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The EXSY experiment yields a correlation between resonances of protons that are
exchanging on a timescale comparable to τm



Two-Dimensional Exchange Spectroscopy (EXSY)

Contour plot of the expanded 
‘aromatic region’ of a 2D EXSY 1H 
NMR spectrum (700 MHz, D2O, 
pH 6.5) with τm = 100 ms of a 1:1 
mixture of the disulfide and the 
thiol shown (30 mM total 
concentration). A 1D spectrum of 
the mixture is shown on the 
vertical and horizontal projections.

adapted from Bracchi & Fulton, “Orthogonal breaking and 
forming of dynamic covalent imine and disulfide bonds in 
aqueous solution.” Chem. Commun., 51, 11052 (2015).
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Two-Dimensional Exchange Spectroscopy (EXSY) 

     

1H chemical shift (ppm) (ω2)

1H chemical shift (ppm)

One-dimensional proton NMR spectrum of the organometallic compound [ReBr(CO)3(Me2-bppy)], where bppy denotes 
2,6-bis(pyrazol-1-yl)pyridine.

Twice as many peaks as there are types of different protons in the molecule! Must be a second species?

Intensities suggest a 3:1 ratio in concentration between the major and the minor species. Is the second species an 
impurity, or is it a second product in slow exchange?
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Proton two-dimensional exchange spectrum of the organometallic fluxional compound [ReBr(CO)3(Me2-bppy)], where 
bppy denotes 2,6-bis(pyrazol-1-yl)pyridine. The mixing interval was τm = 0.1 s. The off-diagonal peaks may be interpreted 
in terms of an exchange of the metal atom between two pairs of nitrogen binding sites. 
Adapted from E. W. Abel, et al., J. Chem. Soc. Dalton Trans., 1079 (1994).
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Recall: Modified Bloch Equations



Longitudinal Exchange in EXSY



Longitudinal Exchange in EXSY

Ikl om� 	 � akl om� 	Ml0  and akl om� 	 � exp Lom! #� �kl .

The 2D spectrum amounts to a pictorial representation of the 
exponeneital mixing operator.
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Longitudinal Exchange in EXSY
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For a 2 spin system, the 2x2 dynamic matrix leads to an analytical solution, and for a symmetrical
case we obtain:



Longitudinal Exchange in EXSY

Abridged Abstract: The 300-kDa cylindrical protease ClpP is an important 
component of the cellular protein quality machinery. It consists of 14 subunits 
arranged into two heptameric rings that enclose a large chamber containing the 
protease active sites. ClpP associates with ClpX and ClpA ATPases that unfold and 
translocate substrates into the protease catalytic chamber through axial pores 
located at both ends of the ClpP cylinder. Although the pathway of substrate 
delivery is well established, the pathway of product release is unknown. Here, 
we show that the interface between the heptameric rings exchanges between 
two structurally distinct conformations. The conformational exchange 
process has been quantified by magnetization exchange experiments 
recorded between 0.5°C and 40°C, so that the thermodynamic properties for 
the transition could be obtained. Restriction of the observed motional freedom in 
ClpP through the introduction of a cysteine linkage results in a protease where 
substrate release becomes significantly slowed relative to the rate observed in the 
reduced enzyme, suggesting that the observed motions lead to the formation of 
transient side pores that may play an important role in product release.



Quantitative Analysis of EXSY Spectra 

     

Homework: Read & Understand from this paper (pdf on Moodle) how one can go from the 2D exchange spectra to the 
activation energies



Summary of Cornerstone 2D NMR Experiments
Name:


EXSY (NOESY)


COSY (DQF-COSY)


TOCSY


HSQC / HMQC


Correlation by:


1H-1H exchange 


1H-1H Scalar Couplings  
(directly coupled spins only)


1H-1H Scalar Couplings  
(whole spin system)


1H-X 1JHX Scalar couplings 
(X = 13C, 13N, 13P, 29Si…)
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homework: assign the spectrum



Summary of Cornerstone 2D NMR Experiments
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Summary of Cornerstone 2D NMR Experiments
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The Tip of the Iceberg….



The Tip of the Iceberg….



Nuclear Magnetic 
Resonance

Week 4 NMR: Solid-state NMR



Objectives
• Learn about anisotropy


• Learn about coherent averaging


• Know what MAS and spin decoupling are



Magic Angle Spinning of Protons

-60-40-2080 60 40 20 0

Powdered Solid

In Solution

proton chemical shift (ppm)
100 -80

2 1345678

MAS (14 kHz)

20 10 0 −10

∆ = 2.5% ∆0 

What’s the Problem?




Solid-State NMR: Why is it different?

The only difference between solids and liquids, for NMR,
is the presence or absence of rapid molecular motion.

255075100125

carbon-13 chemical shift (ppm)

255075100125

carbon-13 chemical shift (ppm)



NMR interactions are anisotropic

Consider the chemical shift of the 
CH2 carbon resonance in ethanol




NMR interactions are anisotropic

The chemical shift can be thought of as the shielding of the nucleus from the external magnetic field by 
the electrons. 

 
The magnetic field is a vector quantity (the magnetic field has a well defined direction). The 
electronic distribution around the nucleus is highly anisotropic.


Therefore the chemical shift must depend on the orientation of the molecule with respect to the 
magnetic field.



NMR interactions are anisotropic

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.

B0

Here we represent the chemical 
shift tensor as (something like) 
an ellipsoid superimposed on the 
molecular structure.


The shift tensor is fixed in the 
molecular frame.


Reminder: Shielding (σ) is related 
to chemical shift (δ) by:

δ ∝ (1 - σ)




NMR interactions are anisotropic

B0

δ11

δ22δ33

δ11 = 104 ppm ; δ22 = 44 ppm ; δ33 = 25 ppm  (by convention δ11 > δ22 > δ33)

255075100125

carbon-13 chemical shift (ppm)

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic

B0
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δ11 = 104 ppm ; δ22 = 44 ppm ; δ33 = 25 ppm  (by convention δ11 > δ22 > δ33)

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic

B0
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δ33

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic
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δ33

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic

B0
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The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic

B0
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carbon-13 chemical shift (ppm)

δ11 = 104 ppm ; δ22 = 44 ppm ; δ33 = 25 ppm  (by convention δ11 > δ22 > δ33)

δ22δ11 δ33

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.



NMR interactions are anisotropic

The chemical shift is anisotropic. It is not described by a single number, but by a second rank 
spatial tensor, defined by the three orthogonal principal values of the tensor and the angles that 
define the orientation of the axes system of the principle values in the molecular reference frame.

For any given orientation of the principle axis system
of the chemical shift tensor with respect to the magnetic field
the chemical shift is:

δ(θ,φ) = δ11sin2θcos2φ + δ22sin2θsin2φ + δ33cos2θ
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carbon-13 chemical shift (ppm)

C4C1C5C2C3

What are the chemical shifts for a single crystal of durene at a given orientation?
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0100
carbon-13 chemical shift (ppm)

Why are there 10 peaks in the experimental spectrum?
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The principle values and orientations of the chemical shift tensors (with respect to an 
external axes) can be obtained from a rotation plot. Chemical shifts are measured as a 
function of the crystal orientation as it is rotated around the x, y, and z axes in the 
laboratory.
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The chemical shift is a second rank spatial tensor property.  
(It therefore has the same orientation dependence as d-orbitals.)


δ(θ,φ) = δ11sin2θcos2φ + δ22sin2θsin2φ + δ33cos2θ
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Powder Spectra

carbon-13 chemical shift (ppm)

δ22 δ33δ11

What does the spectrum of a powder look like?
B0



255075100125

Powder Spectra

carbon-13 chemical shift (ppm)

δ22 δ33δ11

B0

p(Ω) is the probability of finding a particular crystallite orientation and ωzz is the observed frequency for that 
orientation. In a powder sample, all orientations are present with equal probability. 

The spectrum of a powder is a sum of the spectra arising from each of the crystallites present in the sample.




Powder Spectra

Chemical shift principle values (but not orientations) are available from  
powder spectra by simple inspection. 

255075100125

carbon-13 chemical shift (ppm)

δ22 δ33δ11



255075100125

Powder Spectra

Chemical shift principle values (but not 
orientations) are available from  
powder spectra by simple inspection. 

 
We refer to the special cases where δ11 = δ22 or 
δ22 = δ33 as axially symmetric tensors.


The CSA tensor principle values are often 
expressed in terms of the isotropic shift, δiso, 
span, Ω, and skew, κ :


 δiso = (δ11  + δ22 + δ33)/3


Ω = δ11  - δ33


κ = 3(δ22  - δiso)/Ω


Ω will always be larger than or equal to 0. It 
measures the overall extent of anisotropy. κ will 
range from -1 to 1 and it measures the deviation 
from axial symmetry. 255075100125

carbon-13 chemical shift (ppm)

δ22

δ33δ11



Chemical Shift Anisotropy
Consider carbon-13 chemical shift anisotropy 
(CSA) in some simple cases:

 

highly symmetric environment
shielding is very similar in all 
directions
very small CSA

asymmetric environment
shielding is quite different in all 
three directions
large CSA, large asymmetry 
parameter

axially symmetric environment
shielding is quite different in two 
directions (⟂ and ∥ to the 
molecular axis)
large CSA, no asymmetry

-100-50050100150200250
13C chemical shift / ppm

-100-50050100150200250
13C chemical shift / ppm



Chemical Shift Anisotropy

Chemical shift anisotropy is a sensitive reporter of electronic structure.

carbon-13 chemical shielding from C6H6 (ppm)
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Figure: adapted from M. Mehring, “High Resolution NMR Spectroscopy in Solids,” Springer, 1976

homework: work out the chemical basis for the difference in CSA between acetic anhydride and acetone



Powder Spectra Have Low Resolution

In molecules with many different nuclei, powder spectra will overlap, and resolution is lost. 
Many overlapping powder patterns make spectra unreadable.

No access to pertinent chemical information.

carbon-13 chemical shift (ppm)
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carbon-13 chemical shift (ppm)

Cyclosporin A
a cyclic 11 amino acid peptide

polycrystalline powder

CDCl3 solution

One simple way to gain resolution is by dissolving the sample in a liquid. Why?

Solution spectrum from Helv. Chim. Acta 68, 661 (1985) 

How can we regain high-resolution?

20 ppm60100140180



carbon-13 chemical shift (ppm)

Cyclosporin A
a cyclic 11 amino acid peptide

polycrystalline powder

CDCl3 solution

How can we regain high-resolution?

Rotational molecular motion (usually referred to as rotational diffusion) with a correlation time τc much 
faster than 1/Ω will result in a spectrum in which only the average value of the chemical shift is 
observed. (Think of it as rapid exchange between all orientations.) For each type of nucleus, it will be 
the same for all the molecules in the sample: δiso.  

Idea: Impose motions on the sample, which will average the anisotropic component
to zero. Do these motions have to be low symmetry? (SO(3)?)

20 ppm60100140180



Coherent Averaging
What is the simplest motion that will remove 
the anisotropic part of the interaction? Does it 
have to be random isotropic rotational 
motion? 


By comparing the symmetry of the interaction 
(here 2nd rank spherical harmonics) and the 
symmetry of a given motion, we can 
determine to what extent that motion will 
average the interaction. Group theory gives 
us the answer.


We find that motions with tetrahedral or 
octahedral symmetry are already sufficient to 
average interactions with a 2nd rank spatial 
dependence to zero.


For example, a motion with octahedral 
symmetry consists in jumping between the 
three orientations that point along the x, y and 
z axes of a cube.



Coherent Averaging: Magic Angle Hopping

A motion with octahedral symmetry consists in the sample jumping between 
the three orientations that point along the x, y and z axes of a cube.


This can also be achieved by spinning the sample around the body diagonal 
of the cube (the 1,1,1 axis)

z

x

y



Coherent Averaging: Magic Angle Spinning

Another way to visualise this is to consider that physically spinning the sample produces 
an average orientation that is aligned with the spinning axes, for any given initial 
orientation of the interaction.



For an axially symmetric tensor (i.e. either with δ22 = δ33 = δxx and δ11 = δzz 
or with δ11 = δ22 = δxx and δ33 = δzz) the chemical shift is given by:


Coherent Averaging: Magic Angle Spinning

where β is the angle between the 
δzz axis and the magnetic field.

β

Spinning the sample makes all crystallites appear 
to have an average β angle ⟨β⟩ that is oriented 
along the spinning axis.


If the axis of spinning is 54.7°, then ⟨β⟩ = 54.7° and 
3cos2 ⟨β⟩ - 1 = 0so that ⟨δ⟩ = δiso




255075100125

Magic Angle Spinning
If the angle of the spinning axes is set to 54.7° wrt to B0, then  

all orientations will have the same average frequency.  
It is the center of gravity of the powder pattern: the isotropic chemical shift

255075100125

carbon-13 chemical shift (ppm)

δ22 δ33δ11

carbon-13 chemical shift (ppm)

δiso

 δiso = (δ11  + δ22 + δ33)/3

MAS



Magic Angle Spinning

carbon-13 chemical shift

static sample

sample spinning around
the magic angle

20 ppm60100140180

33.3 kHz MAS

20 ppm60100140180

14 Hz

Cyclosporin A
a cyclic 11 amino acid 

peptide
polycrystalline powder
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CPMAS
spectrum
(form II0)

carbon-13 chemical shift (ppm)

Magic Angle Spinning
Note that the isotropic chemical shift can change between the solid and liquid phases

Chemical shifts are exquisite reporters of chemical structure and dynamics 
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What is the fine structure of the peaks? Why?
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How could we remove the heteronuclear J couplings?



     

     

Coherent Averaging in Spin Space: Spin Decoupling


By applying a train of π pulses to the heteronucleus (usually 1H), or by continuous irradiation 
of the heteronucleus, we can average the heteronucelar J coupling to zero.

The decoupled spectrum has better resolution & sensitivity. Carbon-13 NMR spectra are 
almost always recorded with decoupling.
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Conclusions
• The chemical shift is anisotropic. The NMR frequency depends on the orientation of 

the molecule with respect to the magnetic field.


• Anisotropic interactions are described by a tensor. The CSA tensor is second rank, 
and has three principle values in an axes system described by three angles with 
respect to a reference frame fixed in the molecule.


• The full CSA tensor can be determined from NMR of single crystals.


• Powder spectra are the sum of spectra from all orientations. Line shapes are 
characteristic of the tensor principle values.


• By rapidly spinning the sample around an axes at an angle of 54.7° with respect to 
the main field, the anisotropy can be averaged to the isotropic value for any 
crystallite orientation. We refer to this as coherent averaging. Magic angle spinning 
yields a high-resolution isotropic spectrum from a powder.


• Coherent averaging can also be applied in spin space. By irradiating protons during 
acquisition of carbon-13, heteronuclear scalar couplings can be averaged to zero 
(decoupled).
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Perovskite-based cells: the fastest-advancing 

solar technology to date
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Degradation of α-FAPbI3 under environmental conditions
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Atomic-level mechanism of molecular modulators

Cs

doping
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133Cs solid-state MAS NMR of cesium-doped perovskites

Cs+ incorporation into lead 
halide perovskites

Kubicki, Prochowicz, Hofstetter, Zakeeruddin, Grätzel, Emsley, J. Am. Chem. Soc. 139, 14173 (2017) 
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Phase Composition and Cation Doping in Perovskites 
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J. Am. Chem. Soc. 139, 14173 (2017) ; J. Am. Chem. Soc. 140, 3345 (2018); J. Am. Chem. Soc. 140, 7232 (2018); Nano Energy 49, 523 (2018);  
Nature Comm. 9, 4482 (2018); Joule 3, 205 (2019); Nature Comm. 10, 4686 (2019); ACS Energy Lett 5, 2964 (2020); Science 370, 74 (2020) & others

Co2+ ✔︎ ✘
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NMR determination of the atomic-level mechanism of 
modulators leads to a paradigm shift in design principles
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Supramolecular Engineering of FA-Based Layered 
2D Perovskite Solar Cells

Direct observation of the formation of the 2D layered Ruddlesden-Popper (RP) phase

Milic, Im, Kubicki …. Emsley, Grätzel, Adv. Energy. Mat. 2019, 1900284
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Atomic-Level Insights for NMR Lead to New Design Strategies that 
Yield New Record Holding Materials for Efficiency and Stability

Jeong, et al., “Pseudo-halide anion engineering for α-
FAPbI(3) perovskite solar cells,” Nature,  (2021).

Lu et al., “Vapor-assisted deposition of highly 
efficient, stable black-phase FAPbI(3) perovskite 
solar cells,” Science 370, 74 (2020).
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NMR spectroscopy probes multiple aspects of microstructure, 
dynamics and doping of metal halide perovskites

Kubicki, Stranks, Grey, Emsley, Nat. Rev. Chem. 5, 624 (2021). 

https://doi.org/10.1038/s41570-021-00309-x



Objectives
• Learn to read research articles


• Learn how to apply NMR to real-world problems



Case Studies
For each of the papers:

• What is the subject of the research & why is it interesting or 
important?

• What is the precise objective of this study?

• What is/are the approach(es) used?

• What role does NMR play? 

• What are the conclusions? How do the NMR results 
support the conclusions?



Case Study 1
Drug Discovery by NMR
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