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Nuclear Magnetic Resonance (NMR) is very powerful 
spectroscopic technique with a broad range of applications:
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I. High resolution liquid state NMR spectroscopy
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Lecture 1

31P solid 
state NMR

Static 
sample

Magic angle 
spinning

II. Solid state NMR spectroscopy

IV. Magnetic resonance imaging (MRI)

Anatomical and functional images

III. NMR spectroscopy in liquid crystalline media

1H NMR spectrum of ethyl benzene (C8H10)
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Intrinsic properties of nuclei give rise to NMR spectroscopy

I = [I(I +1)]1/2ħ, 

1. Spin angular momentum (or spin), I

Magnetic nuclei possess an intrinsic (always there, even at 0 K)
angular momentum known as spin.

Only nuclei with I  0 give NMR spectra

where I, the spin quantum number, is unique to each isotope and may have one of
the following values 0, ½, 1, 3/2, 2 …

Nucleus 1H 2H 13C 15N 19F 29Si 31P 12C
Spin quantum number ½ 1 ½ ½ ½ ½ ½ 0

Any isotope that contains an odd number of protons and/or neutrons has I  0 and 
gives NMR spectra. 

Note: in some textbooks S is denoted the spin quantum number L1 p4

In analogy to quantum angular momentum, spin is a vector quantity and
the magnitude is quantised in units of ħ (h /2π) as:



Nuclear spins align in a magnetic field (space quantization)

In the presence of the magnetic field, Bo (in Tesla), the direction of the spin angular
momentum is also quantized:

Iz = m ħ

where Iz - component of the spin angular momentum parallel to Bz.
m - the magnetic quantum number, has 2I + 1 values in integer steps between +I and –I
(m = I, I -1, I -2 …-I +1, -I).
ħ = h/2.

-1/2ħ
-1ħ

0

+1ħ
I = ½, m = +½, -½ 

Bo

Absence of Bo

• Only transitions with m = 1 can be directly excited and observed!
• I =1/2 gives the simplest spectra.
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I = 1, m = +1,0,-1

x

+1/2ħ

I =1/2 

Spins are intrinsically magnetic

Electrons, nucleons (proton, neutron) and nuclei with I  0 possess
intrinsic magnetism, a permanent magnetic moment, , which is not due
to the circulating current.

Magnetic moment, , is directly proportional to the spin angular momentum, I

 =  I, 

where  is the gyromagnetic (also called the magnetogyric) ratio.
(z component: z =  Iz =  m ħ,   m is the magnetic quantum number)  

Nucleus 1H 2H 13C 15N 19F 29Si 31P
10-7  [radT-1s-1] 26.75 4.11 6.73 -2.71 25.18 -5.32 10.84
Spin ½ 1 ½ ½ ½ ½ ½ 

Higher  - stronger nuclear magnet; (electron= 17 609 x 107 = 658 * H)

2. Magnetic moment, 
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E = Em(- ½) – Em(½) = -(-½) ħBo – (-)(½)ħBo = ħBo

ħBo = h   = Bo/2 - NMR resonance condition

Spins preferentially align with their magnetic moments parallel 
to the external magnetic field – lower energy state



Low energy

Bo 

High energy

I = ½

In strong magnetic fields (Box= Boy = 0, Boz  0) : Em = - zBo = - mħBo

The magnetic energy of a spin depends on the relative direction of the Bo and  and is 
given by a ‘dot product’: Em = -  . Bo

In spectroscopy we utilise the difference between the energy levels of individual 
states to obtain spectra (I = ½):

Like all types of 
spectroscopy: 

E = h

Bo
E 

Em(½)

Em(-½)

Bo
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½ħBo

-½ħBo

 = Bo/2 - NMR  resonance condition

Singing to the spins!

Example: 1H at 11.744 Tesla has resonance frequency of  = Bo/2

Bo = 18.8 Tesla 

Bo = 11.744 Tesla 

500 MHz 

800 MHz 

ΔEΔE

ΔE (and hence ) depends on Bo and 

1H

200 MHz 

ΔE

Bo = 18.8 Tesla 

13C (13C = 1/4 1H)

L1 p8

= 26.75*107*11.744/2
= 500*106 = 500 MHz i.e. radio frequency



CW NMR has been superseded by Fourier Transform NMR

Back in the day: Continuous Wave (CW) NMR

In a sample of many spins in different environments, we can bring them individually
into resonance by sweeping through a range of radiofrequencies (or magnetic field
strengths).

Once the resonance frequency, , is matched the sample absorbs energy yielding an
NMR spectrum. This is CW NMR.

CW NMR spectrum of water in 1946!
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Really Old School
Continuous Wave (CW)

40 MHz NMR spectrometer

Spin precess in the external magnetic field!

Spins behave in this way because they possess both the 
angular momentum as well as the magnetic moment.

A classical analogy of the
precessional movement is
child’s spinning top. The
difference is that while the
spinning top will soon fall,
nuclei in the magnetic field
continuously spin.

The angular velocity,  of the precessional movement is a product of the gyromagnetic 
ratio, , and the magnetic field strength, Bo:

 = Bo [rad s-1]

Larmor frequency is identical to the resonance condition, therefore 1D CW and FT 
NMR spectra are equivalent.

A spin in the magnetic field
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Compass needle in the 
magnetic field

Or   = Bo/2 [Hz]
 is called the Larmor frequency after Joseph Larmor who discovered precession. 

 = 2

y

Longitudinal (z) macroscopic magnetisation (equilibrium situation)

x

Meq (static)
Bo  0

z

At the end of the radiofrequency pulse macroscopic magnetisation, Meq, is in the xy
plane and spins begin to precess around Bo with their nuclear Larmor frequencies all 
with the together (same phase).

x
y

z

Generating FT NMR Spectra using RF pulses

More precessing nuclei point parallel with 
the static magnetic field. The sum of their 
individual magnetic moments creates static
macroscopic magnetic moment, Meq.

RFx
pulse

Mxy (dynamic)

z

-y
Magnetic moments of nuclei interact with the 
magnetic moment of a radiofrequency pulse and 
are flipped into the xy plane.

Transverse (xy) macroscopic magnetization
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FT NMR – measurement of the Free Induction Decay (FID)

Meq (static)
Bo  0 z

y

x

Mxy (dynamic)

-y

RFx pulse

z

y

x

Detector

1. A short powerful RF pulse flips the magnetization into the xy plane
2. The magnetization after the pulse starts precessing around Bo
3. Magnetization induces oscillating electric current in the detection coil. This signal 

is called Free Induction Decay (FID). FID is function of signal intensity vs time, 
S(t). This is a non equilibrium state and the signal is lost as the system returns to 
the thermal equilibrium. 

4. Fourier transformation of FID yields a spectrum of intensity vs frequency, S(ω).

time

FID

frequency

1768-1830

Fourier transform

spectrum

Transverse magnetization
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Fourier transformation. An intuitive approach.

NMR signal
S(t)

Sguess(t) = cos(ωguess t)

Maximal integral

1. Guess a frequency and 
construct a “guess FID”

2. Multiply the real FID with 
the “guess FID”

3. Determine integral
4. Repeat 1-3, changing 

the frequency of the 
“guess FID”

5. Integral values constitute 
the NMR spectrum

S(t)* Sguess(t)

Zero integral

L1 p13Malcolm Levitt, Spin Dynamics: Basics of Nuclear Magnetic Resonance

1966: Ernst & Anderson

FT NMR

CW NMR

Total time:
500s

1. One pulse 1D NMR experiment excites all spins of the same kind at the same 
time.

2. Repeating of the experiment N-times allows for fast signal accumulation, 
increasing the sensitivity of NMR dramatically. 

Relaxation delay
(0.1-5s)

Acquisition
Time (0.1-3s)

RF pulse

FID
N

It takes to 500 s to sweep 13C 
chemical shift range90     180     90

1H

13C

 

Why FT NMR?

3. Signal-to-noise grows with square
root of scans (N). 

4.  FT NMR opens door for multipulse NMR 
experiments.
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Spin Relaxation
A decaying FID signal is generated as the magnetisation returns to the static position 
along the z axis. This return to equilibrium is called spin relaxation.

Spin-spin relaxation (T2) –
disappearance of the signal from 
the xy plane.

L  [Hz] 

1/2 = (1/T2)
e.g. 1/  0.318s
= 1 Hz

z

y

x

Spin-lattice relaxation (T1) – return 
of the spins to the z axis.

1. T1 is larger or equal than T2
2. For small molecules T1 and T2 are 

comparable and of order of seconds!
3. The width of NMR lines is inversely 

proportionate to T2 – incredible resolution!

Mz

t

Mxy

t
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Physical Lab experiment!!!

Mxy

‘..I have not yet lost a feeling of wonder, and of delight, that this delicate motion 
should reside in all the ordinary things around us, revealing itself only to him who 
looks for it. I still remember, in the winter of our first experiments, just seven 
years ago, looking on snow with new eyes. There the snow lay around my 
doorstep, great heaps of protons quietly precessing in the earth’s magnetic field. 
To see the world for a moment as something rich and strange is the private 
reward of many a discovery.‘ Edward Purcell,1952, Nobel Prize speech ”

Nobel Prize for Physics 1952
“for their development of new methods
for nuclear  magnetic precision
measurements and discoveries in
connection therewith”

Felix Bloch
Stanford University 
Stanford, CA, USA

Edward M. Purcell
Harvard University
Cambridge, MA, USA

precession

?

The flux density of the 
earth's magnetic field at the 
surface is about 1 G.

Calculate the resonance 
frequency of 1H at the 
earth’s surface.

L1 p16



Lecture 1 Summary:
• Nuclei have an intrinsic spin angular momentum (I ) & magnetic moment ().
• Nuclei with I  0 give NMR spectra. I is quantized allowing for 2I +1 orientations of 
spins in magnetic fields.
• Spin magnetic moment is associated with spin angular momentum, z = I z =  m ħ
quantized in the magnetic field into 2I +1 energy levels. 
• Transitions between energy levels give rise to NMR spectra. 
• NMR resonance condition is  = Bo/2 (MHz, or radiofrequency part of EM).
• CW-NMR spectra can be recorded by sweeping the radiofrequency field around the 
resonance condition (not very efficient!).   
• Spins precess at an angle around the external magnetic field.
•More spins align in the direction of the magnetic field creating net magnetisation. 
•Measuring the precessional frequency (also called the Larmor frequency) of 
nuclei in pulsed NMR is a superior method of obtaining NMR spectra.
• The primary NMR signal - Free Induction Decay (FID) - is converted into NMR 
spectrum by Fourier transformation (FT).
• The FID decays due to spin relaxation. This process is split into two parts longitudinal 
(return spins to z axis) & transverse relaxation (loss of signal from xy plane).
• FT allows for sensitive, multipulse and multidimensional NMR spectroscopy with high 
information content. 
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Nuclei are not alone!

NMR resonance condition of a bare nucleus:

 - shielding 
constant, opposing magnetic 
fields caused by electrons 

	

Nuclei are surrounded by electrons which circulate and create their own B’ 
which opposes Bo.

B’

BoBo

Bare nucleus only ‘feels’ B0 Nucleus in molecule ‘feels’ reduced field, Blocal

Electron density

L2 p2

B B B′B σB

	

NMR resonance condition of a nucleus in a molecule:	

Lecture 2

Chemical shift 

  610



ref

ref





Chemical shift definition:

1951
HO-CH2-CH3

TMS-tetramethylsilane
-typical reference 
compound (ref)

Quoted in ppm

L2 p3

 Chemical shift does not depend on Bo [which can be expressed in terms of 
shielding constants as  = 106 (ref - ) / (1 - ref)]. 

 Chemical shift scale therefore allows direct comparison of NMR spectra 
acquired at different field strengths.

 1 ppm in a spectrum acquired at X MHz contains X Hz.

 On a 600 MHz spectrometer:
1 [ppm] =106()/ ref   = ref/106 = 600*106 [Hz]/106 = 600 Hz. 

The resolution in a 600 MHz spectrum is therefore much better than in the 250 
MHz spectrum (see above). Also the sensitivity is much higher at 600 MHz.

L2 p4

Plotted using 
constant Hz/cm

1



Local shifts strongly depend on the electron density around the nucleus. The
larger the electron density, the greater the shielding and the smaller the
chemical shift.

• Deshielded
• Smaller shielding 
• Large chem. shift 
• High frequency

• Shielded
• Larger shielding, 
• Small chem. shift, 
• Low frequency

Chemical shift terminology and origin 

The chemical shift of a nucleus in a molecule depends on:
1. Inductive effects
2. Mezomeric effects
3. Hybridisation
4. Remote intramolecular and intermolecular bonding
5. Shielding anisotropy

L2 p5
d > 0; opposed to B0 = shielding;  p < 0; augments B0 = deshielding.

 = d + p
d >>> p

CH3CH2CH3

n-chlorobutane

I-

1. Inductive effects

Progressive attenuation of (de)shielding
is important. It gives information about
location of electron withdrawing or
electron donating substituents.

M-

2. Mezomeric (resonance) effects

L2 p6

Chemical shifts can be correlated with the induction (I+, I-), resonance (M+, M-)

o

M+

o

p
m

M-

• Paramagnetic shifts 

• Intramolecular (Hydrogen bonding)

sp2 sp        sp3

4. Remote effects on 1H shifts.                     

3. Effect of hybridisation on 1H chemical shifts

Shielding anisotropy of a double and a triple 
bond is responsible for the order of chemical 
shifts of sp and sp2 hydrocarbons

L2 p7

• Intermolecular

Shielded above and below

Deshielded in the plane

- 

+

5. Shielding anisotropy of aromatic rings

Circulating electrons within the delocalised π orbitals set up a ring current 
antiparallel with Bo in the centre (shielding) of the ring and parallel with Bo on 
the outside (deshielding) of the ring.

L2 p8

+

- 



• Nuclei are chemically equivalent if they can be interchanged by a symmetry
operation. They are in an identical chemical environment and therefore have
identical chemical shifts (see C4H10O example).

• Number of signals in NMR spectra corresponds to the number of chemically
non-equivalent groups of nuclei.

• Symmetry operations can be A) rotational or B) planar

C
F

F

H

H

Chemically equivalent nuclei yield one signal in NMR spectra

Difluoromethane A2X2
spin system

A. Rotational symmetry (homotopic)

Rotational symmetry around the axis shown means both protons are 
chemical equivalent and have the same chemical shift.

L2 p9

H C
Br

ClH
H

C
Br

ClD
D

C
Br

ClH
I II III

• Replacement of one of the two enatiotopic protons in bromochloro-methane
(I) by a different atom (D) produces two enantiomers (non-superimposable
mirror images).

• In non-chiral solvents compounds II and III (racemates) yield identical 1H
NMR spectra. NMR is not good at establishing absolute configuration.

• Enantiotopic protons are attached to a prochiral carbon.

CBrCl plane

Chemically equivalent nuclei yield one signal in NMR spectra

B. Nuclei related by other symmetry operation such as the planar 
symmetry are enantiotopic.

L2 p10

Example of -bromo--chloro-ethylbenzene, C6H5CH2
*CHClBr

Br

C6 H5
Hx Cl

HBHA

• There is no symmetry operation that would relate protons A and B. 

• Protons A and B are chemically non-equivalent, are termed 
diastereotopic and have different chemical shifts (They are also attached to 
a prochiral carbon).

• Replacing HA or HB with D gives two diastereoisomers and not 
enantiomers. This is because there is another chiral centre in the molecule 
(C6H5CH2

*CHClBr).

C6 H5
Br

Cl
HBHA

Hx

C6 H5
Cl Br

HBHA
Hx

Protons in CH2 groups

Rotate ClRotate Cl

L2 p11

C6H5
HA HA’

HM

HX’HX

Protons in CH3 groups

In a rigid structure, protons A (or A’) and M of the CH3 group in C6H5CH2CH3
are not chemically equivalent, while protons A and A’ are chemically
equivalent.

However all the protons (AA’M) have identical chemical shifts due to rapid
rotation of the methyl group (see C4H10O example).

We can tell how many protons are in each environment by integration.

Rapid rotation around C-C bonds results in averaging the chemical 
environment. 

L2 p12



Proton Chemical Shift Ranges for common organic functional 
groups

L2 p13

13C chemical shifts

• The carbon chemical shift range is much larger than 1H running from 0 to 
~220 ppm.

• The chemical shift dispersion is larger however the sensitivity (γ) and 
natural abundance (1%) of 13C is lower than 1H (100 %).

Another important NMR active nucleus is 13C (remember 12C has I = 0)

L2 p14

13C chemical shift effects

Effect of Cl substitutions in CH4

0

20

40

60

80

100

Number of Cl atoms

13
C

 c
he

m
ic

al
 s

hi
ft

1 2 3 4

sp2 sp sp3

2. Effects of hybridization

Similar to 1H, the electronegativity of Cl means 
the addition of Cl atoms pulls more electrons 
from the carbon, deshielding it and moving it to 
higher chemical shift.

L2 p15

1. Inductive effects

Empirical rules for calculating chemical shifts

Group So Sm Sp

OH -0.50 -0.14 -0.40
NO2 0.95 0.17 0.33

Group Si So Sm Sp

OH 26.9 -12.6 1.8 -7.9
NO2 19.6 -5.3 0.8 6.0

Chemical shifts of aromatic protons

 = 7.27 + Sx  = 128.7 + Sx
X

o

m
p

i

Chemical shifts of aromatic carbons

155.6

130.5

120.8

116.1OH

Ho

Hm

Hp

6.77
6.84

7.13
7.24

6.87
6.93

L2 p16

calc, italics



Lecture 2 Summary:
• Chemical shift scale does not depend on Bo and therefore allows direct 
comparing of NMR spectra acquired at different field strengths.
• 1 ppm in a spectrum acquired at X MHz contains X Hz. Higher field 
spectrometers therefore provide better resolution of spectra.
• Chemical shifts strongly depend on the electron density around the nucleus. 
The larger the electron density, the greater the shielding and the smaller the 
chemical shift.
• Hybridization, inductive, mezomeric and remote effects affect the chemical 
shifts. 
• Nuclei are chemically equivalent if they can be interchanged by a symmetry 
operation. 
• Number of signals in NMR spectra corresponds to the number of chemically 
non-equivalent groups of nuclei.
• Enantiotopic protons have identical chemical shifts.
• Diastereotopic CH2 protons have distinct chemical shifts.

L2 p17

In liquids, the dipole-dipole interactions are averaged to zero due to the
molecular motions.

Up or down nuclei polarize electrons differently resulting in a different effective
field at the coupled nucleus.

1951
HO-CH2-CH3

30 MHz spectrometer 

1952

In addition to the induced magnetic field arising from electric currents of
circulating electrons, every spin is a source of a small local magnetic field.

Spin-spin coupling

L3 p1

This field is felt by nearby nuclei either:

1. directly through space (dipole-dipole interactions).
2. indirectly (J-interaction, scalar) via bonding electrons.

Lecture 3

Signal of spin A coupled to two non-equivalent spin-1/2 nuclei, M and X, has 
four lines: 

mM mX - (XA) JAX mX

+1/2 +1/2 -1/2(JAM+ JAX)
+1/2 -1/2 -1/2(JAM- JAX)
-1/2 +1/2 +1/2(JAM- JAX)
-1/2 -1/2 +1/2(JAM+ JAX)

Ai =  A Bo(1-) / 2 - (XA) JAX mX
mX is the magnetic quantum number 

The resonance condition of spin A in the presence of 
multiple J coupled spins is:

AMX

 A

JAX

A

A is coupled to X (I = 1/2) 

Direct through bond coupling
HA HX

HM

HA HX

L3 p2

A + J/2 A - J/2
X X

Multiplet patterns
JAX = coupling constant in Hz

JIP

JIX

JIM

IMPX IM3

JIM2

JIM3

JIM IMP2 e.g. – CH – CH – CH2 –

When faced with
coupling patterns the
tree diagram can be
used to extract each
coupling.

L3 p3

Multiplets of spin I coupled to three spin-1/2 nuclei: MPX, MP2, M3

IM3 e.g. – CH – CH3

IMPX e.g. – CH – CH – CHR1 

CHR2

IMP2

JIP1

JIP2

JIM



 First order 1H multiplets have maximum of 2n lines, where n is number of coupled 
protons.

 If a nucleus A couples to n equivalent nuclei X with spin I, the number of lines in the 
multiplet of nucleus A is 2nI + 1 (For I = 1/2, the number of lines is n +1).

 The distance between the first and the second line in a multiplet is always a coupling 
constant; not all distances between lines represent coupling constants.

 The distance between the first and the last line is sum of all coupling constants.

 Integral intensity is constant, multiple splittings reduce the signal intensity. 

The sign of coupling constants is not obvious from the multiplets.

J coupling rules

A    – singlet (s)
AX  – doublet (d) 
AX2 – triplet (t)
AX3 – quartet (q)
AX4 – quintet 
AX5  – sextet
AX6 – septet (heptet)

Names of multiplets split by X 
equivalent nuclei:

Pascal’s triangle the intensity of lines

L3 p4

CH3-OCH

CH3

CH3

1H

3H
6Ha

b

b

c

c

a
c

CH3-CH2-O-CH2- CH3

4H

6H
a ab b

b

aJ
J

J

doublet

singlet

septet

Isomers can be 
distinguished by 
their couplings

Multiplet patterns must be consistent with the structures (C4H10O)

L3 p5

quartet
triplet

Important properties of J-couplings:

JAX

A

JAX

X

• When spins A and X are coupled, the same splitting, JAX, is observed in the 
signal of both nuclei. 

JAX JAX JAX JAX
Bo

Bo

 = A- X ’= /2

 [Hz]  [Hz]

2

• Scalar coupling constants are local in nature, their sizes decrease rapidly 
with increasing bond separation between interacting nuclei. A general trend 
is: 1JAX > 2JAX > 3JAX > 4JAX ~ 0 where the superscript indicates the number 
of bonds separating interacting spins. Aromatic systems are special cases 
where even 5JAX are visible.

• The size of the J couplings does not depend on the external magnetic field.

L3 p6

In saturated compounds usually only two- and three bond 1H-1H coupling 
constants (2JHH, 3JHH) are large enough to be resolved.

ax

ax
eq

eq

Orientation  3J [Hz]
ax - ax 180 11.8
ax - eq 60 3.9
eq - eq 60 3.9

90°0° 180°

 trans

3J = f

0

6

12
Hz cis

• Vicinal (3JHH) coupling constants are always positive and their sizes depend 
on the dihedral angle via Karplus curve: 3J = A + B cos + C cos2

Properties of scalar coupling constants

H

H

H

X

3Jcis

3Jtrans

 Trans coupling 
constants (12-20 Hz) 
are larger then cis (7-
12 Hz).
 The actual size 
depends on the nature 
of substituents.

7-10 Hz

2-3 Hz

0-1 Hz

H

Ho

Hm

Hp

5J 4J

Proton-proton coupling constants 
of aromatic rings.

L3 p7



Strong coupling effects emerge when the difference between the chemical 
shifts of coupled spins becomes comparable to the values of coupling constant.

[Hz]

 = 0
Magnetically equivalent

spins, J disappears

 ~ J The roof effect

Strong coupling results in: 

• Intensity changes

• Appearance of extra lines

 < J
Strongly 

coupled spins
Higher order 

spectrum
=

 >> J
JFirst order  

spectrum
Weakly 

coupled spins=

AB quartet

Strong coupling effects 

L3 p8

Take home message: higher field causes higher resolution, and makes it less 
likely that the difference between chemical shifts in Hz is similar to the coupling 
constant. Individual multiples are further apart!

600 MHz

 [ppm]

Removing strong coupling effects 

100 MHz

 [ppm]

∆δ	 	~ 	 ∆δ	 ≫ 	

L3 p9

ABC (higher order) spin system at 100 MHz changes to AMX (first order) at 600
MHz. This is because J values are independent of Bo however the resonance
frequency is dependent on Bo so the chemical shift separation expressed in Hz
increases.

For chemically equivalent nuclei we need to inspect if they are magnetically
equivalent. 

Spectra of magnetically non-equivalent spins are more complicated 
than expected!

JHAFX   JHA’FX  HA and HA’ are not magnetically equivalent. 

1,1-difluoroethene AA’XX’ 
spin systemC = C

FX

FX’

HA

HA’

Jcis

Jtrans

Magnetic equivalence between nuclei

L3 p10

A set of nuclei (a,b,c, …) with identical chemical shifts (i.e. chemically 
equivalent) are magnetically equivalent if, for every other nucleus (e.g. z) in 
the molecule, their spin-spin coupling constants are identical: Jaz = Jbz = Jcz… 

H2 and H6 are chemically but not magnetically equivalent, H3 and H5 are chemically but 
not magnetically equivalent. 

3J6,5  5J2,5
OH

NO2

H

H

6
1

2

3
4

5 H

H

Case I. Para substituted benzene, non equal substituents:

H-2,6H-3,5

J2,3=J5,6=7 Hz,  J2,6=J3,5=2 Hz, J3,6=J2,5=0.5 Hz

Case II. Ortho substituted benzene, equal substituents:

H-3,6 H-4,5

J4,5= 8 Hz, J3,4=J5,6= 7 Hz,  J3,5=J4,6=2 Hz, J3,6=0.5 Hz
H3 and H6 are chemically but not magnetically equivalent; H4 and 
H5 are chemically but not magnetically equivalent.

Cl
ClH

H

H
H

6
1

2

345

In magnetically non-equivalent spin systems splitting of spectral lines 
does not correspond to coupling constants and extra lines appear! L3 p11

3J6,5  4J3,5



Cl

Cl

H H

1
2

3

4
5

6

HH

Case IV. Para substituted benzene, equal substituents:

H1, H3, H4 and H6 are chemically and magnetically 
equivalent.  1H NMR spectrum of PDCB is a singlet.

J4,5= J5,6= 7 Hz, J2,4=J2,6= 2 Hz,  J2,5=0.5 Hz.

HO OH

H

H

H
H

1
3

456

H-5 H-2H-4,6

Case III. Meta substituted benzene, equal substituents:

H4 and H6 are chemically and magnetically equivalent

Coupling constants between magnetically equivalent nuclei are not 
visible in NMR spectra! L3 p12

Proton-carbon coupling constants
One-bond (1JCH) coupling constants are large 
and increase with the s-electron character of 
the carbon atomic orbital.

Comp. H3C-CH3 H2C=CH2 HC≡CH

Hybrid. sp3 sp2 sp
1JCH [Hz] 125 157 250

Identification of coupled spins via selective decoupling 
Homonuclear (1H-1H) case. 

Observe channel

Select. decDecoupler

A

B

CB

C

C CH CH2 CH3
1JCH

1H

13C Relax. delay
Acquisition

Proton coupled 13C 
spectrum

Select. decoupling of CH
1H

13C
13C spectrum with selective 
decoupling of one CH proton

150 100 50 0200 ppm

Broad band decoupling
1H

13C Broad band 1H decoupled 
13C spectrum – standard 
way of recording 13C NMR

L3 p14

Lecture 3 Summary:
• Origin of J couplings, multiplet generation, number of lines: 2nI + 1
• Multiplet line intensities, names of multiplets, Pascal’s triangle. 
• Properties of J couplings, stereochemistry and J couplings, Karplus curve 
• Strong coupling effects arise when the chemical shift difference in Hz 
becomes comparable to coupling constants. 
• Two or more nuclei are chemically equivalent if they are related by an 
operation of symmetry.
• Chemically equivalent nuclei are also magnetically equivalent if their spin-
spin coupling constants to a third nucleus are identical.
• Couplings can be traced by selective decoupling.
• One-bond (1JCH ) proton-carbon couplings are large and show how many 
protons are attached to a carbon.

L3 p13

1H NMR spectrum

Indirect, via       
electrons

J-interaction

Spin-spin
interactions

Direct
Dipole-dipole
D-interaction

Width of lines
T1, T2 relaxation , 
Nuclear Overhauser 
Effect (NOE)

Signal multiplicity 
Spin-spin coupling
constants

J
triplet

singlet
quartet

J

Chemical shift

Interactions 
between 

B0 and electrons

Induced magnetic 
fields, Bind

1.62.02.42.83.23.64.04.44.8 ppm

integral intensities

L4 p1
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Quartet of doublets (qd)

2JC2,H1 (q) and 3JC2,H4 (d) 

nJCH couplings due 
to H1 and H4

CH3 quartetCH2 tripletCH doublet

Expansions of a1H coupled 13C spectrum

4 2 1
H3C

H2
C CH

COOH

O

R

H3C
C CH

COOH

R

1
2

3
4

5

Expansions of the C2
CH2 triplet

• nJCH (typically 0-8 Hz) further
split the13C signals

• 1JCH couplings are large (typically 125-200 Hz) and appear in 13C spectra.

13C NMR spectra: the presence of 1H-13C couplings

L4 p2

13C NMR spectrum: 1H coupled vs decoupled

H3C

H2
C CH

COOH

O

R

H3C
C CH

COOH

R

1
2

3
4

5

• We normally acquire proton decoupled 13C NMR spectra (intense singlets).

• Quaternary carbons (e.g. 3 & 5) have lower intensity than protonated carbons due to
longer T1 relaxation times and lower proton-carbon Nuclear Overhauser Effect (NOE).

• Quantitative 13C NMR spectra can be acquired, but require long relaxation delays
and no NOE build up.

1H

13C Relax. delay Acquisition

DecoupleNOE

CH3 quartetCH2 tripletCH doublet

1H coupled spectrum 

4 2 1

(more signal)

1H decoupled spectrum

3 5 2 1

CH CH2 CH3

C

200 180 160 140 120 100 80 60 40 20 0 ppm

C
4
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Experiments for determining the multiplicity of 13C resonances

1. DEPT - Distortionless Enhancement by Polarisation Transfer 

• DEPT spectra do not show quaternary carbons. 
• By acquiring both DEPT spectra we can differentiate CH and CH3 signals.

• DEPT-90: Spectrum shows only CH signals, positive.
• DEPT-135: Spectrum shows CH and CH3 signals positive, CH2 negative.

H3C

H 2
C C H

C
H2

C H3

O

O H

1
2

3
4

5
6

L4 p4

200 180 160 140 120 100 80 60 40 20 0 ppm

3
4 2, 5     6,1

1H decoupled 13C spectrum

DEPT-135

DEPT-90 

Experiments for determining the multiplicity of 13C resonances

H3C

H 2
C C H

C
H2

CH3

O

O H

1
2

3
4

5
6

• C and CH2 signals are positive
• CH and CH3 signals are negative

2. Attached Proton Test (APT)

• Quaternary carbons only in APT.
• DEPT can distinguish between CH and CH3.
• APT requires longer time to get the same S/N than DEPT spectra.

DEPT vs APT

200 180 160 140 120 100 80 60 40 20 0 ppm

L4 p5

APT spectrum

3
4 2, 5     6,1

1H decoupled 13C spectrum



Summary of spin-spin interactions

H

1JCH

JHH

nJCH NOE, DHH

CH.E.

NOE,
DCH

 homonuclear (HH)
 heteronuclear (CH) one-bond and long-range
 through space (D, NOE)
 chemical exchange

 All interactions can be used to correlate (determine relative position) spins.
 Many NMR experiments are available to achieve this. Essential part of spin 
correlation is the Transfer of Magnetisation.

13C C

O

C
C

H

H

H

N
H

H

H

H

C
O

H

L4 p6

JHH

1%

C

O

H

Transfer of Magnetisation

OH

H
H

H

H

H
HO

OH
OH

• 1D spectrum is sum of signals originating from 
the natural magnetisation of individual protons. 

• In correlated experiments, we select one proton 
to tell us about the protons it correlates with. 

• We do this by transferring the magnetisation 
between spins, e.g. from H5eq to H5ax and H4.

OH

H
H

H

H

H
HO

OH
OH

OH

OH

Examples of homonuclear (1H-1H) chemical shift 
correlation experiments:

L4 p7

• COSY
• TOCSY
• NOESY
• ROESY
• EXSY

Correlates 1H spins via JHH couplings. Only a single transfer of magnetisation 
between spins occurs. 

OH

H
H

H

H

H
O

OH
O

1D COSY spectrum

1. COSY(COrrelation SpectroscopY)

5ceq 4c 5cax

HOD 5ceq

L4 p8

OH

H
H

H

H

H
O

OH
O

An example of 1D COSY. After selective excitation of proton H5ceq the 
magnetisation is transferred only to protons that are JHH coupled to H5ceq.

2. TOCSY(TOtal Correlation SpectroscopY)

The extent of the transfer of 
magnetisation is a function of 
the mixing time. For long 
mixing times all signals of each 
spin system can be observed.

The efficiency of the TOCSY 
transfer is higher when large 
coupling constants are 
involved.

An example of 1D TOCSY. After selective excitation of proton H1c the 
magnetisation is, during the TOCSY mixing time (spin-lock time), 
transferred along the chain of coupled spins.

Correlates 1H spins via JHH couplings. Enables multiple magnetisation transfers 
between spins.

1c

5ceq

5ceq

2c

3c

4c

5cax

5cax4c
3c 2c

1c

100

80

60

40

20

Mixing time
[ms]

3

4 O

H
R

R
R

R

HH

HHH

1

5eq

5ax
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3. NOESY (Nuclear Overhauser Effect SpectroscopY)
Just as two magnets interact when brought close to each other, nuclei also interact 
through space. This interaction gives rise dipolar coupling, which does not split the 
signals in liquid-state NMR but gives rise to the Nuclear Overhauser Effect (NOE).

• The NOE is defined as the change in population of the
energy levels of one spin when another nearby spin is
perturbed from equilibrium and relaxes back.

• Perturb spins (e.g. A) by 1) continuous application of an 
RF pulse or 2) by 180° RF pulse (Inversion).

• Results in a change in intensity of signals of nearby 
protons (e.g. X).

A X

ppm

ppm

A X
180°

RF pulse

Equalising m= ½ and 
m= -½  populations

Inverting populations (putting more 
spins on the higher energy level)

Continuous 
RF pulse

A X

R2R1

NOE

ppm

ppm

L4 p10

NOEs can be positive, zero or negative

Molecule:      Small Intermediate Large
MW [g/mol]:    < 500  500 > 500
Motion: Fast                      Medium                    Slow

Negative NOE

A X A

180o A pulse
on

= on - off

X 

Positive NOE

Inversion of spin A

Subtraction of spectra

A X

Zero NOE

Only NOEs produced by inversion will be covered in this lecture.

L4 p11

Two spins (A and X) that are close in space.

off

Spin X is close in space to spin A  in a small molecule and therefore shows a 
positive NOE upon selective inversion of A.

NOESY 
spectrum

1H Exp. 

NOESY Exp.

Small molecules give positive NOEs

Example: The initial non equilibrium state is achieved by selective inversion 
of spin (A).

Positive NOE Selective 180°
RF pulse

A inverted

A

HA HX
HM

R

NOE

R R
1H spectrum

XA M

L4 p12

Example: Non-equilibrium state is achieved by selective inversion of spin 1e. 

An example of a polysaccharide (with a repeating unit of a pentasaccharide). We
want to determine how the units are linked. After selective inversion of proton H1e the
polarisation is transferred during the consecutive interval only to protons that are
close in space to H1e. Namely: 4c, 3c, 5e, 3e.

Large molecules give negative NOEs

OH

H HH

OH

H
H

OH

OH

OH
H

O

HO

O OH

O

H H
6 6

H

O
H

Sugar unit cSugar unit e

1H spectrum

negative NOE1e 3e4c 3c 5e
1H NOESY
spectrum

L4 p13

OH

H HH

OH

H
H

OH

OH

OH
H

O

HO

O OH

O

H H
6 6

H

O
H

Sugar unit cSugar unit e

3.63.84.04.24.44.64.85.0

1a 1b 1c 1d 1e

ppm



Size and sign of NOEs

HH distance [Å] 1 2 3 4 5
Relative NOE strength [%] 6400 100 8.8 1.6 0.4

• The size of the NOE decreases quickly with distance. 

• The sign of NOE depends on the molecular weight of a molecule.

• The size (signal intensity) of the NOE is proportional to r-6, where r is the 
internuclear distance.

• NOE is typically detected up to ~ 5 Å. Allows us to get 3D local structural 
information!

L4 p14

4. ROESY(Rotating frame nuclear Overhauser Effect SpectroscopY)

 ROESY peaks are always positive irrespective of the size of the molecule.
 ROESY peaks therefore appear also in cases where NOE is zero.
 The intensity of ROE signals is proportional to r-6, where r is the distance between 
two interacting nuclei.

1D 1H spectrum

1D ROESY  spectrum
4c 3b 5bax5ceq

1b

O

OR

H

H

H

O

H
OH

H
H

H

H
H

H
H

HO
HO

HO OH
Sugar unit cSugar ring b

After selective excitation of proton H1b the magnetisation is transferred 
during the consecutive ROESY spin-lock interval to protons close in space to 
H1b.

Also correlates 1H spins close in space. Best for intermediate size molecules.
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Dimethylnitrosamine

• The rotation around the N-N bond is 
slowed down because of the conjugation 
of the free electron pairs on N and N=O 
electrons (partial double bond character).

• -N=O group undergoes 180° rotations.

• Through space effect of N=O group 
causes the Me groups to have different 
chemical shifts.

• Two conformations have identical energy 
(equal population of A and B).

Chemical exchange

Dynamic equilibrium between two conformations with equal energy or 
a symmetrical two-site exchange. kAB

A  B
kBA

k = kAB + kBA [s-1]

Average lifetime  = 1/k [s]

kAB

kBA

L4 p16

The effect of chemical exchange on NMR spectra

Δ = A - B = 50 Hz

NMR spectra for a pair of nuclei exchanging between two sites with equal 
population.

Change of temperature or Bo can affect the chemical exchange regime.
1. Temperature affects k. Increase T, increases k. Towards fast exchange.
2. Bo affects Δ (in Hz). Increase B, Increases Δ. Towards slow exchange.

The process is slow (two signals), intermediate (broad signals) or fast (one signal) on 
the chemical shift time scale depending on the relation between Δ and k.

| νA - νB | >> k, two signals

kAB
A  B

kBA

k ~ | νA - νB |, signals merge

k >> | νA - νB |, one sharp signal

slow

medium

fast

L4 p17



• Intermolecular effect

• Two OH signals in ethanol without H+.

• Addition of H+ results in:
– averaging of chemical shifts.
– quenching of J couplings.

1. Hindered rotation of tyrosine side chains in proteins 

Fast 
exchange

• Intramolecular effect.

• Four signals at low T.

• Increasing T, ring rotates faster, 
signals broaden. 

• Two signals above 70 °C.

Protein core

Chemical exchange examples

L4 p18

Slow 
exchange

Slow

Intermediate

Fast

2. Exchange of labile protons by addition of acid

3. Derivative of  cyclodextrin, I

• Each hydrophobic mercaptobenzoic acid inserts 
into the cyclodextrin cavity one at a time, 
breaking the symmetry. 

• At  5ºC/800 MHz 8 sets of signals for H-1 to H-6 
are observed from the 8 sugar rings.

OH

H
H

H

H

CH2R
O
HO

O
OH-D-glucose

30 oC @ 800 MHz - broad signals

1H spectra of I
30 oC @ 400 MHz - one set of signals

1 3
4

8

5

2
7

6

HOD

5 oC @ 800 MHz – 8 sets of signals

H-1

Chemical exchange examples

L4 p19

-cyclodextrin derivative

Eight H-1 protons

Eight H-4 protons

1D NMR 
spectrum

5. EXSY (Chemical EXchange SpectroscopY)
Correlates spins that exchange between different chemical environments.

1D EXSY spectra at 800 MHz and 5 oC

EXSY allows us to identify the chemical shifts of the 
corresponding protons in different rings (e.g. all the H4 
protons or all the H1 protons) in the slow exchange 
regime.

L4 p20

Lecture 4 Summary:
• Features of 1H NMR spectra: chemical shifts, J couplings, integrals.
• Features of 13C NMR spectra: Singlets (with 1H decoupling), intensities are 
not reliable unless special precautions are taken. 
• Carbon multiplicities, CH (d), CH2(t) or CH3(q), are determined efficiently by 
special NMR techniques (APT and DEPT).
• Proton spins can be correlated through their interactions: J couplings (COSY, 
TOCSY), D couplings (NOESY, ROESY) or chemical exchange (EXSY).
• Proton spins can be correlated  with carbon spins via the proton-carbon 
coupling constants (1JCH or nJCH).
• COSY – single magnetisation transfer step, TOCSY – multiple transfer steps. 
• NOESY – positive and negative enhancements for small and large molecules, 
problem of zero enhancement overcome by the ROESY experiment.
• NOESY – a short range sensor of interproton distances – decays with r-6.
• Chemical exchange – mapping nuclei that change chemical environment 
during NMR measurements (EXSY). 
• EXSY can detect both intramolecular and intermolecular exchange.
• Practical consequences of chemical exchange – averaging of chemical shifts, 
possibility of broad signals or a larger number of signals.
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Introducing higher dimensional NMR

 1D experiments thus have one detection period, where the signal is “directly 
detected”. 

x

y
I

 After excitation with a RF pulse, the rotating macroscopic magnetic moment induces 
oscillating electric current in the detector placed on the xy-plane.

 This current (an analogue signal) is detected at regular intervals by “a physical 
device” and converted by the Analogue Digital Converter (ADC) into the digitised Free 
Induction Decay, FID.

 Fourier transformation of FID yields 1D spectrum.

L5 p1

But first, how do we acquire a 1D spectrum?

Lecture 5

A 2D experiment has two detection periods: one “indirectly detected”, the other “directly 
detected”.

 The magnetization of spin I is sampled (chemical shift recorded) prior to the 
magnetization transfer to spin S in the indirectly detected dimension, t1, by repeating the 
experiment a number of times, each time incrementing the t1 interval. 

 The magnetization is then transferred to spin S by a second pulse. The signal is 
detected during t2 by physical detectors in the directly detected dimension as in the1D 
spectrum.

How is a 2D NMR spectrum obtained? 

Direct signal
detection, t2

Indirect signal
detection, t1

RF pulse RF pulse

Relax. Delay

PREPARE LABEL δ OBSERVE
TRANSFER L5 p2

The first FT

Hundreds of 
FIDs

[s]

[s]

J J

auto peak

auto peakcross peak

cross peak

[ppm]

[ppm]

IS IS

1

2

F

F

SI

SII

S

I S

[s]

I [ppm]S

The second FT

• Two pulses separated by the delay t1, which is increased between experiments.
• Part of the signal stays on spin I during both t1 and t2, the other part is transferred to a 

coupled spin S by the 2nd pulse. The latter part was on I during t1, but is on S during t2.
• Hundreds of FIDs are collected after each t1 interval change. 
• Two Fourier transformations are performed along t1 and t2 producing signals at 

frequencies [I, I], [S, S] and  [I, S], [S, I]. 
• This description describes the most basic of the 2D experiments, COSY.

How is a 2D NMR spectrum obtained? 
All 2D experiments are a simple series of 1D experiments collected with different 
timing (each differing in t1).
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 Signals are located at [I, I], [S, S] and  [I, S], [S, I]. The former signals are 
called auto correlation peaks, while the latter are cross peaks.

J J

auto peak

auto peakcross peak

cross peak

[ppm]

[ppm]

IS IS

1

2

F

F

SI

SII

S

I S

 Auto peaks are located on a diagonal, cross 
peaks are the off diagonal peaks.

 Cross peaks carry the correlation information.

 Cross peaks can have fine structure, which 
may or may not be visible.

2D NMR spectra features

 Homonuclear (e.g. 1H,1H) 2D spectra are symmetrical around the diagonal.

 Heteronuclear (e.g. 13C,1H) 2D spectra are not symmetrical and do not have auto 
peaks.
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Pulse sequences of 
1D and 2D COSY

Parameter/Experiment 1D COSY 2D COSY
Selective excitation Yes No
Preparation period Fixed () Variable (t1)
Number of acquisition 
domains

One (t2) Two (t1,t2)

Number of FTs One Two
Number of  dimensions One (F2) Two (F2,F1)

Direct signal
detection, t2

90 y

H1 = 1
2J

90 x

Direct signal
detection, t2

Indirect signal
detection, t1

90 x 90 x

H1

How do 2D experiments differ from 1D NMR experiments e.g. 
COSY? 

• 1D correlation spectra require selective excitation of isolated spins.

• 2D experiments work also on completely overlapped spectra!
L5 p5

Richard Ernst
Swiss Federal Institute of 
Technology (ETH)
Zürich, Switzerland

Nobel Prize in Chemistry 1991
“for his contribution to development of the methods of high resolution nuclear
magnetic resonance (NMR) spectroscopy”

Fourier transform NMR
…”A major breakthrough occurred in 1966 when Ernst (together with Weston A.
Anderson, USA) discovered that the sensitivity of NMR spectra could be
increased dramatically if the slow radiofrequency sweep that the sample was
exposed to was replaced by short and intense radiofrequency pulses …

2D NMR
….”Inspired by a lecture of Jean Jeener, Belgium, at a summer school at the
beginning of the seventies, Ernst and co-workers showed in 1975-76 how "two-
dimensional" (2D) NMR experiments could be performed and demonstrated
that 2D FT NMR opened entirely new possibilities for chemical research.”
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Different representations of 2D spectra

Appropriate NMR experiments can be designed and classified as: 

Homonuclear, mediated by proton-proton couplings:
• Scalar coupling (J): COSY, TOCSY (through bond)
• Dipolar coupling (D): NOESY, ROESY (through space)
• Chemical exchange:  EXSY 

Heteronuclear, mediated by proton-X couplings (X=13C, 15N, 31P, etc)   
• One-bond proton-carbon coupling: HSQC, HMQC, HETCOR
• Long-range proton-carbon (proton-X nucleus in general) coupling: HMBC

L5 p7

All interactions can be used to correlate spins!

Common 2D homonuclear chemical-shift correlated methods

2D COSY

1
4

2 
   

 3
a 

  3
b

 1H

1 4 2     3a   3b 1H

1
4

2 
   

 3
a 

  3
b

1 4 2     3a   3b 1H

C

H4
W C

Z

C NX

Y

H3b

H3a

H1

R2
R1

H2
• Magnetization is transferred via the JHH coupling 

between H1 and H2 giving rise to a cross peak 
between 1 and 2 in the 2D spectrum.

• Magnetization is transferred via the JHH coupling 
between H2 and H3a and H3B giving rise to the cross 
peaks between 2, 3a and 3b.

• Shows magnetization transfer between JHH coupled 
protons.

• Diagonal shows the autopeaks (between the same 
protons).

• To identify coupled protons start from the diagonal and move horizontally to a cross 
peak. Once on a cross peak, move vertically to the diagonal to identify the coupled 
protons from the diagonal peaks. Repeat process from the new diagonal peak.

JHH

L5 p8

JHH



Two partial spin systems can be identified in this partial 2D COSY spectrum of a 
disaccharide:

F2 (ppm)
3.23.43.63.84.0

F1
(ppm)

3.4

3.6

3.8

4.0

2c

F2 (ppm)
3.23.43.63.84.0

F1
(ppm)

3.4

3.6

3.8

4.0

5ceq

F2 (ppm)
3.23.43.63.84.0

F1
(ppm)

3.4

3.6

3.8

4.0

5c
4c
3c
2c

5cax5ceq

4c
3c
2c

5cax5c
4c
3c
2c

5cax5c
4c
3c
2c

5cax

5beq

4b
3b
2b

5bax5b
4b
3b
2b

5bax5b
4b
3b
2b

5bax

5beq 4b    3b  2b 5cax

F2 (ppm)
3.23.43.63.84.0

F1
(ppm)

3.4

3.6

3.8

4.0

4c 5cax3c

* *

1D spectrum:
isolated overlapped 

1D spectrum:
isolated overlapped 

2D COSY example
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2D TOCSY
• Shows multiple 1H-1H correlations due to multiple transfer steps.
• Just like COSY, it contains a diagonal showing the autocorrelation peaks.

C

H4
W C

Z

C NX

Y

H3b

H3a

H1

R2
R1

H2

• The magnetization is transferred from H1 to H2 then H2 to H3a and H3b via JHH
couplings, despite the fact that there is no coupling between H1 and H3.

• Similar process is repeated starting from every proton of the proton network. 
• H4 has no JHH couplings - no cross peaks are generated.
• Networks of coupled spins are identified horizontally from the diagonal.

• Transfer distance depends on the mixing time. 

JHH

1 4 2     3a   3b

T T

T

T

 1H

 1H

1
4

2 
   

 3
a 

  3
b

1 4 2     3a   3b

T T

T

T

 1H

 1H

1
4

2 
   

 3
a 

  3
bJHH
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2D NOESY and ROESY

1 4 2      3a   3b

 1H

 1H

1
4

2 
   

3a
   

3b

1 4 2      3a   3b

 1H

 1H

1
4

2 
   

3a
   

3b

2D NOESY
2D ROESY

• Through space 1H-1H correlations. NOESY shows + and – cross peaks 
depending on MW of the molecule. ROESY always shows + cross peaks.

C

H4
W C

Z

C NX

Y

H3b

H3a

H1

R2
R1

H2

NOE/ROE

• Both experiments have autocorrelation peaks on the diagonal.

• H4 is close in space to H2, H2 is close in space to H4 and H3b. H3a and H3b are close 
in space.

• To read out the correlations, start on the diagonal and draw horizontal lines.

NOE/ROE
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F2 (ppm) 
-1 -01 2 3 4 5 6 7 8 9 10 

F1 
(ppm) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

2D NOESY plays a crucial role in protein structure determination

26

104

Amino acids which are remote in sequence can 
be close in space. NOESY can detect this.
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Nobel Prize in Chemistry 2002
"for his development of nuclear magnetic resonance spectroscopy for determining 
the three-dimensional structure of biological macromolecules in solution"

Kurt Wüthrich
Eidgenössische Technische
Hochschule (Swiss Federal 
Institute of Technology) 
Zurich, Switzerland; The Scripps 
Research Institute 
La Jolla, CA, USA

(NMR + mass spectrometry)

“….NMR gives information on the three-
dimensional structure and dynamics of the
molecules. Through his work at the beginning
of the 1980s Kurt Wüthrich has made it
possible to use NMR on proteins.

He developed a general method of
systematically assigning certain fixed points in
the protein molecule, and also a principle for
determining the distances between these.
Using the distances, he was able to calculate
the three-dimensional structure of the protein.

The advantage of NMR is that proteins can be
studied in solution, i.e. an environment similar
to that in the living cell….”

Right: Overlay of an X-ray and the first NMR 
structure of a protein solved simultaneously 
and independently by both methods
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2D heteronuclear chemical-shift correlated methods

1 4 2      3a   3b13C 

 1H

3
4

2

1 4 2      3a   3b13C 

 1H

3
4

2

1. 2D Heteronuclear Single Quantum Correlation (HSQC)

Shows correlations via 1JCH couplings.

• Most common 2D heteronuclear experiments are the 1) HSQC and 2) HMBC

C3

H4
W C4

Z

C2 NX

Y

H3b

H3a

H1

R2
R1

H2

1JCH

• Correlations can be identified by drawing a horizontal lines from a carbon to a cross 
peak, then a vertical line towards the proton (or the other way around).

• Non-equivalent CH2 protons show correlations to the same carbon.

1JC4H4

1JCH exists between H4 and C4, H2
and C2 as well as H3a/b and C3

1JCH correlations
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6.08.09.011.0

F2 (ppm)
3.43.63.84.0

F1
(ppm)

73

74

75

76

77

78

79

80

1H

13C

Protein

C NH

H

C

O

O

C

Peptide bond

5.07.010.0
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2D HSQC examples
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2D heteronuclear chemical-shift correlated methods
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2. Heteronuclear Multiple Bond Correlation (HMBC)

Shows long-range correlations via nJCH couplings.
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nJCH correlations

• Correlations can be identified by drawing a horizontal lines from a carbon to cross 
peaks, then a vertical line towards the protons (or the other way around).
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nJC3H2



• Many protons can be long-range coupled to a single carbon.

• Correlations via two-, three- occasionally four bonds can be detected.

• Long-range correlations can go through heteroatoms.

• The sizes of nJCH couplings are not easy to predict, some could be close to zero.

• When analysing the spectra once should focus on the presence rather than 
absence of (expected) cross peaks.

• One-bond cross peaks (as 13C-coupled doublets) may appear in the spectra.

• This technique is extremely valuable in the structure determination of 
compounds with limited networks of HH couplings.

Attributes of the 1H, 13C  2D HMBC experiment
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Example of a 2D 1H, 13C HMBC spectrum

2JCH and 3JCH correlations from
two carbons (C1 and C2)
shown.

The important correlations was
from C2 to Hc which proved
that the two rings were
connected.

L5 p18

Example of a 2D 1H, 15N HMBC spectrum







Correlations due to nJNH couplings
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Lecture 5 summary:
• Acquisition of 1D and 2D NMR spectra.
• Raw 2D NMR data is a collection of FIDs which in perpendicular directions 
store the information about chemical shifts of interacting nuclei. 
• Two Fourier transformations along the two directions produce peaks that 
correlate chemical shifts of the interacting spins. 
• Spreading the signals into 2 dimensions allows us to establish which spins, 
which are otherwise overlapped in 1D spectra, are coupled to each other.  
• All interactions can be used to correlate spins.
• Homonuclear 2D spectra (2D COSY, TOCSY, NOESY, ROESY) are squares 
symmetrical along the diagonal; off diagonal peaks, or cross peaks (at 
frequencies [I, S], [S, I]) indicate the spins that are coupled. 
• Heteronuclear 2D spectra (2D HSQC or HMBC) are not symmetrical, do not  
have peaks on the diagonal; cross peaks (at frequencies [I, S]) indicate that 
two spins are coupled via 1JCH, nJCH or 1JNH, nJNH couplings.
• The concept of 2D NMR spectroscopy can be easily extended to higher 
dimensions (3D, 4D, …NMR).
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The following notes act as a supplement to the lecture slides. Dr. Nicholle Bell 
 
Lecture 1 - Introduction to Fourier transform NMR 
 

• Only nuclei with a non-zero spin (I) are NMR active. In a magnetic field the spin 
angular momentum is quantized allowing for 2I + 1 values. 

• Associated with this spin is the spin magnetic moment, z =  Iz =  m ħ, ( is the 
gyromagnetic ratio – a constant for each isotope; m is the magnetic quantum number, 
and ħ is Planck’s constant divided by 2). z is also quantized in the magnetic field 
into 2I + 1 energy levels. 

• Many common atoms have isotopes with I = ½ (1H, 13C, 15N, 19F, 29Si, 31P) and 
therefore have only two possible orientations associated with two energy levels in a 
magnetic field. Spin ½ nuclei will thus align either with or against the magnetic field, 
the former is the lower energy state (only slightly).The excess nuclei at the lower 
energy level allows the possibility to create excited states and thus NMR signal.    

• This can be done by irradiating nuclei placed in the magnetic field by 
electromagnetic radiation at the frequency which corresponds to the energy 
difference (E = h) between the energy levels. This is called the resonance 
condition which for NMR is given by  = B/2, where B is the external magnetic 
field in Tesla. The NMR resonance condition falls into the radiofrequency part of the 
electromagnetic spectrum, is of order of MHz.  

• The first method for recording NMR spectra was (Continuous-wave) CW NMR. 
Spectra were recorded by sweeping the radiofrequency field around the resonance 
condition. This is not very efficient, as it takes minutes to cover the whole frequency 
range. This method is no longer used to record NMR spectra. 

• Spins not only align in the magnetic field, but also precess around it with the same 
frequency as is their resonance frequency (much in the same was as a gyroscope). 
Measuring this precessional frequency is an alternative (and by far a superior) 
method of obtaining NMR spectra. Remember, when the frequency required to fill 
the energy gap is 500 MHz, this means that the nuclear spins are precessing around 
the magnetic field axis at 500 x 106 times a second. 

• To record the precessional frequency (called the Larmor Frequency) we start by 
flipping the macroscopic magnetic moment of nuclei (which exists due to the surplus 
of spins at the lower energy level) into the xy-plane by a radio frequency pulse. 
When the pulse is switched off, nuclei continue precessing around the external 
magnetic field. Their macroscopic magnetic moment induces oscillating electric 
current (with the Larmor frequency) in the detection coil positioned in the xy plane. 
This current is detected and constitutes the primary NMR signal - Free Induction 
Decay, or FID. 

• By flipping spins into the xy-plane we equalise their populations in the upper and 
lower energy levels and create a non-equilibrium state. Spins will return to the 
equilibrium situation via a process called relaxation and the FID will slowly 
disappear/tail off.  

• There are two processes that describe relaxation of nuclear spins: 1. spin-spin 
relaxation and 2. spin-lattice relaxation. 

• Spin-spin relaxation describes the loss of the macroscopic magnetic moment from the 
xy plane. It is characterised by the spin-spin relaxation time, T2. 

• Spin-lattice relaxation describes the return of the macroscopic magnetic moment to 
the z axis by loss of thermal energy to the surroundings. It is characterised by the 
spin-lattice relaxation time, T1. 
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• Long lived excited states of nuclear spins (ms to seconds!) lead to very narrow NMR 
lines – allowing lots of detail to be recorded (resolution of fractions of Hz, J-
couplings). 

• FID is a record of an intensity of signal vs. time and is converted to a spectrum 
(intensity vs. frequency) by a mathematical procedure called Fourier transformation 
(FT). 

• In FT NMR spectroscopy all nuclei (of the same kind) are excited at the same time 
and recording of the spectra takes seconds. The cycle of excitation, acquisition and 
relaxation is repeated many times; accumulation of multiple scans improves the 
signal-to-noise of spectra dramatically.   

•  FT NMR opens a door for sensitive, multi-pulse and multidimensional NMR 
spectroscopy with high information content as discussed in this course. 

 
 
Lecture 2 – Chemical shift 
 

• The magnetic field experienced by nuclei is the sum of the external and local 
magnetic fields, the latter originating from currents produced by electrons. The 
resonance condition is therefore slightly modified depending on the electron density 
around the nucleus – this is essential, otherwise all nuclei of the same kind would 
resonate at exactly the same frequency.  

• NMR spectrometers operate at different magnetic fields and the same nucleus will 
resonate at a different frequency depending on the magnetic field, B0. In order to 
compare spectra acquired on different magnets, a scale is needed that does not 
depend on B0. The scale used is referred to as the “chemical shift” and is expressed in 
ppm. 1 ppm in a spectrum acquired at X MHz contains X Hz (e.g. at 600 MHz, 1 
ppm contains 600 Hz). Higher field spectrometers therefore provide better spectral 
resolution. 

• Chemical shifts strongly depend on the electron density around the nucleus. The 
larger the electron density, the greater the shielding and the smaller the chemical 
shift, the lower the frequency. Deshielding means large chemical shift and higher 
frequency. 

• Parameters that affect the chemical shift are: hybridization, inductive 
(electronegativity) and mezomeric (delocalisation of electrons) and remote effects 
affect (ring currents, hydrogen bond formation).   

• Nuclei are chemically equivalent if they can be interchanged by a symmetry 
operation. The number of signals in NMR spectra corresponds to the number of 
chemically non-equivalent groups of nuclei. 

• Enantiomers (one asymmetric centre, mirror images) have identical chemical shifts, 
i.e. racemic mixtures give only one set of NMR signals.  

• Diastereoisomers (more than one asymmetric centre) have distinct sets of chemical 
shifts. 

• Diastereotopic CH2 protons (replacement of the two protons, one at the time, by a 
heavy atom, e.g. a Me group produces diasteroisomers) are not chemically equivalent 
and give separate signals.  

• Fast rotation around single bonds sometimes causes diastereotopic protons to attain 
the same chemical shifts.  

• 1H and 13C chemical shifts expected for protons and carbons in certain functional 
groups are known and tabulated. It is important to know where to expect CH3, CH2 
and CH groups of alkanes, aromatics, alkenes, and aldehydes proton and carbon 
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chemical shifts. You should also know carbon chemical shifts of ketones, esters and 
carboxylic acid carbons. If a CH3, CH2 or CH is directly bonded to an electronegative 
element such as O, it will deshield the protons and carbons and move them out of 
their expected chemical shift ranges. 

 
Lecture 3 – Spin-spin coupling 
 

• Each spin is a source of a small magnetic field, which is felt by nearby nuclei, either 
directly, through space, or indirectly, via bonding electrons. Let us consider two spin 
½ nuclei, A and X. Two possible orientations of spin X in the magnetic field will 
produce small disturbances to the magnetic field felt by spin A. The magnetic field 
will be slightly stronger (or weaker) depending on the orientation of spin X with 
respect to the magnetic field (up or down). Spin A will therefore appear to resonate at 
two frequencies and a doublet centered at the chemical shift of spin A will be 
observed. We say that the nuclei A and X are coupled to each other and characterise 
the coupling, JAX, as the distance between the two lines of the doublet in Hz. 

• Identical coupling, JAX, is observed in the signals of both A and X spin.  The size of a 
coupling is a molecular property and does not depend on the strength of the magnetic 
field. The size of a J coupling decreases rapidly with increasing bond separation 
between interacting nuclei. 

• If multiple protons are coupled to each other, the overall splitting can be worked out 
by successively splitting the lines by individual couplings.    

• Sometimes the lines fall on top of each other producing multiplets with unequal line 
intensities. The intensities of lines in multiplets due to coupling of several equivalent 
nuclei can be worked out using Pascal’s triangle. Multiplets have names, e.g. doublet 
(d) , doublet of doublets (dd), triplet (t) etc …  

• The size of a J coupling depends on the number of bonds separating the coupled 
nuclei and rapidly approaches zero (2-3 bonds in aliphatic molecules, 4-5 in aromatic 
systems). 

• Stereochemistry (cis/trans, axial/equatorial) affects the size of the J couplings. The 
size of three-bond couplings (3JHH) depends on the dihedral angle (Karplus curve).  
Remember especially for ring systems, axial-axial couplings are larger than axial-
equatorial or equatorial-equatorial. Trans couplings are always bigger than cis. 
Protons which are diastereotopic can couple to each other with quite large J values. 

• Strong coupling effects arise when the chemical shift separation (in Hz) becomes 
comparable to the coupling constants. Multiplets of strongly coupled nuclei have 
distorted intensities, can contain more lines than expected, and the separation 
between the individual lines of such multiplets do not correspond to J couplings.  
These multiplets are referred to as higher order multiplets. 

• Two or more nuclei are chemically equivalent if they are related by an operation of 
symmetry. Chemically equivalent nuclei are also magnetically equivalent if their 
spin-spin coupling constants to a third nucleus, outside of a group of chemically 
equivalent protons, are identical. 

• Multiplets of magnetically non-equivalent nuclei (similarly to those of strongly 
coupled nuclei) have distorted intensities, can contain more lines than expected, and 
their separation does not correspond to J couplings.   

• Couplings can be traced out by “selective decoupling” which means irradiating one 
multiplet by a weak radiofrequency pulse during the acquisition. This interchanges 
rapidly the up and down states of this nucleus and causes “decoupling” (removal of 
the mutual splitting) from the multiplet of coupled spins.     
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•  One-bond (1JCH ) and long-range (nJCH ) proton-carbon couplings split the 13C lines. 
Although the one-bond splittings show how many protons are attached to each 
carbon, 13C spectra are usually acquired as proton-decoupled spectra yielding singlet 
13C spectral lines. 

 
Lecture 4 – Interactions and correlation of spins by multipulse NMR methods  
 

1H NMR spectra are characterised by the spread of signals caused by the shielding of 
nuclei by local magnetic fields. All nuclei are shielded compared to a bare nucleus. 
Adjectives “shielded” and “deshielded” are relative terms, e.g. if a CH3 group is attached to 
an oxygen as in a methoxy group, the methyl protons will be deshielded (e.g. resonate at ~ 
4.0 ppm). If on the other hand an aromatic ring carries a substituent that donates electron 
density to a proton in an ortho position, this proton will be shielded (will resonate at a 
somewhat lower chemical shift compared to benzene, which resonates at 7.28 ppm). 

 The other feature of 1H NMR spectra is the splitting of signals due to J couplings 
with other protons. This interaction is called indirect or scalar coupling and is mediated by 
electrons. Because of that its value does not depend on the orientation of the molecule in the 
external magnetic field and is limited to nuclei separated by several bonds (usually 2 and 3 in 
aliphatic system, 4 to 5 in aromatic systems).  
 Direct through space interaction of magnetic dipoles of nuclei (dipole-dipole 
interaction) is averaged to zero in liquids by the fast reorientation of molecules. It therefore 
does not cause additional splitting of signals. It is however responsible for relaxation of 
nuclei and can be observed via Nuclear Overhauser Effect (NOE). 
 

13C NMR spectra show a spread of chemical shifts, but as these are typically acquired 
with so called “proton decoupling1” no proton-carbon splitting is observed in the final 
spectrum. Remember, that it is not only the large 1JCH couplings (100 – 200 Hz) between 
directly bonded protons and carbons, but also long-range (two- or three-bond, 2JCH and 3JCH) 
couplings that would, in the absence of the 1H decoupling, also split the carbon signals. 1H-
decoupled 13C spectra are much more sensitive, as many lines collapse into one, but we loose 
the information about “carbon multiplicity” (C, CH, CH2 or CH3 carbons). The multiplicity 
information is provided by acquiring DEPT spectra. DEPT135: CH and CH3 positive, CH2 
negative, DEPT90: only CH signals. Quaternary carbons are missing in the DEPT spectra.  
APT: Q and CH2 positive, CH and CH3 negative. 

 
All spin-spin interactions can be used to “correlate spins”. What this means is to 

provide the information about which spin is coupled to which other spins in the molecule 
through a certain type of interaction. These interactions are homonuclear (HH) or 
heteronuclear scalar (J) couplings (CH, one-bond or long-range), homonuclear (HH) or 
heteronuclear dipolar (D) couplings or chemical exchange. Spins are correlated in so called 
“magnetisation transfer experiments” in which the magnetisation is transferred between 
spins utilising one of the above interactions. Such correlation experiments produce one- or 
two-dimensional spectra. In 1D spectra only the signals coupled to a selected spin will 
appear.  

 

                                                 
1 Carbon signal of a CH group is a doublet as the protons aligned with or against magnetic field in individual 
molecules create different local magnetic fields at the carbon position.  1H decoupling is achieved by rapidly 
inverting the proton spins. By changing their orientation between the two states, carbon feels an average effect 
and the doublet collapses into a singlet; The 1JCH coupling is removed or decoupled. 
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Two basic homonuclear correlation experiments utilise scalar (J) proton-proton 
couplings to correlate spins. These are COSY (COrrelation SpectroscopY) and TOCSY 
(TOtal Correlation SpectroscopY). In COSY only a single transfer of magnetisation between 
a pairs of coupled spins occurs. TOCSY enables multiple magnetisation transfer steps. This 
transfer in the TOCSY experiments can, to certain extent, be controlled by setting one 
experimental parameter, so called “mixing time”. Consider a three spin system H1-H2-H3, 
in which protons H1 and H2 are coupled as well as protons H2 and H3, while there is no 
coupling between protons H1 and H3. Starting at H1, a COSY spectrum will only contain 
signals indicating the coupling between protons H1 and H2. In a TOCSY spectrum, acquired 
with a sufficiently long mixing time all protons H1, H2 and H3 will be shown as coupled. 
This allows identification of networks of coupled protons, or as we refer to them as 
“individual spin systems”. In an example given in the lecture only protons of one 
carbohydrate ring of a trisaccharide appeared in the 1D TOCSY spectrum, which was 
acquired by selecting an anomeric proton of one ring and changing the mixing time.  

 
NOESY (Nuclear Overhauser Effect SpectroscopY) correlates spins via dipolar 

coupling. The signal intensity in NOESY spectra is proportioned to r-6 (where r is the 
internuclear distance) and therefore typically only protons < 5 Å apart give rise to NOE 
effects. There is a complication with the NOESY experiment, as the NOESY signal can be 
positive (small molecule), zero (medium molecules) or negative (large molecules). This 
classification is relative, as the size and the sign of the NOE also depend on the strength of 
the magnetic field. The NOE could be zero or close to zero because of the combination of 
the molecular size and the magnetic field. This could lead to a false interpretation; the 
absence of an NOE does not mean that the two protons are not close in space. 

 There are several remedies to this problem. Either we can use a spectrometer which 
has a magnetic field or we use ROESY (Rotating frame nuclear Overhauser Effect 
SpectroscopY) experiment, which always give positive signals. The third possibility is to 
cool down or heat the sample, as this will affect the rotation of molecules. By cooling a 
sample the tumbling of molecules slows down, mimicking large molecules and yielding 
negative NOEs. Heating will increase tumbling rates, mimicking smaller molecules, and 
positive NOEs will be observed. 

NOESY experiments are most of the time used to correlate protons that are not J 
coupled and their proximity therefore cannot be determined by using J couplings. E.g. the 
position of two monosaccharide rings can be established by detecting NOEs across the 
glycosidic linkage, as the coupling constant between the protons of the neighbouring rings 
are very small. NOESY experiments are very useful for studying the configuration and 
conformation of molecules.  

 
Chemical exchange is a process which puts nuclei into different environments. 

Chemical exchange can be intermolecular or intramolecular. A typical, example of an 
intermolecular exchange is the exchange of labile OH protons between water and ethanol in 
a mixture of the two solvents. Intramolecular chemical exchange is usually associated with a 
slowed down rotation along bonds or with conformational equilibria. Chemical exchange 
affects the appearance of NMR spectra and the outcome depends on the relationship between 
k, the rate constant of exchange and , signal separation (in Hz) of nuclei in different 
environments. The exchange is slow on the NMR time scale if k  << , intermediate if  k  ~ 
 and fast if k  >> . In the slow exchange we see two separate signals, one each for the 
two different environments; intermediate exchange regime produces very broad signals, fast 
exchange yields one signal at the weighted average chemical shift of the two species.    
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Mercaptobenzoic acid of -cyclodextrin derivative has a tendency to insert itself into 
the hydrophobic cavity created by 8 cyclodextrin rings. This breaks the symmetry of -
cyclodextrin. Consequently the corresponding protons of every ring resonate at a different 
frequency. Corresponding signals involved in chemical exchange can be traced out by EXSY 
(Chemical EXchange SpectroscopY).  E.g. all eight anomeric proton (H1) can be seen in 1D 
EXSY spectrum of this cyclodextrin derivative under the condition of a slow exchange.  

 
The character of the exchange can be affected by changing either k or . Remember 

that the rate constant changes with the temperature. E.g. at 30 oC the exchange is 
intermediate at 800 MHz (broad signals), while it becomes slow at 5 oC (sharp signals from 
different environments of the corresponding protons are observed). Changing the 
spectrometer affects  (in Hz, not in ppm!) and exchange becomes fast at 30 oC on a 400 
MHz spectrometer compared to a spectrum acquired at the same temperature at 800 MHz 
(one signal for every proton at individual positions in all monosaccharides).  
 
In each of the 1D experiments (COSY, TOCSY, NOESY, ROESY, EXSY), one proton is 
selectively excited (or inverted in the NOESY/ROESY) case.   
 
Lecture 5 - Two-dimensional NMR (2D NMR) 
 
How is a 1D NMR spectrum acquired? During the excitation of nuclei by an RF pulse the 
magnetisation is flipped into the xy plane, where the rotating macroscopic magnetic moment 
induces an oscillating electric current in the detector placed in the xy-plane. This current (an 
analogue signal) is detected at regular intervals by “a physical device” and converted by the 
Analogue Digital Converter (ADC) into the digitised Free Induction Decay, FID. A 1D 
experiment thus has one detection period, where the signal is “directly detected”.  One 
Fourier transformation of an FID yields a 1D spectrum. 
 
A 2D experiment has two detection periods: one “indirectly detected” and the other “directly 
detected”. Consider two J – coupled spins I and S. After an initial pulse the indirectly 
sampled period is systematically incremented allowing sampling of the frequency of spin I 
prior to the magnetisation transfer to spin S. This sampling period is called indirectly 
detected dimension, t1 and the sampling is achieved by repeating the same experiment a 
number of times with a progressively longer sampling interval. What follows next is the 
magnetisation transfer to spin S. After that the signal is detected during the directly detected 
period, t2, by a physical detector as explained above for a 1D spectrum. 
 
Let’s inspect an example of a 2D COSY experiment and two J-coupled protons I and S.  
Let’s start by looking at proton I first. Part of the signal stays on proton I during both t1 and 
t2 detection periods, the other part is transferred to a coupled spin S. The latter part was on I 
during t1, but is on S during t2. Two perpendicular Fourier transforms are performed along t1 
and t2 acquisition periods producing a 2D spectrum with two frequency axes, F1 and F2. This 
spin system will yield signals at frequencies [F1, F2] = [νI, νI] and [νI, νS]. The former signal 
is called an auto correlation peak, while the later is referred to as a cross peak. Starting the 
magnetisation transfer on proton S will produce peaks at [νS, νS] and [νS, νI]. These four 
signals produce a square and signals [νI, νS] and [νS, νI] are symmetrically positioned around 
the diagonal. Analysis of COSY spectra will be practiced at a tutorial.  
 
2D TOCSY spectra are usually analysed by identifying cross peaks that occur on a 
horizontal line drawn from a diagonal signal (look both left and right form the diagonal 
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signal). The cross peaks for all the protons in the same spin system should appear on this 
line. The higher the mixing time, the more cross peaks will appear as the magnetisation is 
transfer along the chain of coupled protons. 
 
 2D NOESY also has two 1H chemical shift axes and a diagonal. The spectra are usually 
analysed by identifying signals that appear on a horizontal line drawn from a diagonal signal 
(look both left and right form the diagonal signal). All protons close in space to the proton 
which is on the diagonal should appear on this horizontal line. 2D NOESY spectra provide a 
wealth of information about the conformation of biomolecules. They reveal the presence of 
secondary structure elements in protein (β sheets and α helices). They also identify amino 
acids that are well separated in the primary sequence, but are close in space. NOESY 
spectroscopy is essential for the determination of 3D structure of biomacromolecules such as 
proteins, DNA, RNA or polysaccharides by NMR.  
 
Most common 2D heteronuclear chemical-shift correlated methods are HSQC 
(Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple-Bond 
Correlation). 2D 1H, 13C HSQC spectrum correlates directly bonded 1H and 13C atoms using 
1JCH (one-bond proton-carbon couplings). This experiment uses 1H for the direct detection 
(t2) because 1H is more sensitive than 13C, which is sampled during the indirectly detected 
period (t1). 2D 1H, 13C HSQC is not symmetrical and does not have a diagonal. CH and CH3 
groups show only one cross peak, while non-equivalent CH2 protons have two cross peaks in 
the 1H dimension positioned at the same 13C frequency. An HSQC spectrum is used to assign 
a 13C spectrum based on the assignment of 1H signals obtained by analysing homonulcear 
correlation experiments (COSY, TOCSY).     
 
Once the protonated carbons are assigned by the HSQC experiment, an HMBC spectrum can 
be used to (i) assign quaternary carbons, (ii) “to walk along the skeleton of a molecule” as it 
correlates protons and carbons via long-range (two-, or three-bond couplings). These 
couplings provide similar information to proton-proton couplings and are very useful in the 
structure determination of molecules that do not have many protons, or contain heteroatoms. 
An HMBC spectrum contains many more cross peaks than the HSQC spectrum as one 
carbon can be coupled to several protons via long-range couplings.  
 
Both HSQC and HMBC experiments can correlate protons not only with 13C but also with 
15N. 1H, 15N HSQC spectrum is particularly useful in the analysis of proteins. In this 
spectrum, each amino acid is represented by one NH cross peak of the peptide bond. If a 
small (drug) or a large (protein, DNA, RNA) molecule binds to a protein, chemical shift of 
NH cross peaks of amino acids involved in the binding will move, identifying the binding 
site. 1H, 15N HMBC spectrum is particularly useful for the structure determination of small 
molecules composed of nitrogen containing heterocycles. 
 
The concept of 2D NMR is easily extended to higher dimensions.  3D spectra are routinely 
acquired during the structure determination of biomolecules.  
 
For the exam you will be expected to know how to analyse each of the 2D experiments in the 
same way as demonstrated in the tutorial. You may also be asked to draw 2D spectra based 
on what you would expect to see for a given molecule. 
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