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5.0 OBJECTIVES

The objective of this chapter is to make the student able to identify magnetic and

non-magnetic nuclei, determine nuclear spin angular momentum and corresponding

magnetic moment and determine the interaction energy of nuclear spin states under the

influence of an external magnetic field. Combined with 13C NMR, 1H NMR (PMR) will

make the student able to reveal most of the structural and stereochemical features of an

organic compound.

5.1 INTRODUCTION

Nuclear magnetic resonance spectroscopy is a very important tool in the hands of a

chemist, particularly an organic chemist. It is the study of interaction of magnetic nuclei

having resultant nuclear spin (1H, 19F, 31P 13C etc.) with electromagnetic radiations in

radiofrequency region under the influence of an appropriate magnetic field. The study of

hydrogen nuclei comes under the preview of 1H NMR spectroscopy or proton magnetic

resonance (PMR) spectroscopy. Combined with 13C NMR, 1H NMR (PMR) can be used to

reveal most of the structural and stereochemical features of an organic compound. By studying

a compound by 1H NMR (PMR) spectroscopy, one can obtain the following types of

informations regarding the compound :

(i) The number of types of hydrogen atoms in a molecule.

(ii) The chemical environment of hydrogen atoms.

(iii) The number of hydrogen atoms in a given chemical environment.

(iv) The molecular structure and its stereochemical features.

5.2 NUCLEAR SPIN : MAGNETIC AND NON-MAGNETIC NUCLEI

Atomic nuclei are made up of positively charged protons and electrically neutral

neurons. Like electrons, protons and neutrons also spin about their own axes, each  with

spin quantum number equal to 
1

2
. Each nucleus has a total spin quantum number (I) which

results from the vector addition of the spins of its constituent protons and neutrons. Based

on experimental observations, some empirical rules regarding the value of the resultant

spin quantum number (I) of nuclei have been formulated. These empirical rules are as

follows :

(i) Nuclei having even number of protons and neutrons both have zero resultant nuclear

spin quantum number (I).

Examples : 4
2 He (p=2, n=2), I=0

12
6 C (p =6, n=6), I=0
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16
8 O (p =8, n=8), I=0

Such nuclei with I = 0 are called non-magnetic nuclei.

(ii) Nuclei with odd number of protons and neutrons both have integral nuclear spin

quantum number (I).

Examples : 2
1 H (p = 1, n=1), I=1

14
7 H (p = 7, n=7), I=1

10
5 B (p = 5, n =5), I =3

(iii) Nuclei having odd-even combination of protons and neutrons have half integral

resultant nuclear spin quantum number (I). Such nuclei have odd mass number and

even or odd atomic number.

Examples :
1
1

1
H (p =1, n = 0), I =

2

13
6

1
C(p =6, n = 7), I =

2

19
9

1
F(p =9, n =10), I =

2

31
15

1
P (p =15, n =16), I =

2

17
8

5
O (p =8, n =9), I =

2

35
17

3
Cl (p =17, n =18), I =

2

Nuclei having non-zero value of resultant nuclear spin quantum number (I) are said

to be magnetic nuclei. Thus, when

(a) I = 0, non-magnetic nuclei

(b) I  0, magnetic nuclei

5.3 ANGULAR MOMENTUM OF THE NUCLEUS

The magnitude of angular momentum vector (L) associated with the spinning nucleus

having resultant nuclear spin quantum number I is given by

 1
2

h
L I I 


...(5.1)



143

 Nuclear Magnetic Resonance (NMR) Spectroscopy

The angular momentum vector associated with the spinning nucleus cannot orient

in any arbitrary direction in space. It can orient itself in those directions only in which its

components along the direction of an applied  magnetic field have quantized values, integral

(when I is integral) or half-integral (with I is half-integral). The direction of applied magnetic

field is usually taken along Z-axis (reference direction). The allowed values of components

of the angular momentum vector along the z-axis are given by the expression .
2I

h
m


, where

Im  can take the following values :

(a) When I is integral

 , 1 ,........, 0, ........ ( 1),Im I I I I     ....(5.2)

(b) When I is half integer

 1 1
, ( 1), ........, , ,......., 1 ,

2 2Im I I I I      ....(5.3)

Thus, there are a total of (2I + 1) orientations that the nuclear spin angular momentum

vector can take in an applied magnetic field. These orientations are degenerate, i.e., have

same energy in the absence of an external magnetic field. However, the degeneracy of these

orientations is destroyed in the presence of the applied magnetic field. The NMR spectrum

is basically the result of the lifting up of the degeneracy of these energy states.

5.4 MAGNETIC MOMENT ASSOCIATED WITH THE SPINNING NUCLEUs

A charged particle spinning about an axis, generates a circular electric current which

produces a magnetic dipole. Thus, a spinning charged particle behaves as a tiny bar magnet

placed along the axis of spin. The value of dipole moment ( ), representing the strength of

the magnet, for a point charge (q) is given by

2

q
L

m
 

     1 1
2 2 2

q h h
I I L I I

m

 
    

  


     11
4

qh
I I JT joules per tesla

m
 


...(5.4)

where m is mass of  the particle and I is its spin quantum number. However, the

nucleus is not a point charge and hence the equation (5.4) is modified by the inclusion of a

numerical factor G as :

  11
4

Gqh
I I JT

m
  


...(5.5)
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The nuclear G factors can’t be calculated in advance and are obtained only

experimentally.

Nuclear dipole moments are expressed in terms of nuclear magneton, N, which is

defined in terms of the charge and mass of the proton as :

27 15.050 10
4N

p

eh
JT

m
    

 ...(5.6)

Thus, for a nucleus of mass M and charge pe (p = number of protons in the nucleus),

we can write equation (5.5) as

 1
2 2

Gpe h
m I I

M
 



 1
4

p

p

Gm p eh
I I

M m

  
   

      
 ,  mp being the mass of the proton

  11Ng I I JT   ...(5.7)

where, g = 
pGm P

M
 , a characteristic of each nucleus. This g - factor has values upto

about six and is positive for nearly all known nuclei.

Table 5.1

Nuclear g- values for  some imporatnt nuclei

1
1

13
6

19
9

31
15

10
5

17
8

( )

1
5.5852

1
1.4042

1 5.255
2

2.2611
2

0.6002
3

5 0.7572
2

Nucleus SpinQuantum Number I g value

H

C

F

P

B

O





Equation (5.7) gives the value of magnetic moment vector. The magnetic

moment vector associated with the spinning nucleus cannot take any  arbitrary orientation
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in space. It will orient itself only in those directions in which its components along the

reference direction (along Z-axis, the direction of applied magnetic field) is quantized. Let 

be the angle between the magnetic moment vector and z-axis, then

cosz   

      =    1 cos 5. 7Ng I I from eqn   ...(5.8)

The angle  can’t have any arbitrary value but only a few allowed discrete values

satisfying the condition of quautization of the angular momentum i.e.,

 1 cos .
2 2I

h h
I I m

 
   

  

or    1 cos II I m   ...(5.9)

From equation (5.8) and (5.9), we get

Z N Ig m   ...(5.10)

5.5 ENERGY OF A NUCLEUS (I  0)  IN A MAGNETIC FIELD

The energy of interaction between the magnetic dipole resulting from a spinning

nucleus and a magnetic field of strength Z applied along the z-axis is given by the relation

 – Z ZE B ...(5.11)

Substituting Eq. (5.10) in Eq. (5.11), we get

   N I zE g m B ...(5.12)

Thus, the energy of interaction between a spinning nucleus and an external magnetic

field depends upon the values of mI and the strength of the external  magnetic field (Z).

Eq. (5.12) is generally written as

2 z I

h
E B m 


...(5.13)

where 
2 Ng

h


    and is known as

gyromagnetic ratio (or magnetogyric ratio).

Here, three conditions may arise :

(i) The energy of interaction increases with increasing magnetic field strength for

negative value of mI. This is because of the fact that the magnetic dipole arising from the

spinning nucleus opposes the external magnetic field when mI is negative.
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(ii) The energy of interaction decreases with increasing strength of magnetic field

for positive value of mI. Here, the magnetic dipole  arising from the spinning

nucleus is aligned with the external magnetic field.

(iii) The energy of interaction remains unchanged on increasing the strength of the

external magnetic field for zero value of mI. Here, the orientation of the magnetic

dipole is perpendicular to the direction of the external magnetic field.

For a magnetic nucleus with I = 1, the allowed values of mI are +1, 0 and –1. Here, the

magnitude of the angular momentum vector (L) is given by

 1
2

h
L I I 


 =  1 1 1

2

h



 = 2

2

h



This vector will orient itself in an external magnetic field (along z-axis) in such a way

that its components along the external field are integral. It is illustrated in (Fig. 5.1)  for

nuclei with I = 1.

= –1

m=+1 I

m=0 I

m= -1 I

135º

45º

2

2

2

m= 2 cos 90º =0I

m= 2 cos 135º = 2 × -I

1
2

m= 2 cos 45º = 2 × I

= –1
1
2

= +1
1
2
1
2

90º

Fig. 5.1  (Orientations of spinning nucleus in a magnetic field)

mI=+1 (aligned with the external magnetic field, lower energy state)

mI = –1 (aligned against the external magnetic field, higher energy state)

m I = 0 (aligned perpendicular to the external magnetic field, energy not

affected by changing the strength of the external magnetic field.

m = -1 I

m =0 I

m =+1 I

I=1
(No field)

(Field applied)

Increases
B Z

Fig. 5.2 Energy of spin states of a nucleus (I = 1)
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The energy gap between two adjacent energy levels, where mI differs by unity, is

( 1)I Im mE E E  

     – ( 1) (–g )N I Z N I Zg m B m B    

      – 1N Z I Ig B m m     

     N Zg B J  ... (5.14)

or, N Zhv g B  or,   


 N Z
Z

g B
v H

h
...(5.15)

Thus, the transition of nucleus from one spin state to the adjacent spin state involves

the emission or absorption of electromagnetic radiation of frequency given by Eq. (5.15).

Since the frequency is proportional to the strength of the applied magnetic-field (BZ), we

can study the nuclear spin spectra in any region of electromagnetic spectrum, in principle,

just by choosing an appropriate magnetic field. However, for practical reasons, the fields

used are normally of the order of 1-5 tesla for nuclei. When a spinning nucleus, in an external

magnetic field (Z), is exposed to electromagnetic radiation of appropriate frequency given

by Eq. (5.15), exchange of energy between the nucleus and the electromagnetic radiation

takes place and the nucleus is said to be in resonance with the electromagnetic radiation.

This phenomenon is known as nuclear magnetic resonance (NMR). The study of the amount

of energy exchanged between the nucleus and the electromagnetic radiation under the

conditions of nuclear magnetic resonance comes under the perview of nuclear magnetic

resonance spectroscopy.

5.6 RESONANCE FREQUENCY FOR HYDROGEN NUCLEUS (1H)

We have

27 15.050 10N JT   

5.585 ( )g for hydrogen nucleus

 2.3487 ( )ZB T arbitrarily taken

From Eq. (5.15)

N Zg B

h


 

   
27

34

5.585 5.050 10 2.3487

6.626 10
Hz





  




    = 100 × 106 Hz

    = 100 MHz
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Thus, a hydrogen nucleus (proton) resonates with electromagnetic radiation of

frequency 100 MHz in an applied magnetic field of strength 2.3487 tesla. This frequency

lies in the radiofrequency region (3.0 × 106–3×1010 Hz) of electromagnetic spectrum. All

other nuclei (except tritium) have smaller g-factors, and they resonate between 1 to 100

MHz for the same applied field, i.e., 2.3487 T. Resonance frequencies of some magnetic

nuclei at magnetic field strength of 2.3487 T are given in Table 5.2.

Table -5.2

Resonance frequency of some nulei at BZ = 2.3487 T

1
1

13
6

19
9

31
15

11
5

17
8

10
5

Re ( )

5.585 100.00

1.404 25.14

5.255 94.07

2.261 40.48

1.792 32.08

–0.7572 13.56

0.6002 10.75

Nucleus g factor sonance frequency MHz

H

C

F

P

B

O

B



5.7 POPULATION OF NUCLEAR ENERGY LEVELS

A given system with minimum energy is most stable. So, it is expected that the most

stable arrangement of nuclei in the magnetic field would be one in which all nuclei occupy

the lowest energy level. However, they do not all occupy the lowest available energy level as

a consequence of thermal motion and Boltzmann distribution. We know that the nuclear

spin energy states are splitted in an applied magnetic field and the energy gap between two

adjacent energy levels is given by Eq. (5.14) as

N ZE g B J  

     275.585 5.050 10 2348T J    [For proton at BZ = 2.3487 T]

      = 6.6 × 10–26 J

According to Boltzmann distribution law, the ratio of the populations of nuclei in

two energy states separated by E at TK is given by

exp
upper

lower

N E

N kT

 
  

 

where k is Boltzmann constant (k = 1.38 × 10–23 JK–1). For hydrogen nuclei

(protons) at 300 K,
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26

23

6.6 10
exp

1.38 10 300

upper

lower

N

N





 
  

   

     =  5exp –1.6 10

       1 – (1.6 × 10–5)

The ratio is very nearly equal to unity and there is sligth excess of nuclei in lower
energy level than that in the upper energy level (  16 more nuclei in lower energy level in
approximately 2 × 106 nuclei). These excess nuclei are the ones that allow us to observe
NMR spectrum. When radiofrequency radiation is applied, it not only induces nuclear
transitions from lower energy level to higher energy level with absorption of energy but

also stimulates transitions from upper energy level to lower energy level with emission of
energy. If the two levels are equally populated, the probabilities of the two tansitions become
equal and no net absorption of energy from radiofrequency transmitter takes place. So, no
NMR signal is observed. However, due to the slight excess of population in lower energy

level than that in the upper energy level, transitions from lower energy level to upper energy
level are more probable than those from upper energy level to the lower energy level and

net absorption of energy takes place from radiofrequency transmitter resulting in NMR
signal.

The intensity of NMR signal depends on the difference between populations of nuclei
in lower and upper energy levels. Since this deference is very small, the intensity of NMR

signal is also very low. However, the intensity of NMR signal can be enhanced by employing
magnetic field of high strength and lowering down the temperature.

5.8 MECHANISM OF INTERACTION BETWEEN SPINNING NUCLEUS

AND  EXTERNAL MAGNETIC FIELD

A spinning nucleus, with a magnetic moment, can be treated as if it were a bar
magnet which spins on its own axis. When placed in an external magnetic field, the

interaction of the magnetic moment vector with the external magnetic field produces a
torque. This torque interacts with the angular momentum vector and causes the magnetic

moment vector to precess about the applied magnetic field vector (BZ). For a proton  
1

2
I
 
 

 

the two orientations of the magnetic moment vector are shown in the Fig. 5.3.



BZ

 =
3
2

g  Z

 =
3
2

g Z

 =
1
2

g  Z

 =
1
2

g Z
Z

Z +

–

Fig. 5.3 (The two orientations of magnetic moment vector of proton in a magnetic field, BZ (along z-axis).
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The precession of the magnetic moment vector of spinning proton in an

applied magnetic field of strength BZ is shown in the Fig. 5.4





m = + I

1
2

m = – I

1
2

BZ

(Fig.5.4) Precession of magnetic moment vector of spinning proton about BZ.

The precession of the magnetic moment vector of spinning nucleus under the

influence of the external magnetic field is called Larmor Precession.  The precessional angular

frequency, , is called Larmor frequency. The frequency at which a nucleus precesses about

the applied external field is directly proportional to the strength of the magnetic field. For a

proton, the precessional frequencies are 60 MHz and 100 MHz when the strengths of applied

magnetic field are 1.41 T (14100 Gauss) and 2.3487 T ( 23487 Gauss) respectively.



m= + I

1
2

BZ

=100 MHz

BZ= 2.3487 T

(Spin aligned along the 
field, lower energy state)

h (   =100 MHz)
(Spin Flipping)


         m= – I

1
2

BZ

BZ= 2.3487 T

(Spin aligned against  the 
field, higher energy state)

Fig. 5.5  Nuclear magnetic resonance process

Since the nucleus has a charge, the precession generates an oscillating electric

field of the same frequency. If radiofrequency waves of this frequency are supplied to the

precessing nucleus, the energy is transferred from the incoming radiation to the nucleus,

thus causing a change in the spin state of the nucleus. This condition is called resonance,

and the nucleus is said to be in resonance with the incoming electromagnetic radiofrequency

radiation. This transition of nucleus (proton) from one spin sate to the other is shown in Fig.

5.5.
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5.9 INSTRUMENTATION

While recording NMR spectrum, there is a choice of two types of experimental

arrangements. We may either apply a fixed magnetic field to a set of identical nuclei so that

their Larmour frequencies are all equal, say, 100 MHz; and the frequency of the radiation

beam is then swept over a range including 100 MHz. This will result in resonance absorption

at precesely that frequency. On the other hand, we could expose the nuclei to radiation of a

fixed frequency of 100 MHz and sweep the applied magnetic field over a range until

absorption occurs. In common NMR instruments, the frequency of the radiation is kept

constant and the strength of magnetic field is varied until all types of nuclei come into

resonance with the incoming radiation. (Fig. 5.6) illustrates the basic elements of a  classical

100 MHz NMR spectrometer.

Radio
frequency
detector

Recorder

N S BZ= 2.3487 T

Variable magnetic field

(Fig. 5.6) The basic elements of a classical nuclear magnetic

resonance spectrometer.

The sample is dissolved in a solvent containing no interfering protons (CCl4, CDCl3,

d6- DMSO etc. and a small amount of TMS is added to serve as an internal reference. The

sample cell is a small cylindrical glass tube that is suspended in the gap between the faces of

the pole pieces of the magnet. The sample is spun around its axis to ensure that all parts of

the solution experience a relatively uniform magnetic field. The sample tube is surrounded

by a coil attached to a 100 MHz radiofrequency generator. This coil supplies the

electromagnetic energy used to change the spin orientations of protons. There is a detector

coil perpendicular to the radiofrequency coil.  When no absorption of energy is taking place,

the detector coil picks up no energy given off by the radiofrequency oscillator coil. However,

when the sample absorbs energy, the reorientation of nuclear spin induces a radiofrequency

signal in the plane of the detector coil, and the instrument responds by recording it as a

resonance signal or, peak.

At a constant field strength, the different types of protons in a molecule precess at

slightly different frequencies depending on their electronic environments. As the strength

of magnetic field is increased, the precessional frequencies of all the protons increase. When

the precessional frequency of a given type of protons reaches 100 MHz, resonance occurs

and energy is absorbed from the radiofrequency source giving rise to an NMR signal. Thus

by varying the magnetic field strength keeping the frequency of the radiofrequency oscillator

fixed, all types of protons are made to resonate with recording of corresponding NMR signal.
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The magnet with variable field strength is a two part device. There is a main magnet with a

strength of 2.3487 T, which is capped by electromagnet pole pieces. By varying the current

strength through the pole-pieces, the strength of the main field can be increased as much as

20 ppm.

5.10 CHEMICAL SHIFT : THE POSITION OF NMR SIGNALS

In a molecule, all the protons may not be in the same electronic environment. When

a molecule is placed in an external magnetic field, the valence electrons around protons are

made to circulate. This circulation generates a local diamagnetic current and produces a

counter magnetic field which opposes the applied magnetic field. The field experienced by

the proton is thus diminished and the proton is said to be shielded. This effect is called

diamagnetic shielding or diamagnetic anisotropy.

Circulation of electrons, specifically  -electrons, about nearby nuclei generates a

field that can either oppose or reinforce the applied magnetic field at the proton, depending

on the location of the proton. If the induced field  opposes the applied field, the proton is

shielded. However, if the induced field reinforces the applied field, the proton experiences

greater magnetic field than the applied one and it is said to be deshielded.

Compared with a naked proton, a shielded proton requires a higher magnetic field

while a deshielded proton requires a lower applied field in order to come to resonance with

a fixed radiofrequency radiation. Shielding thus shifts the absorption upfield and deshielding

shifts the absorption downfield. Such shifts in the position of NMR absorptions, arising

from shielding or deshielding of nuclei by surrounding electrons, are called chemical shifts.

C C

CC

CC HH

H H

H H

Circulating -electrons

Induced magnetic field
due to circularting

 electrons

BZ

Applied
field

Induced 
field

Fig. 7 Induced field reinforces the applied field at the aromatic protons of benzene,

aromatic protons are deshielded.
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Circulating -electrons

Induced magnetic field

due to circularting

 electrons

BZ

Applied

field

Induced 

field

C

C

H

H

Fig. 5.8. Induced field opposes the applied field at the acetylenic protons,

acetylenic protons are shielded.

5.11 MEASUREMENT OF CHEMICAL SHIFT

The unit in which a chemical shift is expressed is parts per million (ppm) of the total

applied magnetic field. Since shielding and deshielding arise from induced secondary fields,

the magnitude of the chemical shift is proportional to the strength of the applied field and

consequently to the radiofrequency, the field must match. However, if it is expressed as a

function of the applied field, that is, if the observed shift is devided by the particular

radiofrequency used, the chemical shift has a constant value that is independent of the

radiofrequency and the magnetic field that the NMR spectrometer employs.

5.12 REFERENCE FOR MEASURING CHEMICAL SHIFT

The reference point from which chemical shifts are measured is, for practical reasons,

not the signal from a naked proton, but the signal from a compound, tetramethyl silane

(TMS), (CH3)4Si.

Reasons for using TMS as reference for measuring chemical shifts :

(i) Its resonance is sharp and intense since all the twelve protons are equivalent

and absorb at exactly the same applied field.

(ii) Because of lower electronegativity of silicon than that of carbon, the shielding

of protons is greater in TMS than in most organic molecules. So, the  protons of

TMS absorb too upfield and can be easily recognized. Protons in most of the

organic molecules absorb downfield with respect to the protons of TMS.

(iii) TMS is a low boiling liquid (b.p. 27ºC) and hence it can be easily recovered

from most samples after use.
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Thus, if about five percent of TMS is added to a sample and the complete NMR

spectrum is produced, the sharp, upfield signal of TMS is easily recognized and can be used

as a standard. Conventionally, NMR spectra are displayed with the field increasing from left

to right, which places the signal from TMS to the extreme right.

The most commonly used scale for measuring chemical shifts is the  (delta) scale.

The position of the TMS signal is taken at   = 0.0ppm. Most chemical shifts have   values

between 0 and 10. A small   value indicates a small downfield shift while a large   value

represents a large downfield shift. An NMR signal from a particular proton appears at a

different field than the signal from TMS. The chemical shift (  ) is defined as

  6

0

10
( ) Hz

sample reference
ppm

operating frequency of the instrumnt

  
  



or,
6

0

( )
10

( )

Hz
ppm

Hz


  



Chemical shift in   units expresses the amount by which a proton resonance is shifted

from TMS, in parts per million, of the spectrometer’s basic operating frequency. Value of 

for  a given proton is always the same irrespective of whether the measurement was made

at 60 MHz (BZ = 1.41T) or at 100 MHz (BZ = 2.3487T). For example, at 60 MHz the shift of

the protons in CH3Br is  162 Hz while at 100 MHz, the shift is 270 Hz from TMS. However,

both of these correspond to the same value of   = 2.70 ppm

6

6

162
10

60 10

Hz
ppm

Hz
  



    = 
6

6

270
10

100 10

Hz
ppm



     = 2.70  ppm

Chemical shifts of some protons are listed in Table -3.

Table -5.3

Approximate chemical shifts for some protons

Types of protons Chemical shift (  ) in ppm

R—CH3 (1º) 0.7 to  1.3

R—CH2—R (2º) 1.2  to 1.4

R3CH (3º) 1.4 to 1.7

—C—CH—

O

2.1  to 2.
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—C  = C—H
4.5 to  6.5

R— C  C—H 1.7  to 2.7

H (aromatic) 6.5  to  8.0

R — O — H 0.5 to  5.0

O — H 4.0  to 7.0

R—N—H
0.5 to  4.0

N — H 3.0 to 5.0

R—C—H

O

9.0  to  10.0

R—C—O — H

O

11.0  to 12.0

R—C—N — H

O

5.0  to 9.0

R—S—H 1.0 to 4.0

5.13 FACTORS AFFECTING THE VALUE OF CHEMICAL SHIFTS

(i) Electronegativity effects : Electronegative substituents on carbon reduce the local

diamagnetic shielding in the vicinity of the attached protons because they reduce the electron

density around those protons. Substituents which have this type of effect are said to deshield

the proton. The greater the electronegativity of the substituent, the more it deshields the

protons, and hence greater is the chemical shift of those protons.
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3 3 3 3 3 4( )

( ) 4.26 3.05 2.68 2.16 0

CH F CH Cl CH Br CH I CH Si

ppm

3 2 2 3 3 4( )

( ) 7.27 5.30 3.05 0 0

CHCl CH Cl CH Cl CH Si

ppm

We see that increasing the number of electronegative substituents increases the

deshielding of protons and increases the chemical shift.

(ii) Hybridisation effects : Hydrogen atoms attached to purely sp3 hybridised carbon

atoms have their chemical shifts in the range 0 to 2 ppm.

R3CH R2CH2 R—CH3

H

H

    TMS

3º H 2º H 1º H   Strained ring 0

(ppm) 1.5    1.3 0.9 0.2

Due to greater electronegativity of sp2 hybrid orbitals than sp3 hybrid orbitals, vinylic

hydrogens have greater chemical shift (5 to 6 ppm) than aliphatic hydrogens on sp3

hybridised carbon atoms (  1 to 2 ppm). Aromatic hydrogen atoms on sp2 hybridised carbon

atoms appear in the range farther downfield (6.5 to 8.0 ppm). The downfield positions of

vinyl and aromatic resonances are, however, greater than one would expect based on these

hybridisation differences. This is due to the diamangetic anisotropy  resulting from the

circulating -electrons  in these systems. Acetylenic hydrogens at sp-hybridised carbon

appear anomalously at 2 to 3 ppm owing to diamagnetic anisotropy of circulating cylindrical

-electron cloud in acetylene.

(iii) Hydrogen bonding: Protons involved in hydrogen bonding exhibit extremely variable

absorption positions over a wide range. The greater the extent of H-bonding, greater

is the deshielding of the proton and greater is the chemical shift. The extent of H-

bonding is a function of temperature and concentration. Increasing concentration of

solution increases the extent of intermolecular H-bonding and increases the chemical

shift. At high dilution,  the extent of H-bonding is highly diminished and hydroxyl

protons absorb near 0.5 to 1.0 ppm. In concentrated solutions, however, hydroxyl

protons absorb around 4 to 5 ppm. In case of intramolecular hydrogen bonding, the

absorption position of hydroxyl proton is independent of the concentration of

solution. Thus, NMR spectroscopy can be used to distinguish intermolecular H-

bonding from intra-molecular H-bonding.

(IV) Magnetic Anisotropy: Alkenes, alkynes, aldehydes, aromatic hydrocarbons etc. have

protons whose chemical shift values are not in line with the expected magnitudes. In
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all these cases, the anomalous shift is due to the presence of an unsaturated system

in the vicinity of the protons in question. Let us take benzene as an example, when

benzene is placed in a magnetic field, the -electrons in the aromatic ring system are

induced to  circulate around the ring. This circulation of  -electrons generates a ring

current which in turn produces a magnetic field. The benzene hydrogens are said to

be deshielded by the diamagnetic anisotropy of the induced magnetic field. In

electromagnetic terminology, an isotropic field is one of either uniform density or

spherically symmetrical.  On the other hand, an anisotropic field is non-uniform.

The applied magnetic field is anisotropic in the vicinity of the benzene molecule

because the circulating electrons in the ring interact with the applied field. This creates

non-homogeneity in the immediate vicinity of the molecule. Thus, a proton attached

to a benzene ring is influenced by three magnetic fields - the strong magnetic field

applied by the electromagnet of NMR spectrometer and two weak fields, one due to

the usual shielding  by the valence electrons around the proton, and the other due to

the anisotropy generated by the  -electrons of the ring. It is the anisotropic effect

that gives the benzene protons a chemical shift that is much greater than expected.

These protons just happen to lie in the deshielding zone of the anisotropic field. If a

proton is placed in the centre of the ring rather than on its periphery it will be shielded,

since the anisotropic field here has opposite direction from that at the periphery.

     

C C

CC

CC HH

H H

H H

Circulating     - electrons

Induced anisotropic magnetic field, 
aligned with the applied field
at the periphery while aligned 

against the applied field 
at the centre of the ring

BZ

Shielding
zone

Deshielding 
zone

B induced

(Aligned with the applied field)

Fig. 5.9. The anisotropic effect of the induced magnetic field due to circulating  -

electrons. Aromatic protons at the periphery of the ring

lie in deshielding zone.
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Circulating cylindrical

 electrons

Induced anisotropic 

magnetic field 

BZ

B  induced

C

C

H

H

(Applied)

Fig. 5.10 (Deshielded acetylenic protons)

 In acetylene, the induced anisotropic magnetic field opposes the applied field at

acetylenic hydrogens. So, these hydrogen atoms lie in the shielding zone of the induced

anisotropic magnetic field.

Ethylenic and aldehydic protons are deshielded by the induced anisotropic magnetic

field as shown in Fig. 5.11 and Fig. 5.12 respectively. Thus, they show large downfield

chemical shifts. The aldehyd proton is further deshielded by the strong electromagnetic

effect of the oxygen atom.

BZ

C C

H

H

H

Induced anisotropic
magnetic field 

due to circulating    -electrons

Fig. 5.11. Ethylenic protons lie in deshielding zone of the induced anisotropic

magnetic field ( = 4.5 to 6.5 ppm)
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BZ

Induced anisotropic

magnetic field 
due to circulating 

-electron

C O
H

Fig. 5.12 Aldehydic proton lie in deshielding zone of induced anisotropic magnetic field.  ( = 9 to 10 ppm)

CH2H2C

C

H

H CH-COOH

CH2

H2
C

H2C

Fig. 5.13(c)
(6 -electron system)

Deshieded proton

( = -1.4 ppm)

Anisotropy caused by the presence of  -electrons in some common systems
containing multiple bonds are shown

 

H

H

H

H

H

H

H

H

H

H

H

H

H

HH

H

H

H

Shielded hydrogen

( = –1.8 ppm)

Deshielded hydrogen

( =8.9ppm)

[18] Annulene, 18  - electron system
Fig. 5.13 (d)
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In [18] annulene, the six inner hydrogen atoms are in shielding zone while the atoms

twelve outer hydrogen are in shielding zone.

CH2H2C

CH2

CH2

CH2

Fig.  5.13(a)

(6- electron system)

(= -1.0 ppm)

Fig.  5.13 (b)

CH2

(10 -electron system)

Shielded proton

(=-0.5 ppm)

 Fig. 13(a)  to Fig. 13(d)

5.14 EQUIVALENT AND NON -EQUIVALENT PROTONS

In a given molecule, protons with  the same environment absorb at the same applied

field and exhibit same chemical shift. A set of protons with same environment are said to be

equivalent. On the other hand, protons with different environments absorb at different

applied fields with different chemical shifts are said to be non-equivalent. Thus, the number

of signals in NMR spectrum tells us about  the number of types of equivalent protons a

molecule has. For deciding the equivalence of two protons, we imagine each proton in turn

to be replaced by some other atom Z. If replacement of either of the two protons by Z

would yield the same product or enantiomeric products, they are said to be chemically

equivalent in achiral medium.

CH3—C—CH3

O

Propanone

Replacement of 
proton (a) by Z

Replacement of 
proton (b) by Z

Z—CH2—C—CH3

O

I

CH3—C—CH2—Z

O

II

(a) (b)

I and II represent the same molecule and hence the two sets of protons in propanone

are chemically equivalent. Thus, all the six protons in propanone absorb at the same applied

field and propanone displays only one NMR signal for all the six protons.
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CH3—CH2—Cl

Chloroethane

Replacement of 
proton (a) by Z

Replacement of 
proton (b) by Z CH3—CH (Z) Cl

I

CH2 (Z )C—CH2—Cl

II

(a) (b)

Here, I and II represent two different molecules and hence the two sets of protons in

chloroethane are non -equivalent. They absorb at different applied field strengths and two

signals are observed in NMR spectrum of chloroethane.

5.15 ENANTIOTOPIC AND DIASTEREOTOPIC PROTONS

Let us consider the two methylene protons of chloroethane. Replacement of either of

the two protons by Z would give a pair of enantiomers.

Replacement of 
proton (a) by Z

Replacement of 
proton (b) by Z

I

II

CH H

CH3

Cl

CZ H

CH3

Cl

CH Z

CH3

Cl

(a) (b)

I and II represent a pair of enantiomers. Such pair of protons like (a) and (b) are

called Enantiotopic protons. The environments of these two protons are mirror images of

each other. So, in an achiral medium, they behave as if they were equivalent and we get one

NMR signal for the pair.

On the other hand, replacement of either of the two vinylic protons of 2-brompropene

by Z gives a pair of diastereomers

C = C

H

H

CH3

Br

C = C

Z

H

H3C

Br

+ C = C

H

Z

H3C

Br

Such pair of protons, like the two vinylic protons of 2-bromopropene, are said to be

diastereotopic. The environments of these protons are neither identical nor mirror image of

each other. These protons are non-equivalent and absorb at different applied fields and
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exhibit different chemical shifts. Thus an NMR signal is expected for each of them. 2-

Bromopropene, therefore, displays three NMR signals. Similarly, in 1,2- dichloropropane,

the two protons at C-1 are diastereotopic, non-equivalent and give separate NMR signals.

C

C

Cl

CH3

H

Cl

H

H

1

2
3

C

C

Cl

CH3

H

Cl

Z

H

+
C

C

Cl

CH3

Z

Cl

H

H

5.16 PEAK AREA AND PROTON COUNTING : NMR INTEGRAL

The NMR spectrum not only distinguishes how many different types of protons a

molecule has, but also reveals how many of each type are contained within the molecule.

The number of NMR peaks gives the number of types of protons is a molecule. On the

other hand, the area under each peak is directly proportional to the number of protons

generating that peak. Areas under NMR peaks are measured by an electronic integrator,

and are often given on the spectrum chart in the form of a stepped curve, called integral.

The heights of steps (integrals) are proportional to peak areas. NMR chart paper is cross-

hatched, and  step heights are estimated by simply counting the squares. We arrive at a set

of numbers that are in the same ratio as the numbers of different kinds of protons. We

convert this set of numbers into a set of smallest whole numbers. The number of protons

generating each peak is equal to the whole number for the signal or to some multiple of it.

An NMR spectrum of benzyl acetate, showing each of the peaks integrated in this way, is

given in Fig. 5.14.
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In the NMR spectrum of benzyl acetate, the first integral rises for 55.5 divisions; the

second 22.0 divisions; and the third 32.5 divisions on the chart paper. These numbers are

relative. The ratios of each type of protons can be calculated by dividing the larger numbers

with smallest one.

55.5 . 22.0 32.5 .
2.52, 1, 1.48

22.0 . 22.0 . 22.0 .

div div div

div div div
  

Thus, the number ratio of protons of all the types is 2.52 : 1 : 1.48. If we assume that

the peak at 5.1 ppm is due to two protons, then we arrive at the true ratio by multiplying

each number by 2 and rounding off them,

2.52 2 : 1 2 : 1.48 2  

= 5.04 : 2 : 2.96

  5 : 2 : 3

Clearly, the peak at 7.3 ppm, which integrates for 5 protons, arises from the aromatic

ring protons, whereas that at 2.0 ppm, which integrates for 3 protons, is due to the methyl

protons. The two protons at 5.1 ppm correspond to the two benzylic protons.

H H

CH2—O—C—CH3

HH

H

O

 =  5.1 ppm  =  2.0 ppm

 =  7.3 ppm

5.17 SPLITTING OF SIGNALS : SPIN-SPIN COUPLING

An NMR spectrum displays a signal for each type of proton in the molecule. However,

even in simple molecules, it is found that each type of proton rarely gives a single resonance

peak. For example, in 1,1,2-trichloroethane there are two chemically distinct types of protons.

Cl — C —CH2 —Cl

H

Cl

1, 1, 2-Trichloroethane

Here, two NMR peaks with an area ratio (integral ratio) of 2 : 1 are expected in the

NMR spectrum of 1, 1, 2-trichloroethane. In reality, the high resolution NMR spectrum of
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this compound displays five peaks; a group of three peaks (called triplet) at   = 5.77 ppm,

and a group of two peaks (called doublet) at  =3.95 ppm (Fig. 5.15).

10 9 8 7 6 5 4 3 2 1 

TMS


=3.95 ppm

Fig. 5.15 NMR spectrum of 1, 1, 2-trichloroethane

The  methine (CH) resonance (  = 5.77 ppm) is said to be split into a triplet, and the

methylene (CH2) resonance (   = 3.95 ppm)is said to be split into a doublet. This splitting of

NMR peaks is caused by a phenomenon known as spin-spin coupling.

Splitting reflects the environments of the absorbing protons, not with respect to

electrons, but with respect to other nearby protons. Let us consider the case of adjacent

carbon atoms carrying a pair of secondary protons and a tertiary proton.

—C   —  C —

H H

H
(3º)

(2º)

The magnetic field that a secondary (2º) proton experiences at a particular instant is

slightly increased or slightly decreased by the spin of the tertiary (3º) proton on the adjacent

carbon. The experienced magnetic field is increased if the spin of the tertiary proton happens

at that instant to be aligned with the mgnetic field or, decreased if the spin of the 3º proton

happens at that instant to be aligned against the applied field. For half of the molecules,

therefore, absorption by a secondary proton is shifted slightly downfield, and for the other

half of the molecules the absorption peak is shifted upfield. The signal is thus split into two

peaks, a doublet , with equal intensities.

Signal from

uncoupled proton

Spin combinations  for
adjacent 3º proton

Applied field

BZ

Fig. 5.16 Spin-Spin coupling of a 2º proton with one 3º proton at

adjacent carbon gives a 1 : 1 doublet.



165

 Nuclear Magnetic Resonance (NMR) Spectroscopy

The 3º proton, on the other hand, is affected by the spin of the two neighboring 2º

protons. There are four equally probable combinations of spin alignments for the two

equivalent 2º protons.

Signal from

uncoupled proton

Spin combinations  for
adjacent 2º protons

Applied field

BZ

Fig. 5.17. Spin-spin coupling of a 3º proton with two equivalent 2º protons

producing a 1 : 2 : 1 triplet.

At any instant, therefore, the 3º proton experiences any of the three fields, and its

signal is split into three equally spaced peaks, a triplet, with relative peak intensities 1 : 2 : 1,

reflecting the combined probability of the two equivalent combinations in the middle (Fig.

5.17).

It can be shown in general that a set of n equivalent protons will split an NMR signal

into (n+1) peaks. We may expect to observe spin-spin coupling only between non-equivalent

neighboring protons. By non-equivalent protons we mean protons with different chemical

shifts, i.e, protons in different chemical environments. By neighbouring protons we mean

protons on adjacent carbon atoms. Sometimes, protons farther apart from each other may

also be coupled, particularly if  -bonds intervence.

Splitting is not observed due to coupling between protons making up the same —

CH3 group, since they are equivalent. Ethane (CH3—CH3) displays only one NMR peak

without splitting. Spliting is not observed due to coupling between the protons on C–1 and

C–2 of 1, 2-dichloroethane.

1 2

2 2CH Cl—CH Cl     Displays one NMR peak.

1, 2-dichloroethane

Protons on C-1 and C-2 are equivalent; No splitting

In the spectrum of 1, 2-dibromo-2-methyl propane, splitting is not observed because

the six methyl protons and two methylene protons are not on adjacent carbon atoms and

hence their spins do not couple. The NMR spectrum of this compound displays only two

peaks without splitting. For the same reason, coupling is not observed between the spins of

ring and side chain protons of alkyl benzenes. Toluene, therefore, displays only two  NMR

peaks with no splitting.
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CH3—C—CH2Br

CH3

Br

(1, 2- dibromo-2-methyl propane)

We do not observe coupling between the two vinyl protons of 2-methyl propene

since they are equivalent (homotopic)

2- Methyl propene

C = C

H

H

CH3

CH3

(Two NMR peaks; No splitting)

On the other hand, we may observe coupling between the two vinyl protons on the

same carbon in 2-bromopropene since they are non equivalent (diastereotopic)

2- Bromopropene

C = C

H(a)

H(b)

H3C

Br

Diastereotopic protons
(non -equivaqlent)

(Three NMR peaks; Two are splitted into doublet)

5.18. PASCAL’S TRIANGLE

The intensity ratios of multiplets derived from the (n+1) rule in the NMR spectrum

follow the entries in the mathematical mnemonic device, called Pascal’s triangle (Fig. 5.18).

Singlet    1

Doublet   1   1

Triple t  1    2   1

Quartet   1    3    3    1

Quintet    1    4    6   4   1

Sextet   1     5     10    10    5    1

Septet     1     6     15     20     15     6     1

Fig. 5.18  Pascal’s triangle
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Each entry in the triangle is the sum of the two entries above it and to its left and

right. It is noticeable that the intensities of the outer peaks of a multiplet such as a septet are

so small compared to the inner peaks that they are often not observed.

5.19 THE COUPLING CONSTANT (J)

The separation between two adjacent peaks in a multiplet in NMR spectrum of a

molecule is called coupling constant (J). The coupling  constant is a measure of how strongly

a proton is affected by the spin states of its neighboring protons. The spacing between the

adjacent peaks of a multiplet is measured on the same scale as the chemical shift, and the

coupling constant (J) is always expressed in Hertz (Hz). The value of coupling constant

remains the same irrespective of the strengths of the applied magnetic field.

In the NMR spectrum of ethyl iodide (CH3CH2I), the methyl protons give rise to a

triplet centred at 1.83 ppm, and the methylene protons give a quartet centred at 3.20 ppm,

the coupling constant between methyl and methylene protons is 7.5 Hz.

J JJ J J

=3.2 ppm =1.83 ppm

J =7.5 Hz J =7.5 Hz

Here, we see the reciprocity of the coupling and hence coupling constant. The quartet

due to —CH2— is split up to the same extent by —CH3 protons as the splitting of triplet due

to —CH3 by —CH2— protons.

In the NMR spectrum of 1-iodopropane, 3 2 2CH —CH —CH —I
c b a

, the signal for the ‘b’

types of protons is under the influence of protons ‘a’ as well as protons ‘c’. Here, Jab = 6.8

Hz and Jbc = 7.3 Hz. Under the influence of the five adjacent protons, the signal for 
2—CH —

b

protons will be split into a sextet. If Jab were equal to Jac, a symmetrical sextet would have

been observed. In case of 1-iodopropane, Jab is close enough to Jac, and hence the signal for

2—CH —
b

 protons will resemble a sextet.

On the other hand, in the NMR spectrum of pure ethyl alcohol, 
3 2CH —CH —OH

a b c
,

Jab = 5.0 Hz and Jbc = 7.2 Hz. Since the two coupling constants are much different, we do not

observe a quintet, expected for ‘b’ protons in pure ethyl alcohol. Actually, a group of eight

lines, (3+1) (1+1) =8, are observed in the multiplet due to ‘b’ protons. Quintet would have

been observed if Jab were equal to Jbc.
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5.20 FACTORS AFFECTING THE VALUES OF COUPLING CONSTANT (J)

The value of coupling constant depends partly on the number of covalent bonds

through which protons may interact and partly upon the structural and stereochemical

relationships between the coupled protons. Following are the factors which affect he value

of the coupling constant:

(i) Geminal coupling : In the case of protons attached to the same carbon but

having different chemical environments in a saturated compound, the value of J depends

upon the bond angle (  )
H

H
  . When the bond angle is 105º, J is approximately —25

Hz. When the bond angle is widened upto 125º, the value of J increases to zero. If the bond

angle is larger than 125º, a small positive value of J is observed. Following characteristics of

the geminal coupling constant (Jgem.) are worthnoting :

(a) The value of coupling constant increases with increase in bond angle, i.e., with increase

in s-character of the hybrid orbital of C-atom bearing geminal hydrogens.

Compound Hybridisation Jgem

sp3 (25% s-character) –12.4 Hz

Ethene C = C

H

H

H

H

+ 2.5 Hzsp2 (33.33% s-character)

 CH4

(b) Coupling constant increases with increase in electronegativity of the atom or group.

Compound Jgem

CH3  —>—   Cl –10.8 Hz

 CH3  —> >—   F –9.4 Hz

Here F is more electronegative than Cl.

(c) The value of coupling constant decreases if an electronegative substituent withdraws

electrons from the  -bonds.

Compound Jgem

C = C

H

H

H

H

(Ethene)
+ 2.5 Hz

C = C

F

H

H

H

(Fluoro ethene)
 – 3.3 Hz
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For monosubsituted alkenes,

Jtrans > Jcis > Jgem

C = C

Ha

Hb

HC

C6H5

Jtrans  (Jbc) = 17.4 Hz

Jcis     (Jac)  = 10.6 Hz

Jgem   (Jab) = - 1.4 Hz

       (Styrene)

(ii) Vicinal coupling : For vicinal protons, the value of coupling constant varies

with the dihedral angle. When the dihedral angle is 0º or 180º, the coupling constant is

found to be maximum. It is slightly negative when dihedral angle is 90º.

H

H

Gauche or skew conformer

Dihedral angle  = 60º

Jgauche = 2  to 4 Hz

H

H

Anti conformer
Dihedral angle  = 180º

  Janti = 5  to 12 Hz

In case of cyclopentanes, where the dihedral angle for cis protons is 0º, Jvic is  found

to be 8 Hz whereas for trans protons where the dihedral angle is 90º, Jvic is observed to be

nearly equal to zero.

H (a)

H (e)

H (e)

(a) H

(Cyclohexane)

Jaa = 8 to 14 Hz
(Dihedral angle = 180º)
Jae = 0 to 7 Hz
(Dihedral angle = 60º
Jee = 0 to 5
Dihedral angle = 60º

Thus, from the value of the coupling constant it is possible to determine the

configuration and conformation of a system.
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(iii) Long range coupling :  Generally, no coupling is observed if the distance

between the two absorbing nuclei is more than three covalent bonds apart. However, in

unsaturated compounds, appreciable coupling is observed with the high resolution

spectrometers even if the concerned nuclei are more than three covalent bonds  apart. This

is called long range coupling. In 2, 4-dichlorobenzaldehyde, long range coupling occurs

between the aldehydic proton and a ring proton.

H

C

Cl Cl

H

O

Aldehydic proton

Ring proton

(four covalent bond apart
from the aldehydic 
proton)

5.21 RELAXATION PROCESSES

For getting an NMR signal, the population of nuclei in the lower energy state

1

2Im
 

  
 

 should be slightly more than that in the higher energy state 
1

2Im
 

  
 

. If the

populations of nuclei in the lower and higher energy states were equal, then the probability

that the nucleus would absorb energy under the resonance condition would be equal to the

probability that the nucleus would emit energy. Thus, no net absorption of energy would

occur and no NMR signal could be observed. However, in a strong magnetic field, there will

be a slight excess of nuclei aligned with the field (
1

2Im   , lower energy state) in comparison

to those aligned against the field (
1

2Im   , higher energy state). Consequently, a net

absorption of energy takes place and we get an NMR signal. Initially, absorption might be

detected but this absorption would gradually disappear as the populations of lower and

higher energy states become equal. When this occurs, the sample is said to be saturated. If

the NMR instrument is operated properly, saturation  generally does not occur, because

there are mechanisms for allowing nuclei to return to the lower energy state without emitting

radiation (energy). These non-radiative transitions of nuclei from higher energy state to

lower energy state is called relaxation. There are two types of relaxation processes. These are

(i) Spin-spin relaxation, and

(ii) Spin-lattice relaxation

(i) Spin-spin relaxation : It is due to the mutual exchange of spins by two

precessing nuclei which are in the close proximity to each other. It, thus involves
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the transfer of energy from one nucleus to the other and there is no net emission

of energy. This spread of energy among the nuclei concerned results in

broadening of NMR peaks.

(ii) Spin-lattice relaxation : This arises due to the transfer energy from the nucleus

in the higher energy state to the lattice. The term lattice refers to the solvent,

the electrons or other different kinds of atoms, molecules or ions in the system.

The transferred energy is converted into translational, rotational or vibrational

energy, and the nucleus returns to the lower energy state in a radiationless

process.

Due to these relaxation processes, there is always an excess of nuclei in the lower

energy state than that in higher energy state and a net absorption of energy from the

radiofrequency transmitter by the sample takes place leading to an NMR signal.

5.22 WIDTH OF AN NMR SIGNAL

The natural width of a spectral line, w, is proportional to the reciprocal of the average

time, t, the nucleus spends in the excited state.

1
w

t


This  can be understood by the consideration of the Heisenberg’s uncertainty
principle :

.
4

h
E t  



As the life - time of the excited state becomes very short, the uncertainty in the

energy of this state, E, becomes large. When E is large, a wide range of frequencies are

absorbed in transitions resulting in a broad line.

The life-time of a nucleus in a particular spin state is determined by the relaxations

processes. The excess spin energy in the excited state of the nucleus equilibrates with the

lattice by spin -lattice relaxation having a spin-lattice relaxation time T1. It varies widely,

being some 10–2 – 105s for solids  and 10–4 –10 s for liquids. There is also a sharing of excess

spin energy directly between nuclei via spin-spin relaxation having relaxation time T2. It is

usually very short for solids, of the order of 10–4 s , while for liquids 1 2T T .

T1 and T2 have marked effect on the widths of NMR peaks since they reflect the life-

time of a particular spin state. Taking a typical value of one second for the relaxation time of

a nucleus in a liquid, we will get -

 
 

3410
4 .

h
E J

t

The  corresponding uncertainty in the frequency of radiation would be:


  0.1

E
v Hz

h
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NMR spectrometers are not capable of resolving lines close than about 0.5 Hz apart,
a line width of only 0.1 Hz represents a narrow spectral line. However, when T1 or T2 is
short, the uncertainty in radiation frequency is large with broadening of the spectral line.

Taking   410t s , as for T2 in typical solids, the calculation yields   1000v Hz , which is

clearly a very broad line compared with the resolving power of the NMR spetrometer.

5.23 CARBON-13 NMR SPECTROSCOPY

The study of carbon nuclei through nuclear magnetic resonance spectroscopy is an
important technique for determining the structures of organic molecules. Using it together
with proton NMR (PMR) and infrared spectroscopy, organic chemists can often determine

the complete structure of an unknown compound. 13C -NMR spectra can be used to

determine the number of non- equivalent carbon atoms and to identify the types of carbon

atoms that may be present in a compound. Thus, 
13C -NMR provides direct information

about the carbon skeleton of a molecule.

THE CARBON -13 NUCLEUS

12C , the most abundant isotope of carbon, is NMR inactive since it has a nuclear

spin equal to zero (I = 0). However, 13C - nuclei are magnetically active and have nuclear

spin quantum number, 
1

2
I  . Unfortunately, the resonances of  13C  nuclei are more difficult

to observe than those of protons (1H). They are about 6000-times weaker than proton

resonances, for two major reasons. Firstly the natural abundance of  13C  is  very low, only

1.08 % of all carbon atoms in nature. If the total number of carbon atoms in a molecule is

small, it is very likely that a majority of the molecules in a sample will have no 13C  nuclei at

all. In molecules containing a 13C -isotope, it is unlikely that a second atom in the same

molecule will be a 13C - isotope. Therefore, when we observe a 13C - spectrum, we are

observing a spectrum built up from a collection of molecules, where each molecule supplies

no more than a single 13C  resonance. No single molecule displays a complete spectrum.

Secondly, since the magnetogyric ratio of a 13C  nucleus is smaller than that of hydrogen,

13C  nuclei always have resonance at a frequency lower than 1H  nuclei. As the population of

excess nuclei in lower energy state is reduced at lower frequencies, the sensitivity of NMR
detection procedures  is also reduced. However, through the use of modern Fourier transform

instrumentation, it is possible to obtain 13C  NMR spectra of organic compounds even though

the detection of carbon signals is difficult compared to the detection of proton spectra.

5.24 CARBON -13 CHEMICAL SHIFTS

The reference for recording chemical shifts in 
13

C -NMR  spectra is the signal from the
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carbon atoms of tetramethyl silane (TMS). Here also, l ike 1H NMR

spectra, the chemical shifts are measured in parts per million (ppm) of the applied field.

The 13C  chemical shifts appear over a wide range (0 to 220 ppm) which is much larger than

that observed for protons (0 to 10 ppm). Because of the very large range of values, nearly

every non-equivalent carbon atom in an organic molecule gives rise to a peak with a different

chemical shift. Peaks in 13C . NMR spectra rarely overlap as they often do in 1H NMR spectra.

Chemical shifts for different types of carbon atoms are listed in Table-5.4.

Table-5.4

Approximate 
13

C  chemical shifts for different types of carbon :

Types of carbon 13C chemical shift

R— CH3 (1º ) 8 – 30 ppm

R2CH2 (2º) 15 – 55 ppm

R3CH (3º) 20 – 60 ppm

C—I 0 – 40 ppm

C—Br
25 – 65 ppm

C—N 30–65 ppm

C—Cl
35-80 ppm

C—O 40-80 ppm

—CC— 65-90 ppm

> c = c < 100 –150 ppm

—C N 110 – 140 ppm

(aromatic)
110-175 ppm
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R—C—OH,  R—C—OR

OO

155-185 ppm

R—C—NH2

O

155-185 ppm

R—C—H,

O

R—C—R

O

185 - 220 ppm

We see that the saturated carbon atoms appear at highest field, nearest to TMS signal

(8 to 60 ppm). Electronegative atoms shift the 
13

C - NMR signal downfield (40 to 80 ppm).

Chemical shifts for alkenes, alkynes and aromatic ring carbon atoms fall in the range 65 to
175 ppm. Carbonyl carbons in aldehydes, ketones, carboxylic acids, esters and amides appear

at the lowest field values (155 to 220 ppm).

Electronegativity, hybridisation, anisotropy all affect 
13

C  chemical shifts in nearly the

same way as they affect 1H chemical shift. However 
13

C  chemical shifts are about 20 times

larger. Electronegativity produces the same deshielding effect in 
13

C  NMR  as in 1H  NMR

resulting in a large downfield shift. In 1H NMR, the effect of an electronegative atom

diminishes with distance, and is always in the same direction, deshielding and downfield.

In 
13

C - NMR, an electronegative element causes  a downfield shift in the   and   carbons,

but it usually leads to a small upfield shift for the  -carbon. This effect is clearly displayed

in 13C NMR spectrum of hexan-1-ol.

3 2 2 2 2 2
22.8 32.0 25.8 32.8 61.914.2

CH —CH —CH —CH —CH —CH —OH
( )

r

Chemical shift ppm

   

Analogous with 1H shifts, changes in hybridisation also produce larger chemical

shift for  that 13C  is directly involved in hybidisation process than hey do for the hydrogens

attached to that carbon. In 13C  NMR, the carbon atoms of carbonyl groups have the largest

chemical shifts, due both to sp2 hybridisation and to the fact that  an highly electronegative
oxygen atom is directly bonded to the carbony carbon, deshielding it even further. Anisotropy

is responsible for the large 13C  chemical shifts of the carbon atoms in alkenes and aromatic

rings.
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5.25 PROTON COUPLED 13C  NMR SPECTRA : SPIN -SPIN SPLITTING  OF

13C  SIGNALS

As the natural abundance of  13C  isotope is extremely low (1.08%), the probability

of finding two 13C  atoms in the same molecule is very small. The probability of finding two

13C  atoms adjacent to each other in the same molecule is even smaller. Thus, homonuclear

spin - spin coupling and splitting pattern  where the interaction occurs between two 13C

atoms is rarely observed. However, the spin of protons attached directly to 13C atoms do

interact with the spin of 13C nucleus and cause the carbon signal to split according to (n+1)

rule. This is heteronuclear coupling involving two types of atoms. In 13C NMR spectroscopy,

we nearly examine splitting that arises from the protons directly attached to the carbon

atom being studied. This is a one bond coupling. Fig. 5.19. illustrates the effect of protons

directly attached to a 13C atom :

C

H

H

H
13

C

H

H
13

CH
13

3 Protons
3+1=4 (Quartet)

2 Protons
2+1=3 (Triplet)

1 Proton
1+1 = 2 (Doublet)

Fig. 5.19. The effect of protons directly attached to 13C on NMR signals.

Since the hydrogen atoms are directly attached to 13C (one bond coupling), the

coupling constants for this interaction are quite large, with J values of about 100 to 250 Hz.

The three bond couplings (— C — C —

H H

 )  in 1H NMR spectra are

obviously weaker with J values of about 1 to 20 Hz.

Spectra that show 13C signal splitting due to spin spin coupling between 13C and the

protons directly attached to it are called proton coupled spectra. Fig. 5.20 displays the

proton coupled 13C NMR spectrum of ethyl phenyl acetate.
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CH2—C—O—CH2—CH3

O

Fig.5.20

In the proton coupled spectrum of ethyl phenyl acetate, the first signal at 14.2 ppm

corresponds to the carbon of the methyl group. It is split into a quartet (J = 127 Hz) by the

three attached protons. The signal for —CH2— group of ethyl moiety appears at 60.6 ppm

as a triplet due to splitting by two protons. The signal due to —CH2— group of benzyl

moiety appears at 41.4 ppm as triplet due to splitting by two protons.

Farthest downfield is the carbonyl group carbon; signal for which appears at 171.1

ppm The signals for aromatic ring carbon atoms also appear in the spectrum in the range

from 127 to 136 ppm.

Proton coupled spectra for complex molecules are often difficult to interpret. The

multiplets for different carbon atoms generally overlap because the 13C—H coupling

constants are comparatively larger than the chemical shift differences. Proton decoupling

technique is used to avoid this problem.

5.26 PROTON DECOUPLED 13C NMR SPECTRA

In proton -decoupled 13C NMR spectra, the decoupling technique eliminates all

interactions between protons and 13C nuclei. As a result, only singlets are observed for each

type of carbon atom in a proton decoupled 13C NMR spectrum of a compound. Although

this technique simplifies the spectrum and avoids overlapping of multiplets, it has the

disadvantage that the information regarding the attached protons is lost.

Proton decoupling is done by simultaneously irradiating all the protons in the molecule

with broad spectrum of frequencies in the proper range. Irradiation causes the protons to

become saturated, and they undergo rapid upward and downward transitions, among all

their possible spin sates. These rapid transitions result in averaging of all the spin interactions

to zero. The carbon nucleus experiences only one average spin state for the attached hydrogen

atoms. As a result, the spin-spin interactions between the 13C nucleus and hydrogen nuclei

(proton) attached to it are decoupled. Thus, in a proton decoupled 13C NMR spectrum of an
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organic compound, every chemically and magnetically distinct carbon gives only a single

peak. Fig. 5.21 displays the proton decoupled 13C NMR spectrum of ethyl phenyl acetate.

C=O
1

2.6

4
–O–CH2

—CH  C2
—CH  3

O

TMS

200 180 160 140 120 100 80 60 40 20 0

3.5

1

2

3

4

5

6

C (ppm from TMS)

Fig. 5.21.  (Proton-decoupled 13C NMR spectrum of ethyl phenyl acetate)

5.27 OFF RESONANCE DECOUPLING

The decoupling technique that is used to typical proton decoupled spectra has the

advantage that all peaks become singlets. For carbon atoms having attached hydrogens, an

added benefit is that the peak intensities increase due to the nuclear Overhauser effect

(NOE), and signal to noise ratios improve. Unfortunately, much useful information is also

lost when 13C spectra are decoupled. We no longer have information about the number of

hydrogen atoms that are attached to a particular carbon atom. On the other hand, although

the proton decoupled spectra provide information about the number of hydrogen atoms

attached to a particular carbon atom, they are frequently too complex with overlapping

multiplets that are difficult to resolve and assign correctly.

A compromise technique, called off resonance decoupling can often provide multiplet

information while keeping the spectrum comparatively simple in appearance. In an off

resonance decoupled 13C spectrum, the coupling between each carbon atom and hydrogen

atoms attached to it, is observed. In this technique, the frequency of a second radio frequency

transmitter (the decoupler) is set either upfield or downfield from the usual sweep width of

a normal proton spectrum, i.e., off resonance. Furthermore, in off resonance decoupling,

the power of the decoupling oscillator is held low to avoid complete decoupling. When off

resonance decoupling technique is used, the apparent magnitude of the coupling constants

is reduced and overlap of resulting multiplets is a less frequent problem. The off resonance

decoupled spectrum retains the couplings between carbon atoms and directly attached

hydrogen atoms but effectively removes the couplings between the carbon and more remote

protons. Fig. 5.22. displays the off resonance decoupled 13C NMR spectrum of propane -1-

ol.
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CH3—CH2—CH2—OH
Propan-1-ol

O—CH  —2 —CH  —2
Triplet Triplet

(CH  )—3
Quartet

TMS

Oppm50 ppm100 ppm150 ppm200 ppm

Fig. 5.22 The off resonance decoupled spectrum of propan-1-ol (22.5 MHz)

5.7 THE PULSED FOURIER TRANSFORM (FT) NMR

The continuous wave (CW) type of NMR spectrometer, operates by exciting one

type of magnetic nuclei under observation at a time. In the case of 1H nuclei each distinct

type of proton is excited individually, and its resonance peak is observed and recorded

independently of the other nuclei. We look at first one type of protons and then another,

scanning until all of the types have come into resonance.

An alternative approach is to use a powerful but short burst of energy, called a pulse,

that excites all of the magnetic nuclei in the molecule simultaneously. In an organic molecule,

for example, all of the 1H nuclei are induced to undergo resonance at the same time. An

instrument with a 2.1 tesla magnetic field uses a short (1 to 10  sec)  burst of 90 MHz

energy to accomplish this . The source is tuned on an off very rapidly, generating a pulse

similar to that in Fig. 5.23(a). According to Heisenberg’s uncertainty principle, even though

the frequency of the oscillator generating this pulse is set to 90 MHz, if the duration of the

pulse is very short, the frequency content of the pulse is uncertain. Therefore, the pulse

actually contains a range of frequencies centred about the fundamental frequency as shown

in Fig. 5.23 (b)

On Off

Intensity

Time

Fig. 5.23 (a)
Frequency ( )

Fig.  23 (b)

 (Pulse)

This range of frequencies is large enough to excite all of the distinct types of protons

in the molecule at once with this single burst of energy. When the pulse is discontinued, the

excited nuclei begin to lose their excitation energy and return to their ground spin state, or

relax. As each excited nucleus relaxes, it emits electromagnetic radiation. Since the molecule
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contains different types of nuclei, different frequencies of electromagnetic radiations are

emitted simultaneously. This emission is called a free induction decay (FID)  signal (Fig.5.24)

Time domain



Fig. 5.24. A FID curve for hydrogen atoms in acetone 
CH3—C—CH3

O

.

We see that the intensity of the FID decays with time as all of the nuclei eventually

lose their excitation energy. The FID is a superimposed combination of all the frequencies

emitted and can be quite complex. The individual frequencies due to different types of

nuclei are separated by a computer and a mathematical method, called Fourier Transform

(FT) analyses. Since acetone has only one type of protons, the FID curve is composed of  a

single sinusoidal wave. The signal decays exponentially with time as the nuclei relax and

their signal diminishes. Since the horizontal axis of this signal is time, the FID is sometimes

called a time domain signal. One can calculate the frequency of this wave from its measured

wavelength (). The determined frequency is not the exact frequency emitted by the protons

of methyl groups of acetone. The observed FID is actually an interference signal between

the radio frequency source and the frequency emitted by the excited protons, where the

wavelength is given by

1

acetone pulse

 
  

Since  the frequency of the pulse is known, the exact frequency can readily be

determined. The chemical shift of protons is given by

( )
acetone pulse

pulse

acetone
  

 


showing that   (acetone) is chemical shift of the protons of acetone from the position

of the pulse, not form TMS. If TMS is known, the actual chemical shift can be calculated by

 actual acetone TMS    

The peak for acetone appears at 2.1 ppm. We have converted the time

domain signal to a frequency domain signal.
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A complex molecule has different types of 1H nuclei,  and the FID is the

superimposition of many different frequencies, each of which could have a

different decay rate. A mathematical method, called Fourier Transform (FT)

however, separates each of the individual components and convert them to

frequencies. The FT breaks the FID into its separate sine and cosine wave

components. Most modern pullsed FT -NMR spectrometers have computers build into them

that not only can work up the data by this method but can control all of the settings of the

instrument.

The pulsed FT method has several advantages over the continuous wave (CW) method.

It is more sensitive and can measure weaker signals. Five to ten minutes are required to

scan and record a CW spectrum, but pulsed FT NMR requires only a few second. Pulsed

FT-NMR is therefore especially suitable for the examination of nuclei that are not very

abundant in nature, nuclei that are  not strongly magnetic, or very dilute samples.

5.28 19F NMR

19F has magnetically active nucleus with nuclear spin quantum number, I=
1

2
. Except

for the appropriate radiofrequency source, no major modification is required in the

instrument for recording 19F NMR spectrum of a compound. 19F chemical shifts are measured

taking CFCl3 as reference. The range of chemical shift covered by fluorine containing

compound is 0 to 200 ppm compared to 0 to 10  ppm in case of 1H NMR. Moreover, signals

corresponding to 19F resonances are well separated on the spectrum. Obviously, the value of

coupling constants (J) in 19F NMR signals have large values. J values for

(i) geminal C

F

F
 F—F coupling ranges form 43 to 370 Hz.

(ii) vicinal F— C— C— F  F—F coupling ranges from 0 to 39 Hz.

(iii) cis configuration  C = C

FF

 F—F coupling ranges from 0 to 58 Hz,

while trans  C = C

F

F

 F—F coupling ranges from 106 to 148 Hz.

The coupling between 1H and 19F is also very strong. Geminal H—F coupling constant

ranges from 42 to 80 Hz while vicinal H—F coupling constant ranges from 1.3 to 29 Hz. For

cis H—F coupling, J = 0 to 22 Hz while for trans H-F coupling, J=11 to 52 Hz. Fluorine atoms
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substituted to benzene ring also couple with the benzene ring protons. For ortho H-F,

coupling constant ranges from 7.4 to 11.8 Hz, for meta H-F coupling, J value ranges from 4.

3 to 8.0 Hz and for para H-F coupling, J value ranges from 0.2 to 2.7 Hz.

5.29 31P NMR SPECTROSCOPY

31P nucleus is magnetic with nuclear spin quantum number 
1

2
I  . Its natural

abundance is 100%. For P-H coupling, multiplicity rules are same as for H-H

coupling. Coupling constants (JP-H) are quite large, around 200-700 Hz. JCPH lies in the range

0.5 to 20 Hz. Coupling is effective through at least four bonds. There are no rules for

predicting 31P chemical shifts and the range is fairly large. Let us consider the spectra of

compounds such as Ph3P, H3PO4 and (C2H5O) POCl. Here, phosphorus atoms differ widely

with respect to valence state and groups attached to them, yet every compound has a distinct

chemical shift and provides useful information even in the absence of predictive rules.

13P NMR spectroscopy can be used in investigating the mechanism of

reactions. In Wittig reaction, an aldehyde or ketone is treated, an with a phosphorane (a

phosphorus ylide) to produce an olefin. 13P NMR spectra showed that oxaposphetanes are

the intermediate species instead of betaine since the spectra of reaction mixture at low

temperatures are in agreement with oxaphosphetane and not with tetracoordinated

phosphorus species as in the case of a betaine .

The proton decoupled 31P spectra of triphenyl phosphine, Ph3P gives a singlet.

5.30 APPLICATIONS OF NMR SPECTROSCOPY

The NMR spectroscopy has wide range of applications in investigating structural

and stereochemical features of a compound. Some of its applications are given hereunder :

(1) Identification of structural isomers : The distinction between 1-chloropropane and

2-chloropropane can easily be made from their 1H NMR (PMR) spectra.

(A) CH3—CH2—CH2—Cl   (B) CH3—CHCl —CH3

1H NMR spectrum of (A) displays three signal while that of (B) displays

only two signals. The three signals for (A) in increasing order of their

-values are

(i) a triplet corresponding to three protons (CH3—)

(ii)  a sextet corresponding to two protons (—CH2—)

(iii) a triplet corresponding to two protons (—CH2Cl)

The two signals of (B) in increasing order of their  values are

(i) a doublet corresponding to six protons (two –CH3)

(ii) a septet corresponding to one proton  (—CHCl—)
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(2) Distinction between cis-trans isomers and conformers : A cis isomer can easily be

distinguished from its trans-isomer as cis and trans protons have different coupling

constants.

C C

HH

(Cis isomer)

Jcis = 7 to 12 Hz

  

C C

H

H

(Trans isomer)

Jtrans = 13 to 18 Hz

higher coupling constant

Here, trans-protons have higher coupling constant than cis-protons.

Similarly, the various conformations of a compound can be distinguished using the

values of their coupling constants.

H

H

Gauche conformer
(J = 2  to 4 Hz)

                 

H

H

Anti conformer
(J = 5  to 12 Hz)

(a) H

H (e)

H (a)

H (e)

     

Jaa  = 8  to 14 Hz

Jee = 0 to 5 Hz

Jae = 0  to 7 Hz
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(3) Detection of aromaticity : Aromatic protons are extremely deshielded by diamagnetic

anisotropy of the induced magnetic field and resonate far downfield ( = 6.5 to 8.0

ppm). From the absorption position of proton, the aromatic character of the ring

bearing the proton can be established.

(4) Detection of H-bonding :  Hydrogen  bonding, intermolecular as well as

intramolecular, shift the absorption peak for the H-bonded proton downfield. The

extent of intermolecular H-bonding and hence the chemical shift for H- bonded

proton, varies with the solvent, concentration of the solution  and temperature.

However, the intramolecular H-bonding is not concentration dependent and thus its

chemical shift does not change with change in concentration. So, the two types of H-

bonding can be distinguished using 1H NMR spectroscopy.

(5) Detection of the double bond character and hindered rotation :  In some

compounds, a bond acquires some double bond character due to resonance and

rotation about this bond is somewhat hindered. As a result, two 1H NMR signals can

be observed for apparently equivalent protons. Let us consider the example of N, N-

dimethyl formamide.

C — N

CH3

CH3

H

O

a

a
b

C N

CH3

CH3

H

O

b

ac

N,N-dimethyl formamide

(A)

(B)

For structure (A), two 1H NMR signals are expected with peak areas in the ratio 6 : 1

as the six methyl protons are equivalent. In structure (B), the presence of double bond

between carbon and nitrogen atoms restricts the rotation about C = N bond and the two

methyl groups are no longer equivalent. For this structure, three 1H NMR signals are expected

- one for proton (c) and one each for protons of two methyl groups, a and b. Actually, three
1H NMR signals are obtained for N, N-dimethyl formamide confirming partial double bond

character between carbon and nitrogen atoms  —C N  and restricted rotation about the

—C N  bond.

(6) Applications in quantitative analysis : Equilibrium mixtures of two compounds

can be quantitatively analysed using NMR spectroscopy if the proton signals for the

two compounds are well separated. In the 1H NMR spectrum of pure ethanol

(CH3.CH2.OH), a triplet is obtained for —OH proton but when water is added to

ethanol, the triplet collapses to singlet due to fast proton exchange between water

and alcohol. The position of this signal depends upon the water content in alcohol.

From the values of chemical shift for the —OH proton, the composition of the water

alcohol mixture can be determined by comparing with the known results.



184

 Nuclear Magnetic Resonance (NMR) Spectroscopy

Keto-enol tautomerism can also be studied using 1H NMR spectroscopy. Let us

consider acetyl acetone in equilibrium with its enolic form.

CH3 — C — CH2 —C — CH3
CH3 — C — CH  =  C — CH3

O O O O

(Keto form) ( Enol form )

a = 2.14 ppm (six protons)

b = 3.65 ppm (two protons)

a  = 1.97 ppm
b = 14.3 ppm
c = 5.6 ppm 
d = 2.13 pm

a

H

b

a b d

c

a

Quantitatively, the number of enol protons relative to the keto protons yields the

ratio as under :

Enol protons : keto protons = 8 : 2 or 4 : 1

Thus, in the equilibrium mixture of keto and enol form of acetyl acetone, the enol

content is 80% while the keto content is 20%.

Some Solved Problems

Q.1. How many 1H NMR signals would you get from the following compounds :

(a) CH3—CH2—Cl (b) CH3—CH2—CH2—Cl

(c) CH3—CHCl—CH3 (d)
C = C

H

H

CH3

CH3

(e)
C = C

H

Cl

H

H

(f ) CH3

(g) CH3—CHCl—CH2—Cl

Soln:

(a)
3 2C H —CH —Cl

a b

 (chloroethane)

In chloroethane, there are two sets of distinct protons a and b. Thus, two 1H NMR

signals are obtained for this compound -a triplet for protons ‘a’ (CH3—protons) and a slightly

downfield quartet for protons ‘b’ (—CH2— protons).
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(b) 3 2 2CH —CH —CH —Cl
a b c

 ( 1-chloropropane)

Here, there are three distinct set of protons in 1-chloropropane giving rise to three
1H NMR signals

– a triplet for protons ‘a’

– a sextet for protons ‘b’

– triplet for protons ‘c’

(c)
3 3CH —CHCl—CH

a b a
 (2-Chloropropane)

2-chloropropane has two sets of non-equivalent protons ‘a’ and ‘b’. The six protons

of two methyl groups are equivalent and display a doublet. The proton ‘b’ generates

another signal as septet slightly downfield. Thus, two 1H NMR signals are obtained

for 2-chloropropane.

(d) C = C

H

H

H3C

H3C
a

ab

b

   (2-Methyl propene)

2-Methyl propene has two sets of non-equivalent protons, a and b. It displays two

singlets in its 1H NMR spectrum. Protons ‘a’ absorb downfield in comparision to

protons ‘b’

(e)
C = C

H

Cl

H

H

ab

c

(chloroethene or vinyl chloride)

Vinyl chloride has three non-equivalent protons; a, b and c. Protons ‘b’ and ‘c’ are

diastereotopic and have different chemical shifts. So, vinyl chloride displays three
1H NMR signals.

(f ) CH3         (Methyl cyclopropane)
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Methyl cyclopropane can be represented as

H

H

H

H

H

CH3

d

c

a

c

d

b

Methyl cyclopropane has four types of non- equivalent protons; a,b,c and d. Protons

c and d are diastereotopic and hence non-equivalent. Thus, methyl cyclopropane displays

four 1H NMR signals.

(g) CH3 — CHCl — CH2Cl
3 2 1

(1, 2 -dichloropropane)

The two hydrogen atoms at C-1 are diastereotopic and hence have different

chemical shifts. So  the given compound has four types of non-equivalent

protons and displays four 1H NMR signals.

CH3 — CHCl — C — Cl

H

H

b

a

d c

Q.2. How would you distinguish the two isomers of C2H4O using NMR

spectroscopy?

Soln: C2H4O has two structural isomers

CH3 — C = O

H

Ethanal

CH2 CH2

O

Epoxyethane
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Ethanal has two types of non-equivalent protons and displays two 1H NMR signals,

one of which due to (
||
O

—C—H ) absorb far downfield, at about 10 ppm. On the other

hand, all the four protons in epoxyethane are equivalent and a singlet is obtained for

all the four protons. Thus, the isomer giving two 1H NMR signals is ethanal while

that giving only one is epoxy ethane.

Q.3. Give the splitting pattern of 1H NMR signals of the following compounds :

(a) CH3 — CHCl — C — CH3

CH3

CH3

(b) CH3 — C — CH2 — CH3

O

Soln: (a) Corresponding to three sets of non-equivalent protons, CH3—CHCl—C—CH3

CH3

CH3

displays three 1H NMR peaks. The signal due to nine protons of three methyl

groups is a singlet as there is no hydrogen on adjacent carbon. This signal is

nearest to the TMS signal. There is a quartet corresponding to one proton on

carbon bearing chlorine atom being split by three adjacent methyl protons. It

is fartest from the TMS signal.

In between the two signals, there is a doublet corresponding to three protons being

split by one hydrogen on adjacent carbon.

— CHCl—
— CH3

— C — CH

3CH

3CH

TMS

3

(b) CH3—C—CH2—CH3

O

 also displays three 1H NMR peaks. The signal for

CH3—C—

O

 is singlet. The signal due to two protons of —CH2— is split
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into a quartet by the three protons of methyl group. The signal due to

methyl group is a triplet due to splitting by two adjacent methylene

protons (—CH2—).

— CH2
  CH — C3

O

— CH3
TMS

Q.4. A compound with molecular formula C8H8O gives the following 1H NMR

data:

(i) a multiplet,  = 7.28 ppm, 5 H

(ii) a doublet,  = 2.8 ppm, 2H

(iii) a triplet,  = 9.78 ppm, 1H

Suggest the structural formula of the compound.

Soln: 1H NMR spectral data indicate that there are three sets of non-equivalent

protons in the compound as it displays three signals. The multiplet at 7.25

ppm corresponding to  five protons is due to the five aromatic protons of a

phenyl ring (C6H5). A two proton doublet and a one proton triplet in the

spectrum shows the presence of —CH2—CH—moiety as a part of the

structure. The triplet signal at 9.78 ppm for one proton is indicative of

—CHO group. Thus, the structure of the compound is given as :

CH2—C= O

H

Q.5. Discuss the 1H NMR (PMR) spectrum of

(a) pure anhydrous ethyl alcohol (CH3.CH2.OH)

(b) aqueous ethyl alcohol

Soln: (a) 1H NMR spectrum of anhydrous ethyl alcohol :

3 2CH —CH —OH
a b c

Ethyl alcohol (Ethanol)
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Ethyl alcohol has three distinct types of protons a, b and c and hence it displays three
1H NMR peaks.

(i) A triplet signal corresponding to three protons of methyl group (a) at 1.22

ppm. The splitting of this peak is due to spin - spin coupling with adjacent —

CH2— (b) protons.

(ii) A multiplet consisting of eight lines for —CH2— (b) protons centred at 3.7

ppm. This splitting of signal is due to the coupling of —CH2— protons with

three adjacent methyl protons (a) and one hydroxyl proton (c) resulting in

(3+1) (1+1) = 8 lines.  Actually a doubled quartet, i.e., a quintet with intensity

ratio 1 : 4 : 6 : 4 : 1 is observed for —CH2— protons

(iii) A triplet for —OH proton due to coupling with two adjacent —CH2 protons at

5.28 ppm is observed.

c

b a

5.28 ppm 3.7 ppm 1.22 ppm 0 ppm

(1H NMR spectrum of anhydrous ethyl alcohol)

(b) 1H NMR spectrum of aqueous ethyl alcohol : Due to rapid exchange of —

OH protons between water and alcohol, which is much faster than the NMR

transition time, the spin values get averaged and only one singlet signal is

observed for —OH proton. Here, spin-spin coupling with adjacent —CH2—

protons is a quartet due to coupling with three methyl protons. Splitting due

to —OH proton does not occur because of rapid exchange phenomenon. A

triplet due to methyl protons as a result of splitting by two adjacent —CH2—

protons is observed.

3
TMS

– OH

—CH —
CH  – 

5.28 ppm 3.7 ppm 1.22 ppm 0 ppm

3

(1H NMR spectrum of aqueous ethyl alcohol)

Q.6. Cyclohexane displays only one 1H NMR signal, although it has two types of hydrogen

atoms, axial and equatorial. Explain .

Soln: If, in a molecule, a proton shuttles between two magnetic environments at a rate
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which is much faster in comparision with the NMR transition times, then the resonance

observed for that proton will be simply that of the average effective magnetic field.

Thus, only one resonance will be observed for that proton, although it shuttles in

two different magnetic fields.

In cyclohexane, the two chair conformations (most stable conformation

of cyclohexane) undergo rapid interconversion which is much faster than

the NMR transition times.

H (a)

6 5

432

6 5 4

3
2

1

1

H(e)

During this interconversion, the axial hydrogen atoms in one of the chair

conformer become equatorial in the other and vice-versa. Therefore, these

axial and equatorial hydrogen atoms experience an average magnetic field

and only one signal for all the twelve hydrogen atoms of cyclohexane is

observed in its 1H NMR spectrum.

Q.7. Explain the shielding and deshielding  effects by induced magnetic field

taking the example of [14] annulene.

Soln:

H

H

H

H

H

H

H

H

H

H

H H

H H

Deshielded
( = 9.28 ppm)

Shielded
( = – 2.99 ppm)

['14] Annulene
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[14] Annulene has 14 conjugated  -electrons in a ring system and it is aromatic in

nature. When a magnetic field is applied, the   -electrons begin to circulate generating

an induced ring current resulting in an induced mag netic field which is anisotropic.

This induced magnetic field is aligned with the applied field in the periphery of

annulene ring while it is aligned against the applied field in the region within the

ring. So, the ten protons in the periphery of the annulene ring are in the deshielding

zone and resonate much downfield (   = 9.28 ppm) while the four protons inside the

ring are in the shielding zone and absorb much upfield (   = – 2.99 ppm).

Q.8. How many signals  would you get in the proton decoupled 13C NMR

spectrum of 3-methylbutanone ?

Soln:
CH2—C—CH—CH3

O CH3

a

a

d c b

3-Methyl butanone

There are four different types of carbon atoms  - a, b, c and d in 3-methyl butanone.

Hence, four signals will be observed in proton-decoupled 13C NMR spectrum of 3-

methyl butanone.

Q.9. Spin-spin coupling between two adjacent carbon atoms in a molecule does not occur.

Why?

Soln: The natural abundance of 13C is only 1.08 % and hence the probability that a molecule

has a 13C atom is very small. It is even less probable that the two 13C atoms lie adjacent

to each other in a molecule. So, the spin-spin coupling between adjacent C-atoms is

rarely observed in a 13C NMR spectrum.

Q.10. What magnetic field is required for a proton to come into resonance with a radio

frequency of 220 MHz? The g-factor for proton is 5.585 and nuclear magneton (N)

= 5.050 × 10–27 JT–1

Soln:  We have,

N Z Z
N N

E hv
E g B or B

g g


    

 

   
   

34 6 –1

27 1

6.626 10 220 10

5.585 5.050 10

Js s

JT



 

 



 = 5.1715 T
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Q.11. Calculate the precessional frequency of a proton in a field of 1.5 T

Soln: Precessional frequency is given by N Zg B

h


 

Here g  = 5.585  ( for proton)

N  = 5.050 × 10–27 JT–1

ZB  = 1.5 T

h = 6.626 × 10–34 Js

Now,
     27 1

34

5.585 5.050 10 1.5

6.626 10

JT T

Js

 




 



   = 6.38 × 107 s–1 (Hz)

   = 63.8 × 106 Hz

   = 63.8 MHz

Q.12. Calculate the value of magnetogyric ratio, ,

Soln: We have, magnetogyric ratio

2 Ng

h


 

     

 

27 1

34

3.14 5.050 10 5.585

6.626 10

JT

Js

 



 



  = 2.671 × 108 T–1 s–1

Q.13. Calculate the chemical shift for a proton in ppm that has resonance at

126 Hz downfield from TMS on spectrophotometer that operates at 60 MHz.

Soln: Chemical shift (  ) = 

6( ) 10

(Hz)

Hz

operating frequency of spectrometer

 

6

6

126 10 ( )

60 10 ( )

Hz

Hz





  = 2.1 ppm
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Model Questions

1. What do you understand by magnetic and non-magnetic nuclei ? Explain the

empirical rules for determining nuclear spin.

2. Describe the principle behind nuclear magnetic resonance (NMR) spectroscopy. What

information would you get from NMR spectrum of a compound ?

3. What are equivalent and non-equivalent protons ? Explain with suitable example.

4. What are enantiotopic and diastereotopic protons ? Explain with suitable examples.

5. What is meant by the term chemical shift? What are the factors affecting the value of

chemical shift?

6. Explain shielding and deshielding of nuclei giving suitable examples.

7. What do you mean by spin-spin coupling ? Why does an NMR peak split into a

multiplet?

8. What is coupling constant ? Illustrate various factors which affect the value of coupling

constant.

9. Explain why NMR signal for protons in benzene is observed much downfield in

comparision to that for protons in acetylene ?

10. Why is tetramethyl silane (TMS) taken as reference for measuring the chemical shift ?

11. What is continuous wave (CW) NMR spectroscopy ?

12. Discuss the working of pulsed Fourier transform spectrometer. Why is it superior to

continuous wave spectrometer?

13. What information would you get from a proton couled 13C NMR spectrum of a

compound ?

14. What is meant by proton-decoupling with regard to 13C NMR spectroscopy? Describe

off resonance proton decoupling.

15. Wirte a note on 19F NMR spectroscopy ?

16. How would you differentiate between intermolecular and intramolecular hydrogen

bonding using 1H NMR (PMR) spectroscopy ?

17. Why an aldehydic proton absorbs far downfield in 1H NMR spectrum of a compound ?

18. Whether olefinic protons shielded or deshielded by the induced magnetic field due

to ci rculating  -electrons ?

19. How would you distinguish between cis-2-butene and trans-2-butene using NMR

spectroscopy ?
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20. Sketch the expected 1H NMR spectra of the following compounds taking TMS as

the reference :

(i) CH3—CH2—Br

(ii) CH2Cl —CHCl2

(iii) CH3—CH2—CHO
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