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@ Electric Field Gradient Tensors

@ NMR Transition Frequencies

@ The Central m =  — —1 Transition

» High Resolution Methods: DOR, DAS, MQ-MAS
» Sensitivity Enhancement Methods: CP, RAPT, CPMG.
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Most Abundant Isotope of Element with Odd Z is NMR Active

General rule: for element with odd atomic number (Z) its most abundant isotope is NMR active
whereas for element with even Z its most abundant isotope has spin of I=0 and is NMR inactive.
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NMR sensitivity increases with frequency
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Remember: Most abundant isotope of odd Z are NMR active
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Spin 1/2 Nuclei are easier

14N (I=1) 99.634%

15 —
A N (1=1/2) 0.366% VIIA
T High Abundance > 50% T
H He
! ITA IMA IVA VAy VIA VIIA | 2
Hydrogen 5 Helium
Low Abundance < 50% T —
. i i s
JLi | ,Be Bl LC|[N]| O F |.Ne
Lithium | Berylium Boron | Carbon | Nitrogen | Oxygen | Fluorine Neon
Ton | 100%
VIIIB 29+ 3t
NalMglyg v VB VIB VIB e 18 1B | A ST P S LCL AT
Sodium Aluminum | Silicon pl Sulfur | Chlorine | Argon
2% T
: 5 . n
WK | «Ca | 8¢ | LT |,V [ .Cr | Mn | Fe [,Co | ,Ni [,Cu [.Zn [,Ga |.Ge |As | Se [ Br [ Kr
Potassium | Calcium | Scandium | Titanium | Vanadium | Chromium |Manganese Tron Cobalt Nickel Copper Zinc Gallium ermanium  Arsenic Selenium Bromine Krypton
To0% o0 R [ T T
5 103 0 I 9, 125 129
«Rb | . Sr| %Y | .Zr [ Nb | Mo]| . Tc | ,Ru|%Rh| ,Pd [TAg["Cd| ,In |'%Sn| ,Sb|%aTe | I [%Xe
Rubidium | Strontium Yitrium | Zirconium | Niobium ly Ruthenium | Rhodium | Palladium Silver Cadmium Indium Tin Antimony | Tellurium lodine Xenon
1431% 1.96% 33.832% 16.87% T0476% 22.1%
185 ) 195 19 2o | 207 .
+Cs | «Ba| jLa| Hf | ;Ta| ZW | ,Re | 5Os [ ,Ir | 5Pt [ ,Au |'gHg [ "3T1 [Pb | Bi [ ,Po | zAt | (Rn
Cesium Barium |Lanthanum| Hafnium | Tantalum | Tungsten | Rhenium | Osmium Iridium | Platinium Gold Mercury | Thallium Lead Bismuth | Polonium | Astatine Radon
w " w
<Fr | «Ra | wAc
Francium Radium Actinium
oo | e
) . 1 i
Lanthanide Series | Ce | oPr | (,Nd [,Pm | ,Sm| cEu| ,Gd| Tb | (Dy| ;Ho| «Er | cTm| ,Yb| ,Lu
Cerium | prascodymiom | Neodymium | Promethium | Samarium | Europium |Gadolinium| Terbium [Dysprosium| Holmium | Erbium | Thullium | Ytterbium | Lutetium
Actinide Series oITh | ,Pa| ,U |Np|[.Pu [,Am|,Cm]|,Bk | ,Cf | 4Es [,,Fm|,Md]|.No | Lr
Thorium  |Protactinium | Uranium | Neptunium | Plutonium |Americium Curium | Berkelium | Californium Fermium Nobellium | Lawrencium

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024 4/89



Nuclei with 7 > 1/2 have electric quadrupole moments

Allowed Nuclear Multipole Moments as a function of Nuclear Spin I

Nuclear =0 =1 =2 =3 =4
Spin monopole dipole quadrupole octapole hexadecapole
I=0 electric 0 0 0 0
I=13 electric ~ magnetic 0 0 0
I=1 electric magnetic electric 0 0

= % electric magnetic electric magnetic 0

I1=2 electric ~ magnetic electric magnetic electric

nuclear interaction — 25 U = —ﬁ . B — — E E Qz,j ( )kz/local electric field
Ti

energy gradient tensor
/\f T/] T,Y,Z J=T,Y,2

nuclear magnetic local magnetic nuclear electric
dipole moment vector field vector quadrupole moment tensor

The electric field gradient is to the nuclear electric quadrupole moment as
the magnetic field is to the nuclear magnetic dipole moment.

For review of multipole expansion in electrostatics, watch Video 7-1, Video 7-2 from my p.chem class
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https://youtu.be/ntXTlY40zrg?feature=shared
https://youtu.be/ntXTlY40zrg?feature=shared
https://www.grandinetti.org/chem-4300-physical-chemistry

Electric quadrupole moments with angular momentum precess in electric field gradient

b

nuclear magnetic dipole
moment precesess
in a magnetic field

P —

u

nuclear electric quadrupole moment
precesses in an electric field gradient
9€,(0)
y

Nuclear electric quadrupole moment, Q, interacts
with electric field gradient, 9£(0)/07, generated by
orbiting electrons as well as neighboring nuclei.
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Electric Quadrupole Moment Parameter, (), describes shape of nucleus

Sphere Oblate Spheroid Prolate Spheroid
Qr=0 QRr <0 Qr>0

@ Qg is Nuclear Electric Quadrupole Moment Parameter. Has dimensionality of L2. Commonly used
unit is barn.

® ¢.Q; is size of nuclear electric quadrupole moment. Has dimensionality of L?- T - |
ge = 1.6021766208 x 10~%s - A is fundamental charge constant.
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Nuclear (); parameters oscillate and grow with increasing 7.
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Figure 4.12: Ground state electric quadrupole parameter ) for odd-mass nuclei. Solid (open) circles are

nuclei with odd proton (neutron) number Z(N). The data are scaled by Z R? where R is the nuclear radius.
The vertical lines label “magic” numbers where nuclear shells or subshells close. The curves are guides to
the eye. Figure from Rowe and Wood (2010).
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Electric field gradient at the nucleus
Consider spatial variation of electric field vector

—

Place nucleus at origin and do series expansion for £(7) about origin

F06.(0) 0E.(0) 0E.(0) T
Ox dy 0z g,
sz 06,000 96,000 6,0 | | . | .
DE.(0) 0E.(0) 0E.(0) | L
L Oz dy 0z

Electric Field Gradient Tensor

Use relationship between electric field vector, € and electric potential, ¢,

8:—V¢:——ex—a—yey—a—
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Electric field gradient at the nucleus
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Electric Field Gradient Tensor

Oy

(0) +7-gea- | &

@ Define ¢.q as the electric field gradient tensor. Components of 2nd-rank EFG tensor are given by

9i(0) _ 9°(0)

Geik = 8rk _aTiaTk

@ EFG tensor is symmetric, i.e., ¢;x = qxi-

P. J. Grandinetti (L'Ohio State University)
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Electric field gradient at the nucleus
Components of the symmetric 2nd-rank EFG tensor are given by

9&;(0)  9%¢(0)
or,.  Or;0ry

qeqik =

—

@ £(0) is electric field and ¢(0) is electrostatic potential at nucleus due to surrounding charges.

@ Atomic unit for EFG is 1 1 Qe 5 = 1Ag = 9.717366650590785 x 10%'V/m?

Te0U
This is EFG at origin generated by elementary charge at one Bohr radius, ag, away from origin.

)
—>

—®—

0

@ Principal axis system (PAS) is coordinate system where ¢.q is diagonal with principal components
)\g{gg}, AZ{,Z,}, and ,\EZ} ordered according to convention

A

> [Ma > Mg
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How big is the electric field gradient at the nucleus?

@ With no electronic charge at nucleus ¢ satisfies Laplace's equation, V¢ = 0, and q is traceless
tensor, gz + Ayy + Q22 = 0.
@ Principal components, \;;, of electric field gradient tensor used to define
)\{‘1} )\{‘1}
Go= M and g, = A A
Cq

@ NMR doesn’t measure (, directly—instead it measures

{q} {qa}

quI >\ /\mz

C, =22l and g, = 2T
q h q qg — Cq
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Values of C; measured with atomic spectroscopy and calculated electric
field gradient, (.

Nucleus  Electron C,/MHz  (,/Ao | Nucleus Electron  C,/MHz Cq/No
B 2p —54  —0.565 | ™Br 4p —769.8 —9.898
2Na 3p —5.16  —0.218 | 8!Br 4p —643.0 -9.915
27TAl 3p —37.5  —1.064 | ®°Rb 5p —48.8 —0.903
35 3p 109.7  —5.660 | °"Rb 5p —23.6 —0.791
37Cl 3p 86.5 —5.670 | '"In 5p —899.1 —4.445
39K 4p 5.6 —0.486 127 5p 2292.7 —12.351
59Ga 4p —125.0 —3.167 | 133Cs 6p —0.924+1.0  1.055
Ga 4p —~78.8  —3.164

@ EFG is approximately proportional to the (1/r%) of the valence electron. Notice the increase in ¢,
when moving across a period.

@ In a closed subshell the EFG tensors arising from each atomic orbital sum to zero
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Examples of Quadrupolar couplings in solids

Nucleus Compound Cy/MHz 1,
0 D0 0.230 0.0
Li LiOH 0.110 0.0
"Li LiNOs3 0.392 0.0
9Be Be3A12816018 0.495 0.14
Hp H3BO3 2.85 0.40
N N-acetylvaline 3.21 0.31
170 a-D-galactopyranoside (4-170) 9.51 0.83
23Na CgHgN&Og 2.36 0.77
25Mg MgCO3 2.4 0.0
TAl AlLSiOs 15.3 0.13
338 KHSO4 10.6 0.38
3501 NaClOg3 59.9 0
39K KNO3 1.326 0.171
4Ca Ca(OH), 2.5 0.1
87Sr SrCO, 8.6 0.27
137Ba BaCOg3 174 0.33

Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024 14 /89

P. J. Grandinetti (L'Ohio State University)



Relationships between EFG and Structure

Try simple point charge model to predict EFG at CI~ nucleus with approach of point charge

Q1.1

gives Cyc1 = —47rheod3

EFG of point charge, ¢, = m
0

20A 14A 138 124 11A 10A
T T T T T

500 T
400 @ &
*)
£ 300 -
=l
=
<
< 200
100 - ple pomxcha‘ge
S\
1 1 1 1

0
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
1/d3/ (1/A3)
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Relationships between EFG and Structure

Try simple point charge model to predict EFG at CI~ nucleus with approach of point charge

_ qng,cz
Ol 4dmheod?

EFG of point charge, (; = 47rz—ed3 gives C
0

Except, point charge model incorrectly predicts

500 20A 14A 13A 124 11A 10A A 3
T T T T T T —_— ~
(o = qe/ (4men(10 A)?) & 0.0001482 Ay
L - 4 . . .
400 < < Gaussian input file
&
& 300 —d Qé\&‘y # hf/6-311+g(2d,p) charge nmr=giao nosymm prop=efg
= 5 Cl point ch
S .d;\& point charge
& 200 \é\@“\ 11
S a1
100 g charge
grple P9 10.0 0.0 0.0 1.0
000000 0 0‘002 0 0‘004 0. 02)06 0 0‘008 0.0010 H H A
1108 (1/A3) Gaussian gives ¢, = 0.020701 Ag at 10 A.

Why is it ~ 140 times larger?
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Relationships between EFG and Structure
Try simple point charge model to predict EFG at CI~ nucleus with approach of point charge

_ @2Qra

EFG of point charge, ¢, = gives Cyc1 = Irheod?

4end?

Except, point charge model incorrectly predicts

20A 14A 13A 12A 11A 10A 3
o T (= qe/ (4men(10 A)?) &~ 0.0001482 Ay
o - (gl ¢ < Gaussian input file
S
S 200 4 6\&6\ # hf/6-311+g(2d,p) charge nmr=giao nosymm prop=efg
= - &
% c‘;\&t}&z Cl point charge
S 200 | \é@ 11
& c1
- g cnarge
e sl 10.0 0.0 0.0 1.0
0 ! . . .
00000 0.0002 ;";’Qg“/ 8'7209?) 00008 00010 Gaussian gives ¢, = 0.020701 Ag at 10 A. Why is it ~ 140

times larger?
Sternheimer effect—-EFG amplified by induced polarization of core electrons by external charges.
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EFG in HCI : Gaussian Calculation

Z-Matrix Z —0.170582 0 0
m A goqu/ Ao = 0 ~0.170582 0
cl 0 0 0.341165
Cl 11.27 |
—— —1.666650 0 0
ot htan dgfce 2 oois /H -y gedci/Ao = 0 —1.666650 0
X 0 0 3.333300

@ EFG tensor is diagonal with H-Cl bond along the z axis in molecular frame defined by z-matrix.
@ Molecular frame choice coincides with PAS convention: largest magnitude component along z.

@ For both nuclei the EFG is axially symmetric, n, = 0.

For Deuterium For Chlorine
Cap = ALY = 0.341165 Ag oot = ALY = 3.333300 Ao
Cy.p = 4Qr1,.0C, D/ Cq.c1 = 4Qr,c18q,c1/h
= ¢.(0.00286 b)(0.341165 Ay)/h = ¢.(—0.08249 b)(3.333300 Ao)/h
~ 229.26 kHz ~ —64.6 MHz

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024 18/89



Effect of bond length on EFG in HCl Gaussian Calculation

H e C|

80

-100

-150

-200

Cq,p/MHz
CQYCI/MHZ

-250

-300

350 I 1 I I 1 1 1 1 I 50 I I I I I I I I I
1.20 1.24 1.28 132 1.36 1.40 1.20 1.24 1.28 1.32 1.36 1.40

dHCl/A dHCl/A

note: NOT proportional to 1/d3
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EFG in H20 : Gaussian Calculation

0

H11.08
H11.08 2 107.5

;

107.5°

AN

nEassiy
.\’r

0.859979 0 —0.751749
geqo /Ao = 0 —2.194010 0
—0.751749 0 1.334031
—0.086344 0 0.000414
qeQH, /Ao = 0 —0.131454 0
0.000414 0 0.217799
0.190535 0 —0.086885
qeQH, /Ao = 0 —0.131454 0
—0.086885 0 —0.059080

Need to find principal axis system for each EFG tensor.

P. J. Grandinetti (L'Ohio State University)
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EFG in H20 : Gaussian Calculation - Focus on Oxygen

0.859979 0 —0.751749
gedo/No = 0 —2.194010 0
0 —0.751749 0 1.334031
H11.08
H11.08 2 107.5 @ Tensors are block diagonal, i.e., ¢,,, components are zero.
’ @ Diagonalize block diagonal tensor with rotation about y axis
r by angle a given by
24z
tan 200 = ———
[~ ez — 4zz

and get eigenvalues of

A
;/

A 4

X

1
Ar = ii {\/4qu + (Grz = G22)* £ (qua + sz)}

v @ For tensor diagonalization, review watch Video 4-3 from my
p.chem class: grandinetti.org/chem-4300-physical-chemistry.
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EFG in H20 : Gaussian Calculation - Focus on Oxygen

0 0.859979 0 —0.751749
H11.08 qeqo/Ao = 0 —2.194010 0
H11.08 2 107.5 —0.751749 0 1.334031

For oxygen we find

2 x (—0.75174
. 2S., 1tan_1< x (—0.751749) )z36.2!

= —t D A,
T 5L —8,, 2 0.859979 — (1.334031)

> N

1
Ax/Ag = ii{\/4 x (—0.751749) + (0.859979 — (1.334031))2

A
%/
A 4
X

+ (0.859979 + (1.334031))} ~ 0.308774 and 1.885236

Convention: Ayy0 = 0.308774Ag, Agzo0 = 1.885236Ag, A, o0 = —2.194010A¢ = (40
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EFG in H20 : Gaussian Calculation - Focus on Oxygen

Ayy.o = 0.308774Ag,  Apsro = 1.885236A0, A...0 = —2.194010A0 = (40

Water molecule in 17O EFG PAS

A
Calculate 170 Cy of H,O
36.25¢,
e «(—0.02578 b)(—2.194010 A
Cpo = 1691080 _ 4e(T002T8B)(Z2I4010 Ao) 15 5 gy
k h h
4 o
X< )07'5 > and its asymmetry parameter
— Aoz 0.308774 — (1.885236
oo = 20~ dem0 ( ) ~ 072
oo —2.194010
v
Yy
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Exercises

1. Given the electric field gradient tensors for the two hydrogen in water calculate their deuterium
quadrupolar coupling constants and asymmetry parameters, and draw the water molecule in the
principal axis system of each 2D electric field gradient.

2. Given the EFG tensors of LiCl and NaCl obtained in the same molecular frame as HCl, calculate
the quadrupole coupling constants of the most abundant NMR active nuclei, i.e., “Li, 23Na, and

35CI.
dm-ci geAMetal /Ao geqci/No
0.013563 0 0 —0.048732 0 0
Lcl | 202A 0 0.013563 0 0 —0.048732 0
0 0 —0.027125 0 0 0.097464
—0.040867 0 0 —0.508237 0 0
NaCl | 2.36 A 0 —0.040867 0 0 0.254118 0
0 0 —0.081733 0 0 0.254118

P. J. Grandinetti (L'Ohio State University)
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Exercises

3. The point charge model for the electric field gradient tensor is just a tensor sum. It can be written
in terms of spherical tensors as

@ 1 Ziqe [4m
Ry = R(l *’Yoo)z 5\ 5 Yok (05, 65)

where 7 is the Sternheimer shielding, r; is the distance to each point charge, and Y5 5 (6;, ¢;)
are the spherical harmonic functions describing the orientation of the point charge in a fixed
coordinate system.

Use the point charge model and show that the EFG tensor of sodium and chlorine ions in the
simple cubic lattice of NaCl is zero taking only the first coordination sphere around each ion into
account.

4. Use the point charge model equation in the problem above to derive the C; and 7, values for the
central atom in geometries given on the next slide (which ignore Sternheimer shielding).
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Rough guide to some point charge models of EFG

Name Structure Cq Nq
. 2
linear (1) ©o—e>2z ,4:Q1 Z 0
h &
. 2
linear (2) 2Z<e—o—e>2z 4{]8}?1% o
ZZ<«—© > ZZ 2
AN Q1 Z 3(cos Q+1)
Q Q1 Z | _3leos+1)
bent (2) ¢ ¢ g9 3cosQ— 1
i 2
. Q1 Z
Trigonal Planar (3) e/oz\z. 3 0
e
|
Tetrahedral (4) ¢ e 0 0
e
zz
Trigonal Bipyramidal (5)  e— o€ P?Qr Z 0
Ve hL B
zz
|
Octahedral (6) Crq v 0 0
v | »
e e e
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The First-Order (Chemical) Shift Frequency Contribution

QM (©,m;,my) = —wo oise Pr (M4, m;) —wo ¢y DI7H(O) pr(my,m;)

wo = Larmor Frequency, i, = Isotropic Shielding, {, = Shielding Anisotropy, and
p;(ms,m;) and D7} (©) are spin transition and spatial symmetry functions:

p;(m;,m;) =mys —m; and D7} (@) = PY(cos B) — %P;(cosﬂ) oS 2av

« and [ give orientation of shielding tensor PAS relative to By

Single Crystal Calcium Carbonate Polycrystalline Calcium Carbonate

60 0.9

&/pHz/Hz 20}

o}

B B
T T T T T T T T 1
-60 -40 -20 [ 20 40 60 80 100
. frequency / yHz/Hz

20}

T T S N ——

90
0/degrees

[ 45 135 180
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Associated Legendre Polynomials and their roots.
Highlighted are the polynomials associated with the sectoral harmonics.

P, (cos 6) Polynomial Roots

P§(cos 0) 1

P (cos ) cos 6 90°

P} (cos9) —sin 6 0° 180°

P2 (cos ) 1(3cos® —1)  54.73561° 125.2644°

Pj (cos 6) —3cosfsin b 0° 90° 180°

PZ(cos9) 3sin? @ 0° 180°

Py (cos 0) 1(5cos®0 —3)cosf®  39.23152° 90° 140.7685°

P3 (cos ) —2(5¢cos? 0 — 1) sin 6 0° 63.43495°  116.56505° 180°
PZ(cos9) 15 cos 0 sin? @ 0° 90° 180°

P32(cos9) —15sin® 6 0° 180°

P{(cos®)  L(35cos*® —30cos®0+3) 30.55559°  70.124281°  109.87572°  149.44441°
P} (cos 8) —3(7cos® § — 3) cos 0 sin 0 0° 49.10660° 90°  130.89340°  180°
PZ(cos9) 15 (7cos® 6 — 1)sin? @ 0° 67.79235°  112.20765° 180°
P} (cos9) —105 cos 0 sin® 0 0° 90° 180°

Py (cos9) 105 sin* @ 0° 180°
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Variable- and Magic-Angle Spinning

<Q{U}(9R»@’vmi,mj)>w\s = —Wo0iso Pr(mi, mj) — wolo D({)U}(9R, o) pr(mi,mj)

D7} (g, ©') = D7) PY(cos Or) = [PQO(COS B — %Pg(cos B') cos 2a’ | PY(cos Or)

Angles o’ and 3’ give orientation of shielding tensor PAS relative to rotor frame
Or is angle of rotor axis to By

54.74 ° 125.26 °

Or

! \ /

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Or/degrees
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Variable-Angle Spinning of Shift Anisotropy

rotor angle

0°4/J\

TN |
45°
54.74° J\ A
60° /\ N\
75° 4/)\
90° 4/)\
-20 0 20 -20 0 20
frequency/kHz frequency/kHz

P. J. Grandinetti (L'Ohio State University)
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Magic-Angle Spinning of Shift Anisotropy

spinning speed

20 kHz A A
17,5 kHz A |
15 kHz A |
12.5 kHz A I
10 kHz . A ) \
7.5 kHz N A . .
5khz R A l A .
2.5 kHz AMLAAA.
static ’\ o
-20 0 20 -20 0 20
frequency/kHz frequency/kHz
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Quadrupolar Nuclei: Which way is the Quantization Axis?

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024 33/89



Quadrupolar Frequency Contribution
The battle between the EFG and By,

B=0 o B Ao B Yo
o OO & o MO 1
0 . °N. b °6 B
o o, DI A Yo ¥

U=| > U] U] > Uy
Increasing external magnetic field strength >

Series expansion of the NMR transition frequency about the high magnetic field limit

Q(mz7mf) = Qz(mi7mf) + Q¢(11) (67mi7 mf) + Q¢(12) (67 my, mf) +oe

Zeroth-Order First-Order Second-Order
Contribution Contribution Contribution

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024
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First-Order Quadrupolar Frequency Contribution

3
Qg”(@,mi, mys) = wg D{q}(G) \/;(mff —m?) = Wy D{‘Z}(@) dr(ms,my)

@ wy is the quadrupolar splitting frequency

6mCy
TR Ny
pr=-1 Polycrystalline Sample
° D{q}(@) is the spatial symmetry function o= +V3f2 Spin I=1 case, e.g., 2D

Dl (@) = % [PQO(COS B8) — %Pg(cos B) cos 2

@ d;(m;, my) is the transition symmetry function

d;(mg;,my) = *(mﬁc —m?).
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First-Order Quadrupolar Anisotropy: ?H NMR in Oriented Samples

Membrane Bilayers /\/\/\/\/\/\)ko/\f(\o'jjiﬂl\/\w/

oriented on glass slides S IR0 I~
A, 0 for #H in a. C-D bond
et T % C, =170 kHz 74 =0
SIS
T e vy = 3Cq/2 =255 Kl
e & efg lies along C-D bond axis
R T 67°
Pot st st bbbt et dndy

54.7°

Membrane Surface
4
\e b P 27°

io< o i i i

i CH3 CH3 : i

: : : : 0°
All Trans

40 30 20 10 O -10 -20 -30 -40
Frequency / kHz

M. F. Brown and coworkers, J. Chem. Phys., 110, 8802 (1999), Colloids and Surfaces A: Physiochem. Eng.
Aspects, 158, 281-298 (1999).
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Measuring the ensemble average distribution of the bond order Scp
Scp = <P20(cos,3pp)>

Av = v,|Scp|PY(cos Bpr)

DMPC-ds4 cholesterol (I/1)

DMPC-ds4

30 20 10 0 -10 -20 -30
Frequency / kHz

M. F. Brown and coworkers, J. Chem. Phys., 110, 8802 (1999), Colloids and Surfaces A: Physiochem. Eng.

Aspects, 158, 281-298 (1999).

0.5
0.4
|50
0.2
0.1

0.0

e o DMPC-ds4 cholesterol (1/1)
= 0 DMPC-ds4
2 4 6 8 10 12 14

segment position
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1st-order quadrupolar frequency is invariant under 7 pulse

General effect of a 7 pulse on a transition

) {mal = [=my) (—mi

Effect of 7 pulse on transition symmetry functions

™

p; — —p;| and |d; —>d;

Exercise:

3

5. Given p; =my —m; and d; = /3 (m% - mf) confirm this result.

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei
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Two pulse pathways in Deuterium

Q= —wo 0iso P; — w0 (D7 P; +wyDY(O) d;

Hahn Echo Sequence Solid Echo Sequence
[~ 1) —g— \71)T |*1>T I=1) A
pr=-+1 pr=-1 v :,71 pr=-1
b=V 4 = +VTE Y= +VAR 6= +V3TE
f 7 il
2 2 2
SN T A KN —x — O
pr=+1 py=-1 py=-—1 py=-1
d1:+\/mv dr = —/3/2 dr=—v/3/2 dr=—/3/2
1+1) |+1) —d— |+1) —d— |+1) —d—

=
=

:]_mm

)
o

\

o

(’) 0 .
P -(}3 * Pr .(}‘%
Vi b CS e e
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Two pulse pathways in Deuterium

Q= —wp Tiso P; — W0 (D7 P; + wyDY(O) d;

No Echo Sequence Hahn-Solid Echo Sequence
\*UT |*1>T [=1) —g— \*DT
pr=-1 pr=-1 Py =+1 pr=-1
dr =+3/2 dr =+V3/2 dr =—/3/2 dr =+3/2
™ ™ ™ ™
2 2 2 V|2
—» —>» o) 1— —> [0) —g— > [0) ——¢—
pr=—1 pr=-1 Py =+1 [pI:71A
dr = —/3/2 dr = —/3/2 dr = +/3/2, dr = —/3/2
LD == |+ —= . [+1) v LoD —=
2 2 2 2
] A . ] A .
0 0 0 0
Pr (1) Pr ;i “
-1} -1

1— 1L
V2/36;1 oad. V2/3¢ o-(—li
i — ‘A

e
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Static 2H NMR: p-d correlation on CuCl,-2D50

“shifting d” transition pathway

_ _ —— _ _ ag
- — -1 1= == Q = —wo 0iso P; — w0 D7 P; +w DY (O) d;
pr=-1 Py =+1 pr=-1
. o = +V32 & =32 B o = +V32 t1/ps
5 . Y |3 p removed d removed
L ) — [0) g = [0) — 400
A br- 1 A
pr=-1 & = +3]2 pr=-1
dr =—V3/2 dr = —/3/2
[41) e [+1) [+1) —d— 300

5

no

200

100

g e se—

_,
V2/3dr ;)i X ‘- to /ps
- .

400

Walder et. al., J. Chem. Phys., 142, 014201 (2015)
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Separating and correlating shift and first-order quadrupolar anisotropic lineshapes
¢(p = —150 ppm, C, = 120 kHz, np =1, = 0.8

_/Jk\;

I =90 fos® =90 o F=07

gt o8

120 v = 90° 5 =90° ¥ =90°

o = 90° B=0° |o=90° B=30° |a=90° B=060° |a=90° B =90°

120 v = 90° 5 =90° ¥ =90° 5 =90°

Quadrupolar Anisotropy / kHz
gt o288

o = 90° B=90°] |o=90° B=90° |a=90° B=90° |a=90° B =90°

X
X

120 5 =0° v =30° v = 60° 5 =90°
P B e T T T
300 200 100 0 -100-200-300 300 200 100 0 -100-200-300 300 200 100 0 -100-200-300 300 200 100 0 -100-200-300
Paramagnetic Shift Anisotropy / ppm

Solid-State NMR of Quadrupolar Nuclei



Static 2H 2D NMR shifting-d experiment on polycrystalline CuCly-2D,0

“shifting d” transition pathway

) Best Fit
[-1) [ = 1) —— | = 1) e— Nem A
x N
A T o0+ S T 120
pr=-1 pr=+1 pr=-1 = . S =
& =+/32 o = —/3/2 & = +V32 z 5 ’ z 809
- ™ 2 2 40
2 . V|2 2 2
=3 j0) —d— D] 0) ——g— 3l 0) T z Z 0]
A pr=+1 5 PREE
pr=-1 dr = +/3/2 pr=-1 E. = 01
dr=—-/3/2 v dr=—V/3/2 El _5
[ +1) —t [+1) [41) c—— "§ g -120
& S 400 200 0 -200

Shift / ppm from D,0 Shift / ppm from D,0

From projection onto quad. anisotropy dimension
o (C,) =118.0%]7 and (n,) = 0.86 +0.01

@ Assuming instantaneous ?H C; = 230 kHz in O-D
1j> ‘__’ bond and D-O-D angle near 109.47°, then results

V2/34r ? j are consistent with 2-fold hopping motional model
) ._: prediction: (Cy) =~ C,/2 and (n,) =~ 1

~
c-hwl:i
[ oy
- -
[ oy
S
| EME
S

Walder et. al., J. Chem. Phys., 142, 014201 (2015)
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Spin I > 3/2 : Solomon Echoes (multiple d echoes at different times)

|=5/2) [=5/2) I
| =3/2) [=3/2)
g [-1/2) g |-1/2)
Exercise: —>+1/2) > +1/2)
6. For the pathway . |1+3/2 . (132
p; =0— —1 — —1 determine the . i [+5/2) i |+5/2) I
timing and number of d; echoes ' > >
that appear after the 2nd 7/2 pulse o d
in I =5/2 case. 1—]
Recall p; = my — m,; and 1) \ ‘
2301 g—1 = —
dr = \/3m3 —m? : ‘
4 :
\/%dz_gj \\ ’
-4 I
4 ‘
V2/3d; 0—2 \\w
2
4 \ ‘
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The Centra| Transition
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The Central Transition of Half-Integer Quadrupolar Nuclei
What's so special about it?

Zeeman Quadrupole transition symmetry functions
Interaction Interaction Pr dy
|- 3/2) ——- A
m = -1/2— -3/2 1 Ve
|~1/2) e
A 1st order
— _ quadrupolar
ms= 12 —-1/2 -1 0 frequency
11/2) contribution
-------- vanishes.
m= 3/2 =1/2 -1 | =v6
3/2) "
True for any symmetric (m — —m) transition
Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024 46 /89
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NMR spectrum of 1=3/2 nucleus in polycrystalline sample
Cy, = 1.5 MHz and g = 0.2

static sample magic-angle spinning sample
central
transition cenS(aI
transition
I-3/2)
1
Intensity X 46
[-1/2)
——
156 10 05 0 -05 -1.0 -15 20 15 1.0 05 0 -05 -1.0 -1.5 -20
Frequency / MHz ‘ 1/2> Frequency / MHz
I 2V, | A
g 3/2) Much narrower linewidth
_— but still has anisotropic
broadening under MAS.
Why?
2
Vq /VO
20 10 0 -10 -20 20 10 0 -10 -20
Frequency / kHz Frequency / kHz
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Understanding Central Transition Nutation Behavior

“—Tz*

Signal Intensity

50 kHz
1 kHz

V1

0O
Qo
|

1.00 / \\\
0.50

0.00

-0.50

1=3/2 o
105 /2 T 3
witp

/2

P. J. Grandinetti (L'Ohio State University)
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Understanding Central Transition Nutation Behavior

T/ T\

Pl
5 0.50
C
I
£ 0.0
E o ]
%) -0.50
1=3/2 |/
1004 2 3n2 2

7
wltp

2T

vi=  50kHz
Cq= 1 kHz
1000 kHz

@ In wi < wy limit, effective central transition nutation frequency becomes (I + 1/2)w;

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei
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Understanding Central Transition Nutation Behavior

1.00 vi= 50kHz
SN\ V2 R ey

“—tz*

>

=" 0.50

WV O B+
Q z
£ 0.00 \ e 250 kHz
g 1000 kHz
(®)]

2

e TN

0 /2 7t/2

N.
a

T
wltp
@ In w; < wqy limit, effective central transition nutation frequency becomes (1 + 1/2)w;

@ 2D nutation should be one of your first experiments to determine quadrupolar nucleus nutation
behavior. Do a proper 2D experiment, not paropt.

@ Important: If only interested in central transition then lower rf field strength until you reach the
wi <K wq limit where (I +1/2)w;. May be lower than you think.
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Second-Order Quadrupolar Frequency Contribution

w2 UJ2 w2
4 S{qQ} Co (mi, mj) + W—ZD{qq} ((“)) Co (mi, mj) + W_ZG{qq}(G)) C4(mi7 mj)

2
Q((I )(G,mi,mj) = o
0
2
glaa} = i <%1 + 1) ,
Dl (@) = L ﬁ— Po(cosﬁ)-&-ﬁPQ(cosﬂ)cosZy
3v14 [\ 3 2 372 1’
6l (@) L i 1) PY(cos B) - " P2 (cos B) cos2a + — " P3(cos B) cosd
= — — CcOs COS COS 2¢¢ COSs COs 4
70 |\ 18 4 18v10 * 324v/10 *

. . . w? n?
2nd-order isotropic shift... ;Zﬁ (g" + 1) co(m;, m;)

@ decreases with inverse of By

@ adds to isotropic chemical shift. Warning: resonance positions not field independent on ppm scale.

@ only averages to zero in liquids when inverse reorientational correlation time exceeds wy.

P. J. Grandinetti (L'Ohio State University)
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Second-Order Quadrupolar Frequency Contribution

2
Yq

Cd2 w2
Q((IQ)(("), m;, mj) = w—OS{qq} Co (mi, m]‘) + ;ZD{qq} (@) Co (mi, mj) + ;ZG{qq}(@) C4(mi, mj)

2
glaa} - R +1
6v5 \ 3 ’
plit (@) = b ﬁ — 1| P%(cosB) + @Pg(cos B) cos 2
3v14 |\ 3 ’ 3 ? ’
Gl (@) = 1 g +1 | PY(cosp) + la P?(cos 8) cos 2ar +
70 |\ 18 18v10

s

3244/10

P} (cos B) cos 4o

2nd-order anisotropy...
Remember 4th-rank Legendre polynomials?

P. J. Grandinetti (L'Ohio State University)
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Legendre Polynomials

30.56° 54.74° 70.12°

= PY(cosfr)
n
o}
=
Qe
-0.2
041 Py (cosOr) ]

........................................................

........................................................

L L 1 L L L ! L L L L] L L L
0O 10 20 30 40 50 6 70 80 90 100 110 120 130 140 150 160 170 180
Or/degrees
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No single spinning axis angle eliminates both 2nd- and 4th-rank anisotropies.
rotor 03 05 07
i; angle
00.00°
S

ﬁ _—
e
&

D 79100

=
1]

o

o

i

\r
P

LLLLLY
ALY
AL

©
o
o
S
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Buy a bigger magnet

w2 (}.}2 (}.}2
Q((]Q)((_lmi,mf) = Sagladgy 4 Zeplak@ye, + 26119 (0)¢y
wo wo wo
27Al central transition MAS of aluminoborate 9 Al2O3 + 2 B2O3 \/\

2nd-order contributions
decreases with increasing

magnetic field strength
14T 600 MHz 1H

19.6 T| 830 MHz 1H

1064 MHz 1H

1700 MHz 1H

100 75 50 25 0 -25
Frequency / yHz/Hz

Gan, Gor’kov, Cross, Samoson, and Massiot. J. Am. Chem. Soc., 124:5634-5635, 2002.
P. J. Grandinetti (L'Ohio State University)
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Try to buy (or build) a Double Rotation probe

gin
R out,
Or

Under double rotation at speeds faster than wg/wo anisotropic part of 2nd-order frequency averages to
D{qq}((%” O O'n) = Dl (@) PY(cos O%") PY(cos 0'%)

G4 (0", 6%, ¢n) = GLa9H(©") PY(cos 9%) P (cos 0)

©” now gives the orientation of EFG tensor relative to inner rotor axis.
Under DOR central transition frequency averages to

2

w
<Q(miamj)>DoR = —Wo0iso pl(mivmj) + W_?] glaa} Co(mi»mj)
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23Na central transition spectra of polycrystalline Na,P,0;

Magic-Angle Spinning Double Rotation

\vs
/ \ v, = 105.8 MHz

\ VR=85O Hz
94T / 7\ 9T
______jj \\w—.--\._._.._._ *  *
20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 30 20 10 O -10 -20 -30 -40 -50 -60 -70
Frequency / yHz/Hz Frequency / yHz/Hz

Engelhardt, Kentgens, Koller, Samoson,Solid State NMR, 15, 171-180 (1999).
T


https://doi.org/10.1016/S0926-2040(99)00054-5

Buy a Dynamic-Angle Spinning (DAS) probe

DAS solution is hidden in variable-angle spinning spectra below. Can you see it?
rotor n=0.0 0.7 1.0
i> angle
H 00.00°

f 30.56°

ﬁ 37.38°
/ﬁ 54.74°

A
/& 63.43

/ak’ 70.12°

RN
SIAARECY
LS,
LS,
Ao

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei



Buy a Dynamic-Angle Spinning (DAS) probe

DAS solution is hidden in variable-angle spinning spectra below. Can you see it?
rotor N =0.0 0.7 1.0
ﬁ angle
‘ 00.00°

f s

/j>Q 37.38°
//)Q 54.74°

/& 63.43°
/&M 70.12°
_ &Y 79190

Ly
SIAARECS
LU,
LS
S

N
&% 90.00°

T
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DAS : simultaneous Dy and (G echoes refocus residual anisotropy

<Q(a}>VAS = —Wo0iso P; — WoGo [D({JU}(BR) Pr

2 2 2
(alm) =20 gligy 120 pland(gp) e, +2L 6 () e
VAS Wy wo wo

n n n &
b n n L.&
(Z)CT (Z)CT (Z)CT t1 ,\‘,&oz&\
-0, :
i to——> o =
Q /
0 0 2 /Q 7
. NN ’
NAYAY) /
10 &
P1 0= 7—X 7 G 1
By SN %4

B N
Need probe that 3 95 S\Q 7
can flip rotor angle 4
Z t2

during experiment.

_t — _(pp) — _ (Gl G
Dy o J’- K= (DO /DO)_ (6h /Gv)
fy=— (Dgl]/DBZ])tl 4 80 ~—79.19
Chmelka et al., g o 5474
Nature, 339,42 (1989) m N ; 5
Llor and Virlet, GO 0 \ 5 40 ~—37.38°
Chem. Phys. Lett., 152,248 (1988). :w
0~ K

= —(GBI]/G([)Z])tl —}

Solid-State NMR of Quadrupolar Nuclei
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170 DAS of coesite (crystalline polymorph of silica, SiO)
Magic-Angle Spinning

A

50.0 0.0 -50.0

Dynamic-Angle Spinning

1

1
1

A

50.0 0.0

— T
-50.0

Frequency / pHz/Hz (from Hz170)
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DAS is 2D experiment correlating isotropic to anisotropic frequencies

170 2D DAS of coesite (crystalline polymorph of silica, SiO>2)

[
S &

=]

=]

isotropic dimension (ppm)
o o
=3 <

W
1=

60 40 20 0 20 40 60 -80
MAS dimension (ppm)

. J. Grandinetti (L'Ohio State University)

40 0 40 -80
MAS dimension (ppm)

Solid-State NMR of Quadrupolar Nuclei

diso = 57 ppm
Cq=-545MHz
ng=0.168
03: 144.5°, 1.614A
diso = 58 ppm
Cq=-5.16 MHz
Mg =0.292

05: 137.2°,1.620A
diso = 53 ppm \
Cq=-5.52 MH. 03, ‘
nq=0.169 56
04: 149.5°,1.608A | |

a
diso =29 ppm
Cq=-6.05 MHz
Ng=0.0
01: 180.0°,1.595A
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You don't have a bigger magnet, a DOR, nor a DAS probe.

MAS alone eliminates D anisotropy but leaves Gy anisotropy

(U2 w2
(Q(mi, mj)>D—MAS = —woaisopl(mi, mj) + w—zs{qq} Co(mi, mj) + w—ZGéqq}(eﬁ)) C4(T7”Li7 mj)

If we can't remove the last term by eliminating Gy, what about the transition symmetry functions?

4 18
Co = \/?—S[I(I‘Fl) —3/4]p1+\/%f1
Co =\ —= [I(T+1) — 3/4] py — —>_¢
2=\ 125 Pr 35 T
18 17
= =2 (T 1) - 3/4] py — ———F
Cq ]75 [ ( + ) 3/ }pI \/ﬁ 1
where f; = \/LTO [5(m3 —m?) + (1 —3I(I + 1))(m; — m;)] only depends on m;, my, and I.
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Make tables of transition symmetry function values, stare, and think!

Symmetric
Transitions

Values in black filled circles are negative

Transition
[mn;) (m

1=3/2
Pr € €

I1=5/2
Co Cy

1=17/2
Pr ¢ €4

1=9/2
Pr ¢ €4

| w
~

®O

® 0 ®

®0®

®0®

®© O ®

©0®

OO®

®Q®

0600

0O®

0»®

00

L JOK

0D

0»0

BiS
Bis!
)
(3
Centrall
transition
with p;=-1

To simplify presentation in the table the ¢, functions are scaled according

to cg = \/5@0, Co2 =V 14@2, and Cqy =V 70@4.

P. J. Grandinetti (L'Ohio State University)
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Make tables of transition symmetry function values, stare, and think!

Symmetric
Transitions
Values in black filled circles are negative
Transition I1=3 /2
Imj)(mil - py
3 3
2>< 2’ OJOX - Just think about the spin |=3/2 case
1 1
2> 5‘ @ 9 @ Like DAS, design a two-dimensional experiment

that refocuses ¢4 into an echo modulated only

(-
%>< %‘ 0 @ @ by isotropic frequencies.
sk X X2,
Central
transition
with p;=-1

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei NMR Winter School, 2024

65 /89



Make tables of transition symmetry function values, stare, and think!

Symmetric
Transitions
“ Values in black filled circles are negative
Transition 1=3/2
|m;) (i Pr ¢ Ca
3 3
‘ 5><75‘ O30 Just think about the spin |=3/2 case
‘ %> _%’ @ o @ Like DAS, design a two-dimensional experiment
that ref 4 int ho modulated onl
BIK JOX-) oy sotropic frequencies.
3 3
wee® =332 )
Central pr= -3 - -1
transition co = —9 — 3
with p=-1 ca = 21 — =27
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MQ-MAS uses a ¢4 echo to refocus residual anisotropy

2 2
W, W,
_ ) 9 glaq 9 {aa} p(2)
(Q(mi, mj))p yas = —woTisoPs (mi, my) + w_s{ Yeo(mi,my) + w_Go (05r ) Ca(mi, my)
0 0
1-3/2) 1-3/2) f
T f .TTT7
Pulse |\ 15 Pulse o1 |19 S 7
Y ’
s //
(Br), 11/2) (ﬂ2)¢ 11/2) & /
o )
I 3/2) I 13/2) 0, =0
o h 0 2, N P
% . 0 4 y t
N N Shear
10 T I
P:; 7 ! ! ! ¢ Transformation
-3 H
) f
6
wiq— — T s a3
0—3 * |
E - 3 i
= = ()0 — £ v
%} % c“‘b !
21— ? & :
3 «©
C473’ "‘fc remoyeq | i
3 0 ’
Frydman and Harwood, J. Am. Chem. Soc., 117, 5367 (1995)

P. J. Grandinetti (L'Ohio State University)

= 7(L.LIJ/CLZI)H

Medek, Harwood, and Frydman, J.Am. Chem. Soc. 117, 12779 (1995)
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MQ-MAS uses a ¢4 echo to refocus residual anisotropy

2 2
W, W,
ey - . ) + —2gladd )+ —aglaatp s
(Qmi, mj))pmas = —WoTisoP s (M, my) + % S Co(mi,mj) + o Gy (057 ) Ca(mi, my)
|-3/2) 1-3/2)
MAS
Pulse |\ 1/9 Pulse o1 |12
(B, | 7 B2y | M I
I 13/2) 13/2)
==
5 0 0 T T T T T T T T T T T T T
2 -20 -30 -40 -50 -60 -70
p B : : : : Frequency / pHz/Hz (from 1M RbNO3)
-1
2 Fi H T
| i 1 1
: ‘ ' MQ-MAS
§
3
o 0
-3
-6
o]
b () —
27
24 <
s 3 -20 -30 -40 -50 -60 -70
jﬁ Frequency / pHz/Hz (from 1M RbNO3)
:547' Frydman and Harwood, J. Am. Chem. Soc., 117, 5367 (1995)
= (c*”/cl“) f Medek, Harwood, and Frydman, J. Am. Chem. Soc. 117, 12779 (1995)
2= 76 74
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Isotropic frequency in MQ-MAS is weighted average of 3Q and CT isotropic frequencies.

Defining k = c4(m, —m)/c4 (3, —3) we have

1 3 k CT
Qiso = Prl <Q>MQAS + Pl (D)1as

1 1
|=3/2 case: Qi = —7w0Aaiso + = nq +1
8 8 wg 3

17 8 w ]
= : Qiso = ———woA iso — d 1
|=5/2 case T 93w (3 + )

difference between isotropic shielding
and chem. shift reference in central transition spectrum
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P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei

Field Dependance of Isotropic Shift

Isotropic frequency of quadrupolar nucleus is sum of isotropic
(1) chemical shift and p2
(2) 2nd order quadrupolar shift. Qi) — 58 _ % =

S0 v

¥’Rb DAS Spectra of RONO, 0

™
M7T NU\

By=Co(1+n*/3)'/?

30 Tk
NN R %
E 40 ] 0 Ssal T
94T 1 T T
2 N s
\ \ < R 1 =0.12 site N
70T 1 1 =048 site ‘\\\
\\%‘\ X == -=- . N =100 site \\\

X‘\
4% 001 002 003 004 005 006

1/Bo2 (Tesla2)

-10 -30 -50 -70 -90
Frequency (ppm from 1M 87RbNO3)

Baltisberger, Gann, Wooten, Chang, Mueller, and Pines, J. Am. Chem. Soc., 1992, 114, 7489

Warning: Avoid labeling spectrum axis of quadrupolar nuclei in solids as " Chemical Shift". Only true in

limit that v4/1 goes to zero.
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Comparison of high-resolution methods for quadrupolar nuclei

Advantages

* Quantitative
¢ High Sensitivity, even with nuclei having large Cq
* | ow RF power
* One dimensional experiment
- fastest acquisition of isotropic spectrum.

 Also averages away higher-rank dipolar broadenings.

* No commericial probe available.
e Slower spinning speed
e Larger coil - poor decoupling.

* Quantitative
¢ High Sensitivity, even with nuclei having large Cq
* | ow RF power

* Switched-Angle Spinning probe required (Doty, Phoenix)
e Fails in presence of strong homonuclear dipolar couplings
e Long hop times (30 ms) limits use to samples with longer T1.

® Can use MAS probe (with high power capabilities)
* Works well for abundant nuclei
* Works well for nuclei with short longitudinal relaxation

* Not quantitative

* Requires high RF power for excitation and mixing
 Poor sensitivity for large Cq

* Complex spinning sideband behavior

® Can use MAS probe (with high power capabilities)
* Works well for abundant nuclei
* Works well for nuclei with short longitudinal relaxation

* Sensitive to magic-angle misset (< 0.01°)

e Stable spinning speed required.

* Requires high RF power for satellite excitation.

® Poor sensitivity for large Cq

* Not always quantitative

e Complex spinning sideband behavior

e Fails to remove 3rd and other higher-order effects

* To of satellite transitions significantly shorter than symmetric transitions
e Fails when there's motional averaging of satellite lineshapes.

P. J. Grandinetti (L'Ohio State University)
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Enhancing Sensitivity

P. J. Grandinetti (L'Ohio State University) Solid-State NMR of Quadrupolar Nuclei



Cross-Polarization Transfer: 'H to 13C

z

* By
ﬁBlc

H Adijust individual B field strengths
so that Mutual Spin Flips are
Energy Conserving

1 1 i
H Bin = (ve/vu) Bio H decoupling

! Hartmann-Hahn Condition
e <SAL)f Static Sample
Blc=(’m/7’0)3m\ ’YHBl,H - ,YCBl,C

\ Aaa

m m
1/2 (11] 12

 —
e eeee 12 eeeeee
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Cross-Polarization Transfer: 'H to Quadrupole - Static Sample Case

Hartmann-Hahn Condition when |yx B x| > |wq]

YaBin = vxB1.x

mj
3/2 eee® °
1/2 seeee FYYY)

-1/2 seeee® (XXXIXXY]
-3/2

All transitions get enhanced polarization

Hartmann-Hahn Condition when |yx B; x| < |w,|

yaBin = (I +1/2)vxB1 x

mj

3/2 eeee® [}

1/2 eeeee® YY1}
_1/2 seeeee — " secccee

-3/2 eeeeeee (IXIXIXIX]

Only central transition gets enhanced polarization

P. J. Grandinetti (L'Ohio State University)
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Cross-Polarization Transfer: 'H to Quadrupole - Spinning Sample Case
Just like spin 1/2 nuclei the H-H match breaks into spinning sidebands.
Hartmann-Hahn Condition when |yx B x| > |w,]

YaBiH = 7xB1,x £nQr
All transitions get enhanced polarization

Hartmann-Hahn Condition when |yx B; x| < |wy|

YaBin = (I +1/2)vxB1,x £nQg
Only central transition get enhanced polarization
Warning: Sample spinning can lead to crossings of central and satellite energy levels in spin 3/2 nuclei
and causes polarization transfer between central and multiple quantum transitions.
Check out 2 key papers:
@ "MAS NMR Spin Locking of Half-Integer Quadrupolar Nuclei,” AJ Vega, J. Magn. Reson., 96, 50 (1992)

@ 'CPMAS of Quadrupolar S = 3/2 Nuclei,” AJ Vega, Solid State NMR, 96, 50 (1992)

P. J. Grandinetti (L'Ohio State University)
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https://doi.org/10.1016/0022-2364(92)90287-H
https://doi.org/10.1016/0926-2040(92)90006-U

CT Polarization Enhancement by Population Transfer from Satellites

If only exciting and detecting central transition, then steal polarization from satellites.

Enhance Central Transition by Selective Saturation of Satellite Transitions

m

e ee _ |deafirst described by Pound in 1950
n 00 e Nuclear electric quadrupole interations in crystals,
1 00000 T eeeeee Phys, Rev., 79, 685-702 (1950)

32 0000000 CIIITIN

If all satellites are saturated the central transition
is enhanced by a factor of (I1+1/2)

Significant enhancement and easy to implement

-3/2,-172 -1/2,1/2 172,32

I A I -3/2,-1/2 1/2,3/2
-1/2,172

Enhance Central Transition by Selective Inversion of Satellite Transitions

v & 2**— Described by Vega and Naor in 1980.
- . Triple quantum NMR on spin systems with 1=3/2 in Solids,

2 0oceee®  J.Chem.Phys., 75, 75-86 (1981)

=312
If all satellites are inverted (outermost to innermost)
20 ara2 V2 the central transition is enhanced by a factor of 2|

l A l 2 1 Greatest enhancement but difficult to implement

v -1/2,1/2 v
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CT Polarization Enhancement by Rotor Assisted Population Transfer from Satellites
Let the rotor bring the satellites to you

Selective Saturation of Satellite Transitions

CT
mj . RAPT_. ST ST
- o 0+Voff  VoVoff (2)
32— Recycle T cT
1/2 00 Delay T t
-1/2 00000 "> seeece BOp—54.74° Cq/2 0 -Cql2
-3/2 oo - Spectrum Frequency
e A
Cq/2 0 -Cq/2
Voff (RAPT Offset Frequency)
59Co(1=7/2)

Central Transition

3.
87Rb (1=3/2) in Nas[Co(NO:)el SN (1=9/2)
entral Transition Central Transmon
in RbCIO, E 1.96 in NaNbO;

75 50 256 0 -25 -50 -75 60 40 20 O -20 -40 -60 120 80 40
Frequency (ppm) Frequency (ppm)

-40
Frequency pm)

Yao et al., Chem. Phys. Lett., 327, 85-90 (2000), Prasad et al.

P. J. Grandinetti (L'Ohio State University)

, JACS, 124(18), 4964-4965 (2002)

Solid-State NMR of Quadrupolar Nuclei

NMR Winter School, 2024 77/89


https://doi.org/10.1016/S0009-2614(00)00805-8
https://doi.org/10.1021/ja025910q

CT Sensitivity Enhancement using Multiple RAPT

3 1 1 1 1
2 2 2 4
1 1 1
5 | rapT L | (x/2)cr 0 | rapT 5 | @/2er 0 | rapT i
— — — — —
1 1 1
—3 -1 —3 0 3
B 1 1 1
—2 -1 -1 2 ~2 1
Multi-RAPT___________
—__.Multi-RAPT______
Single RAPT 5.76
SingleRAPT | | o7nr 1_e/ov ganim 11 N 77T
v [0 oot ) doal 277l (1=5/2) 93Nb (1=9/2) |
ecycle cT i i i 3.05
Delay T ] . 2.05 No RAPT. in Albite in NaNbO3 e
v [o]
. BO}—5474° 1[0 """"""" ;To
PQ i | :
I/‘/ n m 100 80 60 40 600 400 200 0 200 400 “600
Frequency (ppm) Frequency (ppm)

Kwak, et al, Solid-State NMR, 24, 71-77 (2003)
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CT Sensitivity Enhancement with Echo Train Acquisition

f—T—A—T—}—T : T ‘U—»I-—’l:—»k—‘l?——l——‘l?—»l——‘l?—+—‘l?—»l~—‘l?——l
(m/2)x T

S
%M

/[ v |
- 1 \ '\ o I‘ o ,’\ ~ f‘ o A o h

S

Carr and Purcell, Phys. Rev. 94, 630 (1954), Meiboom and Gill, Rev. Sci. Instrum. 29, 688 (1958).
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170 CPMG acquisition on 17O-enriched crystalline SiO, (Coesite)

7 I
6 ’ v1 = 72.5 kHz ‘l Tos9 = 125 ms
5
ol |
3 1 1 ’
2
|
' ‘.Jl‘L[‘llll[l}‘l\1]\11\11“]IlllJLIAAAL‘AIIAA
o M A e i i ! i !
a4
6 5‘0 160 léO 260 2‘50 360 3‘50 460
time / ms
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170 CPMG acquisition on 17O-enriched crystalline SiO, (Coesite)

7 =

ii v1 = 72.5 kHz To5% :>125 ms

z !l‘!ll!llll[“[lHI\iJHlHIHIHU ‘‘‘‘‘‘‘ .

i | | | vy = 13;.0 kHz | Tos% :‘302 ms

i “HM,MHHHHHHHH L]
T e T e 150 200 250 ébd ““““ é‘sd ““““ 400

time / ms
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170 CPMG acquisition on 17O-enriched crystalline SiO, (Coesite)

v1 = 72.5 kHz Tos9 = 125 ms

!H“Hl““l“lHIHJHHH.HHUHH.A‘.

i)

1 = 13.0 kHz To5% = 302 ms

A FSSATTRSRSTRIRSSTR TRRSSYRYIEDS

v; = 1.27 kHz Tos9 = 1270 ms

LA

I | l\HI\HI\I\H\IHHM\H\IHMI\MM\IMHI

o | '
NEORNWRARUWOGANRLORLNWARARUOGNNELO=SNWSI™UWO®
sl bbbl bbb el

T
0 50 100 150 200 250 300 350 400
time / ms
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170 soft-CPMG acquisition on 17O-enriched crystalline SiOy (Coesite)
Bo = 9.4 T, MAS speed = 14 kHz

Coesite (Si’0,) 2 Coesite (Sil70,)
n
n 4 [| ]
E . 60-
o c
Q 1 |
231 £E°%7
£ £ 401
D 5 <€
E 2 (u; 30
[0]
o ] z 201
o 14 s}
9] [ 10 A
ey
80_ ae m m 11 -."!‘ = = =
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
v1/kHz v1/kHz
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Natural Abundance 70 (0.036%) and 33S (0.75%) RAPT-soft-CPMG

NMR

116,000 echoes
At =170+20s

17O natural
abundance
a-quartz
48 minutes
S/N = 32

100 -200
frequency (ppm relative to H217O)

11 = 2.73 kHz Gaussian 7 pulses
211 =2 ms
VR = 14 kHz
sensitivity enhancement ~ 1000 (!)
relative to Bloch decay

200 100 0

338 natural
abundance 2000 echoes
K2S04 A1 =88+045
68 minutes

S/N = 31

400 350 300 250 200
frequency (ppm relative to 03382)

450
v, = 2.76 kHz square 7 pulses

27'1 =6 ms

vr = 14 kHz

sensitivity enhancement ~ 64
relative to Bloch decay

NMR Winter School, 2024
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Central transition has no secular relaxation contribution, Jy(0)
Petit and Korb, Phys. Rev. B, 37:5761-5780, 1988.

Spin 3/2 case:

d<I::}:_2> 12,12 /712 12,34 /y3—4
= —Ry7 (1) = Ry ()
dt 2o 2o R = R34 = 302 [J5(0) + Ji (wo) + Ja(2wo)]
dgjl; ) _ R333(12-3) Ry = R3M? = 302 [~ Ja(2wo))]
A R} =302 [J1(wo) + J2(2wo)]

=L R - R

CPMG lifetime extension from avoiding coherence transfer to short-lived non-symmetric transitions.
Non-symmetric satellite transitions have significantly shorter 75 times than symmetric transitions, i.e.,
m— —m.
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How to avoid exciting non-symmetric transitions during CPMG?

Avoid exciting MAS centerband of innermost satellite transition

ST Spin 3/2 case Inner ST Spin 5/2 case

CT

10 8 6 4 2 0o 2 -4 6 4 2 0 2 -4 6
Frequency / kHz Frequency / kHz

Jolting-frame average Hamiltonian (one rotor period) in spin 3/2 case:
HY = —90,[273 \/;aowl [e“i’o (L2 + I + eI 2 + IE—4)]

CT « pulse will also excite ST through its center band with tip angle of 6 = v/3ag(7/2).
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How to avoid exciting non-symmetric transitions during CPMG?

Avoid exciting MAS centerband of innermost satellite transition

ST Spin 3/2 case Inner ST Spin 5/2 case
ST-centerband Inner ST-centerband
x154 x89

CT

VR = 14 kHz

10 8 6 4 2 0o -2 -4 6 4 2 0 2 -4 6
Frequency / kHz Frequency / kHz

Jolting-frame average Hamiltonian (one rotor period) in spin 3/2 case:
HY = —90, [273 \/;aowl [e“i’o (L2 + I + e (12 + IE—4)]

CT n pulse will also excite ST through its center band with tip angle of 8 = v/3a(7/2).
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CT Sensitivity Enhancement with Soft Pulse Echo Train Acquisition
D. Jardén-Alvarez, et al., Phys. Rev. B, 100, 140103 (2019) —See Mark Bovee's poster at NMR Winter School

@ It is always beneficial, and without any disadvantage, to go to lowest possible wy within
constraints of required excitation bandwidth.

@ Do not set 7/2 and 7 pulse lengths based on CT nutation. Instead work in the w; < wy limit,
calibrate wy with liquid, and set pulse lengths to theoretical values of
2

T, _ 1 and T _ ! 2m
2T (S F 1/2)w T 2(S+1/2)w

@ Soft pulse Echo Train Acquisition works best in lattices dilute in NMR active nuclei, i.e., with no
strong sources of central transition 75 relaxation or echo train dephasing, e.g., dipolar couplings.
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