REVISED ADVANCED HIGHER

Unit 3
Organic Chemistry
3.3 Structural Analysis Part 2:
Mass Spectroscopy
Infra-red Spectroscopy
NMR Proton Spectroscopy

Answers to Questions in Notes
Learning Outcomes
Exam Questions & Answers
MODIFIED JUNE 2014

STRUCTURAL ANALYSIS

ANSWERS TO QUESTIONS IN NOTES
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Question 1
A sample of an organic compound with a mass of 1.224 g was completely
burned in oxygen and found to produce 2.340 g of carbon dioxide and
1.433 g of water only. Calculate the empirical formula of the organic
compound.
Answer
Mass of carbon

=

12.0
× 2.340 = 0.638 g
44.0

Mass of hydrogen

=

2.0
×1.433 = 0.159 g
18.0

Mass of oxygen

= 1.224 –(0.638 + 0.159) = 0.427 g

Carbon

Hydrogen

Oxygen

Calculate number
of moles

0.638/12.0 = 0.053

0.159/1.0 = 0.159

0.427/16.0 = 0.0267

Calculate the
mole ratio

0.053/0.0267 = 2

0.159/0.0267 = 6

0.0267/0.0267 = 1

So the empirical formula is C 2 H 6 O.
Question 2
Oxalic acid is found in rhubarb and contains only the elements carbon,
hydrogen and oxygen. When 1.540 g of oxalic acid was burned in oxygen,
1.504 g of CO 2 and 0.310 g of water were formed. Calculate the empirical
formula for oxalic acid. If the molecular mass of oxalic acid is 90.0, what
is its molecular formula?
Answer
Doing a similar calculation to question 1 gives an empirical formula of CHO 2.
Since this adds up to give a formula mass of 45 and the molecular mass is 90,
then the molecular formula must be double the empirical formula, i.e. C 2 H 2 O 4 .
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Question 3
An organometallic compound known as ferrocene contains only the
elements Fe, C and H. When 1.672 g of ferrocene was combusted in
oxygen, 3.962 g of CO 2 and 0.810 g of water were formed. Calculate the
empirical formula of ferrocene.
Answer
FeC 10 H 10
Page 5
Question
Look at the mass spectra of benzoic acid (Figure 108) and methyl benzoate
(Figure 109) and identify the ions responsible for the major peaks in each
case.
Figure 108
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Figure 109

Answer
The four major peaks in the mass spectrum of benzoic acid are:
m/z

Ion responsible

122

C 6 H 5 COOH +

105

C 6 H 5 CO +

77

C6H5+

51

C4H3+

The four major peaks in the mass spectrum of methyl benzoate are:
m/z

Ion responsible

136

C 6 H 5 COOCH 3 +

105

C 6 H 5 CO +

77

C6H5+

51

C4H3+
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Page 9
Question
The spectra below are of ethanoic acid, CH 3 COOH (Figure 112), and
ethanoic anhydride, (CH 3 CO) 2 O (Figure 113). Draw the full structural
formula for both compounds and then determine, giving reasons, which
spectrum is due to which compound.
Figure 112

Figure 113
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Answer
Ethanoic acid has structural
formula:

Ethanoic anhydride has structural
formula:

The main difference in the structures is the presence of the O—H bond in
ethanoic acid.
The main difference in the two spectra is the broad peak at approximately
3200 cm –1 in Figure 113. This is due to the O—H bond, so Figure 113 shows
the spectrum of ethanoic acid.
Pages 14–15
Refer to the spectra on pages 14–15 of 3.3 Structural Analysis.
Question 1
From the following low-resolution NMR spectra and other information
given, suggest a possible structure for each substance. Figure 119 shows
the 1 H NMR spectrum of a hydrocarbon.
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Figure 119

Answer
There are three signals and so there must be three different environments for
the hydrogen atoms. The integral will give the ratio of the atoms causing the
signals.
Chemical shift

Integral

Ratio

7.4 δ

23 mm

5

2.8 δ

9 mm

2

1.4 δ

14 mm

3

Using the correlation tables on page 15 of the Data Booklet, the signal at
7.4 δ (caused by 5 hydrogen atoms) corresponds to aromatic hydrogen atoms.
This is likely to be caused by C 6 H 5 –, a mono-substituted benzene ring.
The signal at 1.4 δ is likely to be caused
by a methyl group, CH 3 –, while that at
2.8 δ is likely to be from a –CH 2 – group.
Putting this all together gives
ethylbenzene.
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Page 17
Question 1

Propan-1-ol.

Page 18
Question 2 a) Propan-2-ol.
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Page 18
Question 2 b) Butane.

Page 18
Question 2 c) But-2-ene.
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Page 18
Question 2 d) Methyl Benzene.
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Page 18

Example 1

Page 19

Example 2
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Page 19

Example 3

Page 20

Example 4

GWATSON KHS

12

REVISED ADVANCED HIGHER

Page 20

Example 5

Page 21

Example 6
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Page 21

Example 7

Page 24
Question
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Figure 125

Answer
(a)

(b)

An aromatic compound containing a benzene ring would give rise to the
six equivalent sets of rings. The slight ‘humps’ on two of these are
hydrogens, and the three large sets of circles are the chlorine atoms as
they have a larger number of electrons. The last set of circles attached
to a carbon atom is an oxygen as it is slightly larger than the carbon
atoms (more electrons) and the slight ‘hump’ on it is a hydrogen, giving
the OH group.

(c)
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LEARNING OUTCOMES
Elemental microanalysis
1

Elemental microanalysis (combustion analysis) can be used to
determine the masses of C, H, S and N in a sample of an organic
compound in order to find the empirical formula.

2

Other elements in the organic compound have to be determined by
other methods.

Mass spectrometry
3

Mass spectrometry can be used to determine the accurate formula
mass and structural features of an organic compound.

4

A conventional mass spectrometer functions in the following
manner.

5

•

The sample is firstly vaporised and then ionised by being
bombarded with electrons.

•

Fragmentation can occur when the energy available is greater
than the molecular ionisation energy.

•

The parent ion and ion fragments are accelerated by an
electric field and then deflected by a magnetic field.

•

The strength of the magnetic field is varied to enable the ions of
all the different mass/charge ratios to be detected in turn. A
mass spectrum is obtained.

Organic compounds can be identified from the very accurate
determination of the relative molecular masses of the parent ion and
the ion fragments.

Infra red spectroscopy
6

Infra-red spectroscopy can be used to identify certain functional
groups in an organic compound.

7

The vibrational energy of a chemical bond is quantised.

8

Infra-red radiation causes parts of a molecule to vibrate. The
wavelengths that are absorbed and cause the vibrations will depend on
the type of chemical bond and the groups or atoms at the ends of
these bonds.
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9

Infra-red radiation is passed through a sample of the organic
compound and then to a detector which measures the intensity
of the transmitted radiation at different wavelengths.

10

Wavelength is expressed in spectra as wavenumber. The unit of
measurement of wavenumber is the reciprocal of wavelength in
centimetres (cm-1).

Nuclear magnetic resonance spectroscopy
11

Low resolution nuclear magnetic resonance spectroscopy (nmr) can
give information about
i)
ii)

12

the different environments of hydrogen atoms in an organic
molecule
how many hydrogen atoms there are in each of these
environments

In high resolution nmr the peaks are split as a result of hydrogen atoms
on adjacent carbons according to the ‘n + 1’ rule:
0 hydrogens
1 hydrogen
2 hydrogens

1 peak
2 peaks
3 peaks

(singlet)
(doublet)
(triplet)

etc

13

Hydrogen nuclei behave like tiny magnets and in a strong magnetic
field some are aligned with the field (lower energy) while the rest
are aligned against it (higher energy).

14

Absorption of radiation in the radio frequency region of the
electromagnetic spectrum will cause the hydrogen nuclei to ‘flip ‘
from the lower energy alignment to the higher one. As they fall back
from the higher to the lower level the emitted radiation is detected.

15

In the nmr spectrum the peak position is related to the environment
of the proton.

16

The area under the peak is related to the number of protons in that
environment

X-ray crystallography
17

X-ray crystallography can be used to determine the precise threedimensional structure of organic compounds.
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18

When a crystal of an organic compound is exposed to X-rays of a
single wavelength the atoms of the crystal act as a diffraction
grating.

19

Electron density maps are produced from the positions and
intensities of the ‘spots’ in the diffraction pattern.

20

From the electron density map the precise location of each atom in
the molecule can be determined and since heavier atoms have more
electrons than lighter ones each atom in the molecule can be
identified.

21

Since a hydrogen atom has a low electron density it is not easily
detected by X-rays.

USING INFRA-RED SPECTRA
❶

The first functional group to look for is the carbonyl group, C = O;
This peak is usually the largest or one of the largest peaks in the
spectrum. It can be anywhere between 1680 and 1750 cm-1
depending on the type of carbonyl compound.
❖

Note that the absence of the C = O stretch automatically
eliminates a large number of possible compounds; alkanones,
alkanals, acids, esters etc.

❖

In addition, Alkanals always give two peaks close together
between 2700 and 2900 cm-1 due to the C⎯H on the CHO.

❖

In addition, Acids also have a very broad peak between 2500
and 3500 cm-1 due to the O⎯H stretch
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❷

The next functional group to look for is the hydroxyl group,
O⎯H between 2500 and 3650 cm-1, again depending on the type
of compound.
❖

The peak in an alkanol and even more in an acid is usually
very broad because of the effect of hydrogen bonding between
such molecules.
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❸

It is risky trying to ‘read too much’ from the fingerprint region,
(below 1500 cm-1) though;
❖

A very busy fingerprint region often signifies aromatic.

❖

Sometimes the C ⎯ O stretch at 1080 to 1280 cm-1 can be
seen. More obvious in ethers (less obvious in some alkanols,
acids, esters etc).

EXAM QUESTIONS
1.

The dominant flavours of chocolate are due to molecules called substituted
pyrazines. These are produced when sugars and amino acids react during the
roasting of cocoa beans.
An example is 2,3-dimethylpyrazine

This compound is responsible for the nutty flavour of chocolate. Other
substances responsible for the distinctive smell of chocolate are aldehydes
including phenylethanal, 2-methylbutanal and 3-methylbutanal.
The low resolution proton NMR spectrum shown is that of one of the aldehydes in
chocolate.

Explain which of the three aldehydes above would give this proton NMR spectrum. 2
2.

5·00 g of an organic compound A was burned completely producing 11·89 g
of CO2 and 6·08 g of H2O as the only products.
a)

Using the information above, calculate the empirical formula of
compound A.
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2 contd
b)

The infra-red spectrum of compound A is shown below.

Which bond is responsible for the peak at 1140 cm–1 ?
c)

The mass spectrum of compound A shows the molecular ion to have a
mass/charge ratio of 74.
Deduce the molecular formula of compound A .

d)

1

1

The high resolution proton NMR spectrum of compound A is shown below.

Using all the above information, deduce a structural formula
for compound A .
3.

1

Mass spectrometry can be used to determine the accurate molecular mass of and
structural featuresof an organic compound. A mass spectroscopy analysis carried out
on a compound containing carbon, hydrogen and possibly oxygen produced a parent
ion with a relative molecular mass of 156.
Using your knowledge of chemistry , suggest the possible molecular formula or
formulae for the parent ion and how the actual structure of the organic compound
could be determined by spectroscopy and/or other chemical techniques.
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4.

Meldrum’s acid is a chemical named after the Scotsman, Andrew N. Meldrum
who was the first to produce it.
Microanalysis showed that Meldrum’s acid has a composition, by mass, of
50% C, 5·6% H, 44·4% O.
a)
b)

Use the percentage composition to calculate the empirical
formula of Meldrum’s acid.(Working must be shown)

1

Meldrum initially thought the structure was

The structure was later shown to be the isomer of A shown below.

i)

What is the molecular formula of A and B?

ii)

The infra-red spectrum of isomer A would show a strong
absorbance not shown by isomer B.
Identify the wave number range, in cm–1, where this
absorbance occurs.

5.

1

1

Compound A has molecular formula C4 H10O.
a)

To which two classes of organic compounds could A belong?

b)

Compound A reacts with acidified potassium dichromate solution to
form B which has molecular formula C4H8O.
The proton nmr spectrum of B shows three peaks. Analysis of this
spectrum produces the following data.
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5 b) contd

Considering all the evidence above:

6.

i)

draw a structural formula for B ;

1

ii)

name A .

1

Spectra of an organic compound A are shown below.
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a)

Compound A has empirical formula C2H4O.
Using this information and the mass spectrum,
deduce the molecular formula of A.

b)

c)
d)

1

The absorption peak at 1745 cm−1 in the infra-red spectrum
can be used to help identify A.
i)

Which bond is responsible for this absorption?

1

ii)

Which type of compound is A?

1

Draw the structure of the ion fragment responsible for the
peak at m/z 57 in the mass spectrum.

1

Considering all the evidence, including the proton nmr
spectrum, name compound A.

1
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EXAM QUESTIONS - ANSWERS
1.

2.

a)

b)

c)
d)
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3.

4.

a)

b ) i)
b ) ii)

5.

a)

b ) i)

ii)
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6.

a)

b ) i)

b ) ii)

c)

d)
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