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NCEA Level 3 material covered in this chapter helps to meet the requirements 
for Achievement Standard 91388 (Chemistry 3.2) ‘Demonstrate understanding of 
spectroscopic data in chemistry’, through examining the following.
•	 IR spectroscopy.

Spectroscopy is the study of the way electromagnetic radiation interacts with matter.

A spectrometer is an instrument used for viewing the results of the interaction between 
electromagnetic radiation and a sample.

To understand spectroscopy, it is important to consider the electromagnetic spectrum. 
Electromagnetic radiation is a form of energy that shows wavelike behaviour as it passes 
through space. The electromagnetic spectrum is divided into regions that depend on the 
frequency (or wavelength) and therefore the energy of the radiation.

Gamma rays X-rays Ultra-
violet

Infrared Radio waves

Radar TV FM AM

0.0001 nm 0.01 nm 10 nm 1 000 nm 0.01 cm 1 cm 1 m 100 m

Increasing energy

Increasing wavelength

As the wavelength of the wave decreases, the frequency and the energy of the wave 
increase.

There are a number of different spectroscopic techniques that make it possible to identify 
molecular substances. Two of these techniques are:

•	 Ir – infrared spectroscopy
•	 NMr – nuclear magnetic resonance spectroscopy.
Another analytical technique, called mass spectrometry, is also commonly used. This 
does not use electromagnetic radiation but rather involves ionising molecules and 
splitting them into fragments. The mass of the ions can be determined and used to identify 
the molar mass of the molecule as well as provide information about the way in which the 
parts of the molecule are put together – i.e. the structure of the molecule.
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Infrared spectroscopy
IR spectroscopy involves interaction between a molecule and radiation from the IR region 
of the electromagnetic spectrum.

An IR spectrum shows energy transmitted (or alternatively absorbed) plotted against 
wavenumber (units cm–1), where the wavenumber is the inverse of the wavelength (

λ
1

). A 
short wavelength of high energy has a high wavenumber.

Molecules absorb radiation in the mid-infrared region, 4 000 cm–1 to 400 cm–1, because of 
the vibrations of their covalent bonds. These bonds act like stiff springs that bend, stretch 
and	twist	–	but	only	in	specific	amounts	corresponding	to	specific	energies.	For	a	bond	
vibration to absorb IR radiation, it must result in a change in the dipole moment of the 
molecule as a result of the asymmetric change in the electron density.

There are a number of different types of bond vibration, but the simplest of these are the 
bending and stretching vibrations. Three types of vibration follow.

Bending Asymmetric stretch Symmetric stretch

The wavenumber at which radiation is absorbed is characteristic of the type of bond 
present and the type of vibration occurring.

Diatomic molecules (such as HCl or H2) can only have one type of bond vibration – 
stretching vibration. In the case of H2, the stretching of the bond does not result in a 
change in the bond dipole, so H2 does not absorb in the infrared region.

δ+   δ–

H−Cl H−H

← → ← →
Stretching involves a change in bond 

dipole – IR active
Stretching involves no change in bond 

dipole – IR inactive

Carbon dioxide, CO2, is a triatomic molecule and therefore can have all three types of 
vibration. Despite this, one of these, the symmetric stretch, is inactive, and does not result 
in a peak.
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		δ– δ+ δ– 		δ– δ+ δ– 		δ– δ+ δ–

O=C=O O=C=O O=C=O

← → →	← → ↑  ↓  ↑

Symmetric stretch – no 
change in dipole moment 
or symmetry of molecule 

on stretching as both 
C=O bonds in opposite 

directions

Asymmetric stretch – dipole 
moment changes due to 

change in symmetry when 
O atoms move in same 

direction

Bending vibration – dipole 
moment and polarity of 
molecule changes on 

bending

Factors affecting energy of vibrations
The following three factors affect the energy of bond vibrations, and hence the 
wavenumber of the peaks in the IR spectrum.

•	 Type of vibration
  It is easier to bend a covalent bond than stretch it, which means bending occurs at 

lower energy (lower wavenumber) than stretching.

 C–H bend in an alkane absorbs energy at about 1 400 cm–1

 C–H stretch in an alkane absorbs at about 2 900 cm–1

•	 Type of bond (single, double or triple) and hence strength of the bond
  A double bond takes more energy to stretch than a single bond, and therefore the 

absorption in the IR spectrum occurs at a higher wavenumber.

 C–O bond absorbs at about 1 100 cm–1

 C=O bond absorbs at about 1 750 cm–1

• The mass of the atoms linked by the covalent bond
  The heavier the atom, the lower the frequency and therefore the lower the energy of 

the vibration.

 C–Cl bond absorbs at about 700 cm–1

 C–Br bond absorbs at about 550 cm–1

  The very small mass of a hydrogen atom means that vibrations for bonds to hydrogen 
will have higher energies, e.g. C–H stretch has an energy of about 2 900 cm–1.

Interpreting an Ir spectrum
The IR spectrum obtained by passing infrared radiation through an organic compound is 
shown by plotting % transmittance (or simply transmittance) at different wavenumbers. 
Each trough (upside-down peak) is called a band or peak. Each type of bond (or 
functional group) absorbs infrared radiation over a typical but narrow range of 
wavenumbers that varies depending on the neighbouring atoms to which the bond/
functional group is attached.

The shape of each band in the spectrum can be described as broad (wide) or sharp 
(narrow).
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The IR spectrum can be split into the functional group region (1 500 – 4 000 cm–1) and 
the fingerprint region (<1 500 cm–1) – as shown in the IR spectrum for propan-2-ol, 
CH3  CH  CH3

 OH

, following.

Wavenumber (cm–1)

Functional group region

Fingerprint region
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In	the	‘fingerprint’	region	(400–1	500	cm–1), most compounds have quite complex 
IR spectra. Often, these are due to bending vibrations. An unknown compound can 
be	identified	if	this	fingerprint	region	of	the	spectrum	is	the	same	as	that	of	a	known	
compound.

Most of the information regarding the structure of a molecule is gained from the 
‘functional group’ region of the spectrum. The functional groups present in the molecule 
can	be	identified	because	the	stretching	frequency	of	C=O,	C–H,	C=C,	C–O	and	O–H	
bonds absorb at different frequencies, the exact frequency depending on the neighbouring 
atoms to which the group is attached.

The spectrum of any molecule with an O–H group will usually have a very broad (wide) 
and characteristic peak at about 3 200–3 500 cm–1 (as shown in the preceding spectrum 
for propan-2-ol) – this is due to the presence of intermolecular hydrogen bonding that 
pulls some electron density away from the O–H bond, lowering the frequency of the 
stretch.

The wavenumber for the N–H stretch in an amine or amide is in a similar region to that 
of the O–H stretch, but the absorption is sharper (less broad) and not as strong. This is 
because the N–H bond is less polar than the O–H bond due to the lower electronegativity 
of nitrogen compared with oxygen. If the amine is a primary amine, the band will be a 
pair of peaks between 3 400 cm–1 and 3 500 cm–1, whereas a secondary amine only has a 
single peak at 3 100 cm–1 to 3 300 cm–1.
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NCEA Level 3 Chemistry material covered in this chapter helps to meet the requirements 
for Achievement Standard 91391 (Chemistry 3.5) ‘Demonstrate understanding of the 
properties of organic compounds’, through examining the following.
•	 Structures and systematic naming of aldehydes and ketones using IUPAC conventions.
•	 	Oxidation reactions of aldehydes using the reagents MnO4

–/H+, Cr2O7
2–/H+, Tollens’ 

reagent, Fehling’s solution and Benedict’s solution.
•	 Reduction	reactions	of	aldehydes	and	ketones	using	NaBH4.

Introduction 
Aldehydes and ketones are known as carbonyl compounds 
because they contain the carbonyl group, C=O. The carbon-to-
oxygen double bond is polar:

δ+ δ–
C  O

Names and structures

Aldehydes
The systematic name for aldehydes is alkanals, but the name aldehyde is widely used. 
Aldehyde is derived from alcohol dehydrogenated. 

The aldehydes are a homologous series with the carbonyl 
group, C  O, on the end carbon atom along with a hydrogen 
atom, H, forming a CHO functional group. Aldehydes have the 
general formula CnH2n+1CHO or R–CHO:

δ+ δ–
C  O

R

H

   or    R–CHO

Aldehydes are named as follows.

• Change the e of the alkane to al. 
•	 Methanal,	ethanal	and	propanal	are	the	first	members	of	the	aldehydes	with	one,	two	

and three carbon atoms respectively.
• Any alkyl groups on the parent chain are indicated by numbering the carbon atoms 

from the carbon of the CHO group.
•	 The	prefixes	

di and tri 
are used to 
indicate more 
than one alkyl 
group.

example
Name 
Ch3Ch2Ch(Ch3)ChO
This is a branched-chain aldehyde. Its 
structural formula is:

 H H H  O

H  C4  C3  C2  C1 

 H H CH3  H

The common name for methanal, H  C
O

H
 or HCHO, is formaldehyde.

The common name for ethanal, CH3C
O

H
 or CH3CHO, is acetaldehyde.

Aldehydes and ketones

ChAPTer

14
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It is named as follows:
•	 	there	are	four	carbon	atoms	in	the	longest	continuous	chain	containing	the	–CHO	

group, hence butanal
•	 	there	is	a	methyl	group,	CH3, attached to the 2nd atom from the –CHO carbon, 

giving 2-methyl
The name of CH3CH2CH(CH3)CHO is 2-methylbutanal

Ketones
Alkanone is the systematic name for the ketones. Many ketones are 
used as solvents. The functional group C=O of a ketone is not an 
end carbon. This means that ketones always have two alkyl groups 
attached to the carbon atom of the carbonyl (C=O) group.

δ+ δ–
C  O

R

R'

Ketones are named as follows.

•	 They	have	the	suffix	one replacing the e of alkane.

• Propanone, CH3 C CH3

O
, and butanone, 

CH3 C CH2CH3

O
,	are	the	first	two	members	of

 the ketones. Propanone is commonly known as acetone.
•	 For	ketones	with	five	or	more	carbon	atoms,	a	number	is	used	to	identify	the	position	

of the carbon of the carbonyl group.

example
CH3COCH2CH2CH3 is pentan-2-one; CH3CH2COCH2CH3 is pentan-3-one.

• Any alkyl groups on the parent chain are indicated by numbering.
•	 The	prefixes	di and tri are used to indicate more than one alkyl group.

example

Naming ketones, e.g. Ch3COCh(Ch3)Ch2Ch3

Inspection shows that the molecule below is a 
branched-chain ketone:

 H  CH3 H H

H  C1  C2  C3  C4  C5  H

 H O H H H
•	 the	parent	chain	is	five	carbons	long,	thus	pentan
•	 the	carbonyl	group	C=O	is	present,	thus	pentanone
•	 	the	carbon	forming	the	functional	group	is	the	2nd	carbon	(C2), thus pentan-2-one
•	 	the	third	carbon	(C3) has a methyl group attached, hence 3-methyl
The name of CH3COCH(CH3)CH2CH3 is therefore 3-methylpentan-2-one

Activity 14A: Names and structures of aldehydes and ketones Ans p. 344

1. Draw the formulae indicated in brackets for each of the following compounds:
 a. methanal (structural)
 b. hexan-2-one (structural)
 c. 2-methylpentanal (molecular and structural)
 d. 3-methylpentan-2-one (molecular and structural)
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2. Name CH3CH2CH2  C  CH3

O 
3. Two structural isomers of C4H8O are aldehydes and one is a ketone. For each of 

these three compounds, give the structural formula and write the IUPAC name.  

Bonding, properties and uses
In aldehyde and ketone molecules, there are relatively strong intermolecular forces due to 
the polarity of the carbonyl group. There is no hydrogen bonding between aldehyde and 
ketone molecules, as there is no H atom attached to an oxygen atom.

Melting and boiling points
The melting and boiling points of the aldehydes and ketones increase with increasing 
molar mass. At room temperature methanal is a gas. Most ketones and aldehydes are 
volatile	liquids	with	definite	odours:

• aldehydes tend to have unpleasant, pungent smells
• ketones tend to have more pleasant, sweeter smells.

Solubility
The oxygen of the carbonyl group has a lone pair 
of electrons, which means the aldehyde or ketone 
molecules do form hydrogen bonds with the 
hydrogen atoms of water molecules:

CH3C
O

H
H

H  Oδ+
δ+δ– δ–

• C1–C3 aldehydes are soluble, C4–C6 aldehydes slightly soluble
• C3 and C4 ketones are soluble, C5 ketones only slightly soluble.
Aldehydes and ketones tend to be soluble in non-polar solvents due to their non-polar 
alkyl groups.

Uses
• Formalin, a solution of about 40% methanal and 60% water, is used as a preservative 

and disinfectant.
• Propanone (acetone) is a major industrial solvent.

Activity 14B: Bonding, properties and uses of aldehydes and ketones Ans p. 344

1. Explain why aldehydes have higher melting and boiling points than alkanes of 
similar molar mass have.

2. a.  Explain why the solubility of aldehydes in water decreases as the molar mass of 
the aldehyde increases.

 b.  Discuss whether you expect the solubility of ketones to decrease in the same way.
3. Discuss, with reasons, the differences in the boiling points (bp) of:
 ethanol (M = 46 g mol–1), bp = 78 °C, and ethanal (M = 44 g mol–1), bp = 21 °C
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Preparation of carbonyl compounds
Preparation of aldehydes
Aldehydes are prepared from the oxidation of primary alcohols. In practice, the aldehydes 
are themselves often then oxidised to a carboxylic acid.

example
Oxidation of ethanol
  

Cr2O7
2–/H+

  
Cr2O7

2–/H+

 CH3CH2OH  CH3C
O

H
  CH3C

O

O  H
 ethanol  ethanal  ethanoic acid
To prevent the oxidation of ethanol to ethanoic acid, the ethanal is removed from 
the reaction vessel as it is formed. This is done by adding the mixture of ethanol and 
aqueous dichromate dropwise to a hot solution of sulfuric acid.

temperature-controlled
hot plate

water out

cold water in

ethanal

hot sulfuric acid
sand bath

mixture of 
CH3CH2OH 
and aqueous 
Cr2O7

2–

Preparation of ethanal

Depending on their boiling point, other aldehydes can be prepared in a similar manner.

Preparation of ketones
Ketones are prepared by oxidising secondary alcohols. 

example
Preparation of pentan-2-one
To prepare pentan-2-one, oxidise pentan-2-ol:
  Cr2O7

2–/H+

 CH3CH2CH2CHCH3

OH

  CH3CH2CH2CCH3

O

 pentan-2-ol 

warm

 pentan-2-one
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Achievement Standard 91387 (Chemistry 3.1)
Carry out an investigation in chemistry involving quantitative analysis

Activity 1: Titration calculations (page 10)
1. a. 5.625 × 10–4 mol  b. 2.813 × 10–3 mol  c. (0.1406) 0.141 mol L–1

 d. Colourless to pink. 
2. 0.0703 mol L–1

3. a. 0.528 g    b. 1.16% 
4. a.  Starch forms a dark blue complex with iodine, and a sharp colour change from 

blue to colourless is observed at the equivalence point. 
 b. 0.306 mol L–1   c. 15.8 g L–1

5. Vaverage(S2O3
2–) = 

3

(24.55 + 24.65 + 24.60)
 = 24.6 mL

 n(S2O3
2–) = 0.102 mol L–1 × 0.0246 L = 2.51 × 10–3 mol

 n(Cu2+) in 25 mL = n(S2O3
2–) = 2.51 × 10–3 mol

 n(Cu2+) in 250 mL = 2.51 × 10–2 mol = n(Cu) in brass
 m(Cu) = 2.51 × 10–2 mol × 63.6 g mol–1 = 1.60 g
 %Cu = 74.2% 

While	answers	to	each	step	are	given	to	3	s.f.,	the	final	answer	was	obtained	by	
carrying	all	significant	figures	on	the	calculator.

Achievement Standard 91388 (Chemistry 3.2)
Demonstrate understanding of spectroscopic data in chemistry

Activity 2: Interpreting Ir spectra (page 21)
1. C–O at 1 290 cm–1, C–H at 2 960 cm–1, C=O at 1 700 cm–1 and O–H broad peak at 

3 100 cm–1

2. The	first	spectrum	is	that	of	the	alcohol,	as	it	has	the	broad	peak	at	3	340	cm–1 and no 
peak at 1 700–1 750 cm–1, whereas the second spectrum is the opposite and must be 
the aldehyde.

3. The peak at about 3 000 cm–1 is a C–H stretch, at 1 740 cm–1 a C=O stretch, and at 
1 200 cm–1 a C–O stretch.

4. Spectrum A is propanamide – from the N–H stretch (pair or peaks) at 
3 200 – 3 300 cm–1 and also C=O peak at 1 650 cm–1; Spectrum B is propanoyl 
chloride – sharp C=O peak at 1 800 cm–1 and no N–H peak at about 3 300 cm–1; 
Spectrum C is propan-2-amine – has N–H stretch peaks at about 3 300 cm–1 and no 
C=O stretch at 1 700–1 800 cm–1

Activity 3: Interpreting 13C NMr spectra (page 29)
1. a. 2-methylpropanal or 2-methylpropanoic acid
 b. 2,2-dimethylpropan-1-ol or pentan-3-ol
 c. 2-ethylbut-1-ene or 3,3-dimethylbut-1-ene
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chloroalkane 97, 153, 157–60, 165
chlorofluorocarbons	(CFCs) 53, 160
cis isomers 139
collagen 196
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