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AREA OF STUDY 1
HOW CAN THE DIVERSITY OF CARBON COMPOUNDS BE EXPLAINED AND CATEGORISED?

10 Analysis of organic
compounds

10.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, eBookPLUS and learnON at www.jacplus.com.au.

10.1.1 Introduction

FIGURE 10.1 MRI is based on the principles of NMR, a
spectroscopic technique used to study the structure of molecules.

The advances in our ability to
qualitatively and quantitatively analyse
chemical compounds have allowed
research and technology to progress
at an extraordinary pace. We are able
to take advantage of the interactions
between electromagnetic radiation
and matter as well as the different
interactions between matter itself.
Doctors use magnetic resonance
imaging (MRI) to investigate physical
disorders without surgery. 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. As
our bodies are 60 to 70% water, water-
containing tissue appears white in an MRI, whereas bones with lower water content are much darker. MRI
is based on the principles of NMR, a spectroscopic technique often used to obtain information about the
structure of molecules.

The analysis of organic compounds in this topic covers qualitative spectroscopic techniques and analysis
by chromatography and titration. You will revisit HPLC and acid-base titration analysis as well as learn
about new techniques such as nuclear magnetic resonance (NMR), and infrared (IR) and mass spectroscopy
(MS). The power of the instrumental techniques in combination allows for the identification of organic
compounds and the amounts present in samples. These techniques are commonly used in the medical, food
and pharmaceutical industries as well as forensics.

You will learn how to deduce the structure of simple organic compounds containing groups such as
the amino, hydroxyl and carbonyl from spectra, and investigate how matter responds to different types of
electromagnetic radiation. Chromatography and acid-base and redox titration will be used for quantitative
analysis of organic compounds. In the case of HPLC, retention time will be used to identify the presence of
chemicals in a mixture.
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10.1.2 What you will learn

KEY KNOWLEDGE
In this topic, you will investigate:
• the principles and applications of mass spectroscopy (excluding features of instrumentation and operation)
and interpretation of qualitative and quantitative data, including identification of molecular ion peak,
determination of molecular mass and identification of simple fragments

• the principles and applications of infrared spectroscopy (IR) (excluding features of instrumentation and
operation) and interpretation of qualitative and quantitative data including use of characteristic absorption
bands to identify bonds

• the principles (including spin energy levels) and applications of proton and carbon-13 nuclear magnetic
resonance spectroscopy (NMR) (excluding features of instrumentation and operation); analysis of
carbon-13 NMR spectra and use of chemical shifts to determine number and nature of different carbon
environments in a simple organic compound; and analysis of high resolution proton NMR spectra to
determine the structure of a simple organic compound using chemical shifts, areas under peak and peak
splitting patterns (excluding coupling constants) and application of the n+1 rule

• determination of the structures of simple organic compounds are determined using a combination of mass
spectrometry (MS), infrared spectroscopy (IR) and proton and carbon-13 nuclear magnetic resonance
spectroscopy (NMR) (limited to data analysis)

• the principles of chromatography including use of high performance liquid chromatography (HPLC)
and construction and use of a calibration curve to determine the concentration of an organic compound in
a solution

• how the concentration of an organic compound is determined by volumetric analysis, including the
principles of direct acid-base and redox titrations (excluding back titrations).

Source: VCE Chemistry Study Design (2017–2021) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Resources

Digital documents Key science skills (doc-30903)

Key terms glossary – Topic 10 (doc-31429)

Practical investigation logbook (doc-31430)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31431).

10.2 Mass spectrometry

KEY CONCEPT
• The principles and applications of mass spectroscopy (excluding features of instrumentation and operation)
and interpretation of qualitative and quantitative data, including identification of molecular ion peak,
determination of molecular mass and identification of simple fragments

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

Mass spectrometry 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.

Molecular ion formation and detection
A mass spectrometer detects ions formed from atoms and molecules to determine their mass and charge. It
does this by detecting the path of the ionised substance through a magnetic field.

FIGURE 10.2 Fragmentation in a mass spectrometer
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When a compound is analysed in a mass spectrometer, most of the molecule 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, or molecular, ion. Each line in the spectrum represents a positive ion with a
specific 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.

The mass spectrum

FIGURE 10.3 A mass spectrometer
readout for boron
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The output of a mass spectrometer is a mass spectrum that
generally looks like a bar graph. Each column represents an ion
with a specific m/z ratio. The height of the column shows the
relative abundance.

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 determine molecular structures. The mass spectrum
in figure 10.3 shows that boron has two isotopes and that the
heavier isotope is more abundant.
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Consider the mass spectrum of propane (see figure 10.4b). Observe how each fragment 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 because it can be formed in
different ways. It is not always required to identify every peak in the spectrum.

FIGURE 10.4 (a) Structural formula and (b) mass spectrum for propane
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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 (e.g. subtracting 15 from the
molecular mass suggests that a methyl group, CH3, was part of the molecule).

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+)
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SAMPLE PROBLEM 1

The following diagram shows the mass spectrum for chloroethane, C2H5Cl. What ions are
responsible for the peaks at m/z = 66 and 64, 49 and 51, 29 and 28?
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Chloroethane mass spectrum
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Teacher-led video: SP1 (tlvd-0713)

THINK WRITE

1. Determine the molecular mass of
chloroethane remembering chorine has two
isotopes: 35Cl and 37Cl.

M(C2H35
5 Cl) = (2 × 12.0) + (5 × 1.0) + (35)

= 64
M(C2H37

5 Cl) = (2 × 12.0) + (5 × 1.0) + (37)
= 66

2. Check for isotope peaks (e.g. for carbon and
chlorine).

The peak at m/z = 64 corresponds to [C2H35
5 Cl]+.

The peak at m/z = 66 corresponds to [C2H37
5 Cl]+.

3. Look for gaps of 15 lost from the molecular
ion, showing the loss of a methyl group,
[CH3], to identify fragments.

64 − 15 = 49 corresponds to
[C2H35

5 Cl]+− ·CH3 = [CH35
2 Cl]+. Hence,

[CH35
2 Cl]+ shows a peak at m/z = 49.

66 − 15 = 51 corresponds to
[C2H37

5 ]+Cl − ·CH3 = [CH37
2 Cl]+.

Hence, [CH37
2 Cl]+ shows a peak at m/z = 51.

4. Identify any other fragments (table 10.1 may
assist) and calculate the masses to confirm
the peaks observed.

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

5. Write a concluding statement. m/z = 64 corresponds to [C2H35
5 Cl]

m/z = 66 corresponds to [C2H37
5 Cl]

m/z = 49 corresponds to [CH35
2 Cl]+

m/z = 51 corresponds to [CH37
2 Cl]+

m/z = 29 corresponds to [C2H5]+

m/z = 28 corresponds to [C2H4]+
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PRACTICE PROBLEM 1
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Chloromethane mass spectrum

The following spectrum is for chloromethane
(CH3Cl). What ions are responsible for the peaks at
m/z = 52, 50 and 15?

TIP: When writing equations involving the production of ions in mass spectra, ensure detected
ions have a positive charge and that the states in equations are gaseous (g).

Resources

Interactivity Interpreting a mass spectrum (int-1230)

10.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Explain how mass spectra are produced.
2. What is the difference between the molecular ion peak and base peak?
3. If the relative intensity of the base peak is 100 and the molecular ion has a relative intensity of 50, what

does this tell you about the abundance of each?
4. Why can the m/z ratio on a mass spectrum be thought of as a mass scale?
5. Write an equation for the molecular ion formation of ethanoic acid in a mass spectrometer.
6. Write an equation for the fragmentation of the ethanoic acid molecular ion into CH3CO

+.
7. 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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8. A molecule with the formula C3H9N produced the following mass spectrum.
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(a) What is the m/z ratio of the molecular ion?
(b) What is the m/z ratio of the base peak?
(c) Write the formula of the molecular ion.
(d) Write the formula of the fragment that produced the base peak.
(e) Write an equation for the formation of the base peak from the molecular ion.

9. The following mass spectrum is produced by an aldehyde.
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(a) Write the m/z that would be caused by the aldehyde functional group.
(b) Write the formula of the fragment responsible for m/z = 43.
(c) What is the peak at m/z = 43 called?
(d) Name the aldehyde that produced this spectrum. Justify your answer by referring to peaks on the

spectrum.
10. A compound with the empirical formula CH2Cl produced the following spectrum.
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(a) Write the molecular formula of the compound
(b) Explain the presence of three molecular ion peaks.
(c) Write an equation for the formation of the most abundant molecular ion.
(d) Draw the structure of the molecule that produced this spectrum. Justify your answer by referring to the

mass spectrum.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.3 Infrared spectroscopy

KEY CONCEPT
• The principles and applications of infrared spectroscopy (IR) (excluding features of instrumentation and
operation) and interpretation of qualitative and quantitative data including use of characteristic absorption
bands to identify bonds

10.3.1 Principles of infrared spectroscopy
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.

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 vibrational energy levels. Just as the electrons in atoms
have a number of allowed electronic energy levels, these vibrations have allowed vibrational energy levels.
Therefore, it is 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.
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
type of functional groups within a molecule. Infrared 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.
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INFR ARED ASTRONOMY
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.

Infrared spectra
An IR spectrum looks upside down compared with a UV–visible or AAS spectrum. This is because it
measures transmittance, which is the opposite of absorbance, on the vertical (y) axis. Unlike a UV–visible
spectrum, which has a base line of zero absorbance running along the base of the graph, the IR spectrum
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 wave number, which
is the inverse of wavelength, on the horizontal (x) axis; wave number is proportional to frequency. As the
wavelength increases, the wave number decreases. You studied these aspects of spectroscopy in Unit 2.

Nearly all molecules absorb IR radiation and it is largely a qualitative technique. 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.

TABLE 10.2 Characteristic range for infrared absorption

Bond Wave number (cm−1)

C−C1 (chloroalkanes) 600–800

C−O (alcohols, esters, ethers) 1050–1410

C=C (alkenes) 1620–1680

C=O (amides) 1630–1680

C=O (aldehydes) 1660–1745

C=O (acids) 1680–1740

C=O (ketones) 1680–1850

C=O (esters) 1720–1840

C−H (alkanes, alkenes, arenes) 2850–3090

O−H (acids) 2500–3500

O−H (alcohols) 3200–3600

N−H (primary amines) 3350–3500

Source: VCAA 2018, VCE Chemistry Data Book, Version 2, June 2018, VCAA, Melbourne, table 14.

The IR spectrum for methanol in figure 10.5 shows characteristic peaks at 3300 cm−1 for −OH and
2950 cm−1 for −CH. The peak at 2950 cm−1, indicating a C−H bond, is almost always present in organic
molecules and is less helpful because 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,
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but the region is still useful in identifying the substance, because the region looks similar in any analysis of
that substance.

FIGURE 10.5 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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Most organic spectra contain peaks for C−H bonds in the same area, so how do we tell the different
spectra apart?

Differences can be seen by comparing the spectra in figure 10.6 for ethanol, CH3CH2OH, and figure 10.7
for 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. However, 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 slight positive charge. This
partial, 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, 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.

FIGURE 10.6 IR spectrum for ethanol
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FIGURE 10.7 IR spectrum for propan-1-ol
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TABLE 10.3 Infrared band positions for selected functional groups

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

Resources

Video eLesson Infrared spectroscopy (med-0349)

SAMPLE PROBLEM 2

Identify the major peaks in this IR spectrum for a molecule that has only one carbon atom in its
molecular structure, and then identify the molecule.
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Teacher-led video: SP2 (tlvd-0714)

THINK WRITE

1. Identify characteristic peaks caused by functional
groups listed in table 14 of the VCE Chemistry Data
Book.

The peak at approximately 1600–1750 cm−1

corresponds to C=O.
The peak at approximately 2500–3200 cm−1

corresponds to O−H acids
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2. Deduce a structure that must have both the C=O and
O−H acid groups and contains one carbon atom only
(as stated in the question).

Functional group must be −COOH.

3. Identify the molecule. The C atom in −COOH has
one unbonded electron so it could be bonded to a H.
The C−H peak at 2950 cm−1 is mostly hidden by the
broad O−H peak. The structure is HCOOH.

The molecule must be HCOOH,
methanoic acid.

PRACTICE PROBLEM 2
Identify the major peaks in this IR spectrum and deduce a structure for a molecule with the formula
C3H6O.
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TIP: O−H hydroxyl and O−H carboxyl are distinguished by OH(alcohols) and OH(acids) in the
VCE Chemistry Data Book. When identifying −OH peaks you need to state which one you are
referring to.

Resources

Interactivity Interpreting IR spectra (int-1229)

10.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Describe the interaction between infrared light and covalent bonds.
2. With respect to the fingerprint region of an IR spectrum:

(a) what trend would you observe in a homologous series?
(b) how are fingerprint regions useful for identifying known substances?
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3. The following infrared spectrum was produced by ethyl ethanoate. Identify the major peaks in the spectrum.
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4. Examine the following IR spectra.
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IR spectrum for compound B

(a) Using table 10.2 or table 14 of the VCE Chemistry Data Book, 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 confirmed that both of the

molecules contained only carbon, hydrogen and oxygen. The molecular masses of the molecules were
60 and 74. Determine the possible molecular formulas of the two substances (i.e. deduce one possible
molecular structure for each of the substances).
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5. The following figure shows two infrared spectra for two different compounds, X and Y. Only one is a
carboxylic acid; the other is an alcohol. Use table 10.2 to identify the spectrum corresponding to a
carboxylic acid.
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6. The following figure shows two IR spectra for two different compounds X and Y. Both compounds contain
carbon, hydrogen and nitrogen but only one contains oxygen. Use table 10.2 or table 14 in the VCE
Chemistry Data Book to identify the homologous series that compounds X and Y belong to.

0

T
ra

n
s
m

it
ta

n
c

e
 (

%
T

)

Wave number (cm–1)

Compound X
100

90

80

70

60

50

40

30

20

10

30003500 20002500 10001500

0

40

10

20

30

50

60

70

90

100

T
ra

n
s
m

it
ta

n
c

e
 (

%
T

)

Wave number (cm–1)

80

30003500 20002500 10001500

Compound Y

344 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 345 — #15

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.4 NMR spectroscopy

KEY CONCEPT
• The principles (including spin energy levels) and applications of proton and carbon-13 nuclear magnetic
resonance spectroscopy (NMR) (excluding features of instrumentation and operation); analysis of
carbon-13 NMR spectra and use of chemical shifts to determine number and nature of different carbon
environments in a simple organic compound; and analysis of high resolution proton NMR spectra to
determine the structure of a simple organic compound using chemical shifts, areas under peak and peak
splitting patterns (excluding coupling constants) and application of the n+1 rule

10.4.1 Principles of NMR spectroscopy
Nuclear magnetic resonance (NMR) images are called MRI scans in the medical field. MRI stands for
magnetic resonance imaging. These 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 the nucleus of an atom and how it interacts with a magnetic field. To alleviate patients’
fears, NMR scanning is now called MRI.

Particles making up a nucleus exhibit properties 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 (see figure 10.9). 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.

FIGURE 10.8 A MRI scan showing the
blood vessels in the brain

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 magnets 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
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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 give valuable information about the
connectivity of atoms in a molecule.

FIGURE 10.9 (a) Nuclear spin is random in the absence of a magnetic field B0. (b) In the presence of a magnetic
field, nuclear spin either aligns in the same direction as the magnetic field (red) or against the field (blue). The
nuclei aligned with the magnetic field (lower energy) can absorb electromagnetic radiation of the correct frequency
and flip to the higher energy state (against the magnetic field).

(a) (b)

B0

FIGURE 10.10 A schematic diagram of an NMR spectrometer

Spinning

sample tube

Magnetic field

Detector
Recorder

Source of 

radio waves

10.4.2 Chemical shift and NMR spectra
There are three main types of NMR spectra.
• Carbon-13 NMR (13C)
• Low-resolution proton NMR (1H)
• High-resolution proton NMR (1H)

All of these produce spectra that show peak height versus chemical shift in ppm (parts per million).
The horizontal scale is called ‘chemical shift’ (𝛿); it starts from zero on the right and reads backwards.
The zero reference point is taken from the chemical shift peak produced by tetramethylsilane, (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. The number of signals on the x-axis 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 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 valuable information about the structure of the molecule under investigation.
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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 subject 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.

Chemical shift is influenced by the electrons surrounding the nucleus of an atom. Electrons surrounding a
nucleus will somewhat shield the nuclei from the applied magnetic field of the NMR spectrometer. TMS is
excellent at shielding its nuclei with electrons. Because of this, it takes a higher magnetic field strength at a
particular radio frequency to flip the spin of nuclei in TMS. All other nuclei in organic molecules generally
need less field strength than TMS at the same radio frequency to flip to the opposing spin.

Chemical shift for 1H NMR occurs in the 0–13 ppm range downfield (lower strength) from the TMS
reference. For 13C NMR this range is from 0–220 ppm downfield. Electronegative atoms like nitrogen
and oxygen will de-shield or expose the nuclei of neighbouring carbon and hydrogen atoms by attracting
the electrons belonging to those atoms. This essentially results in a downfield shift required to achieve
resonance of nuclei.

10.4.3 Applications of NMR spectroscopy
NMR is used extensively in organic synthesis. For example, in pharmaceutical 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 has the desired properties. Other uses include studying DNA, RNA and similar
proteins in forensic analysis; the technique is not destructive so samples can be studied for weeks. NMR
is also used in the petrochemical 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.

10.4.4 13C NMR spectroscopy
To analyse an NMR spectrum we need to look at the chemical shift and the number of unique peaks
(sets of peaks) on the spectrum. Peaks are unique if they are produced by nuclei in different electronic
environments. That is, the effect of shielding electrons will be different for carbon atoms surrounded
by different neighbours. Peaks will have the same chemical shift or environment if they have the same
neighbouring groups of atoms.

FIGURE 10.11 Structures of
(a) propan-2-ol and
(b) propan-1-ol

H3C

CH3

OH

CH

(a) (b)

H3C CH2 CH2 OH

Consider the carbon environments of propan-2-ol and propan-1-ol
in figure 10.11. There are three carbon atoms in propan-2-ol but only
two unique carbon environments. The CH3 groups are both connected
to the central carbon atom and nothing else. They both experience
the same shielding and therefore will achieve resonance at the same
chemical shift. The other carbon atom is in a different environment
due it being connected to the two CH3 groups and the OH group.
Propan-1-ol has three unique carbon environments because each
carbon atom in the structure has different connectivity or different
neighbours.

Identifying groups on a 13C spectrum
If we examine the spectra propan-2-ol and propan-1-ol (see figure 10.12) we can see the difference in the
chemical shift and the number of peaks visible on the spectra.

The carbon atoms attached to the OH in both molecules are shown downfield due to the de-shielding of
the nuclei.
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FIGURE 10.12 Spectra of (a) propan-2-ol and (b) propan-1-ol
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The CH3 groups in propan-2-ol experience the same chemical shift from TMS to achieve resonance
and show as one peak only. The CH2 group in propan-1-ol is less shielded than the carbon atom in the
neighbouring CH3 group.

The 13C NMR chemical shifts are summarised in table 10.4.

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, R3C–NR 35–70

R–CH2–OH 50–90

RC≡CR 75–95

R2C=CR2 110–150

RCOOH 160–185

O

R

RO
C

165–175
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Type of carbon Chemical shift (ppm)

O

R

H
C

190–200

R2C=O 205–220

Source: VCAA 2018, VCE Chemistry Data Book, Version 2, June
2018, VCAA, Melbourne, table 15.

10.4.5 1H NMR spectroscopy
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 instrumental 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 electronegative 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 electrons affects the magnetic field around each nucleus, enabling slight
changes in electron distribution to be measured by NMR.

Identifying groups on a 1H spectrum
The chemical shifts for 1H NMR spectra are summarised in table 10.5.

TABLE 10.5 1H NMR data

Type of proton Chemical shift (ppm) Type of proton Chemical shift (ppm)

R–CH3 0.9–1.0

C

O

CH3O

2.3

R–CH2–R 1.3–1.4
R C

OCH2R

O 3.7–4.8

RCH=CH–CH3 1.6–1.9 R–O–H 1–6 (varies under
different conditions)

R3–CH 1.5 R–NH2 1–5

CH3 CH3C

OR

O

C

NHR

O

or

2.0 RHC=CHR 4.5–7.0

O

CH3R

C

2.1–2.7
OH

4.0–12.0

R–CH2–X (X = F, Cl, Br or I) 3.0–4.5
H

6.9–9.0

(Continued)
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TABLE 10.5 1H NMR data (Continued)

Type of proton Chemical shift (ppm) Type of proton Chemical shift (ppm)

R−CH2−OH, R2−CH−OH 3.3–4.5
R C

NHCH2R

O 8.1

R C

NHCH2R

O 3.2
R C

H

O 9.4–10.0

R−O−CH3 or R−O−CH2R 3.3–3.7
R C

O

O

H

9.0–13.0

Source: VCAA 2018, VCE Chemistry Data Book, Version 2, June 2108, VCAA, Melbourne, table 16.

Low-resolution spectra
There are two different types of NMR spectrum: high resolution and low resolution. 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.

In figure 10.13, the low-resolution 1H NMR spectrum of ethanol, the size of the peaks are proportional to
the number of hydrogen nuclei producing the signal.

FIGURE 10.13 Low-resolution 1H NMR spectrum of ethanol

Peak area
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H H
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H
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H O

CH3
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High-resolution spectra
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.

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. This happens because neighbouring nuclei have a
small magnetic effect on each other, causing different signals depending on whether they are aligned with or
against the applied magnetic field.

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 next to that hydrogen atom and chemically different
from that hydrogen atom. This splitting pattern is known as the n+1 rule.
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In the high-resolution spectrum of ethanol in figure 10.14, the signal of three peaks (triplet) indicates that
there are two hydrogen atoms attached to the neighbouring carbon atom in the molecule. The set of four
peaks (quartet) indicates that there are three neighbouring hydrogen atoms. O−H groups always present as
a single peak (singlet) in high-resolution spectra.

FIGURE 10.14 The high-resolution spectrum of ethanol, C2H5OH, has peak heights proportional to the number of
protons producing the signal and peak splitting according to the n + 1 rule. O−H is always presents as a single
peak.
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Chemical shift (ppm)
5 4 3 2 1 0

CH2

CH2

CH3

CH3 OH

OH

TMS

Let’s also consider the spectrum of bromoethane in figure 10.15. The quartet is produced by the hydrogen
atoms in the CH2 group (due to the three hydrogen atoms on the neighbouring carbon). The chemical shift
of 3.7 ppm is in the correct range for R–CH2X (3.0–4.5 ppm) and is adjacent to a CH3 group at 1.7 ppm.
The CH3 group produces the triplet because it is neighbouring the CH2 group so the n+1 rule determines a
set of three peaks.

FIGURE 10.15 Spectrum of bromoethane
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TOPIC 10 Analysis of organic compounds 351

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 352 — #22

SAMPLE PROBLEM 3

7 6 5 4 3

(3)

(3)

(2)

2 1 0

Chemical shift (ppm)  

Analyse the following proton NMR
spectrum and use table 10.5 (or table 16
in the VCE Chemistry Data Book) to
identify the structure of the molecule.
The molecular formula for the molecule
is C4H8O2.

THINK WRITE

1. Identify the number of different
hydrogen environments.

There are three different hydrogen environments.

2. Identify groups according to the
splitting pattern and the number
of hydrogens producing the
signals by the numbers above the
peaks.

The splitting patterns indicate there is a CH3 group
(1.2 ppm) next to a CH2 group (4.1 ppm).
The singlet at 2.0 ppm indicates there are no
neighbouring hydrogen atoms but a chemical shift
downfield indicates the presence of an electronegative
atom. There are three hydrogen atoms producing this
signal, indicating another CH3 group.

3. Assemble the molecule that
matches the number of peak sets,
splitting patterns and chemical
shifts.

H

H

H

H

H

C

COCC

O

H

H

H

PRACTICE PROBLEM 3
Draw the structure of an isomer of C2H4Cl2 that produced the following spectrum.

11 10 9 8 7 6

(1)

(3)

Chemical shift (ppm)

5 4 3 2 1 0
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For hydrogen environments that are equivalent we don’t see splitting. For example, 1,2-ethanediol,
HOCH2CH2OH, produces two singlets because the CH2 groups have equivalent hydrogen atoms and
therefore no splitting occurs (see figure 10.16).

FIGURE 10.16 Spectrum for 1,2-ethanediol

Chemical shift (ppm)

9 8 7 6 5 4 3 2 1 0

Resources

Video eLesson High-resolution proton NMR (med-0350)

Interactivity Predicting carbon and hydrogen environments in different compounds (int-1227)

10.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. What determines the area under the peaks of NMR spectra?
2. What is meant by the term ‘environment’ in 13C and 1H NMR spectroscopy?
3. What is the major difference between low-resolution and high-resolution 1H NMR spectra?
4. Why is TMS used as a reference for chemical shifts?
5. List possible chemical shifts in ppm observed in a 1H NMR spectrum for CH3CH2Cl.
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 spectroscopy

could be used to identify each.
8. How many different carbon environments are present in the compound 2-methylpropan-2-ol?
9. Propanoic acid is used as a preservative and anti-mould agent for animal feed

and also in packaged food for human consumption. Complete the table by
showing the hydrogen environment, splitting pattern, relative peak height and
the chemical shift for each type of hydrogen atom in this molecule.

C

H

C

H
O H

H C

H

H

O

Hydrogen set or atom Splitting pattern Relative peak height Chemical shift (ppm)

CH3

10. Describe and explain the differences you would expect to see in high-resolution 1H NMR spectra for
1,1-dichloroethane and 1,2-dichloroethane.
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: P ast VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.5 Combining spectroscopic techniques

KEY CONCEPT
• Determination of the structures of simple organic compounds using a combination of mass spectrometry
(MS), infrared spectroscopy (IR) and proton and carbon-13 nuclear magnetic resonance spectroscopy
(NMR) (limited to data analysis)

10.5.1 Combining spectroscopic techniques
The previously described spectroscopic techniques are rarely used alone when determining the structure of
unknown organic compounds. Typically, a combination of instrumental techniques is used for qualitative
analysis. Mass spectroscopy is often used in conjunction with a chromatography and infrared analysis,
while NMR spectroscopy can be used accurately for determining the structure of small molecules and
biomolecules such as DNA and RNA.

In the VCE Chemistry course, you are exposed to using a combination of mass, infrared and NMR
spectroscopy to determine the structure of small organic molecules, often with functional groups. For
example, esters, carboxylic acids, amines, alcohols and haloalkanes are common analytes.

SAMPLE PROBLEM 4

16 14 12 10 8 6 4 2 0

Chemical shift (ppm)

A D

B
C

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. Identify and
name the compound.

Peak set Number of split peaks Relative area of peak set

A 1 1

B 3 2

C Multiple 2

D 3 3

Teacher-led video: SP4 (tlvd-0716)
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THINK WRITE

1. Use the IR wave numbers to identify
functional groups.

1700 cm−1 corresponds to a C=O bond and the
broad peak at 3000 cm−1 could be the OH(acid)
bond. This indicates the compound is likely to
contain the COOH group and is most likely a
carboxylic acid.

2. Consider the functional groups
determined in step 1 and a molecular
mass of 88 (which is twice the
empirical formula given of C4H4O2,
which has a Mr of 44).

A carboxylic acid with a mass of 88 g mol−1 is
butanoic acid, CH3CH2CH2COOH.

3. Use the NMR data to confirm the
correct order of groups and therefore
the structure.

Butanoic acid, CH3CH2CH2COOH,
has four unique hydrogen
environments.

Four unique hydrogen environments can be seen
confirmed in the NMR spectrum.
• Two triplets produced by the CH3(D) group and

CH2(B) group attached to the carboxyl group.
• The carboxyl group (A) will present a singlet

downfield in the range of 9.0–13.0 ppm.
• The CH2(C) group, R–CH2–R, should be in a

range of 1.3–1.4 ppm, which is close to the set of
peaks seen on the spectrum.

• This set should be split into a sextet (n+1) due to
the five neighbouring hydrogen atoms.

Peak areas confirm the structure as butanoic acid,
CH3CH2CH2COOH, because they correspond to
the number of hydrogen atoms contributing to each
signal.

PRACTICE PROBLEM 4
An organic compound has the empirical formula C3H6O2. When sodium carbonate is added to this
compound, bubbling is observed. The mass spectrum and infrared spectrum of the compound are
following.
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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 spectra.
e. Name the compound.

Resources

Video eLesson Combining spectroscopies (med-0351)

Digital document Experiment 10.1 Spectroscopy (doc-31272)

10.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Explain how you could use a mass spectrum and infrared spectrum together to distinguish between ethanol
and butan-1-ol.

2. How would you use 1H and 13C NMR spectra to differentiate between ethanol and ethanal?
3. A compound has the empirical formula C3H7Cl. The mass spectrum and 1H NMR spectrum are following.

100

80

60

40

20

0

150 30 45 60 9075

R
e

la
ti

v
e

 a
b

u
n

d
a

n
c

e
 (

%
)

m/z

356 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 357 — #27

Integration

5 4

δ/ppm

3 2

3.8
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1

6

Chemical shift, (ppm)

1 0

(a) Explain why the mass spectrum shows two molecular ion peaks.
(b) What is the molecular formula of the compound?
(c) How many different 1H environments are there?
(d) Explain why the septet is seen further downfield than the doublet at 1.6 ppm.
(e) Draw the structure of the compound.

4. A compound with the molecular formula C4H8O2 produced the following spectra.

1.0

0.8

0.6

0.4

0.2

0.0

3500 3000 2500 2000 1500 1000 500

T
ra

n
s
m

it
ta

n
c

e
 (

%
T

)

Wave numbers (cm–1)

180 160 140 120 100 80 60 40 20 0

Chemical shift (ppm)

TOPIC 10 Analysis of organic compounds 357

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 358 — #28

(a) What does the IR spectrum indicate about the functional group(s) present?
(b) What does the 13C NMR spectrum indicate regarding the functional group(s) present?
(c) How many unique 13C environments are there?
(d) Draw the structure of C4H8O2.

5. Two different compounds with the molecular formula C3H9N produced one each of the following NMR
spectra.

8 7 6 5 4 3 2 1 0

Chemical shift (ppm)

160 140 120 100 80 60 40 20 0

Chemical shift (ppm)

Draw the structures of the two molecules and explain how you used the spectra to deduce these structures.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.6 Chromatography

KEY CONCEPT
• The principles of chromatography including use of high performance liquid chromatography (HPLC) and
construction and use of a calibration curve to determine the concentration of an organic compound in a
solution

10.6.1 Principles of chromatography
Chromatography is a technique that separates mixtures. 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. This
results in the components travelling 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
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(GC)). In paper chromatography, the stationary phase is made up of cellulose fibres that are naturally 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 mixtures 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.

FIGURE 10.17 Thin-layer chromatography: we can see that
the red and yellow dyes are more strongly attracted to the
stationary phase than the blue dye because they have not
travelled as far up the paper (stationary phase).

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.

Resources

Digital document Experiment 10.2 Separation of food dyes using chromatography (doc-31273)

10.6.2 High-performance liquid chromatography (HPLC)
You may recall from Unit 2 that HPLC is an adaption of the simple methods described in section 10.6.1.
In HPLC, the most common stationary phase is a narrow diameter tube, called a column, which is packed
tightly with a finely divided powder, commonly alumina or silica. The powder provides the large surface
area required for the process. Particle sizes in the range of a few micrometres are typical, 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 chromatography (UPLC). The mobile phase is a
liquid called an eluent and can be either a pure liquid or a mixture of liquids.

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.

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.

After passing through the column, the components in the sample exit the column and are detected by a
suitable device. This is recorded as a series of peaks on a chart 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.
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FIGURE 10.18 A schematic diagram of a high-performance liquid chromatography instrument

Pump

Sample

Detector

Waste

Recorder
Injector

HPLC column

Solvent

(mobile phase)

 

FIGURE 10.19 A high-performance
liquid chromatography instrument

Developed in the 1960s, HPLC has developed 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.

HPLC 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), where 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 material and move
more slowly through the column. Therefore, they have a
longer retention time.

2. Reverse-phase liquid chromatography (RPLC), which 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 commonly used) to achieve a level of
‘non-polarity’. This has the opposite effect on retention times. More polar molecules in the sample are
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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 these two types, there are other forms of HPLC that can be used in appropriate circumstances.
These include ion-exchange chromatography and size-exclusion chromatography.

Resources

Video eLesson High-performance liquid chromatography (HPLC) (med-0347)

Weblink HPLC

Qualitative analysis
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, Rt. This corresponds to the position of the peak on
the chromatogram. Retention time can be used to identify a component. The retention time for an unknown
substance is compared with retention times for known substances under the same operating conditions.

Figure 10.20 shows 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.

FIGURE 10.20 HPLC chromatograms for (a) normal coffee, (b) caffeine and (c) decaffeinated coffee
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Quantitative analysis
The greater the amount of a component, the greater the area under the corresponding peak. This allows
quantitative analysis of a substance. It should be noted that, when the peaks produced are narrow, the area
measurement can be replaced by a measurement of the peak height. For a quantitative measurement of the
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amount of caffeine remaining in the sample, the height (or the area under the peak) could be measured and
compared with a set of caffeine standards of known concentrations.

FIGURE 10.21 Using the calibration curve, the concentration of
the unknown sample (shown by the red arrow) can be estimated as
16.8 mg L−1.
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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. These
are known as calibration curves. 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. (see figure 10.21).

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 fed into this equation and the result displayed.

SAMPLE PROBLEM 5

Although it is usually done using gas chromatography (GC), the level of ethanol in wine can 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 conditions 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 following table.

Teacher-led video: SP5 (tlvd-0717)

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 was the ethanol peak identified from the pattern produced by the wine sample?
d. Explain why only one peak is produced in the chromatogram for each standard analysed.
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THINK WRITE

a. To plot the graph, consider the scale
required. For each percentage the
peak area differs by approximately
50 000.

If required a line of best fit may be
drawn.
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b. Locate the peak area of the sample
(450 012) and rule a straight line from
it until you touch the graph. Drop
straight down and read the
corresponding percentage.

7

2.0

3.0

4.0

5.0

6.0

8 9

Ethanol concentration (%v/v)

P
e

a
k

 a
re

a
 (

×
 1

0
0
 0

0
0
)

10 11 12

Reading from the calibration graph, the sample of
wine gives an ethanol concentration of 9.2%.

c. As ethanol occurs in both the wine
sample and in the ethanol standard,
this can be used to identify the
ethanol peak in the wine sample.

Each ethanol standard produces a peak at the same
position on the chromatogram; 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. In a chromotagram, each peak
corresponds to a particular substance.

Ethanol is the only substance present (apart from
the solvent), so only one peak was produced.

PRACTICE PROBLEM 5
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. Therefore, it is desirable that residual butanoic acid levels be kept to a minimum
in methyl butanoate preparations that are used for these 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.
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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 data in the table.
c. Determine the concentration of butanoic acid in the sample tested.

Resources

Video eLesson Calibration curves (med-0348)

Digital document Experiment 10.3 Separating mixtures using column chromatography (doc-31274)

10.6 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Define the following terms.
(a) Analyte
(b) Stationary phase
(c) Mobile phase
(d) Retention time

(e) Peak area
(f) Chromatogram
(g) Chromatograph

2. Explain the effect on the retention time of a polar compound through a NPLC column if:
(a) the column length is increased from 25 m to 50 m
(b) the mobile phase is pumped through with increased pressure
(c) the temperature of the mobile phase is increased.

3. What do the terms ‘adsorb’ and ‘desorb’ mean with respect to HPLC?
4. In what sequence would the first four members of the carboxylic acid homologous series elute from a NPLC

column? Explain your answer.
5. How does reverse-phase liquid chromatograpy (RPLC) differ from NPLC?
6. Which of pentane, pentanol and pentanoic acid would have the shortest retention time eluting from a RPLC

column? Explain your answer.
7. A mixture of amino acids were separated using a polar HPLC column and the following chromatograph was

produced. The mixture was thought to consist of leucine, isoleucine, phenylalanine and serine.

0.250.00 0.50

1

2

3

4

0.75 1.00 1.25 1.50 1.75 2.00

Time (min)
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(a) Which of the four peaks (1–4) is most likely to be serine? Explain your answer.
(b) Explain how you would confirm the retention time of serine.
(c) Which of the peaks represents the highest concentration of an amino acid?
(d) Explain how you could determine concentration of serine in the sample.

8. Stanozolol is a performance-enhancing drug taken by athletes to build muscle tissue and increase power.
Stanozolol can be analysed from urine samples using HPLC. A mobile phase mixture of methanol (90%) and
water (10%) is pumped through a non-polar RPLC column.
One particular urine analysis required the preparation of stanozolol standards of 1.0, 2.0, 3.0 and

4.0 mgL−1. The peak areas are shown in the following table.

Retention time (minutes) Stanozolol standard (mgL−1) Peak area (× 10 000)

4.1 1.0 5.0

4.1 2.0 9.8

4.1 3.0 15.2

4.1 4.0 20.0

A 20 μL sample of undiluted urine was run through the chromatograph under the same conditions.
(a) Explain how this procedure can be used for the qualitative analysis of stanozolol in urine.
(b) Explain how it could be used for the quantitative analysis of stanozolol in urine.
(c) What is the stanozolol concentration in a urine sample that returned a peak at Rt 4.1 minutes with an

area of 125 000?
(d) Explain why an athlete with a suspected stanozolol concentration of 5.0 mg per litre of urine could not be

reliably tested using this method.
(e) Suggest an alteration to the procedure above so that an athlete suspected of having a stanozolol

concentration above 5.0 mg per litre of urine could be tested.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.7 Volumetric analysis by titration

KEY CONCEPT
• Determination of the concentration of an organic compound by volumetric analysis, including the principles
of direct acid-base and redox titrations (excluding back titrations).

10.7.1 Volumetric analysis procedure
Volumetric analysis is a quantitative technique that involves reactions in solution. The concentration of
a solution can be determined using accurately measured volumes and reacting it with another solution of
(accurately) known concentration or, in some cases, by making it up directly from a primary standard
solution.

The procedure involves measuring an accurate volume of one of the solutions with a pipette (this volume
is called an aliquot) and pouring it into 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
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FIGURE 10.22 Volumetric flasks, conical flasks,
pipettes, burettes and various beakers are used in
volumetric analysis.

equation). By knowing the volumes involved
and the concentration of one of the solutions, the
concentration of the other solution can 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
volumetric 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
subtopic.

Standard solutions
A standard solution is one whose concentration is accurately known. There are usually two methods by
which a solution can have its concentration determined accurately. These are:

1. by reacting it with another solution whose concentration is known accurately. 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 (its composition or formula must not change over time, which can happen 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.

Not all substances are suitable for use as primary standards. For example, sodium hydroxide 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. Therefore, 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 different reason. This substance
is efflorescent, which means that it loses water to the atmosphere 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 can 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.

Resources

Video eLesson Preparing primary standards and standard solutions (med-0345)

Glassware and rinsing
Table 10.6 summarises the glassware, use and rinsing methods for titration.
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TABLE 10.6 Summary of glassware used for titration

Glassware Use Rinsed with

Burette Delivers the titrant or analyte. Readings from a
burette should take place at the bottom of the
meniscus formed by solution, ideally to two
decimal places.

The solution it will deliver. A few mL of the solution is
placed in the bottom and burette is inverted 2–3 times
before the liquid is expelled using the tap.

Pipette Used to deliver an aliquot of titrant and
analyte directly to a conical flask or into a
volumetric flask for dilution.

The solution it will deliver. A partial or full aliquot can
be used to rinse a pipette as long as all of its inner
surface has been rinsed.

Volumetric
flask

Used to dilute aliquots. Commonly used are
50, 100 and 250 mL sizes.

Distilled water. The aliquots added to a volumetric
flask will be diluted with distilled water and the
number of moles from the pipette is unchanged.

Conical
flask

Used to hold the analyte or titrant that is not
in the burette. If it is a titration that needs an
indicator, this will also be added.

Distilled water. Does not change the moles of analyte
or titrant delivered by the pipette and burette.

Performing 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
critical to the success of a volumetric procedure.

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, MnO−

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

FIGURE 10.23 Some typical steps in a volumetric procedure
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In either type of titration, (acid–base or redox) we usually depend on a colour change to tell us when to
stop. This is called the end point. Because 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.

Resources

Video eLessons Volumetric techniques (med-0820)

Simple (direct) titrations (med-0821)

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 volumetric 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. These 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
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exacting standard, and requires very careful attention to detail and excellent technique because 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, 19.40
and 19.20 mL, all except the third value can be considered concordant. Note that the volume of a titre is
rounded to the nearest 0.05 mL.

Errors in titration
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 be applied throughout all
stages. 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

Effect if substance under analysis is in the. . .

Situation burette titration flask Comments

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.

10.7.2 Acid–base titration
In acid–base titrations, the solutions and their products are usually colourless, and identification of the
equivalence point would therefore be quite difficult. To overcome this problem, a few drops of a suitable
acid–base indicator are usually added. Such indicators 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. Therefore, a key step in a particular
titration is to choose an indicator that changes colour at the pH of the equivalence point.
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Choosing indicators

FIGURE 10.24 Phenolphthalein is used as an
indicator in some acid–base titrations.

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 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 easily detected. Table 10.8 shows the pH values
at which various indicators change colour.

TABLE 10.8 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

Resources

Interactivity: Simulation of an acid-base titration (int-1224)

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 in figure 10.25 show titration curves for three different scenarios, including:
• 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.
In figure 10.25a, note that all the indicators from table 10.8 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.

In figures 10.25b and c, the situation is more complicated. In both cases, some indicators do not even
change colour at the correct pH. In figure 10.25b, methyl red does not change colour at the correct pH and
litmus would also be unsuitable because it begins to change colour before the steep section of the graph.
Therefore, the end point occurs over a volume range that is too wide. In other words, it is not ‘sharp’. A
good choice of indicator for this case would be phenolphthalein. Methyl red would be a good choice in
figure 10.25c.

Examination of the titration curves in figure 10.25
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.

TOPIC 10 Analysis of organic compounds 369

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 370 — #40

FIGURE 10.25 Three titration curves
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• 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.

• 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.

FIGURE 10.26 Indicator colour changes
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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
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of iodine. Another indicator suitable for redox titrations is methylene blue, which is blue in the presence of
an oxidising agent and colourless in the presence of a reducing agent.

Resources

Digital document Experiment 10.4 Standardisation of hydrochloric acid (doc-31275)

Teacher-led video Experiment 10.4 Standardisation of hydrochloric acid (tlvd-0761)

Analysis of organic compounds using acid–base titration
Volumetric analysis can be used to analyse compounds with distinct acid–base properties, such as
carboxylic acids and amines, as well as those that have redox properties, such as alcohols and aldehydes.
Variations to the basic method of titration have evolved, all aimed at taking into account the properties of
the substances involved. As a result, volumetric analysis can be performed using simple (or direct) titration
where one reactant is added to the other until the correct stoichiometric proportions are present, as well as
by more sophisticated variations.

Once concordant titres have been obtained, the average volume of the titres (in litres) is used to calculate
the number of moles of either the analyte or titrant added to the conical flask from the burette.

The basic steps of any stoichiometric calculation include:

• 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.

TIP: Because solutions are involved, the formula n = cV is frequently used.
Due to the necessities of experimental procedure, dilution often takes place and must be

considered, so the formula c1V1 = c2V2 may be useful.

SAMPLE PROBLEM 6

Propanoic acid is used as a preservative in animal feeds. It is sold as a range of solutions that
contain between 10 and 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 concordant titres obtained was 32.10 mL.
Calculate the percentage (%m/v) of propanoic acid in the original solution.

THINK WRITE

1. Write the balanced chemical
equation between propanoic acid and
sodium hydroxide to obtain the mole
ratios of the reactants.

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

2. Calculate the number of moles of the
substance with the known
concentration (titrant), NaOH by first
identifying the variables and
checking the units
required. Volume is required in
litres; convert mL to L.

c(NaOH) = 0.2500 M

V(NaOH) = 32.10

1000

n(NaOH)used = cV

= 0.25 × 32.10

1000
= 0.008 025 mol
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3. Use the mole ratio from the equation
to calculate the number of moles of
the analyte in the diluted sample.

n(NaOH)used = n(CH3CH2COOH)diluted

∴ n(CH3CH2COOH)diluted = 0.008 025 mol

4. To determine the number of moles of
propanoic acid in the original
aliquot, multiply the calculated
number of moles in the diluted
sample by volume of the volumetric
flask and then divide it by the
volume of the undiluted sample.

n
(
CH3CH2COOHoriginal

)
in 25.00 mL = 0.008025 × 250.0

25.00
= 0.08025 mol

5. To calculate the percentage (%m/v)
of propanoic acid in the original
solution, the mass of propanoic acid
must first be determined by applying
the formula

n = m

M
.

m (CH3CH2COOH) in 25.00 mL = n ×M
= 0.08025 mol

× 74.0 gmol−1

= 5.94 g

6. The percentage (%m/v) of propanoic
acid can be calculated using the mass
from step 5 and the volume (mL) of
the undiluted sample. Express
answer to the correct number of
significant figures.

%(m/v) = 5.94

25.00
× 100

= 23.8%

PRACTICE PROBLEM 6
Ethylamine is widely used as a precursor to many herbicides. A chemist investigating the production
of herbicides wished to check the claim on a newly purchased bottle that it contains between 68 and
72%(m/v) ethylamine dissolved in water.
After carefully diluting 10.00 mL of the amine solution to 1000 mL in a volumetric 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 indicator, an average titre of 15.80 mL was obtained.
Do the contents of the bottle fall within the specifications shown on the label?

10.7.3 Redox titration
In some situations, a reaction can 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.
The permanganate ion, as well as the orange-coloured
dichromate ion, Cr2O7

2-, are both strong oxidants and the
various oxidation states of chromium and manganese ionic
compounds are useful for redox reactions.

FIGURE 10.27 The presence of a starch-
iodine complex indicates the end point of
this redox titration.
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Another well-known redox titration is the use of iodine and starch as an indicator. When iodine, I2, is
mixed with starch, a blue/black colour is observed. The appearance, or disappearance, of the blue colour
formed in the presence of iodine with starch signals the end point of the titration.

Resources

Interactivity Simulation of a redox titration (int-1225)

SAMPLE PROBLEM 7

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

2Cr2O
2−
7 (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 volumetric 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.
Calculate the concentration of ethanol (in M) of the tested wine.

Teacher-led video: SP7 (tlvd-0719)

THINK WRITE

1. Calculate the number of moles of the reactant of
known concentration using n = cV. In this case, it is
the number of moles of dichromate added from the
burette.

Remember to check the units required.
Concentration is required in moles and volume in
litres so convert mL to L.

n(Cr2O2−
7 )used = cV

= 0.150 × 17.50

1000
= 0.0026325 mol

2. Using the mole ratios from the equation given
calculate the number of moles of the diluted
reactant (ethanol) in each 20.00 mL aliquot.

n(C2H5OH)
n(Cr2O2−

7 )
= 3

2

n(C2H5OH) = 3 × 0.002625

2
= 0.0039375 mol

3. Calculate the ethanol concentration of the dilute
ethanol by dividing the number of moles by the
aliquot volume (0.02000 L). This is the same
concentration of the entire contents of the
volumetric flask.

n = cV

c = n

V

[C2H5OHdiluted] =
0.0039375 mol

0.020000 L
= 0.19688 M

4. To determine the original concentration of the
ethanol in moles per litre (M), apply the formula
c1V1 = c2V2 where c1 is the original concentration,
V1 is the original volume, c2 is the dilute
concentration and V2 is the dilute volume.

c1V1 = c2V2

[C2H5OHwine] =
c2V2

V1

[C2H5OHwine] =
0.19688 × 250.0

25.00
= 1.97 M
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PRACTICE PROBLEM 7
A solution of ethanal (C2H4O) was standardised using 0.0557 M potassium permanganate.
A 20.00 mL aliquot of ethanal was placed into a 250.0 mL volumetric flask and made up to the mark
with distilled water.
Three 20.00 mL aliquots of the diluted ethanal were placed in conical flasks and titrated against the

permanganate solution. The average titre was 18.50 mL.
Calculate the molarity of the ethanal solution.

10.7 EXERCISES
To answer questions online and to receive immediate feedback and sample responses for every question go to
your learnON title at www.jacplus.com.au.

1. Which piece of glassware would be used to:
(a) deliver an aliquot
(b) deliver a titre
(c) react the analyte and titrant?

2. State what you would rinse the following items with before a titration.
(a) Burette
(b) Pipette
(c) Conical flask
(d) Volumetric flask

3. Name an indicator suitable for the titration of an unknown concentration of ethanoic acid in a conical flask
against standard 0.10 M NaOH.

4. Explain why a redox titration with K2Cr2O7 and ethanol doesn’t require an indicator.
5. 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.

6. 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 solution be called a standard solution?

Explain.
7. 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.
8. 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 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, calculate the concentration of the

ethanoic acid in the vinegar (in g L−1).
9. A student was standardising a solution of sodium hydroxide using diprotic 0.100 M oxalic acid. First the

student rinsed the burette and conical flask with water. Next, she filled the burette with the sodium hydroxide
solution. She then placed a 20.00 mL aliquot of 0.100 M oxalic acid in a conical flask with three drops of
methyl orange indicator. She performed the titration and the solution in the conical flask changed from red to
yellow after the addition of 9.50 mL of NaOH.
The reaction between sodium hydroxide and oxalic acid is
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C2H2O4(aq)+ 2NaOH(aq) → Na2C2O4(aq)+ 2H2O(l)

(a) Calculate the mass of oxalic acid powder needed to make 100 mL of standard 0.100 M oxalic acid.
(b) Calculate the concentration of sodium hydroxide.
(c) State two errors in the student’s procedure and the effect they have on the calculated concentration of

NaOH.
(d) How could the reliability of the student’s titre volumes be improved?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question go to your learnON title at www.jacplus.com.au.

studyON: P ast VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

10.8 Review
10.8.1 Summary
Mass spectrometry

• 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 (m/z) 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 spectrum that generally looks like a bar graph. Each column

represents an ion with a specificm/z ratio. The height of the column 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, so them/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 spectroscopy

• Infrared (IR) spectroscopy identifies the functional 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 wave number (cm−1)
on the x-axis (horizontal axis). Wave number is the reciprocal of the wavelength. 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 wave numbers
and produce dips or inverted peaks that allow them to be identified.

• IR spectra usually change scale at 2000 cm−1. 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 molecule, the more peaks appear on the IR spectrum,

because these atoms affect the bonding between each other and absorb at slightly different wave
numbers.

• To distinguish between alcohols and carboxylic acids, look at two regions. Alcohols have a peak
between 3200 and 3600 cm−1 but no peak near 1700 cm−1; carboxylic acids have a very broad peak
between 2500 and 3500 cm−1 and a strong narrow peak near 1700 cm−1.
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• To distinguish between esters and carboxylic acids, an ester has only one peak, between 1720 and
1840 cm−1, but a carboxylic acid has two peaks.

NMR spectroscopy

• Uses of NMR include 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).
• 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 ethanol (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.

• 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.

Combining spectroscopic techniques

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

Chromatography

• 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
principles 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 the stationary phase, the faster a substance moves
through the column.

• Retention time (of a component), Rt, is an important term associated with HPLC. It is the time from
injection 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 concentration of an unknown sample can then be deduced
from this graph by interpolation.

• HPLC can be used for both qualitative and quantitative analysis.

Volumetric analysis by titration

• Volumetric analysis is a quantitative technique that uses standard solutions and accurately known
volumes 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 properties that enable it to be weighed and made up into

a solution whose concentration is precisely known.
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• 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 vessel.
• The end point of a titration is the stage at which the chosen indicator changes colour. An indicator is

selected so that its end point approximates the equivalence point of the reaction.

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

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and practice
exam question booklet (doc-31431)

10.8.2 Key terms

adsorption the adhesion of atoms, ions or molecules from a gas, liquid or dissolved solid to a surface
aliquot the liquid from a pipette
analytes the components of a sample
base peak the most abundant ion in a mass spectrum
burette a graduated glass tube for delivering known volumes of a liquid, especially in titrations
calibrated ensure an instrument’s accuracy
calibration curves a graph of reading versus concentration
chemical shift the horizontal scale on a NMR spectra
chromatogram a chart that results from analysis by chromatography
concordant describes titres that are within a defined volume of each other, such as 0.10 mL
desorption the removal of a substance from or through a surface; the opposite of adsorption
eluent a substance used as a solvent in separating materials
end point the experimentally determined equivalence point at which the indicator just changes colour or the pH

curve becomes vertical
equivalence point where two reactants have reacted in their correct mole proportions in a titration
fingerprint region the lower end of the infrared spectrum
HPLC high-performance liquid chromatography; method used to separate the components of a mixture
indicator a chemical compound that changes color and structure when exposed to certain conditions and is

therefore useful for chemical tests
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infrared (IR) describes spectroscopy that deals with the infrared region of the electromagnetic spectrum
mass spectrometry the investigation and measurement of the masses of isotopes, molecules and molecular

fragments by ionising them and determining their trajectories in electric and magnetic fields
mobile phase the liquid or gas that flows through a chromatography system, moving the materials to be

separated at different rates over the stationary phase
molecular ion whole molecules that produce ions with a peak at the relative molecular mass of the compound
n+1 rule 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
pipette a slender tube for transferring or measuring small quantities of liquid
primary standard a substance used in volumetric analysis that is of such high purity and stability that it can be

used to prepare a solution of accurately known concentration
qualitative analysis an investigation used to identify the presence or absence of elements, ions or molecules in a

sample
quantitative analysis an investigation used to determine the amount of a given element or compound in a known

weight or volume of material
retention time the time taken for each component of a sample to travel from the injection port to the end of the

column
sample a substance to be analysed
spectroscopy the investigation and measurement of spectra produced when matter interacts with or emits

electromagnetic radiation
standard solution a solution that has a precisely known concentration
stationary phase a solid with a high surface area, or a finely divided solid coated with liquid. It shows different

affinities for various components of a sample mixture when separating them by chromatography.
titrant a solution of known concentration
titration curve curve used to measure the volume of a titrant against pH
titration process used to determine the concentration of a substance by using a pipette to deliver one substance

and a burette to deliver another substance until they have reacted exactly in their mole ratios
titre the volume delivered by a burette
volumetric analysis determination of the concentration, by volume, of a substance in a solution, such as by

titration

Resources

Digital document Key terms glossary – Topic 10 (doc-31429)

10.8.3 Practical work and experiments

Experiment 10.4
Standardisation of hydrochloric acid

Aim: To determine the accurate concentration of a solution of hydrochloric acid

Digital document: doc-31275

Teacher-led video: tlvd-0761

Resources

Digital documents Practical investigation logbook (doc-31430)

Experiment 10.1 Spectroscopy (doc-31272)

Experiment 10.2 Separation of food dyes using chromatography (doc-31473)

Experiment 10.3 Separating mixtures using column chromatography (doc-31274)
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10.8 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question
go to your learnON title at www.jacplus.com.au.

10.8 Exercise 1: Multiple choice questions
1. The tallest peak in a mass spectrum is called the:

A. molecular ion
B. parent peak
C. base peak
D. calibration peak.

2. In the following spectrum, which peak corresponds to the [CH2F]+ fragment?
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3. The difference between the infrared spectra of an alcohol and a carboxylic acid is that the alcohol

spectrum:
A. has a peak near 3200–3600 cm−1 and a peak near 1700 cm−1

B. has a peak near 3200–3600 cm−1 but no peak near 1700 cm−1

C. has a peak near 1700 cm−1 but no peak near 3200–3600 cm−1

D. does not have a peak near 3200–3600 cm−1 or near 1700 cm−1.
4. 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.

5. 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

6. 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

7. 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
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8. 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.

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 9 and 10.
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.
9. 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.

10. 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.

10.8 Exercise 2: Short answer questions
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 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. Refer to particular
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bonds and wave numbers to explain how these two compounds could be distinguished using IR
spectroscopy.

Ethanoic acid
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3. Shown below is an NMR spectrum of a molecule with the molecular formula C3H6O2.
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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.

4. Compound A has the 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
the molecular formula C3H6O. The proton NMR spectrum of compound B shows only one 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?

5. In chromatography, why is it important that the stationary phase has a large surface area?
6. 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.
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7. 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?
c. The following table shows 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 (mgL−1) Area under peak (arbitrary units)

1.0 83

2.0 160

3.0 241

4.0 315

Lozenge extract 193

8. 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?
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9. 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 with phenolphthalein

as an indicator. Calculate the mass of aspirin required to give a titration of 22.80 mL of sodium
hydroxide.

10. 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 this solution were titrated against a standardised 0.00500 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.

10.8 Exercise 3: Exam practice questions
Use the following information to answer questions 1 and 2.
Esters are produced by the reaction between alcohols and carboxylic acids. One particular ester was
distilled to purify it and remove waste products and unused reactants. The purified mixture was placed into
an infrared spectrometer and produced the following spectrum.
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Question 1 (1 mark)
The peak at approximately 1300 cm−1 is caused by:
a. C−H
b. C=O
c. O−H
d. C−O.
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Question 2 (1 mark)
Which of the following statements is correct?
a. The ester is pure.
b. The ester is impure because the presence of a carboxylic acid is shown.
c. The ester is impure because the presence of an alcohol is shown.
d. The ester is impure because both an alcohol and carboxylic acid are shown.

Question 3 (1 mark)
The number of unique 13C NMR environments produced by (CH3)2CHClCH3 is:
a. 1
b. 2
c. 3
d. 4

Question 4 (1 mark)
Which of the following would be seen in a 1H NMR spectrum of (CH3)2CClCH3?
a. Two unique hydrogen environments
b. Two doublets with integration areas in the ratio 6:3
c. A set of seven peaks
d. A singlet

Question 5 (7 mark)
Malic acid, C4H6O5, is used to impart the sour taste in candy. A 10.0 g candy sample was melted and
placed in a 250.0 mL volumetric flask, which was made up to the mark with distilled water. A 25.00 mL
aliquot of the candy/water mixture was placed in a conical flask.

A burette was then filled with 0.0100 M KMnO4 solution and titrated into the dilute candy mixture until
the end point was reached. This was repeated three times until concordant titres were obtained according to
the following reaction.

2 MnO−
4 (aq)+ 5 C4H6O5(aq)+ 6 H+(aq) → 2 Mn2+(aq)+ 5 C4H4O5(aq)+ 8 H2O(l)

The average titre was 15.50 mL.
a. Calculate the average amount, in mol, of malic acid in the 25.00 mL aliquot. 1 mark
b. Calculate the percentage mass (w/w) of malic acid in the 10.0 g sample. 1 mark
c. Another 10.0 g candy sample was quantitatively analysed for its malic acid content using HPLC.

A suitable procedure was then used to liquefy the entire candy sample into a 50.0 mL volume.
A series of malic acid standards were run through the chromatograph and the peak area at Rt of 3

minutes was recorded and used to produce the following calibration graph.

10

12

8

6

4

2

0

2000 400 600

Peak area vs concentration malic acid

800 12001000

P
e

a
k

 a
re

a
 (

m
A

u
)

Concentration mg L–1

384 Jacaranda Chemistry 2 VCE Units 3 & 4 Second Edition

UNCORRECTED PAGE PROOFS



“c10AnalysisOfOrganicCompounds_print” — 2019/8/9 — 14:55 — page 385 — #55

The sample was then run through the column and produced the following chromatogram.
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i. What is the concentration of malic acid in the 50.0 mL sample? 1 mark
ii. What is the percentage mass of malic acid in the 10.0 g candy sample? 2 marks
iii. Suggest and justify a reason as to why the results from the titration and HPLC analysis are quite

different. 2 marks
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