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SPINNING TOPS PRECESSING IN A FIELD

SPINNING TOP HAS ANGULAR MOMENTUM & PRECESSES IN A GRAVITATIONAL FIELD
Z A

I 0 «— PRECESSION FREQUENCY INCREASES LINEARLY WITH
GRAVITATIONAL FIELD STRENGTH

«Ql

MAGNETIC SPINNING TOP HAS ANGULAR MOMENTUM & PRECESSES IN A MAGNETIC FIELD
Z A

I O «— PRECESSION FREQUENCY INCREASES LINEARLY WITH
MAGNETIC FIELD STRENGTH

W)

—_
g=0 (-MAGNETIC FIELD STRENGTH

w=-7B

— GYROMAGNETIC RATIO




ATOMIC NUCLEI WITH NON-ZERO ANGULAR

MOMENTUM WILL HAVE MAGNETIC DIPOLE MOMENTS

The Atom .
_ Nucleus (~ 10714 m diameter) B
Surrounding composed of protons (I=1/2) and N Magnetic dipole moment of
electrons

nuclear spin angular momentum / in a magnetic field

-« ~1010 m—»

ALLOWED NUCLEAR MULTIPOLE MOMENTS AS A FUNCTION OF NUCLEAR SPIN |

[=0 [=1 [ =2 [=3 =4
NUCLEAR .

SPIN  Imonopole dipole quadrupole octapole hexadecapole
I=0 electric 0 0 0 0
I = % electric magnetic 0 0 0

=1 electric ~ magnetic electric 0 0
I = % electric magnetic electric magnetic 0
I =2 electric ~ magnetic electric magnetic electric

ALL NUCLEI WITH SPIN | 2 1/2 WILL PRECESS IN A MAGNETIC FIELD




ENSEMBLE OF I = 1/2 NUCLEI WILL HAVE SMALL

CONTRIBUTION TO NET SAMPLE MAGNETIZATION

AT EQUILIBRIUM I 2 1/2 NUCLEI HAVE
RANDOM PRECESSION PHASES AND
NEARLY RANDOM PRECESSION ANGLES
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AT EQUILIBRIUM, (PPM) MORE PRECESSION CONES ALONG +Z THAN -Z,
OR, IF YOU CHANGE THE SIGN OF THE GYROMAGNETIC RATIO,
MORE PRECESSION CONES ALONG -Z THAN +Z.

BULK SAMPLE
MAGNETIZATION
VECTOR




MAGNETIC RESONANCE APPROACH FOR

ROTATING MAGNETIZATION VECTOR

APPLY SMALL OSCILLATING MAGNETIC FIELD PERPENDICULAR TO BoO
IF OSCILLATION FREQUENCY MATCHES PRECESSION FREQUENCY (RESONANCE)

T T THEN MAGNETIZATION IS ROTATED.
\ : A Z
NET A . .
Bo Bef‘f(t) Y MAGNETIZATION / BO . magnetlc fleld VeCtor Bo Beff Beﬁ BO
VECTOR \
o X t & o
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2B,cos(|oft + v,)
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RESONANT FREQUENCIES ARE IN THE

EFFECT OF "90 DEGREE'" PULSE
RADIO FREQUENCY REGION

FM Radio OF RESONANT RADIO WAVES
Z
88 90 92 94 96 {98 100 102 104 106 108
MHz
NMR Spectroscopy Y magnetic

10 12 14

/ resonance
16 .18
0" 10

1 10> 10* 10° 10} 10" 10" 10




PRECESSING MAGNETIZATION IS

DETECTED USING A COIL OF WIRE

f
THE FARADAY DETECTOR
JUST A COIL WRAPPED AROUND SAMPLE
r ) “
n/2  Bloch Decay Experiment
Z Z Real
x S(t)
Y w2 « Y
- X Imaginar
/ PULSE ); gihary |
X X "NMR Spectrum"  Fourier
PRECESSING MAGNETIZATION Q Transform Q
VECTOR CREATES TIME ! |
DEPENDENT MAGNETIC FLUX, ®(t) Real Imaginary
Absorption o T / \ — Dispersion
S(t) - - d(I)(t)/ dt Mode 2 J\ Mode
SIGNAL DETECTED IN COIL IS
TIME DERIVATIVE OF PRECESSION 2 2
TIME DEPENDENT MAGNETIC FLUX (OF LARMOR)
¢ FREQUENCY
\_ y —2/T>




PRIMITIVE NMR SPECTROMETER

Radio \
Frequency

Output of N

Freq. S_,ource is
Continueus 1o nsmitter R o
Switch / o
Sample : Receiver
Receiver
Switch
PULSE PROGRAM
Step Transmitter switch state Receiver switch state Duration
1 OFF OFF 10 seconds
2 ON OFF 4 microseconds

3 OFF ON 100 milliseconds



DIFFERENT NMR ACTIVE ISOTOPES

HAVE DIFFERENT NMR FREQUENCIES

Q)
ALANINE
5 'H
” 9)
S
= 13 o
=| Uy 17 C
o N0 Q
cl @
) M
NUCLEAR PRECESSION (LARMOR) FREQUENcY (g =—7 BO

Nucleus Spin  gyromagnetic ratio Frequency at By = 2.35 Tesla

v (107 rad/T-s) wo /27 (MHz)
'H 1/2 26.7519 100
13C 1/2 6.7283 25.145004
e\ 1 1.9337792 7.226329

170 5/2 -3.6279 13.561




IDENTICAL NMR ACTIVE ISOTOPES IN DIFFERENT BONDING

ENVIRONMENTS HAVE DIFFERENT NMR FREQUENCIES

amplitude

amplitude

il _

LARMOR (PRECESSION)
FREQUENCY

/

13C CHEMICAL SHIFT

NUCLEAR SHIELDING

SURROUNDING ELECTRONS SLIGHTLY SHIELD THE NUCLEUS
FROM THE FULL STRENGTH OF THE EXTERNAL MAGNETIC FIELD,
REDUCING THE PRECESSION (LARMOR) FREQUENCY.

W = —’7(1/_—_10')30

TYPICALLY ON THE ORDER OF 1076,

NUCLEAR SHIELDINGS DEPENDS ON A NUMBER OF FACTORS,
AND OFTEN INCREASES WITH INCREASING LOCAL ELECTRON
DENSITY AROUND A NUCLEUS.

CHEMICAL SHIFT

DEFINED BY CHEMISTS TO AVOID COMPLICATIONS OF
BULK MAGNETIC SUSCEPTIBILITIES. DEFINED AS
DIFFERENCE IN PPM BETWEEN THE NMR FREQUENCY
OF A RESONANCE IN A REFERENCE COMPOUND AND
THE NMR A GIVEN RESONANCE:

6 = 10°%(oref — 0)




MAGNETIC DIPOLE COUPLINGS BETWEEN NUCLEI

SPLIT RESONANCES

é N [ )
INDIRECT ELECTRON MEDIATED DIRECT THROUGH SPACE
MAGNETIC DIPOLE-DIPOLE MAGNETIC DIPOLE-DIPOLE
INTERACTION INTERACTION
My us
E:<2N)MI-MS g Brps 3 or)(ps-r)
hyrvys r3 7o
27mJ 2mJ AVERAGES TO ZERO IN LIQUID SAMPLES,
NOT DIRECTLY OBSERVED IN LIQUID SPECTRUM
OBSERVED INDIRECTLY THROUGH RELAXATION
SPLITTING IS DIRECTLY OBSERVABLE
gIZI glzs Q] IN SPECTRA OF SOLID SAMPLES
USED TO ESTABLISH THROUGH USED TO ESTABLISH THROUGH
BOND CONNECTIVITIES SPACE DISTANCES
. J \\ J




ATOMIC NUCLEI WITH SPIN | > 1

WILL HAVE AN ELECTRIC QUADRUPOLE MOMENT

THE NUCLEAR ELECTRIC QUADRUPOLE MOMENT INTERACTS
WITH SURROUNDING ELECTRIC FIELD GRADIENTS.
THESE ELECTRIC FIELD GRADIENTS ARE GENERATED BY
ORBITING ELECTRONS AS WELL AS NEIGHBORING NUCLEI.

Vzz
- Q Electric quadrupole moment causes
B atomic nucleus to precess
Magnetic dipole moment causes in an electric field gradient

=l

atomic nucleus to precess
in a magnetic field

Vyy

©

LIKE DIPOLAR COUPLING, QUADRUPOLAR COUPLINGS AVERAGE TO ZERO IN LIQUID SAMPLES,
NOT DIRECTLY OBSERVED IN LIQUID SPECTRUM OBSERVED INDIRECTLY THROUGH RELAXATION
RESULTS IN DIRECTLY OBSERVABLE SPLITTING IN SPECTRA OF SOLID SAMPLES

USED TO ESTABLISH LOCAL GEOMETRY AND BONDING AROUND ATOM




NMR IN SOLID SAMPLES:

HOW IS IT DIFFERENT FROM LIQUID SAMPLES?

13Cc LiIQUID STATE NMR SPECTRUM OF
CALCIUM ACETATE HEMIHYDRATE

CH3 2 Ca(CH3002)2 * H>0

13¢c soLID STATE NMR SPECTRUM OF POLYCRYSTALLINE
CALCIUM ACETATE HEMIHYDRATE

/\ 2 Ca(CH3CO2)2 * H>0

CHs

PROTON DECOUPLED '3C sSOLID STATE
C=0 NMR SPECTRUM OF POLYCRYSTALLINE
CALCIUM ACETATE HEMIHYDRATE

2 Ca(CH3C02)2 ° H20

SOLID-STATE SPECTRA OF POLYCRYSTALLINE SAMPLES HAVE LOWER RESOLUTION

THAN LIQUIDS BECAUSE FREQUENCY ANISOTROPIES ARE NOT AVERAGED AWAY.



CLASSICAL ENERGY FOR DIPOLE COUPLED SPIN PAIR

MINIMUM
ENERGY
CONFIGURATION r

X

g Mroms 3 or)(ps -v)
o 3 5}
Tr T

TUMBLING SPIN PAIR IN GAS PHASE IN THE
ABSENCE OF EXTERNAL MAGNETIC FIELD

/—» O o —_— —_—



CLASSICAL ENERGY FOR DIPOLE COUPLED SPIN PAIR

IN A MAGNETIC FIELD

Z *
MINIMUM Bo

ENERGY

r
CONFIGURATION

Hr-Hs 3(py - r)(pg 1)

L=pr-Bo+ps-Bo+ 3 5

TUMBLING SPIN PAIR IN GAS PHASE IN THE
PRESENCE OF EXTERNAL MAGNETIC FIELD

g/ﬁH o




SINGLE CRYSTAL (AND GONIOMETER PROBE)

AVAILABLE?

VOSEGAARD, SKIBSTED, BILDS®@E, AND JAKOBSEN, J. Magn. Reson. A, 122, 111-119(1996)
SINGLE CRYSTAL 8RB NMR oF RBCLO4

80 120 160

Bldeq)
Crystal Site Method Cy (MHz) Mg &, (ppm) s 8 (ppm)° i {degree) ¥ (degree) £ (degree) Reference
RbCIO, — Single-crystal 3.30 = 004 021 £ 003 138 = 1.5% 0.61 + 0.24% 13.7 = 06" Q4 = 14 2B = 4 87T 5 This work
MAS 3.29 = 005 020 = 003 135 10 032 = 0.20 13.1 =03 98 = 15 3 = 5 649 = 20 ()
Static 3.24 = 006 0.19 = 0.06 14 =2 05 =03 143 =138 112 + &° 288 = 1.5 16 = 4° (3)



ORIENTATION DEPENDENCE OF THE

NMR TRANSITION FREQUENCY

SINGLE X-TAL POLYCRYSTALLINE SAMPLE
0,0
- —_—
Q(H, gb) — Qiso + § C2,mY2,m (‘97 ¢)
m
FREQUENCY T T T T T T T
FREQUENCY
é )
Chemical Shift Dipolar (heteronuclear) Quadrupolar
Qgg oyBo(mys —m;) 0 0
1 4m s [4m 9 w3/2C
cé,()) = v Byt )(mf —m;) = 2wq(my,fms s —mr;ms,;) \/; I(T—ql)(m? —m?)
© 2m [8 m2Cqng, 2
Py B csYcs - 7 TA T/07T 1\ - )
Isotropic frequency shifts and spherical harmonic coefficients for the m; — my transition of
spin I from first-order perturbation theory for chemical shift, heteronuclear dipolar and quadrupolar
kinteractions. All coefficients with m = odd are zero. D




MEASURING ORDER PARAMETERS

OF MEMBRANE ACYL CHAINS

e e 10k w %
SLBSEE™ 5 e L

Membrane Surface

CHs CHs g+ E tilt E g+, t+, g- kink

All Trans

20 __
Scp = <3€OS 29 1> o (Y2,0(0,9))

2D Solid State NMR

Orientation Dependence of the 2D Quadrupolar Coupling
for a 2D in a C-D bond on an sp? carbon

0, ¢p) = c2,0Y2,0(0,0)

— Dg — 0.5
J-/‘ ’\J. 0.4
|SCD| 0.3_
0.2-
Y 4l 0.1
0

| 2 Dq 2 4 6 8 10 12 14 16

Position of 2D label




HIGH RESOLUTION SPECTRA FOR SPIN 1/2 NUCLEI

IN SOLIDS : MAGIC-ANGLE SPINNING (MAS)

QISOTROPIC

= (Gll + 022 + (533)/3

MAS

Y

FREQUENCY o FIIREéUI::N(;Y
ELIMINATED

BY
MAS

Q®, ¢) = QP+ 2 YN, (6, )

13¢ sTATIC NMR SPECTRUM '3C MAS NMR SPECTRUM

CO,H

MAS OCH,

P-ANISIC ACID

TRPYIRH | YU 1 WY e

200 150 100 50 (e] 200 150 100 50 (o)

FREQUENCY (PPM) FREQUENCY (PPM)



VARIABLE ANGLE SPINNING: SPIN 1/2 NUCLEI

VARIABLE-ANGLE SPINNING SPECTRA MAGIC-ANGLE SPINNING SPECTRA
AS A FUNCTION OF ANGLE AS A FUNCTION OF SPINNING SPEED
SPINNING CONSTANT
SPEED INTEGRATED
CONSTANT 20 kHz INTENSITY
efa s INTEGRATED
ANGLE INTENSITY
o° —/k\i (REAL WORLD) 17.5 kHz
15° 4/\ 15 kHz
(o]
e /\ 12.5 kHz
45° N
10 kHZ . l
MAGIC! ! *
(o]
2 7.5 kHz I
j ~ A
60° /\ A SkHz ||,
S \ 25kHz | ll.lu.-
75°
o 4/\ static ‘\
90 ——— _ - — T ~
Fr'equency Fr‘equency -20 kHz 0 kHz 20 kHz -20 kHz 0 kHz 20 kHz

frequency frequency



NMR OF QUADRUPOLAR NUCLEI

IS THERE A PROBLEM?

0,0 SINGLE CRYSTAL NMR

——— ] —

Frequency
POLYCRYSTALLINE OR FROZEN SAMPLES

Spin 172 Distribution of 8, (Single Site)

ﬂé’&-;k_z\x

Frequency (kHz) Frequency (MHz)
DISSOLUTION
OR MELT
Spin 172
V/\Qisotropic ﬂ r)(‘*
&S Fa
NARROW LINEWIDTHS BROAD LINEWIDTHS
HIGH RESOLUTION Low RESOLUTION
NMR SPECTRUM LIQUID SAMPLES NMR SPECTRUM
Frequency (kHz) Frequency (kHz)

STRONG QUADRUPOLAR COUPLING
CAUSES SHORT T1 & T2 RELAXATION TIMES.



PERTURBATION EXPANSION OF

NMR TRANSITION FREQUENCY

Q0,9) = Q0 + Q(9,6) +2®(8,9) +Q<3>(9 b)) +

ZEEMAN CHEMICAL SHIFT 4
COUPLING J-COUPLING
DIPOLAR COUPLING
QUADRUPOLAR COUPLING

QUADRUPOLAR COUPLING

ZEROTH-ORDER
Q) = wo = —7B,

(O TO HUNDREDS OF MH?Z)

FIRST-ORDER CORRECTION

150 5 11 e 2,k \ ) ) 5 ’ q 21(2]___1)

Wq (O TO TENS OF MHZ)

SECOND-ORDER CORRECTION
2 4

Q®(0,6) = Q2 (Lmi,mp) + > (L mi,my) Yar(®,6)+ Y cfh(T,mi,my) Yar(0,0)
k=-—2 k=—4

2
wq/CUO (O TO HUNDREDS OF KHZ)

THIRD-ORDER CORRECTION
2 4 6

Q@ (0,¢) = QO (Lmg,mp) + Y S (Lmi,my) Yar(0,0) + Y rImiymy) Yau(8, )+ Y con(Lms,my) Yo u(6,6)
k=—2 k=—4 k=—6

2
wg’/wo (O TO HUNDREDS OF HZ)




HIGHER ORDER EFFECTS OF

QUADRUPOLAR NUCLEI ON NMR

NUCLEAR MAGNETIC NUCLEAR ELECTRIC
DIPOLE MOMENT COUPLES QUADRUPOLE MOMENT
TO MAGNETIC FIELD COUPLES TO ELECTRIC
FIELD GRADIENT
N N

® _ 0

o + o = _(

s S
Z b4
A
i A N
I x
T + v g
-Y - g =Y
>L/L/ + X y



M — -M TRANSITIONS ARE UNAFFECTED

BY FIRST-ORDER QUADRUPOLAR SPLITTING

N ZEEMAN
-© l QUADRUPOLAR INTERACTION
© V OTH {sT 2ND 3RD
S -3/2 — (1) (2) (3)
Qsr_(0,¢) = QO+ Q5] (0,0) +Q50(0,0) +Q5) (0,0)+ -+
SINGLE 12— ) )
QUANTUM - Qer(0,0) = QY 4+ O + QCT(H, ¢) + O 4.
T T 1 2 3
RANSITIONS L QST+ (0,9) = Q0 4 Qg%Jr (0,0) + Qg%(e, ») + Qg%+ 6, 0) + -

-3/2 —

DOUBLE 1/2‘IT QQQ— (‘97 ¢) — 2 + Qég (9a ¢) T Q%_ (‘97 qb) + Q%_ (‘97 ¢) T
1 2 3
QUANTUM | 15 30 Oa, (0,0) = 200 + Q) (0,0) + Q5 (0,6) + Q5 (0,¢) +

TRANSITIONS

I‘

3/ —

-3/2 —
A

12 ——
TRIPLE

2
QUANTUM Qg0,¢) =300+ 0 +990.9) + 0 +--

1/2 ——
TRANSITIONS

3/ —




POLYCRYSTALLINE SAMPLES

INTEGER SPINS 2D(1=1),14N(1=1),'°B(1=3).°L1(1=1)

SINGLE QUANTUM m=+1— O

TRANSITIONS m= O —-1
V1 > Vg [ —Vq _>|"\
1 i}
T/ 2
11\ N

|<———2Vq———|

Zeeman Quadrupole U > v
Interaction Interaction 1
‘_ 1> v < 1y DOUBLE QUANTUM
A I TRANSITION
. = { 2p
Q) —— F 1]
------------- % / \ m=+1—>-1
00—
-1 N
|+ 1) ——-... | 2 s /
. _mﬂTmeTmeTmﬂ_
—2Vq—

VEGA, SHATTUCK, AND PINES,
Phys. Rev. Lett., 37, 43-46 (1976)




HALF-INTEGER SPINS: NARROW CENTRAL

TRANSITION, BUT MAS IS INADEQUATE

. Zeeman Quadrupole .
87Rb StatIC Interaction Interaction Maglc—AngIe SR
Cq=32 MHz Polycrystalline a2y ﬁ Spinning Cq=32 MHz
Ng=0.2 Sample Ng=0.2
Bo:9.4 _ 80:9.4
Vo= 131.45 MHz m=-1/2 —-3/2 Vo= 131.45 MHz
VR= 30 kHz
~1/2) ——...._
LT [[TTTTYYIIIN AATYYPOOCI 1| YT
l/‘ m= 1/2—--1/2
Jakobsen, et al.,
11/2) J. Magn. Reson.,
85, 173 (1989)
m= 3/2—1/2
”/\ 3/2)
3Cq
T T T T T T T V :
15 10 05 0 -05 -10 -15 q _ 20 15 10 05 0 -05 -1.0 -1.5 -2.0
Frequency (MHz) 21(2] 1) Frequency (MHz)
| 2 yq |
CENTRAL TRANSITION
A UNAFFECTED BY FIRST ORDER
| <——— QUADRUPOLAR SPLITTING > U
m= 1/2—>-1/2
RESIDUAL LINEWIDTH
| e 2ND ORDER QUAD.
V2/VO | *CsA RESIDUAL LINEWIDTH
STATIC J q l e DIPOLAR COUPLINGS e 2ND ORDER QUAD. L\ MAS
20 10 0 -10 -20 20 10 0 -10 20

Frequency (kHz)

Frequency (kHz)



CENTRAL TRANSITION

NUTATION FREQUENCY

1=3/2
1.00 Vi = 50 KHzZ
| \ cq = 1 KHZ
0.50 \ 25 KHZ
_ \ 50 KHzZ
\ 100 KHZ
0.00 |

250 KHZzZ
1000 KHZ
-0.50 Y,
-1.00 - - - :
(@) 5 10 15 20
PULSE DURATION (MICROSECONDS)

CENTRAL TRANSITION
INTENSITY

IN THE LIMIT THAT W] < Wy THE EFFECTIVE CENTRAL
TRANSITION NUTATION FREQUENCY BECOMES ...

(I +1/2) w;



MAGIC-ANGLE SPINNING:

GREAT FOR SPIN 1/2, BUT FOR SPIN >1/27?

SPIN 1/2

13c NMR SPECTRUM
OF P-ANISIC ACID
CO,H

STATIC

OCH;—/',/V\/\/L

L B B L L B N B I R |

200 150 100 50 o
FREQUENCY (PPM)

MAS
NARROW LINEWIDTHS
HIGH RESOLUTION

—— P
200 150 100 50 (@)
FREQUENCY (PPM)

SPIN 3/2
87RB NMR CENTRAL TRANSITION
-3/2 === SPECTRUM OF RBNO,
B

1 STATIC \ 4
1/2 —t= \
Z \A

3/2 " 3 Rb sites

125 o -125 -250
FREQUENCY (PPM)

BROAD LINEWIDTHS
Low RESOLUTION FROM
RESIDUAL ANISOTROPY,

NOT SHORT
RELAXATION TIMES!

MAS

(@) -25 -50 -75 -100 -125
FREQUENCY (PPM)



VARIABLE ANGLE SPINNING:

SPIN > 1/2 (QUADRUPOLAR) NUCLEI

VARIABLE-ANGLE SPINNING AS A FUNCTION OF
ROTOR ANGLE AND QUADRUPOLAR ASYMMETRY PARAMETER

rotor 11=0.0 0.3 1.0

ANGLE
00.00°

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



ONE SOLUTION:

REALLY HIGH MAGNETIC FIELDS

2ND-ORDER BROADENINGS ARE INVERSELY
PROPORTIONAL TO MAGNETIC FIELD STRENGTH

27A1 MAS spectra of aluminoborate 9A1,03 + 2B,03 (A9B) compound from 14 to 40 T.

14T - 600 MHZ ('H)

19.6T - 830 MHz ('H)

25T - 1064 MHz ('H)

AlOs(I) AlOg
AlO4  AIOs(ID)

1700 MHzZ ('H)

100 50 0 -50ppim

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



ANOTHER SOLUTION: BE CLEVER

AVERAGING ANISOTROPY OF RANK /

-3/2 —

CENTRAL TRANSITION
-1/2 OTH {sT 2 ND 3RD

Qor(0,¢) = QO+ 0 —i—Qg%(H,gb) - 0 4.

172 —

3/2 —

Q(2)(97¢) Qgg(l m;, my) + Z Cy I ,mi,my) Yo (0, 0) + Z cy I (L,mi,my) Yar(0,0)
k=—2 k=—4

Octahedral (O)

6208910

Symmetry <A£,m> =0

Tetragonal (D4) Icosahedral (l)

62045678910 12345“789

Tetrahedral (T)

Averaging of spherical harmonics under selected proper point groups and
SO(3). (Adapted by permission of Clarendon Press from A. Samoson, B. Q. Sun,
and A. Pines, in Pulsed Magnetic Resonance: NMR, ESR, and Optics - A
recognition of E. L. Hahn.)

Rotation (SO(3))

SRl 1 | 2 (3 4 5|(6 |7 (8|9 10




A SOLUTION: DOUBLE ROTATION

SAMOSON, LIPPMAA, PINES, MoL. PHYS., 65, 1023(1988).

/2

Time

SAMOSON, SUN, AND PINES,
Pulsed Magnetic Resonance:
NMR, ESR, and Optics

AN
r.r_
5 0 -5
Frequency (kHz)

23
N A D O R OF N A4 PZ O 7 Engelhardt, Kentgens, Koller, Samoson
MAGIC ANGLE SPINNING DOUBLE ROTATION Solid State Nuclear Magnetic Resonance 15 1999. 171-180

MAS SYMMETRY DOR SYMMETRY

Y= 211.6 MHz
Vo= 1250 Hz
*x *

198.4 MHz
1,2

v, = 158.7 MHz
Ve 1420 Hz

158.7 MHz *x X

v = 105.8 MHz
Vel 850 Hz

105.8 MHz *

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

10 0 -0 20 -30 40 -50 60 -70 20 10 0O -10 -20 -30 -40 -50 -60
d/ppm 8/ppm



OTHER SOLUTIONS?

LET'S MAKE AN ECHO

/2 T rt2= Kt o
rf

Frelquency I(Ec:ho t(;ps)
HAHN ECHO
| I | | I REFOCUSES ALL
Frequency (p=1) Frequency (p =-1) FREQUENCIES
1 / \ (ISOTROPIC &
P 0 \ ANISOTROPIC)
1 (i.e, LINEAR IN I3)




FIND MIRROR IMAGE

ANISOTROPIC LINESHAPES

THE KEY TO UNDERSTANDING DYNAMIC-ANGLE SPINNING
(1988: FIRST HIGH RESOLUTION 2D METHOD FOR QUADRUPOLAR NUCLEI)

VARIABLE-ANGLE SPINNING AS A FUNCTION OF
ROTOR ANGLE AND QUADRUPOLAR ASYMMETRY PARAMETER

ROTOR 1=0.0 0.5 0.7 1.0
ANGLE
i; OO0. OOM
/ﬁ 30.56°
ﬁ 37.38°

\.
f Aﬁ[ l’x MIRROR
o 51 ﬁ J
2
= 79.19° J A




ADD ANOTHER TIME DIMENSION:

TWO-DIMENSIONAL NMR

preparation
period

mixing

l[\ M\ period

I\

MmEIN :

preparation
period

—
L

Frequency (®,)
(@)

preparation n n mixing
period ﬂ[\ period @' i
t ﬁ -1
\ ! JV 2
ﬁ 2 -1 0 1 2
| Frequency (®,)
—_ 2
-2 -1 0 1 2 -2 -1 0 1 2
Frequency (o) Frequency (0,)

Q: HoOw OR WHY DOES THE NUCLEAR PRECESSION FREQUENCY CHANGE DURING THE MIXING PERIOD?
A: GENERALLY, IT'S FOR THE NMR SPECTROSCOPIST TO DECIDE. THERE ARE MANY POSSIBILITIES.
EXAMPLES:

(1) CHANGE MAGNETIC FIELD GRADIENTS DURING MIXING PERIOD (IMAGING),

(2) ALLOW CHEMICAL EXCHANGE OR REACTION DURING MIXING TIME (2D EXCHANGE SPECTROSCOPY),
(3) TRANSFER MAGNETIZATION BETWEEN NEIGHBORING NUCLEI (2D CORRELATION SPECTROSCOPY)
. MANY, MANY MORE ...




THE DAS ECHO

— to=ktq
t © 6
s o |

E Chmelka et al.,
| Nature, 339, 42 (1989).
: Frelquency I(Echo t(l)ps) Llor and Viﬂet,
! DAS ECHO Chem. Phys. Lett., 152, 248 (1988).
: I G S I REFOCUSES ONLY
Frequency (B,) ANISOTROPIC
| ; FREQUENCIES
p 0 '
1 —\
When does the
EcHO TOPS YIELD i 2
echo occur in t>*
'[1 1D ISOTROPIC \
'SPECTRUM 80° \Bz\
o
(@)] ol
E 60 e +54.74°
£ 400} .
= B1
ECHO APPEARS S 20|
IN t2 AT k t1_ 0° k
1 2 3 4 5
t, For example, with

B1 =37.38° B2 =79.19°
we have k = 1



2D DYNAMIC ANGLE SPINNING

Mueller, Sun, Chingas, Zwanziger, Terao, and Pines, J. Magn. Reson., 86, 470 (1990).

SHIFTED ECHO ACQUISITION
FOR PURE ABSORPTION MODE
2D SPECTRA IN SOLIDS

J. Magn. Reson. A, 103, 72-81 (1993).

(m/ 2)¢1 (m/ 2)¢2 (/ 2)(253 (m )¢4 (PSD)QSR
t] hop § © t2 "%F
02
rotor el /

1

[\
p O

\ / \

Frequency (B1)

SHEARING TRANSFORMATION

apply t1 dependent 1st order phase correction to ®2 dimension

J. Magn. Reson. A, 103, 72-81 (1993).

Isotropic frequency
(e}

-2

Frequency (B2) Frequency (32)

AN
AN

101 2 2 -1 0 1
|
|
N

2




170 2D DAS OF COESITE

(A S102 CRYSTALLINE POLYMORPH)

MAGIC-ANGLE SPINNING

Bo

&

50.0 0.0 -50.0

DYNAMIC-ANGLE SPINNING

l
1 |

Bo

50.0 0.0 —50.0
ppm (from H,170)

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

COESITE STRUCTURAL FRAGMENT

diso =57 ppm
Cq =5.45 MHz
Nq=0.168
03: 144.5°, 1.614A
diso = 58 ppm
Cq=5.16 MHz H
Nq=0.292 '
05: 137.2°,1.620A
diso = 53 ppm | g
Cq =5.52 MHz ) W—0— U~ ) S— 0 diso = 41 ppm
Nq=0.169 q Cq=5.43 MHz
04: 149.5°,1.608A |'I L ) «Mgq = 0.166
— °

02 142.56°, 1.612A

diso = 29 ppm

Cq = 6.05 MHz
Ng=0.0

O1: 180.0°,1.595A

JM

04

\m

MAS dlmensmn (ppm)

isotropic dimension (ppm)

E ¥ ® . .
E oa‘) W R
30 3 D .

]

3 90 il N
#%.,...,...,...,...,...,.

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




ANOTHER SOLUTION: THE MQ-MAS ECHO

(HIGH RESOLUTION FOR THE PEOPLE)

TRIPLE QUANTUM MAS SPECTRUM

IS THE MIRROR IMAGE OF THE When does the echo occur in to?
SINGLE QUANTUM MAS SPECTRUM

Frydman and Harwood, _ t1 transition
J. Am. Chem. Soc., 117, 5367 (1995) Spin  (m—>-m) K
Medek, Harwood, and Frydman,

J. Am. Chem. Soc. 117, 12779 (1995) 8/2:0  BQMASD 7/9
Bo 54.74° Bo 54.74° 5/2:!] SQMAS] 19/12
to = k4 1 BQMASI  25/12
(B1)¢1 (Bz)q)z 8
t Qliso=0 7/2:0 3QMASI] 101/45
b 2 | : 1 BQMAS 11/9
- FUIiiire .
v [ 7QMASI] 161/45
3Q cT A Q
23, iso 1. s T 5 . 7 9/2:1 3QMASII 91/36
m y f m Frequency (Echo tops) I BSQMAS ] 95/36
32 3/2 1 7QMASD 7/18
1/2 Y O 172 1 9QMAS[ 31/6
b ;t ; e T Q
-3/2 } Lo-3/2

I I I I I I I I
-1 0 1 2 -1 0 1 2
Frequency (m= 3/2 — -3/2) Frequency (m=1/2 — -1/2)



2D SHIFTED-ECHO MQ-MAS

Bu)g, Box (Mg, Massiot et al., SSNMR, 6, 73 (1996)
rf t H T H %tg %
3 J—
2
p (1) : [ \
I —\
R wo—

EXPERIMENTAL SIMULATION

87RB SPECTRUM
OoF RBNO3

z 0 -60 ] _ /
22
AFTER Z¢ -
z =
SHEARING 4 - -50 {
2 2 N\ _
TRANSFORMATION: G ¢ .
3 -
o ,A\
20 -30 -40 -50 -60 -70

MAS DIMENSION -15-25-35-45-55-65-75-15 -25 -35 -45 -55 -65 -75
(PPM FROM 1M RBNOg3) FREQUENCY (PPM FROM 1M RBNO3)



...AND ANOTHER SOLUTION

: THE ST-MAS ECHO

THE SATELLITE TRANSITION MAS
SPECTRUM IS THE MIRROR IMAGE OF THE
CENTRAL TRANSITION MAS SPECTRUM

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

When does the echo occur in to?

Satellite Central Spin t1 transition K
mg Transitions m Transition
372 I 372 to=kty 3/2: 1ST SATELLITES 8/9
LTI R
-1/2 -1/2
o I o Qo= O 5/2: 1ST SATELLITES 7/24
t t | 2ND SATELLITES 11/6
1 2 :
AVA" "AVA \UAV - Y
BO 54.74° BO T54.74° 7/2: 1ST SATELLITES 28/45
/ 2ND SATELLITES 23/45
: ' ' ' 3RD SATELLITES 12/5
_ 2 1 0 -
_ Q'ST, 1SO Frequency (Echo tops)
Satellite 1 9/2: 1ST SATELLITES 55/72
Transitions Y Q .
(M= -3/2 5 -1/2) - “CT, IS0 2ND SATELLITES 1/18
(m=1/2 — 3/2) H Central 3RD SATELLITES 9/8
Transition

(m=-1/2 — 1/2)

Frequency (single quantum)

A4TH SATELLITES 25/9



USE DOUBLE QUANTUM FILTERED ST-MAS TO

ELIMINATE UNDESIRED CT-CT CORRELATION

Hyung-Tae Kwak and Zhehong Gan, J. Magn. Reson. 164 (2003) 369-372

STMAS

pl p3 p4

t

H“HZ

DQF-STMAS

pl p2 p3 p4

Hﬂtl |:+|.H z -tz
~—— —__
.| RbNO;,

» x
IS

pl p2 p3 p4

ST, -CT
2

"[SOTROPIC"
PROJECTIONS
RbNO3 3 SITES

STMAS
DQF-STMAS
3 a 0 1
AlIPO4 1 sITE
27 AL
DQF-STMAS ﬂ

4 3 2 a1 0
kHz

(U




ADVANTAGES

DISADVANTAGES

* QUANTITATIVE

e HIGH SENSITIVITY

e LOW RF POWER

e ONE DIMENSIONAL EXPERIMENT

L - QUICK EXPERIMENT (IN PRINCIPLE)

e SPECIAL PROBE REQUIRED
e STABLE SPINNING REQUIRES FINESSE
e SLOW SPINNING SPEEDS

J - (LARGE # OF SIDEBANDS)
e LARGE COIL ... LOW RF POWER
J - POOR DECOUPLING.

* QUANTITATIVE

e HIGH SENSITIVITY, EVEN WITH NUCLEI

L HAVING LARGE QUAD. COUPLINGS

e LOW RF POWER

* WORKS WELL FOR DILUTE QUADRUPOLAR
L NUCLEI

e SPECIAL PROBE REQUIRED
e FAILS IN PRESENCE OF STRONG

J HOMONUCLEAR DIPOLAR COUPLINGS
* LONG HOP TIMES (30 MS) LIMITS USE TO
J SAMPLES WITH LONG LONGITUDINAL
J RELAXATION.

m e EASIEST TO IMPLEMENT (NO SPECIAL PROBE)
* WORKS WELL FOR ABUNDANT NUCLEI

* WORKS WELL FOR NUCLEI WITH SHORT
[] LONGITUDINAL RELAXATION

e NOT ALWAYS QUANTITATIVE

°* REQUIRES HIGH RF POWER FOR

[] EXCITATION AND MIXING

* POOR SENSITIVITY FOR LARGE CQ

e COMPLEX SPINNING SIDEBAND BEHAVIOR

e EASY TO IMPLEMENT (NO SPECIAL PROBE)

* EXCITES ONLY SINGLE QUANTUM TRANSITIONS
e WORKS WELL FOR ABUNDANT NUCLEI

* WORKS WELL FOR NUCLEI WITH SHORT

L LONGITUDINAL RELAXATION

ST-MAS:

e SENSITIVE TO MAGIC-ANGLE MISSET (< 0.0'lo)
e STABLE SPINNING SPEED REQUIRED.

* REQUIRES HIGH RF POWER FOR SATELLITE

J EXCITATION.

e POOR SENSITIVITY FOR LARGE CQ

e NOT ALWAYS QUANTITATIVE

COMPLEX SPINNING SIDEBAND BEHAVIOR

* FAILS TO REMOVE 3RD AND OTHER HIGHER-
J ORDER EFFECTS

e FAILS WHEN THERE'S MOTIONAL AVERAGING
J OF SATELLITE LINESHAPES.




PAY THE BILLS...



INTERPRETING QUADRUPOLAR COUPLINGS

(ELECTRIC FIELD GRADIENTS)

= 50 ) [\t

ELECTRIC FIELD NUCLEAR
GRADIENT QUADRUPOLE
AT THE NUCLEUS MOMENT

ELECTRIC FIELD GRADIENT AT THE NUCLEUS

Rg,k: Z Eg,k(e)%— Z Ng,k(n)

all electrons all nuclei
SURROUNDING ELECTRONS SURROUNDING NUCLEI
A 1 A7 1
Eak(e) = —e\| — 5 Y21 (0c, de) Nag(n) = Zney| — = Yo 1(0n, én)

S5 r Sr

(& n

f\ COMPLETE

TOTAL ELECTRIC FIELD GRADIENT <R2,k> — <\IJ‘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
RPAS _ 0
O DIAGONAL... ( 2¢1> =

FURTHER DEFINE PAS SUCH THAT \(Rgpfbsﬂ > |( §Aﬁ2>|

...LABELING PAS COMPONENTS AS <P2,k> = gﬁcs>

YPAS

FOR EXAMPLE, IN A C-D BOND 2D
THE 2D EFG PAS IS DIRECTED Zons
ALONG THE C-D BOND AXIS.

XPAS

C

e QUADRUPOLAR COUPLING CONSTANT AND ASYMMETRY PARAMETERS ARE DEFINED ...

(& (&
Cq =2 TQ<:02,0> and 77qu = 2\/6 762(,02,:I:2>

<Q:c:r:> — <ny>
(qzz)

2
IN CARTESIAN COORDINATES... Cy; =¢€°Q(q..)/h, and n, =

NOTE THAT... (Qzz) T (Qyy) + (qzz) =0



POINT CHARGE MODEL FOR PREDICTING

ELECTRIC FIELD GRADIENTS

¢ NO ANALYTICAL EXPRESSION FOR EFG EXISTS WITHOUT APPROXIMATIONS.
e MOST DRASTIC IS THE POINT CHARGE MODEL: IT'S CRUDE, BUT OFTEN PROVIDES A
QUALTITATIVE UNDERSTANDING, AND WITH CALIBRATION CAN SOMETIMES BE QUANTITATIVE.

n

Zje 47T APPROXIMATE COORDINATING ATOMS AS POINT CHARGES
(Rok) = E ng,k(Qj»%')

— dg’ AND CALCULATE SUM OF ALL COORDINATING ATOMS.
J:

X
I linear (1-coord.) 6 =0, ¢ = 2¢
Inear (Z coord.) 6 =0,¢0=0 (R2,0> — e <R27i1> =0, and <R2,j:2> =0

Y
7 ] _ _ Z
linear (2-coord.) 0; =0, ¢; =0 (Rg0) = 2_36’ (Ro+1) =0, and (Ry 12) =0
°— z 02 = 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-'70O" BRIDGING OXYGEN SI-'70-SI
d-NA2SI205 Cq = 2.40 MHZ, 11 = 0.20 0-NA2SI205 Cq = 5.74 MHZzZ, n = 0.20
Li2S1205 Cq = 2.45 MHz, 1 = 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

fl‘ 0 =90° ¢ =0, +120°
e 3 Ze
e~ \C (R2,0) = Y (Ra,41) =0, and (Rg242)=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

| (R20) = 0, (Rg+1)=0, and (Rz+2) =0

11 ili
B Examples from Borosilicates... cqQ ETA

TRIGONAL PLANAR '""BO3 (RING) 2.65 MHz  0.20 LIN-SHU DU AND
TRIGONAL PLANAR ''BO3 (NON-RING) 2.55 MHzZ | 0.20 JONATHAN F. STEBBINS,
TETRAHEDRAL ''BO4 (1B,3SI) 0.30 MHz | 0.00 J. Non-Cryst. Solids

TETRAHEDRAL '"BOg4 (OB 4S1) 0.30 MHz | 0.00 315 (2003) 239-255




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
Y Z Z 3
(R2,0) = d_ge(?) sin® /2 —1), (Ry+1) =0, and (Rp40) = d—ge\/;cos2 Q/2

S N
e 2 e

C 262Q Z i Q) and 3(cos Q2+ 1)

= 2——— (1 —cos an = —
! h d3 ' 3cos{) —1

170 QUADRUPOLAR COUPLING PARAMETERS IN SI-170O-S1 LINKAGE AS A FUNCTION OF SI-O-SI ANGLE

6.5 MHz 1.0
m  experimental m  experimental ;'TIR':"IER'TE - 10 SITES
oint charge model fit oint charge model ureta,
T P 2  os P! - J. Am. Chem. Soc. 122 (2000) 4948

CRISTOBALITE - 1 SITE

5.5 MHz 0.6 QUARTZ - 1 SITE
C 77 Spearing et al,
q Phys. Chem. Min. 19 (1992) 307

5.0 MHz 0.4
COESITE - 5 SITES
Grandinetti, et al,

4.5 MHz 0.2 J. Phys. Chem. 99 (1995) 12341

4.0 MHz L L L L L 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

linear (1) ©o—e¢>zz

Ilnear (2) ZZ<0—©—©¢ > ZLZL

ZZ<—© > 2Z
bent (2) e N0 e 3(cos N+ 1)

- 3cos) —1

|
Trigonal Planar (3) _eo’Z 0

Tetrahedral (4)

Trigonal Bipyramidal (5)

Octahedral (6)




Cq (MHz)

NATURE OF M DETERMINES 170 QUADRUPOLAR

COUPLING CONSTANT IN M-170O-M LINKAGE

[((OH);M-O-M(OH),|* where M=B, Al, and Ga

(OH)3M-O-M(OH);  where M=C, Si, and Ge
(OH),OM-O-MO(OH), where M=P and As
(OH)O,M-O-MO,(OH)  where M=S and Se

M-O-M Angle and MO distance |ldentical M-O-M angles
at optimized value and MO distances

Cq (MHz)

-10 — As
s

-15 —

-20

T T T
1 1.5 2 2.5 3 Group Number

Cation Electronegativity (Pauling Scale)
CLARK AND GRANDINETTI
AFTER OLDFIELD AND CO-WORKERS
JACS, 106, 2502 (1984), JACS, 108, 7236 (1986) SSNMR, 16, 55 (2000).
JPC, 91, 1054 (1987).

LOCAL GEOMETRY IS SECONDARY FACTOR




-6.5
-6.0

.55

Cq -50
(MHZZ as

-4.0

- 3.5 1 1 1 1 1
120°130° 140° 150° 160° 170° 180°

1.0

0.8}

0.6
nq 04
0.2

0.0

How DOES LOCAL GEOMETRY DETERMINE

3

Si-O-Si angle

4

120° 130° 140° 150° 160° 170° 180°

Si-O-Si angle

1.634
1614
1594
1574

Cq -
(MHz)_

- 4.0}

Nq

BRIDGING OXYGEN EFG?

-6.5
-6.0
-55

5.0

4.5}

_3.5 1 1 1 1 1 1
157A  159A 161A 1.63A

0.8}
0.6}
0.4F
0.2F

0.0

Si-O distance

157A  159A 161A 1.63A

Si-O distance

With all other factors constant ...
Bridging Oxygen |Cq| values
- decrease with decreasing Si-O-Si angle
- decrease linearly with decreasing Si-O distance

120°

130°

140°
150°

180°

o [
160°; 505

Cq (dSi—O )

1 cos O 1.948
2 cos Q-1

Q)=—(5.91 M) (—+ ~(15MHz/A) (dg = 1.6A)

Bridging Oxygen nq values
- increase with decreasing Si-O-Si angle
- are nearly independent of Si-O distance

1 cosQ '
nq(Q): 5.03 3 e 01

cos (Q—

Clark and Grandinetti, J. Phys. Condensed Matter, 15, S2387-S2395,(2003)



QUADRUPOLAR COUPLING PARAMETERS
CAN BE USED TO MEASURE ANGLES AND DISTANCES

— 180

—
»
(&)

L
w

o < 7 < o Ferrierite
©
S 170t 81.63f S S . = Cristobalite
[ ° IS ',/ // 3 3.2 F
é 160 | © o w L] / Vi 2 o o QuartZ
< ° 0 5161} o a %
o 150 ¢ e o Ry ® 31} . ° = Coesite
o  on o1s9F el 2 By
e 140 } @ // /’:o B -
© s1.57F 2 / + =had|
S 1301 3 S 8
o o / o
o 120 1 1 1 1 1 155 1 1 1 1 29 1 1 1
120 130 140 150 160 170 180 1.55 1.57 1.59 1.61 1.63 1.65 29 30 31 32 33
Si-O-Si Angle (deg.) Si-O Distance (A) Si-Si Distance (A)
AND THEIR CORRELATIONS
-7. 1.65 .y
0 180° 140° 120° o Ferrierite
150° 130

- 1.63A 1.63 | s Cristobalite

£ . -6.0 —1.616 < - .

o< 1.55A [ 17 15 \ s | o :

S E -5.0 1534 5 R . s Coesite

89 5 q59} A o°

2 o) o

© Q 1 (e}

O camm
ST a0t n o
€] 157 }
_30 1 1 155 1 1 1 1 1
00 02 04 06 08 120 130 140 150 160 170 180

Quadrupolar Asymmetry Parameter

Si-O-Si Angle (deg.)



RAPT ENHANCED 170 DAS OF S10; GLASS
Clark, Grandinetti, Florian, Stebbins, Phys. Rev. B, 70,064202 (2004).

if | RAPT qff'XI t1|-| Thop X4 ” Thop” T ” ‘% b %’_
rotor 02=79.2°

DISTRIBUTION AND CORRELATION OF
170 NMR PARAMETERS IN S10, GLASS

a?':glse 01=37.4° / — MAS
1 . -7
p O P ) /! N\ / \
! 77 \
SELECTED CROSS-SECTIONS -6 1
SPECTRUM TAKEN AND BEST FIT SIMULATIONS

/

AT 9.4 TESLA Cq = 5:40 MHz

Quadrupolar Coupling
Constant (MHz)
o

C
O Cq = 5.27 MHz
%O nq 0.13 a4
€ = 5.13 MHz
= / q
£ = 0.14
iR O 7 N 3
s Cq o0 MHz 00 02 04 06 08 1.0
Sz Quadrupolar Asymmetry
5 c = 4.88 MHz Parameter
2 =0.19
40 0 -40 -80 -120 -160 3;13 MHz
ppm from H2170 >
MAS Dimension 100 20 556
s
LEAST SQUARES FIT RESIDUALS ‘g; .
g5 o
c 25
-% Bo-4
GC),Q 35 o 1.0
~ - £
£ Z 20 30 40 50 60 £ 08
% & 0 / Chemical Shift (ppm) 2’% 0.6
2 £ 5 5
o & X 0.4
= >
2 5 0.2 -
40 0 -40 -80 -120 -160 -40 -80 -120 -160 S o0 %
ppm from H2170 ppm from H2170 20 30 40 50 60

MAS Dimension MAS Dimension Chemical Shift (ppm)



Quadrupolar Coupling
Constant (MHz)

'
]

SI1-O-S1 ANGLE AND DISTANCE DISTRIBUTIONS

IN SILICA GLASS FROM CQ AND T|Q

Mode SiOSi Angle 147°
Hrd""th Std. Dev. 3.8°
1.65

Clark, Grandinetti, Florian, Stebbins,
Phys.Rev.B, 70,064202 (2004).

120 130 140 150 160 170 180

Si-O-Si Angle (Degrees)

Mode SiO Distance 1.59A

26 28 30 32 34

Si-Si Distance (Angstroms)

-7 o o o ’6)\
05001 130 2 g 5 Std. Dev. 0.02A
1.63A 5 1.60L -~
1.61A 2 [
1.59A
1.57A :% < .'llll.
1.55A 'l,II | o 1.55|
-51| 1.53A ! ‘ 2. o-Quartz
| ..% Cristobalite
4 a 1.50L Trydimite (OP)
o Ferrierite
3 D 4 45 o Trydimite (MP)
a8 1O 120 130 140 150 160 170 180 Coesite
uadrupolar Asymmetry . .
Parameter Si-O-Si (degrees)
2 3.4 2 In Silica Glass
o 3.3; 2 1.65] Si- O distance decreases
% 3-?' | % 160, as Si- O-Si angle decreases !!
s 3. E s ---
o 3.04 3 o 1.55]
o | S Mode Si- Si Distance  3.04A
s 2.9 S 1.501 '
5 27 o 145
@ 2.6 @ 1.40



COMPARISON OF MODIFIED NMR DISTANCE

DISTRIBUTIONS WITH X-RAY

Si-O

Si-S; Se) X-ray

O-17 NMR

00 10 20 30 40 50 60
r/A

Clark, Grandinetti, Florian, Stebbins,
Phys.Rev.B, 70,064202 (2004).
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