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Solid State NMR — General Aspects
Anisotropic Interactions:

magnetic shielding
dipole-dipole coupling
nuclear electric quadrupole coupling

Manipulation of Interactions

high-resolution NMR In crystalline Systems
dipolar spectroscopy
cross-polarization

NMR Studies of Insensitive Nuclel
NMR Studies of Supramolecular Systems
NMR Studies of Frustrated Lewis Pairs
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NMR = Nuclear Magnetic Resonance

N: Property of the Atomic Nuclei in Matter

M: Magnetic Property, arising from
Spin Angular Momentum

R: Interaction with electromagnetic waves
spectroscopy



Relationship Spin-magnetic moment

Classical model: charge g on a circle with radius r

J
8%
Magnetic moment: L= current X area
Charge g on a circle: velocity: vV =2nr/t -> t=2nurlv
current = g/t = qv/2nr L=qvr/2
area =mr?

Angular momentum: J = px7z =mvr
Magnetic moment: L= Jg/2m (classical)

u = Jy (quantum mechanical)
Y. gyromagnetic ratio (units T-'s)



Magnetic moments interact with magnetic fields

Zeeman interaction: E=-uB

B is called ,,magnetic flux density* and characterizes the
strength of the magnetic field: units 1Tesla = Vs/m?

Orientational quantization of spin: |S,| = m h/2x

Z axis

F = -dE/dz =- p (dB/dz) cos(u,B)

:> In an inhomogeneous magnetic field (magnetic
field gradient) different spin orientations
experience forces of different strengths




Case spin-1/2: Two nuclear spin orientations

E(m) =-myhB, (Zeeman-interaction)
The two orientations have different energies,
difference depends on the values of B, and y
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Stern - Gerlach experiment

Classical

rediction
p What was Silver atoms
Vactualy observed /
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The Stern — Gerlach experiment, 1922

" IM FEBRUAR 1922 WURDE IN DIESEM GEBAUDE DES " i" N
'PHYSIKALISCHEN VEREINS, FRANKFURT AM MAIN, ,l

VON OTTO STERN UND WALTHER GERLACH DIE Y
FUNDAMENTALE ENTDECKUNG DER RAUMQUI\NT&SIERUNG
DER MAGNETISCHEN MOMENTE IN ATOMEN GEMACHT.
l AUF DEM STERN GERI.ACH EXPERIMENT BERUHEN WICHT %

] ,gm\ l& '



Experiment of Rabi

forno ‘

H<0 Seall (1) rf Block detector

7 S ey
dz =< J”,}ﬂ

Resonance: o = yB,



History *

1922  Stern-Gerlach Experiment

1938 Rabi- Experiment

1945/46 Purcell/Pound, Bloch: first NMR in cond. matter
1948 Bloembergen, Purcell, Pound: relaxation

1948 Pake, van-Vleck: dipolar analysis

1949  KNIGHT shift in metals

1950 Dickinson, Proctor, Yu: chemical shift

1950-s: commercial spectrometers (VARIAN)

1952  Gutowsky, Slichter spin-spin coupling

1950s Hahn, Slichter, pulsed NMR, spin echo

*
Nobel laureates



Important milestones

1958 Andrew: magic-angle sample spinning

1966 Ernst, Anderson: pulsed Fourier Transf. NMR
early 1970-s  Lauterbur, Mansfield: NMR Imaging

early 1970s  Jeener, Ernst, Bax: 2-D NMR

1970-s Wathrich: Protein structure solutions

1975 Schaefer: cross-polarization

1980-s Spiess: Polymer dynamics via NMR

1985 Weitekamp: Para Hydrogen polarizaiton

1989 Pines: Xe- and He Hyperpolarizaiton

1990 Tycko: Laser polarization

1990-s Griffin, Levitt, S. Vega: multipulse NMR 1995
Frydman: High-res. NMR of Q-nuclel

2000: Nielsen: SIMPSON software

2000-s: High-field magnet technology->23.6 T

2000-s: Kutzelnigg, Gauss, Schwarz: DFT-calculations

2000-s Griffin, Emsley, Bodenhausen: DNP/MAS



Nuclear Magnetism

Nuclear magnetic moment: [l = j/J = ]/hl

|, the angular momentum, is subject to quantization z
laws, concerning both magnitude and orientation
i

-~
"
lz,

[,my=1(1+1) Lf?-'f)

Ll oy
I,my=m|I,m)
JIT+1)

spin quantum number
m: orientational guantum number
with m=-1,-1+1,...1-1,] cos 8 =m/ JI(I +1)

21 +1 orientational states
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General rules for nuclear spin
guantum numbers:

23
gg nuclei: spin zero

18  guandug nuclei: spin half-integer
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Case spin-1/2: Two nuclear spin orientations

E(m) =-myhB, (Zeeman-interaction)
—> The two orientations have different energies,
difference depends on the value of y
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NMR is element selective



Precession

Precession of spins around external field
similar to gyroscope

Fil = —

1

2

The precession (Larmor) frequency of the nuclel is given by
@y =B

where B4 = B, + B,

B,,; contains important structural and chemical information
NMR measures the precession (Larmor) frequency



How Is It done ?

By application of a second magnetic field

fluctuating with frequency o, ~ ®,

B, , E Radio waves
R avAvAY

Resonance absorption occurs if o, ~ @,



Macro-sample: Boltzmann distribution m=) Magnetization
A

M, =3,5(2)
V' \m
Calculation of M,:

E/V =%, Bniw/vV = M,By

- = —E;/k,T
where: p;=myh p = SXP-Ei/K,
- '" X, exp-Ey/k,T
E; E;
exp— o ¥ 13 E, = - myhB,
(HT approximation) X;exp — E;/kgT=21+1

m.YhB

E/V =z, + T

O)mlyhg = MZBO

Macroscopic magnetization in z-direction :

' 2;—2
Mo=M NN +1) B
] 3kT
NMR is quantitative

No net magnetization in x- or y-direction




Macroscopic Sample

In a sample spins are distributed
among energy levels

( Boltzmann-distribution)l
-

Macroscopic magnetization along B,
No net magnetization in x- or y-direction

Ll

Ny T (I +1) B
3kT ’

M =M =
2 ()

M, is the source of the signal:
needs to be made time dependent to measure the precession frequency.



The Rotating Frame

In contrast to the B, field, the B, field changes
direction in time with the frequency o,

To simplify the description of the magnetization‘s
time dependence a rotating frame is introduced

L aboratory frame Rotating frame

Rotating frame rotates with frequency w, of B,

90° pulse: rotates the z-magnetization into the x-y-plane
180° pulse: flips the z-magnetization into the —z-direction


file:///D:/../mrtutor/NMRTUTOR.EXE

Measuring NMR spectra

= Detection of Larmor freqguencies present in the sample

1. B, field is irradiated for a short time t, along the X,y direction

2. IfyB t, = n/2 then M, is flipped by 90 degrees (90° pulse)
3. After the pulse, precession of M induces voltage in the coil.
4. This voltage, oscillating with a,, is the NMR signal

E
E

E—— I

B, =C *cos (o,t)

B

e
y

Transmiitter coil (y) ' —




The Basic NMR Experiment

90° pulse -> magnetization flip

(taken from Siemens MR Tutor%;:

Signal-

detectlo

NMR-Spectrum

Free Induction Decay

aliFmuiliy

F(w) =

L’WMQ"' —o0

i
J

Fourier-
Transformation

f (t) *e'“'dt



Schematic Experimental Set-up

Magnet
BO
z
|\/IO
X
y
Spectrometer:
solenoid coil Pulsed rf generation, signal
of NMR probe > detection
NMR signal (o,)




Equipment

magnet
probe

Sample in
coill

Console:
signal excitatio
and detection




Relaxation Processes

T2 T
spin-spi: spin-lattice
relaxation relaxation

¢ TR
W

Transverse relaxation (T,): dephasing of spins in the x-y plane
(distribution of precession frequencies, spin-spin interactions)

Longitudinal relaxation (T,): build-up of z-magnetization
(return to equilibrium, energy exchange with surroundings (lattice)



Spatial distribution models in glasses
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Selective measurement by spin-echo decay

Selective for homonuclear dipole coupling strengths

SIS, = exp — (2t*M,)

28



Four distinct interactions

® magnetic shielding

® Electric quadrupole coupling
® Indirect spin-spin coupling
® magnetic dipole coupling

In the solid state:
anisotropy: o, ~ 3c0s%0 -1



Magnetic Shielding

Resonance frequency (bare nucleus): w, = 7B,

Effective magnetic field at nucleus: B =B,(1-0)

Resonance frequency (real sample) o, =7B,(1-0)
o' — o

Effective magnetic field arises from
shielding or deshielding of the
external magnetic field by electrons

Probe for electronic environment ( bonding)




Chemical Shielding Anisotropy

Solid state : chemical shielding is anisotropic:
=» tensorial description

1l

O = |:1_ Oiso — % (Gz'z' o Gx’x’)(g COSZ 0 _1):|

powdered sample Distribution of orientations

a) ©) Probe for local symmetry

( bonding geometry)

-
W I . I i L .]
L ty i By Wy £

180 1l x Yy IS0 baF
cubic Axially symmetric Asymmetric




Example : 3P NMR of Phosphates
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Indirect spin-spin Coupling

Spin-spin interaction transmitted via polarization of bonding
electrons

HAMILTONIAN #,=2n 1, F I, homonuclear
#,=2n1FS heteronuclear
Anisotropy accounted for by tensorial description

Isotropic component: J,., (scalar, isotropic coupling
constant)

Anisotropic component: AJ, same dependence on spin
operators as the through-
space dipole-dipole coupling

Liquid-state and MAS-NMR: only J,., relevant: IT, (2n,; +1)
multiplicity rule

n, = number of equivalent spins of quantum number |; the
observed nucleus is coupled to




Mechanism: Spin polarization of bonding electrons

One bond: 1J >0

Observe Perturbing
nucleus Nucleus, m =1/2
Observe Perturbing
nucleus Nucleus, m = -1/2

Two bonds: 2J <0

O—O—D
@—OO—D




Three bonds: 3J >0




Examples of Spin-Spin Coupling Multiplicities

Mo Coupled
Hydrogens

Orne Coupled
Hydrogen

Twio Coupled
Hydrogens

Thres Coupled
Hydrogens

C H
N/
o Pt o B Singlet
/
i i
i H s ]A »
B /
fl:: oi— | et Doublet
I I
H.n:u. i ;,J:..l" J.ﬁ. ]"rj.
Hg H LN N
_ I T Je
f‘,':_l: I I A Doublet
H . : i f : : i : of Doublets
R R
E\ ; (T 0T, T 1
of Doublet

of Doubl et




J Hy' (Hz)

Karplus-Relation for J-coupling

Karplus Curve

For 3J (tH-'H) coupling:

ay
\@/ J(¢) = Ccos2¢ + Bcos ¢+ A

A=422 B=-0.5and C = 45 Hz.

Important for conformational studies
(protein folding)
Nobel Prize 2013




MAS conditions: isotropic peak splitting

3IP MAS-NMR of (Cul);P,S, Proof of connectivity P-Cu
03.65Cu: | =3/2
Cu2 Cu2 P3
P2
Pl
exp
— fit
lfliO l 1:10 l 150 l 160 l 8I0 l 6I0
5 [ppm]

G. Brunklaus, J. C.C. Chan, H. Eckert, S. Reiser, T. Nilges, A. Pfitzner,
Phys. Chem. Chem. Phys. 5, 3678 (2003)



Magnetic dipole interactions

Magnetic moments of nearby spins affect the local magnetic field
and thus the resonance frequency. ,,Through-space® interaction

J

Hpp (1)) = “4&%717_12
\

B

A

: \
By | 2 Bk

I\

A ( z1 22) (3C032® 1)
B - =

Probe of internuclear distance

p""\

\

':'
‘}"-\\ r 4
. ¥ -
(’-31’2—:"‘"1 P B *
=TT SN 12 A 2
1 \\“-/, \\-—/

homo- & heteronuclear

(1,1, + 1-,1%,) (3c0s2®-1) only homonuclear




Dipolar Hamiltonian Terms

E, F:
Double-
guantum

e

Classical dipole

C,D:Single-
guantum




Lineshape of a two-spin system

No inter- dipolarly
action perturbed

A
E ®=0° ®=090°
3

ald + Ra
oo/

® = 90° ® = 90°
|
\ |
|
|
I|
| ®@=54.7° j
. ©@=547° J,/
® = 0° ___: " ::_::_ﬁ ®=0

,Pake Doublet®:
Superposition of two powder patterns

Peak splitting (u/4m)y,y,h?(3c0s?@-1)/r3

In the liquid state and under MAS conditions: dipole coupling averaged to zero



Second Moment Description of Multi-Spin Interactions

Specification of an average dipolar coupling in multi-spin systems
Where details of the spin geometry are not well known. Using this method
distance scenarios can be tested

Definition:

Time domain: Frequency domain
Curvature of f(t) at origin std. deviation of frequency

f(t) f(w)b
(1) = f(0)] 1 Myt2/2! + Mt4/4t-... [ (@-p(@)do
i M, =
= - f(0)11d?f(t)/dt? 2
{ }tzo Jf(m)dm

Relation to structure:

4

M, = 15

= (& ) v2y2R2S(S + 1D Y~  (hetero) Zr_g‘
\ Convergence at 4 times the

M, = - (ﬂ) vAh2I(I + 1) Z = (homo) shortest distance
Tij



Spatial distribution models in glasses
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Selective measurement by spin-echo decay

Selective for homonuclear dipole coupling strengths

SIS, = exp — (2t*M,)

44



Spatial Atomic Distributions in P-Se Glasses

Uniform Clustered Random
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P-Se vs. P-P- bonding

D. Lathrop, H. Eckert, J. Am. Chem. Soc. 111 (1989), 3536
D. Lathrop, H. Eckert, Phys. Rev. B 43 (1991), 7279



Nuclear electric quadrupole moment:
non-spherical distribution of nuclear charge

A B D

L l

—
A

=0 | =1/2 121;eQ>0 [121;eQ<0
eQ ~ 102 to 1030 m?



Outline

Solid State NMR — General Aspects

Anisotropic Interactions:

maghnetic shielding

nuclear electric quadrupole coupling
dipole-dipole coupling

Indirect spin-spin coupling

=) Manipulation of Interactions
magic-angle spinning
cross-polarization
-J-spectroscopy/INADEQUATE
rotational echo double resonance



Solid State NMR

® clement-selective

® locally selective

® Juantitative

® experimentally flexible: Selective

averaging
Bot E 4
S006
< v | IBE=yaB,
2006000

H = [Hy + [Hp| + [Heg + [Ho

{ { {

Internucl. Coordination numbers
distances and symmetries




Magic Angle Spinning - MAS

H...= A {3co0s?06-1}

N
— HZ + NE\ + H8§i50+ hb\

2nd.

High-resolution spectra, governed by chemical shifts

-- bonding partners
-- coordination numbers



Magic Angle Spinning

%niso: A - {3 cos?0 -1}

rotation axis
0=547°




NMR probe

MAS

Zr0O,



The effect of spinning speed

static

slow

N
o
A
T




Nuclear electric quadrupole moment:
non-spherical distribution of nuclear charge

A B D

3 3
v

=0 | =1/2 121;eQ>0 [121;eQ<0

. N
= N

eQ ~ 102 to 1030 m?



The physical picture

— :@?@
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This quadrupole moment interacts with local electric field
gradients created by the bonding environment of the nuclel.
-> probe of local symmetry



For axially symmetric EFG, the 15t order correction is:
2

(m[Hq|m) = 4|(2|—1)[3

3c:os 0-1

® _ e’qQ
ED = _mynB, +4|(2|—1)[ — (I +1)]

Energy level diagram for | = 3/2
® =90° ®=0°

B | T E 1 e —_—

rn,
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172 "
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Y0
1.2
1/2 Y0
Vo 14V
'\"0— 12 \"( ) -
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m? cos® 0+ 21(1 +1)sin? 0 — mzsinze—l(l+l)]



Powder samples: orientational averaging
case | = 3/2

/\ Central transition

Satellite transitior

1S




Powder pattern for spin-7/2

Energy

)7L
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Stronger Quadrupole Coupling:

Second-order perturbation theory

E A B0=0

ﬁZ
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(€]
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A ?)
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m=-3/2

m=-172 =

> anisotropic

m=12 "
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Solid State NMR Periodic Table

. Standard

[ ] Isotope enrichment required

[[] NMRrestricted by quadrupolar interactions
[[] Dominant quadrupolar interaction

[[] Verysmall magnetic moment



NMR as a Technique in Solid State Sciences

Local Selectivity:

Element Selectivity:

Interaction Selectivity:

Uniform Sensitivity:

Dynamic Sensitivity:

Disorder/Lack of Periodicity

Compositional Complexity
Low Scattering Contrast (H; Si/Al)

Distance Measurements
Connectivity Information
Electron Density Information

Quantitative Applications

Motional Processes on Continuous
Timescale (1042 to 10° s)

Low Detection Sensitivity:

Bulk Method:

Magnetic Interference:

1017 to 108 spins required

poor spatial resolution
surfaces/interfaces difficult to study
transition metals, rare earths: limited



NMR spectroscopy of insensitive nuclei:

Problems with direct detection of 13C, 1°N and others:

-Low natural abundance
-Small magnetic moments
-Long spin-lattice relaxation times

Basic idea of cross-polarization (CP):

exploit dipole-dipole coupling with abundant tH nuclei in the
sample to transfer magnetization from 'H to 13C spins

Matching of energy levels required EA =

(flip-flop mechanism),
not possible in the lab frame \ o 4 L




The crosspolarization pulse sequence

90"-pulse  contact-time lH-{iecnupEEng
. Fa
Y
contact-time acquisition

Hartmann-Hahn

: - o B = B.o...
matching condition fnBin = acPiac



13C- NMR spectra of adamantane

static, no *H-decoupling
A=1000 Hz

MAS, no 1H-decoupling
A=50 Hz

MAS, with tH-decoupling
A= 5 Hz

o T

—

S W

60 55 50 45 40 35 30 25 20 15 ppm




Poly-dicarbazolyl-hexadiyne (poly DCH)

{(L—CEC-C} R-CHy-C=C-C=C - CHy;-R




Variable Contact time experiments




CP MAS with delayed decoupling

'H

90°- pulse contact-time 'H-decoupling
acqu1s1t10n

mmm) Selection of non-protonated and mobile C-atoms



CPMAS of poly-DCH

regular

vmwﬂvg;ji&;wf r_LﬁCFb
MVK*JN/U\#W”MM¢A

I | |

] |
K0 30 O
PPM

250 200 %0

with delayed decoupling

10,11
C=C C=C

9a,b

| | |

|
50 100 5 O
PPM

250 200



2-D Heteronuclear correlation NMR

'H
90°-pulse contact-time 'H-decoupling
/A
tl \//\
acquisition

- correlates the 3C resonances with those 'H species from which
the magnetization is transferred the fastest = typically the directly
bonded protons



High Resolution *H/3C HETCOR

Vitamin B,

13C CP/MAS-

-~ I b o /Spektrum

- H spectrum
connectivity ;|1‘

\ \ \ \ \ \ \ \ \
200 180 160 140 120 100 80 60 40 20 ppm



A Modern 2D HETCOR Sequence

H

n2+O,_ -
l 2T 2|
-ALG|+ALG
RAMP Spinal64
+Y \ -X +X -X
CP

13C /295




Hydrophobic Interaction

| Propanolol/ormosil |
Si—0 . ?SI
H \
H—/C Si
N, N
PG
H H
/\H H
H
/ H
Si—C—H No—k;i HETCOR data
H 13
o1 C c1c2 Si-CH,
C9-C14, C16
CPMAS )\ fal) T2 Q2 / \@*
._,_,/\\.../\"‘\.-_..
F2 projection AN #\ M
} 13C-H HETCOR
4
2
0
H;I q
6
8l o
10 3 '
, 0 \ ; S 0 . \ .
140 135 130 125 120 20 1510 5 0 -5 60 -80 -100 -120
B¢ /ppm Osi /ppm

G. Paul, S. Steuernagel, H. Koller, Chem. Commun. 2007, 5194



Cross-polarization dynamics

TCP

—— B B )
governs Cl

Variable contact time curves are influenced by three distinct time constants



Separate measurement of T, (H)

t

4 1 >

'H W
“pulse contact-time "H-decoupling

G AW

acquisition

With the further assumption that T, (*°C) is very long,
these variable contact times can be fitted, yielding Tp

I(t) =BA-Te, /Ty | exp(=t/ T.)) —exp(-t/ Te;) |



Variable Contact time Experiments in
29Si{'H} CPMAS of amorphous silica

B

A =SiO,,
B = SiO,,OH
C = SiO,,,(OH),




Electron-> Nuclear Dynamic Polarization
(DNP)




Organic Biradicals as nuclear polarizers

?
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Pulse Sequence for Dynamic Nuclear Polarization

el owmworor |

/2
/
N T

13C CP |

Spinal-64

L
—

- e e s s e e e e s e



An application: surface selective NMR:
Functionalization of MCM silica surface

DNP enhanced 13C-NMR

4-5 nm C2 +C4
/surfactant
AT TOTAPOL 25 mM * CH3CH,0-Si
- /
€n=25 CH3CH,0-Si
. Ec2 56 '
¢ " _TMS
O MW On "
»
MW Off
s S N S — , —
250 200 150 100 50 0 -50

13C Chemical Shift (ppm)




