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Books for NMR Spectroscopy

general:

specialized:
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Journals for NMR Spectroscopy

Journal of Magnetic Resonance
August 2, 2019 issue: 
JMR’s Golden Jubilee: Magnetic Resonance in the 21st Century
https://www.sciencedirect.com/journal/journal-of-magnetic-resonance/special-issue/10MNNC19J7V
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https://www.sciencedirect.com/journal/journal-of-magnetic-resonance/special-issue/10MNNC19J7V


NMR Milestones

1952 – First commercial NMR spectrometer

1962 – First Superconducting Magnet for NMR

1968 – First Pulse Fourier Transform NMR

1969 – First Concept of MRI Scanners

1971 – First two-dimensional NMR Experiment

1985 – First Protein Structure solved by NMR

2009 – First 1 Gigahertz NMR Spectrometer (23.5 T)

2019 – High Temperature Superconducting Magnets 

1.1 GHz NMR, St. Jude, Memphis TN

1.2 GHz NMR, Florence, Italy 

• 1938 – NMR of LiCl molecular beams. 
Rabi (Columbia University)

• 1946 – NMR of Liquids and Solids.
Purcell, Torrey, Pound (Harvard)
Bloch, Hansen, Packard (CalTech)

(Packard, 1951)

7Li NMR resonance:
0.21 Tesla @ 3.518 MHz 
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NMR Nobel Prize Winners

• 1944 (P) Isador Rabi

• 1952 (P) Felix Bloch 
Edward Purcell

• 1991 (C) Richard Ernst

• 2002 (C) Kurt Wüthrich

• 2003 (M) Paul Lauterbur
Peter Mansfield

• 2013 (C) Martin Karplus
(computational chemistry)

From: Bruker SpinReport, Vol 153 

Martin Karplus

6

https://www.nobelprize.org/prizes/physics/1944/summary/
https://www.nobelprize.org/prizes/physics/1952/summary/
https://www.nobelprize.org/prizes/chemistry/1991/summary/
https://www.youtube.com/watch?v=40qRrV8xxxk
https://www.nobelprize.org/prizes/chemistry/2002/summary/
https://www.nobelprize.org/prizes/medicine/2003/summary/
https://www.nobelprize.org/prizes/chemistry/2013/summary/


NMR Spectroscopy

•NUCLEAR

•MAGNETIC

•RESONANCE
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NMR Magnets
Magnet Types:

• Permanent Magnets: low fields (<2.5 Tesla)

• Electromagnets: high fields 
poor stability and homogeneity
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NMR Magnets
Magnet Types:

• Superconducting Magnets (aka. Cryomagnets): high, stable, and homogeneous fields

• Expensive to purchase, operate, and maintain. 

Weekly Nitrogen refills (left) and monthly Helium refills (right) are required.
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NMR Magnets

Cross section of a 
superconducting magnet:

The superconducting coil is cooled to 
4 Kelvin in a bath of liquid Helium.

The Helium vessel is surrounded by a 
container of liquid Nitrogen (77K).

Helium and Nitrogen containers are 
separated and surrounded by 
vacuum.

A probe is installed in the bottom of 
the magnet bore and samples can be 
inserted from the top of the magnet. 
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NMR Magnets
Bundled wires with 

superconducting filaments
Inside a superconducting magnet

11

Manufacturing 
superconducting wires



NMR Magnets
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NMR Magnets

BU presently has five NMR Spectrometers:

Pharm.:
Magnet Field: B0 = 2.35 T 7.05 T 9.4 T 14.1 T 9.4 T
1H Frequency: ν0       = 100 MHz 300 MHz 400 MHz 600 MHz 400 MHz
Location: S2 S2 SN SN CE
liquid/solid: Liquids L&S L&S L&S Liquids

All our instruments have superconducting magnets.

Dangers: 

• High magnetic fields 
• may cause pacemakers, insulin pumps, and other electronic medical devices to fail, 

• may erase hard disks, credit cards, and your BU ID, 

• will attract ferromagnetic objects and turn them into dangerous projectiles.

• Cryogens (liquid Nitrogen and Helium) 
• will cause burns when contacting eyes or skin, 

• will displace breathable air in case of a magnet quench.

• https://www.youtube.com/watch?v=d-G3Kg-7n_M

• https://www.youtube.com/watch?v=6-sxe79Y5Nc

• https://www.youtube.com/watch?v=Pu7eY8tRE_c
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https://www.youtube.com/watch?v=d-G3Kg-7n_M
https://www.youtube.com/watch?v=d-G3Kg-7n_M
https://www.youtube.com/watch?v=6-sxe79Y5Nc
https://www.youtube.com/watch?v=Pu7eY8tRE_c


NMR Magnets
Magnet quench: 

An energized magnet can fail when a segment 
of the superconducting wire becomes resistive 
due to localized heating.

The entire energy (Mega Joules) stored in the 
magnet coil is released instantaneously and 
vaporizes the entire volume of liquid Helium 
within minutes.

14.1 Tesla magnet quench

Coil current: 183 Amperes

Energy: 774 kJ
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NMR Magnets
Accidents: 
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NMR Consoles

NMR Manufacturers:

(DE,CH)

(US)

(Japan)
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Modern NMR Spectrometers
.
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Chemistry’s 600 MHz NMR 400 MHz NMR

in the Smart Energy Building.
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Multiple RF channels, 
high sensitivity, 
high resolution.

Modern NMR Console



Benchtop NMR Systems

1H typically 60-100 MHz
(1.4 – 2.3 T permanent magnet)

Nuclei: 1H (+ 1 option: C, P, or F) 
Low resolution, 
Low sensitivity,
Low power.

Suitable for teaching labs. 
Limited usefulness for research.
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… can use existing magnets.



NMR Probes …
Liquids Solids

… and
Samples
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Recent NMR Progress

2016: First 23.5 Tesla magnet (1 GHz) 2019: First 1.1 GHz NMR 2020: First 1.2 GHz NMR
Bayreuth University, Germany. St. Jude Hospital, Memphis TN. Florence University, Italy

Nine 1.2 GHz NMRs have currently been ordered (in Europe). 
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Topics:
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• Nuclei must possess a “non-zero spin” to be NMR active. Can we calculate I?

• Nucleus = Protons + Neutrons
Mass m = p + n 1H 2H

• Even p + even n → I = 0 → no NMR signals  ( 12C, 16O)

• Odd p + odd n    → integer I I = 1:  2H, 14N
I = 3: 10B
I = 6: 50V

• All other nuclei: half-integer I (1/2, 3/2, 5/2, …)
I = 7/2: 51V
I = 5/2: 17O, 27Al 
I = 3/2: 11B, 23Na  
I = 1/2: 1H, 13C, 15N, 19F, 29Si, 31P, 119Sn

• Nuclei with I = ½ will produce the sharpest signals (high resolution NMR).
Nuclei with I > ½  are called quadrupolar nuclei, as they possess an electrical quadrupole. 
➔ broad signals

Recap:
(mass) mXz (charge)

(atomic #) p Xa (# of atoms)

Nuclear Spin Quantum Number  (I)
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Isotopes with 
near 100 % 
natural abundance



Periodic Table of the NMR Isotopes  

I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI XVII XVIII 
1H 

  
 

     Spin ½ Nuclei 

 

     Integer Quadrupolar Spin 

 

     Half-Integer Quadrupolar Spin 

    3He 
2H 3H  

6Li 
9Be  

 10B 
13C 

14N 
17O 19F 21Ne 

7Li  11B 15N 

23Na 25Mg     27Al 29Si 31P 33S 
35Cl 

Ar 
37Cl 

39K 
43Ca 45Sc 

47Ti 50V 
53Cr 55Mn 57Fe 59Co 61Ni 

63Cu 
67Zn 

69Ga 
73Ge 75As 77Se 

79Br 
83Kr 

40K 41K 49Ti 51V 65Cu 71Ga 81Br 

85Rb 
87Sr 89Y 91Zr 93Nb 

95Mo 
99Tc 

99Ru 
103Rh 105Pd 

107Ag 111Cd 113In 117Sn 121Sb 123Te 
127I 

129Xe 

87Rb 97Mo 101Ru 109Ag 113Cd 115In 119Sn 123Sb 135Te 131Xe 

133Cs 

135Ba 175Lu 177Hf 
181Ta 183W 

185Re 187Os 191Ir 
195Pt 197Au 

199Hg 203Tl 
207Pb 209Bi Po At Rn 

137Ba 176Lu 179Hf 187Re 189Os 193Ir 201Hg 205Tl 

Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv 
 

Ts 
 

Og 

                  

 

 138La 
Ce 141Pr 

143Nd 
Pm 

147Sm 151Eu 155Gd 
159Tb 

161Dy 
165Ho 167Er 169Tm 

171Yb 
  

139La 145Nd 149Sm 153Eu 157Gd 163Dy 173Yb 

  Ac Th 231Pa 235U Np Pu Am Cm Bk Cf Es Fm Md No 
 

 

 

 

 

 

Notes:  Elements without naturally occurring NMR-active isotopes are left uncolored.  

Most Spin-½ isotopes are preferred over quadrupolar (I > ½) isotopes. 
In Solid State NMR, half-integer spins are preferred over integer spins. 

 
24Adapted from: Harris RK, Becker ED, Cabral de Menezes SM, Goodfellow R, Granger P: NMR Nomenclature. Nuclear Spin Properties and Conventions for Chemical Shifts (IUPAC Recommendations 2001). Pure Appl Chem 2001; 73:1795-1818.

Almost all elements have NMR active isotopes.



Nuclear Spin Quantum Number  (I)
• High natural abundance is desirable, but …

… “Spin-½” nuclei are preferred because they produce the sharpest signals. (Linewidth: few Hz in liquids)
… Quadrupolar Nuclei ( I > ½ ) have extremely broad signals. (Linewidth: kHz/MHz)
… Elements with less abundant isotopes may be chemically or biologically important, i.e. 13C, 15N, 17O.

The sensitivity of “Spin-½” nuclei can be increased either chemically (isotopic enrichment) or by special NMR techniques, 
i.e. Polarization Transfer (Cross Polarization, DEPT, INEPT, HETCOR), indirect detection through 1H (HSQC, HMBC).

• Solids NMR spectra of “Spin-½” nuclei can produce sharp peaks. (tens/hundreds of Hz)

• Solids NMR spectra of half-integer-spin quadrupolar nuclei have 
a moderately broad central transition (kHz) and extremely broad satellite transitions (MHz). 

• Solids NMR spectra of integer-spin quadrupolar nuclei have broad satellite transitions (MHz) and no central transition.

• In Solid State NMR “broad” does not equal “bad”!
Line width and signal shape can contain a wealth of structural and dynamic information about the molecule or material.
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Isotope Spin I Nat. Abundance
Sensitivity

(Receptivity)
Techniques

1H ½ 99.98 % 5700 Direct Observation

12C 0 98.89 % 0 No Signal

13C ½ 1.11 % 1 Direct & Indirect Observation

14N 1 99.63 % 2.1 Direct Observation (large molecules are “invisible”)

15N ½ 0.37 % 0.02 Isotopic Labeling, Indirect Observation



Magnetic Spin Quantum Number (M)
• General condition: 2I + 1 spin states

MI = I, I-1, I-2, …, -I i.e.: I=2, M= 2,1,0,-1,-2

• “Spin ½” case 1H:
• MI = + ½ (α)  and MI = – ½ (β)

• Magnetic Moments (Z components) are quantized:
μZ =  γħMI =  ± γħI =  ± ½ γħ

26

B0

(Z)



Spins in a Magnetic Field

• The α and β states possess the same energies 
(are degenerate) unless placed into a magnetic field:

Zeeman Effect
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α, β

B0

E β

α

2.35T     7.05T     14.1T

ΔE =   hν0
=  2 μzB0

ν0 = (γ/2π) B0

100 MHz   300 MHz 600 MHz ν0{
1H}



Magnetic Spin Quantum Number (M)
• General condition: 2I + 1 spin states

MI = I, I-1, I-2, …, -I

• “Spin 3/2” case 11B:
• MI = + 3/2,  + 1/2,  – 1/2,  – 3/2. 

• Magnetic Moment (Z component):
μZ =  γħMI =  ± γħI =  ± ½ γħ , ± 3/2 γħ

28

B0

(Z)

Satellite Transition

Central Transition

Satellite Transition
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Only 0.001% of all spins are detected.

NMR has a very low sensitivity 
compared to other techniques!

Boltzmann factor:
𝑁α

𝑁β
= 𝑒𝑥𝑝

−Δ𝐸

𝑘𝑇
= 1.00002

(at 100 MHz)



EM Spectrum

• NMR Frequency Range
• Resonance Frequencies of Selected Nuclei at B0 = 14.1 Tesla

low band high band
15N 13C 31P 205/203Tl 3He 19F 1H 3H

Our 600 MHz Solids probe is a Triple-Nucleus probe (H,X,Y) 
with selectable tuning ranges for various nucleus combinations.

30

0 100 200 300 400 500 600
MHz

X-Nuclei ( BB Nuclei)



EM Spectrum
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EM Spectrum
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NMR Experiments
NMR Experiment Flowchart
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Sample

Magnetization

Response

Magnet

Data

Spectrum

Storage

RF

Detection

Processing

Solid State NMR:

Repeat all steps with:
Adamantane – adjust shims
KBr – adjust magic angle
Reference – adjust RF match
Test sample – finally……

Solution NMR:

All adjustments 
and calibrations are done 
with the test sample.



NMR Experiments – Continuous Wave NMR
CW Spectrometer  
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Frequency or field sweeps can be very time consuming.

(several minutes per scan for high resolution)



NMR Experiments – Pulse-Fourier Transform
Pulse Fourier Transform Spectrometer

(records time domain data after a radiofrequency pulse)

5 µs
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FT

A single RF pulse at the frequency ν0 excites a band of frequencies around ν0.

The RF power is adjusted to excite a 50 kHz range with a 5 µs 90o pulse.

This is also called a “50 kHz B1 field ”.

MHz

ν0

The FID (Free Induction Decay) is Fourier-Transformed into the spectrum.



Zeeman Interaction

RF Field

Chemical Shifts

Quadrupolar Interaction

Spin Rotation

Dipolar Interaction

Spin Coupling

Spins – Calculation/Visualization
NMR Hamiltonians Product Operators 
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Pulse:

Chemical Shift:

J-Couplings:

Is this much detail needed? 
What are we using NMR for?



Spins – The Vector Model

Coherence 

37

Most NMR Experiments use combinations of
90º and 180º pulses

(π/2 and π pulses)

along the x or y axis.



NMR Pulses / Pulse Sequences
Pulses are described by the angle (degree or radian) by which they turn the magnetization:
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z

x

z

x

z

x

180ºy 90ºy

πy (π/2)y

Pulse Sequences consist of a series of pulses separated by delays:

π π/2

τ
RD AQ

Inversion Recovery Experiment

Only the magnetization in the X,Y plane is observable, Z magnetization is not.



NMR Pulses / Pulse Sequences
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"p2=p1*2"

"d11=30m"

"acqt0=-p1*2/3.1416"

1 ze

2 d1 Relaxation Delay

p2 ph1 Inversion Pulse

d8 Recovery Delay

p1 ph2 Detection Pulse

3 go=2 ph31 Detection Loop

d11  wr #0  if #0 

exit

ph1=0 2 

ph2=0 0 2 2 1 1 3 3

ph31=0 0 2 2 1 1 3 3

π π/2

τ
RD AQ

Inversion Recovery Experiment

;t1ir
;avance-version (07/04/03)
;T1 measurement using inversion recovery

;pl1 : f1 channel - power level for pulse (default)
;p1 : f1 channel - 90 degree high power pulse
;p2 : f1 channel - 180 degree high power pulse
;d1 : relaxation delay; 1-5 * T1
;d11: delay for disk I/O                             [30 msec]
;d8 : recovery delay
;NS: 8 * n
;DS: 4
;td1: number of experiments

d1 p2 d8 p1



Pulse Sequences
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DEPT



Pulse Sequences can be very complicated
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NMR Parameters - Shielding

42

An increased electron density will 

shield the nucleus and it will require Beff = B0 – σ B0

a higher value of B0 to achieve resonance:

The general resonance condition: ν0 = (γ/2π) B0

increasing field B0

increasing shielding

downfield (less shielded) upfield (more shielded)

The resonance condition becomes: ν = (γ/2π) B0 (1 – σ) 

This would mean that every proton 
spectrum would only have one signal.

In reality we observe 
separate signals for different protons. 

lower higher
electron electron         (more shielded)
density density

These terms originate from the early days of NMR when the magnetic field was swept while transmitting a constant frequency.

Today’s NMR spectrometers usually have a fixed magnetic field and record frequencies. The direction of the frequency axis is inverted.

increasing frequency

decreasing shielding



NMR Parameters - Chemical Shift
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The problem:

The absolute frequency ν is very large (MHz - GHz) and is B0 dependent.

The range Δν for most nuclei is very small (Hz - kHz).

i.e. a spectrum may have two proton signals at 60.000000 MHz and 60.000120 MHz.

The solution: Chemical Shift (δ)

Report a signal’s position relative to a reference signal, i.e. tetramethylsilane (TMS), 

and normalize it to the reference frequency:

δ(X) = 106 [    ν(X)      – ν(TMS)   ] /   ν(TMS)

Chemical shifts are field independent and are reported in ppm units

with typical ranges of 15 ppm for 1H and 250 ppm for 13C.

Chemical shifts increase from right to left. 10 0   ppm 

The resonance condition: ν = (γ/2π) B0 (1 – σ) 

δ(X) = 106 [60,000,120 – 60,000,000] / 60,000,000 = 2 (ppm)



NMR Parameters - Chemical Shift
• Example: 1H spectrum of Ethylbenzene at 7.05 T and 2.35 T

44

- Chemical shifts (measured in ppm) are identical at different magnetic fields.

- Couplings (Signal splittings, measured in Hertz) are also identical 
at different fields, but take up less space at higher fields/frequencies.

Better chemical shift dispersion at higher fields.



NMR Parameters - Chemical Shift
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• Example: 1H spectrum of Cellobiose Octaacetate at 14.1 T, 7.05 T, and 2.35 T

(cellobiose) 600 MHz
(14.1 T)

300 MHz
(7.05 T)

100 MHz
(2.35 T)

Large molecules will benefit most from a higher magnetic field strength.



NMR Parameters - Chemical Shift
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1H

13C

Chemical shifts of 1H and 13C relative to TMS (0 ppm)



NMR Parameters - Chemical Shift
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Chemical shift ranges for common inorganic nuclei.



NMR Parameters - CSA
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Chemical Shift Anisotropy:
The chemical shift depends on the relative orientation 

of a molecule or a crystal to the B0 field.

δ / ppm

90º 45º 0º

C N            

N N

C C

A single crystal will have a sharp NMR signal at a 
chemical shift that depends on the angle θ
between B0 and the principal axis of the crystal:

ν ≈ (3 cos2 θ - 1) 

B0        θ=30º

B0           θ=90º

B0     θ=0º

A powder sample consists of a large number of microscopic crystals at random orientations.
A powder spectrum represents a superimposition of all individual crystal orientations in the sample.



NMR Parameters - CSA
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Chemical Shift Anisotropy:

A powder sample consists of a large number of 
microscopic crystals at random orientations. 
This leads to a superimposition of the signals of all 
individual crystals, resulting in a powder pattern spectrum. 

ν ≈ (3 cos2 θ - 1) 

The lineshape is determined by the axial asymmetry 
of the electronic and molecular surrounding.

axially 
asymmetric

axially 
symmetric

In solution the Brownian motion will average all orientations, 
leading to a single sharp signal. In solid samples we need to 
simulate rapid re-orientation of the molecules: 
Spinning a powder sample around the “magic angle” (54.7º) 
will sharpen the signal around the isotropic chemical shift.

(3 cos2 θ - 1) = 0 for θ = 54.7º



NMR Parameters - Couplings
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- Spin, Spin Coupling (scalar coupling, J-coupling)

Interaction between spins through valence electrons.

B0

The magnetic field at nucleus X will be enhanced or 

attenuated depending on the orientation of spin A.

ν0{X} ν0{A}

JAX

ΔE = JAX · I(A) · I(X)

A              X

A              X



NMR Parameters - Couplings
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- Doublets, Triplets, … Multiplets
Couplings to more than one nucleus increase multiplicity.

Doublet Triplet Quartet
ν0{

13C}

CH >CH2
– CH3–

|

|

Couplings to chemically and magnetically different spins can lead to 

complex multiplicity patterns ( dd, ddd, dt, ... , m)

Multiplicity: n + 1 
for n protons 

(spin-1/2).

Use: 2·I·n + 1
for other spins I. 



NMR Parameters - Couplings
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- Doublets, Triplets, … Multiplets
Simulate spectra with measured or calculated couplings to determine multiplicity.

Couplings to chemically and magnetically different spins can lead to 

complex multiplicity patterns ( dd, ddd, dt, ... , m)

•J. Schulte, J. Lauterwein, M. Klessinger, and J. Thiem, Magnetic Resonance in Chemistry 41, 123-130 (2003), 

"Configurational Assignment in Alkyl-Branched Sugars via the Geminal C,H Coupling Constants." 



NMR Parameters - Couplings
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- single-bond vs. multi-bond coupling constants

C-H 1JCH : 100 to 200 Hz

C-C-H 2JCH : -10 to +10 Hz

C-C-C-H 3JCH : 0 to +10 Hz

H-C-H 2JCH : -5 to -15 Hz

H-C-C-H 3JCH : 0 to +10 Hz

Longer range couplings are only visible, if all nuclei 

in the coupling pathway are in the same plane.

(W configuration – zig-zag arrangement)

Couplings are 

always quoted 

in Hertz units 

(also: cps)

Couplings are 

independent of 

the magnetic 

field.



NMR Parameters - Couplings
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- Structural dependence of vicinal J couplings

Karplus Equation for 

H-C-C-H, C-C-C-H and C-O-C-H 

dihedral angles:

3J(Φ) = A + B cos Φ + C cos2 Φ 

(A, B and C can be tuned to fit

different classes of compounds)



NMR Parameters - Couplings
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- Dipolar Coupling (d)
Interaction between spins through space. No bonds are necessary.

Dipolar couplings can span thousands of hertz.

B0

r

θ
μ2

μ1

• In liquids the Brownian motion averages all orientations.

(3 cos2 θ - 1) = 0, no dipolar splitting.

• Solids and molecules dissolved in liquid crystals are aligned.

(3 cos2 θ - 1) ≠ 0, dipolar splitting / broadening.

• Sample spinning around θ = 54.7° can remove broadening.

Magic Angle Spinning (MAS)

Δν12 = 3d12/2 (3 cos2 θ - 1) / r3

Δν12



NMR Parameters - Relaxation
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•What is relaxation?

•Loss of magnetization through interaction of a spin with other spins or with the sample (“lattice”) 

will allow the spins to return to a thermal equilibrium.

•Some mechanisms for relaxation:

•Paramagnetic relaxation (proximity of free electrons: paramagnetic metals, radicals)

•Quadrupolar relaxation (nuclei with I > 1/2)

•Dipolar relaxation (proximity of other spins, typ. 1H)

•Spin rotation relaxation (i.e. rotating methyl groups)

•Chemical shift anisotropy (CSA) relaxation

•Relaxation rates are additive:

R2 = 1/T2 = 1/T2
para + 1/T2

quad + 1/T2
dipol + 1/T2

SR + 1/T2
CSA + …

>106 103 <1



NMR Parameters - Relaxation
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•T1 relaxation (spin-lattice relaxation, longitudinal relaxation)

Heat is released to the lattice (sample) when the spin reverts to the lower energy level.

T1 Measurement by “Inversion Recovery” technique:

π π/2

τ

τ

Typical T1’s: - seconds to minutes for Spin-½ nuclei (i.e. 1H: 2 sec., 13C: 20 sec., 15N: 200 sec)

- milliseconds for quadrupolar nuclei (i.e. 17O: 20 ms for H2O, <1 ms for organic molecules)

- microseconds for paramagnetic nuclei, signal decays too fast to be observed.

T1  = 1.44 · τnull

Measure Intensities for various τ values and fit with: I = 2I0 ∙ exp (- τ / T1)

I



NMR Parameters - Relaxation
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• T2 relaxation (spin-spin relaxation, transverse relaxation)

Energy dissipation by interactions between spins.

Intrinsic T2 relaxation:

T2
* = 1/π·ν½ with 1/T2

* = 1/T2 + 1/T2
inh.ν½

T2 can be measured more accurately by the “Spin-Echo” technique:

ππ/2

τ

τ

τ

T2 can be estimated from the width of the signal at half height:

T2 is always shorter than T1 (because of field inhomogeneity).

I = I0 · exp(2 τ / T2)

I



NMR Parameters - Relaxation
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• Recap:

• T2 determines the linewidth of the NMR signal.

“Short T2 lead to broader signals.”

• T1 determines the repetition rate of the NMR experiments.

“Most of the experimental time is spent waiting for 

the magnetization to recover between scans.”

• After a 90 degree pulse:

Wait 5∙T1 for 99% magnetization recovery.

Wait 2∙T1 for 88% magnetization recovery.

• Better: Use a smaller pulse angle, i.e. 60°:

cosθ = exp (-tr/T1)

(θ: pulse angle, tr: repetition time)

Examples: 1H 90°, T1 = 2 s ➔ 5∙T1 = 10 s ➔ 100 s for 10 scans @ 100% signal: Int.=3.1

60°, T1 = 2 s ➔ 1∙T1 = 2 s   ➔ 100 s for 50 scans @   60% signal: Int.=4.2

13C 90°, T1 = 10 s ➔ 5∙T1 = 50 s ➔ 100 s for 2 scans @ 100% signal: Int.=1.4

30°, T1 = 10 s ➔ tr = 2 s   ➔ 100 s for 50 scans @ 50% signal: Int.=3.5

30°, T1 = 60 s ➔ tr = 2 s   ➔ 100 s for 50 scans @ 10% signal: Int.=0.7



Key Techniques for Solid State NMR: 
1. Cross Polarization (CP)

• CP is achieved by simultaneously irradiating 
two nuclei for a duration called “contact time”.
Magnetization is being transferred from
the abundant spin (1H) to the rare spin (13C).

• CP is most efficient at the “Hartmann-Hahn-match”:
γHBH = γCBC

(B refers to the B1 field of the RF pulse, not the magnet’s B0.)

60

Benefits:

◼ Max. signal enhancement: γH/γX,     i.e. H/C = 4, H/N = 9

◼ T1(
1H) << T1(X)    → faster scanning

◼ CP is usually combined with MAS → “CP/MAS”

◼ Surface Analysis:

Surfaces often carry protons (-OH, -NH, water) and are favorable for CP.

Nuclei in the interior of a particle will not benefit from CP.

Comparison of CP with non-CP spectra can identify location.

SiO2

OH
H2O

HO OH

OH
HO

OH2

Contact Time



Key Techniques for Solid State NMR:
2. Magic Angle Spinning (MAS)

• MAS will remove dipolar and CSA broadening and 
collapse the broad powder patterns into sharp peaks.

Static sample
(Wideline NMR)

5 kHz MAS

• The isotropic 13C signals in the MAS spectrum for glycine are:
40 ppm for the methylene carbon and 173 ppm for the carbonyl carbon.

A solution NMR spectrum would show signals at the same chemical shifts.

• The additional peaks are MAS sidebands, spaced at the MAS speed intervals (here: 5 kHz).
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Key Techniques for Solid State NMR:
3. Double Angle Spinning (DAS, DOR)

Quadrupole nuclei (I > ½)

The electrical quadrupole (eQ) of a nucleus couples with the molecule’s electric field (eq):

The Quadrupole Coupling Constant χ =  (eqzzeQ)/ћ can broaden 

signals by several MHz, which cannot be removed with MAS alone.

- Removing higher order effects requires spinning around a second axis.

DAS: switches the rotor angle during the experiment.

DOR: spins a rotor within a rotating capsule.

DAS DOR

+

+
- -

+

+
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-

oblong         oblate



Key Techniques for Solid State NMR:
4. Decoupling
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Irradiating a nucleus (typically 1H) will lead to an equal distribution of its α and β populations. 
1H will become “invisible” to other nuclei. ➔ multiplets collapse into single peaks.

Decoupling Techniques:

CW decoupling (single frequency)

BB decoupling (random 10 ppm frequency modulation)

CPD decoupling (composite pulses for a more uniform decoupling) 

Side effect:

Magnetization is simultaneously being transferred to other nuclei (i.e. 13C), 

changing their signal intensity through the Nuclear Overhauser Effect (NOE).

The NOE is beneficial for 13C: Proton decoupling provides up to 50% enhancement. 
15N, 29Si experience a negative NOE, which may lead to signal loss.

require special decoupling technique:

β
1H

α -CH3



1H

13C

No Decoupling:
(no NOE, no simplification) 

Key Techniques for Solid State NMR:
4. Decoupling
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Frequently used Proton Decoupling Experiments:

1H

13C

Broadband Decoupling:
(NOE + simplification)

1H

13C

Inverse Gated Decoupling:
(simplification, no NOE)

1H

13C

Gated Decoupling:
(NOE, no simplification)

13C NMR signal of a CH3

Technique for: measurement quantitative NMR, best sensitivity for 13C,
of couplings default for Solids avoid for 15N, 29Si 



Key Techniques for Solid State NMR: 
5. Recoupling

• While most couplings are removed by decoupling and MAS, dipolar couplings can be useful, 
as their size depends on the distance between nuclei.

• Recoupling experiments, i.e. REDOR, selectively re-introduce dipolar couplings 
between individual nuclei by synchronizing refocusing pulses with the MAS rotor speed.

• The size of the coupling constant determines the speed by which a magnetization of a nucleus is dephased.

Strong coupling → close proximity between nuclei.
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Topics:
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Sample preparation:
• Obviously, no solvents must be used.

• We don’t need single crystals. Grind samples into a fine powder, or...

• Films can be cut into strips or punched into disks for bundling or stacking.

• Load and compact the rotors tightly and uniformly. Inspect rotors for cracks or damage.
(imperfections are dangerous at spinning speeds of 10 kHz = 600,000 RPM !)

• Watch MAS Sample Preparation Video
https://www.youtube.com/watch?v=bNFJj2g0UjI
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Graphics/MAS Rotors.mp4
https://www.youtube.com/watch?v=bNFJj2g0UjI


Solid State NMR Experiments - Flowchart

KBr Sample (79Br) – MAS Angle Adjustment

Glycine sample (13C) – Probe RF Tuning / Impedance Matching
(13C) – P90 Adjustment
(13C) – CP Hartman-Hahn Match
(13C) – Calibration

Research sample (13C) – Probe RF Tuning/Matching
(13C) – P90 Adjustment
(13C) – Run desired experiment

Adamantane Sample (13C) – Shimming (improve Magnet Homogeneity)

These steps 
need to be 
performed for 
any nucleus or 
sample to be 
investigated. 

These steps 
need only be 
performed 
occasionally. 

Final Spectrum
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Solid State NMR
Which nuclear properties affect Solid State NMR experiments:

Problem Symptom Solutions

Nucleus with Low Natural Abundance Weak Signals

Cross-Polarization
Isotopic labeling, uniform or specific 
(expensive options: stronger magnets, 
cryoprobes, DNP, ultrafast MAS probes)

Chemical Shift Anisotropy Broad Signals (Hz - kHz) MAS

Dipolar Coupling (homonuclear) Broad Signals (kHz) MAS

Dipolar Coupling (heteronuclear) Broad Signals (kHz) Decoupling, usually 1H or 19F

Quadrupole Nucleus
Broad Signals (MHz)
Satellite Transitions

MAS, DOR
MQ-MAS

Paramagnetic Nucleus Extremely Broad Signals (MHz+)
Record spectrum in segments 
and add the segments together.
Relaxation may be faster than electronics.
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Solution vs. Solid State NMR

Solution NMR:
The well-resolved spectrum 
shows individual signals for 
aromatic and methyl protons.

Solid State NMR:
Severe broadening due to 
CSA and dipolar couplings

can be partially alleviated 
by “Magic Angle” Spinning.

Slow MAS speeds lead to spinning sidebands occurring at periodic intervals. 
Ideally, MAS speeds should be faster than the width of the non-spinning signal. (unrealistic)
Special probes allow MAS speeds above 100 kHz, but 10 kHz is more common.

1H observation only 
has limited usefulness

for Solid State NMR

1H
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Solution vs. Solid State NMR

Solution NMR:
The well-resolved spectrum 
shows individual signals for aromatic 
and aliphatic carbons.

Solid State NMR:
Crystalline samples give sharper 
signals than amorphous samples.

Restricted molecular motion can 
lead to separate 13C signals for 
chemically equivalent C atoms.

13C is “spin-dilute” (1.1% natural abundance). → negligible dipolar broadening from other 13C.
Dipolar interactions with protons are removed through “proton decoupling”.
CSA broadening is removed through Magic Angle Spinning (MAS).

High Resolution 
13C Solid State NMR

is achievable.

13C
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Optimizing the MAS Speed
Carbon-13 - Glycine

Static powder pattern, no MAS

MAS = 500 Hz

MAS = 1 kHz

MAS = 2 kHz

MAS = 3 kHz

MAS = 4 kHz

MAS = 5 kHz

MAS generates patterns 
with individual sidebands 
separated by the MAS 
speed. 

The position of the isotropic peak 
remains unaffected by the MAS speed.

(Isotropic chemical shift) 

13C
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Optimizing the MAS Speed

1st SSBs   isotropic 15 kHz

1st SSBs isotropic 10 kHz

2nd SSBs 1st MAS-SSBs            isotropic 5 kHz

13C
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Optimizing the MAS Angle
Br-79 NMR (quadrupole nucleus), Sample: KBr, MAS=10 kHz

54.0°

54.7°

The correct MAS angle will give the sharpest peaks in the spectrum and the longest FID echo.

79Br
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Quadrupole Nuclei ( I > 1/2 )  

• This is just the central -1/2 ➔ 1/2 transition …

V-51 (I=7/2), 99.7 % nat. abundance – example: V2O5

MAS = 16 kHz

MAS = 11 kHz

Static Sample The isotropic chemical shift
does not change 

when the MAS speed changes.

MAS sidebands move 
with changing MAS speed.

51V
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Quadrupole Nuclei ( I > 1/2 )  

• Transitions between higher spin states can span several Megahertz.
Higher-order transitions are much weaker in intensity and can only be detected in segments. 
Due to bandwidth limitations of most NMR probes often only the central transition is studied.

• The central transition is often significantly broadened by CSA, as well as quadrupolar and dipolar couplings.

• Selected QCCs:
• 2H: 0.2 MHz

• 51V: 0.8 MHz (V2O5)

• 14N: 10 MHz

• 17O: 21 MHz

• 35Cl: 110 MHz

• 127I: 2.3 GHz 

V-51 (I=7/2), 99.7 % nat. abundance – example: V2O5

MAS sidebands
move with changing MAS speed

51V
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Quadrupole Nuclei ( I > 1/2 )  
V-51 (I=7/2), 99.7 % nat. abundance:

MAS sidebands
move with changing MAS speed

• The CSA shape of the central transition reveals 
structural details about the VO coordination in 
vanadium-based heterogenous catalysts: distorted octahedron:

octahedron:

distorted tetrahedron:
(one “O” is shared by 2 “V”)

VO4 tetrahedron:

51V

• A more symmetrical environment 
results in sharper signals due to 
smaller CSA values.

• A tetrahedral coordination with 
oxygen atoms leads to the highest 
symmetry for the vanadium nucleus.
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Identification of Polymorphs  
13C
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Silicon-29 NMR
Zeolites:

Five Silicon environments – five peaks:

Determination of Si/Al ratio in Zeolites:

Si4Al … Si3Al ... Si2Al … Si1Al ... Si0Al

Al Al Al Al Si
O                      O O O O

Al O Si O Al Al O Si O Si Al O Si O Si Si O Si O Si Si O Si O Si
O                      O O O O
Al Al Si Si Si

Zeolite NaX

29Si
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Silicon-29 NMR

CuX + max. NH3 

CuX + 3 NH3 

CuX + 1 NH3 

CuX

NaX

C. C. Kowenje, D. Doetschman, J. Schulte, C. Kanyi, J. DeCoste, S. Yang, B. Jones, South African Journal of Chemistry 63, 6-11 (2010), 
"Effects of Copper Exchange Levels on Complexation of Ammonia in Cu(II)-exchanged X Zeolite."

Zeolite: NaX
Differentiation of the strength of binding sites:

- Addition of paramagnetic Cu2+ cations uniformly broadens all silicon signals.
- Addition of ammonia forms a stable [Cu(NH3)4]2+ complex 
which does not bind to the zeolite and can be flushed out of the cages.

Signal “4” recovers only after adding the maximum amount of NH3.
→Cu2+ appears to prefer Al-rich sites.

4    3    2    1    0

29Si
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Carbon-13 NMR
Reactions in Zeolites:

Zeolites have a high affinity to volatile functionalized organic molecules.
They are used in gas masks to capture and neutralize poisonous gases.

Reaction of 1-chlorobutane:

in NaX → 1-butene

in Na0/NaX → cis / trans 2-butene

C. Kanyi, D. Doetschman, J. Schulte, K. Yan, R. Wilson, B. Jones, C. Kowenje and S. Yang, Microporous and Mesoporous Materials 92, 292-299 (2006), 
"Linear, primary monohaloalkane chemistry in NaX and NaY faujasite zeolites with and without Na0-treatment: Zeolites as nucleophilic reagents II." 

13C
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Phosphorus-31 NMR
Reactions in Zeolites:

Hydrolysis of Dimethyl Methylphosphonate (DMMP) 

DMMP is used as a precursor in the production 
of chemical warfare agents Sarin and Soman.

Here DMMP was used as a safe alternative to nerve agents
to study the zeolite’s ability to neutralize harmful substances.

The zeolite surface was activated with H2O.

DMMP undergoes hydrolysis in NaX.

H2O

→

J. Sambur, D. Doetschman, S. Yang, J. Schulte, B. Jones, J. DeCoste, Microporous and Mesoporous Materials 112, 116-124 (2008), 
"Multiple effects of the presence of water on the nucleophilic substitution reactions of NaX Faujasite zeolite with dimethyl methylphosphonate (DMMP)."

31P
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Phosphorus-31 NMR
Surface Analysis: CP vs. non-CP spectra
(Molecules have to be immobilized at a hydrogen-rich surface to benefit from CP.)

J. Sambur, D. Doetschman, S. Yang, J. Schulte, B. Jones, J. DeCoste, Microporous and Mesoporous Materials 112, 116-124 (2008), 
"Multiple effects of the presence of water on the nucleophilic substitution reactions of NaX Faujasite zeolite with dimethyl methylphosphonate (DMMP)."

31P

Top: without CP

Bottom: with CP

The zeolite surface was activated with H2O.

DMMP is bound to the surface (strong CP signal).

Hydrolysis product MPAME is mobile (weak CP signal).
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Normal 

(non-paramagnetic) 
31P region

Paramagnetic compounds
31P

P-31 NMR of (FeMn)PO4  - Fe3+ and Mn2+ are paramagnetic

31P

• Unpaired electrons can shift the NMR signal by several 1000 ppm from the expected region.

• Signals can be too broad to record in a single experiment.
➔ Combine multiple spectra recorded with shifted frequency offsets to cover the entire spectrum. 
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Biomolecules
Some DNAs, RNAs, peptides, and proteins are insoluble. 
Others may be soluble, but we want to study their interactions with insoluble 
constructs, i.e. cell membranes.

External addition of peptide to lipid bilayer:

Narrow CSA pattern

Insertion of peptide in lipid bilayer:

Broad CSA pattern

→ disruption of lipid membranes

W. Qiang, W. Yau, J. Schulte, Biochemica et Biophysica Acta - Biomembranes 1848, 266-276 (2014), 
"Fibrillation of beta-amyloid peptides in the presence of phospholipid bilayers and the consequent membrane disruption." 

31P
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2-Dimensional Experiments

COSY

Preparation   Evolution/Mixing            Detection

π/2 π/2

t1
incremented delay

RD
t2

Concept of 2D experiments:
One delay in the pulse sequence is systematically 
incremented to create a second time dependence, t1.
Fourier Transform in two dimensions creates 
two frequency axes.

Additional pulses and/or delays during 
the evolution period can be used to probe 
specific structural properties and interactions.

The resulting 2D spectrum shows correlations 
between different atoms based on one or more 
structural parameters, i.e.:

- Couplings  
- Proximity
- Exchange 
- Diffusion
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Polymer Dynamics
Molecule “X” can exist in two orientations, giving two signals A and B. 
Is there a dynamic exchange between forms A and B?

no exchange               slow exchange fast exchange

2D Exchange Spectroscopy 
allows distinction between:

-motion of the molecule

-internal motion of a fragment

-no motion
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