
We are all familiar with the vibrant colours of a 
rainbow and the coloured sheen of oil floating 
on water. These two examples from everyday life 
demonstrate that light is a spectrum, a mixture 
of different colours. These different colours are 
really different types of electromagnetic radiation 
with different frequencies or wavelengths. Different 
substances interact with light and radiation in 
different ways. How can we use these interactions 
to identify them?
 Chromatography, another method of analysis, can 
be used to separate the components of a mixture 
and then identify the components. 
 Finally, in this chapter, the use of volumetric 
analysis to determine the concentration of solutions 
is described.

You will examine:

 ■ how mass spectrometry can be used to determine the 
structure of organic compounds

 ■ how infrared spectroscopy can provide information 
about functional groups 

 ■ how structures of organic compounds can be deduced 
using nuclear magnetic resonance spectroscopy

 ■ the principles of chromatography
 ■ how high-performance liquid chromatography can be 
used to separate and identify organic compounds

 ■ the use of calibration curves to determine 
concentrations

 ■ the principles of volumetric analysis involving acid–base 
and redox reactions

 ■ the roles of primary standards, standard solutions and 
indicators in volumetric analysis

 ■ the application of volumetric calculations to find 
concentrations of compounds

 ■ errors that might affect the final results in a titration
 ■ information provided by combined techniques.

CHaPTeR

Doctors use magnetic resonance imaging (MRI) to see what is inside bodies without having to 
cut them open. Diagnosis of disorders ranging from torn ligaments and strokes to cancer and 
brain tumours can be achieved using MRI scans. Images are created by a signal from flipping 
proton spins (hydrogen nuclei) in water molecules or fat molecules using a magnetic field and 
radio waves. The patient must lie motionless in a tunnel-like machine with a large magnet. 
A detailed, three-dimensional image is then produced of the patient’s insides. Our bodies are 
60 to 70% water and, in an MRI image, water-containing tissue appears white, whereas bones 
with lower water content are much darker. It is a very sensitive technique that can detect 
changes in soft tissue. MRI is based on the principles of nuclear magnetic resonance (NMR), 
a spectroscopic technique often used to obtain information about the structure of molecules.

10 Analysis of organic 
compounds
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Chemical analysis
We cannot see atoms and molecules, so how do scientists determine the struc-
tures of the organic compounds discussed in chapter 8? Moreover, how do they 
know that the products of the reactions discussed in chapter 9 are actually the 
ones described? Analytical chemists provide answers to these questions and 
many more. Observation of physical properties, including states at room tem-
perature and solubility in water, provides some hints, and chemical tests can 
offer more information. Simple techniques, such as gravimetric and volumetric 
analysis, are available in a school laboratory, but more advanced instrumental 
techniques are available to chemists that are considerably more accurate and 
often easier and quicker to perform. These techniques include spectroscopy 
and chromatography. The analysis can be qualitative or quantitative.

In qualitative analysis, the chemist is merely interested in what is present. 
In testing a urine sample from a racehorse, for example, the mere presence 
of a banned drug (or its metabolised products) is all that is necessary. In the 
confectionery industry, a sample of imported food dye might be tested to see 
whether it contains chemicals that are banned in this country.

On the other hand, the question of how much may need to be answered — 
this is quantitative analysis. Quantitative analysis could determine the level of 
cholesterol in blood. Health authorities might need to know whether the level 
of mercury in samples of fish is below the allowed level.

A logical sequence often used in many analytical procedures is to perform 
a qualitative analysis first to find out what is present, and then to perform a 
quantitative analysis to find the various amounts of substances present.

Spectroscopy
Spectroscopy looks at the interaction of light and matter. It is the study of the 
absorption, scattering or emission of electromagnetic radiation by particles 
such as ions, atoms or molecules. In Unit 2, you learned how atomic absorption 
spectroscopy can provide information about the quantitative and qualitative 
analysis of metals in a variety of situations. Other forms of spectroscopy tell us 
about molecular energy levels, structures of molecules and functional groups 
in organic compounds.

Mass spectrometry
Mass spectrometry is a technique that can be used to determine the struc-
tures of molecules, and its applications are numerous. Besides detecting drugs, 
mass spectrometry can be used to determine the structures of biomolecules, 
to detect explosives, toxins in seafood, oil deposits in rocks and impurities in 
steel, in space exploration and radiocarbon dating of fossils.

It is not strictly spectroscopy because it does not use electromagnetic radiation. 
Instead, molecules are bombarded by high-energy electrons, and the positive 
ions formed in this process then undergo fragmentation. The output is a mass 
spectrum that plots the mass/charge ratio (m/z) versus the abundance of each 
fragment. The most abundant peak is assigned a value of 100%. Only milligrams of 
a sample are required for the analysis, but the sample is destroyed in the process.

ionisation

sample
molecules

positively charged
fragments

molecular or
parent ion

detector

mass analyser

+

++
+

+
+ + ++ +

Qualitative analysis finds 
what substances are present. 
Quantitative analysis measures the 
quantity of substance present.

A mass spectrometer analyses ions 
formed from atoms and molecules 
to determine their mass and 
charge. It does this by analysing 
the path of the substance through 
a magnetic field.

The output of a mass spectrometer 
is a mass spectrum that generally 
looks like a column graph. Each 
bar represents an ion with a 
specific mass to charge (m/z) ratio. 
The height of the bar shows the 
relative abundance. 

Fragmentation in a mass 
spectrometer
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Although the horizontal scale is technically mass/charge, the bulk of the 
positive ions produced have a single positive charge (+1). This means that the 
horizontal axis is effectively a mass scale. Mass spectrometry can be used to 
identify isotopes of an element and to find out molecular structures. The mass 
spectrum at left shows that boron has two isotopes and that the heavier isotope 
is more abundant. 

Analysing organic compounds
When a compound is analysed in a mass spectrometer, most of the mol-
ecule breaks up into smaller fragments, called fragment ions. Identification of 
the fragment ions can help determine the structure of the original molecule. 
The few remaining whole molecules produce ions with a peak at the relative 
molecular mass of the compound, even though this might be small due to 
extensive fragmentation. The ion represented by this peak is called the parent 
ion or molecular ion. Each line in the spectrum represents a positive ion with a 
specific mass/charge (m/z) ratio.

M(g) + e– → M+(g) + 2e–

M+(g) → P+(g) + Q•(g)

M+ is the parent or molecular ion, which breaks down to P+ and Q•. The 
charged fragment, P+, is detected in the mass spectrometer. The uncharged 
(free radical) fragment, Q•, is not detected. Mass spectrometers can be used in 
conjunction with high-performance liquid chromatography (HPLC) to further 
identify a peak in a chromatogram.
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Consider the mass spectrum of propane above. Observe how each frag-
ment ion produces a specific peak. The most abundant ion is known as the 
base peak and is usually assigned a height of 100%. This is the most common 
fragment, either because it is the most stable or it can be formed in different 
ways. Note that it is not always required to identify every peak in the spectrum. 
Table 10.1 shows m/z ratios for some small ions that may be observed in a mass 
spectrum. Sometimes, it is easier to determine the fragment by subtracting the 
fragment that is lost; for example, subtracting 15 from the molecular mass sug-
gests that a methyl group, CH3, was part of the molecule. 
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A mass spectrometer readout 
for boron

Structural formula and 
mass spectrum for propane

Unit 4

Do more
Interpreting a mass 
spectrum

AOS 1

Topic 4

Concept 1
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TAble 10.1 m/z values for small ions

m/z Positively charged fragment

15 CH3
+

17 OH+

18 H2O+

19 H3O+, F+

26 C2H2
+, CN+

27 C2H3
+

28 C2H4
+, CO+

29 C2H5
+, CHO+

30 CH2NH2
+

31 CH3O+

35 (37) 35Cl+ (37Cl+)

Sample problem 10.1 

The diagram below shows the mass spectrum for chloroethane, C2H5Cl. 
What ions are responsible for the peaks at m/z = 66 and 64, 51 and 49, and 29 
and 28?
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1. Look for molecular ion peaks, and check for isotope peaks (e.g. for carbon 
and chlorine).

2. Calculate the molecular mass, remembering that chlorine has two isotopes, 
35Cl and 37Cl. 

  [C2H5
35Cl]+ shows a peak at m/z = 64 and [C2H5

37Cl]+ at m/z = 66. 

3. Identify any other fragments and calculate the masses to confirm the peaks 
observed. Look for gaps of 15 lost from the molecular ion showing the loss 
of a methyl group.

  [CH2
35Cl]+ shows a peak at m/z = 49 and [CH2

37Cl]+ at m/z = 51. 

  The peak for [C2H5]+ occurs at m/z = 29, and the peak for [C2H4]+ occurs 
at m/z = 28.

Solution:
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Revision questions

1. The mass spectrum for chlorine atoms shows two peaks: one with m/z = 35 
and a relative abundance of 3, and another with m/z = 37 and a relative abun-
dance of 1. 
(a) How many isotopes of chlorine are there?
(b) Calculate the relative atomic mass of chlorine.

2. Consider the structures of butane and methylpropane. Both of these 
 molecules have the molecular formula C4H10.
(a) Draw the two structures. 
(b) Suggest the possible fragment ions that would remain if only one bond 

is broken in each molecule.
3. Propanone, commonly called acetone, CH3COCH3, is an important solvent 

in industry. In a mass spectrometer, propanone breaks down into a series of 
fragment ions.
(a) Which peak corresponds to CH3—CO—CH3

+?
(b) Identify which fragment ions correspond to the other labelled peaks.
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infrared spectroscopy
Infrared (IR) radiation is one way of transferring heat from one place to 
another. It has longer wavelengths than visible light and extends from the red 
end of the visible section of the electromagnetic spectrum. All objects emit IR 
radiation; for example, toasters, heat lamps and even you emit IR radiation. 
Your TV remote control uses IR to change channels and volume. Infrared 
radiation is used in chemical analysis because it is emitted or absorbed by 
molecules when the bonds change their vibrational movements.

Covalent bonds can be likened to springs in that they can bend, stretch and 
vibrate in a number of different ways. These produce what are called vibra-
tional energy levels. Just as the electrons in atoms have a number of allowed 
electronic energy levels, these vibrations have allowed vibrational energy levels. 
It is, therefore, possible to talk about ‘ground-state’ vibrational energy levels 
and ‘excited-state’ vibrational energy levels. A molecule can move from a lower 
to a higher vibrational energy level if it absorbs an amount of energy equal 
to the difference between levels. The region of the electromagnetic spectrum 
corresponding to such amounts of energy is the infrared region. All of this is 
affected by the type of bond. Therefore, the amount of energy required for 
these transitions, and therefore the frequency (or wavelength), can give clues 
about the types of covalent bonds present.

One of the important pieces of information needed to identify an unknown 
organic compound is the types of functional groups within a molecule. Infrared 

Infrared (IR) spectroscopy 
identifies the functional 
groups and single, double and 
triple bonds in organic molecules. 
This qualitative analysis method 
measures the characteristic 
amount of energy that the bonds 
between atoms in a molecule 
absorb when exposed to radiation 
in the infrared portion of the 
electromagnetic spectrum.UNCORRECTED P

AGE P
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279CHAPTER 10 Analysis of organic compounds

spectroscopy can identify the following groups: —CH (alkyl groups), —OH 
(hydroxyl groups) and C O (carbonyl groups). Infrared spectroscopy can also 
be used to determine if double or triple bonds are present in a molecule. 

Proteomics is the study of the structures and functions of proteins. Infrared 
spectroscopy was used to analyse proteins in human DNA as part of the 
Human Genome Project. The three-dimensional shapes of protein molecules 
can be easily and cheaply investigated by using infrared spectroscopy to study 
the C—C bonds, instead of using more complicated NMR spectroscopy.

This infrared photograph of the Trifid Nebula was taken by the Spitzer Space 
Telescope. The nebula is 5400 light-years away from Earth in the Sagittarius 
constellation. Visible-light telescopes cannot see into the nebula, but infrared 
cameras can detect infrared radiation coming from the nebula’s interior, allowing 
us to ‘see’ what’s inside it.
 Infrared cameras take pictures using the infrared part of the electromagnetic 
spectrum. The differences in infrared wavelengths between parts of an object or 
between objects can be used to show different colours.

The infrared spectrum
An IR spectrum looks upside down compared with a UV–visible or AAS spec-
trum. This is because it measures transmittance, which is the opposite of 
absorbance, on the vertical or y-axis. Unlike a UV–visible spectrum, which has 
a base line of zero absorbance running along the base of the graph, the IR spec-
trum has a base line of 100% transmittance running along the top of the graph, 
meaning that no light has been absorbed by the sample. A peak occurs in the 
UV–visible spectrum when energy is absorbed, whereas a dip appears in the IR 
spectrum when energy is absorbed. The IR spectrum measures wavenumber, 
which is the inverse of wavelength, on the x-axis; wavenumber is proportional 
to frequency. As the wavelength increases, the wavenumber decreases. You 
have previously studied aspects of spectroscopy in Unit 2. 

Nearly all molecules absorb IR radiation and it is largely a qualitative tech-
nique. The region above 1000 cm−1 can be used to identify the functional 
groups present. Tables exist to help identify peaks in this region and attribute 
them to certain types of bonds.

Unit 4

See more
Infrared 
spectroscopy

AOS 1

Topic 4

Concept 2

IR spectra usually change scale at 
2000–4000 cm–1.

A traditional infrared spectrum 
measures % transmittance on the 
y-axis and wavenumber (cm–1) 
on the x-axis. The spectrum runs 
along the top of the readout when 
100% of the light is transmitted and 
dips down to make an inverted 
peak when light is absorbed. 
Different bonds in an organic 
molecule have characteristic 
wavenumbers and produce dips or 
inverted peaks that allow them to 
be identified.
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The region below 1000 cm−1 is caused by ‘whole-molecule’ vibrations. 
As a general rule, the more complicated this region, the larger the molecule 
concerned.

For historical reasons, the wavenumber axis runs backwards and changes 
scale at 2000 cm−1. Care needs to be taken when reading spectra.

TAble 10.2 Characteristic range for infrared absorption

Bond Wavenumber (cm–1)

C—C1 700–800

C—C  750–1100

C—O 1000–1300

C C 1610–1680

C O 1670–1750

O—H (acids) 2500–3300

C—H 2850–3300

O—H (alcohols) 3200–3550

N—H (primary amines) 3350–3500

Source: VCAA 2015, VCE Chemistry Data Book, VCAA, Melbourne, p. 7.

The IR spectrum for methanol in the graph below shows characteristic peaks 
at 3300 cm−1 for —OH and 2950 cm−1 for —CH. The peak at 2950 cm−1, indi-
cating a C—H bond, is almost always present in organic molecules and there-
fore is less helpful as it is not a characteristic identifier.

The lower end of an IR spectrum often looks like a series of peaks crowded 
together. This is called the fingerprint region of the spectrum. It is difficult 
to identify individual peaks caused by particular bonds, but the region is still 
useful in identifying the substance, as the region looks similar in any analysis 
of that substance.

This IR spectrum for methanol shows characteristic peaks at 3300 cm–1 for —OH 
and 2950 cm–1 for —CH; the —CH peak is almost always present in organic 
molecules and so is less helpful. Nearly every organic molecule has C—H bonds.

IR spectrum for methanol
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Differences between infrared spectra
Most organic spectra contain peaks for C—H bonds in the same area, so how 
do we tell the different spectra apart? 

Unit 4

Do more
Interpreting IR 
spectra

AOS 1

Topic 4

Concept 3

The fingerprint region of the 
spectrum, below 1000 cm−1, is a 
crowded series of peaks that can 
be used to identify a substance 
because it is identical in every 
analysis of that substance.
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281CHAPTER 10 Analysis of organic compounds

Differences can be seen by comparing the spectra below for ethanol, 
CH3CH2OH, and propan-1-ol, CH3CH2CH2OH. The peaks for O—H at 
3300  cm–1 and for C—H at 2900 cm–1 are clear in each of the spectra. How-
ever, there are many more peaks in the 1000–1100 cm–1 region for the longer 
molecule than the shorter molecule. This is because the C—H bonds adjacent 
to other C—H bonds, as in CH3CH2CH2OH, affect each other. In addition to 
this, the electronegative oxygen atom affects the adjacent C—H bond, slightly 
polarising it towards the oxygen atom. This is because the oxygen atom draws 
the electrons in the C—O bond towards itself, making the carbon atom take on 
a slightly positive charge. This positive charge attracts the electrons in the C—H 
bond towards the C atom, making the C—H bond slightly polar. This alters the 
bond length and strength, making the bonds absorb and transmit IR at slightly 
different frequencies, and so there are more peaks. The next C—H bond in the 
chain does not feel the same electrostatic attraction and so is not as affected.
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TAble 10.3 Infrared band positions for alcohols and carboxylic acids

Functional  
group

—O—H  
(alcohols)

—O—H  
(carboxylic  

acids)
—C O —C—O— —N—H

infrared band 
position (cm−1)

3200–3550 2500–3300 1670–1750 1000–1300 3350–3500

In general, the more types of atoms 
there are in a molecule, the more 
peaks appear on the IR spectrum, 
as these atoms affect the bonding 
between each other and absorb at 
slightly different wavenumbers.

To distinguish between alcohols 
and carboxylic acids, look at two 
peaks. Alcohols have a broad peak 
between 3200 and 3550 cm−1 
but no peak near 1700 cm−1. 
Carboxylic acids have a very broad 
peak between 2500 and 3300 cm−1 
and a peak near 1700 cm−1.

IR spectra for ethanol and 
propan-1-ol. The broad peak 
at 3200–3550 cm–1 in both 
spectra is characteristic of 
the —OH group in alcohols. 
The small peak at 1700 cm–1 
in the spectrum for ethanol 
is due to a CH3CH2 bond; it 
should not be confused with 
the large peak at 1700 cm–1 for 
the carbonyl group (see sample 
problem 10.2).
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Sample problem 10.2

Identify the major peaks in this IR spectrum for a molecule that has only one 
carbon atom in its molecular structure, and so identify the molecule.
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The infrared spectrum shows the following peaks.

 O—H peak at a range of 2500–3300 cm−1

 C O peak at a range of 1600–1750 cm−1

Since there is only one carbon atom, the oxygen atom must be double-bonded 
to it, so we have C O. Adding the O—H gives us —COOH but leaves C with one 
unbonded electron, which could bond to an H since there are no other carbon 
atoms present. The C—H peak at 2950 cm−1 is mostly hidden by the broad O—H 
peak. The structure could be methanoic acid, HCOOH. For more complicated 
molecules, further testing to determine the molecular mass, using mass spec-
trometry, for example, must be carried out to determine the exact structure.

Revision questions

4. Examine the IR spectra below and on the top of the next page.
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Solution:
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Wavenumber (cm–1)

IR spectrum for compound B
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(a) Using table 10.2 (page 280), identify the bonds responsible for the major 
peaks on each spectrum.

(b) By examining the peaks, determine which spectrum has the most 
C—H bonds.

(c) Both substances were examined by mass spectrometry. The results con-
firmed that both of the molecules contained only carbon, hydrogen and 
oxygen. The molecular masses of the molecules were 60 and 74. Deter-
mine the possible molecular formulas of the two substances. Hence 
deduce one possible molecular structure for each of the substances.

5. The following figure shows two infrared spectra for two different com-
pounds, X and Y. Only one is a carboxylic acid; the other is an alcohol. Use 
table 10.2 on page 280 to identify the spectrum corresponding to a carbox-
ylic acid.

0
4000 3000 2000 1500 1000 500

50

100(a)
IR spectrum for compound X

Tr
an

sm
it

ta
nc

e 
(%

T
)

Wavenumber (cm–1)

0
4000 3000 2000 1500 1000 500

50

100(b)
IR spectrum for compound Y

Tr
an

sm
it

ta
nc

e 
(%

T
)

Wavenumber (cm–1)

nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) images are called MRI scans in the 
medical field. (MRI stands for magnetic resonance imaging.) These colourful 
images provide doctors with pictures of the soft tissues of the body. When 
NMR was introduced, many patients refused to have NMR scans because they 
thought it had something to do with being bombarded with radiation from a 
nuclear reactor. However, the word ‘nuclear’ in this case refers to nucleus of 

Nuclear magnetic resonance 
(NMR) images are often used in 
medical diagnosis. In medicine, 
they are called MRI scans 
(magnetic resonance image scans).
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an atom and how it interacts with a magnetic 
field. To alleviate patients’ fears, NMR scan-
ning is now called MRI.

Particles making up a nucleus exhibit prop-
erties called ‘spin’ and ‘magnetic moment’. 
The combination of particular numbers of 
protons and neutrons give each nucleus an 
overall spin and magnetic moment, which 
responds to an applied magnetic field. NMR 
measures this response to give an indication 
of the connectivity of atoms in a molecule. 
It does this by recording the interaction of C 
and H nuclei with a magnetic field. NMR is a 
qualitative analysis method.

Some nuclei have two overall spin states 
and behave as if they are magnets spinning 
about their axes. 1H and 13C are two such 
nuclei. If a strong, external magnetic field is 
applied to such nuclei, these spinning mag-
nets either align with the external field (to 
produce a slightly lower energy level) or align 
against it (to produce a slightly higher energy 
level). By absorbing the exact difference in 
energy between these two states, a nucleus 
can ‘flip’ between its lower and higher spin 
states. It then releases this same amount of 

energy when it ‘relaxes’ back to its lower state. The energy involved in these 
changes is in the radio frequency section of the electromagnetic spectrum. The 
energy difference between these two spin states depends on the strength of 
the external magnetic field that is ‘felt’ by the nucleus. This is not always the 
same as the external magnetic field because other atoms that surround a given 
nucleus can modify it in subtle, but important, ways. Therefore, the energy 
required for a nucleus to change its spin state depends on what is around it (its 
environment). The use of NMR can therefore give valuable information about 
the connectivity of atoms in a molecule.

Common types of nMR spectra
The three main types of NMR spectra are:
• carbon-13 NMR (13C)
• low-resolution proton NMR (1H)
• high-resolution proton NMR (1H).
All of these produce spectra that consist of a series of peaks. The horizontal 
scale is called ‘chemical shift’ (δ ) and reads backwards. For technical and 
instrumental reasons, a zero reference point is always included. This is 
obtained by adding a small amount of tetramethylsilane (TMS), (CH3 )4Si, to 
each sample.

interpreting nMR spectra
NMR is a qualitative method that gives valuable information about the 
arrangements of atoms in a molecule. Analysis of an NMR spectrum involves 
consideration of the following features:
• the number of signals (or peak sets)
• the chemical shift of each signal (or peak set)
• the relative area under each signal (or peak set)
• the splitting of signals into a set or cluster of peaks (for high-resolution 

proton NMR).

A magnetic resonance 
imaging scan showing the 
blood vessels in the brain

Nuclei with odd total numbers of 
protons and neutrons (nucleons) 
have two spin states and can act 
like magnets.
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More particularly:
• the number of signals (or peak sets) gives information about the number of 

unique environments (1H and 13C)
• the chemical shift gives information about the functional groups involved
• the relative signal or peak areas give information about the number of atoms 

responsible (1H)
• in high-resolution proton NMR, peak splitting gives information about the 

number of hydrogen atoms on adjacent carbon atoms.

spinning
sample tube

magnetic �eld

detector
recorder

source of 
radio waves

NMR is used extensively in organic synthesis. For example, in pharma-
ceutical manufacturing, NMR is used for quality control of medicines. It 
ensures that the drug molecule has been made with the correct atom–atom 
linkages and hence has the desired properties. Other uses are for studying 
DNA, RNA and similar proteins in forensic analysis, as the technique is not 
destructive; samples can be studied for weeks. NMR is also used in the petro-
chemical industry to identify oil and gas deposits, and other features of the rock 
sample in which deposits are contained. Although the scans seen in medical 
MRIs are like slices through the body that build up into a three-dimensional 
picture, simpler scans are effective when analysing most molecules.

Chemical shift
The two particles most commonly used in NMR analysis are carbon-13 atoms, 
13C, and protons, 1H. Other atoms within an organic molecule can be analysed, 
but examining the environments of the carbon atoms and protons reveals 
valu able information about the structure of the molecule under investigation.

An NMR spectrum is a two-dimensional graph of peak height versus chemical 
shift, δ  (in ppm). The number of signals on the x-axis of the graph indicates 
the number of types of protons or carbons. The chemical shift or position of 
the peaks on the x-axis of the graph indicates the types of protons or carbons. 
The NMR graph starts from zero on the right and reads backwards. The zero 
reference point is taken from the chemical shift peak produced by tetramethyl-
silane, (CH3)4Si or TMS, which is added to every sample; without this zero point, 
it would be impossible to know where to start the horizontal scale.

Different functional groups are found at different characteristic chemical 
shifts on the NMR spectrum. Comparison with a table of the chemical shifts 
enables identification of the group. Either carbon or hydrogen may be the sub-
ject of the NMR scan, and each set of data lends different information to the 
analysis. Depending on the solvent used in the analysis, a signal may also be 
found for the carbon or hydrogen atoms in that solvent.

Note that the following NMR spectra are called low-resolution NMR spectra. 
The difference between high- and low-resolution proton NMR spectra is dis-
cussed on page 290.

A schematic diagram of an 
NMR spectrometer

Uses of NMR include analysis 
of products, organic synthesis, 
quality control of medicines, 
forensic analysis of proteins, 
and identification of oil and gas 
deposits.

An NMR spectrum is a two-
dimensional graph of peak height 
versus chemical shift, δ  (in ppm).

The electrons around a particular 
carbon atom or proton partially 
block the external magnetic field, 
and thus change the energy gap 
between the aligned and anti-
aligned nuclear spin states. This 
effect is very small, which is why 
the horizontal scale is measured 
in ppm.
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identifying groups using 13C analysis
This type of NMR analyses the 13C atoms in molecules. It gives us infor- 
mation about the different chemical environments around each carbon atom.

H
H

H
O CH

H

H

C

200 100 0

Chemical shift (ppm)

TMS peak

The 13C NMR spectrum for ethanol has two peaks that reflect the different 
environments of the two carbon atoms in the CH3CH2OH molecule.

The 13C NMR spectrum for ethanol, CH3CH2OH, above has two signals that 
cor respond to the two different carbon atoms in the molecule. One carbon 
atom is bonded to hydrogen atoms only; the other is bonded to hydrogen and 
oxygen atoms. Oxygen is much more electronegative than hydrogen, which 
affects the bonding. This has a small but significant effect on the resonance 
that the protons in the carbon nuclei produce in the NMR instrument. The dif-
ference in resonance can be measured as a difference in chemical shift for the 
two carbon atoms. The chemical shifts in 13C NMR are measured on a scale 
from 0–250 ppm.

TAble 10.4 13C NMR data

Type of carbon Chemical shift (ppm)

R—CH3   8–25

R—CH2—R  20–45

R3—CH  40–60

R4—C  36–45

R—CH2—X  15–80

R3C—NH2  35–70

R—CH2—OH  50–90

RC CR  75–95

R2C CR2 110–150

RCOOH 160–185

Source: VCAA 2015, VCE Chemistry Data Book, VCAA, Melbourne, p. 7.

The NMR spectrum of propan-1-ol, CH3CH2CH2OH, at the top of the next 
page shows three signals. The three carbon atoms in propan-1-ol are in three 
different chemical environments, so they produce three separate signals. The 
first signal at 10  ppm corresponds to the R—CH3 group, the second signal at 
20–30 ppm corresponds to R2CH2, and the third signal at 65 ppm corresponds 
to the alcohol group, C—OH.

Unit 4

Do more
Carbon-13 NMR

AOS 1

Topic 4

Concept 7

Chemical shifts in 13C NMR 
correspond to a carbon atom in a 
particular environment within a 
molecule.
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H
H

H
H

H

C CO CH

H

H

200 100

Chemical shift (ppm)

TMS

0

The three signals in this NMR spectrum reflect the three different chemical 
environments of the three C atoms in propan-1-ol.

Although propan-2-ol, CH3CH(OH)CH3, also has three carbon atoms, the 
two signals on this NMR reflect the two different chemical environments of 
the three C atoms in this molecule. The central carbon atom is bonded to the 
oxygen atom, while the two carbon atoms either side of it are in an equivalent 
chemical environment. 

The low abundance of 13C nuclei means that there is no statistical link 
between the signal intensity and the number of 13C nuclei in a particular 
chemical environment. Hence, there is no significance attached to the signal 
heights in 13C NMR.

H
H

H

H

C

C

C

OH

H
H

H

200 100 0

Chemical shift (ppm)

TMS

Although propan-2-ol has three carbon atoms, two of the carbon atoms in the 
methyl groups are identical. Imagine a three-dimensional model of this molecule; 
clearly the methyl groups are the same. The two signals on this NMR reflect the 
two different  chemical environments of the three carbon atoms in the molecule.

Sample problem 10.3

How many different environments for the carbon atoms are there in each of 
the following isomers of C4H8Cl2?

H

CH C C C Cl

H H

H H H H

Cl H

CH HC C C

H

H H H H

ClCl(a) (b)

UNCORRECTED P
AGE P

ROOFS



UniT 4288

(a) H

C

C
C
C
C

H C C C Cl

H H

H H H H

Cl

4 different environments

1,1 dichlorobutane contains carbon atoms in four non-equivalent 
environments.

(b) H

CH HC C C

H

H H H H

ClCl

C
C 2 different environments}

2,3 dichlorobutane contains carbon atoms in two non-equivalent 
environments.

Revision questions

6. The molecule C4H10 has two isomers. Sketch the isomers and examine the 
chemical environment of each carbon atom. Decide how many signals each 
isomer would produce in a 13C NMR spectrum.

7. Draw the structural formulas of the two isomers of bromopropane, and 
explain how 13C NMR spectrometry could be used to identify each.

8. How many different carbon environments are present in the compound 
2-methylpropan-2-ol?

H C

H

C

H C

H

H

H

C

O

H

H

H

H

identifying groups using proton analysis
The other element that is commonly used in NMR analysis is hydrogen, in the 
form of protons, 1H. 1H NMR analysis considers the different environments 
that each hydrogen atom experiences in a molecule. The x-axis scale for 1H 
NMR has a scale of 0–13 ppm, whereas the scale for 13C NMR has a scale of 
0–250 ppm. This is a measure of how different nuclei in various bonding 
environments respond to an external magnetic field.

In 1H NMR, the signal intensity (height) is statistically linked to the number 
of atoms for that signal. This is similar to the calibration graphs in other instru-
mental methods such as gas chromatography, HPLC, colorimetry, UV–visible 
spectroscopy and atomic absorption spectroscopy. An integral trace provides the 
relative area under each signal in 1H spectra and indicates how many hydrogen 
atoms contribute to that signal. It is often indicated by a numeral written at the 
top of the integration curve (peak); for example, (3) indicates three H atoms.

The bonding electrons of each atom in a molecule experience a small but 
significant effect caused by the other atoms around them. A highly electroneg-
ative element, such as a halogen, affects the electrons of neighbouring atoms 
by slightly attracting their electrons towards it. An oxygen atom in an alcohol 
group not only affects the hydrogen atom bonded to it, but also affects the 
hydrogen atom bonded to the adjoining carbon atom. The distribution of elec-
trons affects the magnetic field around each nucleus, enabling slight changes 
in electron distribution to be measured by NMR.

Solution:

1H is different from 13C NMR in 
that the height of the signal is 
significant and the horizontal scale 
is different.
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TAble 10.5 Chemical shifts for proton analysis

Type of proton Chemical shift (ppm)

R—CH3 0.8–1.0

R—CH2—R 1.2–1.4

RCH CH—CH3 1.6–1.9

R3—CH 1.4–1.7

CH3 C

OR

O

 or CH3 C

NHR

O 2.0

O

CH3R
C

2.1–2.7

R—CH2—X (X = F, Cl, Br or I) 3.0–4.5

R—CH2—OH, R2—CH—OH 3.3–4.5

R C

NHCH2R

O 3.2

R—O—CH3 or R—O—CH2R 3.3

C

O

CH3O

2.3

R C

OCH2R

O 4.1

R—O—H 1–6 (varies considerably  
under different conditions)

R—NH2 1–5

RHC CH2 4.6–6.0

OH

7.0

H

7.3

R C

NHCH2R

O 8.1

R C

H

O 9–10

R C

O

O

H

9–13

Source: VCAA 2015, VCE Chemistry Data Book, VCAA, Melbourne, pp. 5–6.
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Sample problem 10.4

How many signals or sets of peaks for the hydrogen atoms would be expected 
on a proton NMR of ethanol, CH3CH2OH? List where these signals would occur.

There should be three signals or sets of peaks: one signal for the CH3 group 
at δ  = 0.9 ppm, one signal or set of peaks for the CH2 at δ  between 1.2 and 
1.4 ppm, and one signal or set of peaks for OH at δ  between 1 and 6 ppm.

Revision questions

  9. Using table 10.5, sketch the proton NMR of propane, CH3CH2CH3. 
10. How many peaks for hydrogen atoms would be expected for a proton NMR 

of propyl ethanoate, CH3CH2COOCH2CH3?

Low- and high-resolution 1H nMR spectra
The NMR spectrum of ethanol below has its three signals split into three groups 
of peaks. This is a high-resolution spectrum.

There are two different types of NMR spectrum: high resolution and low res-
olution. A low-resolution spectrum shows the unique types of environments 
of the hydrogen atom in the molecule; the ratio of the areas under the peaks 
shows the number of hydrogen atoms in that environment, and the chemical 
shift tells you important information about the type of bond involved. A 
high-resolution spectrum contains the same information as the low-resolution 
spectrum, but each signal in the low-resolution spectrum appears to have 
been split into several peaks. The number of peaks in the high-resolution spec-
trum tells you about the number of hydrogen atoms next to the hydrogen atom 
that has produced that signal. For simple molecules, the number of peaks is 
one more than the number of hydrogen atoms on the carbon atom next to that 
hydrogen atom and chemically different from that hydrogen atom. 

In the high-resolution spectrum of ethanol below, the signal of three peaks 
indicates that there are two hydrogen atoms attached to the carbon atom next 
in line in the molecule under investigation. This splitting of peaks is due to spin 
coupling, as discussed in the following section.

High-resolution 1H NMR spectrum of ethanol. The R—CH3 signal (0.9 ppm) is 
split into three peaks; this means there is an adjacent CH2 group.

9 8 7 6 5 4 3 2 1 0

Proton NMR spectrum of ethanol

Chemical shift (ppm)  

Solution:

A signal in a low-resolution 
spectrum can be split into a set 
of peaks in the high-resolution 
spectrum. The number of peaks in 
the high-resolution spectrum tells 
you about the number of hydrogen 
atoms next to the hydrogen atom 
that has produced that signal. For 
simple molecules, the number 
of peaks is one more than the 
number of hydrogen atoms on 
the carbon atom adjacent to that 
hydrogen atom (n + 1 rule).

Unit 4

See more
High-resolution 
proton NMR

AOS 1

Topic 4

Concept 6
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291CHAPTER 10 Analysis of organic compounds

How nuclei affect each other: coupling
1H nuclei can interact with other 1H nuclei near them. If the neighbours are 
chemically different, that interaction splits the NMR signal into a number of 
peaks. For example, each proton in ethane, CH3CH3, has three neighbouring 
protons on the adjacent CH3 group, but there is no splitting of the NMR signal 
since neighbours are chemically equivalent to the first set of protons.

Consider the CH3 NMR signal in the 2-methylpropane, CH3CH(CH3)2, spec-
trum. Each CH3 proton has the same one proton neighbour on the adjacent cen-
tral carbon atom. The CH3 signal is split into two peaks, with height ratio 1 : 1. 
The CH signal is split into a large number of peaks because there are 9 neigh-
bouring CH3 protons. This is called the n + 1 rule:

Number of peaks = (number of neighbouring protons) + 1

For the molecule CH3CH2Br, bromoethane, let us 
look at the signal for the CH3 group at 1.7 ppm. The 
next group is CH2, which has two protons. This creates 
three peaks within the CH3 signal on the NMR spec-
trum, with height ratio 1 : 2 : 1.

In the same molecule, CH3CH2Br, bromoethane, 
we can also look at the signal for the CH2 group at 
3.4 ppm. The next group is a methyl group, —CH3, 
which has three protons. This creates four peaks within 
the CH2 signal on the NMR spectrum, with height ratio 
1 : 3 : 3 : 1.

Revision question

11. Consider the signal or peak cluster near 3.5 ppm on the ethanol NMR spec-
trum on page 290. Explain why this is a set of four peaks.

Sample problem 10.5

Analyse the proton NMR spectrum below and use table 10.5 to identify the 
structure of the molecule. The empirical formula for the molecule is C3H6O2. 
Mass spectrometry reveals that the molecular mass of the molecule is 74.

7 6 5 4 3 2 1 0

Chemical shift (ppm)  

(1) (1)

For the high-resolution NMR 
spectrum of ethanol, even though 
the —OH and —CH2 groups are 
separated by four bonds, under most 
conditions the —OH signal does not 
show splitting, for chemical reasons 
that are beyond this VCE course.

1H nuclei can interact with other 
1H nuclei near them, and the effect 
can be measured by the number of 
peaks in the NMR spectrum.

5.0 4.0

Br-CH2-CH3

3.0
Chemical shift (ppm)

2.0 1.0 0
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Since the molecular mass of the molecule is 74 and M(C3H6O2) is 74, the 
empirical formula must also be the molecular formula.

The integration trace of the NMR shows the relative areas are 1 and 1. This 
means the six hydrogen atoms must be in two groups, CH3 and CH3. But since 
there are two peaks, we know these groups are in different environments. The 
signals are not split into triplets or quartets, which indicates that the groups are 
not next to each other. The chemical shift δ  = 1.95 indicates that the CH3 group 
is next to a slightly electronegative group, such as a carboxyl group. This could 
mean a CH3COO— structure.

The other peak at δ  = 3.9 indicates that the CH3 group is next to a strongly electro-
negative group, i.e. the oxygen atom. This could mean a CH3—O— structure.

Putting this information together indicates that the structure (shown at left) is 
methyl ethanoate.

Sample problem 10.6

Analyse the proton NMR spectrum below and use table 10.5 to identify the 
structure of the molecule. The molecular formula for the molecule is C4H8O2.

7 6 5 4 3

(3)

(3)

(2)

2 1 0

Chemical shift (ppm)  

The triplet at δ  = 1.2 indicates a simple alkyl group, and the integration curve 
(3) shows that there are 3 hydrogen atoms present; therefore, this is a CH3 
group. The fact that it is a triplet, following the n + 1 rule, indicates that it is 
next to a CH2 group.

The single peak at δ  = 2.0 indicates a CH3 group; this chemical shift indi-
cates that it is next to an electronegative group, possibly a carboxyl group. The 
fact that the signal is not split into a series of peaks implies that there are no 
hydrogen atoms on the next group.

The quartet at δ  = 4.1 shows that this CH2 is next to a CH3 group and next to an 
oxygen atom. Therefore, the structure is ethyl ethanoate.

Revision questions

12. Propanoic acid (shown at left) is used as a preservative and anti-mould 
agent for animal feed and also in packaged food for human consumption. 
Complete the table on the next page showing each hydrogen environment, 
splitting patterns, relative peak height and the chemical shifts for each type 
of hydrogen atom in this molecule.

Solution:

H
H

H
C

O
C

CH
H

H

O

Solution:

H
H

H

H

H
C

COCC

O

H
H

H

C

H

C

H
O H

H C

H

H

O

Hydrogen set 
or atom

Splitting 
pattern

Relative 
peak height

Chemical  
shift (ppm)

CH3

13. Draw the structures of the isomers represented by the formula C2H4Cl2. 
Explain which isomer has the following proton NMR spectrum.

11 10 9 8 7 6

(1)

(3)

Chemical shift (ppm)
5 4 3 2 1 0

Chromatography
The analysis techniques described so far have been useful in finding what is in 
the sample. You may remember other techniques from Unit 2 that allow us to 
also find the concentration of the substance that is present; these include 
chromatography and volumetric analysis. 

High-performance liquid chromatography, HPLC, can be used to separate 
components of a mixture, and then structural information about the com-
ponents can be obtained by analysis using NMR or mass spectra. HPLC can be 
used to separate and also identify and quantify each component in any sample 
that can be dissolved in a liquid. It is extremely sensitive and a valuable tool in 
a wide variety of fields. 

Principles of chromatography
In all forms of chromatography, a mobile phase passes over a stationary phase. 
The stationary phase is either a solid with a high surface area, or a finely 
divided solid coated with liquid. The mobile phase moves over or through the 
stationary phase and carries the mixture to be separated with it.

As the mixture being analysed is swept along in the mobile phase, some of 
its components ‘stick’ more strongly to the surface of the stationary solid phase 
than others. They then ‘unstick’ and move on. Therefore the components travel 
at different speeds, and so they separate.

Chromatography can be very simple (as in paper chromatography and thin-
layer chromatography (TLC) or very sophisticated (as in high-performance 
liquid chromatography (HPLC) and gas chromatography (GC)). In paper 

Digital docment
Experiment 10.1 Separation of food 
dyes using chromatography
doc-18823
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Hydrogen set 
or atom

Splitting 
pattern

Relative 
peak height

Chemical  
shift (ppm)

CH3

13. Draw the structures of the isomers represented by the formula C2H4Cl2. 
Explain which isomer has the following proton NMR spectrum.

11 10 9 8 7 6

(1)

(3)

Chemical shift (ppm)
5 4 3 2 1 0

Chromatography
The analysis techniques described so far have been useful in finding what is in 
the sample. You may remember other techniques from Unit 2 that allow us to 
also find the concentration of the substance that is present; these include 
chromatography and volumetric analysis. 

High-performance liquid chromatography, HPLC, can be used to separate 
components of a mixture, and then structural information about the com-
ponents can be obtained by analysis using NMR or mass spectra. HPLC can be 
used to separate and also identify and quantify each component in any sample 
that can be dissolved in a liquid. It is extremely sensitive and a valuable tool in 
a wide variety of fields. 

Principles of chromatography
In all forms of chromatography, a mobile phase passes over a stationary phase. 
The stationary phase is either a solid with a high surface area, or a finely 
divided solid coated with liquid. The mobile phase moves over or through the 
stationary phase and carries the mixture to be separated with it.

As the mixture being analysed is swept along in the mobile phase, some of 
its components ‘stick’ more strongly to the surface of the stationary solid phase 
than others. They then ‘unstick’ and move on. Therefore the components travel 
at different speeds, and so they separate.

Chromatography can be very simple (as in paper chromatography and thin-
layer chromatography (TLC) or very sophisticated (as in high-performance 
liquid chromatography (HPLC) and gas chromatography (GC)). In paper 

Digital docment
Experiment 10.1 Separation of food 
dyes using chromatography
doc-18823
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chromatography, the stationary phase is 
made up of cellulose fibres that are natu-
rally coated with a thin layer of water. In 
thin-layer chromatography, a finely 
divided adsorbent material is coated onto 
either a glass slide or aluminium foil to 
form this phase. Liquids for the mobile 
phase can be any of a wide range of mix-
tures of solvents (including water). If you 
have ever seen ink separating into coloured 
bands as it rises up filter paper or chalk, 
you have witnessed chromatography. 

The nature of the interactions that occur 
between the stationary and mobile phases 
can vary. However, a common interaction 
involves the processes of adsorption and 
desorption. The components of the sample 
adhere to the material in the stationary 

phase to differing extents. These interactions are then broken in the desorption 
process, allowing the substances to move on. The stronger these interactions, 
the slower a substance moves.

High-performance liquid  
chromatography (HPLC)
You may recall from Unit 2 that HPLC is an adaption of the simple methods 
described previously. Invented in the early 1960s, advances in technology 
have developed this into an extremely sensitive and widely used technique. 
Detection of concentrations in parts per million and parts per billion levels is 
routine. Advanced instruments are now capable of detecting parts per trillion! 
Applications of HPLC include research, medicine, pharmaceutical science, 
forensic analysis, food analysis, drug detection in sport and environmental 
monitoring. 

In HPLC, the most common stationary phase is a narrow diameter tube, 
called a column, that is packed tightly with a finely divided powder. This pro-
vides the large surface area required for the process. Particle sizes in the range 

of a few micrometres are typically 
used, although these are now 
becoming even smaller and, when 
coupled with the higher pressure 
pumps now becoming available, are 
leading to what is being called 
ultra-performance liquid chromatog-
raphy (UPLC).

Columns containing a wide range 
of powders are available and can 
be chosen to give optimal results 
for a particular scenario. Columns 
packed with finely divided alumina 
or silica are common examples. Like-
wise, a wide range of liquids that 
can be pumped through the column 
are available. The particular liquid 
chosen for this purpose is called the 
eluent and can be either a pure liquid 
or a mixture of liquids.

Thin-layer chromatography — 
the red and yellow dyes are 
more strongly attracted to the 
stationary phase than the blue 
dye as they have not travelled 
as far up the paper (stationary 
phase).

In high-performance liquid 
chromatography (HPLC), a 
liquid (eluent) is pumped at high 
pressure through a column that 
is packed with a finely divided 
solid. Many organic substances 
can be separated, identified and 
quantified using this method.

A high-performance liquid 
chromatography instrument

elesson
HPLC
med-0347

Digital document
Experiment 10.2 Separating mixtures 
using column chromatography
doc-18824

In operation, the substance to be analysed (called the sample) is injected 
onto the start of the column as a liquid. The eluent is then pumped through 
the column, taking the sample with it. As the mobile phase moves through the 
column, the process of adsorption and desorption results in the components 
of the sample (referred to as analytes) moving at different speeds and thus 
being separated from each other.

After passing through the column, the components in the sample exit the 
column and are detected by a suitable device. This is then recorded on a chart 
as a series of peaks (this chart is called a chromatogram). In many modern 
instruments, a computer can also present this information in tabular form, 
showing the retention time and area of each peak. The data can then be fed 
into programs for graph drawing or for further mathematical evaluation.

pump

sample

detector

waste

recorder
injector

HPLC column

solvent
(mobile phase)

Two important features of a chromatogram are:
1. the positions of its peaks. The time taken for each component of the sample 

to travel from the injection port to the end of the column where it is detected 
is referred to as its retention time, tR. This corresponds to the position of the 
peak on the chromatogram. Retention time can be used to identify a com-
ponent — the retention time for an unknown substance is compared with 
retention times for known substances under the same operating conditions. 

2. the area underneath each peak. The greater the amount of a component, 
the greater the area under the corresponding peak. This measurement can 
therefore be used to quantitatively measure a substance. The quantitative 
use of HPLC is discussed later in this chapter. It should be noted that, when 
the peaks produced are narrow, the area measurement can be replaced by a 
measurement of the peak height.

Shown on the next page are some results obtained from testing a brand of 
decaffeinated coffee. Note that a caffeine standard has been run through the 
instrument so that the potential caffeine peak on the chromatogram of the 
sample can be identified. Therefore, the reduction in the height of the peak 
due to caffeine becomes obvious when normal and decaffeinated coffee 
results are compared.

For a quantitative measurement of the amount of caffeine remaining in 
the sample, the height (or the area under the peak) could be measured and 

Separation by HPLC occurs 
due to interactions between the 
substances in the mobile phase 
and the stationary phase. The 
weaker these interactions with 
the stationary phase, the faster 
a substance moves through the 
column.

Unit 4

See more
High-
performance liquid 
chromatography 
(HPLC)

AOS 1

Topic 5

Concept 2

A schematic diagram of 
a high-performance liquid 
chromatography instrument
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295CHAPTER 10 Analysis of organic compounds

In operation, the substance to be analysed (called the sample) is injected 
onto the start of the column as a liquid. The eluent is then pumped through 
the column, taking the sample with it. As the mobile phase moves through the 
column, the process of adsorption and desorption results in the components 
of the sample (referred to as analytes) moving at different speeds and thus 
being separated from each other.

After passing through the column, the components in the sample exit the 
column and are detected by a suitable device. This is then recorded on a chart 
as a series of peaks (this chart is called a chromatogram). In many modern 
instruments, a computer can also present this information in tabular form, 
showing the retention time and area of each peak. The data can then be fed 
into programs for graph drawing or for further mathematical evaluation.

pump

sample

detector

waste

recorder
injector

HPLC column

solvent
(mobile phase)

Two important features of a chromatogram are:
1. the positions of its peaks. The time taken for each component of the sample 

to travel from the injection port to the end of the column where it is detected 
is referred to as its retention time, tR. This corresponds to the position of the 
peak on the chromatogram. Retention time can be used to identify a com-
ponent — the retention time for an unknown substance is compared with 
retention times for known substances under the same operating conditions. 

2. the area underneath each peak. The greater the amount of a component, 
the greater the area under the corresponding peak. This measurement can 
therefore be used to quantitatively measure a substance. The quantitative 
use of HPLC is discussed later in this chapter. It should be noted that, when 
the peaks produced are narrow, the area measurement can be replaced by a 
measurement of the peak height.

Shown on the next page are some results obtained from testing a brand of 
decaffeinated coffee. Note that a caffeine standard has been run through the 
instrument so that the potential caffeine peak on the chromatogram of the 
sample can be identified. Therefore, the reduction in the height of the peak 
due to caffeine becomes obvious when normal and decaffeinated coffee 
results are compared.

For a quantitative measurement of the amount of caffeine remaining in 
the sample, the height (or the area under the peak) could be measured and 

Separation by HPLC occurs 
due to interactions between the 
substances in the mobile phase 
and the stationary phase. The 
weaker these interactions with 
the stationary phase, the faster 
a substance moves through the 
column.
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a high-performance liquid 
chromatography instrument
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compared with a set of caffeine standards of known concentrations. Quanti-
tative use is discussed in more detail in the next section.
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Quantitative analysis using HPLC
Instruments must be accurately calibrated, using a set of standards, before any 
meaningful quantitative results can be obtained. This involves running a set 
of standards of known concentration through the instrument and noting the 
readings (usually either peak height or peak area). From these results, a graph 
of reading versus concentration can be drawn. It is then a matter of running 
the sample to be tested through the instrument and noting the reading. The 
calibration graph can then be used to obtain its concentration.
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Using the calibration curve, 
the concentration of the 
unknown sample (shown 
by the red arrow) can be 
estimated as 16.8 mg L−1.

HPLC chromatograms for 
(a) normal coffee, (b) caffeine 
and (c) decaffeinated coffee
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297CHAPTER 10 Analysis of organic compounds

Most modern instruments are programmed to do this automatically. They 
use statistical algorithms to determine the equation of the line of best fit using 
the calibration data. The test result for the unknown is then simply fed into this 
equation and the result displayed.

Types of HPLC 
High-performance liquid chromatography is often categorised according to the 
nature of stationary and mobile phases used. The two most common types are:
1. Normal-phase liquid chromatography (NPLC). Here, the material in the 

column is more polar than the mobile phase. Because of this, the more 
polar components in the sample adsorb more strongly to the column mat-
erial and move more slowly through the column. Therefore, they have a 
longer retention time.

2. Reverse-phase liquid chromatography (RPLC). This is the opposite of 
NPLC, where the material inside the column is less polar than the liquid 
being pumped through it. The columns used often contain silica particles 
that have been coated with long hydrocarbon chains (C8 and C18 are com-
monly used) to achieve a level of ‘non-polarity’. This has the opposite effect 
on retention times. The more polar molecules in the sample are not as 
strongly adsorbed to the column material and therefore move through it 
more quickly, thus displaying shortened retention times. RPLC is the most 
commonly used form of HPLC.

Besides the two types mentioned above, there are other forms of HPLC that 
can be used in appropriate circumstances. These include ion-exchange chro-
matography and size-exclusion chromatography.

Detectors
A range of detectors may be used in HPLC, depending on the circumstances 
of the analysis. Examples include UV–visible detectors, diode array detectors 
(which use either visible or ultraviolet light to detect substances in the liquid 
as they exit from the column) and refractive index detectors (which measure 
changes in refractive index as substances elute). The increased absorbance of 
the light as substances leave the column is detected and creates an electrical 
signal that subsequently produces a peak on the chromatogram.

It is also possible to use a mass spectrometer as a detector. This option is 
considerably more expensive but has the advantage of being able to positively 
identify the different substances in the sample as they elute.

The position of a peak, also called 
its retention time, can be used 
to identify a substance. The area 
underneath a peak is related to the 
amount of the component present.

The essential components 
of a high-performance liquid 
chromatograph

UNCORRECTED P
AGE P

ROOFS



UniT 4298

Sample problem 10.7

Although it is usually done using gas chromatography (GC), the level of ethanol 
in wine may be determined using HPLC. 

In one such analysis using HPLC, a set of six reference samples of known 
ethanol concentration were run through the instrument for the purpose of 
calibration. A sample of wine was then analysed under exactly the same con-
ditions as the reference samples. A much more complicated chromatogram 
was obtained, from which the ethanol peak was identified.

The results obtained are shown in the table below.

Standard  
concentration, %(v/v) Peak area

 7 342  401

 8 391  318

 9 440  230

10 489  136

11 538  058

12 586  970

sample 450  012

(a) Using these results, plot a calibration curve of concentration versus peak 
area.

(b) Use the graph to deduce the ethanol content in the sample of wine.
(c) How is the ethanol peak identified from the complicated pattern 

produced by the wine sample?
(d) Explain why only one peak is produced in the chromatogram for each 

standard analysed.

(a) Plotting these results yields the following graph:
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(b) Reading from the calibration graph, the sample of wine gives an ethanol 
concentration of 9.2%.

(c) Each ethanol standard produces a peak at the same position on the chro-
matogram; in other words, they all have the same retention time. So it 
is just a matter of finding the peak from the chromatogram of the wine 
sample that corresponds to this retention time.

(d) Ethanol is the only substance present (apart from the solvent).

Solution:
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Revision questions

14. The ester methyl butanoate, CH3CH2CH2COOCH3, is used as a flavour 
additive and in perfumes. It has both a pleasant odour and taste. However, 
butanoic acid, from which it is made, has an extremely unpleasant odour. It 
is therefore desirable that residual butanoic acid levels be kept to a minimum 
in methyl butanoate preparations that are used for the above purposes.

  HPLC was used to measure the level of butanoic acid in a sample of food-
grade methyl butanoate. A number of standards were run through the 
instrument, together with a sample of the methyl butanoate. The results are 
shown in the following table.

Concentration of  
butanoic acid (mg L–1) Peak area

 4.0  640

 6.0  958

 8.0 1280

10.0 1605

sample 1150

(a) Besides butanoic acid, what other organic compound is required to 
make methyl butanoate?

(b) Plot the calibration curve for the above data.
(c) Hence determine the concentration of butanoic acid in the sample 

tested.
(d) Draw the structural formula for butanoic acid.

15. A sample of fuel oil was analysed for its pentadecane, C15H32, content, using 
a newly developed HPLC procedure.

  To test this procedure, standards of 120, 140, 160 and 180 μg L–1 of penta-
decane (dissolved in hexane) were made up in 10.0 mL volumetric flasks by 
diluting a pentadecane solution of known concentration equal to 240 μg L–1. 
As an additional check on the accuracy of these dilutions, two additional 
‘verification’ standards were also analysed. These were certified to be 150 
and 170 μg L–1 respectively. The results are tabulated below.

Pentadecane concentration  
(μg L–1) Peak area

120 48  003

140 56  005

160 64  015

180 72  012

verification standard 1 

verification standard 2 

(a) To what class of compounds does pentadecane belong?
(b) Why is the pentadecane not dissolved in water?
(c) Describe how each of the standard solutions is prepared, giving the 

necessary volumes of pentadecane solution and hexane required.
(d) Draw the calibration curve from this data.
(e) What peak area readings would be produced by the two verification 

standards?
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Combining techniques 
Each of the techniques described so far is a powerful tool in its own right. The 
analysis and subsequent identification of a compound, however, is often the 
result of information gleaned from a number of such techniques. In the same 
way that a crime might be solved using clues from different sources, an 
unknown compound may be identified using clues from many different tech-
niques. Such techniques often involve the instruments described in this chapter 
but may also use clues from some of the more traditional methods of analysis.

A combination of analytical techniques is sometimes used to determine the 
identity and concentration of a substance.

A possible sequence of steps might be as follows:
• Consider any traditional clues. For example, if the compound evolves 

hydrogen gas when mixed with magnesium, it would quickly be suspected 
of being a carboxylic acid. Other typical acid properties could be quickly 
checked to confirm this.

• Use HPLC to see if the sample is a mixture of compounds and to separate it 
into the components. Once the sample is identified by comparison of reten-
tion times or using other techniques, the concentration can be found by 
comparison of peak heights with known standards. Additional information 
about the structures of individual components can be found using mass 
spectrometry, infrared spectroscopy or nuclear magnetic resonance.

• Look at the mass spectrum and identify the parent peak. This indicates the 
relative molecular mass. Also, check other peaks. These may give clues to 
functional groups and alkyl groups that are present.

• Examine the IR spectrum. This should allow the types of bonds, and, from 
this, the functional group to be identified. This can be related back to any 
clues from the previous step.

• Look at the NMR spectrum noting features such as the number of different 
environments and the number of atoms within each environment. Also note 
any splitting patterns if this is appropriate. This is particularly useful in con-
firming alkyl groups and, in particular, distinguishing between alkyl groups 
for which there is more than one possible structure.
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301CHAPTER 10 Analysis of organic compounds

At this stage, a suggested structure should be emerging. This can be 
rechecked against all the clues deduced so far. In addition, the chemical shifts 
from the NMR spectrum could now be examined as extra confirmation. 

Sample problem 10.8

Analysis of an unknown compound has revealed that it has an empirical 
formula C2H4O. Its MS has its parent peak at 88. The IR has significant peaks 
at 1700 cm–1 and a broad peak at 3000 cm–1. The NMR spectrum is shown 
below.

16 14 12 10 8 6 4 2 0
ppm

A D

B
C

Peak set
number of  
split peaks

Relative area of  
peak set

A 1 1

B 3 2

C multiple 2

D 3 3

The IR spectrum indicates the presence of carbon–oxygen double bonds and 
oxygen–hydrogen bonds. This indicates that the compound is likely to contain 
the COOH group and is most likely a carboxylic acid.

From the relative molecular mass and empirical formula, it can quickly be 
deduced that the molecular formula is C4H8O2. Subtracting the COOH group 
from this leaves C3H7 for the rest of the molecule. Examination of the NMR 
spectrum indicates four different environments for the hydrogen atoms. One 
of these, signal A, is not split and is therefore the one that forms part of the 
COOH group. The remaining peak sets are all consistent with the C3H7 part of 
the molecule being CH3CH2CH2.

Note: One of the CH2 groups (signal C) has two sets of neighbouring protons 
(CH3 and CH2). It is expected to have 4 × 3 = 12 peak splitting. It would be diffi-
cult to see all 12 peaks and usually this is mistaken as 6 peaks.

The compound is therefore butanoic acid, CH3CH2CH2COOH.

Solution:
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Revision question

16. An organic compound has the empirical formula C3H6O2. When sodium 
carbonate is added to this compound bubbling is observed. The mass spec-
trum and infrared spectrum of the compound are shown below.
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(a) Determine the molecular formula of this compound.
(b) Suggest the formulas of the fragments labelled A, B, C and D.
(c) Identify the bonds responsible for the peaks at:
  (i) 3000 cm–1   (ii) 1720 cm–1   (iii) 1230 cm–1.
(d) Suggest a possible structure for this compound, giving reasons based on 

the above spectra.
(e) Name the compound.

Volumetric analysis
Volumetric analysis is a quantitative technique that involves reactions in 
solution. The accurate concentration of a solution is usually determined by 
reacting it with another solution whose concentration is known accurately or, 
in some cases, by making it up directly from a primary standard (see page 303).

The procedure usually involves measuring an accurate volume of one of the 
solutions with a pipette (this volume is called an aliquot) and pouring it into 

Volumetric analysis uses standard 
solutions and accurately measured 
volumes. A standard solution is 
one whose concentration is known 
to a high level of accuracy.

a conical flask. The other solution (called a titrant) is 
then added carefully from a burette until the reaction is 
just complete (as predicted by the stoichiometry of the 
equation). By knowing the volumes involved and the 
concentration of one of the solutions, the concentration 
of the other solution may be determined. This procedure 
is called titration. The volume of the titrant delivered is 
known as the titre.

Two common types of reactions encountered in volu-
metric analysis are acid–base reactions and redox 
reactions.

The correct use of burettes and pipettes, as well as 
other important aspects of volumetric analysis has 
already been covered in Unit 2. Some of the more 
important points of this technique are revisited in this 
chapter. 

Standard solutions
A standard solution is one whose concentration is accurately known. There 
are usually two methods by which a solution may have its concentration deter-
mined accurately:
1. by reacting it with another solution whose concentration is known accu-

rately. This is called standardisation.
2. by taking a substance called a primary standard and dissolving it in a 

known volume of water. Primary standards are pure substances that satisfy 
a special list of criteria.

To qualify as a primary standard, a substance must have a number of the 
following properties:
• It must have a high state of purity.
• It must have an accurately known formula.
• It must be stable. In other words, its composition or formula must not change 

over time, which can happen, for example, as a result of storage or reaction 
with the atmosphere.

• It should be cheap and readily available.
• It should have a relatively high molar mass so that weighing errors are 

minimised.
Note that this means that not all substances are suitable for use as primary 

standards. Sodium hydroxide, for example, is unsuitable for use as a primary 
standard for the following reasons.
1. It absorbs moisture from the atmosphere (is deliquescent) as it is being 

weighed out. Hence, the precise mass of sodium hydroxide is uncertain 
because of the absorbed water.

2. As a typical hydroxide, it reacts with carbon dioxide in the atmosphere to 
produce sodium carbonate. Thus, there are doubts about its purity.

Hydrated sodium carbonate, Na2CO3•10H2O, is also unsuitable, but for a dif-
ferent reason. This substance is efflorescent; that is, it loses water to the atmos-
phere as it is being weighed out. This water comes from the crystal structure 
and is known as ‘water of crystallisation’. As a result, the precise formula is 
unknown.

However, if hydrated sodium carbonate is heated, these weakly bonded 
water molecules may be driven off. Eventually, anhydrous sodium carbonate, 
Na2CO3, is formed, which makes an excellent primary standard.

To prepare a primary standard, chemists use special flasks called volumetric 
flasks. These flasks are filled to a previously calibrated etched line on their 
necks, so that the volume of their contents is accurately known.

Volumetric flasks, conical flasks, pipettes, burettes 
and various beakers are used in volumetric analysis.

A primary standard is a substance 
that can be used to produce 
solutions with precisely known 
concentrations. Primary standards 
must have certain important 
properties. A secondary standard 
can be prepared by standardising 
it (measuring its concentration) 
against a primary standard.

Both hydrated sodium carbonate 
and sodium hydroxide are 
unsuitable for use as primary 
standards because they react with 
the atmosphere.
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303CHAPTER 10 Analysis of organic compounds

a conical flask. The other solution (called a titrant) is 
then added carefully from a burette until the reaction is 
just complete (as predicted by the stoichiometry of the 
equation). By knowing the volumes involved and the 
concentration of one of the solutions, the concentration 
of the other solution may be determined. This procedure 
is called titration. The volume of the titrant delivered is 
known as the titre.

Two common types of reactions encountered in volu-
metric analysis are acid–base reactions and redox 
reactions.

The correct use of burettes and pipettes, as well as 
other important aspects of volumetric analysis has 
already been covered in Unit 2. Some of the more 
important points of this technique are revisited in this 
chapter. 

Standard solutions
A standard solution is one whose concentration is accurately known. There 
are usually two methods by which a solution may have its concentration deter-
mined accurately:
1. by reacting it with another solution whose concentration is known accu-

rately. This is called standardisation.
2. by taking a substance called a primary standard and dissolving it in a 

known volume of water. Primary standards are pure substances that satisfy 
a special list of criteria.

To qualify as a primary standard, a substance must have a number of the 
following properties:
• It must have a high state of purity.
• It must have an accurately known formula.
• It must be stable. In other words, its composition or formula must not change 

over time, which can happen, for example, as a result of storage or reaction 
with the atmosphere.

• It should be cheap and readily available.
• It should have a relatively high molar mass so that weighing errors are 

minimised.
Note that this means that not all substances are suitable for use as primary 

standards. Sodium hydroxide, for example, is unsuitable for use as a primary 
standard for the following reasons.
1. It absorbs moisture from the atmosphere (is deliquescent) as it is being 

weighed out. Hence, the precise mass of sodium hydroxide is uncertain 
because of the absorbed water.

2. As a typical hydroxide, it reacts with carbon dioxide in the atmosphere to 
produce sodium carbonate. Thus, there are doubts about its purity.

Hydrated sodium carbonate, Na2CO3•10H2O, is also unsuitable, but for a dif-
ferent reason. This substance is efflorescent; that is, it loses water to the atmos-
phere as it is being weighed out. This water comes from the crystal structure 
and is known as ‘water of crystallisation’. As a result, the precise formula is 
unknown.

However, if hydrated sodium carbonate is heated, these weakly bonded 
water molecules may be driven off. Eventually, anhydrous sodium carbonate, 
Na2CO3, is formed, which makes an excellent primary standard.

To prepare a primary standard, chemists use special flasks called volumetric 
flasks. These flasks are filled to a previously calibrated etched line on their 
necks, so that the volume of their contents is accurately known.

Volumetric flasks, conical flasks, pipettes, burettes 
and various beakers are used in volumetric analysis.

A primary standard is a substance 
that can be used to produce 
solutions with precisely known 
concentrations. Primary standards 
must have certain important 
properties. A secondary standard 
can be prepared by standardising 
it (measuring its concentration) 
against a primary standard.

Both hydrated sodium carbonate 
and sodium hydroxide are 
unsuitable for use as primary 
standards because they react with 
the atmosphere.

Unit 4

See more
Primary standards 
and standard 
solutions

AOS 1

Topic 6

Concept 1

Digital document
Experiment 10.4 Standardisation of 
sodium hydroxide
doc-18825

UNCORRECTED P
AGE P

ROOFS



UniT 4304

Sample problem 10.9

Prior to checking the ethanoic acid content of some vinegar, a quality control 
technician prepared a standard solution of sodium carbonate by weighing 
out 1.29 g of anhydrous sodium carbonate, dissolving it, and making the total 
volume of solution up to 250.0 mL in a volumetric flask.

Calculate the concentration of the solution produced.

 n(Na2CO3) = 
m

M

 = 1.29

106.0
 

 = 0.0122 mol

 c = 
n

V

 c(Na2CO3) solution = 0.0122

250.0
 × 1000

 = 0.0487 M

Making up solutions and measuring their volumes requires care and pre cision. 
Therefore, it is very important that correct procedures are followed.

Revision questions

17. The substance potassium hydrogen phthalate, KH(C8H4O4), is frequently 
used as a primary standard for acid–base determinations. Calculate the 
concentration of a solution that is made by weighing out 10.19 g of this 
 substance and accurately dissolving it in 500 mL of water.

18. A student standardised a solution of sodium hydroxide as follows: 20.00 mL 
of the hydroxide solution was titrated with 0.0921 M hydrochloric acid, 
using methyl orange as indicator. Titres of 18.67 mL, 18.73 mL and 18.64 mL 
were obtained.
(a) Write the equation for the reaction occurring during this titration.
(b) Calculate the molarity of the sodium hydroxide solution from the given 

data.
(c) Why is the methyl orange indicator necessary in this experiment?
(d) Once its concentration is determined, can the sodium hydroxide solu-

tion be called a standard solution? Explain.

How do we know when to stop a titration?
In volumetric analysis, the calculations require that a titration be stopped 
when one substance has just finished reacting with the other one. This point 
is called the equivalence point. Detection of this point is, therefore, critical to 
the success of a volumetric procedure.

Prepare
primary

standard.

Fill burette
with 

solution X.

Add a few
drops of

indicator to
conical �ask.

Titrate until
indicator
changes
colour.

Pipette
solution Y

into conical
�ask.

Some typical steps in a volumetric procedure
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The equivalence point of a titration 
occurs when the exact molar ratio 
of reactants is present, as shown in 
the equation. The end point occurs 
when experimental evidence (often 
a change in colour of an indicator) 
tells you to stop the titration.
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In acid–base titrations, the 
solutions and their products 
are usually colourless, and 
identification of the equiva-
lence point would therefore 
be quite difficult. To overcome 
this problem, a few drops of a 
suitable acid–base indicator 
are usually added. Such indi-
cators work because they are 
either weak acids or bases 
themselves, and, when they 
change into their conjugate 
form, a distinct colour change 
occurs. The pH at which such 
colour changes occur varies 
from one indicator to another. 
A key step in a particular titra-
tion is therefore to choose an 
indicator that changes colour 
at the pH of the equivalence 
point.

In some situations, a reaction may be self-indicating. This is often true in redox 
titrations where a substance involved in the analysis may have conjugate forms 
that display distinctly different colours. An example is in a titration involving the 
permanganate ion, MnO4

–, which is bright purple, because an indicator is not 
required due to the reduced form, Mn2+, being almost colourless.

In either type of titration, we therefore usually depend on a colour change 
to tell us when to stop. This is called the end point. As this occurs only after a 
slight excess is added, we often do not have the true equivalence point. Thus, 
we can say that the end point is an approximation to the equivalence point. 
However, in a carefully designed procedure with a carefully chosen indicator, 
these two points should be very close together.

Choosing a suitable indicator
As we have seen, the equivalence point of a titration occurs when the correct 
stoichiometric amounts are present. At this point, the pH of the solution is not 
always 7, due to the acid–base properties of the conjugate products that might 
be formed. It is therefore important to choose an indicator that changes colour 
close to the correct pH value for the titration concerned.

A further consideration is how quickly the pH changes around the point at 
which the indicator changes colour. This determines whether the end point is 
sharp and therefore easily detected. Table 10.6 shows the pH values at which 
various indicators change colour. 

TAble 10.6 Some common acid–base indicators

indicator
Colour at  
lower pH

Colour at  
higher pH

pH range for  
colour change

methyl orange red yellow 3.1–4.4

methyl red red yellow 4.2–6.3

litmus red blue 5.0–9.0

bromothymol blue yellow blue 6.0–7.6

phenolphthalein colourless crimson 8.3–10.0

Phenolphthalein is used as an 
indicator in some acid–base 
titrations.

For a particular titration, the 
equivalence point is fixed. The end 
point, however, may depend on the 
choice of indicator.
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Titration curves
A titration curve is a graph of the volume added from a burette versus the pH 
of the solution in the titration flask. The graphs below show titration curves for 
three different scenarios:
• a solution of strong acid being reacted with a solution of strong base
• a solution of strong base being reacted with a solution of weak acid
• a solution of strong acid being reacted with a solution of weak base.
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In the first graph above, note that all the indicators from table 10.6 change 
colour in the steep portion of its graph. The steepness of this section is such 
that the volume over which it occurs could be as little as one drop. Therefore, 
there is a wide choice of indicators that might be used, each one giving a sharp 
end point that is close to the correct pH.

Three titration curves
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In the other two cases, the situation is more complicated. In both cases, some 
indicators do not even change colour at the correct pH. In the second graph, for 
example, methyl red does not change colour at the correct pH. Litmus would also 
be unsuitable because it begins to change colour before the steep section of the 
graph. The end point therefore occurs over a volume range that is too wide. In 
other words, it is not be ‘sharp’. A good choice of indicator for this case would be 
phenolphthalein. Methyl red would be a good choice in the third graph.
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weak acid

strong base and
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strong acid

methyl orange

methyl red
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litmus
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More about these titration curves
Examination of the titration curves referred to earlier also yields the following 
important points:
• The pH at the start of the titration depends on what is present in the flask 

at the start. Likewise, the pH at the end of the titration depends on what is 
present in excess at the end of the titration.

• The pH at the equivalence point for the strong acid/strong base combination 
is 7. This is because the conjugate species present at this point are weak 
species and cancel each other out anyway.

• When there is a weak species involved, the conjugate is appreciably stronger 
and this affects the pH at the equivalence point. For example, if a weak acid 
is involved, its (stronger) conjugate base is present at equivalence, thus 
raising the pH at this point.
As mentioned previously some redox reactions are self-indicating but there 

are occasions where an indicator is required. An example of an indicator used 
in redox titrations is starch. Starch is used to detect the presence of iodine, I2, 
which is formed in titrations from the oxidation of iodide ions, I–. Starch is dark 
blue in the presence of iodine. Another indicator suitable for redox titrations 
is methylene blue, which is blue in the presence of an oxidising agent and col-
ourless in the presence of a reducing agent.

Concordant titres
Although it may appear tedious and time consuming to produce the required 
solutions and to prepare the necessary equipment, a big advantage of volu-
metric analysis is that it is subsequently very easy to perform repeat titrations. 
Such repetition reduces the effect of random errors.

When performing repeat titrations, one usually aims for concordant titres. 
Concordant titres are titres that are within a defined volume of each other, with 
0.10 and 0.05 mL being commonly accepted values; 0.05 mL is an exacting 
standard and requires very careful attention to detail and excellent tech-
nique as it represents approximately one drop. However, in many situations, 
including school laboratories, titres within ±0.10 mL of each other is a more 
realistic standard. On this basis, if a titration produces results of 19.25, 19.20, 

Indicator colour changes

Due to the colourless solutions 
used in many acid–base reactions, 
indicators are necessary to 
know when to stop an acid–base 
titration. For accurate results, 
the choice of indicator may be 
very important in a volumetric 
procedure.
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19.40 and 19.20 mL, for example, all except the third value may be considered 
concordant. Note that the volume of a titre is rounded to the nearest 0.05 mL.

Stoichiometry and volumetric analysis
As is to be expected, solution stoichiometry plays a central role in the pro-
cessing of experimental results from volumetric analysis. As will be seen in 
the examples to follow, the basic steps of any stoichiometric calculation are 
present at some stage in this procedure:
• writing a balanced chemical equation
• converting the known information into amounts (in moles)
• calculating amounts (in moles) of a second substance
• changing amounts (in moles) of this substance to the type of information 

required.
Note that, as solutions are involved, the formula n = cV is used frequently. 
Also note that, due to the necessities of experimental procedure, dilution often 
takes place and subsequent calculations need to take this into account, so the 
formula c1V1 = c2V2 is useful here.

Some examples of volumetric analysis
As mentioned earlier in this chapter, volumetric analysis is a method ideally 
suited to analysing acids and bases, as well as oxidising agents and reducing 
agents. We would therefore expect that organic compounds showing distinct 
acid–base properties, such as carboxylic acids and amines, as well as those that 
have redox properties, such as alcohols and aldehydes, can be analysed using 
this technique. 

Volumetric analysis is a tried-and-true technique that has been around for 
many years. A number of variations to the basic method have evolved, all aimed 
at taking into account the properties of the substances involved. As a result, volu-
metric analysis may be performed using simple (or direct) titration where one 
reactant is simply added to the other until the correct stoichiometric proportions 
are present, as well as by more sophisticated variations such as back titrations 
(not part of the VCE course).  

Sample problems 10.10 to 10.12 all illustrate the use of volumetric analysis 
by simple (or direct) titration. 

Sample problem 10.10

Propanoic acid is used as a preservative in animal feeds. It is sold as a range of 
solutions that contain between 10–100%(m/v) propanoic acid.

In the analysis of one such solution, a 25.00 mL sample was carefully diluted 
to 250.0 mL in a volumetric flask. 25.00 mL aliquots of this diluted solution 
were then reacted with 0.2500 M sodium hydroxide. The average of the con-
cordant titres obtained was 32.10 mL.

Calculate the percentage (%m/v) of propanoic acid in the original solution.

The equation for the reaction occurring is:

CH3CH2COOH(aq) + NaOH(aq)  CH3CH2COONa(aq) + H2O(l)

n(NaOH)used = cV = 0.25 × 
32.10

1000
 = 0.008  03 mol

From the equation:

n(NaOH)used = n(CH3CH2COOH)diluted

∴ n(CH3CH2COOH)diluted = 0.008  03 mol

∴ c(CH3CH2COOH)diluted = =
0.008 03

0.025 00

n

V
 = 0.321 M

Digital document
Experiment 10.5 Analysis of vitamin C
doc-18826

Solution:

Find c1, the concentration of the original solution, given that V1 = 25.00 mL.

c1V1 = c2V2

∴ c1 = 2 2

1

c V

V

∴ c(CH3CH2COOH)undiluted = 
×0.321 250.0

25.00
 = 3.210 M

Change to percentage:

3.210 M = 3.210 × 74.0 = 237.5 g L–1 (convert moles to mass)

 = 23.75 g/100 mL (express as mass per 100 mL solution)

 = 23.8%

Sample problem 10.11

Ethylamine is widely used as a precursor to many herbicides. A chemist inves-
tigating the production of herbicides wished to check the claim on a newly 
purchased bottle that it contains between 68–72%(m/v) ethylamine dissolved 
in water. 

After carefully diluting 10.00 mL of the amine solution to 1000 mL in a volu-
metric flask, 20.00 mL aliquots of this diluted solution were taken and titrated 
against a 0.197 M hydrochloric acid solution. Using methyl orange as the indi-
cator, an average titre of 15.80 mL was obtained. 

Do the contents of the bottle fall within the specifications shown on the 
label?

The equation for the reaction occurring is:

HCl(aq) + CH3CH2NH2(aq)  CH3CH2NH3
+(aq) + Cl–(aq)

n(HCl)used = cV = 0.197 × 
15.80

1000
 = 0.003  11 mol

From the equation:

n(HCl)used = n(CH3CH2NH2)diluted

∴ n(CH3CH2NH2)diluted = 0.003  11 mol

∴ c(CH3CH2NH2)diluted = =
n

V

0.00311

0.02000
 = 0.156 M

c1V1 = c2V2

∴ c1 = 2 2

1

c V

V

∴ c(CH3CH2NH2)undiluted = 
×0.156 1000

10.00
 = 15.6 M

Change to percentage:

15.6 M = 15.6 × 45.0 = 700 g L–1

  = 70.0 g/100 mL

  = 70.0 g/100 g

  = 70.0%(m/m)

Therefore, the claim on the label is correct.

Sample problem 10.12

The ethanol content in wine may be determined by a redox titration using 
potassium dichromate. The ethanol in the wine is oxidised to ethanoic acid, 

Solution:

Unit 4

Do more
Redox titrations 
revised

AOS 1

Topic 6

Concept 6
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Find c1, the concentration of the original solution, given that V1 = 25.00 mL.

c1V1 = c2V2

∴ c1 = 2 2

1

c V

V

∴ c(CH3CH2COOH)undiluted = 
×0.321 250.0

25.00
 = 3.210 M

Change to percentage:

3.210 M = 3.210 × 74.0 = 237.5 g L–1 (convert moles to mass)

 = 23.75 g/100 mL (express as mass per 100 mL solution)

 = 23.8%

Sample problem 10.11

Ethylamine is widely used as a precursor to many herbicides. A chemist inves-
tigating the production of herbicides wished to check the claim on a newly 
purchased bottle that it contains between 68–72%(m/v) ethylamine dissolved 
in water. 

After carefully diluting 10.00 mL of the amine solution to 1000 mL in a volu-
metric flask, 20.00 mL aliquots of this diluted solution were taken and titrated 
against a 0.197 M hydrochloric acid solution. Using methyl orange as the indi-
cator, an average titre of 15.80 mL was obtained. 

Do the contents of the bottle fall within the specifications shown on the 
label?

The equation for the reaction occurring is:

HCl(aq) + CH3CH2NH2(aq)  CH3CH2NH3
+(aq) + Cl–(aq)

n(HCl)used = cV = 0.197 × 
15.80

1000
 = 0.003  11 mol

From the equation:

n(HCl)used = n(CH3CH2NH2)diluted

∴ n(CH3CH2NH2)diluted = 0.003  11 mol

∴ c(CH3CH2NH2)diluted = =
n

V

0.00311

0.02000
 = 0.156 M

c1V1 = c2V2

∴ c1 = 2 2

1

c V

V

∴ c(CH3CH2NH2)undiluted = 
×0.156 1000

10.00
 = 15.6 M

Change to percentage:

15.6 M = 15.6 × 45.0 = 700 g L–1

  = 70.0 g/100 mL

  = 70.0 g/100 g

  = 70.0%(m/m)

Therefore, the claim on the label is correct.

Sample problem 10.12

The ethanol content in wine may be determined by a redox titration using 
potassium dichromate. The ethanol in the wine is oxidised to ethanoic acid, 

Solution:

Unit 4

Do more
Redox titrations 
revised

AOS 1

Topic 6

Concept 6
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while the orange dichromate ions, Cr2O7
2–, are reduced to green Cr3+ ions. The 

reaction is therefore self-indicating. The equation for the reaction is:

2Cr2O7
2–(aq) + 3CH3CH2OH(aq) + 16H+(aq)  

4Cr3+(aq) + 3CH3COOH(aq) + 11H2O(l)

In a particular analysis, a 25.00 mL sample of wine was poured into a volu-
metric flask and carefully diluted to 250.0 mL. 20.00 mL aliquots were then 
titrated against 0.150 M potassium dichromate solution. The average titre 
obtained was 17.50 mL.
(a) Calculate the concentration of ethanol (in M) of the tested wine.
(b) Ethanol levels are usually quoted as %(v/v). Given that the density of 

ethanol is 0.789 g mL–1, convert your answer from (a) into a percentage.

(a) From the equation:

 n(Cr2O7
2–)used = cV = 0.150 × 

17.50

1000
 = 0.002  63 mol

 
=

−n n(Cr O )

2

(CH CH OH)

3
2 7

2
3 2

 ∴ n(CH3CH2OH)diluted = 0.002  63 × 
3

2
 = 0.003  94 mol

 ∴ c(CH3CH2OH)diluted = 
0.003 94

0.0200

n

V
=  = 0.197 M

 ∴ c2 = 1 1

2

c V

V

 ∴ c(CH3CH2OH)undiluted = 0.197 × 
250.0

25.00
 = 1.97 M

(b)  1.97 M = 1.97 × 46.0 = 90.7 g L–1

   = 9.07 g/100 mL

 Since density = 
mass

volume

  V(ethanol) = 
m

d

  = 
9.07

0.789

  = 11.5 mL/100 mL

  = 11.5%(v/v)

Note: Other methods for determining the ethanol content are gas chromatog-
raphy, high-performance liquid chromatography and density measurements. 

Revision questions

19. A student standardised a hydrochloric acid solution as follows: 20.00 mL 
of a 0.0592 M sodium carbonate solution was pipetted into a conical flask. 
When the acid was added from the burette, 19.15 mL was required to reach 
the end point.

  Given that the equation for the reaction is:

Na2CO3(aq) + 2HCl(aq)  2NaCl(aq) + CO2(g) + H2O(l)

 calculate the accurate concentration of the hydrochloric acid.
20. To analyse a sample of vinegar for its ethanoic acid content, a student began 

by accurately diluting a 20.00 mL sample of the vinegar to 250.0 mL in a 

Solution:
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volumetric flask. The student then placed 20.00 mL samples of this diluted 
vinegar in conical flasks and titrated them against a 0.0500 M solution of 
sodium hydroxide. The average titre obtained was 21.55 mL.

  Assuming that ethanoic acid is the only acid present in the vinegar, calcu-
late the concentration of the ethanoic acid in the vinegar (in g L–1).

Sources of error
Volumetric analysis involves a number of steps, a number of different skills 
and a number of different measurements. Mistakes, uncertainties and poor 
technique throughout this process can accumulate to produce errors and 
uncertainties in the final result. Due care and diligence must therefore be 
applied throughout all stages. Hence, it is important not only to understand 
the method and to practise the technical skills involved, but also to be able to 
predict the effect that a particular error will have on the final result. In this way, 
the cause of unexpected results can be traced and subsequently rectified to 
improve the accuracy of the analysis.

Table 10.7 shows some general areas in which mistakes could be made and 
what effects these mistakes have on the final result.

TAble 10.7 Effect on the calculated result of some possible mistakes during volumetric analysis

Situation

Effect if substance under  
analysis is in the  .  .  .

Commentsburette titration flask

rinsing water left in 
burette

underestimated overestimated The burette solution is diluted with water, so 
more is used.

rinsing water left in 
pipette

overestimated underestimated The solution aliquot in the titration flask is 
diluted.

indicator chosen 
changes colour too 
soon

overestimated underestimated The choice of indicator can be critical.

water in titration 
flask

no effect no effect All necessary measurements are made before 
the chemicals are mixed with this water.

concentration of 
standard solution 
lower than calculated

overestimated overestimated Fewer moles of the standard solution than 
expected will be used; the substance being 
analysed will appear to have a higher 
concentration.

concentration of 
standard solution 
higher than 
calculated

underestimated underestimated More moles of the standard solution than 
expected will be used; the substance 
being analysed will appear to have a lower 
concentration.

random errors variable variable Random errors can be minimised by 
repetition. It is easy to obtain multiple results 
with volumetric analysis.
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Chapter review

Summary
 ■ Qualitative analysis finds what substances are 

present. Quantitative analysis measures the quantity 
of substance present.

 ■ A mass spectrometer (MS) analyses compounds to 
determine their mass/charge ratio. It does this by 
analysing the path of ionic fragments of molecules 
through a magnetic field. 

 ■ The output of a mass spectrometer is a mass spec-
trum that generally looks like a column graph. Each 
column represents an ion with a specific mass to 
charge (m/z) ratio. The height of the bar shows the 
relative abundance of the ion. The highest peak 
is known as the base peak and is assigned a value 
of 100%. Most ions formed have a single positive 
charge, and so the m/z value is usually equivalent to 
the mass.

 ■ Another important peak in a mass spectrum of an 
organic compound is the parent peak (also called the 
molecular ion peak). This is the peak that represents 
the ion formed when an electron is knocked from the 
original molecule, leaving it with a positive charge. 
The relative molecular mass of the compound is 
therefore the same as this m/z value.

 ■ Infrared (IR) spectroscopy identifies the func-
tional groups and single, double and triple bonds in 
organic molecules. This qualitative method measures 
the characteristic amount of energy that the bonds in 
molecules transmit when exposed to radiation in the 
infrared portion of the electromagnetic spectrum.

 ■ The infrared spectrum measures % transmittance 
on the y-axis (vertical axis) and wavenumber (cm−1) 
on the x-axis (horizontal axis). Wavenumber is the 
reciprocal of the wavelength. The spectrum runs along 
the top of the readout when 100% of the light is trans-
mitted and dips down to make an inverted peak when 
light is absorbed. Different bonds in an organic mol-
ecule have characteristic wavenumbers and produce 
dips or inverted peaks that allow them to be identified.

 ■ IR spectra usually change scale at 2000 cm−1, and the 
scale runs backwards.

 ■ The fingerprint region of the spectrum, below 
1000  cm−1, is a crowded series of peaks that can be 
used to identify a substance because it is identical in 
every analysis of that substance.

 ■ In general, the more types of atoms there are in a mol-
ecule, the more peaks appear on the IR spectrum, as 
these atoms affect the bonding between each other 
and absorb at slightly different wavenumbers.

 ■ To distinguish between alcohols and carboxylic acids, 
look at two regions. Alcohols have a peak between 

3200 and 3550 cm−1 but no peak near 1700 cm−1. Car-
boxylic acids have a very broad peak between 2500 and 
3300 cm−1 and a strong narrow peak near 1700 cm−1.

 ■ To distinguish between esters and carboxylic acids, 
an ester has only one peak at 1700 cm−1, but a car-
boxylic acid has two peaks, as mentioned above.

 ■ Uses of NMR include organic synthesis, quality con-
trol of medicines, forensic analysis of proteins, and 
identification of oil and gas deposits.

 ■ An NMR spectrum is a two-dimensional graph of 
peak height versus chemical shift, δ  (in ppm).

 ■ Chemical shifts in 13C NMR correspond to a carbon-13 
atom in a particular environment within a molecule.

 ■ Chemical shifts in 1H NMR correspond to a hydrogen 
atom in a particular environment within a molecule.

 ■ A signal in a low-resolution 1H spectrum can be split 
into a set of peaks in the high-resolution spectrum. 
The number of peaks in the high-resolution spectrum 
indicates the number of hydrogen atoms adjacent to 
the hydrogen atom that has produced that signal. For 
simple molecules, the number of peaks is one more 
than the number of hydrogen atoms attached to the 
adjacent carbon atom of that hydrogen atom. This is 
often called the n + 1 rule.

 ■ For the high-resolution 1H NMR spectrum of eth-
anol (and other alcohols), even though the —OH and 
—CH2 groups are separated by four bonds, under most 
conditions the —OH signal does not show splitting (for 
chemical reasons that are beyond this VCE course).

 ■
1H nuclei can interact with other 1H nuclei near 
them, and the effect can be measured by the number 
of peaks in the NMR spectrum.

 ■ In all forms of chromatography, separation is 
achieved when a mobile phase (consisting of the 
mixture to be analysed and a solvent) is made to 
move over a stationary phase. The stationary phase 
has a large surface area. Separation occurs due to 
interactions between the substances in the mobile 
phase and the stationary phase. The weaker these 
interactions, the faster a substance moves through 
the column.

 ■ High-performance liquid chromatography (HPLC) is 
an instrumental technique that is based on the prin-
ciples of chromatography.

 ■ In HPLC, a high-pressure liquid (eluent) is pumped 
through a column that is packed with a finely divided 
solid. Many organic substances can be separated, 
identified and quantified using this method.

 ■ Separation on HPLC occurs due to interactions 
between the substances in the mobile phase and the 
stationary phase. The weaker these interactions with 
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the stationary phase, the faster a substance moves 
through the column.

 ■ Retention time (of a component) is an important 
term associated with HPLC. It is the time from injec-
tion of the sample until the component is detected 
leaving the column. Components in a mixture can be 
identified by their retention times.

 ■ When HPLC is used for quantitative analysis, it is 
necessary to use standards of known concentration. 
The readings produced by these standards are then 
graphed against their concentrations so that a graph 
called a calibration curve can be drawn. The concen-
tration of an unknown sample can then be deduced 
from this graph by interpolation.

 ■ HPLC can be used for both qualitative and quanti-
tative analysis.

 ■ Volumetric analysis is a quantitative technique that 
uses standard solutions and accurately known vol-
umes to determine the concentration of a solution 
accurately.

 ■ Common reactions in volumetric analysis are acid–
base reactions and redox reactions.

 ■ A standard solution is one whose concentration is 
accurately known.

 ■ A primary standard is a substance with certain prop-
erties that enable it to be weighed and made up into 
a solution whose concentration is precisely known.

 ■ A secondary standard is a solution that has been 
standardised using another standard.

 ■ Titration is the process by which burettes and pipettes 
are used in the procedure of volumetric analysis.

 ■ The equivalence point of a titration occurs when 
the correct stoichiometric amounts of the reactants 
involved are mixed in the titration ressel.

 ■ The end point of a titration is the stage at which the 
chosen indicator changes colour. An indicator is 
selected so that its endpoint approximates the equiv-
alence point of the reaction.

 ■ The properties of a material have an important 
bearing on the method chosen to analyse it.

Summary of the applications of instrumental analysis

instrument
Type of 

radiation Basis of analysis Method of analysis Type of analysis

mass 
spectrometer

— mass/charge ratio of atoms or 
groups of atoms

mass spectrum 
analysis

identification of molecular 
mass, molecular fragments 
and structures

IR 
spectrometer

infrared 
light

change in vibration of 
molecules when they absorb 
IR radiation

infrared absorption 
spectrum analysis

identification of double bonds, 
triple bonds and functional 
groups in organic molecules

NMR 
spectrometer

radio 
waves

change in nuclear spin of nuclei 
of some atoms when they 
absorb or emit radio waves

NMR spectrum 
analysis

identification of structural 
relationships within organic 
molecules

HPLC — adsorption to stationary phase 
and solubility in mobile phase

chromatogram separation, identification 
and quantification of organic 
compounds

Multiple choice questions
 1. The information obtained from the analysis of 

organic compounds using mass spectrometry 
includes:
A the number of protons in a compound as 

determined by the absorption of radio waves 
in a magnetic field

b the kinds of functional groups present in the 
molecule

C the interaction of compounds with a 
stationary phase

D the molecular masses and fragments formed 
by a compound.

 2. The tallest peak in a mass spectrum is called the:
A molecular ion
b parent peak
C base peak
D calibration peak.

 3. In the following spectrum, which peak 
corresponds to the [CH2F]+ fragment?
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 4. To determine the relative molecular mass of an 
organic molecule, you would look at its:
A infrared spectrum
b HPLC chromatogram 
C mass spectrum
D proton NMR spectrum.

 5. The difference between the infrared spectra of an 
alcohol and a carboxylic acid is that the alcohol 
spectrum:
A has a peak near 3200–3500 cm−1 and a peak 

near 1700 cm−1

b has a peak near 3200–3500 cm−1 but no peak 
near 1700 cm−1

C has a peak near 1700 cm−1 but no peak near 
3200–3500 cm−1

D does not have a peak near 3200–3500 cm−1 or 
near 1700 cm−1.

 6. Which one of the following pieces of 
information cannot be obtained from an infrared 
spectrum?
A The number of different H environments 
b The presence of C O bonds
C The presence of O—H bonds
D The identity of a compound through 

comparison with other spectra
 7. Which of the following statements about 

tetramethylsilane, (CH3)4Si, is incorrect?
A It is soluble in organic solvents.
b It produces a strong signal at 0 because it has 

12 equivalent hydrogen atoms.
C It is assigned a chemical shift of 0 in infrared 

spectroscopy.
D It is used to provide a reference against which 

other peaks are measured.
 8. The proton NMR spectrum of chloroethane 

consists of:
A a singlet and a doublet
b a doublet and a triplet
C a triplet and a quartet
D a doublet and a quartet.

 9. How many signals does the carboxylic acid 
(CH3)2CHCOOH have in its 1H NMR and 13C NMR 
spectra?
A Three 1H signals and three 13C signals
b Three 1H signals and four 13C signals
C Four 1H signals and four 13C signals
D Five 1H signals and three 13C signals

 10. The splitting pattern observed in 1H NMR 
spectrum of propane is:
A triplet, doublet, triplet
b sextet, doublet
C septet, triplet
D quartet, triplet, quartet.

 11. All forms of chromatography involve:
A a solid phase moving over a liquid phase
b a solid phase moving over a stationary phase

C a liquid phase moving over a mobile phase
D a mobile phase moving over a stationary 

phase.
 12. Which of the following instrumental techniques 

would be most helpful to identify and quantify the 
presence of a known impurity in an illegal drug?
A MS
b IR
C NMR
D HPLC

 13. Which feature of a chromatogram is most useful 
in qualitatively analysing the components of a 
mixture?
A The time after injection at which the peaks 

occur
b The heights of the peaks
C The wavelengths at which the peaks appear
D The widths of the peaks

 14. Which feature of a chromatogram is most useful 
in quantitatively analysing the components of a 
mixture?
A The time after injection at which the peaks 

occur
b The area under the peaks
C The wavelengths at which the peaks appear
D The widths of the peaks

 15. In performing a volumetric analysis, a student 
fills his burette with a 0.300 M solution. He then 
titrates this against 20.00 mL of a second solution, 
whose concentration is unknown. A titre of 
21.55 mL is required.

   When the concentration of the second solution 
is calculated, the number of significant figures 
allowed is:
A 1
b 2
C 3
D 4.

 16. Sodium hydroxide is unsuitable for use as a 
primary standard because:
A it is not readily available in pure form
b it is difficult to handle because of its caustic 

properties
C it absorbs water from the atmosphere and reacts 

with carbon dioxide as it is being weighed out
D it is only slightly soluble and cannot therefore 

produce solutions that are concentrated 
enough for volumetric analysis.

 17. Some typical steps for part of a volumetric analysis 
are shown below in jumbled order.
A Fill burette with required solution.
B Rinse burette with water.
C Perform titration and record final volume.
D Rinse burette with a small amount of the 

solution that it is to contain.
E Take an initial reading.
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   The only correct order for these steps is:
A D, A, E, C, B
b B, D, A, E, C
C D, B, A, E, C
D B, D, E, A, C.

Use the following information to answer questions 18 
and 19.
In a titration to determine the concentration of some 
hydrochloric acid, a student pours the acid into a 
burette and titrates it against some standardised 
sodium carbonate solution.
 18. If a small amount of water was left in the titration 

flask before the aliquot of sodium carbonate 
solution was added, what effect would this 
have on the calculated concentration of the 
hydrochloric acid solution?
A The answer would depend on the amount of 

water left in the flask.
b The concentration would appear to be higher.
C The concentration would appear to be lower.
D There would be no effect on the calculated 

concentration.
 19. After completing this experiment, the student 

compares her result with those obtained by other 
members of her class. She discovers that her result 
is significantly higher.

   A possible reason for this is that:
A there was still some water in the burette 

when she filled it with the hydrochloric acid 
solution

b she mistakenly used hydrated sodium 
carbonate instead of anhydrous sodium 
carbonate to prepare the standard  
solution

C she mistakenly wrote down an initial burette 
reading of 10.09 mL instead of 10.90 mL

D she used too many drops of the indicator 
solution.

 20. A student wishes to design an experiment to 
exactly measure the level of ethanoic acid in 
vinegar. It is known that the concentration should 
be about 4.0 g per 100 mL.

   The proposed method requires that a sample 
of the vinegar be first diluted by a factor of 10 
and then reacted with a solution of standardised 
sodium hydroxide. A 20.00 mL pipette will be 
used to deliver the diluted vinegar, and it is 
desired that a titre between 20 and 30 mL be 
obtained.

   The concentration of sodium hydroxide that 
should be chosen is:
A 0.0200 M
b 0.0500 M
C 0.100 M
D 0.200 M

Review questions
Mass spectrometry
 1. Consider the following mass spectrum of a ketone, 

and answer the following questions.
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(a) What is the m/z value for the parent ion?
(b) What is the m/z value for the base peak?
(c) The peak at m/z = 57 represents the loss 

of what possible fragment from the  
molecule?

(d) Suggest a possible structure for the  
compound.

 2. The empirical formula of an unknown compound 
is CH2O. The mass spectrum of this compound is 
shown below. Identify the compound.
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Spectroscopy
 3. The production of the painkiller aspirin involves the 

reaction of a hydroxyl group in salicylic acid with 
ethanoic acid. However, because this reaction is so 
slow, another compound, ethanoic anhydride, is 
used. The structures of ethanoic acid and ethanoic 
anhydride are shown below. Explain by referring 
to particular bonds and wavenumbers how these 

UNCORRECTED P
AGE P

ROOFS



316 UniT 4

two compounds could be distinguished using IR 
spectroscopy.

ethanoic acid
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 4. (a)  How would an infrared spectrum of butanoic 
acid differ from that of butan-1-ol?

  (b)  How would an infrared spectrum of butanoic 
acid differ from that of ethanoic acid?

 5. Forensic chemists often use infrared spectra to 
identify organic bases such as amines, which 
have an —NH2 group. The —N—H functional 
group produces peaks at 3350–3500 cm–1 and at 
1560–1650 cm–1. Which of the following spectra,  
R or S, is the amine?
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 6. List the differences between the analytical methods 
IR spectroscopy and NMR spectroscopy.

 7. NMR is a method of instrumental analysis used to 
determine the connectivity of atoms in a molecule. 
Describe how the connectivity is determined by this 
method.

 8. Shown below is an NMR spectrum of a molecule 
with the molecular formula C3H6O2.

912 1011 78 6 5 4 3

(3)

(1)

(2)

2 1 0

Chemical shift (ppm)  

(a) Identify the peaks using the table of chemical 
shifts (table 10.5).

(b) How many peaks would you most likely find in 
the set of peaks for the CH2 group?

(c) Sketch the structure of the molecule.
 9. An unknown isomer of C3H7Cl has the 13C NMR 

and 1H NMR spectra shown below and on the 
next page. Draw the structure of the possible 
isotopes and identify with reasons which isomer is 
represented by these spectra.
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4 3

1H NMR spectrum

septet

2

Chemical shift (ppm)

1 0

 10. Compound A has molecular formula C3H8O.
(a) Draw the structural isomers represented by 

this formula.
 Compound A reacts with acidified potassium 

dichromate solution to form compound B, 
which has molecular formula C3H6O. The 
proton NMR spectrum of compound B shows 
only 1 peak, and its mass spectrum is shown 
below.
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(b) Name and draw the structure of compound B. 
Justify your answer by referring to the NMR 
information and mass spectrum.

(c) Identify the fragment with m/z = 43.
(d) Write an equation showing the formation of 

the fragment at m/z = 15.
(e) How many peaks would you expect in the  

13C NMR spectrum of compound B?

High-performance chromatography
 11. Define each of the following terms.

(a) Mobile phase
(b) Stationary phase
(c) Solvent
(d) Retention time
(e) Column
(f) Calibration curve
(g) Chromatogram

 12. In chromatography, why is it important that the 
stationary phase has a large surface area?

 13. A sample containing a complex mixture of 
substances is analysed using HPLC. A peak of 
interest appears at retention time 5.3 minutes. 
When a control sample of substance X is injected, 
a peak appears at 5.3 minutes. Can we say 
for certain that the original mixture contains 
substance X? Explain why or why not.

 14.  A new brand of throat lozenges called ‘Throat Eze’ 
makes the claim that each lozenge contains 1.2 mg 
of dichlorobenzyl alcohol.

dichlorobenzyl alcohol

OH

Cl

Cl

 To test this claim, a government analyst 
dissolved the lozenge in a solvent made from water 
and ethanol and made it up to 500 mL. A small 
sample was then injected into a high-performance 
liquid chromatograph. A chromatogram 
containing a large number of peaks was obtained.
 The operator then ran a series of dichlorobenzyl 
alcohol standards of known concentration 
through the instrument. Chromatograms for 
each standard were obtained, as well as a 
measure of the area under each of the reference 
peaks.
(a) Explain how the standards would allow the 

dichlorobenzyl alcohol peak from the original 
chromatogram to be identified.

(b) What is the purpose of using a set of standards 
as described and subsequently obtaining the 
area under their peaks?
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(c) Shown in the table below are the results from 
the standards, together with a measurement 
for the area under the peak that was identified 
as dichlorobenzyl alcohol from the original 
chromatogram.

 Is the claim made by the manufacturer true?

Results from HPLC analysis of dichlorobenzyl alcohol

Concentration of standard 
(mg L−1)

Area under peak 
(arbitrary units)

1.0  83

2.0 160

3.0 241

4.0 315

lozenge extract 193

 15. The following HPLC was obtained when a sample 
of a mixture was analysed.
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(a) Which compound spent the most time in the 
stationary phase?

(b) Which compound was the least concentrated?

Volumetric analysis
 16. A 0.0500 M solution of sodium oxalate, Na2C2O4, 

is required for a particular analysis. Calculate the 
mass that would be required to make 250 mL of 
such a solution and describe the steps in your 
preparation of this solution.

 17. Distinguish between the following terms:
(a) burette and pipette
(b) aliquot and titre
(c) end point and equivalence point
(d) primary standard and standard solution
(e) deliquescence and efflorescence
(f) quantitative analysis and qualitative analysis.

 18. Refer to the list of requirements for a primary 
standard from earlier in this chapter.
(a) List them in what you consider to be their 

order of importance.

(b) Do you think that all these requirements 
would be met every time a primary standard 
was chosen? Explain.

 19. A solution of potassium permanganate can be 
standardised using pure iron wire. In a particular 
experiment, 0.317 g of iron wire was dissolved 
so that Fe2+ ions were formed, and the resulting 
solution was made up to 250.0 mL. Suppose 
20.00 mL aliquots of this solution were then taken, 
with 11.70 mL of the permanganate solution being 
required.
(a) Write a half-equation for the oxidation of Fe2+ 

to Fe3+.
(b) Write a half-equation for the reduction of 

MnO4
– to Mn2+.

(c) Hence, derive the overall balanced equation 
for this titration.

(d) Calculate the molarity of the permanganate 
solution.

(e) Why is an indicator not required for this 
reaction?

 20. Aspirin, CH3COOC6H4COOH, is also known as 
acetylsalicylic acid. It is a medication used to treat 
pain and fever. 
(a) Write the equation for its reaction with 

sodium hydroxide.
(b) A sample of aspirin is analysed using 

standardised 0.105 M sodium hydroxide using 
phenolphthalein as an indicator. Calculate the 
mass of aspirin required to give a titration of 
22.80 mL of sodium hydroxide.

 21. In a titration to determine the concentration of 
an ethanal (acetaldehyde) solution, a 25.00 mL 
aliquot required 14.30 mL of 0.100 M acidified 
potassium permanganate solution to reach the 
end point. The equation for the reaction is:

2MnO4
–(aq) + 5CH3CHO(aq) + 6H+(aq)  

 2Mn2+(aq) + 5CH3COOH(aq) + 3H2O(l)

   Calculate the concentration of the ethanal 
solution.

 22. The level of vitamin C (ascorbic acid) in citrus 
fruits can be determined by titration. The 
preferred method involves a redox titration using 
iodine. Acid–base titration is not used due to the 
presence of other acids, most notably citric acid.
 The reaction involved produces dehydroacsorbic 
acid and iodide ions as its products, and starch is 
used as an indicator. The equation for this reaction is:

C6H8O6(aq) + I2(aq)   
 C6H6O6(aq) + 2I–(aq) + 2H+(aq)

   In an experiment to determine the level of 
vitamin C in oranges, the juice from a 210 g 
orange was carefully collected and strained into 
a 100.0 mL volumetric flask. It was then made 
up to the mark with water. 20.00 mL aliquots of 

UNCORRECTED P
AGE P

ROOFS



CHAPTER 10 Analysis of organic compounds 319

this solution were titrated against a standardised 
0.005  00 M iodine solution. The average titre 
required was 24.80 mL.
(a) Calculate the concentration (in M) of 

vitamin C in the diluted orange juice.
(b) Calculate the mass of vitamin C in the 

volumetric flask.
(c) Calculate the level of vitamin C in the orange 

tested. Express your answer as mg/100 g of fruit.
 23. Oxalic acid (ethanedioic acid) is a carboxylic acid 

that contains two carboxyl functional groups. It 
has the formula H2C2O4, and its structure is shown 
below.

O

C
C

O

HO
OH

 One of its uses is as a spot remover for carpet 
stains. A student was given the challenge of 
volumetrically analysing a solution of commercially 
available carpet stain remover, in which it was 
known that oxalic acid was the only acid present.
 At her disposal she had some anhydrous sodium 
carbonate, solutions of hydrochloric acid and 
sodium hydroxide, both of approximately 0.1 M 
concentration, as well as a wide range of equipment 
typically needed for volumetric analysis.
 After much thought, she decided on a three-step 
procedure, the method and results of which were 
as follows.

  Step 1.  1.280 g of anhydrous sodium carbonate 
was dissolved in water and made up to 
250.0 mL in a volumetric flask. 20.00 mL 
aliquots of this solution were titrated 
against the hydrochloric acid solution. An 
average titre of 18.75 mL was obtained.

  Step 2.  20.00 mL aliquots of the sodium 
hydroxide solution were titrated against 
the hydrochloric acid solution from step 1. 
The average titre obtained for this step was 
20.80 mL.

  Step 3.  The spot removal solution was diluted 
by pipetting 20.00 mL into a 250.0 mL 
volumetric flask and making it up to the 
mark with water. This was then poured 
into the burette and titrated against 
20.00 mL aliquots of the sodium hydroxide 
solution from step 2. The average titre was 
24.05 mL.

(a) Write the equation for the reaction occurring 
in step 1 and hence calculate the accurate 
concentration of the hydrochloric acid 
solution.

(b) Write the equation for the reaction occurring 
in step 2 and hence calculate the accurate 
concentration of the sodium hydroxide 
solution.

(c) Write the equation for the reaction occurring 
in step 3 and hence calculate the accurate 
concentration of oxalic acid (M) in the spot 
removal solution.
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exam practice questions

In a chemistry examination, you will be required to answer a number of multiple choice  
and extended response questions.

Extended response questions
1. Instrumental analysis can be used to separate and identify particular proteins that could be disease 

markers in our bodies. Which of the techniques could be used to:

(a) separate the molecules 1 mark

(b) determine their molecular mass 1 mark

(c) determine the structure of the molecules? 1 mark

2. The mass spectra below are of ethanoic acid and ethanol.

 Identify each spectrum and give reasons for your answer based on the fragments present.
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  3 marks

3. Propene reacts with HCl to form two isomers. Draw the structures of the two isomers, and 
explain how proton NMR could be used to distinguish between these two isomers. 4 marks

4. On a planet many light-years from Earth, intelligent beings called Troglodols live. A special feature of  
their diet is that they must eat food that contains a substance they call biparthin. However, the level of 

Sit VCAA exam
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exam practice questions

In a chemistry examination, you will be required to answer a number of multiple choice  
and extended response questions.

Extended response questions
1. Instrumental analysis can be used to separate and identify particular proteins that could be disease 

markers in our bodies. Which of the techniques could be used to:

(a) separate the molecules 1 mark

(b) determine their molecular mass 1 mark

(c) determine the structure of the molecules? 1 mark

2. The mass spectra below are of ethanoic acid and ethanol.

 Identify each spectrum and give reasons for your answer based on the fragments present.
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3. Propene reacts with HCl to form two isomers. Draw the structures of the two isomers, and 
explain how proton NMR could be used to distinguish between these two isomers. 4 marks

4. On a planet many light-years from Earth, intelligent beings called Troglodols live. A special feature of  
their diet is that they must eat food that contains a substance they call biparthin. However, the level of 

Sit VCAA exam

 this substance must be carefully monitored as there is a critical concentration above which it becomes a 
poison. This concentration is 4.5 dramans. 

  As part of their regular checks, an analyst has recently analysed two food samples with a suitable 
instrument. This instrument was first calibrated by using standards of known concentration and noting the 
reading produced by the instrument. The readings produced by the two samples were then also noted. The 
results are shown in the table below.

Biparthin concentration (dramans) instrumental reading

2.0 25.0

3.0 37.8

4.0 50.1

5.0 62.9

food sample no. 1 47.7

food sample no. 2 57.8

(a) Plot a calibration graph of these results. 2 marks

(b) From this graph, estimate the biparthin concentration in each of the two samples tested. 1 mark

(c) What recommendations should be made to the inhabitants of this planet regarding these  
two samples? 2 marks

5. Ethanol, when used as a fuel, often contains small amounts of aldehydes and ketones. These may be 
analysed using HPLC by stoichiometrically converting them to a derivative (compound created from a 
similar compound) and then analysing this derivative. Contaminant levels of butanal, propanone (acetone) 
and butanone (methyl ethyl ketone) can be analysed this way. 

 The following diagram summarises how this is done. 

Prepare
standards.

Treat to form
derivative. Analyse

with HPLC
(constant)
conditions.

Obtain
calibration
curve and
analyse
sample
results.

Take
ethanol fuel

samples.

Treat to form
derivatives.

(a) Draw the structures of butanal, propanone and butanone. 3 marks
 A sample of ethanol fuel was analysed for its butanal content as described above, after first being diluted by 

a factor of 100. The table below shows the results for a set of butanal standards and the diluted fuel.

Concentration of butanal derivative (μg L–1) Peak area

120 2760

140 3220

160 3680

180 4140

200 4600

diluted fuel sample 3059

(b) Estimate the concentration of butanal in the diluted fuel from the table above. 1 mark

(c) Draw the calibration curve for these results, and hence determine the exact level of butanal 
in the diluted sample. 4 marks

(d) Hence determine the level of butanal (in mg L−1) in the undiluted fuel. 1 mark

(e) The operating conditions of the HPLC are now altered in preparation for the analysis of 
propanone. Why is it now appropriate to do this? 1 mark
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