
nmr spectroscopy
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nmr spectroscopy
NMR spectroscopy is the most powerful tool for 
characterizing organic molecules, because it can 
be used to identify the carbon–hydrogen 
framework in a compound.  

NMR provides some of the most direct evidence 
for their structures.
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nmr spectroscopy
Unlike IR & mass spectroscopy, a particular NMR 
spectrum, usually, gives us a unique molecular 
structure. 

Peaks in the NMR spectrum correspond to groups 
of protons (hydrogen atoms) in different chemical 
environments. 
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It can also be seen from the NMR spectrum of propanal that the 
peaks are different sizes.The areas under the peaks are proportional to the 
number of H atoms in each environment.Thus, the area under the red 
peak is twice (2 H in this environment) the area under the blue peak (1 
H in this environment) and the area under the green peak (3 H in this 
environment) is three times that under the blue peak.

The NMR spectrometer can work out the area under each peak 
to produce the integration trace.The vertical heights of the steps 
in the integration trace are proportional to the number of Hs in each 
environment (Figure A18).

The horizontal scale on NMR spectra is the chemical shift, which is 
given the symbol E and has units of parts per million (ppm).This provides 
information about the environments that the protons are in. Protons in 
different chemical environments will have different chemical shifts.
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To determine the ratio of the 
number of H atoms in each 
environment, you must measure 
the vertical height of each step in 
the integration trace and divide by 
the smallest length.

Peaks in the NMR spectrum 
correspond to groups of protons 
(hydrogen atoms) in different 
chemical environments.

nmr spectrum of propanal!4
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It can also be seen from the NMR spectrum of propanal that the 
peaks are diff erent sizes. The areas under the peaks are proportional to the 
number of H atoms in each environment. Thus, the area under the red 
peak is twice (2 H in this environment) the area under the blue peak (1 
H in this environment) and the area under the green peak (3 H in this 
environment) is three times that under the blue peak.

The NMR spectrometer can work out the area under each peak 
to produce the integration trace. The vertical heights of the steps 
in the integration trace are proportional to the number of Hs in each 
environment (Figure A18).

The horizontal scale on NMR spectra is the chemical shift, which is 
given the symbol E and has units of parts per million (ppm). This provides 
information about the environments that the protons are in. Protons in 
diff erent chemical environments will have diff erent chemical shifts.
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To determine the ratio of the 
number of H atoms in each 
environment, you must measure 
the vertical height of each step in 
the integration trace and divide by 
the smallest length.

Peaks in the NMR spectrum 
correspond to groups of protons 
(hydrogen atoms) in diff erent 
chemical environments.

nmr spectrum of propanal
The three peaks correspond to three 
different chemical environments for the 
protons (1H) in the molecule.
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It can also be seen from the NMR spectrum of propanal that the 
peaks are diff erent sizes. The areas under the peaks are proportional to the 
number of H atoms in each environment. Thus, the area under the red 
peak is twice (2 H in this environment) the area under the blue peak (1 
H in this environment) and the area under the green peak (3 H in this 
environment) is three times that under the blue peak.

The NMR spectrometer can work out the area under each peak 
to produce the integration trace. The vertical heights of the steps 
in the integration trace are proportional to the number of Hs in each 
environment (Figure A18).

The horizontal scale on NMR spectra is the chemical shift, which is 
given the symbol E and has units of parts per million (ppm). This provides 
information about the environments that the protons are in. Protons in 
diff erent chemical environments will have diff erent chemical shifts.
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To determine the ratio of the 
number of H atoms in each 
environment, you must measure 
the vertical height of each step in 
the integration trace and divide by 
the smallest length.

Peaks in the NMR spectrum 
correspond to groups of protons 
(hydrogen atoms) in diff erent 
chemical environments.

nmr spectrum of propanal
H atoms joined to the same C atom are said 
to be chemically equivalent (or just 
‘equivalent’).
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It can also be seen from the NMR spectrum of propanal that the 
peaks are diff erent sizes. The areas under the peaks are proportional to the 
number of H atoms in each environment. Thus, the area under the red 
peak is twice (2 H in this environment) the area under the blue peak (1 
H in this environment) and the area under the green peak (3 H in this 
environment) is three times that under the blue peak.

The NMR spectrometer can work out the area under each peak 
to produce the integration trace. The vertical heights of the steps 
in the integration trace are proportional to the number of Hs in each 
environment (Figure A18).

The horizontal scale on NMR spectra is the chemical shift, which is 
given the symbol E and has units of parts per million (ppm). This provides 
information about the environments that the protons are in. Protons in 
diff erent chemical environments will have diff erent chemical shifts.
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To determine the ratio of the 
number of H atoms in each 
environment, you must measure 
the vertical height of each step in 
the integration trace and divide by 
the smallest length.

Peaks in the NMR spectrum 
correspond to groups of protons 
(hydrogen atoms) in diff erent 
chemical environments.

nmr spectrum of propanal
The areas under the peaks are proportional 
to the number of H atoms in each 
environment.
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number of peaks 
The number of NMR peaks is equal to the number 
of different types of protons in a compound.  

In many compounds, deciding whether two 
protons are in identical or different environments is 
intuitive. 
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1H environments
Any CH3 group is different from any CH2 group, 
which is different from any CH group in a molecule. 

Two CH3 groups may be identical (as in CH3OCH3) 
or different (as in CH3OCH2CH3), depending on 
what each CH3 group is bonded to. 

!9

1H environments in propanal

H atoms joined to the same C atom are said to be 
chemically equivalent (or just ‘equivalent’).
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It can also be seen from the NMR spectrum of propanal that the 
peaks are diff erent sizes. The areas under the peaks are proportional to the 
number of H atoms in each environment. Thus, the area under the red 
peak is twice (2 H in this environment) the area under the blue peak (1 
H in this environment) and the area under the green peak (3 H in this 
environment) is three times that under the blue peak.

The NMR spectrometer can work out the area under each peak 
to produce the integration trace. The vertical heights of the steps 
in the integration trace are proportional to the number of Hs in each 
environment (Figure A18).

The horizontal scale on NMR spectra is the chemical shift, which is 
given the symbol E and has units of parts per million (ppm). This provides 
information about the environments that the protons are in. Protons in 
diff erent chemical environments will have diff erent chemical shifts.

8

=D =

=
=8 8

==

&% . - , + * ) ( ' & %

X]Zb^XVa�h]^[i��D��$�eeb

;^\jgZ�6&,� I]Z�adl"gZhdaji^dc�CBG�heZXigjb�d[�egdeVcVa#

8

=D =

=

&

=
(

8 8

==

'

&% . - , + * ) ( ' & %

X]Zb^XVa�h]^[i��D��$�eeb

^ciZ\gVi^dc
igVXZ

;^\jgZ�6&-� I]Z�^ciZ\gVi^dc�igVXZ�Vaadlh�jh�id�ldg`�dji�i]Z�gVi^d�d[�i]Z�cjbWZg�d[�
egdidch�^c�ZVX]�Zck^gdcbZci#

To determine the ratio of the 
number of H atoms in each 
environment, you must measure 
the vertical height of each step in 
the integration trace and divide by 
the smallest length.

Peaks in the NMR spectrum 
correspond to groups of protons 
(hydrogen atoms) in diff erent 
chemical environments.

 butanal

Butanal has three different environments for the 
protons, and the number of hydrogen in each 
environment is given on top.
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Chemical shift values are measured relative to tetramethylsilane (TMS): =A
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The protons in TMS are assigned a chemical shift of 0.00 ppm, and 
chemical shifts are measured relative to this.

TMS was chosen as the standard as it has 12 protons all in the same 
environment (therefore it gives a strong signal when only a small amount 
is added), and the chemical shift of the protons in TMS is at a lower 
value than the protons in virtually all organic molecules (therefore TMS 
fi xes the lower end of the scale). The position of the chemical shift is also 
such that it is well away from the chemical shifts of protons in organic 
molecules, so the signal due to TMS does not overlap with the signals of 
protons in which we are interested.

I]Z�cjbWZg�d[�Y^[[ZgZci�Zck^gdcbZcih�[dg�=�
VcY�i]Z�gZaVi^kZ�cjbWZgh�d[�=�Vidbh�^c�ZVX]�
Zck^gdcbZci
To work out the number of environments for H, you must consider whether 
or not the molecule is symmetrical. If the molecule is not symmetrical, H 
atoms on each diff erent atom will be in diff erent chemical environments.

The NMR spectrum for pentan-3-one (Figure A19) shows two peaks 
(not counting TMS). There are only two diff erent chemical environments 
for the protons in pentan-3-one, as the molecule is symmetrical. The 
six hydrogens shown in green are equivalent – all in the same chemical 
environment and the four Hs shown in red are also equivalent to each other. 
The height of the steps in the integration trace are in the ratio 2 :  3, as there 
are four Hs in one environment and six Hs in the other environment.

Butanal has three diff erent environments for the protons, and the ratio 
of the number of hydrogen in each environment (ratios of the areas under 
the peaks) is 3 :  2 :  3.

TMS is a reference standard to fi x 
the chemical shift scale. A small 
amount of TMS is added to the 
sample before the NMR spectrum 
is recorded.

Other reasons for using TMS are 
that it is non-toxic and inert.
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There are only three peaks in the NMR spectrum of propan-2-ol, 
because the molecule is symmetrical; the six Hs in the two CH3 groups 
are equivalent. The ratio of the number of protons in each environment is 
6 : 1 : 1 (Figure A20a). In general, the Hs on CH3 groups attached to the 
same C atom will be equivalent, so that there are only two environments 
in 2-methylpropan-2-ol (Figure A20b).

1H environments!12



example 2 

Each CH3 group is bonded to the same (—OCH3), 
making both CH3 groups equivalent. 
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example 3 

The Hs of the CH3 are different from the Hs of the 
CH2
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example 4 

The Hs of the CH2 group are different from those in 
each CH3 group. The two CH3 groups are also 
different from each other; one CH3 group is bonded 
to —OCH2CH3 and the other is bonded to —CH2OCH3. 
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skill check 1

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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7 Suggest the number of peaks and the ratio between the areas under the peaks in the 

NMR spectrum of each of the following:
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Some more examples are given here:

Cd#�d[�Y^[[ZgZci�X]Zb^XVa�
Zck^gdcbZcih�[dg�=

GVi^d�d[�cd#�d[�=�Vidbh�
^c�ZVX]�Zck^gdcbZci
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skill check 2

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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NMR spectrum of each of the following:
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Some more examples are given here:
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different 1H environments
To work out the number of environments for 1H, 
you must consider whether or not the molecule is 
symmetrical.  

If the molecule is not symmetrical, H atoms on each 
different atom will be in different chemical 
environments. 
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1H environments in pentan-3-one

There are only two different chemical environments 
for the protons in pentan-3-one, as the molecule is 
symmetrical.
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Chemical shift values are measured relative to tetramethylsilane (TMS): =A
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The protons in TMS are assigned a chemical shift of 0.00 ppm, and 
chemical shifts are measured relative to this.

TMS was chosen as the standard as it has 12 protons all in the same 
environment (therefore it gives a strong signal when only a small amount 
is added), and the chemical shift of the protons in TMS is at a lower 
value than the protons in virtually all organic molecules (therefore TMS 
fi xes the lower end of the scale). The position of the chemical shift is also 
such that it is well away from the chemical shifts of protons in organic 
molecules, so the signal due to TMS does not overlap with the signals of 
protons in which we are interested.

I]Z�cjbWZg�d[�Y^[[ZgZci�Zck^gdcbZcih�[dg�=�
VcY�i]Z�gZaVi^kZ�cjbWZgh�d[�=�Vidbh�^c�ZVX]�
Zck^gdcbZci
To work out the number of environments for H, you must consider whether 
or not the molecule is symmetrical. If the molecule is not symmetrical, H 
atoms on each diff erent atom will be in diff erent chemical environments.

The NMR spectrum for pentan-3-one (Figure A19) shows two peaks 
(not counting TMS). There are only two diff erent chemical environments 
for the protons in pentan-3-one, as the molecule is symmetrical. The 
six hydrogens shown in green are equivalent – all in the same chemical 
environment and the four Hs shown in red are also equivalent to each other. 
The height of the steps in the integration trace are in the ratio 2 :  3, as there 
are four Hs in one environment and six Hs in the other environment.

Butanal has three diff erent environments for the protons, and the ratio 
of the number of hydrogen in each environment (ratios of the areas under 
the peaks) is 3 :  2 :  3.

TMS is a reference standard to fi x 
the chemical shift scale. A small 
amount of TMS is added to the 
sample before the NMR spectrum 
is recorded.

Other reasons for using TMS are 
that it is non-toxic and inert.
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There are only three peaks in the NMR spectrum of propan-2-ol, 
because the molecule is symmetrical; the six Hs in the two CH3 groups 
are equivalent. The ratio of the number of protons in each environment is 
6 : 1 : 1 (Figure A20a). In general, the Hs on CH3 groups attached to the 
same C atom will be equivalent, so that there are only two environments 
in 2-methylpropan-2-ol (Figure A20b).

1H environments in pentan-3-one

The six Hs shown on the two CH3 are equivalent – 
all in the same chemical environment & the four Hs 
on the two CH2 are also equivalent to each other.
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Chemical shift values are measured relative to tetramethylsilane (TMS): =A
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The protons in TMS are assigned a chemical shift of 0.00 ppm, and 
chemical shifts are measured relative to this.

TMS was chosen as the standard as it has 12 protons all in the same 
environment (therefore it gives a strong signal when only a small amount 
is added), and the chemical shift of the protons in TMS is at a lower 
value than the protons in virtually all organic molecules (therefore TMS 
fi xes the lower end of the scale). The position of the chemical shift is also 
such that it is well away from the chemical shifts of protons in organic 
molecules, so the signal due to TMS does not overlap with the signals of 
protons in which we are interested.

I]Z�cjbWZg�d[�Y^[[ZgZci�Zck^gdcbZcih�[dg�=�
VcY�i]Z�gZaVi^kZ�cjbWZgh�d[�=�Vidbh�^c�ZVX]�
Zck^gdcbZci
To work out the number of environments for H, you must consider whether 
or not the molecule is symmetrical. If the molecule is not symmetrical, H 
atoms on each diff erent atom will be in diff erent chemical environments.

The NMR spectrum for pentan-3-one (Figure A19) shows two peaks 
(not counting TMS). There are only two diff erent chemical environments 
for the protons in pentan-3-one, as the molecule is symmetrical. The 
six hydrogens shown in green are equivalent – all in the same chemical 
environment and the four Hs shown in red are also equivalent to each other. 
The height of the steps in the integration trace are in the ratio 2 :  3, as there 
are four Hs in one environment and six Hs in the other environment.

Butanal has three diff erent environments for the protons, and the ratio 
of the number of hydrogen in each environment (ratios of the areas under 
the peaks) is 3 :  2 :  3.

TMS is a reference standard to fi x 
the chemical shift scale. A small 
amount of TMS is added to the 
sample before the NMR spectrum 
is recorded.

Other reasons for using TMS are 
that it is non-toxic and inert.
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There are only three peaks in the NMR spectrum of propan-2-ol, 
because the molecule is symmetrical; the six Hs in the two CH3 groups 
are equivalent. The ratio of the number of protons in each environment is 
6 : 1 : 1 (Figure A20a). In general, the Hs on CH3 groups attached to the 
same C atom will be equivalent, so that there are only two environments 
in 2-methylpropan-2-ol (Figure A20b).



similar 1H environments
A good way to compare two H atoms, replace each 
H by Cl, and examine the substitution products that 
result. If the names are different after substituting 
the Cl in both cases, they are two different H 
environments. 
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pentane
different H environments in CH3CH2CH2CH2CH3 

!22

Apago PDF Enhancer

 14.2  1H NMR: Number of Signals 499

• CH3OCH3: Each CH3  group is bonded to the same group ( – OCH3 ), making both CH3  
groups equivalent. 

• CH3CH2Cl: The protons of the CH3  group are different from those of the CH2 group.
• CH3OCH2CH3: The protons of the CH2 group are different from those in each CH3  group. 

The two CH3  groups are also different from each other; one CH3  group is bonded to 
– OCH2CH3  and the other is bonded to – CH2OCH3 .

In some cases, it is less obvious by inspection if two protons are equivalent or different. To rig-
orously determine whether two protons are in identical environments (and therefore give rise to 
one NMR signal), replace each H atom in question by another atom Z (for example, Z = Cl). If 
substitution by Z yields the same compound or enantiomers, the two protons are equivalent, as 
shown in Sample Problem 14.2.

 Sample Problem 14.2 How many different kinds of H atoms does CH3CH2CH2CH2CH3 contain?

Solution
In comparing two H atoms, replace each H by Z (for example, Z = Cl), and examine the substitution 
products that result. The two CH3 groups are identical because substitution of one H by Cl gives 
CH3CH2CH2CH2CH2Cl (1-chloropentane). There are two different types of CH2 groups, because 
substitution of one H by Cl gives two different products: 

CH3CHCH2CH2CH3

Cl

CH3CH2CHCH2CH3

Cl

2-chloropentane 3-chloropentane

CH3CH2CH2CH2CH3 CH3CH2CH2CH2CH3

Ha

Hb

Hc Ha

Hb

different H's

different products

Thus, CH3CH2CH2CH2CH3 has three different types of protons and gives three NMR signals.

Figure 14.2 gives the number of NMR signals exhibited by four additional molecules. 
All protons—not just protons bonded to carbon atoms—give rise to NMR signals. Ethanol 
(CH3 CH2OH), for example, gives three NMR signals, one of which is due to its OH proton.

 Problem 14.3 How many 1H NMR signals does each compound show?
a. CH3CH3 c. CH3CH2CH2CH3  e. CH3CH2CO2CH2CH3 g. CH3CH2OCH2CH3

b. CH3CH2CH3 d. (CH3)2CHCH(CH3)2 f. CH3OCH2CH(CH3)2 h. CH3CH2CH2OH

 Problem 14.4 How many different types of protons does CH3CH2CH2CH2CH2CH2CH2CH2Cl contain?

 14.2B Determining Equivalent Protons in Alkenes and Cycloalkanes
To determine equivalent protons in cycloalkanes and alkenes that have restricted bond rotation, 
always draw in all bonds to hydrogen. 

Cl

H

H

H

H

Cl

H C
H

Cl H

H
ClCH CH2Draw DrawNOT NOTC

tert-Butyl methyl ether 
[CH3OC(CH3)3] (Section 14.1) 
exhibits two NMR signals 
because it contains two different 
kinds of protons: one CH3 group 
is bonded to –OC(CH3)3, 
whereas the other three CH3 
groups are each bonded to the 
same group, [ –C(CH3)2]OCH3.

3 types of H’s
3 NMR signals

2 types of H’s
2 NMR signals

3 types of H’s
3 NMR signals

ClCH2CH2Cl

Ha

ClCH2CH2CH2Br

HbHa Hc

CH3CH2OH

Ha Hb HcHbHa

CH3

C
OCH3

O

1 type of H
1 NMR signal

Figure 14.2
The number of 1H NMR signals 

of some representative 
organic compounds 
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propan-2-ol

Three different 1H environments. The six Hs in the 
two CH3 groups are equivalent.  

The number of Hs in each environment is 6 : 1 : 1. 
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7 Suggest the number of peaks and the ratio between the areas under the peaks in the 

NMR spectrum of each of the following:
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Some more examples are given here:
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2-methylpropan-2-ol
The Hs on CH3 groups attached to the 
same C atom will be equivalent.  

There are only two 1H environments 
here. 

Ratio of Hs in each environment = 9:1
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skill check 3

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 4

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 5

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 6

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 7

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 8

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 9

# of different 1H environments ________ 

Ratio of Hs in each environment ________________
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skill check 11
Find the no. of different 1H environments & the 
ratio of Hs in each environment in the following:
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skill check 12
Find the no. of different 1H environments & the 
ratio of Hs in each environment in the following:
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skill check 13
Find the no. of different 1H environments & the 
ratio of Hs in each environment in the following:
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skill check 15
Find the no. of different 1H environments & the 
ratio of Hs in each environment in the following:

!37

position of peaks: chemical shift 
In a NMR spectrum each H environment shows up 
as a peak and the x-axis value are each 
environment’s chemical shift. 

The area/height of each peak is determined by the 
no. of Hs in each environment. 

!38

chemical shift 
The chemical shift of each peak gives information 
about the structural environment of the nuclei 
producing that signal.  

Some typical values for the chemical shifts of 
protons in different environments are given below.

!39
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I]Z�X]Zb^XVa�h]^[i
Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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Examiner’s tip
The representation of the 
groups and the chemical shifts 
here are diff erent to the IBO 
Chemistry Data booklet. You 
should practise using the ones 
in the IBO Chemistry Data 
booklet as well.

Examiner’s tip
Chemical shift is only on 
the Higher Level syllabus, but 
as a question has appeared on 
it in a Standard Level paper, 
it would be safer for Standard 
Level students to read through 
this section too.
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I]Z�X]Zb^XVa�h]^[i
Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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as a question has appeared on 
it in a Standard Level paper, 
it would be safer for Standard 
Level students to read through 
this section too.
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I]Z�X]Zb^XVa�h]^[i
Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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Chemical shift is only on 
the Higher Level syllabus, but 
as a question has appeared on 
it in a Standard Level paper, 
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Level students to read through 
this section too.
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I]Z�X]Zb^XVa�h]^[i
Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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I]Z�X]Zb^XVa�h]^[i
Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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Some typical values for the chemical shifts of protons in diff erent 
environments are given in Table A4.

The values in Table A4 are approximate and can vary depending on 
other groups attached. For instance, it makes a diff erence how many 
other Hs are attached to the C atom to which the H we are interested 
in is attached. In most cases we assume that the ranges given in the table 
include all possibilities, and we just look at the environment of the proton 
rather than the number of Hs in that environment. Thus we can assume 
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chemical shift 
The values are approximate and can vary 
depending on other groups attached. 

For instance, it makes a difference how many other 
Hs are attached to the C atom to which the H we 
are interested in is attached.
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chemical shift 

The ranges in the table include all possibilities, and 
we just look at the environment of the proton 
rather than the number of Hs in that environment. 
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that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.

;^\jgZ�6'&� I]Z�bVhh�heZXigjb�d[�egdeVcVa#

=A

6��BD9:GC�6C6ANI>86A�8=:B>HIGN &.8=:B>HIGN�;DG�I=:�>7�9>EADB6���86B7G>9<:�JC>K:GH>IN�EG:HH�'%&&

that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.
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chemical shift

Thus we can assume that the chemical shift of an H 
on a C next to the C=O of an aldehyde or ketone 
comes in the range 2.1–2.7, no matter how many 
other Hs are attached.
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that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.
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that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.
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chemical shifts of propanal
When using the table of chemical shift values, you must 
try to find the best match to the proton environments in 
the molecule you are studying.  

Thus, in the spectrum of propanal, the H attached directly 
to the C=O group would be expected to have a chemical 
shift in the range 9.4–10.0 ppm; indeed, the peak for this 
proton occurs at a chemical shift of 9.8ppm.
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that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.
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that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 

8

=D =

=

D�2�.#-�eeb

D�2�'#*�eeb

D�2�&#&�eeb

D�2�.#)Ä&%#%�eeb

D�2�%#.Ä&#,�eeb
D�2�'#&Ä'#,�eeb

=8 8

=

8

=

D

G =
8

D

G 8
8

=

=

&% . - , + * ) ( ' & %

8]Zb^XVa�h]^[i��D��$�eeb

=^\]"gZhdaji^dc�CBG�heZXigV
The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.

;^\jgZ�6'&� I]Z�bVhh�heZXigjb�d[�egdeVcVa#

=A

chemical shifts of propanal!49

6��BD9:GC�6C6ANI>86A�8=:B>HIGN &.8=:B>HIGN�;DG�I=:�>7�9>EADB6���86B7G>9<:�JC>K:GH>IN�EG:HH�'%&&

that the chemical shift of an H on a C next to the C=O of an aldehyde 
or ketone comes in the range 2.1–2.7, no matter how many other Hs are 
attached:
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When using the table of chemical shift values, you must try to fi nd the 
best match to the proton environments in the molecule you are studying. 
Thus, in the spectrum of propanal (Figure A21), the H (in blue) attached 
directly to the C=O group would be expected to have a chemical shift 
in the range 9.4–10.0 ppm; indeed, the peak for this proton occurs at a 
chemical shift of 9.8 ppm. The ranges in which the chemical shifts of the 
other protons would be expected to occur are shown in Figure A21, and it 
can be seen that all the chemical shifts occur within the expected ranges. 
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The low- and high-resolution NMR spectra of 1,1,2-trichloroethane 
are shown in Figure A22. There are two peaks in the low-resolution 
spectrum, as there are two diff erent chemical environments for H. 
However, in the high-resolution spectrum, each of these peaks is split. The 
splitting is due to the H atoms on the adjacent C atom. Thus the signal 
due to H1 is split into three (a triplet), as there are two Hs on the adjacent 
C atom, and the signal due to H2 and H3 is split into two (a doublet), 
because there is one H on the adjacent C atom. This splitting is called 
spin–spin splitting or spin–spin coupling.
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high-resolution nmr spectra 
The low- and high-resolution NMR spectra of 1,1,2-
trichloroethane are shown in the next slide.  

There are two peaks in the low-resolution 
spectrum, as there are two different chemical 
environments for H. 
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.
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Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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high-resolution nmr spectra 
However, in the high-resolution spectrum, each of 
these peaks is split. 

In general, if there are ’n’ protons (Hs) on the 
adjacent carbon atom, the signal for a particular 
proton will be split into (n+1) peaks. 
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 14.6  1H NMR: Spin–Spin Splitting 509

terns, the result of spin–spin splitting, can be used to determine how many protons reside on the 
carbon atoms near the absorbing proton.

8 7 6 5 4 3 2 1 0
ppm

BrCH2CHBr2

CH2

three peaks
triplet

two peaks
doublet

C

H

• The CH2 signal appears as two peaks, called a doublet. The relative area under the peaks of 
a doublet is 1:1.

• The CH signal appears as three peaks, called a triplet. The relative area under the peaks of 
a triplet is 1:2:1.

Spin–spin splitting occurs only between nonequivalent protons on the same carbon or adja-
cent carbons. To illustrate how spin–spin splitting arises, we’ll examine nonequivalent protons 
on adjacent carbons, the more common example. Spin–spin splitting arises because protons are 
little magnets that can be aligned with or against an applied magnetic fi eld, and this affects the 
magnetic fi eld that a nearby proton feels. 

 14.6A Splitting: How a Doublet Arises
First, let’s examine how the doublet due to the CH2 group in BrCH2CHBr2 arises. The CH2 group con-
tains the absorbing protons and the CH group contains the adjacent proton that causes the splitting. 

BrCH2 C

H

Br

Br

absorbing H's

1 adjacent H
This H can be aligned

with (  ) or against (  ) B0.

When placed in an applied magnetic fi eld (B0 ), the adjacent proton (CHBr2) can be aligned with (↑) or 
against (↓) B0 . As a result, the absorbing protons (CH2Br) feel two slightly different magnetic fi elds—
one slightly larger than B0  and one slightly smaller than B0 . Because the absorbing protons feel two 
different magnetic fi elds, they absorb at two different frequencies in the NMR spectrum, thus splitting 
a single absorption into a doublet.

two different
 magnetic fields

1:1

How a doublet arises

With no adjacent H’s:
The absorbing H’s feel only

one magnetic field.

With one adjacent H:
The absorbing H’s feel two different fields,
so they absorb at two different frequencies.

The NMR signal is
a single peak.

The NMR signal is split
into a doublet.

B0

B0 B0

To understand spin–spin 
splitting, we must distinguish 
between the absorbing 
protons that give rise to an 
NMR signal, and the adjacent 
protons that cause the signal to 
split. The number of adjacent 
protons determines the 
observed splitting pattern.

Keep in mind the difference 
between an NMR signal and 
an NMR peak. An NMR signal 
is the entire absorption due to a 
particular kind of proton. NMR 
peaks are contained within a 
signal. A doublet constitutes one 
signal that is split into two peaks.
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• One adjacent proton splits an NMR signal into a doublet.

The two peaks of a doublet are approximately equal in area. The area under both peaks—the 
entire NMR signal—is due to both protons of the CH2 group of BrCH2CHBr2.

The frequency difference (measured in Hz) between the two peaks of the doublet is called the 
coupling constant, denoted by J. Coupling constants are usually in the range of 0–18 Hz, and 
are independent of the strength of the applied magnetic fi eld B0. 

 14.6B Splitting: How a Triplet Arises
Now let’s examine how the triplet due to the CH group in BrCH2CHBr2 arises. The CH group 
contains the absorbing proton and the CH2 group contains the adjacent protons (Ha and Hb) that 
cause the splitting. 

Br C

Ha

Br

Hb

absorbing H

Ha and Hb can each be aligned
with (  ) or against (  ) B0.C

H

Br

2 adjacent H’s

When placed in an applied magnetic fi eld (B0), the adjacent protons Ha and Hb can each be 
aligned with (↑) or against (↓) B0. As a result, the absorbing proton feels three slightly differ-
ent magnetic fi elds—one slightly larger than B0, one slightly smaller than B0, and one the same 
strength as B0. 

three different magnetic fields

1:2:1

How a triplet arises

With no adjacent H’s:
The absorbing H feels only

one magnetic field.

With two adjacent H’s:
The absorbing H feels three different fields,
so it absorbs at three different frequencies.

The NMR signal is
a  single peak.

The NMR signal is split
into a triplet.

a bb a

or

a b

a b

B0

B0

Because the absorbing proton feels three different magnetic fi elds, it absorbs at three different 
frequencies in the NMR spectrum, thus splitting a single absorption into a triplet. Because there 
are two different ways to align one proton with B0 and one proton against B0—that is, ↑a↓b and 
↓a↑b—the middle peak of the triplet is twice as intense as the two outer peaks, making the ratio 
of the areas under the three peaks 1:2:1.

• Two adjacent protons split an NMR signal into a triplet.

When two protons split each other’s NMR signals, they are said to be coupled. In BrCH2CHBr2, 
the CH proton is coupled to the CH2 protons. The spacing between peaks in a split NMR signal, 
measured by the J value, is equal for coupled protons.

 14.6C Splitting: The Rules and Examples
Three general rules describe the splitting patterns commonly seen in the 1H NMR spectra of 
organic compounds.

coupling constant, J, in Hz  
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rules for splitting
Protons on the same atom (e.g. CH3, CH2) do not 
interact with each other. They are chemically 
equivalent.  

Splitting generally only occurs with protons on 
adjacent carbon atoms. 
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chloroethane
There are two sets of peaks in this spectrum of 
chloroethane, as there are two different chemical 
environments for H. The total area under the peaks 
at δ = 1.5 ppm is greater than that under the peaks 
at δ = 3.5 ppm, as there are more protons in this 
environment.
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.

;^\jgZ�6'(� I]Z�CBG�heZXigjb�d[�X]adgdZi]VcZ#

Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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chloroethane!56
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.
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Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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chloroethane
The signal at δ = 3.5ppm is split into a quartet. A 
quartet consists of four peaks, so we can deduce from 
the presence of a quartet that there are (4-1) three H 
atoms on the adjacent C atom.
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.
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Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.
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Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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chloroethane
The signal at δ = 1.5ppm is split into a triplet, so 
there must be (3-1) two H atoms on the adjacent 
carbon. 
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In general, if there are n protons on the adjacent atom, the signal for 
a particular proton will be split into (n + 1) peaks. Another way of saying 
this is that if the multiplicity of a peak is x, the number of H atoms on the 
adjacent atom is x − 1.

The NMR spectrum of chloroethane is shown in Figure A23. There 
are two sets of peaks in this spectrum of chloroethane, as there are two 
diff erent chemical environments for H. The total area under the peaks at 
E = 1.5 ppm is greater than that under the peaks at E = 3.5 ppm, as 
there are more protons in this environment. The signal at E = 3.5 ppm 
is split into a quartet. A quartet consists of four peaks and therefore has 
a multiplicity of 4. 4 − 1 = 3, so we can deduce from the presence of a 
quartet that there are three H atoms on the adjacent C atom. The signal at 
E = 1.5 ppm is split into a triplet. A triplet has a multiplicity of 3. 3 − 1 = 2, 
so there must be two H atoms on the adjacent carbon.

We sometimes talk about the 
multiplicity of a peak, i.e. the 
number of smaller peaks it is split 
into. The multiplicity of a triplet is 
3 and that of a doublet is 2.

Splitting of the signal of a 
particular group of protons is 
due to the protons on adjacent 
(carbon) atoms.
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The intensities of the lines in the splitting pattern are given by Pascal’s 
triangle (Figure A24). Thus we talk about a 1 : 1 doublet (the areas under 
the peaks are equal) or a 1 : 2 : 1 triplet. A summary of the diff erent types 
of splitting patterns are shown in Table A5.

ÈGjaZhÉ�[dg�he^cÄhe^c�Xdjea^c\
r� Protons on the same atom (e.g. CH3, CH2) do not interact with each 

other. They are chemically equivalent and behave as a group.
r� Splitting generally only occurs with protons on adjacent atoms (for 

example, see Figure A25).
r� Protons attached to O do not show or cause splitting; this is because 

the protons exchange with each other and with the solvent.
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Examiner’s tip
The signal due to two Hs split 
into a quartet and that due 
to three Hs split into a triplet 
indicates the presence of an 
ethyl group in a molecule – 
well worth remembering!
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 14.6  1H NMR: Spin–Spin Splitting 511

 Rule [1] Equivalent protons don’t split each other’s signals.

 Rule [2] A set of n nonequivalent protons splits the signal of a nearby proton into n + 1 peaks.

• In BrCH2CHBr2, for example, one adjacent CH proton splits an NMR signal into two peaks 
(a doublet), and two adjacent CH2 protons split an NMR signal into three peaks (a triplet). 
Names for split NMR signals containing two to seven peaks are given in Table 14.3. An 
NMR signal having more than seven peaks is called a multiplet. 

• The inside peaks of a split NMR signal are always most intense, with the area under the 
peaks decreasing from the inner to the outer peaks in a given splitting pattern. 

 Rule [3] Splitting is observed for nonequivalent protons on the same carbon or adjacent carbons.

C

Ha

Hb

C

Ha

Hb

C C

Ha Hb

If Ha and Hb are not equivalent, splitting is observed when:

Ha and Hb are on the same carbon. Ha and Hb are on adjacent carbons.

Splitting is not generally observed between protons separated by more than three σ bonds. 
Although Ha and Hb are not equivalent to each other in 2-butanone and ethyl methyl ether, Ha and 
Hb are separated by four σ bonds and so they are too far away to split each other’s NMR signals.

no splitting between Ha and Hb no splitting between Ha and Hb

C

O

2-butanone

CH2

Ha Hb

CHCH3 O

ethyl methyl ether
Ha and Hb are separated by four σ bonds. Ha and Hb are separated by four σ bonds.

CH2

Ha Hb

CHCH3

σσ

σ σ σ σ
σ σ

Table 14.4 illustrates common splitting patterns observed for adjacent nonequivalent protons. 

Predicting splitting is always a two-step process:

• Determine if two protons are equivalent or different. Only nonequivalent protons split 
each other.

• Determine if two nonequivalent protons are close enough to split each other’s sig-
nals. Splitting is observed only for nonequivalent protons on the same carbon or adjacent 
carbons. 

Several examples of spin–spin splitting in specifi c compounds illustrate the result of this two-
step strategy.

The splitting of an NMR signal 
reveals the number of nearby 
nonequivalent protons. It tells 
nothing about the absorbing 
proton itself.

Table 14.3 Names for a Given Number of Peaks in an NMR Signal

Number of peaks Name Number of peaks Name

 1 singlet 5 quintet

 2 doublet 6 sextet

 3 triplet 7 septet

 4 quartet > 7 multiplet
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2

512 Chapter 14   Nuclear Magnetic Resonance Spectroscopy

Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.

smi75625_494-537ch14.indd   512smi75625_494-537ch14.indd   512 11/4/09   9:09:52 AM11/4/09   9:09:52 AM

splitting example 1

All protons (Hs) are equivalent (Ha), so there is no 
splitting and the NMR peak is one singlet. 
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2

512 Chapter 14   Nuclear Magnetic Resonance Spectroscopy

Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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splitting example 2

There are two peaks. Ha & Hb are nonequivalent 
protons bonded to adjacent C atoms, so they split 
each other’s peak.  

The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the 
two Ha protons. 
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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splitting example 3

There are three peaks. Ha has no adjacent 
nonequivalent pro- tons, so its signal is a singlet. 
The Hb signal is split into a quartet by the three Hc 
protons. The Hc signal is split into a triplet by the 
two Hb protons. 
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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Ldg`ZY�ZmVbeaZh
The NMR spectrum for a compound with molecular formula 
C4H8O is shown. Deduce the structure of the compound.

First of all we must measure the vertical heights of the steps in the integration trace. These come out as: 1 cm, 
1.5 cm, 1.5 cm. Multiplying by 2 to get whole numbers we get: 2, 3, 3. This gives us the ratio of the number of 
protons (H atoms) in each environment. As there is a total of eight H atoms in this molecule, we also know the 
actual number of H atoms in each environment.

8]Zb^XVa�h]^[i�$�eeb '#) '#& &#&

Cd#�d[�egdidch�^c�Zck^gdcbZci ' ( (

The signal at E = 2.4 ppm is split into a quartet (multiplicity 4). 4 − 1 = 3, so we know that there must be three Hs 
on the adjacent C atom. The analysis of all the peaks in the spectrum:

8]Zb^XVa�h]^[i�$�eeb '#) '#& &#&

Cd#�d[�egdidch�^c�Zck^gdcbZci ' ( (
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Remember: multiplicity − 1 
= number of Hs on adjacent C.

8=V 8

=V

=V

8

=W

8
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splitting examples 5 & 6!67

skill check
Into how many peaks will each indicated proton be 
split? 

!68
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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CH2CH2 ClCl

Ha

•  All protons are equivalent (Ha), so there is no splitting and the NMR 
signal is one singlet.

CH2CH2 BrCl

Ha Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons 
bonded to adjacent C atoms, so they are close enough to split each 
other’s NMR signals. The Ha signal is split into a triplet by the two Hb 
protons. The Hb signal is split into a triplet by the two Ha protons.

C
OCH2CH3

O

Ha Hb Hc

CH3

•  There are three NMR signals. Ha has no adjacent nonequivalent pro-
tons, so its signal is a singlet. The Hb signal is split into a quartet by 
the three Hc protons. The Hc signal is split into a triplet by the two 
Hb protons.

Br

Cl Ha

C C
Hb

•  There are two NMR signals. Ha and Hb are nonequivalent protons on 
the same carbon, so they are close enough to split each other’s NMR 
signals. The Ha signal is split into a doublet by Hb. The Hb signal is 
split into a doublet by Ha.

 Problem 14.14 Into how many peaks will each indicated proton be split?

a. C
Cl

O

CH3CH2

      c. C
CH2CH2Br

O

CH3

      e. 
CH3

CH3CH2 H
C C

H

b. CH3

H

Br

BrC       d. 
Br

H Cl
C C

H
    f. CICH2CH(OCH3)2
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Table 14.4 Common Splitting Patterns Observed in 1H NMR

Example  Pattern Analysis (Ha and Hb are not equivalent.)

[1] C C

Ha Hb

 
Ha Hb

 • Ha: one adjacent Hb proton   two peaks    a doublet
 • Hb: one adjacent Ha proton   two peaks    a doublet

[2] C CH2

Ha Hb

 

Ha Hb

 • Ha: two adjacent Hb protons   three peaks    a triplet
 • Hb: one adjacent Ha proton    two peaks    a doublet

[3] CH2CH2

HbHa

 

Ha Hb

 • Ha: two adjacent Hb protons    three peaks    a triplet
 • Hb: two adjacent Ha protons    three peaks    a triplet

[4] CH2CH3

HbHa

 

Ha Hb

 •  Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: two adjacent Ha protons    three peaks    a triplet

[5] CH3C

Ha Hb

 

Ha Hb

 • Ha: three adjacent Hb protons    four peaks    a quartet*
 • Hb: one adjacent Ha proton    two peaks    a doublet

*The relative area under the peaks of a quartet is 1:3:3:1.
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The NMR spectrum for a compound with molecular formula 
C4H8O is shown. Deduce the structure of the compound.

First of all we must measure the vertical heights of the steps in the integration trace. These come out as: 1 cm, 
1.5 cm, 1.5 cm. Multiplying by 2 to get whole numbers we get: 2, 3, 3. This gives us the ratio of the number of 
protons (H atoms) in each environment. As there is a total of eight H atoms in this molecule, we also know the 
actual number of H atoms in each environment.
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The signal at E = 2.4 ppm is split into a quartet (multiplicity 4). 4 − 1 = 3, so we know that there must be three Hs 
on the adjacent C atom. The analysis of all the peaks in the spectrum:
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Remember: multiplicity − 1 
= number of Hs on adjacent C.
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The NMR spectra of two more molecules are shown in Table A6.

BdaZXjaVg�[dgbjaV HeZXigjb HigjXijgVa�[dgbjaV
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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nmr spectrum of ethanol!70
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The NMR spectra of two more molecules are shown in Table A6.
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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nmr spectrum of propan-2-ol!71
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The NMR spectra of two more molecules are shown in Table A6.

BdaZXjaVg�[dgbjaV HeZXigjb HigjXijgVa�[dgbjaV
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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The NMR spectra of two more molecules are shown in Table A6.

BdaZXjaVg�[dgbjaV HeZXigjb HigjXijgVa�[dgbjaV

8'=+D cd�hea^ii^c\�YjZ�id�=�dc�D
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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chemical shifts & electronegative atoms
The presence of very electronegative atoms in a 
molecule can cause chemical shifts to move to 
higher values.  

The closer the protons are to the very 
electronegative atom, the greater the effect.

!74

chemical shifts & electronegative atoms!75
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The NMR spectra of two more molecules are shown in Table A6.
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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complications
When a molecule is asymmetrical 
and there are non-equivalent 
protons on both sides of a 
particular group, the spectrum 
becomes complex. 
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The NMR spectra of two more molecules are shown in Table A6.
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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propan-1-ol

The signal for Hb could either be described as a 
quartet of triplets or a triplet of quartets. This signal 
is very complicated, and an easy way of describing 
the peak is as a complex multiplet. 
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The NMR spectra of two more molecules are shown in Table A6.

BdaZXjaVg�[dgbjaV HeZXigjb HigjXijgVa�[dgbjaV
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CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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For instance, in the spectrum of 
propan-1-ol, Hb are split by Ha and Hc. 

methylbenzene
For a molecule such as methylbenzene, 
the protons on the ring are not all 
equivalent, but because they are in 
very similar environments, they are 
likely to show up as just one peak in 
the NMR spectrum. 
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The NMR spectra of two more molecules are shown in Table A6.

BdaZXjaVg�[dgbjaV HeZXigjb HigjXijgVa�[dgbjaV

8'=+D cd�hea^ii^c\�YjZ�id�=�dc�D

8(=-D h^\cVa�Vi�)#%�eeb�^h�V�hZeiZi�Ä�
hea^i�Wn�h^m�Zfj^kVaZci�egdidch

IVWaZ�6+� I]Z�CBG�heZXigV�d[�ild�bdaZXjaZh#

) (

'

&

(

' &
8]Zb^XVa�h]^[i��D��$�eeb

=

=

=

D 8

=

=

8 =

) (

&
&

+

' &
8]Zb^XVa�h]^[i��D��$�eeb

=

D

=

8 8

=

=

=

=

=

8 =

CdiZh�dc�CBG�heZXigV
When a molecule is non-symmetrical and there are non-equivalent 
protons on both sides of a particular group, the spectrum becomes 
complex. For instance, in the spectrum of propan-1-ol (Figure A26), Hb 
are split by Ha and Hc. Depending on the strength of the coupling to each 
set of protons, the signal for Hb could either be described as a quartet of 
triplets or a triplet of quartets. This signal is very complicated, and it is 
diffi  cult to see the exact nature of the splitting. One way of describing the 
peak is as a complex multiplet.

For a molecule such as methylbenzene (Figure A27), the protons 
on the ring are not all equivalent, but because they are in very similar 
environments, unless a very high-resolution spectrum is generated, they 
are likely to show up as just one peak in the NMR spectrum.

The presence of very electronegative atoms in a molecule can cause 
chemical shifts to move to higher values. The closer the protons are to the 
very electronegative atom, the greater the eff ect:
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The use of ‘heavy water’, D2O 
Protons directly attached to oxygen or nitrogen 
atoms (O—H or N—H) can appear almost anywhere 
in an NMR spectrum. 

They can, however, be identified by deuterium 
exchange.
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The use of ‘heavy water’, D2O 
If the compound containing them is dissolved in 
D2O (‘heavy water’, D=2H), the protons are 
exchanged with deuterium atoms in the water.  

The peaks due to the —OH or —NH2 protons 
disappear.
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Worked example
Figure 29.29 shows the nuclear magnetic resonance (NMR) spectrum of an acid with the 
molecular formula C8H8O2. Work out its structure. (Use the δ values in Table 29.7, page 511 
to help you.)
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Figure 29.28 NMR spectra of ethanol: a 
showing the —OH peak, and b with D2O 
added
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ethanol with D2O!82

skill check 21
The following shows the NMR spectrum of a 
compound molecular formula C8H8O2. The peak at 
δ = 10.8 disappears on adding D2O. Work out its 
structure. 
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skill check 22
Apart from ethyl ethanoate there are at least 15 
other isomers of C4H8O2. The 1H NMR spectra of 
two of them, W and X, are shown below.  

Explain the splitting patterns seen in these spectra, 
and use the spectra to suggest the structures of W 
and X. 
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 29 Techniques of analysis

Answer
The high C : H ratio in the molecular formula suggests the presence of a benzene ring, and 
this is confirmed by the peak at δ = 7.6. The broad peak at δ = 10.8 is typical of the O—H 
hydrogen of a carboxylic acid. The two-proton single peak at δ = 3.7 is a CH2 group flanked 
by both an aryl ring and a CO2H group, both of which would cause a high-field shift in 
resonance (by about 1 δ unit each). 

The structure is therefore C6H5—CH2—CO2H.

Now try this
1 Apart from ethyl ethanoate (see Figure 29.25) there are at least 15 other isomers of 

C4H8O2. The 1H NMR spectra of two of them, W and X, are shown in Figure 29.30. 
Explain the splitting patterns seen in these spectra, and use the spectra to suggest the 
structures of W and X.
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hydrogen of a carboxylic acid. The two-proton single peak at δ = 3.7 is a CH2 group flanked 
by both an aryl ring and a CO2H group, both of which would cause a high-field shift in 
resonance (by about 1 δ unit each). 

The structure is therefore C6H5—CH2—CO2H.

Now try this
1 Apart from ethyl ethanoate (see Figure 29.25) there are at least 15 other isomers of 

C4H8O2. The 1H NMR spectra of two of them, W and X, are shown in Figure 29.30. 
Explain the splitting patterns seen in these spectra, and use the spectra to suggest the 
structures of W and X.
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skill check 23
The following shows the NMR spectrum of 
compound Y, whose molecular formula is C3H6O2. 
Suggest a possible structure for Y, with reasons. 
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2 Figure 29.31 shows the NMR spectrum of compound Y, whose molecular formula is 
C3H6O2. Suggest a possible structure for Y, with reasons.
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Figure 29.31 Nuclear magnetic resonance (NMR) spectrum of compound Y

3 Figure 29.32 shows the 1H NMR spectrum of an alcohol Z. 

Suggest the structure of Z, explain the splitting pattern, and predict which peak 
would disappear when D2O is added.
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Figure 29.32 NMR spectrum of compound Z

 29.5  13C Nuclear magnetic resonance 
(NMR) spectroscopy
A 13C NMR spectrum is simpler than a 1H spectrum. This is not only because there 
are usually fewer carbon atoms in a molecule than there are hydrogen atoms, but 
also because the absorbances in a 13C spectrum usually appear as singlets – they 
are not split into multiplets by adjacent atoms as are many lines in a 1H spectrum. 
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skill check 24
The following shows the 1H NMR spectrum of an 
alcohol Z.  

Suggest the structure of Z, explain the splitting 
pattern, and predict which peak would disappear 
when D2O is added. 
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2 Figure 29.31 shows the NMR spectrum of compound Y, whose molecular formula is 
C3H6O2. Suggest a possible structure for Y, with reasons.
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Figure 29.31 Nuclear magnetic resonance (NMR) spectrum of compound Y

3 Figure 29.32 shows the 1H NMR spectrum of an alcohol Z. 

Suggest the structure of Z, explain the splitting pattern, and predict which peak 
would disappear when D2O is added.
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are not split into multiplets by adjacent atoms as are many lines in a 1H spectrum. 
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13C nmr
12C, is the most abundant isotope of carbon. It does 
not have spin because it has an even number of 
protons and an even number of neutrons. C-13 can be 
detected using low-energy radio waves and it is 
possible to generate 13C-NMR spectra, but C-13 
accounts for only about 1.1% of all naturally occurring 
carbon. 

!94

13C nmr
A 13C NMR spectrum is simpler than a 1H 
spectrum. This is not only because there are usually 
fewer carbon atoms in a molecule than there are 
hydrogen atoms, but also because the 
absorbances in a 13C spectrum usually appear as 
singlets.
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13C nmr
Although this greatly simplifies the spectrum, it has 
the disadvantage that the intensities of the peaks 
are not dependent on the number of carbon 
atoms, and so it is not possible to determine the 
number of carbon atoms associated with a 
particular absorbance. 
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13C nmr
Each peak represents a different carbon 
environment and each environment will have a 
different chemical shift.  

It is essential that you are able to recognise 
different environments within carbon compounds. 
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pentane

pentane has three different C environments.
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Carbon-13, 13C, NMR spectroscopy
Carbon-12, 12C, is the most abundant isotope of carbon. It does not 
have spin because it has an even number of protons and an even 
number of neutrons. The second isotope of carbon, carbon-13, C-13, can 
be detected using low-energy radio waves and it is possible to generate 
13C-NMR spectra, but C-13 accounts for only about 1.1% of all naturally 
occurring carbon. Interactions between adjacent 13C atoms and adjacent 
protons do occur but because of the low abundance of 13C atoms, all 
peaks in C-13 NMR spectra appear as single peaks. Each peak represents 
a different carbon environment and each environment will have a 
different chemical shift.

It is essential that you are able to recognise different environments within 
carbon compounds. 

Example 1

There are three isomers of C5 H12 – pentane, 2-methylbutane and 2,2-dimethylpropane.

In pentane:

H C C C C C H

H

H

H

H

H

H

H

H

H

H

H C1 C2 C3 C2 C1 H

H

H

H

H

H

H

H

H

H

H

has three different C environments

● The carbons on each end of the chain are in the same environment.

● The central carbon is in a different environment and is sandwiched  
between two CH2CH3 groups.

● The two remaining carbons are in the same environment, sandwiched  
between a CH3 group and a CH2.

Therefore, a 13C spectrum of pentane will produce three peaks. 

In 2-methylbutane:

H C C C C H

H

H

C

H

HH

H

H

H

H

H

H C2 C3 C4 C1 H

H

H

C1

H

HH

H

H

H

H

H

has four different C environments

● The two CH3 on the right-hand side are in the same environment and  
will, therefore, produce a single peak.

● The CH3 on the left-hand side is in a different environment.

● The CH2 has its own environment.

● The CH has its own environment. 

2-methylbutane, therefore, produces four peaks on a 13C spectrum.

2-methylbutane 

2-methylbutane has four different C environments.
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Carbon-13, 13C, NMR spectroscopy
Carbon-12, 12C, is the most abundant isotope of carbon. It does not 
have spin because it has an even number of protons and an even 
number of neutrons. The second isotope of carbon, carbon-13, C-13, can 
be detected using low-energy radio waves and it is possible to generate 
13C-NMR spectra, but C-13 accounts for only about 1.1% of all naturally 
occurring carbon. Interactions between adjacent 13C atoms and adjacent 
protons do occur but because of the low abundance of 13C atoms, all 
peaks in C-13 NMR spectra appear as single peaks. Each peak represents 
a different carbon environment and each environment will have a 
different chemical shift.

It is essential that you are able to recognise different environments within 
carbon compounds. 

Example 1

There are three isomers of C5 H12 – pentane, 2-methylbutane and 2,2-dimethylpropane.

In pentane:

H C C C C C H
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H

H
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H

has three different C environments

● The carbons on each end of the chain are in the same environment.

● The central carbon is in a different environment and is sandwiched  
between two CH2CH3 groups.

● The two remaining carbons are in the same environment, sandwiched  
between a CH3 group and a CH2.

Therefore, a 13C spectrum of pentane will produce three peaks. 

In 2-methylbutane:

H C C C C H

H

H
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H

HH

H

H

H

H

H

H C2 C3 C4 C1 H

H

H

C1

H

HH

H

H

H

H

H

has four different C environments

● The two CH3 on the right-hand side are in the same environment and  
will, therefore, produce a single peak.

● The CH3 on the left-hand side is in a different environment.

● The CH2 has its own environment.

● The CH has its own environment. 

2-methylbutane, therefore, produces four peaks on a 13C spectrum.2,2-dimethylpropane 
2,2-dimethylpropane has 
two different C 
environments
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In 2,2-dimethylpropane:

H C C C H

H

H

C

H

HH

C

H

HH

H

H

H C1 C2 C1 H

H

H

C1

H

HH

C1

H

HH

H

H

has two different C environments

● There are four CH3 groups which are all in the same environment. 

● The central carbon atom is in a different environment. 

2,2-dimethylpropane, therefore, produces two peaks on a 13C spectrum.

13C-NMR easily distinguishes between the isomers of C5H12 because each  
isomer has a different number of carbon environments and, hence,  
a different number of peaks in the spectra.

Test yourself

9 Why is it so important that both 13C and 1H can be detected by NMR?
10 Identify the number of carbon environments in each of the following 

compounds.

H C C C C H

H

H

H

H

H

H

H

H

H C C C C H

H

H

OH

H

H

H

H

H

H C C C C H

H

H

H

H

H

H

H C C C C H

H

H

HHH

H

OH OH

OH

OH

OHHO

a) b) c)

d) e) f)

g) h) i)

Different carbon environments absorb different radio frequencies and have 
different chemical shifts. Although chemical shifts are provided on the 
data sheet supplied in the examination, it is important that you practice 
using the data sheet by identifying different carbon environments and their 
associated chemical shifts. Table 13.2 summarises the essential carbon 
environments and their chemical shift range (which are given a δ value 
relative to TMS).



skill check
Identify the number of carbon environments in 
each of the following compounds. 
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In 2,2-dimethylpropane:

H C C C H

H

H

C

H

HH

C

H

HH

H

H

H C1 C2 C1 H

H

H

C1

H

HH

C1

H

HH

H

H

has two different C environments

● There are four CH3 groups which are all in the same environment. 

● The central carbon atom is in a different environment. 

2,2-dimethylpropane, therefore, produces two peaks on a 13C spectrum.

13C-NMR easily distinguishes between the isomers of C5H12 because each  
isomer has a different number of carbon environments and, hence,  
a different number of peaks in the spectra.

Test yourself

9 Why is it so important that both 13C and 1H can be detected by NMR?
10 Identify the number of carbon environments in each of the following 

compounds.

H C C C C H

H

H

H

H

H

H

H

H

H C C C C H

H

H

OH

H

H

H

H

H

H C C C C H

H

H

H

H

H

H

H C C C C H

H

H

HHH

H

OH OH

OH

OH

OHHO

a) b) c)

d) e) f)

g) h) i)

Different carbon environments absorb different radio frequencies and have 
different chemical shifts. Although chemical shifts are provided on the 
data sheet supplied in the examination, it is important that you practice 
using the data sheet by identifying different carbon environments and their 
associated chemical shifts. Table 13.2 summarises the essential carbon 
environments and their chemical shift range (which are given a δ value 
relative to TMS).
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In 2,2-dimethylpropane:

H C C C H

H

H

C

H

HH

C

H

HH

H

H

H C1 C2 C1 H

H

H

C1

H

HH

C1

H

HH

H

H

has two different C environments

● There are four CH3 groups which are all in the same environment. 

● The central carbon atom is in a different environment. 

2,2-dimethylpropane, therefore, produces two peaks on a 13C spectrum.

13C-NMR easily distinguishes between the isomers of C5H12 because each  
isomer has a different number of carbon environments and, hence,  
a different number of peaks in the spectra.

Test yourself

9 Why is it so important that both 13C and 1H can be detected by NMR?
10 Identify the number of carbon environments in each of the following 

compounds.

H C C C C H

H

H

H

H

H

H

H

H

H C C C C H

H

H

OH

H

H

H

H

H

H C C C C H

H

H

H

H

H

H

H C C C C H

H

H

HHH

H

OH OH

OH

OH

OHHO

a) b) c)

d) e) f)

g) h) i)

Different carbon environments absorb different radio frequencies and have 
different chemical shifts. Although chemical shifts are provided on the 
data sheet supplied in the examination, it is important that you practice 
using the data sheet by identifying different carbon environments and their 
associated chemical shifts. Table 13.2 summarises the essential carbon 
environments and their chemical shift range (which are given a δ value 
relative to TMS).
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In 2,2-dimethylpropane:

H C C C H

H

H

C

H

HH

C

H

HH

H

H

H C1 C2 C1 H

H

H

C1

H

HH

C1

H

HH

H

H

has two different C environments

● There are four CH3 groups which are all in the same environment. 

● The central carbon atom is in a different environment. 

2,2-dimethylpropane, therefore, produces two peaks on a 13C spectrum.

13C-NMR easily distinguishes between the isomers of C5H12 because each  
isomer has a different number of carbon environments and, hence,  
a different number of peaks in the spectra.

Test yourself

9 Why is it so important that both 13C and 1H can be detected by NMR?
10 Identify the number of carbon environments in each of the following 

compounds.

H C C C C H

H

H

H

H

H

H

H

H

H C C C C H

H

H

OH

H

H

H

H

H

H C C C C H

H

H

H

H

H

H

H C C C C H

H

H

HHH

H

OH OH

OH

OH

OHHO

a) b) c)

d) e) f)

g) h) i)

Different carbon environments absorb different radio frequencies and have 
different chemical shifts. Although chemical shifts are provided on the 
data sheet supplied in the examination, it is important that you practice 
using the data sheet by identifying different carbon environments and their 
associated chemical shifts. Table 13.2 summarises the essential carbon 
environments and their chemical shift range (which are given a δ value 
relative to TMS).

13C nmr table!104

Figure 29.21 shows the 13C NMR spectrum for propanone, 
(CH3)2CO.

Note that there are only two peaks: one for the carbon 
atom in the carbonyl group, C  O, and the other for the 
carbon atoms in the methyl groups,  CH3. Although 
there are two  CH3 groups in propanone, they are both 
equivalent and so appear as only a single peak (just as 
equivalent H atoms do in proton NMR).

Figure 29.22 shows another example of a carbon-13 NMR 
spectrum, that of ethylbenzene, C6H5CH2CH3.

The carbon atoms in the benzene ring are almost 
equivalent but will be affected to slightly different extents 
by the presence of the ethyl group in the molecule. Hence 
the series of lines clustered near 125 ppm.
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 C  C,   CH2  10–40
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sp3 next to nitrogen  CH2  NH2,   CH2   NR2,   CH2  NHCO 30–65

sp3 next to chlorine (  CH2   Br and  
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 I are in the same range 
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 Cl 30–60
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sp2 nitrile R  C  N 100–125

Table 29.4 Typical 13C chemical shift values (δ) relative to TMS = 0. Note that chemical shifts are typical values and can vary 
slightly depending on the solvent, the concentration and substituents present.

Figure 29.21  The carbon-13 NMR spectrum of propanone. Figure 29.22 The carbon-13 NMR spectrum of ethylbenzene.
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carbon atoms in the methyl groups,  CH3. Although 
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equivalent and so appear as only a single peak (just as 
equivalent H atoms do in proton NMR).

Figure 29.22 shows another example of a carbon-13 NMR 
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Carbon environment Possible functional group(s) Symbol used by OCR Range, δ /ppm

C bonded to another carbon alkanes and any C that is part 
of a carbon chain

CC 5–55

C bonded to a halogen haloalkanes Cl, BrC C 20–50

C bonded to a nitrogen amines NC 35–75

C bonded by a single bond to an oxygen alcohol, ester, carboxylic acid OC 50–90

C bonded by a double bond to a carbon alkenes CC 110–165

C as part of an arene aromatic compounds

C C

C

CC

C

110–165

C with double bond to oxygen and single 
bond to another oxygen

carboxylic acids, esters

C

O

O 160–220

C with double bond to oxygen and single 
bond to a nitrogen

amides

C

N

O 160–220

C with double bond to oxygen aldehydes or ketones

C C

H

O

C C

C

O 160–220

Table 13.2

Ethanol has two carbon atoms, C1 and C2:

OH

H

H

H

H

H C1 C2

● C1 is joined to a CH2 and is part of an alkyl group. The chemical shift 
should be between 5 ppm and 55 ppm.

● C2 is joined to an alcohol OH. The chemical shift should be between 
50 ppm and 90 ppm.
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The key to interpreting 13C-NMR spectra is to identify the number of 
different carbon environments and then to match them with the groups in 
the data sheet.
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Example 2

Determine the number of carbon environments in propanoic acid. For each 
environment, predict the chemical shift (the δ value).

Answer

H

H

H

H

H C C

There are 
three different 
C environments — 
C1, C2 and C3

C

O

OH

H

H

H

H

H C1 C2 C3

O

OH

The 13C-NMR spectrum for propanoic acid should contain three peaks:

● C1 is part of an alkyl group and should, therefore, have a δ value of 
between 5 ppm and 55 ppm.

● C2 is also part of an alkyl group, but because it is next to a carbonyl group 
the δ value will be towards the higher end of the range.

● C3 is part of a carboxylic acid group and should, therefore, have a δ value 
between 160 ppm and 220 ppm.

The 13C spectrum of propanoic acid is shown below.

C1C2

C3
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Example 3

Determine the number of carbon environments in propan-2-ol. For each 
environment, predict the chemical shift (the δ value).

Answer

H

H

OH

H

H HC C

H

H

C

H

H

OH

H

H H

H

H

There are 
two different 
C environments —  
C1 and C2

C1 C2 C1

The 13C-NMR spectrum for propan-2-ol should contain two peaks:

● C2 is next to an OH group and should, therefore, have a δ value of 
between 50 ppm and 90 ppm.

● C1 is part of an alkyl group and should, therefore, have a δ value of 
between 5 ppm and 55 ppm. However, because the adjacent carbon is 
bonded to an OH the δ value will be towards the high end of the range.

propanoic acid!107
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The 13C-NMR spectrum for propanoic acid should contain three peaks:

● C1 is part of an alkyl group and should, therefore, have a δ value of 
between 5 ppm and 55 ppm.

● C2 is also part of an alkyl group, but because it is next to a carbonyl group 
the δ value will be towards the higher end of the range.

● C3 is part of a carboxylic acid group and should, therefore, have a δ value 
between 160 ppm and 220 ppm.

The 13C spectrum of propanoic acid is shown below.
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● C2 is next to an OH group and should, therefore, have a δ value of 
between 50 ppm and 90 ppm.

● C1 is part of an alkyl group and should, therefore, have a δ value of 
between 5 ppm and 55 ppm. However, because the adjacent carbon is 
bonded to an OH the δ value will be towards the high end of the range.

267

N
uclear m

agnetic resonance spectroscopy (N
M

R)

The 13C spectrum of propan-2-ol is shown below.
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Test yourself

11 State the range of the 
chemical shift, δ, in ppm, for 
each C highlighted in red in 
the following structures.

12 Draw and name four isomers of C8H10. Each isomer contains a benzene ring.  
Determine the number of peaks that you would expect in the 13C-NMR  
spectrum of each isomer.

H C C C C H

H

H

OH

H

H

H

H

H

H C C C C H

H

H

H

H

H

H

C
N

H
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O
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CH
CH

C
O

H C C C O C H

H

H

OH

H

H

H

H C C C O C H

H

H

OH

H

H

H

H C C C C H

H

H

H

H

H

H

H

H

a) b) c)

H C C C C H

H

H

HHH

H

d) e) f)

h) i)

O
C

CH
CH

C
O

CH3CH3
g)

CH3CH3

CH3
CH2

CH2

H3C

CH3 CH3

CH3CH3

H-1 (proton) NMR spectroscopy
Proton NMR relies on the magnetic properties of 1H, (H-1), and, like 
13C-NMR, it is essential that you can recognise different hydrogen 
environments and assign different chemical shifts to the different 
environments.

Consider a molecule of ethanol, C2H5OH:

OH

H

H

H

H

H C C

The six hydrogen atoms are not identical:

● The three hydrogen atoms in the CH3 group are in the same 
environment and can be labelled Ha.

propan-2-ol!108
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Figure 29.21 shows the 13C NMR spectrum for propanone, 
(CH3)2CO.

Note that there are only two peaks: one for the carbon 
atom in the carbonyl group, C  O, and the other for the 
carbon atoms in the methyl groups,  CH3. Although 
there are two  CH3 groups in propanone, they are both 
equivalent and so appear as only a single peak (just as 
equivalent H atoms do in proton NMR).

Figure 29.22 shows another example of a carbon-13 NMR 
spectrum, that of ethylbenzene, C6H5CH2CH3.

The carbon atoms in the benzene ring are almost 
equivalent but will be affected to slightly different extents 
by the presence of the ethyl group in the molecule. Hence 
the series of lines clustered near 125 ppm.

Hybridisation of 
carbon atom

Environment of carbon atom Example structures Chemical  / ppm 
shift range (δ)

sp3 alkyl CH3  , CH2 ,  CH   0–50

sp3 next to alkene/arene  CH2 
 C  C,   CH2  10–40

sp3 next to carbonyl/carboxyl  CH2   COR,   CH2   CO2R 25–50

sp3 next to nitrogen  CH2  NH2,   CH2   NR2,   CH2  NHCO 30–65

sp3 next to chlorine (  CH2   Br and  
 CH2 

 I are in the same range 
as alkyl)

 CH2 
 Cl 30–60

sp3 next to oxygen  CH2   OH,  CH2 
 O  CO  50–70

sp2 alkene or arene
 C  C ,  

C

C
C
C

C
C

110–160

sp2 carboxyl R  CO2H, R  CO2R 160–185

sp2 carbonyl R  CHO, R  CO  R 190–220
sp2 alkyne R  C  C  65–85
sp2 nitrile R  C  N 100–125

Table 29.4 Typical 13C chemical shift values (δ) relative to TMS = 0. Note that chemical shifts are typical values and can vary 
slightly depending on the solvent, the concentration and substituents present.

Figure 29.21  The carbon-13 NMR spectrum of propanone. Figure 29.22 The carbon-13 NMR spectrum of ethylbenzene.

C O

200 100 0

H3C

H3C

δ 200 100 0

C6H5CH2CH3

δ

Chapter 29: Analytical chemistry

445

skill check
State the range of the chemical shift, δ, in ppm, for 
each C highlighted in the following structures.

!110
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The 13C spectrum of propan-2-ol is shown below.
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Test yourself

11 State the range of the 
chemical shift, δ, in ppm, for 
each C highlighted in red in 
the following structures.

12 Draw and name four isomers of C8H10. Each isomer contains a benzene ring.  
Determine the number of peaks that you would expect in the 13C-NMR  
spectrum of each isomer.
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H-1 (proton) NMR spectroscopy
Proton NMR relies on the magnetic properties of 1H, (H-1), and, like 
13C-NMR, it is essential that you can recognise different hydrogen 
environments and assign different chemical shifts to the different 
environments.

Consider a molecule of ethanol, C2H5OH:

OH

H

H

H

H

H C C

The six hydrogen atoms are not identical:

● The three hydrogen atoms in the CH3 group are in the same 
environment and can be labelled Ha.
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The 13C spectrum of propan-2-ol is shown below.
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Test yourself

11 State the range of the 
chemical shift, δ, in ppm, for 
each C highlighted in red in 
the following structures.

12 Draw and name four isomers of C8H10. Each isomer contains a benzene ring.  
Determine the number of peaks that you would expect in the 13C-NMR  
spectrum of each isomer.
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H-1 (proton) NMR spectroscopy
Proton NMR relies on the magnetic properties of 1H, (H-1), and, like 
13C-NMR, it is essential that you can recognise different hydrogen 
environments and assign different chemical shifts to the different 
environments.

Consider a molecule of ethanol, C2H5OH:
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H C C

The six hydrogen atoms are not identical:

● The three hydrogen atoms in the CH3 group are in the same 
environment and can be labelled Ha.
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chemical shift, δ, in ppm, for 
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H-1 (proton) NMR spectroscopy
Proton NMR relies on the magnetic properties of 1H, (H-1), and, like 
13C-NMR, it is essential that you can recognise different hydrogen 
environments and assign different chemical shifts to the different 
environments.

Consider a molecule of ethanol, C2H5OH:
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H C C

The six hydrogen atoms are not identical:

● The three hydrogen atoms in the CH3 group are in the same 
environment and can be labelled Ha.



13C nmr of ethyl ethanoate
The spectrum of ethyl ethanoate shows four peaks, 
one for each of the carbon atoms in the molecule.

!113

517

 29 Techniques of analysis

Because of the very small natural abundance of 13C atoms (1.1%), the chances of two 
adjacent carbon atoms in a molecule both being 13C atoms is only just over 1 in 100, 
and so the splitting of a peak due to adjacent 13C atoms is very unlikely. Although 
the spin-interaction between 13C atoms and 1H atoms is very large, usually when a 
13C spectrum is run, the 1H–13C coupling is removed by irradiating the sample with 
broad-frequency ‘white noise’. Although this greatly simplifi es the spectrum, it has 
the disadvantage that the intensities of the peaks are not dependent on the number 
of carbon atoms, and so it is not possible to determine the number of carbon atoms 
associated with a particular absorbance.

Each carbon atom in a different chemical environment produces a single-peak 
absorbance at a different chemical shift. Table 29.9 shows some chemical shift values 
for 13C in different chemical environments.

Environment of 13C Chemical shift range (ppm from TMS)

C (alkane) 0–30

C (alkene) 110–150 

C—N 50–55

C—O 60–65

C (aryl) 110–160

C in —COX (X = O, N) 160–175

C“O 200–220

The 13C NMR spectrum of ethyl ethanoate is illustrated in Figure 29.33.
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Figure 29.33 13C NMR spectrum of ethyl ethanoate, CH3CO2CH2CH3

The spectrum in Figure 29.33 shows four peaks, one for each of the carbon atoms in 
the molecule. From Table 29.9 we can see that the peak on the left of the spectrum, 
at 171 ppm, is for carbon 2 in Figure 29.34, and the peak at 60 ppm is for carbon 3 in 
Figure 29.34.

It is a little more diffi cult to assign the other two peaks, at 13 and 22 ppm, but 
because the CH3 next to the C “ O is likely to be more deshielded due to the 
electron-withdrawing effect of the C “ O, we can identify carbon 1 with the peak at 
22 ppm, leaving the peak at 13 ppm associated with carbon 4.

Table 29.9 Some 13C chemical shifts
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Because of the very small natural abundance of 13C atoms (1.1%), the chances of two 
adjacent carbon atoms in a molecule both being 13C atoms is only just over 1 in 100, 
and so the splitting of a peak due to adjacent 13C atoms is very unlikely. Although 
the spin-interaction between 13C atoms and 1H atoms is very large, usually when a 
13C spectrum is run, the 1H–13C coupling is removed by irradiating the sample with 
broad-frequency ‘white noise’. Although this greatly simplifi es the spectrum, it has 
the disadvantage that the intensities of the peaks are not dependent on the number 
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Figure 29.33 13C NMR spectrum of ethyl ethanoate, CH3CO2CH2CH3

The spectrum in Figure 29.33 shows four peaks, one for each of the carbon atoms in 
the molecule. From Table 29.9 we can see that the peak on the left of the spectrum, 
at 171 ppm, is for carbon 2 in Figure 29.34, and the peak at 60 ppm is for carbon 3 in 
Figure 29.34.

It is a little more diffi cult to assign the other two peaks, at 13 and 22 ppm, but 
because the CH3 next to the C “ O is likely to be more deshielded due to the 
electron-withdrawing effect of the C “ O, we can identify carbon 1 with the peak at 
22 ppm, leaving the peak at 13 ppm associated with carbon 4.

Table 29.9 Some 13C chemical shifts
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 29 Techniques of analysis

Because of the very small natural abundance of 13C atoms (1.1%), the chances of two 
adjacent carbon atoms in a molecule both being 13C atoms is only just over 1 in 100, 
and so the splitting of a peak due to adjacent 13C atoms is very unlikely. Although 
the spin-interaction between 13C atoms and 1H atoms is very large, usually when a 
13C spectrum is run, the 1H–13C coupling is removed by irradiating the sample with 
broad-frequency ‘white noise’. Although this greatly simplifi es the spectrum, it has 
the disadvantage that the intensities of the peaks are not dependent on the number 
of carbon atoms, and so it is not possible to determine the number of carbon atoms 
associated with a particular absorbance.

Each carbon atom in a different chemical environment produces a single-peak 
absorbance at a different chemical shift. Table 29.9 shows some chemical shift values 
for 13C in different chemical environments.

Environment of 13C Chemical shift range (ppm from TMS)

C (alkane) 0–30

C (alkene) 110–150 

C—N 50–55

C—O 60–65

C (aryl) 110–160

C in —COX (X = O, N) 160–175

C“O 200–220

The 13C NMR spectrum of ethyl ethanoate is illustrated in Figure 29.33.
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Figure 29.33 13C NMR spectrum of ethyl ethanoate, CH3CO2CH2CH3

The spectrum in Figure 29.33 shows four peaks, one for each of the carbon atoms in 
the molecule. From Table 29.9 we can see that the peak on the left of the spectrum, 
at 171 ppm, is for carbon 2 in Figure 29.34, and the peak at 60 ppm is for carbon 3 in 
Figure 29.34.

It is a little more diffi cult to assign the other two peaks, at 13 and 22 ppm, but 
because the CH3 next to the C “ O is likely to be more deshielded due to the 
electron-withdrawing effect of the C “ O, we can identify carbon 1 with the peak at 
22 ppm, leaving the peak at 13 ppm associated with carbon 4.

Table 29.9 Some 13C chemical shifts
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13C nmr of ethyl ethanoate
The peak on the left of the spectrum, at 171ppm, is 
for carbon 2, and the peak at 60ppm is for carbon 
3.  
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13C nmr of ethyl ethanoate
It is a little more difficult to assign the other two 
peaks, at 13 and 22ppm, but because the CH3 next 
to the C=O is likely to be more deshielded due to 
the electron-withdrawing effect of the C=O, we can 
identify carbon 1 with the peak at 22ppm, leaving 
the peak at 13ppm associated with carbon 4.
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skill check 27
Two isomers of ethyl ethanoate are propyl 
methanoate and prop-2-yl methanoate. Their 13C 
spectra are shown below. Decide which compound 
gives which spectrum.
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Now try this
Two isomers of ethyl ethanoate are propyl methanoate and prop-2-yl methanoate. Their 
13C spectra are shown in Figure 29.35. Decide which compound gives which spectrum.
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Figure 29.35 13C spectra of the two propyl methanoates, HCO2C3H7

a

b

Summary
● Paper chromatography (PC) uses the principle of partition to 

separate components of a mixture.
● Components of a mixture are separated in thin layer 

chromatography (TLC) through the principle of adsorption.
● Components are separated in gas chromatography (GC) by 

their relative volatilities and attraction to the non-polar coating 
on the solid support.

● The routine uses of gas chromatography in analysis include the 
detection of alcohol, drugs, food additives and impurities and 
explosive residues.

● Measuring the accurate mass of the molecular ion peak in mass 
spectrometry allows us to work out the molecular formula of a 
compound.

● Use of the M+1 peak in mass spectrometry enables us to 
determine the number of carbon atoms in a molecule.

● Use of the M+2 peak in mass spectrometry enables us to 
determine the number of chlorine and/or bromine atoms in a 
molecule.

● The fragmentation pattern in mass spectrometry helps us to 
determine the structure of molecules.

● Infrared (IR) spectroscopy can identify the functional groups 
within a molecule.

● Nuclear magnetic resonance (NMR) spectroscopy can be 
carried out on compounds that contain atoms such as 13C and 
1H, which have magnetic moments that take up orientations 
with different energies in an external magnetic fi eld.

● Both the chemical shift (δ) values and the splitting patterns 
in a 1H NMR spectrum allow us to determine the structures of 
molecules.

● The 13C spectrum can allow us to determine the number and 
environment of carbon atoms within a molecule.
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Now try this
Two isomers of ethyl ethanoate are propyl methanoate and prop-2-yl methanoate. Their 
13C spectra are shown in Figure 29.35. Decide which compound gives which spectrum.
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Figure 29.35 13C spectra of the two propyl methanoates, HCO2C3H7

a

b

Summary
● Paper chromatography (PC) uses the principle of partition to 

separate components of a mixture.
● Components of a mixture are separated in thin layer 

chromatography (TLC) through the principle of adsorption.
● Components are separated in gas chromatography (GC) by 

their relative volatilities and attraction to the non-polar coating 
on the solid support.

● The routine uses of gas chromatography in analysis include the 
detection of alcohol, drugs, food additives and impurities and 
explosive residues.

● Measuring the accurate mass of the molecular ion peak in mass 
spectrometry allows us to work out the molecular formula of a 
compound.

● Use of the M+1 peak in mass spectrometry enables us to 
determine the number of carbon atoms in a molecule.

● Use of the M+2 peak in mass spectrometry enables us to 
determine the number of chlorine and/or bromine atoms in a 
molecule.

● The fragmentation pattern in mass spectrometry helps us to 
determine the structure of molecules.

● Infrared (IR) spectroscopy can identify the functional groups 
within a molecule.

● Nuclear magnetic resonance (NMR) spectroscopy can be 
carried out on compounds that contain atoms such as 13C and 
1H, which have magnetic moments that take up orientations 
with different energies in an external magnetic fi eld.

● Both the chemical shift (δ) values and the splitting patterns 
in a 1H NMR spectrum allow us to determine the structures of 
molecules.

● The 13C spectrum can allow us to determine the number and 
environment of carbon atoms within a molecule.
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H nmr skill check
For each of the compounds below determine:  

the number of H environments  
the relative ratios of the peaks  
the splitting of each peak  
the chemical shift range of each peak. 
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N
uclear m

agnetic resonance spectroscopy (N
M

R)

Spin–spin coupling or splitting
The hydrogens attached to one carbon atom influence the hydrogens on 
adjacent carbon atoms. This is called spin–spin coupling and it causes 
peaks to split into a close bunch of smaller peaks. The easiest way to 
predict this splitting (called the splitting pattern) is to count the number 
of hydrogens on the adjacent carbon atoms and then use what is known as 
the ‘n + 1’ rule, where n is the number of hydrogens on the adjacent carbon 
atoms. A split peak is known as a doublet if the peak is split into two, 
triplet if into three, and so on (Table 13.4).

Table 13.4 Naming of split peaks in 1H-NMR spectroscopy.

Number of hydrogens on 
adjacent carbons

Splitting Type of peak

0 1 (the peak is not split) singlet

1 2 doublet

2 3 triplet

3 4 quartet

4 5 pentet

5 6 sextet

In the NMR spectrum of ethanol, each of the peaks is split differently:

● Ha is next to two hydrogens in CH2 and, hence, the peak is split into  
(2 + 1) – a triplet.

● Hb is next to three hydrogens in CH3 and, hence, the peak is split into  
(3 + 1) – a quartet.

● Hc is not attached to a carbon atom and, hence, does not undergo  
spin–spin coupling. It is, therefore, a singlet.

We would, therefore, expect the high-resolution NMR spectrum of ethanol 
to have three peaks of relative intensity 3 : 2 : 1 and split into a triplet, a 
quartet and a singlet.

Tip

Signals for OH and NH are usually 
singlets and are not split.

Test yourself

13  For each of the compounds below determine:
• the number of H environments
• the relative ratios of the peaks

• the splitting of each peak
• the chemical shift range of each peak.

In h) and i) the protons on the benzene ring will be split into a multiplet. You are not expected 
to determine the exact splitting for aromatic protons but you will be expected to identify 
them by their chemical shift.
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Tip

The n + 1 rule can only be applied 
if the protons are equivalent (in 
the same environment).
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Spin–spin coupling or splitting
The hydrogens attached to one carbon atom influence the hydrogens on 
adjacent carbon atoms. This is called spin–spin coupling and it causes 
peaks to split into a close bunch of smaller peaks. The easiest way to 
predict this splitting (called the splitting pattern) is to count the number 
of hydrogens on the adjacent carbon atoms and then use what is known as 
the ‘n + 1’ rule, where n is the number of hydrogens on the adjacent carbon 
atoms. A split peak is known as a doublet if the peak is split into two, 
triplet if into three, and so on (Table 13.4).

Table 13.4 Naming of split peaks in 1H-NMR spectroscopy.

Number of hydrogens on 
adjacent carbons

Splitting Type of peak

0 1 (the peak is not split) singlet

1 2 doublet

2 3 triplet

3 4 quartet

4 5 pentet

5 6 sextet

In the NMR spectrum of ethanol, each of the peaks is split differently:

● Ha is next to two hydrogens in CH2 and, hence, the peak is split into  
(2 + 1) – a triplet.

● Hb is next to three hydrogens in CH3 and, hence, the peak is split into  
(3 + 1) – a quartet.

● Hc is not attached to a carbon atom and, hence, does not undergo  
spin–spin coupling. It is, therefore, a singlet.

We would, therefore, expect the high-resolution NMR spectrum of ethanol 
to have three peaks of relative intensity 3 : 2 : 1 and split into a triplet, a 
quartet and a singlet.

Tip

Signals for OH and NH are usually 
singlets and are not split.

Test yourself

13  For each of the compounds below determine:
• the number of H environments
• the relative ratios of the peaks

• the splitting of each peak
• the chemical shift range of each peak.

In h) and i) the protons on the benzene ring will be split into a multiplet. You are not expected 
to determine the exact splitting for aromatic protons but you will be expected to identify 
them by their chemical shift.
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Tip

The n + 1 rule can only be applied 
if the protons are equivalent (in 
the same environment).
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Spin–spin coupling or splitting
The hydrogens attached to one carbon atom influence the hydrogens on 
adjacent carbon atoms. This is called spin–spin coupling and it causes 
peaks to split into a close bunch of smaller peaks. The easiest way to 
predict this splitting (called the splitting pattern) is to count the number 
of hydrogens on the adjacent carbon atoms and then use what is known as 
the ‘n + 1’ rule, where n is the number of hydrogens on the adjacent carbon 
atoms. A split peak is known as a doublet if the peak is split into two, 
triplet if into three, and so on (Table 13.4).

Table 13.4 Naming of split peaks in 1H-NMR spectroscopy.

Number of hydrogens on 
adjacent carbons

Splitting Type of peak

0 1 (the peak is not split) singlet

1 2 doublet

2 3 triplet

3 4 quartet

4 5 pentet

5 6 sextet

In the NMR spectrum of ethanol, each of the peaks is split differently:

● Ha is next to two hydrogens in CH2 and, hence, the peak is split into  
(2 + 1) – a triplet.

● Hb is next to three hydrogens in CH3 and, hence, the peak is split into  
(3 + 1) – a quartet.

● Hc is not attached to a carbon atom and, hence, does not undergo  
spin–spin coupling. It is, therefore, a singlet.

We would, therefore, expect the high-resolution NMR spectrum of ethanol 
to have three peaks of relative intensity 3 : 2 : 1 and split into a triplet, a 
quartet and a singlet.

Tip

Signals for OH and NH are usually 
singlets and are not split.

Test yourself

13  For each of the compounds below determine:
• the number of H environments
• the relative ratios of the peaks

• the splitting of each peak
• the chemical shift range of each peak.

In h) and i) the protons on the benzene ring will be split into a multiplet. You are not expected 
to determine the exact splitting for aromatic protons but you will be expected to identify 
them by their chemical shift.
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Tip

The n + 1 rule can only be applied 
if the protons are equivalent (in 
the same environment).

H nmr skill check!124

271

N
uclear m

agnetic resonance spectroscopy (N
M

R)

Spin–spin coupling or splitting
The hydrogens attached to one carbon atom influence the hydrogens on 
adjacent carbon atoms. This is called spin–spin coupling and it causes 
peaks to split into a close bunch of smaller peaks. The easiest way to 
predict this splitting (called the splitting pattern) is to count the number 
of hydrogens on the adjacent carbon atoms and then use what is known as 
the ‘n + 1’ rule, where n is the number of hydrogens on the adjacent carbon 
atoms. A split peak is known as a doublet if the peak is split into two, 
triplet if into three, and so on (Table 13.4).

Table 13.4 Naming of split peaks in 1H-NMR spectroscopy.

Number of hydrogens on 
adjacent carbons

Splitting Type of peak

0 1 (the peak is not split) singlet

1 2 doublet

2 3 triplet

3 4 quartet

4 5 pentet

5 6 sextet

In the NMR spectrum of ethanol, each of the peaks is split differently:

● Ha is next to two hydrogens in CH2 and, hence, the peak is split into  
(2 + 1) – a triplet.

● Hb is next to three hydrogens in CH3 and, hence, the peak is split into  
(3 + 1) – a quartet.

● Hc is not attached to a carbon atom and, hence, does not undergo  
spin–spin coupling. It is, therefore, a singlet.

We would, therefore, expect the high-resolution NMR spectrum of ethanol 
to have three peaks of relative intensity 3 : 2 : 1 and split into a triplet, a 
quartet and a singlet.

Tip

Signals for OH and NH are usually 
singlets and are not split.

Test yourself

13  For each of the compounds below determine:
• the number of H environments
• the relative ratios of the peaks

• the splitting of each peak
• the chemical shift range of each peak.

In h) and i) the protons on the benzene ring will be split into a multiplet. You are not expected 
to determine the exact splitting for aromatic protons but you will be expected to identify 
them by their chemical shift.
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Tip

The n + 1 rule can only be applied 
if the protons are equivalent (in 
the same environment).


