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The Big Picture




Most Nuclei have

Electric quadrupole moments

IA VIIIA
E
Spin= 3

1A A IVA VA VIA VIARLIG

Dipole Moment couples | Li | Be Quadrupole Moment
to magnetic field Na Mg\ s vE VB VIB VI VIIIB Ar co#:%s ;:azliz(:\ttric
N K [Ca|Sc|Ti|V |Cr
O Rb| Sr |13 Zr [Nb|Mo| Te Oo
3 Cs|Ba|La | Hf | Ta|\)/|(Re )
Fr |Rd|Ac
Ce | Pr |Nd|Pm|Sm|Eu |Gd|Tb|Dy | Ho|Er Lu
Th|Pa| U [Np|Pu|Am/Cm|Bk | Cf | Es Fm‘Md No|Lr
[=0 [=1 [ =2 [=3 =4
SPIN monopole dipole quadrupole octapole hexadecapole
I =0 electric 0 0 0 0
= % electric magnetic 0 0 0
I =1 electric ~ magnetic electric 0 0
= % electric =~ magnetic electric magnetic 0

I = electric ~ magnetic electric magnetic electric




NMR of Quadrupolar Nuclei

What’s the Problem?

6, Single Crystal NMR
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Strong Quadrupolar Coupling
causes short T1 & T2 relaxation times.



MAS eliminates 1st Order Anisotropies

Variable-Angle Spinning Spectra
as a function of angle

Magic-Angle Spinning Spectra
as a function of spinning speed
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Quadrupolar Nuclei have a Narrow Central

Transition but MAS is Inadequate

Zeeman Quadrupole
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Variable Angle Spinning:

Central Transition of Quadrupolar Nuclei

Variable-Angle Spinning As a Function of
Rotor Angle and Quadrupolar Asymmetry Parameter
rotor 1N =0.0 0.5 0.7 1.0

angle
00.00°

T 63.43° )\J
2 70420 k

™% 79.19° L

Ganapathy, Schramm, and Oldfield, J. Chem. Phys.,1982, 77, 4360



One Solution:

Really High magnetic fields

2nd-order anisotropies are inversely
proportional to magnetic field strength

27Al CT MAS spectra of aluminoborate 9AL,03 + 2B,03 (A9B;) compound from 14 to 40 T.

14T - 600 MHz ('H)

/JJLJL 19.6T - 830 MHz ('H)

\
m ‘ij - 1064 MHz ('H)
|

AlOs(I) [ AlOg
AlO4  AlOs(I) ’\

\Mwi()j\ - 1700 MHz ('H)

100 50 0 -50ppm

Gan,* Gor'kov, Cross, Samoson,and Massiot J. AM. CHEM. SOC. 2002, 124, 5634- 5635



We've got no money,

so we've got to think.

Ernest Rutherford




How are 2nd-order anisotropies

different from 1st-order anisotropies?

see also
“Symmetry Pathways in Solid-State NMR”
Grandinetti, Ash, Trease,
Prog. NMR Spect.
59, 121 (2001)




NMR Transition Frequency is Sum of Components
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and each component is the product of three terms:
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Relabel spatial function for each rank of L
—(k) (k)
=19(0) « R (©)

=,(0)
L= 0 1 2 3 4

)(0), F(O), G(O),...

71\




Relabel transition function for each rank of |
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Form of transition function depends on spin system



Transition function for single spin, |

Transition functions for a Spin 1=3/2 Nucleus
Values inside solid black circles are negative



Rewrite Frequency Contributions using Symmetry Functions

First-Order Nuclear Shielding

Spat\a\ transitIOn
funct'\onfz f Unctiop,

QY = —wooiso [S'7 - py(mi, m))]
~woly [D''(®) - p(m;, m))]

Isotropic contribution contains the S spatial function.

First-Order Quadrupole Coupling
Q) = w, [D(®) - dy(m;, m))]

Notice: d, vanishes for all m to -m transitions

dr(m,—m) =0




Second-Order Quadrupole Frequencies

after lengthy derivation...

w?] w?] wf]
Q) = —[8eq(mi, m)]+ —[D(@©)-c(mi, m)) [+ —[G'*(©)-ca(mi, m))]
0 0y Wy

Notice: All 2nd-order frequency contributions are inversely proportional to magnetic field strength

cy, are linear combinations of p; and f,,
(2,2} (2,2}
L1 L3

CJ, transition tables for spin 3/2

cr(mi,mj) = n; 7 - p(mj,mj) +n [r(m;,m;)

co(m;, m;) ca(mi, my) ca(mi, m;)
Values inside solid black circles are negative



Quadrupolar NMR Frequency Contributions

1st-Order Nuclear Shielding (a few kHz)
O = —wyoris [S' - py(mi, m))] = woly [D'7N(O) - py(m;, m))]

1st-Order Quadrupolar (a few MHz)

QEII) = w, [DY(®) - d;(m;, m;)]

2nd-Order Quadrupolar (a few kHz)

2 w2 w2

(2) “a tqq) 1 1mlag} 1103199}
Q7 = —[S-co(m;, mj) |+ —[D"(O)-ca(m;, mj) |+ —[GC(O)-c4(m;, m))]
All Isotropic contributions contain the S spatial function.
Need to eliminate all anisotropic contributions to get high resolution spectra



- Only excite m to -m transitions, so d;(m, —m) = 0

1st-Order Nuclear Shielding (a few kHz)
O = —wyoris [S' - py(mi, m))] = woly [D'7N(O) - py(m;, m))]

2nd-Order Quadrupolar (a few kHz)

a)?] | w?] “)621
QP = —2[8199)co(my, m )|+ —2 [ D99 @) -co(my, m )|+ —2[ G99 (©)-ca(my, m))]
W W W

All Isotropic contributions contain the S spatial function.
Need to eliminate all anisotropic contributions to get high resolution spectra
- Only excite m to -m transitions, so dj(m, —m) = 0



Sample Rotation & Spatial Symmetry Pathways

Spatial Pathway During sample motion S is invariant,
Bio and other spatial parts break up into

T~ 0O(t) = (¢r = wrt,Or,0)
P(Or)=FPo(Or) + P1(Or, ¢r)

D(Or)=Do(Or) + D1(0r, dr)+ D2(6r, ¢r)
F(©r)=F0Or) + F1(Or, Pr) + [ 2(0r, dr) + F3(Or, dr)

2 G(Or)=Go(O0r) + G1(Or, #r) + G2(Or, Pr)+ G3(Or, Pr) + G4(Or, Pr)
a
0 t g Roots of P (cos ), where n=0 spatial
components are zero
DO 0 . @)
: L oy Method
D, o|— ) Po | 90.00° P-MAS
Spatial Echoes Do | 54.74° D-MAS
Fo | 39.23° | 90.00° | F-MAS
D, o - Gy | 30.56° | 70.12° | G-MAS

0 tr 2 tR 3t



Sample Rotation & Spatial Symmetry Pathways

Spatial Pathway During sample motion S is invariant,
Bio and other spatial parts break up into

T~ 0O(t) = (¢r = wrt,Or,0)
P(®Or)=|Po(Or)|+ P1(Or, ¢r)

D(Ogr) =|Do(Or)| + D1(Or, dr)+ D2(6r, Pr)
F(Or)=|Fo(Or)|+ [1(Or, Pr) + [ 2(0r, dr) + F3(Or, dR)

2 G(Or)=|Go(Or)|+ G1(Or, ¢r) + G2(Or, dr)+ G3(Or, dr) + C4(Or, dr)
a
0 t g Roots of P (cos ), where n=0 spatial
components are zero
DO 0 . @)

: L o Method

D, o|— ). Po | 90.00° P-MAS
Spatial Echoes Do | 54.74 D-MAS

Fo | 39.23° | 90.00° | F-MAS

D, o ‘ Go | 30.56° | 70.12° | G-MAS

0 tr 2 tR 3t



Sample Rotation & Spatial Symmetry Pathways

By
A

Spatial Pathway 7

" O(t) = (¢r = wrt,0r,0)

P(®r) =
D(Og) =
F(Ogr)=
G(Or)=

t

During sample motion S is invariant,
and other spatial parts break up into

Po(6r)
Do(6r)
Fo(Br)
Go(6r)

These cause spinning sidebands that
IP] (HR, ¢R) go away at sufficiently high spinning speeds

D1(6r, ¢r) + D2(Or, ¢r)
F1(Or, #r) + F2(Or, Pr) + [ 3(Or, Pr)
G1(Or, or) + G2(0r, ¢r)+ G3(Or, dr) + C4(Or, Pr)

Y

Spatial Echoes

tr 2 tR

3tR

Roots of Py (cos ), where n=0 spatial
components are zero

L 0\ Method
Po | 90.00° P-MAS
Dy | 54.74° D-MAS

Fo | 39.23° | 90.00° | F-MAS
Go | 30.56° | 70.12° | G-MAS




- Fast sample rotation at 54.74° eliminates D but not G spatial anisotropy

1st-Order Nuclear Shielding (a few kHz)

erl) = —WoUiso [S{U} -y (m, mj)]

2nd-Order Quadrupolar (a few kHz)

w2 w?
QEIZ) = w—q (S99 .co(m;, m))] + w—q [@({)qq}(HR)'M(mi, m;)]
0 0

All Isotropic contributions contain the S spatial function.

Need to eliminate all anisotropic contributions to get high resolution spectra
- Only excite m to -m transitions, so dj(m, —m) = 0
- Fast sample rotation at 54.74° eliminates D but not G spatial anisotropy



- Fast sample rotation at 30.56° eliminates G but not D spatial anisotropy

1st-Order Nuclear Shielding (a few kHz)

Q) =—wo0ise [S'7) - py(mi, m))] = wolr [DF 6k) - Py (mi, m))]

2nd-Order Quadrupolar (a few kHz)

2 w2

QD = Z94[8149). gy (my, m;)]+ 2 [DI) G-y (mi, )]
q Wo RRLLY Wo 0 R)" L2\, 1L
All Isotropic contributions contain the S spatial function.
Need to eliminate all anisotropic contributions to get high resolution spectra
- Only excite m to -m transitions, so dj(m, —m) = 0
- Fast sample rotation at 30.56° eliminates G but not D spatial anisotropy
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How to get high resolution spectra

of Quadrupolar Nuclei

with a little help from
symmetry pathways




MQ-MAS uses a c4 echo to refocus

residual anisotropy

[ (l(/ (9(2)) ([;4(171,,’711)]
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(G (C!n/c[z]) f J.Am. Chem. Soc. 117, 12779 (1995)




2D Shifted-Echo 3Q-MAS
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Massiot et al., SSNMR, 6, 73 (1996)



MQ-MAS c4 echo transition pathway

possibilities increase with spin

<Q>MAS = TW0Tiso [S{G} P lmi, mj)] " Z_z [S{qq} ’ @O(mi,mj)] " Z_Z [@é)qq}(eﬁ)) - ca(m, mj)]
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Values inside solid black circles are negative



ST-MAS also uses a c4 echo to refocus

residual anisotropy
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Requires extremely accurate
setting of the magic angle.

Z.Gan, J. Am. Chem. Soc., 122, 3242-3243 (2000)



DAS uses simultaneous Do and Go echoes
to refocus residual anisotropy
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Need probe that can flip rotor angle during experiment.



170 2D DAS of Coesite

(A SiO2 Crystalline Polymorph)

MAGIC-ANGLE SPINNING

Bo

&

1 . 1 1 1°7 LU B BN B B B LI B |

50.0 0.0 -50.0

DYNAMIC-ANGLE SPINNING

!
L

Bo

e

50.0 0.0 —50.0
ppm (from H,170)

J. Phys. Chem., 99, 12341 (1995)

COESITE STRUCTURAL FRAGMENT

diso = 57 ppm
Cq=545MHz
nq=0.168
03: 144.5°,1.614A
diso = 58 ppm
Cq=5.16 MHz
nq=0292
05: 137.2°,1.620A
diso = 53 ppm
Cq=5.52 MHz ~0 Oiso =41 ppm

Cq =543 MHz
A A’qu =0. 166
» 02 142.56°,1.612A

W — ”". , 'l
1q=0.169 l\,M K O~ y;
04: 149.5°,1.608A

diso =29 ppm
Cq=6.05 MHz
ng=00

O1: 180.0°,1.595A

w
(=]
!
? q
i
&
o
4
F
<
o

O T VR . 0
’ , K
{ Ve '0% ) S 4
" O -
' . >
e d ?ﬁfg‘;@) w T
. s 0 ..
] c% s s s
olovr ° 1
,\‘} b e o . "
. D o, ¢
T T : 04
e 0 .,
RS
O b0 o O -0 : ot
Q4 0 * ° '
2 A Y,

. H ‘}.; =5 w;_,:o ! .
A "' ﬂ s ’
30 3 -\/’\O’b’ -L;:OC;(‘»-‘\ o . R ]
c_». Y)U v i !
LA AR REAE R
60 40 20 0 -20 -40 -60 -80

MAS dimension (ppm)

S
2

—
(=]
1
°
o
3
15
o

isotropic dimension (ppm)

MAS dlmensmn (ppm)



A challenging Solution: Double Rotation

Samoson, Lippmaa, Pines, Mol. Phys., 65, 1023(1988).

/2

N\ BI =\30'56° I‘\ M !’ MMM” Time
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:*Hi*’m
1
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<—[30 = 54.74°

SAMOSON, SUN, AND PINES,
Pulsed Magnetic Resonance:

5 0 -5 NMR, ESR, and Optics
Frequency (kHz) MAS SYMMETRY DOR SYMMETRY
23NA DOR oF NA,P,O
4° 2~7 Engelhardt, Kentgens, Koller, Samoson
MAGIC ANGLE SPINNING DOUBLE ROTATION Solid State Nuclear Magnetic Resonance 15 1999. 171-180
;
v, =211.6 MHz
V= 1250 Hz
* *
198.4 MHz
1,2
v = 158.7 MHz 34
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;
2
v, =105.8 MHz 3 * * 4
v,,= 850 Hz @ *
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* Quantitative
* High Sensitivity
* Low rf power
* One dimensional experiment
- Quick experiment (In principle)

» Special Probe Required
» Stable spinning requires finesse
» Slow spinning speeds

- (large # of sidebands)
 Large coil ... low rf power

- poor decoupling.

* Quantitative

* High Sensitivity, even with nuclei
having large quad. couplings

* Low rf power

» works well for dilute quadrupolar
nuclei

» Special Probe Required

* Fails in presence of strong
homonuclear dipolar couplings

* long hop times (30 ms) limits use to
samples with long longitudinal
relaxation (rare problem).

» Easiest to implement (no special probe)

» Works well for Abundant nuclei

* Works well for nuclei with short
longitudinal relaxation

* Not always quantitative
* requires high rf power for
excitation and mixing
* Poor sensitivity for large Cq
» Complex spinning sideband behavior

» Easy to implement (no special probe)

» excites only single quantum transitions

* Works well for Abundant nuclei

» Works well for nuclei with short
longitudinal relaxation

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

» stable spinning speed required.

* requires high rf power for satellite
excitation.

* Poor sensitivity for large Cq

* Not always quantitative

» Complex spinning sideband behavior

» fails to remove 3rd and other higher-
order effects

* Fails when there's motional averaging
of satellite lineshapes.




Signal Processing




The Fourier Transform, Shift Theorem,

and Shearing Transformations

Echo Tops - This Cross-Section yields
t, 1D Isotropic Spectrum

Echo appearsint,atkt,

15}
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Affine Transformation Echo Tops - This Cross-Section yields

1D Isotropic Spectrum

in DAS, MQ-MAS, ST-MAS

Echo appearsint,atkt;

“Symmetry Pathways in Solid-State NMR’,
Prog. NMR Spect. 59, 121-196 (2011)

t' = At, where s'(t) = s(At)

([ 14k O 4 FT (t2) o,
(500

~/ ~ —
& =oAL,

1
where S'(0) = — S(QA™!
@) = rS@A™

1FT(t)

t; = (1+ k)t i Ikt
A = (14 k)AL ¢, |elwk o

~(FT 7 (t)}




Absorption Mode Lineshapes

One Dimension

Real Imaginary
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Absorption Mode Lineshapes

Two Dimensions

0 00
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Absorption Mode Lineshapes

Two Dimensions

Mathematical Solution: Just extend lower limits to negative infinity.
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Actually, only need to extend one lower limit to negative infinity
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Absorption Mode Lineshapes

Two Dimensions

Get by
Hypercomplex Approach .
ypP P PP shifted echo
Must be true for all
symmetry pathways, —m— h —m— 2 —> tAl
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v = (/g8 — hypercomplex



MQ-MAS paths and antipaths
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Hypercomplex Processing Sl
of DAS, MQ-MAS, ST-MAS m
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Shifted Echo Data Acquisition and t

Processing of DAS, MQ-MAS, ST-MAS

J. Magn. Reson. A, 103,72-81 (1993). i t>
m, B, By FT ()|
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112
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A Few Loose Ends...




Central Transition Nutation Frequency

[=3/2
V] = 50 KHZ
\ cQ = 1 KHZ
0.50 \ 25 KHzZ
| \\\ S50 KHZ
100 KHZ
0.00 \ v 250 KHZ
1000 KHZ
-0.50 Y,
-1.00 - : : :
o 5 10 15 20
PULSE DURATION (MICROSECONDS)

1.00

CENTRAL TRANSITION
INTENSITY

IN THE LIMIT THAT W1 < W; THE EFFECTIVE CENTRAL
TRANSITION NUTATION FREQUENCY BECOMES ...

(I +1/2) wy



Field Dependance of Isotropic Shift

ISOTROPIC FREQUENCY OF QUADRUPOLAR NUCLEUS IS SUM OF ISOTROPIC

(1) CHEMICAL SHIFT AND 1 P2
Q(iSO) _ <(C9) q 108
(2) 2ND ORDER QUADRUPOLAR SHIFT. = diso " (pPm) — 75 —5 X 107 (ppm)
0
87
RB DAS SPECTRA OFBRBN03 Pq: CQ(l +772/3)1/2
"“\‘_\\j‘”‘ Sy ---‘-._._E\
NdLAL AN -
11 .7 T | \ \ -30 _-\\‘\\\\"‘l'\\
\,\\ h \ R X \-T-“ \\\\\\\\\
SN E 0] Tsel T
9.4 T J\J \ W BA B T~ T
NI "« 3Rbsites £ 50 - “ hn
“© 1 4. n = 0.12 site "
7JO\IMV/A/\%VW\MN\«/\ -60 _ o M =048 site ~ ™~
l\\‘\k 1 x--.--. n=1.00site S

_ *.
T LINNNL B N B (LR B DL BN L NN B NN NN NN B B N B NN NN BN BN BN DL BN B B ) \l
4.2 001 002 003 004 005 006
! ! : ' ' 1/Bg2 (Tesla?)

-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: Never label spectrum axis of quadrupolar nuclei in Solids
as "Chemical Shift". Only true in limit that Po/v, goes to zero.



Enhancing Sensitivity




Cross-Polarization Transfer: TH to 13C

Z 1 Z
* HB]_
4 ﬁ BCBI |
H Adjust individual B1 field strengths H
r so that Mutual Spin Flips are r
Energy Conserving
13C y > 1SC y
X
(70/2)y (SL)y
A
H B1H=(YC/YH) B, IH decoupling
! Hartmann-Hahn Condition
. <5;>¢ Static Sample
13
8.~ (1,/1) &, YaB1.v =vcBi.c
S
m m, U
(X ) o

1/2
12 9000 S I I I IX]




Cross-Polarization Transfer: TH to Quadrupole

Hartmann-Hahn Condition when |vx B1 x| > |w,|

Static Sample
YabB1,u = vxB1,x
m
3/2 eee00 L J
1/2 esceee XYY All transitions get

Y Y Y YYY B YYYYY Y enhanced polarization

.3/2 eeeee0® (YYYYYYYY Y

Hartmann-Hahn Condition when |7xB1 x| < |wg]
Static Sample

1
YuBi1.H = (I + 5) vxB1,x

m
312 eeee eooe

1/2 esceee XYY Only central transition gets

1/2 ccceee — " ecccccee enhanced polarization

-3/2 0000000 0000000




Cross-Polarization Transfer: TH to Quadrupole

Spinning Sample

Hartmann-Hahn Condition when |vx B x| > |w,|
YaHB1,H = vxB1,x £ nllg

All transitions get t o
L7, spinning speed
enhanced polarization

Hartmann-Hahn Condition when |7x B1 x| < |w,]|

1

YaBi1 g = (I + 5) vxB1 x £nflr

Only central transition gets
enhanced polarization

Just like spin 1/2 nuclei the H-H match breaks into spinning sidebands.

In quadrupolar nuclei, however, level crossings involving central and satellite

transitions can further complicate polarization transfer. Check out 2 key papers:

(1) “MAS NMR Spin Locking of Half-Integer Quadrupolar Nuclei’, A. J.Vega, J. Magn. Reson. 96, 50 (1992)
(2) “CP/MAS of Quadrupolar S =3/2 Nuclei’, A. J.Vega, Solid State NMR, 96, 50 (1992)



Population Transfer

from Satellites to Central Transition

If you only plan to excite and detection the central transition,
why not steal polarization from the satellites?

Enhance Central Transition by Selective Saturation of Satellite Transitions

m

® o0 . .
2 ee oo Idea first described by Pound in 1950
112 > Nuclear electric quadrupole interations in crystals, Phys, Rev., 79, 685-702 (1950)
1 00000 000000
32 0000000 (XIITT If all satellites are saturated the central transition
3/2,-1/2 -1/2,1/2 172,312 is enhanced by a factor of (|+1 /2)

A A A -3/2,-1/2 1/2,3/2

-1/2,1/2
Enhance Central Transition by Selective Inversion of Satellite Transitions

m,

® 000 . .
™ ee o Described by Vega and Naor in 1980.
1z > 0000000 Triple quantum NMR on spin systems with 1=3/2 in Solids,
12 90008 J. Chem. Phys., 75, 75-86 (1981)
32 90000000 00000

If all satellites are inverted (outermost to innermost)
32,12 AR2 1230 the central transition is enhanced by a factor of 2|

A A A -3/2,-1/2 1/2,3/2

' -1/2,1/2 v




Rotor Assisted Population Transfer (RAPT)

from Satellites to Central Transition

Let the rotor bring the satellites to you
Yao et al., Chem. Phys. Lett., 327, 85-90 (2000), Prasad et al., J. Am. Chem. Soc., 124(18), 4964-4965 (2002)

SELECTIVE SATURATION OF SATELLITE TRANSITIONS )
RAPT
Sl
m Vo+Voff  VO-Voff ST
a2 2 . e ’ O . 0g° ‘ (7t/2)ct
12 20@ L Delay 1
12 00000 — ” eceeee = Cq/2 0 -Cq/2
32 0000000 000000 ; — Spectrum Frequency
1= © .
Cq2 0o -CqgP
Voff (RAPT Offset Frequency)
59Co(1=7/2)
Central Transition m 30
in Nas[Co(NO
87Rb (1=3/2) s[CO(NOz)el 26 9BNb (1=9/2)
Central Transition Central Transition
in RbCIO,4 1 96 in NaNbO;

B s o e o N aaan s s n s e e e e e e e A S S e S e B S e e e e ¢

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



Multiple Rotor Assisted Population Transfers

(r/2)cT
—

N— N~ N—= N~

N= O O N

RAPT
—

N N N e

3
: 1 1
5 RAPT 1| /2)0r 0
1
1 1 0
3
4 1 1
vVotVoff  Vo—Voff \
Recycle (/ . \ (7/2)cr
Delay 1 T~ —t
1 B0 h54'7\i°
p_(l) /n ~_
~ n m

\

Kwak, et al, Solid-State NMR, 24, 71-77 (2003)
____Multi-RAPT _____
Single RAPT ___ 271 (|=5/2)
302 in Albite
2.05 No RAPT
1T£o
""""" o s e 4
Frequency (ppm)

Theoretical gains in sensitivity using RAPT and multiple RAPT

Spin I | Single RAPT Time Multi-RAPT Time
Enhancement Reduction | Enhancement Reduction
3/2 2 4 2.31 5.34
5/2 3 9 4.02 16.16
7/2 4 16 6.05 36.60
9/2 5) 25 8.33 69.39
Multi-RAPT___________
Single RAPT 5.76
3Nb (1=9/2)
in NaNbO3 3.05
600 400 200 0 -200 -400 -600

Frequency (ppm)



Experimental RAPT Enhanced Spectra

(Dependence on Conversion Pulse Power)

8 7 R b i n R bC I 04 Trease et al., J. Magn. Reson., 200, 334-339 (2009).

RAPT-Saturated Satellites Optimum Excitation of Enhanced Central Transition Populations
Equilibrium
vi = 65 kHz v1 = 35 kHz vi = 14 kHz vi = 7.8 kHz
pw = 1.93 us pw = 3.53 us pw = 9.20 us pw = 16.1 us
75 50 25 o -25 -50 -75 75 50 25 -25 -50 -75 75 50 25 -25 -850 -75 75 50 25 -25 -50 -75
FREQUENCY (PPM) FREQUENCY (PPM) FREQUENCY (PPM) FREQUENCY (PPM)

RAPT SPECTRA SCALED DOWN TO COMPARE LINESHAPES

vi = 65 kHz
pw = 1.93 us

vy = 35 kHz vy = 14 kHz v = 7.8 kHz
pw = 3.53 us S pw = 9.20 us pw = 16.1 us S

75 50 25 o -25 -50 -75 75 50 25 o -25 -50 -75 75 50 25 o -25 -50 -785 75 50 25 o -25 -50 -78
FREQUENCY (PPM) FREQUENCY (PPM) FREQUENCY (PPM) FREQUENCY (PPM)



Pay the Bills...




Interpreting Quadrupolar Couplings

(Electric Field Gradients)

. : 3 ey
— E 1% Ror(Q - ) .
H, (—=1)"  Ror(Qy) [\/QI(QI - 1)T2A]

k

Electric Field Nuclear
Gradient Quadrupole
at the nucleus Moment
Electric Field Gradient at the nucleus
Ry ) = Z Es i(e) + Z N i(n)
all electrons all nuclei
Surrounding Electrons Surrounding Nuclei
4 1 4 1
Esr(e) = —e ?T_3Y2,k(967¢6) Nak(n) = Zpey | ?T_3Y2,k(9na¢n)
z a6 Z T
T
X X
¢ . Complete

Total Electric Field Gradient < R2 k> _ <\If] R2 " ]\IJ> nuclear and

at the Nucleus Electronic
Wavefunction



The Electric Field Gradient Tensor

and its orientation

- EFG is 2nd rank traceless tensor: 5 elements, (R, ;. ), with k=-2,-1,0,1,2.
- There exists a principal axis coordinate system (PAS) where tensor is diagonal: (R5;) =0

PAS PAS

- Further define PAS such that |(R5.¢)| > [(R5755)], labeling PAS components as  {(p2.x) = (R57)

Ypas

For example, in a C-D bond
the 2D efg PAS is directed
along the C-D bond axis.

XPpaAs

« Quadrupolar coupling Constant and Asymmetry parameters are defined

e e
C, =2 %2(/)270) and n,C, = 22/6 7Q</)2,:i:2>

<(]:1,-:1,-> - <ny>
(qz2)

In Cartesian Coordinates C; = €2Q<sz>/h’ and 7, =

Note that (¢zz) + (qyy) + (¢zz) =0




Point Charge Model for Predicting

Electric Field Gradients

- no analytical expression for EFG exists without approximations.
« most drastic is the Point Charge Model: It's crude, but often provides a
qualtitative understanding, and with calibration can sometimes be quantitative.

R A7 Y Approximate coordinating atoms as point charges
< 2, k) 2 "“ 0;, qb] and calculate sum of all coordinating atoms.
X linear (1-coord.) 0 =0,¢ =0 R _ Ze R —0 d (R —0
! = (Ro,0) = 2B (R2,+1) =0, and (Rp 42) =
Y
X B _ _ YA
linear (2-coord.) 91 = 0, ¢1 =0 <R270> 36’ <R2 :i:1> _ O and <R2,:t2> — 0
©— z 0y = 180°, ¢ = 0 “a
Y

Point Charge model predicts Cq doubles, and PAS unchanged when atom
goes from one to two-coordinated linear.

Experimental 170 NMR measurements in Silicates

Non-Bridging Oxygen Si-'70" Bridging Oxygen Si-'7O-Si
a-Na2Si205 Cq=2.40 MHz, =0.20 a-Na2Si205 Cq=5.74 MHz, 1 =0.20
Li2Si205  Cg=2.45MHz,n=0.10 Li2Si205  Cq=5.60 MHz, 1 =0.10

Maekawa, Florian, Massiot, Kiyono, Nakamura, J. Phys. Chem. 1996, 100 (17), 5525-5532.
Xue, Stebbins, Kanzaki, Am. Miner. 1994, 79, 31.




Point Charge Model for Predicting

Electric Field Gradients

Trigonal Planar
Place quadrupole nucleus at the origin and the z-axis perpendicular to the plane containing 3 point charges

f 6 =90°, ¢ =0,+120°
© 3 Ze
e \(‘ (Ro) = 5B (Ra,+1) =0, and (Rgi9) =0

- z-axis of efg PAS is perpendicular to plane containing nucleus and coordinating charges.
« Asymmetry parameter is zero, and sign of the quadrupole coupling constant is opposite to linear cases.

Tetrahedral
[
| (R2,0) =0, (R241)=0, and (Rg42)=0
/ b\llhc
© e
11B examples from Borosilicates:
P Cq eta Lin-Shu Du and
Trigonal Planar ''BO3 (ring) 2.65MHz  0.20 Jonathan F. Stebbins,
Trigonal Planar ''BO3 (non-Ring) 255MHz  0.20 J. Non-Cryst. Solids,

(
Tetrahedral  17BO4 (1B,3Si) 0.30 MHz  0.00 315, 239-255 (2003)
Tetrahedral  17BOg4 (0B 4Si) 0.30 MHz  0.00




Point Charge Model for Predicting

Electric Field Gradients

Bent
Place quadrupole nucleus at the origin with z-axis in plane containing atoms and perpendicular to the angle
bisector
Z Z 3
f (Rao) = - (3sin?Q/2—1), (Rot1) =0, and (Raa) = = \@ cos? /2
z o
C/V\c o 2€2Q Z a Q) and 3(cos 2+ 1)
= _— —_ 3 1 = —
E h d3 o8 A 3cos) —1

170 quadrupolar coupling parameters in Si-17O-Si linkage as a function of Si-O-Si angle

6.5 MHz 1.0 . .
m  experimental m  experimental Ferrierite - 10 sites
point charge model fit point charge model Bull etal,
6.0 MHz N 0.8 J.Am. Chem. Soc., 122, 4948 (2000)

Cristobalite - 1 site

Quartz - 1 site

Spearing et al,

Phys. Chem. Min., 19, 307 (1992)

5.5 MHz 0.6

Cq
5.0 MHz

N

0.4

Coesite - 5 sites
Grandinetti, et al,
J. Phys. Chem., 99, 12341 (1995)

4.5 MHz 0.2

4.0 MHz . . . . . 0.0 -
120° 130° 140° 150° 160° 170° 180° 120° 130° 140° 150° 160° 170° 180°

Q Q




Rough Guide to Some

Point Charge Models for EFG

Name Structure Cq ng
2
linear (1) ©o—e>2z QZ—Q% 0
. a
. 2
linear (2) 2z<e—o0—e>2z Q7 0
h d3
ZZ (70\—>ZZ
bent (2) e’ e e2Q Z 3(cosQ+1)
2— —(1 —cos ) —
- h d3 3cos) —1
| f
. y 4 e2Q Z
o 36K 2
Trigonal Planar (3) o " e 350 0
e
I
Tetrahedral (4) A 0 0
©
ZZ
. . . @ e2Q Z
o— O\ Zx 2 0
Trigonal Bipyramidal (5) % -
ZZ
(&
e, '@
Octahedral (6) oy 0 0
v I »
(& e ©
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