
Advanced NMR & 
Imaging

Week 13: Solid-state NMR



Objectives
• Learn more about anisotropy

• Learn about coherent averaging

• Know what magic-angle-spinning (MAS) is



Magic Angle Spinning of Protons
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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.



Recall Last Week: NMR interactions are anisotropic

Consider the chemical shift of 
the CH2 carbon resonance in 

ethanol 



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.

Recall Last Week: 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 principal values of the tensor and the angles that define the 

orientation of the principle values in the molecular reference frame.

B0
Here we show the chemical shift 

tensor as 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) 

Recall Last Week: 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 principal values of the tensor and the angles that define the 

orientation of the principle values in the molecular reference frame.

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

Recall Last Week: NMR interactions are anisotropic



Single Crystal NMR
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What are the chemical shifts for a single crystal of durene at a given orientation?
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Single Crystal NMR

0100
carbon-13 chemical shift (ppm)

Why are there 10 peaks in the experimental spectrum?
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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

where 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.  



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 degree of anisotropy. κ will 
range from -1 to 1 and it measures the deviation 
from axial symmetry. 255075100125
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δ22

δ33δ11



Powder Spectra

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.
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How can we regain high-resolution?

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

2060100140180   

carbon-13 chemical shift (ppm)

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

Cyclosporin A
a cyclic 11 amino acid peptide

polycrystalline powder

CDCl3 solution



How can we regain high-resolution?

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

2060100140180   

carbon-13 chemical shift (ppm)

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

Cyclosporin A
a cyclic 11 amino acid peptide

polycrystalline powder

CDCl3 solution

Molecular motion 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)?)



Coherent Averaging

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



Coherent Averaging: Magic Angle Spinning

Spinning the sample produces an average orientation that is 
aligned with the spinning axes for any given initial orientation of the interaction.



Coherent Averaging: Magic Angle Spinning
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: 

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

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

β



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

33.3 kHz MAS

Cyclosporin A
a cyclic 11 amino acid peptide

polycrystalline powder



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

020406080100120140160

CPMAS
spectrum
(form II0)

Chemical shifts are exquisite reporters of chemical structure and dynamics 

Liquid-state  
spectrum



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.



• What happens for spin I > 1/2?

Objective



The NMR Hamiltonian: The Key to the Spectrum
Reminder: 

  s t( ) = exp -iHt( )s 0( )exp +iHt( ) .

  H = H z + HQ + H D + H cs + H J

Zeeman Interaction
(~100 MHz)

Quadrupolar Interaction
(0-100 MHz)

Dipolar Interaction
(0-20 kHz)

Chemical Shift
(0-2000 ppm)

Scalar Coupling
(0-200 Hz)

B0



Quadrupolar Nuclei

L. Frydman
http://www.weizmann.ac.il/chemphys/Frydman_group/home.html



The Quadrupolar Interaction
The quadrupolar interaction arises from the presence of an electric field gradient at the nucleus
interacting with a non-spherical charge distribution. We will not go into more detail. We will just
note that   HQ = 0 for spin I = 1

2 , but that it is normally not zero for I > 1
2 . The Hamiltonian is

expressed as

HQ =
eQ

6I 2I -1( )h
Vab

3
2 Ia Ib + Ib Ia( ) -dab I I +1( )[ ]

a,b = x,y,z

Â

HQ =
eQ

6I 2I -1( )h
I ‡V ‡I

where eQ is the nuclear quadrupole moment and V is the electric field gradient tensor. We define
a quadrupolar coupling constant

wQ =
3e 2 qQ

4 I 2 I - 1( )h

where eq represents the field gradient component Vzz
, and with an asymmetry

parameter given by h = Vxx - Vyy( ) Vzz
, and the secular Hamiltonian becomes

HQ =
wQ

3
3Iz

2 - I 2 + h Ix
2 - Iy

2( )( ) 1
2 3cos2 q -1( ) + 1

2 h sin2 q cos2f( )

++ +

_

_

++ +

_

_



The Quadrupolar Interaction

  
HQ =

wQ

3
3Iz

2 - I 2 + h Ix
2 - Iy

2( )( ) 1
2 3cos2 q -1( ) + 1

2 hsin2 q cos2f( )

frequency

 wQ

For spin I = 1, e.g. 2H, we obtain a doublet with an orientation dependent splitting. For higher
spins we see more lines, e.g. for spin I =

3
2  (23Na) we see an o rientation independent central

transition and two orientation dependent outer lines, as shown in the figure. In general there are
2I non-degenerate transitions.

In conclusion, we have clearly seen that the secular parts of   H cs,H D  and   HQ  are all orientation
dependent with respect to   H z . They all have a tensorial nature.

++ +

_

_



First Order Quadrupolar Spectra: MAS
measurement of quadrupolar couplings

27Al MAS spectrum of a-Al2O3



The Complete 51V MAS NMR Spectrum of Surface Vanadia
Nanoparticles on Anatase (TiO2): Vanadia Surface Structure

of a DeNOx Catalyst
Ulla Gro Nielsen,£,ß Nan-Yu Tops˘e, ³ Michael Brorson, ³ J˘rgen Skibsted,£ and

Hans J. Jakobsen*,£

Contribution from the Instrument Centre for Solid-State NMR Spectroscopy,
Department of Chemistry, UniVersity of Aarhus, DK-8000 Aarhus C, Denmark, and

Haldor Tops˘e A/S, Nym˘lle Vej 55, DK-2800 Lyngby, Denmark

Abstract: The first observations of the complete manifold of spinning sidebands (ssbs) including both the
central and satellite transitions in 51V MAS NMR spectra of surface vanadia nanoparticles on titania in
DeNOx catalysts are presented. 51V quadrupole coupling and chemical shift anisotropy parameters for the
dominating vanadia structure are determined from 51V MAS NMR spectra recorded at 9.4 and 14.1 T.
Based on correlations previously established between 51V NMR parameters and crystal structure data for
inorganic vanadates, the NMR data are consistent with vanadium in a distorted octahedral oxygen
coordination environment for the so-called strongly bonded vanadia species on the surface. The investigation
includes two vanadia- titania model catalysts and six industrial-type DeNOx catalysts.

J. AM. CHEM. SOC. 2004, 126, 4926- 4933

Figure 2. Schematic representation of the distorted VO6 octahedron for
the V1 species on the anatase surface, illustrating the orientation of the
CSA and EFG tensors. The projection of these tensors upon this unit assumes
that the ‰zz element is oriented along the short Vd O bond (see text) and
employs the „ , ¯ , and Í Euler angles determined experimentally (Table 1)
for the relative orientation of the two tensors.

Figure 4. 51V MAS NMR spectra of six different vanadia- titania catalysts. All samples are removed from their mechanical supports (glass-fiber mats)
which have vanadia loadings corresponding to (a) 1 wt % V2O5 (Ór ) 12.0 kHz, 300 000 scans), (b) 3 wt % V2O5 (Ór ) 14.0 kHz, 333 000 scans), (c) 6 wt
% V2O5 (Ór ) 12.0 kHz, 67 000 scans), and, finally, loadings corresponding to 7 wt % WO3 and (d) 1 wt % V2O5 (Ór ) 13.0 kHz, 313 000 scans), (e) 3 wt
% V2O5 (Ór ) 14.0 kHz, 311 000 scans), and (f) 6 wt % V2O5 (Ór ) 13.0 kHz, 153 000 scans). All spectra are shown on the same spectral width. The kHz
scales are relative to the isotropic peak for V2O5, and the ppm scales are referenced relative to neat VOCl3. Spinning sidebands from 27Al in aluminum oxide
from the residual glass-fiber contaminations are observed in the low-frequency part (Ó e 300 kHz) for most of the spectra.
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Ultra-Slow Motions
2D Deuterium Exchange 
Spectra: 
Molecular Dynamics



Proc. Natl . Acad. Sci. USA
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Chemistr y

Solid and liquid phase 59Co NMR studies of cobalamins and
their derivatives
A LES MEDEK , VERON ICA FRYDMAN , AND LUCIO FRYDMAN *

Department of Chemistry, Un iversity of Illinois, Chicago, IL 60607

ABSTRACT We describe the application of 59Co NMR to
the study of naturally occur r ing cobalamins. Tar gets of these
investigations included vit amin B12, the B12 coenzyme, meth-
ylcobalamin, and dicyanocobyr inic acid heptamethylester.
These measurements were carr ied out on solutions and pow-
ders of dif ferent or igins, and repeated at a var iety of magnetic
f ield strengths. Par ticularly infor mative were the solid-st ate
central t ransition NMR spectra, which when combined with
numer ical line shape analyses pr ovided a clear description of
the cobalt coupling parameters. These parameters showed a
high sensitivit y to the typeof ligands att ached to the metal and
to the cr ystallization histor y of the sample. 59Co NMR deter-
minations also were carr ied out on synthetic cobaloximes
possessing alkyl, cyanide, aquo, and nit r ogenated axial
gr oups, substituents that paralleled the coordination of the
natural compounds. These analogs displayed coupling
anisot r opies comparable to those of the cobalamins, as well as
systematic up-f ield shif ts that can be rationalized in ter ms of
their str onger binding aff init y to the cobalt atom. Co-
baloximes also displayed a higher regular it y in the relative
or ient ations of their quadr upole and shielding coupling ten-
sors, ref lecting a higher symmetr y in their in-plane coordi-
nation. For the cobalamines, poor cor relations were observed
betweenthe values measured for the quadr upole couplings in
the solid and the line widths observed in the cor responding
solution 59Co NMR resonances.

FIG . 4. Superimposed experiment al (thick lines) and simulated
(thin lines) 59Co solid-state NMR spectra corresponding to the
indicated B12 derivatives. (Left) Spectra recorded on the samples as
purchased. (Right) Spectra recorded on samples cr ystallized by slow
evaporation. Line shapes were fitted at all magnetic fields simult a-
neously as described in the text, by using the coupling parameters
summarized in Table 1.



The Quadrupolar Interaction:
Second Order ++ +

_

_If the Quad rupo lar coup ling is large, then th e fir st order perturbation we have used so far is not
suffic ient, and second o rder contribu tions to th e perturbation on the Zeeman in teraction must be
cons idered.

The second o rder treatment generates the app earance of produc ts of second -rank tenso rs, leading
to an overall four th ran k con tribution to the an isotropy, wh ich a lso affe cts the central transition.

We find that the resonance fre quen cy is propo rtional to:

† 

f ∝ aij
0( ) + aij

2( )P2 cosq[ ] + aij
4( )P4 cosq[ ]

with

† 

P2 cosq[ ] = 1
2 3cos2 q -1( )

and

† 

P4 cosq[ ] = 1
8 35cos4 q - 30cos2 q + 3( ).



The Quadrupolar Interaction:
Second Order ++ +

_

_

The result is that for large quadrupole couplings we expect to see an 
orientation dependent central transition, with second and fourth rank 
spatial anisotropy.

The satellite transitions will be so broad as to be unobservable in most
cases.
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How can we remove second order
quadrupole broadening to

obtain high-resolution spectra?



Second Order Quadrupolar Interactions
MAS does not average the anisotropy to zero

icosahedral motions are needed to average both second and fourth rank terms to zero



Second Order Quadrupolar Interactions
MAS does not average the anisotropy to zero

rotation about both axes, Qm(2) and Qm(4), could remove all
the anisotropy and yield narrow spectra of second order quadrupolar 

broadened systems....



Second Order Quadrupolar Interactions
Double Rotation yields isotropic spectra!

the sample is simultaneously rotated 
about both Qm(2) and Qm(4).

27Al DOR spectra of dehydrated (b) and
partially rehydrated (c,d) VPI-5



Second Order Quadrupolar Interactions
isotropic spectra at the magic angle

T.Vosegaard, D.Massiot, P.J.Grandinetti, 'Sensitivity enhancements in MQ-MAS NMR of spin-5/2 nuclei using modulated rf mixing pulses.',
Chem. Phys. Letters, 326 pp454-460 (2000).

L. Frydman and coworkers (1995-present)
http://www.weizmann.ac.il/chemphys/Frydman_group/home.html



Second Order Quadrupolar Interactions
isotropic spectra at the magic angle

L. Frydman and coworkers (1995-present)
http://www.weizmann.ac.il/chemphys/Frydman_group/home.html



Second Order Quadrupolar Interactions
isotropic spectra at the magic angle

L. Frydman and coworkers (1995-present)
http://www.weizmann.ac.il/chemphys/Frydman_group/home.html

Arguably, the most important biological metal is magnesium. However, few 
techniques are available for the spectroscopic investigation of this closed shell, 
diamagnetic ion. Here the Frydman group illustrate the use of solid-state NMR to 
investigate the NMR properties of magnesium(II) in complex with adenosine 
5'-triphosphate and bis(2-pyridyl)amine (BPA). This complex has been previously 
studied crystallographically and the BPA allows for high quality crystals.

Peak 1

Peak 2

one-dimensional spectra do not give access to strucutral information



Second Order Quadrupolar Interactions
isotropic spectra at the magic angle

A.Lafuma, F.Fayon, D.Massiot,
S.Chodorowski Kimmes, C.Sanchez,
'Solid-state NMR characterization of oxygen
sites in organically modified aluminosilicate
xerogels.',
Magnetic Resonance in Chemistry, 41
pp944-948 (2003).



Second Order Broadening is Reduced at High Field

Gan, Gor’kov, Cross, Samoson, Massiot, JACS 124 5634-5635 (2002)  
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• Q: Why don’t we see much solution-state NMR of
quadrupoles?

• A: The quadrupolar integration is >100 times larger than
the dipolar interaction: it usually leads to very efficient
relaxation.

• Very fast relaxation leads to very broad lines and a
consequent loss of resolution… less chemical information.

• (Some solution quadrupolar NMR is done, typically, on
23Na, 27Al, 14N, 2H…)



• Spins I > 1/2 have undergo the quadrupolar interaction: a
coupling between the nuclear charge distribution and the
electric field gradient at the nucleus.

• It leads to spectra with an isotropic centerband (for half-integer
spins, to first order) and to anisotropic satellite transitions

• For most spins, the quadrupolar couplings are large (>MHz)
and depend sensitively on the electronic structure.

• For 2H, the quadrupolar coupling is around 200 kHz and does
not depend much on structure. Observation of 2H quadrupolar
couplings yields a measure of local mobility.

Conclusions



For a more detailed introduction to solid-state NMR methods and applications, read the primer


available here: https://www.nature.com/articles/s43586-020-00002-1


and on Moodle







2015: 1H Detected NMR with Fast MAS@1GHz

J. Am. Chem. Soc. 137, 14877 (2015)



Carbon-13 Chemical Shifts 

Solid-state chemical shifts reflect the precise crystalline environment

Harris, Sol. State. Sci. 6, 1025 (2004)
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Intermolecular 15N-15N J Couplings Across
Hydrogen Bonds in the Solid-State

Courtesy of Steven P. Brown, Warwick
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cis-conformation 
P-1 triclinic space group 

a = 10.09 Å, b = 11.39 Å,  c = 13.17 Å 
α = 99.1°, β = 59.5°, γ = 73.3°

First de novo determination of an unknown structure of an organic solid from NMR, DFT 
Chemical Shift Calculation and Computational Crystal Structure Prediction

J. Am. Chem. Soc. 135, 17501 (2013)

De Novo Determination of a  
Previously Unknown Structure  

(Form 4 of AZD8329, a large drug molecule)
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(Multi-Dimensional) NMR Provides Atomic-Level 
Structures in Bulk Materials

Here, 2D 1H NMR in combination with DFT and PXRD yields the  
complete structure of the SIM-1 Metal Organic Framework

Angew. Chem. Intl. Ed. 54, 5971 (2015)



Structure of a Surfactant-Templated Silicate Framework in the
Absence of 3D Crystallinity

Niklas Hedin,£,� Robert Graf,ß Sean C. Christiansen,£ Christel Gervais,#

Ryan C. Hayward,£,� Juergen Eckert, � ,| and Bradley F. Chmelka*,£,�

Contribution from the Department of Chemical Engineering, UniVersity of California,
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Abstract: The structure of a novel molecularly ordered two-dimensional (2D) silicate framework in a
surfactant-templated mesophase has been established by using a combination of solid-state nuclear

magnetic resonance (NMR) spectroscopy, X-ray diffraction, and quantum chemical and empirical force-

field modeling. These materials are unusual in their combination of headgroup-directed 2D crystalline

framework ordering, zeolite-like ring structures within the layers, and long-range mesoscopic organization

without three-dimensional (3D) atomic periodicity. The absence of registry between the silicate sheets,

resulting from the liquidlike disorder of the alkyl surfactant chains, has presented significant challenges to

the determination of framework structures in these and similar materials lacking 3D crystalline order. Double-

quantum 29Si NMR correlation experiments establish the interactions and connectivities between distinct

intra-sheet silicon sites from which the structure of the molecularly ordered inorganic framework is

determined.
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Figure 1. Energy-minimized structure of the molecularly ordered silicate
sheets in the lamellar silicate- C16N+Me2Et mesophase. (a) Side-view,
showing the layered structure in profile. The alkyl chains of the surfactant
are disordered; their positions are not exact. (b) Top-view of the 2D silicate
framework showing four- and six-membered silicate rings. The five different
tetrahedrally coordinated silicon sites are highlighted, and the surfactant
molecules are excluded for clarity. Two of the silicon sites are incompletely
condensed Q3 species, site 1 (orange) and site 2 (yellow), while site 3 (red),
site 4 (green), and site 5 (blue) are fully condensed Q4 moieties. The various
Si sites correspond to the respectively labeled peaks in the 1D 29Si MAS
NMR spectrum of Figure 2.

Figure 2. Dipole- dipole-mediated 2D Double-Quantum 29Si{29Si} MAS
NMR spectrum from a lamellar silicate- C16N+Me2Et mesophase with a
molecularly ordered framework, enriched 50% in 29Si. A single-pulse 29Si
MAS NMR spectrum, with five resolved peaks of equal 1:1:1:1:1 integral
intensities accompanies the contour plot along the horizontal single-quantum
dimension, while the double-quantum dimension lies along the vertical axis.
Spatial proximities between pairs of dipole- dipole-coupled 29Si sites are
established by correlated 29Si signal intensities at identical double-quantum,
chemical shifts. The lowest contour level is at 4% of the full intensity, and
each new level corresponds to an intensity increase by a factor of 2. The
molecular building unit from which the ordered silicate framework is
constructed (see discussion below) accompanies the spectrum.



glasses, new materials, and nanosciences 
Quadrupolar nuclei have always played a leading role in NMR. Since the 90s oxygen and aluminum 
NMR studies have continuously contributed to change the understanding we have of the structure and 
dynamics of glass forming materials and their related molten state. This is now changing the whole way 
we think about the formation and structure of disordered materials. In 2006 Grey and coworkers use 
understanding from NMR observations directly to improve the charging rate capacity of lithium nickel 
magnanese oxide in rechargeable batteries. In 2010 Emsley and coworkers introduce Dynamic Nuclear 
Polarisation Surface Enhanced NMR Spectroscopy (DNP SENS), and in 2014 they use this new 
method to solve the structure of core-shell nanoparticles.
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Quantification of actinide a-radiation damage in
minerals and ceramics
Ian Farnan1, Herman Cho2 & William J. Weber2

There are large amounts of heavy a-emitters in nuclear waste and
nuclear materials inventories stored in various sites around the
world1. These include plutonium and minor actinides such as
americium and curium. In preparation for geological disposal
there is consensus2 that actinides that have been separated from
spent nuclear fuel should be immobilized within mineral-based
ceramics rather than glass2–4 because of their superior aqueous
durability and lower risk of accidental criticality. However, in
the long term, the a-decay taking place in these ceramics will
severely disrupt their crystalline structure2–4 and reduce their dur-
ability5,6. A fundamental property in predicting cumulative radi-
ation damage is the number of atoms permanently displaced per
a-decay. At present, this number is estimated to be 1,000–2,000
atoms/a in zircon4. Here we report nuclear magnetic resonance,
spin-counting experiments that measure close to 5,000 atoms/a
in radiation-damaged natural zircons. New radiological nuclear
magnetic resonance measurements on highly radioactive, 239Pu
zircon show damage similar to that caused by 238U and 232Th in
mineral zircons at the same dose, indicating no significant effect of
half-life or loading levels (dose rate). On the basis of these mea-
surements, the initially crystalline structure of a 10weight per cent
239Pu zircon would be amorphous after only 1,400 years in a geo-
logical repository (desired immobilization timescales are of the
order of 250,000 years). These measurements establish a basis
for assessing the long-term structural durability of actinide-
containing ceramics in terms of an atomistic understanding of
the fundamental damage event.

Several actinide-containing minerals, such as zircon (ZrSiO4), are
highly durable, with the result that some are almost as old as the Earth
(4.4 gigayears; ref. 7). They have frequently endured extreme geo-
logical events while remaining as closed systems for uranium and
thorium over geological timescales8,9. This long-term actinide reten-
tion with respect to a variety of geological events is the major design
criterion for ceramic immobilization matrices for the disposal of
actinides arising from nuclear power generation or weapons produc-
tion. Although it may not be the final choice of actinide immobiliza-
tion matrix (see below), zircon is the best available natural analogue
for comparing material behaviour on a geological timescale.

One certainty in the behaviour of actinide-containing ceramic
phases over the long term will be the number of a-decay events they
will need to withstand over the proposed lifetime of any geological
repository or storage facility. Radiation damage due to the emission
of an alpha particle by an actinide nucleus is believed to occur
through two distinct processes4. The a particle itself (4.5–5.5MeV),
will mainly cause ionizations during its flight through a material, but
it is also known to cause a few hundred atomic displacements
(Frenkel defects) as it is slowed by collision with atomic nuclei.
The recoil of the heavy actinide nucleus (70–100 keV) is believed to

cause the majority of the localized structural damage (amorphiza-
tion) as it creates a cascade of collisions with surrounding ions. In
minerals, this process is known as metamictization and it was quan-
tifiably linked to actinide a-activity in zircon 50 years ago10. These
authors10 showed that under increasing a-decay doses of a-particles
and heavy nuclear recoils, severe broadening and shifting of X-ray
diffraction peaks accompanied decreases in properties such as the
density and birefringence of zircon, evidence of swelling and a loss of
crystallinity. Alpha-radiation damage at an atomistic level in bulk
samples is correspondingly difficult to follow using diffraction-based
techniques. Nuclear magnetic resonance (NMR) spectroscopy, on
the other hand, can detect amorphous and crystalline regions equally.
Furthermore, the ability of NMR to elucidate local structure in con-
ventionally amorphous materials such as glasses suggests that it can
be of similar value in structural studies of the damaged regions11–13 of
crystalline materials.

The effect of increasing a-radiation damage on the local atomic
structure in zircon is illustrated in Fig. 1. The 29Si NMR spectrum of
an undamaged zircon (Fig. 1a) exhibits a narrow line at –81.6 p.p.m.
consistent with silicon bonded to four non-bridging oxygens14 in
the zircon structure. In contrast, in a zircon that has received
1.23 1018 a/g, but has not exhibited significant swelling (Fig. 1b),
the spectrum presents an additional broad resonance, at more
negative chemical shifts, that is due to a combination of isolated
and polymerized SiO4 tetrahedra in amorphized material12,13,15,16.
This indicates the ability of the NMR technique to detect structural
damage before it becomes evident in the density. Upon a further
increase in the a-dose, the relative amounts of crystalline and
amorphous regions change, and the character of the broad compon-
ent changes (Fig. 1c) as damaged regions percolate and swelling
begins15,17. Finally, Fig. 1d shows a high-a-dose zircon with almost
complete swelling that presents a substantial broad NMR signal from
the majority amorphous phase, although some residual ‘islands’ of
crystallinity remain, indicated by the sharper peak.

If the crystalline and amorphous regions of the zircons contribute
solely to the narrow and broad components, respectively, of theNMR
lineshape (Supplementary Fig. 1), then it is possible to deconvolve
the spectra into a crystalline and amorphous fraction fa. The direct
proportionality of the NMR response to atomic abundance means
that it can be used to count the number of atoms (in this case silicon
atoms) in the amorphous phase as a function of a-dose. Figure 2
shows data produced from such an analysis of a series of natural
zircons with varying a-doses. The amorphous fraction here repre-
sents the number of silicon atoms in the amorphous phase in contrast
to previous determinations of the degree of amorphization in zir-
con18 that implicitly report the amorphous volume fraction. The dose
is represented here as the number of a-decays per silicon atom Da.
This allows us to fit the amorphous fraction fa directly to the number
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titanate or zirconate pyrochlore28 or structurally related zirconolite
materials, which can accommodate additional radionuclide species
in multiphase ceramics. The application of techniques such as those
described here, that are sensitive to the local effects of a-radiation
damage and its quantification in the bulk, will substantially improve
long-term confidence in these materials as actinide immobilization
matrices.

METHODS
NMR acquisition protocol. The 29Si nuclear magnetic resonance spectra pre-
sented here were acquired using rotor-synchronized Carr–Purcell–Meiboom–
Gill (CPMG) echo techniques29. When T1 and T2—the longitudinal spin-lattice
and transverse relaxation times, respectively—are both long, these techniques
improve the signal-to-noise ratio significantly comparedwith single pulse acqui-
sitions15. The approach also achieves a higher Si detection level when compared
with small-pulse-angle, single-pulse acquisitions used previously15. Here the
spins were polarized for 3,600 s and approached full magnetization (.95% for
natural zircons, 100% for synthetic zircons). Each polarization period is followed
by the acquisition of a series of 32 or 64 spin-echoes. These echoes are separated
and then co-added to produce a ‘whole echo’ with very good signal-to-noise
ratio. This whole echo is apodized and Fourier-transformed in magnitude mode
so that no phase correction is required. This methodology permits the examina-
tion of small sample masses, in the range 20–50mg, thus enabling a more com-
plete assessment of the a-dose versus amorphous fraction (fa) curve for natural
zircons by using some of the well-characterized samples used in earlier diffrac-
tion and spectroscopy studies17,30. The acquisition of spectra of relatively small
amounts of highly radioactive synthetic zircons containing plutonium is also
enabled. The spectrum in Fig. 4b was the sum of 16 CPMG acquisitions consist-
ing of 64 echoes separated by 25.6ms with a polarization delay of 3,500 s. The
resolution of the spectra depends on the echo separation: the larger the echo
separation, the longer the signal acquisition in the time domain and the higher is
the resolution in the frequency domain. For the natural zircons, echo separations
of 25.6ms were used to give a digital resolution of 78Hz, which is of the order of
the linewidth (1 p.p.m.) in single-pulse acquisitions of undamaged zircons.
Similarly, the linewidth of the 239Pu0.08Zr0.92SiO4 spectrum did not decrease
when the individual echo acquisition time was increased from 12.5 to 25.6ms,
indicating that a natural limit had been reached.

Radiological MAS NMR. Because 239Pu and 238Pu are a-emitters that present
considerable radiotoxicity hazards, all sample manipulations involving pluto-
nium-containing ceramics, including NMR measurements, were performed by
supervised, trained personnel in the Radiochemical Processing Laboratory,
which is a US Department of Energy Category 2 nuclear facility at the Pacific
Northwest National Laboratory. Three samples of weighed ceramic cores of
zircon were sealed into triple containment according to a previously published
protocol25 for MAS NMR. These samples had masses of 157.5mg (239Pu0.04
Zr0.92SiO4), 138.2mg (239Pu0.08Zr0.92SiO4) and 159.3mg (238Pu0.08Zr0.92SiO4)
with specific activities of 1.153 108 Bq g21, 2.303 108 Bq g21 and 4.463
1010 Bq g21, respectively. TheNMR spectra of radioactive samples were recorded
at a Larmor frequency of 59.64MHz (7.0 T) on a TecmagDiscovery 300 spectro-
meter and a spinning speed of 3.5 kHz. Measurement of the Si detection level in
these samples was accomplished by acquisition of the spectra of a weighed
standard of tetrakis(tri-methyl)silane (TKS) under identical conditions of triple
containment, tuning and matching and the signals compared on a per atom per
scan basis for the acquisition of 90u pulses separated by delays of 5T1

(Supplementary Information, Fig. 2). All 29Si spectra were referenced to tetra-
methylsilane (TMS) via a secondary reference of silicone rubber.
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Figure 3 | The effect of plutonium a-self-irradiation on the local structure
of Pu-doped ceramic zircons. 29Si MAS NMR spectra of 238Pu0.08Zr0.92SiO4

(a) and 239Pu0.08Zr0.92SiO4 (b). The expansion in c of this high-resolution
and high-sensitivity spectrum reveals the onset of internal radiation damage
in the 239Pu material. A damage fraction of 0.036 0.02 can be computed by
subtracting the fitted crystalline component.
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