it may be possible to analyse it by converting it into a coloured 
compound


 determining the levels of nutrients, additives and contaminants in water 
and foods


 in quantitative analysis of DNA and proteins in the fi eld of molecular 
biology.


chemfact
The relationship between absorbance and 
concentration is described by the Beer–
Lambert Law:


A = εcl
where A is absorbance, c concentration in 
mol L–1, l is the length of the cell in cm and ε 
is constant. If the same cell size is used, the 
absorbance A can be used to measure the 
concentration of the analyte.


!
The wavelength of visible light is measured in 
nanometres (nm). 1 nm = 10–9 m. The human 
eye detects electromagnetic radiation as 
visible light in the range from 400 nm (violet) 
to 700 nm (red). Radiation in the ultraviolet 
(< 400 nm) and infrared (> 700 nm) regions 
cannot be detected by the human eye.
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 The basic features of a simple spectrophotometer are shown in Figure 
7.15. The radiation source provides ultraviolet and visible light of all 
wavelengths. The monochromator selects a particular wavelength from 
those emitted by the source, and the detector measures the intensity of the 
light that passes through the sample.


Usually the substance under investigation is in solution. It is placed in the 
spectrophotometer in a special cell made of quartz or fused silica transparent 
to ultraviolet and visible light. With a simple spectrophotometer, a reference 
reading is fi rst taken with a cell containing only pure solvent. This is used to 
compensate for any refl ection, scattering or absorbance of the light by the cell 
and the solvent. The reference cell is then replaced with a cell containing a 
solution of the sample. The absorbance by the sample is found by comparing 
the two readings. By measuring the absorbance at various wavelengths a 
graph, or spectrum, for the sample can be obtained.


The characteristic spectrum of chlorophyll is shown in Figure 7.16.
Modern analytical laboratories now use the more sophisticated double 


beam scanning spectrophotometer (Figure 7.17). In this instrument the 
beam of light is rapidly ‘chopped’ and passed alternately through the 
reference and sample cells. This compensates for changes in the output of 
the radiation source and enables the absorbance to be measured accurately.


Interpreting ultraviolet–visible spectra
In ultraviolet–visible spectroscopy, the absorbance of visible or ultraviolet 
light by a series of standard solutions is measured and a calibration graph 
is drawn. By measuring the absorbance of light of an unknown solution, its 
concentration can be found directly from the graph. 
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 Figure 7.16
Visible spectrum of chlorophyll. Chlorophyll 
absorbs strongly in the violet (420 nm) and red 
(660 nm) regions of the spectrum, so it appears 
green in colour.
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 Figure 7.17
Essential elements of a double beam scanning spectrophotometer. The light beam is passed alternately 
through the sample and the reference cells by the rotating mirror (‘beam chopper’).


 Figure 7.15
Essential elements of a simple UV–visible spectrophotometer.
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The electromagnetic 
spectrum


7.1


chemfact
Some of the properties of light are explained 
by a wave model while other properties 
are explained by a particle model. The 
relationship between the frequency (ν) and 
wavelength (λ) of electromagnetic radiation 
is given by the equation c = λν where c is 
the speed of light. Different colours of light 
have different wavelengths. Light is emitted 
in discrete packets of energy called photons. 
The energy (E ) of a photon of light depends 
upon its frequency (ν): E = hν where h is 
called the Planck constant and has a value of 
6.63 × 10–34 J s.
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 Figure 7.1
The electromagnetic spectrum. Different types of spectroscopy use radiation from different parts of the electromagnetic spectrum.


Wavelength, 


Wave A


Wave B


Distance travelled (m)


 Figure 7.2
Wavelength measures the distance travelled 
by a wave during one cycle. Frequency refers 
to the number of waves that pass a particular 
point every second.


All forms of spectroscopy use a part of the electromagnetic spectrum to give 
us information about the materials around us. Electromagnetic radiation 
interacts with atoms and molecules. The nature of this interaction depends 
upon the energy of the electromagnetic radiation.


In this chapter you will learn about the effect of radiation from different 
parts of the electromagnetic spectrum on atoms or molecules, and how 
different spectroscopic techniques utilise these effects to provide us with 
information about the structure and composition of substances.


The various spectroscopic techniques provide us with information 
about:
 the type of atom or molecule that is present (qualitative analysis)
 how much of a particular atom or molecule is present (quantitative 


analysis)
 the structure and bonding of the molecule.


Spectroscopic techniques utilise the fact that:
 atoms or molecules absorb and emit electromagnetic radiation of specifi c 


energies
 atoms and molecules undergo a change when they absorb electromagnetic 


radiation
 different parts of the electromagnetic spectrum affect different parts of 


the atom or molecule.
Radiation from each portion of the electromagnetic spectrum has a specifi c 
frequency, wavelength and energy associated with it. Ultraviolet light is 
very short wave radiation with high energy, while radio waves have long 
wavelengths and low energy.


The energy of the radiation determines which part of an atom or molecule 
is affected.


In each of the spectroscopic techniques we will look at in this chapter, 
the atom or molecule absorbs a specifi c quantum of energy which causes 
the atom or molecule to move to a higher energy level. With atoms, we look 
at the movement of electrons to higher energy levels. With molecules, as 
well as the movement of electrons to higher energy levels, we observe the 






image2.png
e P VR [y e

om0 = I
S e o s H i |y
s et (i

e
v




image2.pdf


0777777070 !"#$%&'($'")


**


The electromagnetic 
spectrum


7.1


chemfact
Some of the properties of light are explained 
by a wave model while other properties 
are explained by a particle model. The 
relationship between the frequency (ν) and 
wavelength (λ) of electromagnetic radiation 
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the speed of light. Different colours of light 
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Frequency  (Hz)


Spectroscopic
technique


Nuclear magnetic
resonance (NMR)


Infrared (IR) Ultraviolet
(UV)


Atomic absorption
(AAS)


Visible


X-ray


Wavelength  (m)


Radiofrequency Microwave Infrared Ultraviolet X-rays -rays


106


103 1 10-3 10-6 10-9


107 108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018 1019 1020


 Figure 7.1
The electromagnetic spectrum. Different types of spectroscopy use radiation from different parts of the electromagnetic spectrum.


Wavelength, 


Wave A


Wave B


Distance travelled (m)


 Figure 7.2
Wavelength measures the distance travelled 
by a wave during one cycle. Frequency refers 
to the number of waves that pass a particular 
point every second.


All forms of spectroscopy use a part of the electromagnetic spectrum to give 
us information about the materials around us. Electromagnetic radiation 
interacts with atoms and molecules. The nature of this interaction depends 
upon the energy of the electromagnetic radiation.


In this chapter you will learn about the effect of radiation from different 
parts of the electromagnetic spectrum on atoms or molecules, and how 
different spectroscopic techniques utilise these effects to provide us with 
information about the structure and composition of substances.


The various spectroscopic techniques provide us with information 
about:
 the type of atom or molecule that is present (qualitative analysis)
 how much of a particular atom or molecule is present (quantitative 


analysis)
 the structure and bonding of the molecule.


Spectroscopic techniques utilise the fact that:
 atoms or molecules absorb and emit electromagnetic radiation of specifi c 


energies
 atoms and molecules undergo a change when they absorb electromagnetic 


radiation
 different parts of the electromagnetic spectrum affect different parts of 


the atom or molecule.
Radiation from each portion of the electromagnetic spectrum has a specifi c 
frequency, wavelength and energy associated with it. Ultraviolet light is 
very short wave radiation with high energy, while radio waves have long 
wavelengths and low energy.


The energy of the radiation determines which part of an atom or molecule 
is affected.


In each of the spectroscopic techniques we will look at in this chapter, 
the atom or molecule absorbs a specifi c quantum of energy which causes 
the atom or molecule to move to a higher energy level. With atoms, we look 
at the movement of electrons to higher energy levels. With molecules, as 
well as the movement of electrons to higher energy levels, we observe the 
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movement of molecules to higher vibrational, rotational and nuclear spin 
energy levels. Like the electronic energy levels, all of these energy levels 
are quantised; that is, they have certain fi xed values. In each case the energy 
difference between the quantum levels is given by the equation ∆E = hν.
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 Figure 7.3
A water molecule has different types of energy.


Spectroscopic 
technique


Part of the 
electromagnetic 
spectrum


Wavelength range 
(cm)
(approx)


Part of atom or 
molecule affected


Ultraviolet 
spectroscopy (UV)


Ultraviolet 4 × 10–5 to 10–7 Electrons in 
molecules


Colorimetry Visible 7 × 10–5 to 4 × 10–5 Valence electrons in 
molecules


Atomic absorption 
(AAS) and 
atomic emission 
spectroscopy (AES); 
fl ame tests


Visible 7 × 10–5 to 4 × 10–5 Valence electrons in 
atoms 


Infrared 
spectroscopy (IR)


Infrared 0.01 to 7 × 10–5 Bending and 
stretching of bonds 
in molecules


Nuclear magnetic 
resonance 
spectroscopy (NMR)


Radio > 10 Nuclear spin states


TABLE 7.1 Spectroscopic techniques make use of the way 
electromagnetic radiation interacts with atoms and molecules


7.2


Analysis of atoms
We will start by looking at three techniques that use radiation from the 
visible region of the electromagnetic spectrum to give us information about 
the elements present in a sample: fl ame tests, atomic emission spectroscopy, 
and atomic absorption spectroscopy. While the details of the instruments are 
different, the chemistry behind the techniques is similar.


Flame tests
We are all familiar with the colourful effects that are created in fi reworks 
displays (Figure 7.4). Small quantities of different metal compounds are 
incorporated in fi reworks to create different colours. For example, strontium 
compounds produce an eye-catching scarlet, and sodium compounds are 
added to produce yellow. If you have ever spilt salt into the fl ame of a gas 
stove, you might have noticed this same yellow colour.


Chemists use the fact that some metals produce particular colours when 
they are heated as a convenient method of analysis. The metallic elements 
present in a compound can often be determined simply by inserting a 
sample of the compound into a non-luminous Bunsen burner fl ame (Figure 
7.5). The metal is identifi ed by comparing the fl ame colour with a list of the 
characteristic colours produced by metals (Table 7.2).


To understand how the colour is produced we must look at the structure 
of the atom. A simple model of an atom is shown in Figure 7.6. In this model 
a central nucleus is surrounded by electrons moving in regions called shells.


Metal Flame colour
Sodium Yellow
Strontium Scarlet
Copper Green
Barium Yellow-green
Lithium Crimson
Calcium Red
Potassium Lilac


TABLE 7.2 Flame colours*


*Some common metal ions, including iron, silver, 
tin, aluminium, zinc and magnesium, do not 
produce fl ame colours. They emit radiation in the 
ultraviolet (UV) region of the electromagnetic 
spectrum.
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