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Nuclear magnetic resonance 
(NMR) spectroscopy

►A spectroscopic technique that gives us 
information about the 

►Number 

►Types of atoms in a molecule

Nuclear Spin States

►An electron has a spin quantum number 
of 1/2 .

►With allowed values of +1/2 and -1/2. 

►This spinning charge has an associated 
magnetic field.

►In effect, an electron behaves as if it is a 
tiny bar magnet and has what is called a 
magnetic moment.
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► The same effect holds for certain atomic nuclei.

► Any atomic nucleus that has an odd mass number, 
an odd atomic number, or both, also has a spin 
and a resulting nuclear magnetic moment.

► The allowed nuclear spin states are determined by 
the spin quantum number, I, of the nucleus.

Nuclear Spin (think electron spin)
• Nucleus rotates about its axis (spin)
• Nuclei with spin have angular momentum (p) or

spin
1) total magnitude

1) quantized, spin quantum number I

2) 2I + 1 states: I, I-1, I-2, …, -I
I=1/2: -1/2, 1/2

3) identical energies in absence of external
magnetic field

l

Theory of NMR

)1( II
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Nuclear Spin States
 A nucleus with spin quantum number I has 

2I + 1 spin states; if I = 1/2, there are 
two allowed spin states.

 Spin quantum numbers and allowed 
nuclear spin states for atoms common to 
organic compounds.

1H 2H 12C 13C 14N 16O 31P 32S15N 19FElement

Nuclear spin
quantum 
number ( I )

Number of
spin states

1/2 1 0 0 01/2 1

2 3 1 2 3 1

1/2

2 1

1/2

2

1/2

2

NMR Periodic Table

NMR “active” Nuclear Spin (I) = 
½:
1H, 13C, 15N, 19F, 31P 

biological and chemical 
relevance
Odd atomic mass

I = +½  &  -½ 

NMR “inactive” Nuclear Spin (I) = 
0:
12C, 16O
Even atomic mass & number

Quadrupole Nuclei Nuclear Spin 
(I) > ½:
14N, 2H, 10B

Even atomic mass & odd number
I = +1, 0  &  -1
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Nuclear Spins in B0

 Usually nuclear spins are completely random in 
orientation.

 When placed in a strong external magnetic field of 
strength B0

 Interaction between nuclear spins and the applied 
magnetic field is quantized.  

 The result is that only certain orientations of nuclear 
magnetic moments are allowed.

Bo

=  h / 4

Magnetic alignment

In the absence of external field,
each nuclei is energetically degenerate

Add a strong external field (Bo) and the 
nuclear magnetic moment:  aligns with 
(low energy) , against (high-energy) 
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N SN     S

N S
S  N

Nucleus spin aligned 
with the field – Low 
energy!

Nucleus spin aligned 
against the field –
High energy!

NMR is a very detailed method of chemical analysis for 
compounds.  It can tell us the number of different types 
of the magnetically active nuclei in a molecule and their 
related positions

The nucleus of each active nuclei behaves like a tiny 
magnet, which usually lines up with an applied magnetic 
field.  However, if we add energy, the tiny magnet can flip 
over so that it aligns against the magnetic field.

When the external energy is removed, the magnetic 
nucleus must, once again, fall back in line with the 
magnetic field and release its extra energy.  We detect 
this released energy and use it to gather information about 
the hydrogen which was excited.
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N SN     S

Add 
Energy

N SS    N

Aligned = Low Energy

Excited state = High energy

N SS    N

Energy 
Released

Back to low energy ground state

• When the spin falls back into line with the magnetic field 
it releases energy.  We detect this energy and it provides 
informations about environment and types of nuclei

Nuclear Spins in B0

 for 1H and 13C, only two orientations are 
allowed.
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Nuclear Spins in B0

► In an applied field strength of 7.05T the difference 
in energy between nuclear spin states for 
 1H is approximately 0.120 J (0.0286 cal)/mol, 

which corresponds to a frequency of 300 MHz 
(300,000,000 Hz).

 13C is approximately 0.030 J (0.00715 cal)/mol, 
which corresponds to a frequency of 75MHz 
(75,000,000 Hz).

Energy of the Nucleus

► Energy of the nucleus = µ.Bz

Where µ= Magnetic moment of the nucleus
Bz = Applied magnetic field

► Magnetic moment = g.β.Iz

g = factor obtained experimentally
β = Bohr Magneton 9.273 x 10-24 JT-1

Iz = Spin angular momentum of nucleus
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►When the nucleus can have two spin 
orientations the two states correspond to

E= µ.Bz

E= g.β.Iz. Bz

►Iz can be + ½ or – ½
Hence ∆E = g.β. Bz

Nuclear Spin in B0

 The energy difference between allowed spin 
states increases linearly with applied field 
strength.

 Values shown here are for 1H nuclei.
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Classical Description

Theory of NMR

• Spinning particle precesses around an applied magnetic field

A Spinning Gyroscope
in a Gravity Field

)1(
cos




II

m


Nuclear Magnetic Resonance

 When nuclei with a spin quantum number of 
1/2 are placed in an applied field, a small 
majority of nuclear spins are aligned with the 
applied field in the lower energy state.

 The nucleus begins to precess and traces out a 
cone-shaped surface, in much the same way a 
spinning top or gyroscope traces out a cone-
shaped surface as it precesses in the earth’s 
gravitational field.
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Nuclear Magnetic Resonance

►If the precessing nucleus is irradiated with 
electromagnetic radiation of the same 
frequency as the rate of precession,
 the two frequencies couple 
 energy is absorbed 
 the nuclear spin is flipped from spin state +1/2 

(with the applied field) to -1/2 (against the 
applied field).

Nuclear Magnetic Resonance

► Resonance: In NMR spectroscopy, resonance is 
the absorption of energy by a precessing nucleus 
and the resulting “flip” of its nuclear spin from a 
lower energy state to a higher energy state.

► The precessing spins induce an oscillating 
magnetic field that is recorded as a signal by the 
instrument.
 Signal: A recording in an NMR spectrum of a nuclear 

magnetic resonance.
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Nuclear Magnetic Resonance
 (a) Precession and (b) after absorption of 

electromagnetic radiation. 

Classical Description

• Angular velocity of this motion is given by:

o = Bz

where the frequency of precession or Larmor frequency is:

 = Bz/2

Same as quantum mechanical description
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Spins Orientation in a Magnetic Field (Energy Levels)
• Magnetic moment are no longer equivelent
• Magnetic moments are oriented in 2I + 1 directions in magnetic field

 Vector length is:

 Angle () given by:

 Energy given by:

)1( II

)1(
cos




II

m


oBI

m
E




where,
Bo – magnetic Field
 – magnetic moment
h – Planck’s constant

For I = 1/2

Gyromagnetic ratio (γ)

►Related to the relative sensitive of the NMR 
signal

►Magnetic moment (μ) is created along axis 
of the nuclear spin

►Magnetic moment is quantized (m)
m = I, I-1, I-2, …, -I

IIh 


 

2
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Magnetogyric ratio of some nuclei

Isotope Net Spin  / MHz T-1 Abundance / %

1H 1/2 42.58 99.98

2H 1 6.54 0.015

3H 1/2 45.41 0.0

31P 1/2 17.25 100.0

23Na 3/2 11.27 100.0

14N 1 3.08 99.63

15N 1/2 4.31 0.37

13C 1/2 10.71 1.108

19F 1/2 40.08 100.0

NMR Signal (sensitivity)
• The applied magnetic field causes an energy difference between the

aligned () and unaligned () nuclei
• NMR signal results from the transition of spins from the  to  state
• Strength of the signal depends on the population difference between the 

and  spin states

• The population (N) difference can be determined from the Boltzmman
distribution and the energy separation between the  and  spin states:

N / N = e E / kT

Bo = 0

Bo > 0 E = h 




Low energy gap
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NMR Signal (sensitivity)

Since:

E = h
and

 =  Bo / 2
then:

The E for 1H at 400 MHz (Bo = 9.39 T) is 6 x 10-5 Kcal / mol


Very Small !
~60 excess spins per 
million in lower state

N/N = e(hBo/2kT)N / N = e E / kT

NMR Sensitivity

EhBo /2

NMR signal (s) depends on:

1) Number of Nuclei (N) (limited to field homogeneity and filling factor)

1) Gyromagnetic ratio (in practice 3)

1) Inversely to temperature (T)

1) External magnetic field (Bo
2/3, in practice, homogeneity)

1) B1
2 exciting field strength (RF pulse)

N / N = e E / 
kT

Increase energy gap  -> Increase population difference -> Increase NMR signal

E ≡ Bo ≡ 

s  4Bo
2NB1g()/T
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- Intrinsic property of nucleus can not be changed.

C)3 for 13C is 64xN)3 for 15N is 1000x

1H is ~ 64x as sensitive as 13C and 1000x as sensitive as 15N !

Consider that the natural abundance of 13C is 1.1% and 15N is 0.37%
relative sensitivity increases to ~6,400x and ~2.7x105x !!

NMR Sensitivity

• Relative sensitivity of 1H, 13C, 15N and other nuclei NMR spectra depend on
 Gyromagnetic ratio ()
 Natural abundance of the isotope

1H NMR spectra of caffeine
8 scans ~12 secs

13C NMR spectra of caffeine
8 scans ~12 secs

13C NMR spectra of caffeine
10,000 scans ~4.2 hours

RESONANCE CONDITION

• ∆E = gβH

• ∆E = hν

• ν = gβH / h

• The resonance condition 
can be got by either 
changing frequency at 
constant field (Frequency 
sweep) or changing 
magnetic field at constant 
frequency (Field sweep)
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Frequency of absorption:  =  Bo / 2

Spins Orientation in a Magnetic Field (Energy Levels)
• Transition from the low energy to high energy spin state occurs through an

absorption of a photon of radio-frequency (RF) energy

RF

Classical Description

• Net Magnetization
 Nuclei either align with or against external magnetic field

along the z-axis.
 Since more nuclei align with field, net magnetization (Mo, MZ)

exists parallel to external magnetic field.
 Net Magnetization along +Z, since higher population aligned with

Bo.
 Magnetization in X,Y plane (MX,MY) averages to zero.

Mo

z

x

yy

x

z

Bo Bo
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RF pulse

B1 field perpendicular to B0
Mxy

Mz

Classical Description

• Observe NMR Signal
 Need to perturb system from equilibrium.

 B1 field (radio frequency pulse) with Bo/2frequency
 Net magnetization (Mo) now precesses about Bo and B1

 MX and MY are non-zero
 Mx and MY rotate at Larmor frequency
 System absorbs energy with transitions between aligned and unaligned

states

 Precession about B1stops when B1 is turned off

 = Bo/2
RF pulse along Y

Detect signal along X

X

y

Classical Description

• Observe NMR Signal
 Remember: a moving magnetic field perpendicular to a coil

will induce a current in the coil.
 The induced current monitors the nuclear precession in the

X,Y plane
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Classical Description

• Rotating Frame
 To simplify the vector description, the X,Y axis rotates about

the Z axis at the Larmor frequency (X’,Y’)
 B1 is stationary in the rotating frame

Mxy

Mz

+

Classical Description

• NMR Pulse
 Applying the B1 field for a specified duration (Pulse length or

width)
 Net Magnetization precesses about B1 a defined angle (90o,

180o, etc)

B1 off…

(or off-resonance)

Mo

z

x

B1

z

x

Mxy

y y
1

1

1 = B1

90o pulse
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Net Magnetization

Mo

z

x

yy

x

z

Bo Bo

Bo > 0 E = h 





Bo

Classic View:
- Nuclei either align with or  

against external magnetic   
field along the z-axis.

- Since more nuclei align with 
field, net magnetization (Mo)  
exists parallel to external 
magnetic field

Quantum Description:
- Nuclei either populate low 
energy (, aligned with field) 
or high energy (, aligned  
against field) 

- Net population in  energy 
level.

- Absorption of radio-
frequency promotes nuclear  
spins from  .

Absorption of RF Energy or NMR RF Pulse

Classic View:
- Apply a radio-frequency (RF)  
pulse along the y-axis

- RF pulse viewed as a second 
field (B1), that the net  
magnetization (Mo) will 
precess about with an 
angular velocity of 1

-- precession stops when B1

turned off

Quantum Description:
- enough RF energy has been  
absorbed, such that the 
population in / are now 
equal

- No net magnetization along 
the z-axis

B1 off…

(or off-resonance)

Mo

z

x

B1

z

x

Mxy

y y
1

1

1 = B1

90o pulse

Bo > 0

E = h 





Please Note: A whole variety of pulse widths are possible, not quantized dealing 
with bulk magnetization
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SANTHANAM 41

WHAT WE ARE GOING TO SEE ?

► Chemical Shift
► Reference used
► Factors affecting 

Chemical Shift
► No. of Signals
► Topicity

SANTHANAM 42

CHEMICAL SHIFT

► If all protons absorbed the same amount of 
energy in a given magnetic field, not much 
information could be obtained.

► But protons are surrounded by electrons that 
shield them from the external field.

► Circulating electrons create an induced magnetic 
field that opposes the external magnetic field.
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SANTHANAM 43

Shielded Protons

Magnetic field strength must be increased 
for a shielded proton to flip at the same 
frequency.

SANTHANAM 44

Protons in a Molecule

Depending on their chemical 
environment, protons in a molecule are 
shielded by different amounts.
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SANTHANAM 45

NMR Signals

►The number of signals shows how 
many different kinds of protons are 
present.

►The location of the signals shows how 
shielded or deshielded the proton is.

►The intensity of the signal shows the 
number of protons of that type.

►Signal splitting shows the number of 
protons on adjacent atoms.                  

SANTHANAM 46

NMR SPECTROMETER



28-02-2021

24

SANTHANAM 47

NMR Spectrometer

► Essentials of an NMR spectrometer are a powerful 
magnet, a radio-frequency generator, and a radio-
frequency detector.

► The sample is dissolved in a solvent, most 
commonly CDCl3 or  D2O, and placed in a sample 
tube which is then suspended in the magnetic field 
and set spinning.

► Using a Fourier transform NMR (FT-NMR) 
spectrometer, a spectrum can be recorded in 
about 2 seconds.

SANTHANAM 48

The NMR Graph
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SANTHANAM 49

Tetramethylsilane –Why?

 TMS is added to the sample. (Internal standard)

 Since silicon is less electronegative than carbon, TMS 
protons are highly shielded.  Signal defined as zero.

 Organic protons absorb downfield (to the left) of the 
TMS signal. 

 Chemically inert

 Volatile

Si

CH3

CH3

CH3

H3C

SANTHANAM 50

Chemical Shift
►Measured in parts per million.
►Ratio of shift downfield from TMS (Hz) to 

total spectrometer frequency (Hz).
►The delta scale is defined as:

δ =  (fx-fs)/ fop X 106

fx - Resonance frequency of  sample proton  
fs - Resonance frequency of std (TMS) proton 
fop - Operational frequency of the instrument

►Same value for 60/100/300 MHz 
machine.
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SANTHANAM 51Chapter 13 51

Delta Scale

SANTHANAM 52Chapter 13

Typical Values
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SANTHANAM 53

Factors affecting chemical shift

► Presence of 
electronegative atoms

► Distance from the 
electronegative atoms

► No. of electronegative 
atoms

► Hybridization

► Hydrogen bonding

► Steric factors

► Exchangeable protons

► Magnetic anisotropy

SANTHANAM 54

Type of carbon

► Chemical shift of a 
proton depends on 
the type of the 
carbon to which it 
is attached.

► In the case of a 
proton present in a 
strained ring shift 
is even lower.

Compound Chemical 

Shift

CH4 0.2

CH3CH3 0.9

CH3CH2CH3 1.3

(CH3)3CH 1.7

(CH3)4C -



28-02-2021

28

SANTHANAM 55

Presence of electronegative atoms

► More electronegative 
atoms deshield more 
and give larger shift 
values.

► Additional 
electronegative atoms 
cause increase in 
chemical shift.

Compound Chemical 
Shift

CH4 0.2

CH3Cl 3.05

CH2Cl2 5.30

CHCl3 7.27

SANTHANAM 56

Effect of Distance

►Effect decreases with distance.

- CH2-Br - 3.30

- CH2CH2-Br - 1.69

- CH2CH2CH2-Br - 1.25



28-02-2021

29

SANTHANAM 57

Chemical
shift, d

Cl CH2 CH2 CH2 CH2 CH3

45 33 29 22 14

Deshielding effect of Cl decreases as 
number of bonds between Cl and C increases.

Effect of chain length

SANTHANAM 58

Effect of Hybridization -I

►When the s-character of the bond increases 
the protons more deshielded (chemical shift 
increases)

►Reason: s-orbitals keep electrons closer
H attached to sp3 Carbon : 0.0 – 2.0
H attached to sp2 Carbon :       4.5 – 7.0 
H attached to sp Carbon  : 2.0 – 3.0

(Anisotropy)
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SANTHANAM 59

Effect of Hybridization -II

sp3 hybridized carbon is more shielded than sp2

114
138

36

36 126-142

sp hybridized 
carbon is more 
shielded than 
sp2, but less 
shielded than 
sp3

CH3H C C CH2 CH2
68 84 22 20 13

SANTHANAM 60

O

CH2 C O CH2 CH3

127-134
41 1461171

Effect of Hybridization - III
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SANTHANAM 61

Effect of Exchangeable Protons

►Whenever the protons are exchangeable 
(like the carboxylic or alcoholic) they are 
deshielded 

►The shift value depends on the hetero atom 
to which the proton is attached

R-CH=CH-OH Enolic proton shift > 15 ppm

SANTHANAM 62

Effect of H-bonding

► H-bonding weakens 
the covalent bonds 
hence the protons are 
deshielded

► H-bonding causes 
down field shifts
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SANTHANAM 63

Steric Factors

►When the groups are present in too 
crowded manner the van der Waals’ force 
may dominate.

►In such a case the e clouds will be oriented 
away from each other causing deshielding

SANTHANAM 64

Anisotropy

 Magnetic induction in the  bonds of a carbon-
carbon triple bond shields an acetylenic
hydrogen and shifts its signal lower frequency.
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SANTHANAM 65Chapter 13

Acetylenic Protons, d2.5

SANTHANAM 66

Chemical Shift
 Magnetic induction in the  bond of a carbon-

carbon double bond deshields vinylic hydrogens 
and shifts their signal lower frequency.
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SANTHANAM 67Chapter 13

Vinyl Protons, d5-d6

SANTHANAM 68

Anisotropy-III

 The magnetic field induced by circulation of 
electrons in an aromatic ring  deshields the 
hydrogens on the ring and shifts their signal to 
higher frequency.
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SANTHANAM 69Chapter 13

Aromatic Protons, d7-d8

SANTHANAM 70

Paracyclophanes

► A cyclophane is 
a hydrocarbon consisting 
of an aromatic unit 
(typically benzene ring) 

► An aliphatic chain forms 
a bridge between two 
non-adjacent positions of 
the aromatic ring. 
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Annulenes -I

► Annulenes are 
completely conjugated
monocyclic hydrocarbons. 

► They have the general 
formula CnHn (when n is an 
even number) or 
CnHn+1 (when n is an odd 
number).

[18]annulene

SANTHANAM 72

Annulenes-II

► 18-Annulene is aromatic (18p electrons), stable 
and planar. 

► Whilst the outer hydrogen atoms possess a shift of 
δ ~8.9 ppm, as expected of deshielded aromatic 
protons, 

► The inner hydrogen atoms display a δ of -1.8 
ppm. 

► This extremely low δ value is due to the highly 
shielding effect of anisotropy in the interior of the 
ring system. 
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Number of Signals

►Number of signals in PMR corresponds to 
number of different types of protons in the 
molecule

►When protons are present in different 
chemical or magnetic environments the field 
felt by them is different

►Resulting in different chemical shifts

SANTHANAM 74

Spectrum of Methanol

► Two types of protons, 
hence two signals

► One O-H – more 
deshielded – hence feels 
the applied field easily –
higher δ value

► Three CH3 protons –
comparatively shielded –
hence field lower field is 
felt by them – low δ value

CH3 –O- H
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SANTHANAM 75

Just for information

► Why other 
magnetically active 
nuclei are not 
appearing in PMR ?

► Every magnetically 
active nuclei is 
having its own γ
value hence extent 
of splitting is 
different at given 
magnetic field

SANTHANAM 76

Equivalent groups

►Protons present in identical chemical 
environment are usually equivalent hence 
give one signal
CH3COCH3 , CH4, C6H6

►when they are in different environments 
different signals are got

CH3OH – two signals        CH3CH2OH three signals
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SANTHANAM 77

Magnetic Equivalence

► A – 1,1- dimethylcyclopropane              2 signals
► B – trans-1,2- dimethylcyclopropane     3 signals
► C - cis-1,2- dimethylcyclopropane 4 signals

A B C

SANTHANAM 78

caution

“ALL MAGNETICALLY EQUIVALENT PROTONS
ARE CHEMICALLY EQUIVALENT BUT NOT ALL
CHEMICALLY EQUIVALENT PROTONS ARE
MAGNETICALLY EQUIVALENT”

H

H CH3H3C

H H

Facing the magnetic field created 
by six methyl protons

Facing the magnetic field 
created by two  ring protons

They give separate signals
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Topicity - I

► Topicity is the stereochemical relationship of 
substituents relative to the structure to which they 
are attached. Depending on the relationship, such 
groups can 
be heterotopic, homotopic,enantiotopic, 
or diastereotopic.

► Some times confusions occur in determining the 
equivalence of the protons or groups The protons 
of CH2 group and geminal methyl groups are 
common examples.

► Care to be taken to determine prochiral centers

SANTHANAM 80

Topicity – II - Homotopic

► Homotopic groups are equivalent groups. 
► Two groups A and B are homotopic if the molecule 

remains the same (including stereochemically) 
when the groups are interchanged with the 
remaining parts of the molecule fixed. 

► Homotopic atoms are always identical, in any 
environment. 

► Homotopic NMR-active nuclei have the same 
chemical shift in an NMR spectrum. 

► Examples: protons of CH4 and CH2Cl2
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Topicity-III- Enantiotopic

► Enantiotopic refers to the relationship between 
two groups in a molecule which, if one or the 
other were replaced, give a chiral compound. 

► The two possible compounds resulting from that 
replacement would be enantiomers.

► They are equivalent under normal conditions. 
They give single signal normally

► In a chiral environment (Solvent/Reagent) they 
are not equivalnt

SANTHANAM 82

Enantiopoic groups

► The C2 and C3 protons 
are enantiotopic

► On replacing with Br they 
give the enatiomers

► In absence of chirality 
they are isochronous
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Diastereotopic groups

► Diastereotopic  the groups in a molecule which, 
if replaced, would generate compounds that 
are diastereomers. 

► Diastereotopic groups are often, but not always, 
identical groups attached to the same atom in a 
molecule containing at least one chiral center.

► If two pairs of enatiotopic groups are there 
anyone pair can be considered as diastereotopic.

CH3CH2CH2CH(OH)CH3

SANTHANAM 84

Diastereotopic groups

► The C3 protons are diastereotopic
► They are not equivalent , so show 

separate signals
► But the effect is visible only when 

the groups are adjacent to a chiral 
center



28-02-2021

43

NMR – DOUBLE  IRRADIATION 
AND 

MULTIDIMENSIONAL TECHNIQUES

First Order Spectra

►The spectra in which signals are far 
apart

►Clearly showing the (N+1) line 
splitting

►Intensity ratios preservedCH3CH2OH
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Non-first order spectra

► Signals are very
close each other

► Often they overlap
► (N+1) rule may not

give the actual
pattern.

► Intensity ratios are
modified.

Simplification of Complex 
Spectra

The non-first order spectrum may be
converted in to first order spectra by
following any one of the method
mentioned below
 Recording the spectrum at higher field
 Using chiral resolving agents
 Using shift reagents
 Spin decoupling methods (Double

Resonance)
 Magic Angle Spinning (MAS) for solid

state samples
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High Field Spectra
►It is known that the frequency at

which a proton resonates is
proportional to the applied field.

►But δ remains the same (Field
independent)

►The magnitude of coupling J is also
independent of field.

►When difference between two
chemical shifts(Δδ) are comparable
with J the peaks may overlap to give
a complex spectra

►When the sample is subjected to
higher magnetic field, protons
resonate at higher frequencies.

►All spectra are converted to first order
spectra when we record the spectrum
in a high field.

►So an AB system in 60 MHz instrument
becomes an AX system in 300 MHz
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Using Chiral Resolving 
Agents

►Any two protons which have almost
same chemical shift values will be
either homo topic or enantiotopic.

►A chiral reagent which can form a
diastereomer by reacting with the
either of the proton is added to the
sample

►The two protons are no longer
isochronous and appear at different
positions.
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R/S – Phenylethylamine
S-(+)-O-Acetyl-mandelic acid

S-PEA + S(+) AMAR-PEA + S(+) AMA

Shift Reagents -I

►β-Diketone complexes of some of the
lanthanides are used as NMR shift
reagents.

► Lewis acid complexation of the
lanthanide atom with basic sites on
molecules results in substantial
chemical shift.

►Due to the presence of large shielding
and deshielding cones around the
lanthanide atom.
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Shift Reagents -II

►These chemical shift effects are the
result of unpaired electrons in the f
shell of the lanthanide.

►The lanthanides are especially
effective because there is relatively
little delocalization of the unpaired f
electrons onto the substrate (Fermi
contact interactions), and so the
principal effect is usually the
anisotropy of the metal.

Shift Reagents - III

►An optimum combination of minimum
line broadening by direct Fermi
contact interaction with unpaired
spins, and maximum downfield and
upfield dipolar shifts is provided by Eu
and Pr tris-β-diketone complexes.

►The first widely used shift reagent was
Eu(dpm)3(tris(2,2,6,6-
tetramethylhepta-3,5-
dionato)europium(III))
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Double Irradiation Methods

HA

Splitting 
due to HB

HA

HB

Methods of Double 
Irradiation

►Spin saturation – Low power irradiation-
the population of the two spin states of the
irradiated nucleus equalized - INDOR

►Spin Tickling – Medium Power irradiation
– not only population altered – energy
levels also – the spectrum itself changes.

►Spin decoupling – High power
irradiation – signals and splitting of the
irradiated nucleus disapper.
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Spin Decoupling

►NMR spectra can often become quite
complicated.

►As the number of resonating protons
increases, due to overlap of resonating
peaks and complex splitting patterns.

►To simplify these spectra one can use
spin decoupling, often referred to
as double resonance.
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Double Resonance

►In double resonance experiments, a
second radiofrequency signal is
applied while the spectrum is scanned
in the usual fashion.

► The radiofrequency can be set to
irradiate a selected group of protons in
the molecule being measured.

►Irradiation causes the selected protons
to become decoupled from all other
protons in the compound

►Protons that are coupled to the
irradiated group of protons will have
simplified signals due to the loss of
coupling with the irradiated protons.

►Selective irradiation will allow the
peaks assignment to get a structure
more readily.
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►The signal-to-noise ratio in an NMR
spectrometer is related to the
population difference between the
lower and upper spin state.

►The larger this difference the larger
the signal.

►This difference is proportional to the
strength of the Bo magnetic field.
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NMR spectrum of  3-
Methylpentane

► The HC hydrogen peaks are difficult to
see in the spectrum due to the
splitting from the 6 -CH2- hydrogens.

►If the effect of the 6 -CH2- hydrogens
could be removed, we would lose the
1:6:15:20:15:6:1 splitting for the HC
hydrogen and get one peak.

►The 1:3:1 splitting for the
CH3 hydrogens and get one peak is
also lost.

►This process of removing the spin-spin
splitting between spins is called
decoupling.

► Decoupling is achieved with the aid of
a saturation pulse.
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►A saturation pulse is a relatively low
power B1 field left on long enough for
all magnetization to disappear.

► A saturation pulse applied along X'
►Rotates magnetization clockwise

about X' several times.
►As the magnetization is rotating,

T2 processes cause the magnetization
to dephase.

►At the end of the pulse there is no net
Z, X, or Y magnetization.

►It is easier to see this behavior with
the use of plots of MZ, MX', and MY' as a
function of time.

►Since the B1 pulse is long, its
frequency content is small. It
therefore can be set to coincide with
the location of the -CH2- quartet and
saturate the -CH2- spin system.
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►By saturating the -CH2- spins, the -
CH2- peaks and the splittings
disappear, causing the height of the
now unsplit HC- and -CH3 peaks to be
enhanced.

►Consider C-13 NMR of CH3I.
►The NMR spectrum from the carbon-13

nucleus will yield one absorption peak
in the spectrum

► Adding the nuclear spin from one
hydrogen will split the carbon-13 peak
into four lines giving a 1:3:3:1 ratio.

► If the hydrogen spin system is saturated,
the four lines collapse into a single line
having an intensity which is eight times
greater than the outer peak in the 1:3:3:1
quartet since 1+3+3+1=8 .

► In reality, we see a single line with a
relative intensity of 24. Where did the
extra factor of three come from?
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NUCLEAR OVERHAUSER 
EFFECT

► When a proton-decoupled spectrum is
obtained, the intensities of the carbon
resonances are enhanced. This effect is
known as the nuclear Overhauser
enhancement (NOE).

► The NOE effect is quite general; it occurs
whenever two dissimilar atoms are
irradiated simultaneously. In the proton-
decoupled experiment, the carbon-13 nuclei
are observed at the same time that the
hydrogen nuclei are irradiated.

Why enhancement??

►This type of experiment cause an
enhanced intensity .

► when the hydrogen nuclei are
irradiated, the number of nuclei in the
higher energy "spin-opposed" state is
increased.

►The carbon atoms to which these
protons are attached adjust their
equilibrium distribution to increase the
population of carbon atoms in the
lower energy "spin-aligned" state due
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►This larger population of carbon atoms 
in the lower spin state results in a 
larger number of nuclei that can be 
detected, and therefore an increased 
signal.

►Not all carbon-13 signals will be
enhanced to the same extent.
Generally, the larger the number of
attached protons the larger the
enhancement will be.

HαC α

H β Cβ

HβHCα
HαCβ

NMR of H
NMR of C



28-02-2021

59

HA
αHB

α

HA
β HB

β

HA
βHB

α
HA

αHB
β

NMR of A
NMR of B

► In more advanced experiments, the NOE
effect can be used to verify peak
assignments.

► The NOE effect is distance
dependent(Maximum 4A0)

► The closer a hydrogen atom is to a
particular carbon atom, the larger the
enhancement for that carbon atoms signal.

► In dimethyl formamide,the two methyl
groups attached to nitrogen are not
equivalent.

► Irradiation of the aldehyde hydrogen will
cause an enhancement of the syn methyl
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►Alteration of normal spin population of
a nucleus X by irradiation will cause
the populations (and hencesignal
intensities) of other (non-irradiated)
nuclei (A) to change.

►Provided that X is causing T1
relaxation of A by the dipole-dipole
mechanism. This is known as the
Nuclear Overhauser Effect (NOE)

Distinction between 
Decoupling and the NOE 

experiment
► In a decoupling experiment (HOMODEC)

the B1 irradiation must be on during
acquisition of the FID (but not necessarily
otherwise)

► NOE experiment the decoupler is on during
a delay period, but may be turned off
during the acquisition of the FID.
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Coupled 13C NMR Spectra with NOE-
(Gated decoupling)

►The measurement of undecoupled 13C
NMR spectra is usually very time
consuming

►since many of the carbon signals are
split into complex multiplets.

►There is no NOE enhancement of signal
intensities.

►However, a nearly maximum NOE
enhancement can be achieved by use
of gated decoupling.

► The decoupler is kept on during a delay
period when the NOE enhancement builds
up, but turned off during acquisition of the
FID.

► so that fully coupled spectra are obtained.
► This works because the decoupling effect

turns on and off nearly instantaneously
(microseconds), whereas the NOE
enhancement builds up and decays on the
time scale of T1 (seconds).
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Integration of Carbon 
Spectra

► 13C NMR spectra cannot usually be
accurately integrated since

► Spectra are often run under saturation conditions
with insufficient delay time between pulses for full
recovery of magnetization.

► Since T1 of carbons vary between 0.1 to >100 sec,
individual pulses have to be at least 500 sec apart
(5T1) to permit complete relaxation of all carbons if
accurate integrations are to be obtained.

► The Nuclear Overhauser Effect increases the area of
individual peaks depending on the extent to which
DD relaxation versus other pathways relax a
particular carbon.
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► Spectra with minimal NOE enhancement can be
obtained by using the inverse gated decoupling
technique.

► Decoupler is on only during the short acquisition
time, but off otherwise, so that only a small NOE

enhancement builds up.

► An alternative technique for obtaining
integrable spectra is to use the relaxation
reagent [Cr(acac)3] , which will shorten T1
for all carbons

► By the action of unpaired electrons on the
chromium.

► This will both reduce the saturation
problems and reduce or eliminate the NOE
enhancement.

► Unfortunately, it is not feasible to add
[Cr(acac)3] to all samples.
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The DEPT experiment

► DEPT- Distortion less Enhancement by Polarization
Transfer

► In DEPT, a second transmitter irradiates1H
during the sequence, which affects the appearance
of the 13C spectrum.

► some 13C signals stay the same
► some 13C signals disappear
► some 13C signals are inverted
► In many cases DEPT spectra are more useful than

the decoupled spectra.
► Similar to APT (Attached Proton Test)

Schematic representation of DEPT for C-H 
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Schematic representation of DEPT for C-H

D D

D

D D

1.Mz along Z axis 2. Mz tilted to Y axis after 90o pulse

3.Proton splits the Mz in to two components

-J/2

+J/2

DEPT of C-H group

► Net magnetization vector 
along Z axis (a)

► Tilted to Y axis due to a 
900 pulse (b)

► The proton splits the 
vector in to two (c) 

► One spins with p.f +J/2
► Other with p.f –J/2
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DEPT of C-H group

► The split vectors rotate 
with a frequency of J/2 in 
opposite directions

► Time for one revolution = 
2/J sec.

► At time (1/4) (2/J) the 
vectors rotate to 900 (d)

► Vectors  along X direction 
► Detector in Y direction –

No signal (d)

DEPT of C-H group
► When T= (1/2) (2/J)
► Vectors along –Y 

direction – so inverted 
peak ( e )

► This is DEPT 90
► In DEPT-90 at time 1/J 

the CH and CH3 peaks 
are inverted.

► CH2 C peaks unaffected.
► CO peaks disappear
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2D-NMR techniques

► 1D NMR = 1 frequency axis
2D NMR = 2 frequency axes

►
COSY = Correlated Spectroscopy

► 1H-1H COSY provides connectivity 
information
by allowing one to identify spin-coupled 
protons.

► x,y-coordinates of cross peaks are spin-
coupled
protons 

Acquire/2

General One Dimensional Experiment -I

Fourier Transform
t1 ->  f1

f1

t
1
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Acquire/2

General One Dimensional Experiment - II

Fourier Transform
t1 ->  f1

f1

t
1

Fourier Transformation
resolves multiple frequencies
that overlap in the time domain

/2
Acquire/2

General Two Dimensional Experiment - I

Fourier Transform
t1 ->  f1  and t2 ->  f2 

f2

t
1

t2

f1
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/2
Acquire/2

General Two Dimensional Experiment -II

t
1

t2

/2
Acquire/2

t
1

t2

/2
Acquire/2

t
1

t2

Vary t1
Collect a series of 1D spectra

General Two Dimensional Experiment -III

t
1

f2

Vary t1
Collect a series of 1D spectra

Here,  the intensities of      and     do not
change as a function of the t1 evolution time
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General Two Dimensional Experiment -IV

t
1

f2

Vary t1
Collect a series of 1D spectra

Whereas here, the intensity of      is modulated as
a function of the t1 evolution time

General Two Dimensional Experiment -VI

t
1

f2

Transpose and then
Fourier transform in t1 dimension
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General Two Dimensional Experiment -VII

t
1

f2

Transpose and then
Fourier transform in t1 dimension

General Two Dimensional Experiment -VIII

f1

f2

Projection on f2 gives
original chemical shifts



28-02-2021

72

General Two Dimensional Experiment -IX

f1

f2

Projection on f1 yields
new information

General Two Dimensional Experiment -X

1H chemical shift

J coupling

1H chemical shift

Dipolar
coupling

1H chemical shift

13C chemical
shift

1H chemical 
shift

1H chemical shift
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1H-1H COSY

CH3CCH2CH2CH2CH3

O 1H

1H

1H-13C HETCOR

CH3CCH2CH2CH2CH3

O 13C

1H
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DYNAMIC NMR

DNMR (DYNAMIC NMR)

►A branch of NMR dealing with effects
of chemical environmental change on
NMR spectra.

►The change may be due to exchange of
sites with different chemical shifts /
different coupling constants.

►NMR spectrum is affected by many
time dependent processes.
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►The most important information got
from this effect is the rates of the
exchange processes.

►If the rates are within the range of 10-

1 to 106 S-1

►Besides this very large span DNMR is
having some other advantages too.

►DNMR probes which part of the
molecule is undergoing change

►Even the degenerate intramolecular
changes which form an
indistinguishable species from the
original can also be studied.

►The changes observed in the spectrum
depends on the relative time scale of
the NMR experiment and the
molecular rearrangement.
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►Other spectral techniques like UV,IR
and Raman take times only 10-13 to 10-

15 S, which is not sufficient for any
molecular changes.

►For NMR the interaction time is fairly
larger 10-1 to 10-9 S, so NMR becomes
an unavoidable tool in studying
molecular dynamics

►Variable temperature NMR is versatile
in studying different kinds of
exchanges processes

►When the activation energies of the
exchange processes are 25 -100
KJ/mol, the rates of them can be
brought in to the range of 10 – 106 S-1

at the temperature range of -150 -
+200 °C

►By controlling temperature, the rates
are made visible to NMR detector.

►The vast majority of DNMR studies,
kinetic informations got by “Band
shape analysis”
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Types of Processes Studied in 
DNMR

►Symmetrical two-site exchange
 Slow exchange
 Intermediate exchange
 Fast exchange
 Internal rotation across a barrier

►Unsymmetrical two site exchange
• Ring inversion
• Fluxionality of molecules
• Inter and intra molecular exchanges

Symmetrical two-site 
exchange

► Compounds that exist as a mixture of
rapidly interconverting stereoisomers are
often conveniently, albeit inaccurately,
viewed as one average structure.

► A close look reveals that organic
compounds are generally fluxional and
adopt more than one conformation or
configuration.

► The low energy barrier to interconversion is
often difficult to distinguish between the
individual isomers of stereolabile

compounds,.
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►Interconversion of stereoisomers
exhibiting anisochronous nuclei can be
monitored by variable-temperature
NMR spectroscopy when the process is
slow on the NMR time scale.

t . Δν ≈ 1/2π
t = the interconversion time (in s)
δν = the NMR shift separation of the signals (in Hz) 
at low temperatures at which exchange does not 

occur.

►If t<< 2πδν then a sharp singlet is
found.

►If t = 2πδν the two lines coalesce .
►The temperature at which the two

lines coalesce is depending on the
frequency difference between the two
lines.

►The relative values of k and δν
determine whether the process is
slow/ fast or intermediate.
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►Since δν is of the order of few kHz
only relatively slower processes can
be studied by using 1H NMR

►Faster processes can be studied by
using 13 C NMR since the resonance
frequency covers a larger range

►Chemical exchange process is an
effective method of transverse
relaxation

►Bloch equation relates the line shape
and transverse relaxation time (T )

Symmetrical two-site 
exchange 



28-02-2021

80

Slow Exchanges

►For large values of residence time “t”
on sites A and B separate signals
appear at νA and νB. This is termed as
the region of slow exchange.

►If resonances are exchange
broadened and still found at different
frequencies, then the broadening due
to exchange is

Δν = k / (π.t)

Fast exchanges

►When the residence time is very short, the
two frequencies merge together at their
mean value and only one line is seen.

►This is termed as fast exchange region.
►The exchange broadening is given by

Δν = π(δν)2 / 2k = (1/2) *
δν2 * t
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Intermediate Exchanges

►For intermediate exchanges the shape
of the line changes in a complicated
manner.

►The condition for the lines to coalesce
is

k = πδν/√2 = 2.2 *δν
t= √2 / πδν

►The coalescence of signals is an
indication of some averaging
processes like an rearrangement

Restricted Rotation (Exchange across a 
barrier)
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Activation and 
Thermodynamic Parameters 

from NMR data
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Eyring Equation

► A plot of ΔG‡ vs T will give a straight line
with a slope of -ΔS‡ and an intercept of
ΔH‡ (eq. 1, Eyring Plot).

► ΔG‡ is calculated from the rate constant and
the temperature using eq. 2.

► This kind of plot is easier to interpret than
the one below since the temperature range
of the experiment can be directly read off
the graph, and the y-coordinates and slope
of the data points is visually interpretable in
terms of the size of ΔH‡ the sign of ΔS‡

► This is especially useful for comparison of
several such plots on a single graph.

► A plot of ln(k/T) vs 1/T will give a slope of
- ΔH‡ / R and an intercept of ln(ki/h) +
ΔS‡/R .

► This type of plot is more forgiving (looks
better) if the rate data is not too accurate.

► However, the obscure units of the x and y
coordinates as well as of the slope and
intercept prevents any meaningful
interpretation of the graph itself
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Unsymmetrical Two Site 
Exchange

►When a exchange is occurring with
sites which greatly differ in population,
the two forms may have any
concentration depending on the
conditions maintained.

►The rates of inter conversion of them
into each other also differs.

Unsymmetrical Two Site 
Exchange

A B 
Let the population of the forms A and B be

NA and NB

Then at equilibrium NA kA = NA kB

The average life time in each site be tA =
1/kA; tB= 1/kB

Exchange broadening is given by
ΔνA = kA/π = 1/ π.tA ; ΔνB = kB/π = 1/ π.tB

If two lines are affected to different extent
i.e one form is more stable its peak
appears narrow and the other broader

kA

kB
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►The frequency at which the averaged
resonance appears

νav = NAνA+NBνB

►Line broadening is given by
Δν = 4π NANB(δν)2 / kA + kB
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30oC

-60oC

Keto-Enol Interconversion
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•Fluxional
molecules are molecules that
undergo dynamics such that some or
all of their atoms interchange
between symmetry-equivalent
positions.
•Because virtually all molecules are
fluxional in some respects, e.g. bond
rotations in most organic
compounds, the term fluxional
depends on the context and the
method used to assess the

FLUXIONAL MOLECULES

FLUXIONAL MOLECULES

►Often, a molecule is considered fluxional if
its spectroscopic signature exhibits line-
broadening (beyond that dictated by
the Heisenberg Uncertainty Principle) due to
chemical exchange.

► In some cases, where the rates are slow,
fluxionality is not detected spectroscopically,
but by isotopic labeling
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FLUXIONAL MOLECULES
NMR is a convenient way to study rate of 
reactions – provided that the lifetime of 
participating species are comparable to NMR 
time scale (10-5 s)

H

H

H

H

H

GeMe3

At low temperature, hydrogens form an A2B2X
spin system

At higher temperature germanium hop from 
one C to the next

• Cp rings appear as separate signals in the 1H or 13C NMR
spectrum. Slow exchange at room temperature

• Above room temperature the 2 Cp coalesce into a singlet.
• The Cp rings themselves freely rotate about the Ti-ring

with a very low energy barrier. Therefore, all five protons
on the same ring are chemically equivalent at all
temperatures.

Gc
≠ = 4.57 10-3 Tc (log Tc – log kc + 10.32) 

kcal/mol

Ti

S
S

S

S
S Ti

S
S

S
S

S
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Fluxionality of PF5

(C5H5)4Ti
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Interpreting Dynamic NMR data

• Start at the low-T: 
Find the static structures that are 
consistent with the data. Use your 
knowledge of the system, integrals, 
multiplicities, coupling constants, 
decoupling data, and chemical shifts

• Look at the high-T. 
to understand which groups are 
interconverting on NMR time scale 

• Find a chemically reasonable pathway for 
the interconversion

Pathways for Interconversion

• Dissociation and re-coordination of a
ligand.

To probe for such behavior, add some of
the free ligand to the solution. If the
fluxional process involves dissociation of
that species, the chemical shift of the free
ligand and bound species will come at the
weighted average

• Rotation about a hindered bond (for large
groups)

• Opening/closing of bridges.
In dinuclear systems, a carbonyl or
alkoxide ligand can switch between a
bridging and terminal position
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• Monomer-dimer or dimer-tetramer
equilibrium.

To probe such equilibria, try decreasing or
increasing the concentration. This should
modify the ratio of the equilibrating species.
similarly, high T should favor the dissociated
form and low T the more associated form

• 5-coordinate systems are quite notorious for
fluxional behavior as the energy barrier
between trigonal bipyramid (TBP) and
square pyramidal (SP) geometries is often
quite low. Such interconversions can occur
through a Berry pseudorotation or turnstile
mechanism.

Example

• 1H NMR spectra of (tetramethylallene)Fe(CO)4 at -60 oC and 30
oC (tetramethylallene is Me2C=C=CMe2)

• low temperature spectrum: the integrated ratios of the peaks are
1:1:2.

• When tetramethylallene is combined with the complex, the 30 oC
1H NMR spectrum of the mixture "consists of two singlets"
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Example (con’t)

2. Draw the structure of the molecule at the low temperature limit

Explain the spectra

1. What is the molecular structure of 
(Tetramethylallene)Fe(CO)4

In Tetramethylallene. the two CMe2 
planes are 90 degrees apart

Fe COOC

OC CO

A

B

C

C

it is not plausible for the allene to coordinate only via its 
central carbon atom because that carbon has no orbitals 
available to do this 

Two of methyl groups (C) are chemically 
equivalent 
the other two (A and B) are not equivalent: one 
points at the metal and one away. 

Example (con’t)

• Is it an intermolecular process? (the allene becomes free and recoordinate)
• Is it an intramolecular process? (the allene remain bound to the iron but 

intramolecular process exchange the methyl position)

What is going on at elevated temperature?

Fe COOC

OC CO

A

B

C

C

Both process would explain room temperature spectra.

When free allene is added to the complex, a different singlet is observed. If 
an intermolecular process, only one allene shift should be observed at an 
average shift

As this is not what is observed it is an intramolecular process
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Example (con’t)
What is going on at elevated temperature?

Fe COOC

OC CO

A

B

C

C

• intramolecular process: The Allene is "hopping" from one pi face of 
the allene to another

Example 2

• At +80 oC, In 1H NMR (31P-decoupled) 
Equimolar amount of the Osmium complex with ethylene
shows a single sharp line at 6.0 ppm (ignoring the PMe3 
and PPh3 resonances). 

• Cooling this solution to 0 oC results in the splitting of this 
resonance into a single line at 4.9 ppm (about where 
free ethylene is observed) and two doublets at 7.5 (J = 
2 Hz) and 6.7 (J = 2 Hz) ppm. 

• Upon cooling to -80 oC, the two doublets split further 
into a complex multiplet. 

• Explain

Consider the pseudo-octahedral ethylene complex of 
osmium
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Example 2 (Con’t)

• One ethylene ligand is coordinated, the other ethylene is free. 
In the coordinated ethylene, all 4 protons are not equivalent 
because the molecule has no symmetry elements 

• the axial ligands are different and there are three different kinds of 
equatorial ligands. Therefore, each of the four hydrogens on the 
coordinated ethylene are non equivalent and coupled to the other 
three. These coupling constants would differ, making each individual 
resonance a doublet of doublet of doublets (ddd). 
In addition, two sets of hydrogen are in similar environments so we 
would expect that the chemical shifts of these would be similar. 
Therefore, we'd expect to see two sets of overlapping ddd, or a pair 
of "complex multiplets".

Step 1: explain low temp.
-80 oC, the two doublets split further into a complex 
multiplet
(single line at 4.9 ppm do not change)

Example 2 (Con’t)

• Observed data is consistent with exchange with free 
ethylene and rapid rotation in the complex. We observe an 
averaged peak at 6.0 ppm. 

There is an equimolar amount of complex and free ethylene: 

Complex: 2 H at 7.5 ppm, 2H at 6.7 ppm
Free ethylene: 4 H at 4.9 ppm. 

The weighted average of these is 
[(2)(7.5) + 2(6.7) + 4(4.9)]/8 = 6.0 ppm, exactly where we 
see our peak.

Step 2: explain high temp.
single sharp line at 6.0 ppm
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Example 2 (Con’t)

The peak at 4.9 is free ethylene. For the complex  choices are:
1. The doublets are from an ethylene coordinated parallel to the axial ligands
2. The doublets are from an ethylene coordinated in the equatorial plane
3. The doublets are from an ethylene rotating rapidly on the NMR time scale

In choices 1 and 2, regardless of how the coordinated ethylene is fix, all 
four hydrogens are chemically inequivalent. This cannot be a fixed 
system. There is rapid rotation.

The rotation exchange C1 and C2 of the ethylene.

The geminal protons on a given carbon are still non-equivalent because of 
the lack of symmetry in the molecule. They form an AX pattern with a 
geminal coupling constant between them (2 Hz)

Step 3: explain spectrum at 0 0C
single line at 4.9 ppm (about where free ethylene is observed) 
and two doublets at 7.5 (J = 2 Hz) and 6.7 (J = 2 Hz) ppm

Example 3

► The compound shown above exhibits fluxional behavior in the 
31P{H} NMR. 

► As the sample is cooled, the singlet resonance broadens and 
decoalesces between -80 and -100 oC (the T depends on the nature 
of group X). Below the coalescence point a pattern that appears to 
be a quartet is observed. 

► Addition of excess PEt3 to this reaction mixture has no effect on the 
observed NMR behavior. 

► Explain what is being observed and show how this is consistent 
with the NMR observations.
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Example 3 (con’t)

• start at the low temperature limit. 
At low T limit what symmetry elements does this molecule possess?

• This molecule has no symmetry elements. 
The monohapto Cp has an implicit hydrogen that is not drawn. 
That means this ligand is not planar as the drawing misleadingly 
suggests, but goes either in front of or behind the plane of the 
screen! 

• This render the 2 Phosphorous non-equivalent. One is close to the 
Cp, the other one is close to the hydrogen. 

• The 2 Phosphorous are coupled together forming and AB pattern. 
The shift difference is such that it resemble a quartet.

Example 3 (con’t)

• explains the coalescence to a singlet as the T is raised? Is it because:

1. Rotation about the phenyl-Pd bond is rapid
2. Rotation about the Cp-Pd bond is rapid
3. Change from a square planar to tetrahedral geometry
4. Dissociation/reassociation of a phosphine ligand.

As addition of excess PEt3 to this reaction mixture has no effect we can rule 
out 4

Rotation about the Cp-Pd bond render the 2 Phosphorous equivalent. 

The Cp ring is closer to each phosphine 50% of the time, effectively making 
the two phosphine ligands equivalent. Therefore, we'd see a singlet.
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► In the series of spectra below, increments
of PMe3 ligand were added, which initiates a
bimolecular exchange between bound and
free ligands, causing loss of 3J coupling
between the CH3-Au protons and P.

► Initially no change is detectable in the
PMe3 protons because the fraction of free
ligand is <1%. When a significant fraction
of PMe3 has been added, however, the
PMe3 signals move downfield because of
averaging between free and bound ligand.
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►The apparent coupling also
decreases, and becomes 0 at 350%
PMe3. Coupling between H and P
reappears when 9 equivalents of
PMe3 have been added, with J close
to that of the pure ligand (2.6 Hz).

►This shows that 2JHP has opposite
signs in the free and bound ligands

NMR OF OTHER NUCLEI &
THEIR APPLICATIONS
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Isotope Natural %
Abundance Spin (I) Magnetic

Moment (μ)*
Magnetogyric

Ratio (γ)†

1H 99.9844 1/2 2.7927 26.753
2H 0.0156 1 0.8574 4,107
11B 81.17 3/2 2.6880 --
13C 1.108 1/2 0.7022 6,728
17O 0.037 5/2 -1.8930 -3,628
19F 100.0 1/2 2.6273 25,179

29Si 4.700 1/2 -0.5555 -5,319
31P 100.0 1/2 1.1305 10,840

SANTHANAM SCSVMV

Notable nuclei
• 19F: spin ½, abundance 100%, sensitivity (H=1.0) : 0.83 

2JH-F = 45 Hz, 3JH-F trans = 17 Hz, 3JH-F Cis = 6 Hz
2JF-F = 300 Hz, 3JF-F = - 27 Hz

• 29Si: spin ½, abundance 4.7%, sensitivity (H=1.0) : 0.0078
The inductive effect of Si typically moves 1H NMR aliphatic 
resonances upfield to approximately 0 to 0.5 ppm, making 
assignment of Si-containing groups rather easy. In 
addition, both carbon and proton spectra display Si 
satellites comprising 4.7% of the signal intensity.

• 31P: spin ½, abundance 100%, sensitivity (H=1.0) : 0.07
1JH-P = 200 Hz, 2JH-P ~2-20 Hz,
1JP-P = 110 Hz, 2JF-P ~ 1200-1400 Hz, 3JP-P = 1-27 Hz
the chemical shift range is not as diagnostic as with other 
nuclei, the magnitude of the X-P coupling constants is 
terrific for the assignment of structures
Karplus angle relationship works quite well 
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In molecules, the nuclei are screened by the 
electrons. 

So the effective field at the nucleus is:
Beff = B0(1-)

Where  is the shielding constant.The shielding constant has 2 terms: 
d (diamagnetic) and 
p (paramagnetic)

d - depends on electron distribution in the ground 
state
p - depends on excited state as well. It is zero for 
electrons in s-orbital. 
This is why the proton shift is dominated by the 
diamagnetic term.  But heavier nuclei are dominated 
by the paramagnetic term.

INTRODUCTION TO 19F - NMR

 19F NMR is similar to 1H NMR

 19F is the only naturally occurring isotope

 Sensitivity 0.83 when compared to 1H

 Ideal nucleus for NMR

 The resonance frequency is slightly lower

than 1H @ a field of 1.4 T [1H 60 MHz, for 19 F

56.5 MHz]

SANTHANAM SCSVMV
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Chemical shift in 19F - NMR

 19 F chemical shift more sensitive to solvent

effects

 CFCl3 is used as reference

 It is generally inert , volatile and give raise to

a sharp singlet.

 The chemical shift values span in wider range

from 0 to 900 ppm

SANTHANAM SCSVMV

Chemical shift in 19F - NMR

 The paramagnetic shielding is predominant

 Less than 1 % shielding is diamagnetic

 The chemical shift values are difficult to

predict

 Shifts are sensitive to electro negativity,

oxidation state and stereo chemistry of the

neighboring groups

SANTHANAM SCSVMV
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Chemical shift in 19F - NMR

 The chemical shift values are so different that

always a first order spectrum is got

 For ex the chemical shift of equatorial and axial

F’s of ClF3 differ by 120 ppm

 Ethyl and methyl F’s differ by 60 ppm

 Because of the large variations 19F NMR can be

used as a sensitive tool for following reactions

and structural changes

SANTHANAM SCSVMV

Chemical shift in 19F - NMR

 The variation in chemical shift values
are difficult to calculate and no trend
seems to emerge

SANTHANAM SCSVMV
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SANTHANAM SCSVMV

Functional Group Chemical shift ( ppm )

C-CF3 68 - 98

C=C-CF3 62 – 92

-CF2- 90 – 135

-CHF- 180 – 225 

-CHF2 122 – 142

-CH2F- 188 – 242

-CF=C- 50 – 140

-CF2=CF- 152 – 205

-CF=CF- 95 -105

Ar-F 110 - 176

SANTHANAM SCSVMV
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Coupling constants in 19F NMR 
[F-F coupling] 

►In general geminal F-F coupling ranges

from 40 to 370 Hz

►Vicinal F-F coupling is 0 -40 Hz

►cis F’s show J values 105 -150 Hz

►A long range coupling over five bonds,

varies from 0 – 18 Hz
SANTHANAM SCSVMV

Coupling constants in 19F NMR

SANTHANAM SCSVMV
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1H-19F Coupling

► 1H -19F coupling is also strong

► Geminal coupling values range from 42 -80 Hz

► Vicinal coupling is 1 -29 Hz

► cis H - F : 0- 22 Hz ; trans – H – F :11 – 52 Hz

► Benzene ring H also couple ortho :7-12, meta:

4-8 Hz and para:0.2 – 3 Hz

SANTHANAM SCSVMV

Coupling constants in 19F NMR

SANTHANAM SCSVMV
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Examples

►CFCl3 – one singlet
►C6H6 - one singlet
►CH3F – one quartet
►CH2F2 – one triplet

SANTHANAM SCSVMV

CH3-CO-CH2-F 

 19 F – One singlet (H decoupled)
 _ in proton coupled 19F NMR quartet of a 

triplet

SANTHANAM SCSVMV
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19F NMR of IF7

SANTHANAM SCSVMV

1-Bromo-1-fluoroethane

► One signal in 19F
NMR

► Split by geminal
proton in to a
doublet (J=50 Hz)

► Each line of the
doublet is split in
to a quartet by the
CH3 protons

SANTHANAM SCSVMV
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R5-nPFn

 The 19FNMR spectra of the series of
compounds with formula R5-nPFn had been
studied

 The number of peaks and J values are useful
in determining the structure.

 For (CH3)2PF3 a trigonal bipyramidal
structures are assigned.

 The NMR studies suggest that (JP-F = 170 Hz)
two methyl groups are equatorial and more
electro negative groups are at apical
positions

SANTHANAM SCSVMV

(CF3)2PF3

►For this compound the low 
temperature NMR shows that two CF3
groups are apical.

►At room temperature , due to rapid 
exchange only one signal is got.

►At lower temperatures  two distinct 
peaks are got for (CH3)2PF3  .

SANTHANAM SCSVMV
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BrF5

►The 19F NMR of BrF5 shows two peaks
►One doublet and one quintet with  

intensity ratio (1:4)
►4 F atoms are equivalent and one is a 

different type.
►Consistent with the assigned square 

pyramidal structure.

SANTHANAM SCSVMV

The F’s are not equivalent

SANTHANAM SCSVMV

P

O

O

Ph
O

P
F

F P

F
F

They give separate signals!!

Predict the 19F NMR spectrum of the above molecule
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Complicated proton spectra : CH3-CH2-S-PF2

Almost 
quintet

31P NMR

 The only naturally occurring isotope is
31P

 Magnetically similar to 1H and 19F
 P is more important because of their

presence in nucleic acids
 Its I value is ½
 Standard for 31P NMR is 85% H3PO4

(external standard)
 The chemical shift values are rather high

with reference to standard (±250ppm)

SANTHANAM SCSVMV
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Chemical shift in 31P NMR

► 31P NOE is positive for H decoupling with
maximum 1.23

► Generally P(III) compounds have lower
shift values when compared to P(V)
compounds

► The chemical shift can be as low as -
460ppm (P4) and as high as 1362 ppm for
phosphinidene complexes like t-BuP(Cr(CO)5)2

► Interpretation is difficult because of many 
contributing factors

SANTHANAM SCSVMV

Chemical shift in 31P NMR

SANTHANAM SCSVMV
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PCl5

► Solution of PCl5 in CS2 shows a single
resonance at about 80 ppm (one type of P)

► But in solid state two intense peaks are got
which shows that the structure is different

► Actually PF5 disproportionates in solid state
and crystallize as [PCl4+][PCl6-] which have
chemical shifts of 95 and 280 ppm
respectively.

SANTHANAM SCSVMV

Informations from the J values

► The coordination number of P can be easily
assigned form the 1J PH values. Which is
typically in the region180-400 ppm

► For pentavalent P it is larger 400-100 Hz
► For trivalent 250-100 Hz
► Similarly 1JPF is also different for trivalent

and pentavalent states.
► In PF5 Fe and Fa can be distinguished form

the J values

SANTHANAM SCSVMV
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HPF2

► The 31P NMR has a doublet of a triplet
► For one 31P - one signal
► Split by two equivalent F in to a triplet
► Each line of the triplet is split by the H

in to a doublet
► Here JPF >> JPH

SANTHANAM SCSVMV

H3PO4,H3PO3 and H3PO2

One triplet one doublet one singletSANTHANAM SCSVMV
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P4S3

 The 31P NMR of P4S3
contains two peaks
with intensity ratio
3:1

 The intense peak
appears as a doublet
and weaker one as a
quartet

 The only possible
structure is

SANTHANAM SCSVMV

Geometrical isomers of 
[Pt(PEt3)2(H)Cl]

► The coupling constant of magnetically
active ligating atom is depending on the
relative geometrical arrangement.

► Generally when ligands are trans to each
other cause more interaction.

► In present example, the 1JPt-P is nearly
1400 Hz when the PEt3 ligands are trans to
each other and about 3500 Hz when they
are cis

SANTHANAM SCSVMV
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Complicated Fluorine spectra : PF2-S-PF2

Second order spectra: 19F
Chemically equivalent
Magnetically non-equivalent
1JPF different from 3JPH

This type of spectra is 
frequent in transition 
metal complex:
MCl2(PR3)2

Tin NMR

 Tin is unique in that it has no less than three
NMR active spin ½
nuclei, 115Sn, 117Sn and 119Sn

 They all yield narrow signals over a very wide
chemical shift range.

 119Sn is very slightly the more sensitive
than 117Sn so 119Sn is therefore usually the
preferred nucleus.

 115Sn is much less sensitive than
either 117Sn or 119Sn.

 Tin NMR is mostly used for the study of organotin
compounds, but is also applicable to inorganic tin
compounds.

SANTHANAM SCSVMV
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• All the tin nuclei couple to other
nuclei, 1H, 13C, 19F, 31P, etc., couplings have been
reported.

 One bond couplings to 13C are between 1200 and
1500 Hz.

 1H one bond couplings are from 1750 to 3000 Hz,
19F from 130 to 2000 Hz and for 31P they are from
50 to 2400 Hz

 Two-bond Sn-H coupling constants are
approximately 50 Hz.

 Homonuclear 119Sn-119Sn and heteronuclear119Sn-
117Sn have been reported from 200 to 4500 Hz.
Three and four bond couplings have been reported.

SANTHANAM SCSVMV
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SANTHANAM SCSVMV

Tetramethyl stannane

Satellite peaks due to 
Sn 119

SANTHANAM SCSVMV
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Sn-119

3 isotopes with spin ½ :

Sn-115 a=0.35%

Sn-117 a=7.61%

Sn-119 a=8.58%

NMR – From Spectra to Structures An Experimental approach
Second edition (2007) Springler-Verlag
Terence N. Mitchellm Burkhard Costisella

Tetramethyl stannane

► All  the 12 H are equivalent – 1- signal in 1H 
NMR

► Magnetically active 117Sn splits the signal in 
to a doublet (Centre line –partially resolved)

► On both sides of the central resonance two 
weak doublets appear – satellite peaks

► Satellite peaks occur due to isotopically
dilute spin systems. 

► Here it is because of  119Sn abundance 8.6% 
, I =1/2  

SANTHANAM SCSVMV
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1H NMR of Sn(CH3)4

► One signal due to one
type of Sn

► 12 equivalent protons
split the signal in to 13
lines

► [2 X 12 X (1/2) +1]
► The outer most four

lines are very weak to
be observed

SANTHANAM SCSVMV
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1H Spectrum of GeH4

► 73Ge has I = 9/2
► Natural abundance of 7.76 %.
► Consequently the central singlet (from the

nuclei with I = 0,71Ge)
► surrounded by ten equally spaced lines

arising from coupling to the 73Ge nucleus
► (No. of lines = 2nI + 1
► (2×1×9/2)+ 1 = 10).

SANTHANAM SCSVMV
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1H NMR spectrum of Si2H6

►The silicon analogue of ethane. The
natural abundance of 29Si (I = ½) is
4.7 %. The remaining 95.3 % of silicon
is 28Si (I = 0).

► So 90.82 % of molecules will have
two 28Si nucleus , 8.96 % will have
one 28Si and one 29Si and the
remaining 0.22% will have two 29Si
atoms

► The resonances due to molecules with
two 29Si atoms are too weak to be

SANTHANAM SCSVMV

 The spectrum shows the usual  intense 
central line arising from 28Si2H6, and a more 
complex pattern of satellites.

 The large coupling is 1 J{29Si –1H}, giving a 
doublet. 

 The doublet is then split into a  quartet by the 
three protons on the 28Si. 

 There is also a second set of resonances, 
which are mostly obscured by the central 
singlet. 

 This arises from coupling of 29Si to the 
protons on the 28Si (2 J{29Si –1H}). 

SANTHANAM SCSVMV
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 Because the coupling is longer range the J-value is
much smaller (as indicated on the diagram).

 This doublet is split into quartets by the three
protons on the second silicon.

 The outermost lines of these resonances can be
seen on the central line.

 Note that the spectrum arising from 29Si2H6 would
be a pair of doublets, with a large 1 J{29Si –1H}
coupling and a small 2 J{29Si – 1H} coupling.

 Note that there is no 1H - 1H coupling in this case,
as all the protons are now equivalent since they
are all attached to 29Si.

SANTHANAM SCSVMV
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1H NMR of PF2
15NHSiH3

 Three equivalent protons give raise to one signal.
 1H splits in to two lines
 15N splits the doublet in to a doublet of doublet
 Two equivalent F’s split each of the line in to

triplets
 31P splits all the resulting lines in to doublets
 So we expect a doublet of a triplet of a doublet of

a doublet ( 1 X 2 X 3 X 2 X 2 = 24 lines)
 But many lines overlap due to the comparable J

values

SANTHANAM SCSVMV

15N Decoupled 1H-NMR of PF2
15NHSiH3

SANTHANAM SCSVMV
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1H NMR of [HV(CO)5]2-

SANTHANAM SCSVMV

1H NMR of [HV(CO)5]2-

►One signal for the single proton 

present

►Split by the magnetically active 51V in 

to (2 x 1 x 7/2 +1) = 8 lines

► 50 V (I=6) is not giving a satellite 

because of its extreme low abundance
SANTHANAM SCSVMV
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Differentiation of geometrical isomers

SANTHANAM SCSVMV

cis-trans isomerism

 2JH-P is 153.5 Hz for
the phosphine trans
to the hydride, but
only 19.8 Hz to the
(chemically
equivalent) cis
phosphines

SANTHANAM SCSVMV
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Pt-195 Shifts
 I = ½ a=33.8% 
 K2PtCl6 ref set to 0. 
 Scale: -6000 to + 7000 ppm !!
 Platinum is a heavy transition element.

It has wide chemical shift scale:
13,000 ppm

 The shifts depends strongly on the
donor atom but vary little with long

range.
For example: PtCl2(PR3)2 have very
similar shifts with different R

SANTHANAM SCSVMV

 Many platinum complexes have been
studied by 1H, 13C and 31P NMR. But
products not involving those nuclei can
be missed : PtCl42-

 Major part of Pt NMR studies deals with
phosphine ligands as these can be easily
studied with P-31 NMR.

 Lines are broad (large CSA) large
temperature dependence (1 ppm per
degree)



28-02-2021

131

195Pt NMR

SANTHANAM SCSVMV

Complicated satellite spectra

►In the case of Pt about 33% of the nuclei
are spin active

►So a compound with 3 Pt atoms will have at
least one active Pt nucleus

►Three different types of molecules can exist
 2/3 x 2/3 of molecules will have no active Pt
 2/3 X2/3 molecules have at least one active Pt
 1/3 X 1/3 of molecules will have two active Pt

SANTHANAM SCSVMV
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► If there is no active Pt – the 13 C resonance will

have a singlet

► If there is one active Pt then we get a doublet

► If there are two active Pt it results in a triplet.

► All this effects add up and results in a 5 line pattern

with an intensity ratio 1:8:18:8:1

SANTHANAM SCSVMV

CSA relaxation on Pt can have unexpected
influence on proton satellites. CSA relaxation
increases with the square of the field. If the
relaxation (time necessary for the spins to changes
their spin state) is fast compare to the coupling, the
coupling can even disapear!

SANTHANAM SCSVMV
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H6 : dd

J5-6 = 6.2 Hz

J4-6 = 1.3 Hz

JH6-Pt195 = 26 Hz

195Pt NMR

SANTHANAM SCSVMV
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31P NMR of P(OCH3)

 One signal for - one P

 Split in to 10 lines by

nine equivalent

protons of three

methyl groups

 The outer most lines

are too weak to be

observed.

SANTHANAM SCSVMV
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31P NMR of [Cu(PCH3)3]+

►One P - 1
►One Cu with I value 3/2 - 4
►One P - 2
►Nine 1H - 10

So totally
1 X 4 X 2 X 10 = 80 lines are 

expected

SANTHANAM SCSVMV

P-31 Spectrum of PF2H(NH2)2 labeled with 
15N

Coupling with H (largest coupling : doublet)
Then we see triplet with large coupling with fluorine

With further coupling to 2 N produce triplets,
further coupled to 4protons => quintets

2 x 3 x 3 x 5 = 90 lines !

t

1JP-F

1JP-F

t1JP-H
Triplet 1JP-N
Quintet 2JP-H
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31P NMR of PF2H(15NH2)2

 All nuclei present are magnetically active
 There are 
 Two equivalent  19F’s - 3
 One  1H - 2
 Two 15N - 3
 Four  equivalent  1H    - 5

so total number of  expected lines 
1 X 3 X 2 X 3 X 5 = 90 

SANTHANAM SCSVMV

Boron NMR

For Boron: we have the choice between 2 nuclei:

10B : Q= 8.5 * 10-2 a=19.6% I=3
11B : Q= 4.1 * 10-2 a=80.4% I=3/2

11B : Higher sensitivity
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10B NMR of B10H14

SANTHANAM SCSVMV


