
NMR spectroscopy

Feb. 25: Introduction to NMR spectroscopy and instrumentation
Feb 27: Field trip to NMRFAM, tour of NMR instruments (Mark Anderson)

Meet @9:45a in East Atrium of Biochemistry addition; 433 Babcock Dr.
Mar 1: Basic theory of NMR
Mar 4: Theory and application of MR flow imaging and related techniques
Mar 6 Introduction to theory and practice of 2D NMR spectroscopy
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Mar 6: Introduction to theory and practice of 2D NMR spectroscopy
Mar 8: Assignments of an organic molecule using 2D NMR  
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Nuclear Magnetic Resonance
What is it good for?

Structure and dynamics of molecules in solution 
Biomolecular, organic, and inorganic

Solid state
Atomic and bulk properties of materials

Medical Imaging (MRI) – they dropped the word “nuclear”
detection, diagnosis, treatment planning and follow-up of many diseases. 

Other applicationsOther applications
Material transfer in porous media 
Phase changes (hydration, crystallisation, gelling) 
Diffusion
Displacement speeds
Petroleum industry

rock core analysis to help determine hydrocarbon reserves, estimate recoverable 
quantities, and gauge ease of recovery. 

Magnetic resonance force microscopy (nm scales) –detected single electron
Optically detected NMR
Artic ice salinity (in earth's magnetic field)
Quantum computing (early)
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• Thermal energy (kT) at 25 °C is about 600 calories/mole 
• For 1H nuclei @ 600 MHz (14.1 T): ∆E ~ 10-4 *kT

• The excess number of spins in the α state is only one part in about 
10,000
• 1H second most sensitive nucleus after 3H
• An absorbed photon can cause transitions of the spins from the 
lower to the higher energy level or just as easily cause a stimulated 
emission of a spin from the upper energy state.

• In optical spectroscopy  transition energies for blue light are ~6000 
cal/mole 

• The occupation of high energy states in optical spectroscopy due to 
thermal energy is extremely rare (one part in 20,000) and therefore 
every absorbed photon causes an electron transition from the lower 
energy state to the higher energy state.  
• Optical spectroscopy is a very sensitive technique when compared 
to NMR spectroscopy.  
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• At thermal equilibrium, 
individual nuclear magnetic 
moments precess about the Z 
axis of the external magnetic 
field at the Larmor frequency –
ω(radians/s)=2πν(Hz)=γB0

t i ti i• magnetogyric ratio, γ, is a 
characteristic property of the 
nucleus 
• B0 is the strength of the 
magnetic field (Tesla). 

02 Bω πυ γ= =
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Nuclear magnetic resonance frequencies (/MHz)

Nucleus 
(spin)

11.74 T 14.09 T 16.44 T 18.79 T 21.14 T

1H (½) 500.0 600.0 700.0 800.0 900.0

19F (½) 470.4 564.5 658.5 752.6 846.7

31P (½) 202 4 242 9 283 4 323 8 364 331P (½) 202.4 242.9 283.4 323.8 364.3

13C (½) 125.7 150.9 176.0 201.2 226.3

15N (½) 50.7 60.8 70.9 81.1 91.2

2H (1) 76.8 92.1 107.5 122.8 138.2

9



(@11.75 T)
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500 MHz

Sucrose

60 MHz
Why higher field?

900 MHz
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Why higher dimensions?

1D 1H
HN region

Overlap!

1D 1H{15N}HSQC
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Continuous wave(CW) NMR –
Magnetic field is swept slowly across the spectrum
(Rarely done in modern times)
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Pulsed NMR –
• Short pulse(s) (~µs) of radiofrequency 
electromagnetic energy is applied to spins 
that are initially at thermal equilibrium
• Frequency is “close” to the Larmour
frequency 
• The “ringing” is detected and then Fourier 
transformed  yielding the frequency spectrum

0( / ) 2 ( )rad s Hz Bω πν γ= =

2

0

1( ) ( )
2

i tS F t e dtπνν
π

∞

= ∫
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Relaxation between pulses
• Pulsed NMR requires a delay between pulses and 
acquisition for the spins to return to thermal equilibrium
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RF Probe in magnet

“Detection
side of

console”

“transmit 
side of

console” Sample signal

NMR spectrometer is a radio transmitter and receiver

The modulation 
comes from the 

sample

Pure 

NMR injects a 
pure RF signal

p
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Magnetic field
$$$$  most expensive component of NMR spectrometers >11.75 T (500MHz)

− 600 MHz (14.1T) ~$800,000 (console ~$200-250,000)

− 900 MHz (21.2T) ~$4M

− 1.2 GHz (23.5 T) ~$18M (not yet available; hopefully in ~5 years)

Field strength 1 Tesla=10,000 gauss

− 10−9–10−8 gauss – the magnetic field of the human brain

− 0.31–0.58 gauss – the Earth's magnetic field at its surface

− 25 gauss – the Earth's magnetic field in its core

− 50 gauss – a typical refrigerator magnet

2000 gauss – a small neodymium-iron-boron (NIB) magnet− 2000 gauss – a small neodymium-iron-boron (NIB) magnet

− 600-70,000 gauss – a medical magnetic resonance imaging machine

− 23,500 gauss = 100Mhz magnet

− 235,000 gauss = 1GHz NMR spectrometer (highest available field for NMR) (0.3 meter 
wavelength)

− 97.4 tesla – record magnetic field NHMFL March 2012 (pulsed;non-destructive)

− 850 T – record highest magnetic field (destructive- exploding magnet)

− 1012–1013 gauss – the surface of a neutron star (probably there are issues about doing NMR)

− 4×1013 gauss – the quantum electrodynamic threshold

− 1015 gauss – the magnetic field of some newly created magnetars

− 1017 gauss – the upper limit to neutron star magnetism; no known object in the universe can 
generate a stronger magnetic field (10-12 meter) (gamma ray 10-10 meter!) 17



Superconducting magnets
Miles of a superconducting wire (180 miles for 21.14 T (900 MHz))

Superconducting joints between sections may have residual resistance 
~10-13 Ohm

− Causes magnet drift (typical specification 10 Hz/hr) 

Up to ~18T magnet is held at 4.2° K by liquid Helium

>18T Joule-Thompson cooled to 2.2° K

Energization

− Cool magnet, introduce current, and then close a superconducting 
switch and disconnect leads

− Keep it cold!!

− Quench (a word best not repeated) – next slide

The (Oxford) 21.14 T (900 MHz) magnet at NMRFAM has 17 MJ of 
stored energy

− This equates to 4 kg of TNT.  A stick of dynamite (0.19 kg) contains 
roughly 1 MJ of energy. 
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Test quench of NMRFAM 900 MHz (21.14 T)
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21.14 T  (900 MHz ) Oxford magnet
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NMR probe
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~$25-50,000

Singly tuned

Tuning capacitor

Matching capacitor

Inductor



Cryogenically cooled probes (and preamps)
Reduction of Johnson noise

~$250,000

~20oK
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Brand A & B

DSP computer

digital

Transmitter

NMR Console

Brand A

DSP

DSP

computer

computer

Brand B

B – Bruker
A – Agilent/Varian

24

Receiver



Digitization of the Free induction decay (FID)

dw

Nyquist sampling: dw=dwell time= 1/(full sweep width)
(This assumes complex data collection, i.e. 2 orthogonal 

axes (X,Y) sampled simultaneously )
25
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Single sideband detection

Audio filter

sw (~5kHz)

Carrier Freq (0 Hz)

cos(wt) FT

dwell=1/2*sw

sw ( 5kHz)
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Audio filter

Quadrature detection (distinguish +/- frequencies)

Carrier Freq (0 Hz)

i*sin(wt) FT

cos(wt)+ i*sin(wt) FT

cos(wt) FT

dwell=1/sw

sw
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Audio filter
(causes phase 
distortions at 
ends of spectrum)

Quad image

Quadrature images due to unbalanced X&Y channels

Carrier Freq (0 Hz)

λ*i*sin(wt) FT

cos(wt)+λ*i*sin(wt) FT

cos(wt) FT
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Digital filter

Modern digital spectrometer – quad detection

5kHz

Audio filter

“Oversampled”

Decimation: 
average of 
oversampled 
points

± 20 MHz

“Oversampled”
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Digital filter

Bruker spectrometer – quad image removal (DQD)

5kHz

Quad image

Audio filter

±20 MHz
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Not to be outdone, Agilent/Varian digitizes a 
single analog channel then uses artifact-free 
digital quadrature detection, eliminating 
quadrature images
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Rotations
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==>

Rotation of bulk magnetization with RF “pulse”
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Free Induction Decay (FID)

RF pulse (amplifier turned on)

Delay

Sum of Z magnetization 
of multiple spins -
Vector

HCS + HRF HCS

Different chemical 
shifts have different  
frequencies.

Positive 90° rotation 
about X to -Y

Delay

38

Magnetic field 
inhomogeneity also 
gives rise to different 
frequencies. 

Different magnetic 
susceptibility causes 
field gradients.



Bubble velocities
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A unit vector I decomposed into 
three orthogonal components (a*Ix, 
b*Iy, c*Iz).  The angles θ and φ are 
polar coordinates. This vector 
represents the sum of all of the spin 
isochromats in the sample.

positive rotation about Y:
Z 6 X 6 -Z 6 -X 6 Z

positive rotation about X:
Z 6 -Y 6 -Z 6 Y 6 Z

positive rotation about Z:
X 6 Y 6 -X 6 -Y 6 X

( ) ( )x
ˆ60 cos 60 sin 60°⎯⎯⎯→ ° − °I

z z yI I I
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Example rotations (positive)

x
ˆ

2
π

⎯⎯⎯→−
I

z yI I

ˆ
⎯⎯⎯→xπI

z zI -I

ˆ2⎯⎯⎯→xπI
z zI I
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Free precession around Z (chemical shift or field inhomogeneity)

ˆ ˆx2 cos( ) sin( )
tI z t tI I

π
ω

ω ω⎯⎯⎯⎯→− ⎯⎯⎯⎯→− +
I I

I I I Iz y y x
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x
ˆ

3 cos sin
3 3

π π π⎛ ⎞ ⎛ ⎞⎯⎯⎯→ −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

I

z z yI I I

x
ˆ

cos( ) sin( )θ θ θ⎯⎯→ −I
z z yI I I

x
3 ˆ
2 3 3cos sin *0 *1

2 2

π π π⎛ ⎞ ⎛ ⎞⎯⎯⎯→ − = − ≡⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

I

z z y z y yI I I I I I

Some other rotation examples

2 2⎝ ⎠ ⎝ ⎠

x -x
ˆ ˆ

2 2 should be written as  (phase shift of transmitter)
π π−

⎯⎯⎯→ ⎯⎯⎯→
I I

In reality, the last rotation is physically impossible (unless you can 
change the sign of the nuclear gyromagnetic ratio), but it is often 
useful in computations.

x
ˆ

2
π−

⎯⎯⎯→
I

z yI I
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ˆ
2

1 cos( ) sin( )1 1

cos( ) sin( )1 1

1 cos( ) sin( ) cos( )2 2 1

cos( ) sin( ) sin( )2 2 1

IxI Iz y

t I z
I I t I ty y x

I y I t I ty x

t I z
I t I t ty x

I t I t t

π

ω
ω ω

π
ω ω

ω
ω ω ω

ω ω ω

⎯⎯⎯→ −

−− ⎯⎯⎯⎯→− +

⎯⎯⎯→− −

⎡ ⎤⎯⎯⎯⎯→ − +⎢ ⎥⎣ ⎦
⎡ ⎤+ − −⎢ ⎥⎣ ⎦

�

�

�

The spin echo

( ) ( ) ( )2 2 1

cos( )cos( ) sin( )sin(1 2 1

x y

I t t t ty ω ω ω ω

⎢ ⎥⎣ ⎦

≡ − + )2

1 2
2 2cos ( ) sin ( )

if t t

I t t Iy yω ω

⎡ ⎤
⎣ ⎦

=

⎡ ⎤≡ − + = −⎢ ⎥⎣ ⎦
1

There has to be a simpler way!
ˆ

2
IxI Iz y

π

⎯⎯⎯→ − 44



Pulsed field gradients
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• Schematic of the effect of a pulsed 
magnetic field gradient. The vertical 
slices represent the physical vertical 
extents of the sample in a NMR tube. 

• A). Time behavior of an ensemble 
of identical isolated spins having a 
rotating frame frequency of 0 Hz. 
• B). time behavior of the spin 
system in A subjected to a vertical

l( )
cos( ( ) ) sin( ( ) )

B r t II G zI I B r t I B r ty y I G x I G
γ

γ γ− ⎯⎯⎯⎯⎯⎯→− +

system in A subjected to a vertical 
linear magnetic field gradient. 
• C). Vertical projection of the spins 
in B.
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MRI — a new way of seeing

In 1973, Paul Lauterbur described an imaging technique that removed the usual resolution limits due to 
the wavelength of the imaging field. He used two fields: one interacting with the object under 
investigation, the other restricting this interaction to a small region. Rotation of the fields relative to the 
object produces a series of one-dimensional projections of the interacting regions, from which two- or 
three-dimensional images of their spatial distribution can be reconstructed. Application of this technique 
as magnetic resonance imaging is now widespread.
Nature 242, 190 191 (1973) 47
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3D imaging

49



Different flow imaging techniques 

Short T2 means broad lines; time signal decays rapidly
Long T1 means time averaging takes longer
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1D flow imaging (time of flight)
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Presaturate slice Acquire image 51



Time of flight imaging
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( ) ( )

( ) ( ) ( )

1( )
1 1defocusing

No position change
1 2

( )
2 2 1

        cos ( ) sin ( )
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B r
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cos( ) cos( )
sin( ) sin( )

cos ( ) sin ( ) cos ( ) cos ( ) sin ( ) sin ( )

combining and 

x G y G G

y G x G G x G y G G

I B r I B r B r

I B r I B r B r I B r I B r B r

γ δ γ δ γ δ

θ θ
θ θ

γ δ γ δ γ δ γ δ γ δ γ δ

⎡ ⎤− + −⎣ ⎦

− =
− = −
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( ) ( ) ( ) ( ) ( ) ( )
1 2

2 2
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B0 B0
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1D Flow imaging (phase shift)
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( ) ( )1( )
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1 2
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1D Flow imaging (phase shift)
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1D Flow imaging (phase shift)
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[ ]ϕ γ δ

δ

= −2 1

G

( ) ( )

Flow rate =f

gradient strength=B =5 gauss/cm

=.001s

G GB r B r

Flow imaging (phase shift) example

[ ]

[ ]

∆

− ∆

− =

2 1 G

2 1

=.01s

change in gradient due to flow= ( ) ( ) =f * B *

Flow rate = f =4cm/s 

( ) ( ) 4cm/s * .01 s * 5 gauss/cm=.2 gauss

phase

G G

G G

B r B r

B r B r

[ ]

[ ]

ϕ

ϕ

ϕ

= =

− = =

= =

− = =

= =

D

D

2 1

2 1

 difference = 26753 rad/s gauss * .2 gauss * .001 s 5.35 rad=306.6

for f=2 cm/s:

( ) ( ) 2 * .01 * 5 .1 gauss

26753 * .1 * .001 2.68 rad=153.3

for f=1 cm/s:

( ) ( ) 1 * .01 * 5 .05 gauss

26753 * .05 * .001

G G

G G

B r B r

B r B r
D1.34 rad=76.6

phase is linear with flow rate 58



3D flow imaging
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/

In particular, the study of transport, i.e. flow, diffusion and dispersion by magnetic 
resonance spectroscopy, relaxometry, diffusometry, and multi-dimensional multi-nuclear 
imaging is ever increasing.

Magnetic resonance in chemical process and reaction engineering

Bench-top NMR machines are now routinely used in the food industry for the quantification 
of fat and water, and NMR in oil-well bore holes is now a valuable tool to assess oil field 
properties for companies in the petroleum industries. More recently, a portable MRI machine, 
the NMR MOUSE [5], has successfully been used to determine the aging process in 
elastomers. 

† Oil/water transport in rocks
† Transport and reaction in catalyst pellets
† Transport in bead packs/model porous media
† Controlled drug release in polymers
† Oil/water transport in rocks
† Transport and reaction in catalyst pellets
† Transport in bead packs/model porous media
† Controlled drug release in polymers
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Flow in a pipe with different Reynolds number

Reynolds number (Re) is a dimensionless number that gives a measure of the ratio of inertial forces to viscous forces
61



Trickle flow
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Gas and liquid flow
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X,Y,Z velocities and stress tensors
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1D Chemical shift imaging
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2D slice from 3D chemical shift imaging
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Drying
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Filtration
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Diffusion & chemical shift imaging
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Meat balls in soup! – thermal and spatial imaging

The chemical shift of water is temperature dependent (as well as pH dependent).
δ(H2O) = 7.83 − T / 96.9, where temperature is measured in Kelvins.
This equation is valid at pH 5.5. Dependence of δ(H2O) on pH is about 0.02 ppm per pH unit. 70



Two dimensional NMR

71



Two-dimensional NMR

Detection (t2)

Variable time (t1)
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1

1

k

k
A B

−

⎯⎯→←⎯⎯

2 site chemical exchange at increasing exchange rates

A              B

Palmer
Relaxation and Dynamic Processes
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Light induced chemical exchange

Kemmink et. al. JACS 108 5631-533 (1986)
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I

S

81



Scalar coupling
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Doublet formed from the coupling of 
one spin (I) with another spin ½ 

l (S) Th α d β l b l f

Triplet formed from the coupling of 
one spin (I) with two other spin ½ 

l i (S S’) Th li

Quartet formed from the coupling of 
one spin (I) with three other spin ½ 

l i(S S’ S’’) Th li

CH2 CH3CH

Scalar coupling and multiplicity

nucleus (S). The α and β labels refer 
to the spin states of the coupled 
nucleus that give rise to different local 
magnetic fields and thus different 
frequencies for the coupled spin.

nuclei (S,S’). The coupling constants 
to the two coupled spins are identical. 
If the coupling constants were not 
identical then the αβ and βα states 
would differ in energy giving rise to 4 
peaks.

nuclei(S,S’,S’’). The coupling 
constants to the two coupled spins 
are identical.

I – SαS’ αS’ α
I –SαS’ αS’’ β+SαS’ βS’’+SβS’ αS’’ α
I – SβS’ βS’’α+SβS’ αS’’β+SαS’ βS’’ β
I – S β S’ β S’’ β

I – Sα
I – Sβ

I – SαS’ α
I – SαS’ β & SβS’ α
I – SβS’ β
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Y

Z

Sy

Sz

Y

Z

Iy

Iz

Isolated spins I and S
S “universe”I “universe”

X

Sx

X

Ix

, ,S S S Sx y z
⎡ ⎤= ⎢ ⎥⎣ ⎦, ,I I I Ix y z

⎡ ⎤= ⎢ ⎥⎣ ⎦

Representation of two isolated spins I and S. 
There is no interaction between the spins.
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Y

Z

Sy

Sz

Y

Z

I

Iy

Iz

J
IS

Coupled IS spin system
S “universe”I “universe”

Scalar coupling

X

Sx

X

Ix

, , , ( )ISS S S S I Jx y z
⎡ ⎤= ⎢ ⎥⎣ ⎦

, , , ( )ISI I I I S Jx y z
⎡ ⎤= ⎢ ⎥⎣ ⎦

Representation of two coupled spins I and S. The hole in the 
barrier represents the coupling interaction between the 
spins. Now one spin can “feel” the other spin. 85



Y

Z

Sy

Sz

Y

Z

Iy

Iz

J
IS

SβSα

B0

Sz= Sα− Sβ

IS Spins are in communication

X

Y

Sx

y

X

Y

Ix

y

Representation of two coupled spins I and S. Here the S spin is in the Sz state. 
In individual molecules, the I spin “sees” the S spin in either the α or β state. 
The frequencies of the I spin different by JIS for those states. 86



Evolution of coupled spins (observing I only)

Pulse sequence and vector picture of the evolution of a IS coupled spin system. The dashed 
vector at an angle of ωt in the rightmost panel represents the chemical shift of the spin system 
in the absence of coupling. The vectors labeled α and β are the two components of the doublet. 

ˆ ˆ " "2
I tIx J tzIz

π
ω⎧ ⎫⎪ ⎪⎯⎯⎯→ ⎯⎯⎯→ ⎯⎯⎯→⎨ ⎬

⎪ ⎪⎩ ⎭Simultaneous
Chemical shift and 
coupling evolution
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Scalar coupling evolution- ωI=0

Evolution of a transverse spin I that is coupled to another spin S with states α and β.  For 
clarity, the transverse spin (I) has a chemical shift of 0 Hz.

FT(t)

2 cos(* )
t

x IS
T J tI e π

−
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Coupled IS spins, free precession (observe I)
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Coupled IS spins, free precession (observe I)
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Coupled IS spins, free precession (observe I)

δI<>0
δS<>0

l

l

l

n
1

/ 2

1 1

1 1

1 1 1

1 1 1

cos( ) sin( )

cos( ) sin( )

cos( ) sin( ) cos( )

cos( ) sin( ) sin( )

x

I z

S z

IS z z

I
z z y z

t I
y I x I z

t S
y I x I z

J t I S
y IS x z IS I

x IS y z IS I z

I S I S

I t I t S

I t I t S

I J t I S J t t

I J t I S J t t S

π

ω

ω

π

ω ω

ω ω

π π ω

π π ω

+ ⎯⎯⎯→ − +

⎯⎯⎯→ − + +

⎯⎯⎯→ − + +

⎡ ⎤⎯⎯⎯⎯→ − +⎣ ⎦
⎡ ⎤+ + +⎣ ⎦

JIS<>0
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Evolution periods

ˆˆ ˆˆ
IS z zz z J tI StI tS πω ω⎯⎯⎯→ ⎯⎯⎯→ ⎯⎯⎯⎯→

tt

t

t

tt

Coupled

Isolated xÎπ⎯⎯⎯→
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Iπ spin echo, coupled IS 

-Iy => Iy
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1/2J1/2J

Spin echo editing

1/2J1/2J
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Sπ spin echo, coupled IS
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Decoupling

δI<>0
δS=0
JIS=0

97



t
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IπSπ spin echo, coupled IS (with I chemical shift)

t

tt
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Semi-classical description of INEPT 
transfer of coherence between coupled spins 

H chemical shift = 0
(180 refocuses H chemical shift) 

99



Semi-classical description of INEPT 
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Relative sensitivity of S detection (C) versus S detection with I polarization

γH = 4
γC
γH = 10

TR- S5 T2 1γ 1-eS
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⎜ ⎟
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⎜ ⎟
⎜ ⎟
⎝ ⎠

TR- I3 T2 1γ γ 1-eI S

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
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⎜ ⎟
⎝ ⎠

TR- S3 T2 1γ γ 1-eI S
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⎝ ⎠

TR- I5 T2 1γ 1-eI
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10
γN

Coherence
transfer

101

⎝ ⎠



revINEPTINEPT

x,y

2D HSQC (Heteronuclear single quantum correlation)
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In combination with the Sy pulse experiment

ωS evol.

12 SI i ti tI e e ωω± ∓∓
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122 SI i ti tDFT I e e ωω±⎡ ⎤⎣ ⎦
∓∓

S

I

ω2

ω1
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HMQC (Heteronuclear Multiple Quantum Correlation)

decoupling

Editing

decoupling

HMQC
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HMBC triple lowpass grad selected (Echo-antiecho)

          1

I s

I s

γ γ

γ γ

⎛ ⎞−
⎜ ⎟−
⎜ ⎟+⎝ ⎠( ) 0B rG =∑ G

I is gradient refocused
I + Sx,y is defocused

Bruker: hmbcetgpl3nd
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Double Quantum Filtered – HH COSY
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