Understanding Magnetic Resonance
Shimon Vega
Leiden Institute of Chemistry
University of Leiden
(April 7-28 2010)

www.rug.nl/zernike/research/groups/phynd/research/spinpolarizedtranspc

e ISNIJNTJE EN 'SCATRIIJNTJE



http://www.fom.nl/nieuws/persarchief2001/Images/NN3fig1.gr.jpg
http://images.google.com/imgres?imgurl=http://www.muzemix.be/fotos/160_nijntje.jpg&imgrefurl=http://fun-for-kids.eigenstart.nl/&usg=__8oCQeiLAqfAH6Mx-xB9HleYZ8As=&h=434&w=335&sz=19&hl=en&start=2&um=1&tbnid=tUqasrhgyb5fJM:&tbnh=126&tbnw=97&prev=/images?q=nijntje.nl&hl=en&sa=N&um=1

1. Basic Concepts of Nuclear Spins in a Magnetic Field (1-21)

a
b

. Angular momentum, magnetic moments, magnetization
. Rotation of the magnetization

c. The classical Rotating Frame

d
e
f
f

. Concepts in QM — spin density operator
. Angular momentum operators

. Reduced Density Operator
. Magnetization of spin-1/2

2. Basic Concept of Pulsed NMR (1-18)

a
b
c
d
e
f.

g

3. The
a
b
b
c
d
e

. T, and T, relaxation
. Bloch equations - NMR signal detection

. NMR pulses

. The NMR Spectrometer
. Signal Acquisition and FFT

Off resonance effects and composite pulses
. T, and T, measurements and Hahn echoes

NMR Interactions and 1D spectra (1-17)

. Chemical shift (isotropic and CSA) and

. Scalar couplings

. The two-spin system and its product operators

. ZQ and DQ coherences and INEPT, DQF

. Decoupling
. Dipolar interactions and relaxation

4. Two dimensional NMR(1-19)
a. Basic MRI
b. Twisted peaks in 2D NMR, TPPI and STATES
¢ The main liquid state 2D NMR experiments
d. Nuclear Overhauser Effect and NOESY

5. Electron Paramagnetic Resonance (1-10)
a. Basics / g-tensor and Hyperfine interactions
b. EPR spectrometer and measurements
c. Pulsed-EPR ENDOR, ELDOR, ESEEM

6. Solid state NMR (1-15)
a. The dipolar and CSA interactions
b. MAS NMR spectroscopy
c. CPMAS
d. Decoupling TPPM, DUMBO, PMLG
e. Recoupling REDOR, DARR/RAD
f. 2D Spectroscopy

7. Magnetic Resonance Imaging (1-21)
a. Basic principles
b. k-space
c. Slice selection
d. Basic sequences
e. EPI
f. Diffusion
g. Functional MRI



1. Basic Concepts of Nuclear Spins in a Magnetic Field

1-a. Angular and magnetic moments, magnetization in the magnetic field

The nuclei are characterized by

’ = *
their spin value, with angular momentum: In, 1=1/2,1 3/2.... .
A nucleus with an odd mass number M has an half-integer spin h =6.6260755x10%*J.s
and a nucleus of an even M has an integer spin. Nuclei with an
even number of protons and neutrons have nuclear spin /=0.

. . . — . e —
Each nuFIear spl'n has a magnetic moment u=An, m=g |
proportional to its angular momentum. 2mp
Proton: g = 5.585 Uy =5.05084 J/T
Neutron: g =-3.826
Y = magnetogyric ratio
/2 E=-iB /2
v/2n o v/2n
Nucleus (MHz/T) hv=-1.B Nucleus (MHz/T) Tesla 5_ MHz 3
510~ 2.110
1 =—v/B 14
H 42.576 V N 3.0766 23 100
2H 6.53566 LGN -4.3156 70 300
3He -32.434 170 -5.7716 9.1 400
i 16.546 23Nga 11.262 11.7 500
13C 10.705 31p 17.235 18.8 800
' ' 21.1 900

129Xe -11.777



Element/Name Isotope Symbol Nuclear Spin

Hydrogen
Deuterium

Tritium
Helium-3
Lithium-6
Lithium-7
Beryllium-9
Boron-10
Boron-11
Carbon-13
Nitrogen-14
Nitrogen-15
Oxygen-17
Fluorine-19
Neon-21
Sodium-23

Magnesium-25

Aluminum-27
Silicon-29

H
HorD
3H
3He
6Lj
Li
°Be
IOB
1lB
13C
14N
15N
170
19|:
2INe
23Na
ZSMg
27|
295

Sensitivity vs.

IH
1/2 () 1.000000
1 () 144e6

12 QI -

12 (O -
1 0.000628
3/2 0.270175
-3/2 0.013825
0.00386
3/2 ) 0132281
1/2 @ 0.000175
() 0.000998
@ ) 3.84E-06
-5/2 1.07E-05
172 () 0.829825
3/2 () 6.36-06
3/2 ) 0.092105
572 () 0.00027
5/2 () 0.205263
-1/2 () 0.000367

frequency

600

500 |

400

300 -

o@o

200 4 3 °
o 9 o
100 § o 2 8 ¢
@] 8 9 o
04 o g é 0 ¢
. . . I . : |
/72 1 3/5 5/2 7/2 9/2
Phosphorus-31 3P 0.06614
Sulfur-33 335 1.71E-05
Chlorine-33  33C| 0.003544
Chlorine-37  37Cl 0.000661
Potassium-39 3°K 0.000472
Potassium-41 41K 5.75E-06
Calcium-43 83K 9.25E-06
Scandium-45 4°Sc 0.3
Titanium-47  *Ti 0.00015
Titanium-49  *°Ti 0.00021
Vanadium-50 3%V 0.00013
Vanadium-51 >V 0.37895
Chromium-53 33Cr 8.6E-05
Manganese-55 >>Mn 0.174386
Iron-57 S7Fe 7.37E-07
Cobolt-59 53Co 0.275439
Nickel-61 6INj 4.21E-05
Copper-63 63Cu 0.064035
Copper-65 65Cu 0.035263
Zinc-67 67Zn 0.000117
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1-b. The rotation of the magnetization

The torque on the magnetic moment I
induced by a magnetic field B T=UX B

Minimizing energy +angular momentum conservation

deu _ = _
—Atl =ux)B =-o xnu
Hy 0 w, _a)y Hy — =
d =
a /’ly =| —w, 0 @, /uy @ " a)QZ._
H, a)y — Wy 0 H, Z L
— — <
w =B
. . \
Magnetogyric ratio y X

E=-uB
o(t)=w, Z+20,coswt X
. 2 O )

o, (t)

Laboratory frame

X




1-c. The classical rotating frame
d RWA

aﬁ(t) =ot)xult) - ot)=w,Z+2w,/(coswt+ @)X

coswt —sinat @, COS @ + o, cos(at + @) V[ @, cosep
R(t)=| sinwt  cosat Znge (t) = R(1) 22 (1) - R(t)@(t) =| w,singp—aw sin(ot+¢) |=| wsing
1

2 W

4 Rz ={i R(t)} 20 +RO-L ) - {i R(t)}Rl 0 RO® + RO O )]
dt dt ' “dt dt |

d —wsSinwt  wcoswt coswt —sinot 0 w 0 w g (1) 0 g (1)
%R(t).Rl(t)z —wCoswt —wsin wt sinwt  coswt =l-w 0 —->|-w 0 te®) =] 0 |x| (1)
0 1 0 O\ tr (1) - e (1)

@, COS @ y7 (3
R(t)@ (1) x figee (1) =| @ sin (D}X Hror (t)} d L
@y Hror (1) dt Hror (1) = Opop X Ll (1)

X

Rotating frame




Thus the magnetic field in the rotating frame becomes with:

Wpor =A® T+ @,COSQ X+ @, SINQ Y

HyroF (t)

In NMR we measure:

H YR

or ()

“Signal detection in the laboratory frame, along the direction of the coil:”:

Hy (t) = Hyror (t) cos awt — :uyRo

A sample with an overall I\W(t)

= (t)sin ot

the S/N voltage at the coil is: |g /N = z{

1 V 1/2
En(v)AvQﬁ} M,

n =filling factor

v =frequency
Av=band width

Q =quality factor
V¢ =sample volume

Bird cage

National High Magnetic
- Field Laboratory

The RF Fields for Helmholtz and

Solenoid Coils
1
(it
j{l I
Bo “lJLUVleU‘.UJ
\
B,(t)
ﬁ
p

B,(t)

f =noise of apparatus

u-of-o-nmr-facility.blogspot.com/2008/03/prob...
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1-d. Concepts in Quantum Mechanics and the Rotating Frame
d-i The wavefunctions

_ define a basis set spanning Hilbert space
ﬂ@n >}n:1,N , <§0n ‘¢m> =0 that is orthonormal.
A B This enables a matrix representation A .
<¢n ‘ ‘¢m> = A of any operator and a vector representation C
_ of any wave function.
[z /
n=1_N" all aln
When the representation of an operator is diagonal - _
then the basis set is the eigenbasis set < ‘A‘ > = A=
and the matrix elements the eigenvalues. L n P Anm .
anl ann

When the representation of an operator 1
is not diagonal then after diagonalization aq, D AD‘ aq, > Ann 5nm
we obtain the eigenfunctions and eigenvalues

2. (D oo Mg o [Dlan) 5 [on) =D la)ien|D )

k 1

the eigenvalues of the Hamiltonian
are the energies of the system




d-ii The Schrodinger Equation

DA =L HOW)©
dt h

a time dependent Hamiltonian doesn't have eigenvalues/energies

The solution of the Schrodinger equation defines an evolution operator

p)() =U (£.0)|w)(0)

If the Hamiltonian is tfime independent then

Vector-matrix representation

d .« =
GO =—7HOcw)

\

c(t) =U (t)c(0)

~

H2t2 4 ———

- —i(H, /h)At

= lim11,__,, e'™™
At—0 ’

N —oo

T H =H((h-1/2)At)

»
»

Luu»=e4mm“51—th—¥%-
h 2h
If the Hamiltonian is time dependent then, with the Dyson operator T:
U (t,0) = Te—ij: (H /m)dt
H (t) JJ' I >
t




d-iii. The angular momentum operators, definitions

{I p} Pp=XY, Z‘ !e““'XIyei“'x =1, cosa + Izsina‘
[1,.,1,]=inl,

an cyclic permutation

in the eigenfunction representation: ‘ |
z

I,m)=m

m) m=—1,..1-1 1|

IX\I,m>=%\/I(I +1)—m(m+1)\|,m+1>+%\/l(l +1) —m(m-1)[1,m-1)

|y\|,m>:—%\/|(| +1)—m(m+1)\|,m+1>+i§\/l(l +1) —m(m-1)[1,m-1)

Ii:IXiIIy‘

L 1m)y=JI(I +1) —m(m+1)|1,m +1)

L[1,m)=\1(1 +1) -m(m-1)|I,m-1)




‘ | =1/2 :‘ In the basis set of I,

I_11 O_|_101_|_10—i
200 —1) " 211 0/ 2li O

Pauli matrices span the whole 2x2 Hilbert space

‘I :1‘ In the basis set of I,
1 0 2 0 -iv2
L=l o =iz oo V2l =iz 0 -iv2

y

2 2
~1 J2 0 i2 0

The linear angular momentum operators do not span the whole 3x3 Hilbert space

The missing operators are:

0 2 0 —iv2
|X|Z+|Z|X=% V20 2 |y|Z+|Z|y=% iv2 0 -2
V2 0 iv2 0
. 1 0 0 .
IZZ_E(IX2+I5): 0 -2 0 |f—|§=E

0
0
0 0 1 0




1-e A nucleus in a magnetic field

The spin Hamiltonian |H ., =-B,.u=-0, |

with the magnetic field in the z-direction of the laboratory frame
.

and an RF irradiation: s = 0|, + 20, cos(at + )1,

V

or = —Aol, + @, cospl, + o, Sin g

and the rotating frame: l,
)

For spin=1/2 : Pauli matrices

| _(o 1/2J-| _(o —i/zj_ | _(1/2 0 j
A2 o) Y lite o) * Lo -1/2
{ | |a>=1/2|a >
cyclic permutations:
|, |B8>=-112|p3> [ 11=il,s [, L]=il s [, L] =i,

ei¢lz B e(i/2)¢ 0
- 0 e(—i/2)¢

it _ cos¢l/2 ising/2 ey _ cos¢l2 sing/?2
’ —sing/2 cosgl?2

(T

| B>

|l >

ising/2 cos¢l?2

T _
eI, je"" =1, cosg+1,sing




Remember that U (t,O) _ e—i(H/h)t _ De—i(A/h)tD—l

when the Hamiltonian is time independent and

HD=DA H=DAD™

My H, : " Ju

o . :He:m:fn U - |
Ho ij ji

H I . eiwo/Zt O Ca (O) Ca (O)eia)olzt
= —0), . = ;
LAB 0%z O e_wo/Zt C/j (0) Clg (O)e—la)OIZt

Ui IS unitary
U(t)-U*(t) =1

| >

cosw, /2t isinew, /2t c,(0) ¢, (0)cosaw, /2t +ic,(0)sinw, /2t
Her =l | . =1. .
isine, /2t cosa, /2t )\ c;(0) ic, (0)sine, /2t +c,(0)cosw, / 2t
1, _ )
y> c,(0)=a a
B> c,(0)=b —b
o> c (0)=c :V,\ —C
\— - _/

SPINOR effect



I-f The spin-density operator ‘W>(t) = ZC (t)‘CD >

An arbitrary function can be expended in a basis set n=LN
This defines a set of coefficients {C,(t)} with %c (t) = —% H (t)c(t) Hy  H,
Let us define an operator with matrix elements H= H,
Pu Pi "
P (1) = €, O, O] p0=|
PN v\
%{Cn (t)c, (0= _é; H . (0, (B)C, ) + Zk: ¢, (OH 1 (t)es () Hermitian

ml— St | =

:_%Z H, (), (t)c, (t) + Z C, (D)C (OH 4 (1)

d

i
PO = —%[H (), p(t)]




Ensemble Average and thermodynamics
Consider an ensemble average of the matrix elements of the spin-density

In the representation of the eigenbasis of the Hamiltonian the

solution for the density matrix elements

ANN

AT c, (t)=e"""""c,(0)
C’r; (t) _ e+i/hAmth:1 (t)

A22

then

() =& (O

with the random phase approximation

o (60) = €, (e9)C; (6) |

P (e0)=0 75, (eq) %0
\ ~

coherences the populations




Thus the equilibrium density operator can be defined by
the populations satisfying the Boltzman statistics

hao, =(1.05-10* Js)-(3-10°s) =3.15-10> J

1 KT = (1.38-102 JK %) ~414.10%
—_ . _AJKT 1. )-(300K)=4.14-10"J
'O(O) o 7 € hay, _ 4 6.0 e 7 =1_ "% _( 9999924
KT KT
_ 1 v 1 1
Peg == € =—{l-—H +....}
/ / KT

In NMR we solve the Liouville -von Neuman equation to calculate the signals

The signal is proportional o an "observable”

(0)(®) = (w (1) O] (1)) = 2, (1)(@,[O] @y )Cn (1)

=" P (1)0,, (1) = Tr{p(1)O}

<] > Tr((pn(t) P12 (t)j( JJ - o,
Pu(t) pup)\1

pt)= %[pll(t) + Py (t)]“' Loll(t) ~ P (t)]l . t2(Rep,l, —Imp,| y)

= [pll(t) + P (t)]I + [pll(t) — P2 (t)]l ol T+ pl*zl .



This requires a definition of the populations
of the eigenstates.

4 )
At thermal equilibrium these populations follow eeoeo— Nip

the Boltzmann distribution: —<eeoeo N,

CE_y,, /KT
N, € _ g /KT \_ Y,

= E,, /KT 1
Nl/2 e <|2>ensemblezih(Nl/Z_N—llz)

: ha, .
The magnitude of —— at 50-300K is very small.

ho, = (1.05-10* Js)-(3-10°s) =3.15-10%° J
KT = (1.38-10 ® JK *)-(300K) = 4.14-10** J

hay
ho, : ho,

=7.6-10"° e T =1- =0.9999924
T KT
1 ho 1 hao
and the populations become N,,==N1+— N,,==NQ1-——2
s = NI N, = N

The thermal-equilibrium ensemble magnetization becomes

1 N . hw, Ny*a°B,

<Mz>ensemble ZEW(NUZ_N—UZ):EW'ZKT AKT




1-g NMR is a journey along the matrix elements -
of the reduced spin density matrix ° @ ° e e

— — @. @ (@) @ O
I e @o @ e o
t — t _ | = e o ) 5}
e L I
d I (@) (@) (@) .@./
o0 =——[HO.o)] -
[o(t) =U (o (0)U ()]

Uty =Te

H (t)dt'

Example of pulse on I=1/2

[0)(t) = Tr(a(1)O(1)|

|
cosam, /2t isine, /2t)(1 cosm, /2t —isine /2t I
isinw /2t cosw, /2t -1\ —isinm /2t coswm, /2t

NMR signals

~ (coswlt —isinawt

o =2(l,coswt+ 1, sinmt
isinat coswltj (I cosat+1,sinap)

‘<IX’Y>R(t) = Tr(o% (t)lx’y)‘

= A, Coherences that are
off diagonal element
are detected
Populations that are
the diagonal element
are not detected

—~—




The reduced (high temperature) spin density operator

d i
o0 =——[H,00)]
1 1
"7 kT _ _
‘O_(t) _ e—IHOtG(O)eIHOt‘
‘<o> - Tr(a(t)O)‘
The Larmor precession for spin I=1/2 ;
_ %
H:_G)OI.,l Geq_thT z

lU(t) _ e—ia)olzta(O)eia)otlzt

ia(GFSX(O)IX+sy(O)Iy+sZ(O)IZ‘

(1) =s,(0)cosapt +s,(0)sin mt

(1,)==s,(0)sinayt +s,(0) cos yt

(1,)=5,(0)]




NMR signals in the Rotating frame

d i
EGROF (1) = % [— (@, — @), + Hypory Oper (t)]

‘(o)R =Tr (o, (t)O)‘
‘Slgnal (t) = <Ix,RoF > T |< | y,ROF>

c(0)=s,(0)1, +s,(0)I, +s,(0)],

H, = ol

y

(1), =5,(0)cos wt —s,(0)sin wyt

<|y>R =5, (0)

(1,), =s,(0)cosat +s, (0)sin mt

*

“‘gquadrature detection”




The magnetization in a magnetic field
for spin I=1/2 only

W, = (W, — ®)Z + ®,XCOS@ + @, ySIin @

The Feynman, Vernon, Hellwarth
the vector representation of a
two level system

(0 = 1A 0. 04,), 0.4.), O

\ A A

, , W Tt
by Faraday’s and Lenz’s rules ‘ U
the induction in the coil is

measured by current detection

ANVNEPN
Wt

|\/U
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2. Basic Concept of Pulsed NMR

2-a. T; and T, relaxation, a simple description

Suppose the spins experience X
a fluctuating field in all directions (
Lab frame rotating frame
h g, (t) he(t)=hg, (t)coswt +h, g, (t)sin wt)
hy gy (t) -> hyR (t) = hyg y (t) cos wt — hxgx (t)sin wt OH:K slov;/- f.:gcT(;aTions
n e rorartin rame
hz d, (t) th ()= hz g, (t) influence ‘rhegmagne‘ric

s of the spins

momen
Correlation function: G (r)= hg[g ()9, (t+7)] L

TR 2 [* iw;t T
Spectral density: Jp(wj):hpj_ G(7)G(0)e""dr j\

44 }Il/Tz <10, J@)]

(1)

) )—[1IT, o j(o)]

M RoF 'Tl
Ty

XRoF




2-b. The Bloch equation of spin-half nuclei

Remember: the reduced spin-density operator for I=1/2 can be written as:

O-ROF(t) :Sx(t)|x+sy(t)|y +Sz(t)|z

S,(0) =7 <1, > (N =11275,(8) i S,O) =y <1, >ee ©)=1/275,(t)

Opor (1) = E

1 S, (t) Sy (t) o iSy (t)
[sx M)+is,() -5

} S(t) = 715, (t) +iS, (®) }= 7Tric(t)1 |

Heor = —Aal, — (1, COsp + | sing)

»=0,Aw=0

Oror (1) = AeT ] @' 1

Thus we can apply
9009 or 1800 pulses
in the x-direction 1800
and in the y-direction
Off resonance can become very disturbing




The Bloch vector: /mx (t)\ (< 3 >(t)\\ . R
B m(t)
m(t) =| m, () |=7| (1)) |
\mz (t)/ \< z>(t)/
Bloch vector rotation d
o o @, COS @
am(’[)_m('[)XQ Q[a)lsil’MD}
Aw

The Bloch equation:

m, (1) 0 Aw —w, cosp\(m (t)) (1/T, m, (t)
% ,O) [=| —Aw 0 w sing | m(t) (- 1/T, m, (t)
m, (t) @, COSp —m,Sing 0 m, (t) /T, f m, (t) —m,,

[a}

e mm - —— e

1}



http://en.wikipedia.org/wiki/File:Bloch_sphere.svg

Modern NMR “"Earlier” NMR

After short RF pulses Steady state CW signals are measured
Free induction Decay signhals are detected during (weak) RF irradiation

v

In MR we measure both transverse magnetization components simultaneously



cw-NMR
Steady state solutions| - A®-(yB) T,

* 1+ (AwL)’ + (yB)*T;T, o

Saturation term

Mv a T(};Bl)lT; 2T T Ly /absor' Tion
I+ (8el)" + (YB) LT, o BT,
Y1+ (AwL)*  °

5 1+ (AT,
M )
> 1+ (AwL)’ + (YB)* TT

dispersion
~ _ Aw-(yB)-T;
E —M,
1 + (AoT)’

During irradiation
at the saturation condition a)lTT >> 1.

ZT t Absorption
~ — I ]
M. (t) = M e E
..... noooz UE oo AB {rTF
T,=56.8 ns
o v=1.759-10"" 1/s
Calculated with: bloch_nosat. mws B.] =110°T

http://www.uni-stuttgart.de/gkmr/lectures/lectures_ WS_0203/magnetisation_blochequ.PDF



3-c. Pulsed NMR and FFT

after a 90° pulse:

s, = {7, )(t) =M, cosAawtxe™'"
s, = (A, )t) =M, sinAatxe™'™

Fast Fourier Transform

JLFWHH:UTZ
N

V l‘

M/\\jﬁumt I

S(t) =Sge (1) +1S, (1)

SO=Sc®) LA e I
\\/ VoM FFT 0
F(t)=£A(AV)



He

= fd

= f2

e =3 jd

e =B 14

s =87 /2

e =T /4

oy = 2

Phase shifting

S, (t) =s,(t)cosy +s, (t)siny
S,(t) =-s,(t)siny +s (t)cosy



2-d. The NMR Spectrometer

Frequency synthesizer

v

Phase shifter

< Audio signals

v

RF gate

!

\ /-

RF amplifier

computer

‘ Audio amplifier
|—: filter

t 1t

\ 4

Phase sensitive
detector

__duplexer

I

Pre-amplifier

RF pulses

—>

m o O X ©

RF signal

—




Phase sensitive sighal detection

cos(wst + ¢ ) COS(awt + @) = %cos{(a)S + o)+ @ + G+ %cos{(a)S — o)t + g — ¢}

y

cos(ast + @) ™ | By 147 %COS{(% ~0)t+ s — 4}
\| @ :
signal RF synthesizer ® @ « com puter
90°
M > LP-filter @&isin{(%—w)tws—cb}

"

cos(wst + @5 ) cos(wt + 77/ 2+ ¢) =%cos{(a)S + o)t + @, +7z/2+¢}+%cos{(a)S —o)lt+o,—712-¢}

44



Duplexer and Probe

| ground |
RF power amplifier 214 cable
\ diodes pre-amp
V diodes — D
—>
S
Al2 ©-5 OQf"é"a'l .....................

sample




data acquisition

digital filter
acc. modes L
dwell time # acquisitions
# points .
time fr "
> ADC X » Re Re
—L’ - ¢ shifts
audio signals >: memories FFT’s memories
N . 1 ,ZFBCLB
» ADC y Im -_— im

5 -

4 accumulation modes

46



2-e. Data acquisition and FFT

Sampling with dwell time t results in Nyquist frequency |V = (22‘)_1

The spectral bandwidth after FFT is then |-V < Av <y,

Folding or aliasing occurs when ‘A v‘ >y, ralineat AVgen = AVieq —2Mvy
appears in the spectrum

If the number of acquired points is N then the spectral resolutionis 1/2N Vy

time ) frequency )

- FFT ) | ]

Trrrerrree st — IREEEEEEEREE
AAARARARRR N x (20 I N)

N x7




4l-FT»

DIGITAL FiLTERING

MWEIAWIANTIAWI AN AWLAWS = N
NEANTAVIAVIANTANTANTAVY,

i
DECIMATION
1

each n-th point is kept h%%%% -FT+

See: http://www.cis.rit.edu/htbooks/nmr/

Fourier transform

1.25

0.75

1.00

Zero-filling: spectral resolution enhancement, but limitations.

1" k'l / ’ I|l
A f\\_ > '" U]. oM

APODIZATION

e

L
|

— AN

EXPONENTIAL WEIGHTING

A




1. exponent e—t/‘[

. —t%/7
2. Gaussian e

0 O<t<r

3. Square shape f (t) :1 t>r

Image peaks

S A Ve are

-Imbalance of audio amplifiers>

A NP

1fe 1+A 2_2
- >/ v FFT > Lt o)
Lorentzian: 0 . g
AN N\ e
- . FFT
Gaussian: S T —» : S
Sinc function E:

Quadrature Ghost peaks

\ N A \ A A
t U NS \/ NS O~ _yRoF
//
-phase imbalance of RF line splitter > /}//xm
oF A f’\ P /\ }"'\ P
AR V LW

Baseline correction




2-f. Off-resonance and RF-inhomogeneity effects on pulses

Excitation profiles do not follow the FT of the pulse,

except when the pulses are weak (0°-459).

i

/\

v Vv

[ [
WA WAN
EANIN|

Al

1

vv

Pt) —p Re{P(v)}+ilm{P()}

Composite pulses

An example

Other inversion and excitation pulses:

Examples:

P)=a, Y, A&

n=0,N

180° vs. 90° 1802 90°

G" Gausian pulse cascade

n=1,N

BURP-n

P(t)=w, ), A cos(nwt)+B,sin(nwt)

180°

-

| Gaysia

-

I-BUR

£5

270° Gaussian (40 ms)

E-BURP-2 (120 ms)
SEEK-3 (100 ms)
" L

f

G* Cascade (160 ms) l
A

Inversion profile

-
160 Hz in 8 Hz steps

excitation

For other composite pulses and selective pulses : see Encyclopedia NMR



Composite pulses: such as “inversion pulses”, “echo pulses”, "decoupling pulses”

Y —{X =X},
More general echo-pulse sequences such as Y- { TR }”
Y —{X-Y-X-Y}
Y —{X-Y-X-Y-Y-X-Y-X}
For example "ideal 360°% pulse for decoupling:
MLEV —4—-—-—-MLEV -16 : RRRR, RRRRRRRR
Shaka's :180,4,270,90,,,180,270,4,90,
WALZ -4 ——-WALZ - 64 :90,180,4,270,90,,,180,270,4,
Other examples:
GARP -1
DIPSI -2
DIPSI -3

See: nmr.ioc.ac.ru/val/shapes/c-w/c-w.htm




2-g. T, and T, : Hahn Echoes and Inversion recovery

wl?2

y

|

»
»

tl
A

;

Independent of Aw!/

t, R
\d S (tl1t2 — t]_) - M Oe—iAa)(tl—tz)e—(t1+t2)/T2 -M oe_Ztl/T2

S(t,1,) = Mg Mheeg (T

qS(tl) =M, (cosAat, —isin Aat,)e ™™ = M g g ™4'T

S(tl) — MoeiAa)tle—tlsz — MO(COS Aa)tl +iSin Aa)tl)e—tlsz

@ S(t,=0)=M,

(712),

1st _:D ™
L @

- [k

3th [ &

v




The Carr-Purcell-Meiboom-Gill pulse sequence

w2

7z/2

/\

CPMG

Sequences differ in the phase of the 15t-pulse

—-(2m+1)z/T
%. Ve +1)7/T,

HT [oﬂ-oﬂ-o D o

RoF
y

\ /
o/ N

XRoF

cpP

Alternating y and —y
echo signals

~
N

XRoF

Edward Purcell
(1912-1997)

CPMG

Only x
Echo signals

@ =echo positions

Explain the real essence of CPMG!


http://images.google.com/imgres?imgurl=http://www.physics.rutgers.edu/ugrad/awards/carr.jpg&imgrefurl=http://www.physics.rutgers.edu/ugrad/awards/carr.html&usg=__ZgvislrTRLCZXlAmOdzwPSXTfNE=&h=559&w=496&sz=38&hl=en&start=11&um=1&tbnid=npE2awv9PKWeoM:&tbnh=133&tbnw=118&prev=/images?q=purcell+and+carr&hl=en&rlz=1T4ADSA_enIL357IL357&um=1

Wolfgang Pauli 1900 - 958
Nobel Prize 1945 (Physics)

Who is Who?

Isidor Isaac Rabi 1898 —988
Nobel Prize 1944 (Physics)

Felix Bloch 1905 - 1983
Nobel Prize 1955 (Physics)

Edward Purcell 1912 — 97

Nobel Prize 1955 (Physics)

Richard Ernst 1933- Nobel

Prize 1991 (Chemistry)

John B. Fenn 1917-
Nobel Prize 2002
(Chemistry)

Koichi Tanaka 1959-
Nobel Prize 2002
(Chemistry)

Kurt Withrich 1938-
Nobel Prize 2002

(Chemistry)



http://www.nobel.se/physics/laureates/1945/pauli-bio.html
http://www.nobel.se/physics/laureates/1945/
http://www.nobel.se/physics/laureates/1945/
http://www.nobel.se/physics/laureates/1944/rabi-bio.html
http://www.nobel.se/physics/laureates/1944/index.html
http://www.nobel.se/physics/laureates/1944/index.html
http://www.nobel.se/physics/laureates/1944/index.html
http://www.nobel.se/physics/laureates/1952/bloch-bio.html
http://www.nobel.se/physics/laureates/1952/
http://www.nobel.se/physics/laureates/1952/
http://www.nobel.se/physics/laureates/1952/purcell-bio.html
http://www.nobel.se/physics/laureates/1952/
http://www.nobel.se/physics/laureates/1952/
http://www.nobel.se/chemistry/laureates/1991/ernst-autobio.html
http://www.nobel.se/chemistry/laureates/1991/
http://www.nobel.se/chemistry/laureates/1991/
http://www.nobel.se/chemistry/laureates/1991/
http://www.nobel.se/chemistry/laureates/2002/fenn-autobio.html
http://www.nobel.se/chemistry/laureates/2002/#backtotop
http://www.nobel.se/chemistry/laureates/2002/#backtotop
http://www.nobel.se/chemistry/laureates/2002/tanaka-autobio.html
http://www.nobel.se/chemistry/laureates/2002/#backtotop
http://www.nobel.se/chemistry/laureates/2002/#backtotop
http://www.nobel.se/chemistry/laureates/2002/wuthrich-autobio.html
http://www.nobel.se/chemistry/laureates/2002/#backtotop
http://www.nobel.se/chemistry/laureates/2002/#backtotop

3. NMR Interactions and basic
3-a Chemical shift

pulse sequences

The external magnetic field generates an overall current

in the s-orbitalof the electrons proportional to this field

and we getdiamagnetic shift).

A y
) ‘ )
—
<e>

The chemical shift can be represented as a tensor

in matrix form. Choosing a coordinate system with
B, pointing in its z-direction:

B; Oy O-xy Oy
B.=| B} |=|o, o, 0,]0 B,| << B,
Bze O-zx o-zy O-zz BO
B, +0,B,+...

I S

@ =
ee 7 .
= =

Electrons in p-orbitals behave of course differently
and create an orientational dependent field(paramagnetic shift)

A

Or: The chemical shift can be represented as a tensor in matrix form.

Choosing the "Principle Axis System” coordinate system on the molecule ,
with the direction of the field defined by polar angles (q.j):

B} (o 0 0 Y\ B,cospsind

B.=|Bj|=| 0 o, O |Bsingsing
B Lo o0

By

o B, coséd

Only the component in the direction of the main field is relevant:

oy B, Cospsing) (cosesind

o B,singsing |e| singsin@ |=B,(c,, cos’ gsin® @+ o, sin psin® @+ o, cos® 6)
0,,B,cos0 cosé

Chemical Shift Anisotropy

isotropic shift asymmetry parameter
Oyw +0y, +0 Ao, — Ao
_ _ YXxx Yy 7z _ XX Yy
ACpp =0pp =0y i = =
3 Ao,

2 J—
B, = B,o, + BOAGZZ{(?’COSZH Y + ngsin2 9C082¢}
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H NMR Chart Paper 3C NMR Chart Paper e Aromatice Rc-cH, Eibers Sufdes S
—
Aleohol
hi RCH=CHR——— HO.CHr——  ——RC=CH
low . high low igh S
field field field field Vein = Vi PhO-CH——— ArCH O
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G(eq) = A(Izi + Izj)

Heor = 0il, +051, i

\
AW AVAY
WAV
\
|
BV ER\VAN

5 =sec” e

(0)= Al +1,)

o(t) = A(l, cosot+1;singt+1,,costl,; +1,sInd;t)

1 . . . s
= Z AL + e 4 et 4 e
2 i 1 J J

Tr(o(t)l,)=S,(t)= % A(cos ot +cosat)

Tr(p(t)17) =S(t) = % A" + et

x exp(-t/T, )

Tr(a(t)lx)=Sy(t)=%A(sin St+sinot) and FFT J




The same in Matrix form

N |~

-1 | >

|, > 1 |, >
1 | B; >

zi Zj
1 | B > -1 | B, > 1=aa
-V BB;> -8B >

1 1 11 —i —i - —i
1 ot A L |, _1fi 1 I Tl —i
Xi 2 1 'xj_2 1 v i xj_2 1 1 yl_2 —i Xj 2| i yi ol —j

1 1 11 i i i

Characteristic 'H NMR spectra for a T1DM patient

LIPO window

e

_i5i|zi I

€

Xl

ié‘ilzi — I

i COSO.t+ Iyi Sin o.t

glucos: €

SOM

Circulating
lipoprotein

Lipoprotein deposits particles

Foam cells

f

-------------

“1 ‘cre’mmre | J

-N(CH,),
=CH-CH,-CH=
/ /=

\| acetate |

lactate

alanine |

| | vall \
Y

~S

e e
4.0 35 3.0 25 2.0
ppm

atherothrombotic clustering

LB B e e T
1.5 1.0 0.5

www.lce.hut.fi/.../biospectroscopy/metabonomics/



http://www.lce.hut.fi/.../biospectroscopy/metabonomics/

3-b The Spin-Spin interaction
The interaction of two spins immediated by their overlapping wavefunctions
is the Spin-Spin Interaction or j-coupling.

Ethanol proton spectrum

Methyl triplet

Methylene quartet

T

t11
thy
ti4
ty
V4
'y
bt
e

CH,CH

t1
t
't

,0

To describe the interaction we will restrict ourselves here
to the “secular” interaction only.
This excludes the interaction between two neighboring equivalent spins.

vy

K/

X2 IS, (1) = % A(cos St +cos 5it
S(t):%A(ei(éiﬂ)t+ei(§i—j)t+ei5j+j)t+ei(5j—1)t)
1., . .

S,(t) = > A(sin ot +sin 5it

Zi ) Henq Hae
I_ —1 0.4 Hz - wo
= S€C "|cyclohexane-d,, A = j:t
VAN ~ 2.4tz

=78 *C slow exchange regime

S N

=61 °C coalescence temperature

—7%2.8 He

-43 *C fast exchange regime

%—— 0.5 Hz

0 °C high temperature limit
www.ilpi.com/organomet/fluxional.html



http://www.ilpi.com/organomet/fluxional.html

The extension to more coupled spins is straightforward:

. . Aoy
jax and/iax

Awy
Aw,

@y

Awy

0<¢<90°

Karplus equation:
Dihedral Angle: §

Ha ")'1’

Hy

90 < ¢<180° 3 J,,

| BBB)

I+

| 2jay ,l

|¢ij

|Bap) | Bper)

| paxcr)
|ap6)

|aap) |apa)

|aca) i

= J,C0S2¢—0.28
= J,g0 COS2¢—0.28

60 80 100 120 140 160 180
$

Aw,

Aw,
Splitting Patterns
Equivalent Splitting

singlet

1 neighbor
donhblet

(113

:l 2 neighbors

Honeqguivalent Splitting

double l I l
doublet

triplet (111010 4 7 A i
;

- (1:2:1)

", 3 neighbors

h ‘
[ Y LY

1 quartet dowble douhble doublet
(1331 (111111
(N+1 peaks) (2N neaksy
Some characteristic values for J-
couplings: One-Bond
Coupling Constants
Type 'J(Hz)

H-"'H 280

BC-'H 110 - 260

sip—1H 20-700

13C — WF - 280 to - 350

1BC - 13C 170

31p _31p 100 - 500

3P — 19F 1000

— U EEITeTIGUYE  ImuLUIM vupy  wuheens
Homonuclear Examples Heteronuclear Examples
Structure | 2J(Hz) Structure 2J (Hz) Structure 2J(Hz)®
H-C-H - 124 | H-C(CH,)s-H - 13 13C-C-'H 5
H-Si-H + 28 | H-C(CH,).H - 105 9F-C-'H 45
HSn-H | + 153 | H-C(CH,)s-H -9 19F-C-31P 160
H-C(F)-H | - 96 | H-C(CH,).-H -43 TH-C-*'P 7-14
H-C(C)-H | - 10.8 OH,=CH, + 25
* Absolute values.




1 -1
2 -1 4=pp
1
3=
| oy, > 1 | oy, > b
2= pa
| ;> Ol 21 1 | B; >
| B > Y2 -1 | B, > 1=aa
-1)| B > -1 5p; >
—i —i - i
1) i 1 i 1) i
=3 i T =gl —i
i i i
—i —i
-1 [ [
AP oo, =t
b2 | P20
—i —i

—ig; 1t ig 1t -
e e =1,cosot+1;sInot

—i2jl 1t i2jl,1,;t - -
e "le b =1 c08 Jjt+21 ;1,810 )t
—16;l —ioily _ I
e e =1, cosot—1,sinot
ij 21,1t j21,51,t . ..
e e =1, cos Jt—21,1,sIn Jt




3.¢c AX spin system

A A X X
|A M < N M < I, |X
; ) ) ) ) z

A X A X A X A X
211 < 2101 211, < 211

Ag X A X A X Ay X
TR Kl T Tl T T

+90° or —-90°
in the y-direction

o (e
'{? .




INEPT A X
|7 — |
1 2 3 Z
Proton channel: | I | I:X—X—X—X—X—X—X—X—X—
2:X—X—X—X—X—X—X—X—X—
I | / 3iy—y—-Y-Y-y-y-y-V-y-y-y-y-y-y-y
4:X—X—X—X—X—X—X—X-—X
Carbon channel: B:X—X—X—X—Yy—Y—y—y—X
4 5 D:X—X-X—-X—-Yy—-y—yV—-yV—X—X—
INEPT (& =0, without (2,4))
INEPT (5£0)
D LT
Z

jt==

.t_7Z'
1 3yA J 5

S 2
AT A Ay X Apx X% Ay X X
I, >=1 > 11 —>=11>=1/1] > |,




PT

E
1 2 3

Proton channel: | I |

Carbon channel:

I .
5

|
INEPT (6. =0
.
L

Y—X—X—y—§J—X—X—y—§J—X—X—Yy—
—Y-Y-Y-Y-Y-Y-Y-y-y-Y-Y-V-
X—X=X—X=X—Yy-y-—y-y—y—y-y-
X—X—X—X-X-y-§-y-y-y-y-y-

DEPT removes distortions occurring
in INEPT due to varying j-couplings

.;=0)
"’f] A ‘] 0
v |1 ]
A
\
N
I
j 90,x j yA j
SIS 21018 32188 52108 5218 X S

i1




INADEQUATE 1:X—X—X—X
2:X—X—X—X
3:X—X—X—X

Carbon channel: 4:X—X—-y—X
1 > 34 B DiX-y—-X-Yy

A % Al Ap A Ap A NN A -

125125212 521N 5-21M2>— 1" D:y +

A% Al Ap A arA Y oaga ) A - -

I —>— 1, >211, =211 >21]1 —>—1, D:X +

A %0 N N %O N % R -

Iy >—1,—> -1 —>-1; — I D:y -

A % Al A O A A - + 0

I, >—1, > -1 —>-1; — -1 D:X _

Regular 3C spectrum of 90% cholesterol

acetate showing 1*C satellites

ID-INADEQUATE experiment vields

antiphase doublets

vvvvvv

vvvvvvvvv

41.5

vvvvvvv

chem.ch.huiji.ac.il/nmr/technigues/1d/row2/c.html



http://chem.ch.huji.ac.il/nmr/techniques/1d/row2/c.html

Double Quantum Filter

(5i,=o)
Proton channel: H I \Z ( ]
%l )
L
Carbon channel:
4
AgOXA R 90x 90, ] A .
I, —>—1, —>2I 1> —>-217 I - 212417 —>—1, Dy
A 20 A Ay B O A B90XX Avx LA
12 —>—1] —>2| 12 521012 5210 > 1] D:y
goxA 9OxX goxx J
A A A A e
125105 —1} > —12 > —1}) >-1} D:y
9OXA goix 90XX J
A A A A A .
1 — —I - =, —> -1, > =1 >-1 D:y




3-d Heteronuclear Spin Decoupling

Some decoupling schemes for suppression of off-resonance effects and
B, inhomogeneities:"

Doubly rotating frame

Try to apply ideal 360° pulses, moving the /, operator
through a pathway that averages to zero: A

| m
1
Mo .
A tn~anr e
e

\
I
[
|
\

Examples are: X | DECOUPLING

3609
Waugh'’s 360°), 360°),4,
Shaka’s 270°), 270°),4,
Levitt’s 180° )4, 1809 ), 180° ), 5, 180° ),
Levitt”'s: use R as composite 180° and construct MLEV-4 RRRR h R =90,240,,90,
MLEV-8 RRRRRRRR W' R _ 9018090,
“GARP-1; DIPSI-2; -3 WALTZ 90,180,,,270,90,,,180 270,,, =123 123123 123
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3-e The dipole-dipole interaction

This very important interaction is average to zero in liquids,
but is the source of many relaxation mechanisms.
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3-g Some simple principles of Nuclear Relaxation

See earlier, for the difference between T, and T,

Suppose the source of relaxation is the nuclear dipole-dipole interaction
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4. Two Dimensional NMR Spectroscopy o

preparation [ evolution ROTT acquisition | X
[; ) (€ R - [ in-phase ] [ in-phase ]
L J L Y, anti-phase anti-phase
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1 _ [ _
IZQ E(IAIX+IAIX) IZQ E( IAIX+IAIX) <|yA> <|yX>
1 i A
IZQ E(IAIX+IAIX) IZQ E( IAIX+IAIX) <|xA> <|xX> f
<2 ,lxp <yl >
—r
<> <> N
2Q DQ
<|y > <|y >
P57 %52




After single 90° pulse on I, ,

S,(t) =s,(0)cos jte'5“t—§sA(0){ Bneit 4 gitoiin]

FFT
Sa(@) =0.5[A(5, + ) +ID(5, + )]+ 0.5[A(S, — j) +ID(S, — j)]

Re: Im:
) i,
Signal after I, , I, ” ”

o — L o
S, (t) =s,(0)sin jt pi(On /2t _ 7SA(O){eu((smm/z)t B e|(5A—j/2+7T/2)t}

| FFT

s, (@) =0.5[D(Aw, + j/2)-iA(Aw, + j12)|-05D(Aw, — j/2)-iA(Aw, - j/2)]
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Start measuring on a homonuclear AX spin system

0
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A supportive-slide to understand!
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Two-dimensional twisted-line spectrum

Re(SA(wl’a)Z)) =
0.5[A(Aw+ ) x A, (Aw + 7j) — D,(Aw + 7j) x D,(Aw + 7j)]
+0.5[A (Aw—7j) x A, (Aw - 7j) — D,(Aw — 7j) x D, (Aw — 7j)]

A-spin spectrum
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For thev, > 0 of the spectrum

shape of twisted peaks:

5
L 10 kHz




Two-Dimensional COSY Spectroscopy
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v

The same happens A VX
when we start
with the X-spin

Thus each peak originates from
a time domain term
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Thus after two Fourier transformations we get fwo fwo-dimensional spectra
(real&imaginary) that tell us about chemical shift correlation via j-coupling

Each peak in the 2D spectrum is a result of a double FFT and is a twisted line. Yy °
i %
(t,t)=..... +a(v,,v,)e' e et g/ ?
FFT, + FFT, : S(ay, @) = (A(@) +1D(@))(Alw,) + iD(a)-z))
= (A(w)A(w,) — D(@ ) D(®,)) + 1(A(@,) D(@,) + D(@) Al®,))
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To overcome the twisted lines it is common to perform
experiments that are of type Il and do something about

the ambiguity of +v, or —v,.

TPPI = time proportional phase increment

For each t; value we change the pulse sequence such that

I

s(t,,t,) = cos wm,Ate'?"

s(t,,t,) = sin @, 2At,e' ="

Yi—14

s(t,,t,) = —cos w, 3At,e' ">

0 H
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s(t,,t,) = —sin w, 4Ate' "

s(t,,t,) = cos w, 5At e' ="

i &

A

s(t,,t,) = sin w, 6Ate' ="

T

The phases of the pulse

v

We can write this as:

s(t,,t,) =Ccoss @, + ZL NAt, e

At,

[ —)

b e A R
, +realFT, “

t, — NAL,

The lines are shifted

away from 0 by an amount
such that all +vand —v lines
show up at positive v;.



SATES =

For each t;, we do two experiments and combine the data as follows:

-1 -
tl tZ t]_ tz
s(t,,t,) = coswAte' ™" s(t,,t,) = isin oAte'?"

FFT, l FFT, l

s(t,, w,) = cosant, (A, (w,) +iD,(w,) |s(t, w,) = isinaot (A, (w,) +iD,(w,)

Generate a new 2D signal from
the two “real” signals of the two spegtra

s'(t,,w,) = cosaot A, (w,) +i1sin ot A, (w,)
FFT,
s' (), @,) = A(@) A (w,) +1D, () A, (@)

\ "States” spactnum




Additional 2D experiments:

Through phase cycling and
gradients the proper
magnetization pathway

is chosen, and the undesired
pathways are suppressed.

COSY

I’f’i_ﬁi\

)
F%ia _%\ !
= L

See 200 and More NMR Experiments
Stefan Berger&Siegmar Braun
Wilwy-VCH (2004)
“200-Berger-Braun”
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Additional 2D experiments:

HETCOR-COSY
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Double Quantum Filtered COSY 90 90 90
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(small couplings) H
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HMQC+TOCSY

for example MLEV-8 mixing
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5. CW EPR and pulsed EPR
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Short introduction:
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2-a Some basics of Electron Paramagnetic Resonance
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2-b Pulsed EPR experiments EPR echo detection
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ENDOR spectroscopy
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‘ IB ean > ELDOR spectroscopy

Simulated EPR spectrum of the Simulated EPR spectrum of the
CH, radical H,C(OCH.) radical
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Biochemical Society Transactions www.biochemsoctrans.org Biochem. Soc. Trans. (2005) 33, 86-89
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1 800(sel) ‘ ‘ EPR

| | NMR

@,

180° t

Signals:

g g
If on-resonance

@, t A
2 -1 0

(a) ¥

4ol '

T T
5 10y 15 20
()
‘
T T T J
5 10 oy MH7 15 20

Figure 12.2.8 Hyperfine contrast selectivity. DaviessENDOR spectra of [(2,2-bipyridylamine)
(diethylenetriamine)Cu]?* diluted into a single crystal of the corresponding Ni(IT) complex, for two
sets of m.w. pulse lengths, temperature 10 K: (a) Lengths of the m.w. pulses "’ = 400 ns, 1:,2,% =200ns,
and £ = 400 ns; both proton and nitrogen transitions are observed, arrows indicate proton transitions;
and (b) Lengths of the m.w. pulses £ = 20ns, % = 100ns, and % = 200 ns; most of the proton
transitions are suppressed. (Adapted from Ref. [4].)




DEER

Dipole-dipole interaction between unpaired elecetrons
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. 180
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Figure 13.3.4 Determination of conformational statistics of flexible biradical molecules with n
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Figure 11.5.6 HYSCORE and DONUT-HYSCORE spectra of the complex of VO with the
:is-hydroxamate ionbinder RL515, 7y = 240 ns: (a) HYSCORE spectrum; and (b) DONUT-HYSCORE
E , T2 = 400 ns. (Adapted from Ref. [41].)
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Figure 11.1.9 Comparison between the soft-hard three-pulse modulation technique and the standard
three-pulse ESEEM experiment on a Cu(ll)-doped triglycine sulfate single crystal, temperature 30 K,
width of the detection window of the boxcar I0ns: (a) Modulation trace of the soft-hard three-pulse
approach with selective pulses of 600 ns and a non-selective pulse of 20 ns, 71 = 0; (b) Corresponding
absolute-value spectrum; and (c-d) Absolute-value spectra obtained with the three-pulse ESEEM
sequence, 1,,/2 = 10ns, and 7 values of 230ns (c) and 250ns (d). (Adapted from Ref. [16].)



ELDOR detected NMR
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Saturation of forbidden transition
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Figure 5. Comparison of comventional and hyperpolanized "Hcoupled 10 ™C NMR aromatic reglons of 3-methylsa-
licylic ackd (Al and toluens (Bl dissolved in methanol. Motice the relative ratlo batween the analyte concentrations,
as well as the higher signal shown by the quaternary carbon atoms due to their longer T, relaxation time.
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Solution *C NMR

6. Solid State NMR M

6-a The main interactions: PAS frame
the chemical shift anisotropy
Solid State *C NMR
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6-b Magic Angle Spinning
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The vector representation of the MAS "CSA-only” NMR case

As long as the Bloch vector represents the nuclear magnetization:

Ao"gl‘

Ao"gz‘

O(t) = Awt + (sin(ot+w, +y)—sin(y, +y))+ (sin(2o,t +y, + 2y) —sin(y, + 2y))

. Ac|Q,| .
o) T2

r

uho KHz ‘ Frequency

X-y maghetization vectors
of single crystallites after 90° pulse:




The vector representation of the MAS "CSA-only” NMR case
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The effect of the heteronuclear dipolar interaction
on a spin behaves similarly




Herzfeld-Berger Analysis:
http://casgm3 .anorg .chemie.uni-tuebingen.de/klaus /soft/hba/hba.html
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Cross Polarization Magic Angle Spinning
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Schaefer's CPMAS-Hartman-Hahn Condition

‘(a)lH ~ 0y )= na)r‘




v . b I A I .1- d CP M A S O.Peersen, X. Wu, I. Kustanovich,
S.E. Schmidt, JMR A109, 334 (1993)
ar‘ ' a e m p ' u e S. Zhang, C. Czekaz, W.T. Ford,

JMR A111, 87 (1994)

Passing through the H-H Condition an others
LG-CPMAS Inhomogeneous B, VA-CPMAS
/ (. / Aw) = 54.7° \ Appr. Adiabatic passage/ I Aw=0 \

Ua)ll — s (t)‘ = na)r‘




REDOR:

J. Mag. Res. 81 196 - 200 (1989) Terry Gullion and Jacob Schaefer.

1H CP deCOUpllng REDOR decay+Hahn echo
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TPPM

Heteronuclear TPPM decoupling ¢ Jﬂ_ ﬂﬂﬂ ﬂﬂﬂ—
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Homonuclear decoupling
PMLG-5
FSLG
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- Phase dependence
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DUMBQ Emsley etal., (2000)
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Two-Dimensional 1H-1H Double-

Quantum CRAMPS NMR Spectroscopy

Steven P. Brown, Anne Lesage,
Benedicte Elena, and Lyndon Emsley

J. AM. CHEM. SOC. 2004, 126, 13230-13231
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For BABA see: Schnell, I.; Spiess, H. W. J. Magn. Reson. 2001, 151, 153,
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z-axis rotation — no need for “magic-angle” pulses
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proton driven spin diffusion

In the mixing time: RAD\D ARR

A. RFDR ~—mixing—
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Figure 2. Pulse sequences for the RFDR (A) and DARR (B) exper-
iments. Both sequences begin with VACP using a ramped pulse on
the 13C channel. After the evolution period, magnetization is placed

along the z-axis with a 90° pulse and mixing occurs longitudinally
with either a high power Iy decoupling pulse in RFDR or a low
power 'y ‘recoupling” pulse in DARR. During the DARR mixing
period, the ' RF field strength is set to the # = 1 rotational res-
onance condition. In the RFDR experiment, mixing is driven by a
train of rotor synchronized [80° pulses on the 13¢ channel. Two
pulse phase modulated decoupling is used during acquisition and
evolution.




