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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: I, 1=1/2,13/2,... e

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.

Each nuclear spin has a magnetic moment =)

— e -
) . u=q9g—-»I
proportional to its angular momentum. 2m

Proton: g = 5.585 P Uy =5.05084 J/T

Neutron: g =-3.826

Y = magnetogyric ratio

P E=-uB P
v/2n L v/2n
Nucleus (MHz/T) hvy=-1.B Nucleus (MHz/T) Tesla 5_ MHz 3
510~ 2.110
1 =—v/B 14
H 42.576 Y N 3.0766 73 100
2H 6.53566 15N -4.3156 7.0 300
3He -32.434 170 -5.7716 9.1 400
L 16.546 233 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
1OB
llB
13C
14N
15N
170
19F
2INe
23Na
ZSMg
277l
295

Sensitivity vs.
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@ ) 3.84£-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
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1/2 1 3/5 5/2 712 9/2
Phosphorus-31 3P 172 B 0.06614
Sulfur-33 33g 3/2 G 1.71E-05
Chlorine-33 33C| 3/2 G 0.003544
Chlorine-37  37Cl 3/2 G 0.000661
Potassium-39 3°K 3/2 G 0.000472
Potassium-41 41K 3/2 5.75E-06
Calcium-43 3K -7/2 9.25E-06
Scandium-45 4°Sc 7/2 0.3
Titanium-47  #'Ti -5/2 0.00015
Titanium-49  %°Ti -7/2 0.00021
Vanadium-50 3%V 6 0.00013
Vanadium-51 51V 7/2 - 0.37895
Chromium-53 53Cr -3/25 8.6E-05
Manganese-55 >>Mn 5/2 0.174386
lron-57 57Fe 1/2 7.37E-07
Cobolt-59 59Co 7/2 - 0.275439
Nickel-61 61N 320 421E05
Copper-63 63Cu 3/2 0.064035
Copper-65 55Cu 3/2 0.035263
Zinc-67 67Zn 5/2 0.000117
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1-b. The rotation of the magnetization

The torque on the magnetic moment o =
induced by a magnetic field B T=UXx B

Minimizing energy +angular momentum conservation

dag  _ = _
—Atl =ux)B=-o xn
Hy 0 w, - a)y My — =
d =
a ,L[y = - a)z O a)x ll’ly a) " O)L
H, @, — Wy 0 H, Z L
— — S
w =B
. . \
Magnetogyric ratio y X

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

o, (f)

Laboratory frame

X




1-c. The classical rotating frame

%ﬁ(t) =o)xult) - o{t)=w,Z+2w/(coswt+ @)X RWA
coswt —sin wt @, COS @ + @, cos(at + @)\ Y w, cos @
R(t) =| sinawt coswt Zroe (£) = R(t) 22 (1) - R(t)@(t) =| w,sinp—w,sin(at+¢) |~| o sing
1 ), ),
0 0

9 Rryzm} ={i R(t)} 2t +RO). L) = {3 R(t)}R-l(t) ROEW) + RO x (V)]
dt dt ' “dt dt

)

d —wsSinwt  wcos wt coswt —sin wt 0 w 0 w e (1) 0 g (1)
%R(t).R‘l(t) [—a)coswt — wsin ot J(sin wt  cos ot J[—a) 0 J—)[—w 0 JLny(t)}[ 0 }x(yR(t)J
0 1 0 0 N e (1) - g (1)
@, COS @ Hgor (1)
R(t)@ (t) x zgoe (1) _[a)l sin (DJX[IUROF(t)} d

@, Hror (1) dt Hror (1) = @rop X froe (1)

X

Rotating frame




Thus the magnetic field in the rotating frame becomes with:

Ogor =AD I+ @,COSQ X+@,SINQ Y

:uxR
:uyR

In NMR we measure:

or (1)
or (1)

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

Hy (t) = HyroE (t) COS ol — :uyRoF (t) sin et

A sample with an overall M(t)

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

1 V 1/2
EU(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
¥
(it
[l
Bo “lJ’JJJVIJU.U.A
\
B, (t)
ﬁ
p

B,(t)

f =noise of apparatus
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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
ﬂfﬂn >}n:1,N ’ <(0n ‘¢m> =Onn, that is orthonormal.
A B This enables a matrix representation A _
<¢n ‘ ‘(pm> = A of any operator and a vector representation C
_ of any wave function.
[M— ch\¢n>] g
a=LN all ain
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<(Dn ‘ ‘ ¢m> Ahm ] .
anl ann
When the representation of an operator 1
is not diagonal then after diagonalization , D AD‘ am> Anngnm

we obtain the eigenfunctions and eigenvalues

2. (el oo [N N Dlan) 5 [on) =2 | e o [P~ n)

k1

the eigenvalues of the Hamiltonian
are the energies of the system




d-ii The Schrodinger Equation

L0 =L HEW)O
dt h

a time dependent Hamiltonian doesn't have eigenvalues/energies

The solution of the Schrodinger equation defines an evolution operator

v)(t) =U (t.0)|y)(0)

If the Hamiltonian is time independent then

Vector-matrix representation

d . iz
G cO=—7HOcw)

\4

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

H2%t2 4 ———

- —i(H, /7)At

= lim11,_,, e"'™™
At—0 '

N —0o0

M H, = H((h-1/2)A1)

Uaﬁ):e““wtsl—ikﬂ——lg
h 2h
If the Hamiltonian is time dependent then, with the Dyson operator T:
Ut0) = Te_ij‘: (H /n)dt
H (t) JJ' I >
t




d-iii. The angular momentum operators, definitions

{I p} Pp=XY, Z‘ !e‘i“'XIyei“'X =1,cosa+1,sin a‘
[1,.,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+l)\|,m+1>+%\/l(l +1) —m(m-1)[1,m-1)

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

I, =1, il

| 1,m)y=J1(I +1) —m(m+1)|1,m +1)

L|1,m)=J1(I +1) —m(m-1)|I,m-1)




‘ | =1/2 :‘ In the basis set of I,

I_11 O_|_101_|_10—i
210 —1)7 % 211 0)7Y 2li o

Pauli matrices span the whole 2x2 Hilbert space

‘I :1‘ In the basis set of I,
1 0 2 0 -—iv2
=] O 1 =iV2 0 V2 ;|y=3iﬁ 0 -i2

2 2
~1 J2 0 i2 0

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

The missing operators are:

-J2 0 iv2 0

1 0 O 0 0 1
|3_%(|5+|§): 0 -2 0 12-12=210 0 o
1 00

0 0 1

0 2 0 -iv2
|X|Z+|Z|X:%\/§ 0 2 |y|2+|zly=% iv2 0 -2

N |~




1-e A nucleus in a magnetic field

The spin Hamiltonian |H ,, =-B,. it =—a®,-|

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

and an RF irradiation: H ag =—0yl, + 2w, cos(awt + @),
v

ror = —Al, + @, COSl, + @, Sin gpl)y

and the rotating frame:

(T

For spin=1/2 : Pauli matrices

o 0 1/2_|_ 0 -il2) I_1/2 0
“{1/2 o) Y lif2 o ) * {0 -1/2

{ l, |a>=1/2|a >
cyclic permutations:
L | f>=-112]p> [ d=i0 0 L=l [0 1 ] =i

ei¢|z ~ e(i/2)¢ 0
- 0 p(-i/2)¢

it _ cos¢l/2 ising/2 Loy _ cos¢l2 sing/2
’ —sing/2 cosgl2

| B>

| >

ising/2 cos¢l?2

e {1, Je'" =1, cosg+1,sin ¢




Remember that U (t,()) — e (H/Mt _ pa-iA/ntH-1
when the Hamiltonian is time independent and

HD=DA H=DAD™

Hy, Hij . o Uy Uij is uniTar'y
. is Hemitian -, U)-U(t)=1
ji ™ HIJ = HJI U UIJ :(U B]_)*
gioo/2t 0 c, (O) c, (O)eia)OIZt | IB >
Hie =—ol, o2t = Ciwg /2t
0 e )c,(0)) [c,(0)e™ |a >
cosw, /2t isinew /2t c,(0) c,(0)cosw, /2t +ic,(0)sin e, /2t
Heor =l | . =1. .
isinew, /2t cosw, /2t )\ c,(0) ic,(0)sin e, /2t +c,(0)cos e, /2t
(7> c,(0)=a a)
B> c,(0)=b b
a> c,(0)=c jV —-C,

SPINOR effect



I-f The spin-density operator \w}(t) = ZC (t)\go >

An arbitrary function can be expended in a basis set n=LN
This defines a set of coefficients {C (t)} with dic(t) = —% I:(t)c(t) H,, H;
Let us define an operator with matrix elements H = "
Pi1 Pij H.
Pnm (t) = {Cn (t)C; (t)} p(t) = ’
PN \
%{cn (t)c,, (t)}= —%; H_ (e, (t)c (t)+ ; c. (OH ., ()c, () Hermitian

NI— S| —

=_%Z Ho 00, (O )+ - ¢, ()] ) Hyn (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

; = (A _Ajj)/h

solution for the density matrix elements

c, (t) =e """, (0)
C; (t) _ e+i/hAmth; (t)

then

—/ nn~4*mm random
Pan(® =& o (Ol

with the random phase approximation

B (€9) = iC, (e9)C, () |

Pm(@0) =0 B,.(eq) =0
\ ~

coherences the populations




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

ho, = (1.05-10* Js)-(3-10°s) =3.15-10%° J

1 KT =(1.38-10 % JK *)-(300K) = 4.14-10 % J
— _A/KT -
p(o) — hw “ _ha)o _
Z ~
1 _an 1
=—¢€ = —{1— —H+....}
Pea =75 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]w (1)) = 2.¢, (1)@, [O] @ )i (1)

=" Pan(0)0un (1) = Tr{p(1)O}
i A 8

p(t) = %[pll(t) + pzz(t)]l + [pn(t) - pzz(t)]l . +2(Re pp,l —1mp,,| y)

= [pll(t) + pzz(t)]I + [pll(t) - pzz(t)]l Pl T+ p;2| .



This requires a definition of the populations
of the eigenstates.

At thermal equilibrium these populations follow
the Boltzmann distribution:

—E_y,, /KT
N,, e

|\|1/2 €

— e_hCOO/kT

1

—Eq/, /KT _ =
<I Z>ensemb|e_ 2

h(N1/2 o

ho
The magnitude of —2 at 50-300K is very small.

a4 )
eooe— Nip
—eeeoeoo N, ,

\ _/
I\|—1/2)

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 =1
T KT

1
and the populations become N,, = E N1+

—0.9999924

ho, 1 ho,
N.. ==N(1-—2

2kT) 2o ( 2kT)

The thermal-equilibrium ensemble magnetization becomes

1
<M Z>ensemb|e: Em(Nl/z

N . hew, Ny°r’B,

N —— .
2) 2”2 2KkT AKT




1-g NMR is a journey along the matrix elements -

of the reduced spin density matrix ° @ °© © oo

o(t) =

d

dt

o(t)——— | = o (@) (e

11 | Paes

ZKT | | oo veyee
BROKC

\_ _/

—o(t) = —i[H (t),o(t)]
h
i

o(t) =U (o (0)U (1)

Example of pulse on I=1/2

|

cosam, /2t isine, /2t)(1
isinw /2t cose, /2t

cosawt —isinamt
“lisinmt  coset

cosm, /2t  —isine /2t
-1\ —isinem /2t coswm, /2t

JzZ(IZcoswlu I, sin )

|

| t
i H(t')dt'|

U(t)=Te | 1
[10)(1) = Tr(o(®)O() |

NMR signals
‘< I x,y>R (t) = Tr(O-R (t) I x,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
o= —5[Ho,a(t)]

1 1
o =——"_H
4 ZhkT °

(0) =Tr(o(t)0)|

The Larmor precession for spin I=1/2 .
Wy
| - |

' il t gt t R
o(t)=e o(0)e

o(t) =e Mo (0)e™!
| |

H :_a)ol_,

ia(O'FSX(O)IX+Sy(O)Iy+SZ(O)IZ‘

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

(1,) ==s,(0)sin at + s, (0) cos et

(1.)=5.(0)]




NMR signals in the Rotating frame

d i
E"Rop(t) - _% [_ (0 — @)1, + Hl,RoF’GROF(t)]

‘<o>R =Tr (o, (t)O)‘
1Signal(t) = (1 or ) +1(1, o)

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

H, = ol

y

(1), =5,(0)cosajt —s, (0)sin wt

(1,). =s,(0)
(1,). =s,(0)cosat +s, (0)sin wt

*

“quadrature detection”




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

W, = (W, —w)ZT+ 0 XCOS@+ @ ySsin ¢

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

O = 1), 0.(A,), 0.01.) O f

\ 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) hg()=h.g,(t)coswt +h g, (t)sin wt)
hy g, (t) -> hyR (t) = hygy (t)cosawt —h g, (t)sin ot OnTIK slov:/r le!.lc‘n;a‘rions
IN Tne roratin rame
hz 9. (t) th (t) = hz g, (t) influence the gr’nagne’ric

s of the spins

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

spectral density: (@) =h2[  G(r)G(0)e'dr A

£, (1) : : “
O HT= 10 i)

) )—[1T, o« j(@)]

MR T
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:

Oror®) =, (D1, +5, 1, +5,0)1,

Sx(t):7/< Ix >RoF (’[)=1/27/Sx(t) 1 Sy(t):y< Iy >RoF (t)=1/2]/sy(t)

O RoF (t) = E

1 S, (t) Sy (t) o iSy (t)
(sx ()+is, () —s,(1)

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

Hroe = —Adl, —ay (1, cOS@ + | SIN @)

p=0,Aw=0

Oror (1) = Ae™ 1 g

Thus we can apply
900 or 180° pulses
in the x-direction 1800
and in the y-direction
Off resonance can become very disturbing




The Bloch vector: (mx (t)\ /< X >(t)\ ] A
— m(t)
m(t) = m,(t) [=7| (1,)) t
(m, () ({I,)M)
Bloch vector rotation g
N — @, COS @
M) =m()x0 Q{%m}
Aw

The Bloch equation:

m. (t) 0 Aw —w, cosep\ m(t)) (1/T, m, (t)
% m(t) |=| -Aw 0 w sing | m(t) (- 1/T, m, (t)
m, (t) @, COSp —am,Sin @ 0 m, (t) /T, \ m, (t) —m,,



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

s / A . 2
M, - Aw-(yB,) ng M,
1+ (AwL)* + (yB)*T:T,

Saturation term

_ (},BI)TZ M /
¥ 1+ (ﬂ(ﬂ};)z + (}131)2 }71}_'2 . Gbsor'p"'lon

v = UBIL

T 1g (AwT,)’

=

jyaR 1+ (AT, M,
> 1+ (AwL)’ + (YB)* TT

dispersion j
17‘2[ ~ A® - (VBI)'TZ 'A{D
1+ (Ao’

During irradiation
at the saturation condition @/ T,T, >>1:

2_|_ t Absorption
~ — 1) ]
M. (t) = M,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, = (A )(t) =M cosAatxe™'™
s, = (A, ){t) =Msin Aat xe™'"

Fast Fourier Transform

JLFWHH =1/T,
| WIS

V V

|\/Av’\vﬁ* —

S(t) = Sge (1) +15,, ()

S() =St LA N VA GV ANE
YT FFT 0
F(t)=xA(Av)



He

iy = m id

= 2

e =3 jd

e =B 14

s =87 /2

e =T /4

iy w= 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(awst + @ ) cos(awt + @) = %cos{(a)S + o)+ + g+ %cos{(a)s — o)t + @, — P}

y |

cos(wst + @, ) ™ g e ] “%cos{(ws—w)twsw}
\| @ :
signal RF synthesizer ® @ « Computer
90°
M " LP-filter ?&;Sin{(wsw)t"‘%{é}

"

cos(wgt + @g ) cos(wt + 77/ 2+ ¢) =%cos{(a)S + )t + +7z/2+¢5}+%cos{(a)S — o)t + o —nl2—¢}

44



Duplexer and Probe

| ground |
RF power amplifier 214 cable
\ diodes pre-amp
V diodes — D
|
S
412 ©-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

i RMERMER

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 v

Folding or aliasing occurs when ‘A v‘ > v, ralineat AVgeun = AV —2Mv,y
appears in the spectrum

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

time ) frequency )

- FFT ) | ]

Trrrerrree st — IREEEEEEEREE
AAbARARARRR N x (2 /N)

N x7




4l-FT»

DIGITAL FiLTERING

MNEIAWIAWIAWL AWIAWAWIAWS =S N
NEANTAVIAVIANTANVTANIAVY,

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
Sec

1.00

Zero-filling: spectral resolution enhancement, but limitations.

1" k'l / ’ I|l
A f\\_ > '" U]. oM

APODIZATION

i

L
|

— AN

EXPONENTIAL WEIGHTING

——ee




1 T+ ir’A

: t/r /e A a1+ Aa)ZZ‘Z)
1. exponent e Lorentzian: S a i E: 5 U
—Aw’t
2
-tz /\ /\ e
2. Gaussian e Gaussian: > FFT ;

£t 0 O<t<r
3. Square shape ()_1 t>71 Sinc function FFT
o T
Lm

Image peaks

v&v’—\v‘ VQU/_\U,L Quadr‘iﬂ‘ur‘e Ghost peaks
-Imbalance of audio amplifiers> U&UQUQ \/ vf‘\vft XU&UQUL o

N A | o= = + -phase imbalance of RF line splitter > ,/XROF

oF oF Af"\
M VAR A
f& oF . | \/OF
|]V \

Baseline correction

o = o

Ao




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

Excitation profiles do not follow the FT of the pulse, Composi‘re pulses

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

\4

An example

180° vs. 90°180° 90°

i
|\
VAN | O | Y

Ty

P({t) —p Re{P(v)}+ilm{P(v)}

G" Gausian pulse cascade

P(t)=aw, Z Ae® (t-t7™)°

Other inversion and excitation pulses:

Examples: n=1 N
BURP-n
P(t)=a, Y, A cos(nwt)+B, sin(nwt)

n=0,N

:

| Gausian

-

I-BUR

Inversion profile

270° Gaussian (40 ms)

E-BURP-2 (120 ms)

i

SEEK-3 (100 ms)

G* Cascade (160 ms)

A

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 i § 3(( :(( X}n}”
Y —{X-Y-X-Y-Y-X-Y-X}
For example "ideal 360°% pulse for decoupling:
MLEV -4 —-—-—-MLEV -16 : RRRR, RRRRRRRR
Shaka's :180,4,270,90,4,180,270,4,90,
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

:

ty

»
»

A

;

;\ Independent of Aw!/

tZ
\d S(tl’tZ = tl) = MOe_iAw(tl_tZ)e_(t1+t2)/T2 — Moe—Ztlsz

S (tl , tz) =M Oe_iA“’tl eiAa’tz e—(t1+t2)/T2

qS(tl) =M, (cos Aat, —isin Aat,)e™' ™ =M g e /T

S(t,) =M e""e ™™ = M, (cos A, +isin Aat,)e™'™

@ s, =0)=M,

1St

22

3th

(712),

v




The Carr-Purcell-Meiboom-Gill pulse sequence

wl?2

T T

-

rl2,,

i

\

CPMG

Sequences differ in the phase of the 15t-pulse

—(2m+D) /T
e

’—oﬂ-.ﬂ-o ﬂ o
L

4 , T\ /a)oz'
w,7/ N\, T
e

A
Edward Purcell
(1912-1997)

XRoF xROF
cp CPMG
Alternating y and —y Only x
echo signals 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
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http://www.nobel.se/chemistry/laureates/2002/#backtotop
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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 pulse sequences
3-a Chemical shift

The external magnetic field generates an overall current

in the s-orbitalof the electrons proportional to this field

Electrons in p-orbitals behave of course differently
and we getdiamagnetic shift).

and create an orientational dependent field(paramagnetic shift)
4

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:

A

@ =
ee 7 .
= =

I S

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):
_ Bx Ow Oy Oy 0 . BE O yx 0 0 BO CcoS ¢Sin 0 BO
Be= Be:O'x o, 0 Be<<BO n e i i
); y yw Oy B, = By =l 0 o, 0 |B,singsing
Bz Ox O-zy Oy BO e
B, 0 0 oy, B, cos&

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

Oyx B, COspsin

cos ¢sin 6

Oy By Sin @sin @ |e| sin psin @ | = B, (o COS° psin? 6+ o, sin” psin? 6+ o, cos’ §)
o5, B,c0s60 cos@

Chemical Shift Anisotropy isotropic shift asymmetry parameter

Oy +0. +0 Ao, — Ao.
— _ XX YY 7 _ XX YY
ACpp =0pp— 0y, O, =

iS0 3 77 -

2 J—
B. = Byois, + BOAO_ZZ{(BCOS o-1) =

Ao,

+n=sin®@cos2
2 72 ¢}




1 1 o] i - Ethers Sulfides Bat. alkanes
H NMR Chart Paper %C NMR Chart Paper e Aomatics RC=CH, Lthers Sulfide i
—
Aleohol
E high low high RCH=CHR——— HO.CHr——  ——RO=CH
o
field field field field Vo v PHO-CH——— ArCH—— —— RyC=CR-CH
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Proton chemical shift



O'(eCI) - A(Izi + Izj)

HRoF:é}Izi+5j|zj “

\

VI A
\

|

VAN

5 =sec™ 0

o(t) = A(l,;cosot+1,;sin St +1,,cos5tl; +1,8IN6;t)

(0)= Al + 1)

= ZA(et e g et e
2 | | J J

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

Tr(p(t)l ") =S(t) = % A" +e")

x exp(-t/T, )

Tr(o(t)1,)=S,(t) = % A(sin St +sin Sit) and FFT
| J




The same in Matrix form

Il
N |~

| e, > 1 | ey, >
1 | B; >

! 1 | By > 7 -1 | B > 1=aa
-1)| BB; > -1)| BB; >
1 1 11 —I —I -1 =i
L1 L ! 1 1fi 1 —i 1] i i
oz ooz S U | == == S !
L 2 1|’ IXJ 211 ’ IXI+IXJ 211 ) —i 9210 i T 201 —i
1 1 11 i i i

Characteristic 'H NMR spectra for a T1DM patient

5i|zi IXieié‘iIzi — I

- LMWM window (-CH, )]
i Cosot+ | i SIN ot

LIPO window

glucos: v

-N(CH,),
=CH-CH,-CH= /A\}

SoM Tim,c/"

Circulating
lipoprotein

Lipoprotein deposits particles

Foam cells ljc ate

gp— alanine |

A\ | acetate |

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

'\f‘
[{ |creatinine | | |
LT A
Uit A N W N
T — T T
4.0 35 3.0 25 2.0 1.5 1.0 0.5
ppm

therothrombotic clustering

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

$14
t,
ti4
ty
Ve
'ty
bt
%

j12<|Aw,—Aoy| ™

CH,CH,O"

t1
t
't
v

X3

/" N\

Heor =61, + 0,1, +(2j|zi|zi)

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

S, (1) = % A(cos ot +cos 5it

S(t)Z%A(ei(5i+j)t-I-ei(di_j)t+ei5j+j)t+ei(§j_j)t)

1 .
S, (t)= > A(sin St +sin 5it

Heqg Hax

N—

J=sec™ cyclohexane-d,, A o %MHPW

-90 °C low temperature limit

/’\ %2.4 Hz

-78 *C slow exchange regime

A N

-61 °C coalescence temperature

—{R—z.s He

-43 *C fast exchange regime

%— 0.5 Hz

0 °C high temperature limit
www.ilpi.com/organomet/fluxional.html
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The extension to more coupled spins is straightforward:

A-X, 9p) - I F_ZJAX ,”,JAX
. d . Aa)x
Jax aNG/Jax
\5pa) Aw, Aw,
—_— [04 —oom
| Bap) Splitting Patterns
A Equivalent Splitting Honequivalent Splitting
X
Ao ‘ ﬂaa)
A
‘Otﬂﬁ> singlet
I I 1 neighbor | I
domblet
— aap) |apa) iy Ao
o oy . double I I l
; N 2 neighbors doublet
Awy 1 ] tiplet L L Y LU i
et T e, {1:2:1) AT A AT
\aaa) A I I *.. 3 neighbors NN
i 1 Qe double demble doublet
(13310 SRR EEEY)
O 900 3 J - 2 O 28 (N+1 peaks) 2N neaks)
. < < . = COsS — V. Some characteristic values for J-
Karplus equation: ¢ ab = Jo ¢
) 0.3 . couplings: One-Bond
Dihedral Angle: 90 < ¢ <180": ‘]ab - -1180 COs 2¢ 0.28 Coupling Constants
Ha "'\*'1] Type 1J(Hz)
S 8 TH-1H 280
Hy i
: = 13C —1H 110 - 260
. A P _H 20 - 700
A A 13C — WF - 280 to — 350
0 a0 b 30‘ 100 120 40 160 180 |3c = 130 170
31p - 3p 100 - 500
1P — 9F 1000
Sunie nopiTeTmaUYs  tmu-buu wuupnny | wunsame
Homonuclear Examples Heteronuclear Examples
Structure | 2J(Hz) Structure 24 (Hz) Structure 2J(Hz)*
H-C-H - 12.4 | H-C(CH,)s-H - 13 13C-C-H 5
H-Si-H +28 | H-C(CH,),H - 105 9F-C-'H 45
H-Sn-H + 16.3 | H-C(CH,)s-H -9 19F.C-31P 160
H-C(F)}-H | -9.6 | H-C(CH,).-H -43 TH-CP 7-14
H-CC)-H| - 108 CH,=CH, + 25
* Absolute values.
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3.c AX spin system

A A X X
|A I, = Iy M = I, |X
: 0 ) 0 ) 2

Al X Al X Al X Al X
2101 < 21017 211, < 211

Ag X Ap X A X Ap X
T R Tl R ol R Fal

+90° or —-90°
in the y-direction

o (e
'{T .




INEPT
1

i 3
4 5

Proton channel: |

Carbon channel:

INEPT (5 =0, without (2,4))

A X

I, —> 1,
I:X—X—=X—=X—X—X—X—X—-X—-X—X—X—-X—X—X-—-X
2:X—X—X—=X—X—-X—X—-X—X—-X—X—-X—X—X—X—X
31y-y—-y-Y-y-y-y-yV-y-y-y-Yy-y-y-y-y
4:X—X—X—X—X—X—X—-X—X—X—X—X—X—X—X—X
SIX—=X=X—X—-Yy—-Yy—Yy—YyYy—-X—-X-—X-X-yYy-yY-y-—-Y
D:X—X—X—-X-Yy—-yYy—-V—-V—-X—X-X—-X-Yy—-y—-V-—V

%I\

U(J
=1 |

jt=>

A A A AX3yA AvX D
I, —=>—1, > L —>=11

xX
Al X
—>—=1/1;




DEPT

1 2 3
Proton channel: |_I_I7
I ’
5

]
] |

Carbon channel:

i

— |
Vv

|
INEPT (6. =0
.
L

)
A
]
A
\
2N

L

o9 s»wnR

y Y=Y -X—X—y-Y-X-X—y-
Y=YV Y-Y-y-Y-y-y-Y-V-V-
—X—X—X—X—X—Yy—Yy-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

A90XA Al A Bgoxx AB ) Ay B
—>—=1, =221, >=211,/—>=-211

YA i
A X X
— 211, —> 1

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 D:X-y—-X-Yy
A90X A J A A90X A A90X Ay A J A
I —>— 1,211, —>=-211—>=-21'1—>-1 D:y +
A% Al Ay A0 A A90y Ay A A -t
|Z —)—|y—>2|X|Z —)—2|X|y—>2|2|y—>—|X D:X +_
AQOX R j N 90, N 90, N -
I, >0, > -1 > -1 — 1 D:y - .
A% Al A 2% A %% A
1) >— 1> 1> -1 — =1 D:x  *_

Regular 3C spectrum of 90% cholesterol
acetate showing 1*C satellites

ID-INADEQUATE experiment yields
antiphase doublets

vvvvvv

vvvvvvvvvvvvvvvvvvv

ppm  42.0 41.5 41.0 40.5 40.0 39.5

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

(5i,=o)
Proton channel: H I \Z { }
L
Carbon channel:
4
A90XA R A BgoXX A Bgo"X Ay X A
I, —>—1,>211, >=-21'1] >=-21'1; >—1] Dy
90, | 905 90, x i
A A Ay B Ay B Ay X A )
I —>— 1, >211, > 211 =211, —>1 D:y
90xA J 90XX 90XX J
A A A A A A .o
I, >, -1 —> -1 - =1 >-1 D:y
90xa i 90xx 90,x i
A A A A A A )
I, —>=1,—> -1 —> -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 “
AT
through a pathway that averages to zero: A \Hr'\wv/\x\(\‘(\,v»\;\vr\/w\WW/
i

Il
v
U

L

Examples are: X | DECOUPLING

3609
Waugh’s 360°), 360°),q,
Shaka’s 270°), 270°),4,
Levitt’s 180° )5, 180° ), 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 - 90.180,90,
“GARP-1; DIPSI-2; -3" WALTZ 90,180,,.270,90,,.180,270,,, =123 123123 123

R — P,,RP,y — P,z Py oRPyg P

90 " 180
— P,,R, Py PgoPysRPsa P
90"z 90 M180" 90" 90 M50
Shakas

— R = 270,270,,,——>180,,,270,90,,,180,270,,.90,




3-e The dipole-dipole interaction

This very important interaction is average to zero in liquids,
but is the source of many relaxation mechanisms.

z

r..

J

C,D

HPAS _ HoViV 3T & )T 8 = HoViV 3 | [
D 47[(r”) ((I u)( j" u) J) 47Z'( ) ( Zi Zj j)
H,=A+B+C+D+E+F

HLAB:Q)OiIZi—'_C()Ojlzj—'_luoyI 7/1 §(3COS ﬂ l)(3|2| Zj I I_J)
]
|15B)
C, E
Hy =| N = |ap).| Ba)
> | D, (B) o
F., 5+1 @ |aa>
B EF



(A+B: AT? = Di(a A NIATCTTY)

C = Dy, B, 7 )NIA IS
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E = Dg,(e, B.7)IA T
F =Dy, (a. A IACIT,

2
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1
T2 ==(3l
0 2(
| : :
:%(Izi[lxj illyj]_‘_[lxiillyi]lzj)

1
Ti22 :E(Ixi s Iyi)(lxj a ij)

Zi © Zj

I_i'l_j)

. . 5 )
D€ _ e—lmad ! (IB)e—Im'y did (B
mm m
mn 2 1 0 -1 -2
2 COSJ’(ﬁ/Z) —é(i + cosP)sinp J378 singﬁ %(cosﬁ - Lysinp sinJ'(ﬁ/Z)
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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

Y Y ‘IBIB> AO C—l C—1 E
i ‘aﬂ>"ﬂa> HD _ D+1 _Ao B C—l

D+1 B — AO C—l

B EF ‘aa> KFJFZ DJrl D+1 AO

C,D S
(A, =(A+B),,C,, D, E,,F,}) = A7*°D, (Q(1))
Assume: G (r)=A (t+70)A (D)~ (AOPAS )Ze—r Iz,
= (A7)’ [I(0) + (@) + I (2]

J (C()) _ (AbPAS)ZjOOO e—r/rce—ia)rdz_

= (AOPAS)Z[‘] (@) +J(2w,)]

H_I|H N_I|H




Relaxation time (s)

1.t 3r, +

5t

C

27,

T, 2 1+ w

2 _2
OTC

+ 2
1+ (2w,) 7,

4t

4

c_ 3u, ¥
o 2 6
160z° r

T~ 2 v i’ 1320 )
1 +a)OTc +( 0)0) Tc
For H.O

free water:

large molecules:
slow tumbling

fast tumbling

Tl _,-"st/r.-uctured watérf'\.__ 10
soft tissues:
J:nedium tumbling /, I T
l n 12
10
T2 .
{ 10 L . A
) 16° 16" 10 10
Molecular tumbling rate (Hz) T

7.~10%2and @, ~ 100MHz

T,=T,~3s

Proton T, values of tissues and

proteins!



4. Two Dimensional NMR Spectroscopy

preparation

evolution

A

TR acquisition X

ol

|
)

(€
L

JI[

SA() =Tr(a(t)1,)
Sx (1) =Tr(0(t)|_)

E( IAI)_( + IAIX)

1

129 = SR+ 1505

179 = %(|A|X+|A|X)

179 =

179 =

L)

in-phase ] [ in-phase ]
anti-phase anti-phase
B za and DQ

15 operators

<>

A

<l,>

<2,y

<Dl >

7Q
<Iy >

RS

<ly>

<l,> K|

<lply>

<IzA|xX> \
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<IXST7



After single 90° pulse on I, 4

52(1) =5,(0)cos jte™ =5, O 40

FFT
Sa(@) =05[A(S, + J) +iD(5, + j)]+0.5[A(S, — j) +iD(5, - j)]

Re: jkA Jk Im:

- i —1 . . . .
SA(t) — SA(O)Sln _It e|(5A+7r/2)t — 7 SA(O){e|(5A+J+7r/2)t . e|(§A—j/2+7z/2)t}

Signal after I, , I,

D

| FFT
S, (@) =0.5[D(Aw, + j/2) - iA(Aw, + |/2)]-05[D(Aw, — /2)—iA(Am, — j12)]
Re: Im
j\ A
7 T——




Start measuring on a homonuclear AX spin system

0, /
(\/\ i M/\Vl _
U VUU\/ -t\/\/\] I F t

1 . e . o
SA(tl’tz) :E{Séﬁ\(el(Aa)A+J)t1e|(Aa)A+J)t2 _I_el(Aa)A 7Z])tlel(Aa)A sz)tz)}

»
>

Double FFT.
5. ( _ {[/WA + 1) +iD(8, + DIA(S, + ) +iD,(5, + J)] }
(o, @,) =0.5S . _ N :
+[A (S, — 1) +1Dy(8, — DIA(S,— 1) +iD, (S5, — J)]

ReS, (@, @,) = 0.55 {[Al(csA + DA(S,+ 1)~ Di(8s+ D, (5, + j)]}

[A (S, = DA, — 1) —D.(Ss— )D, (54— i)]




A supportive-slide to understand!
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Two-dimensional twisted-line spectrum
Re(s (@, @,)) =
0.5[A(A@w+ ) x A, (Aw + 7j) — D,(Aw + 7j) x D,(Aw + 7j)]
+0.5[A (Aw— ) x A, (Aw—7j) — D, (Aw— 7j) x D,(Aw— )]

A-spin spectrum

L .
®

on—] oat]

Vs

A, AN
= wee B [
- P= R
8 -
s o 2 & ®
& . £H 3
ie -
570 5;.,‘;.2 [PPi'.'I] 3730




FFT,+realFFT,

For thev, > 0 of the spectrum

shape of twisted peaks:

5
&2, /2n 10 kHz




Two-Dimensional COSY Spectroscopy

90

%

Ya

Starting from spin A

y y
" 90, J_ Yx

Yy
A+X channel: I

\ 4

»
»

Xa

‘ Xy XA ‘ Xy

YZ

zy yz A2y

t, Xz

ZX XZ ZX ‘

<l a>(t)=s;cos jte

<l al,x > (1) =5, sin jte

i(Sy+7/2)

< I, 4> (L) =55 cOS jt,cosd,t,

< I, al,x >(t) =—sgsin jt,cosd,t

Sa(t,t,) =<1 A(t) >cos jt,e”* +0

SX (tl’tz) =0-< Iz,AI y.X > (tl)Sin jtzei5Atz+7T/2

X f::: .'o
FFTAFFT: Y1 ] e ev

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

Thus each peak originates from
a time domain term

a(a)l, a)z)eia)lteia)zt




Thus after two Fourier transformations we get fwo two-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. e o

S(ay, »,) = (Al@) +1D(@,))(A(@,) +1D(®,))
= (Al@,)A(®,) — D(0,)D(®,)) +1(Al®,) D(®,) + D(w,) A(®,))

Twisted line

FFT, + FFT, :

However if:

s(t,,t,) =...coswt,e' ..

s(ay, @,) = (Aley) + A(—a))(A(w,) +1D(w,))

| :
TR (A @) A (@) ACa)A @) +I(A@)A (@) + Al-a)D;(@,)

two 2D absorbtion lines

Vl .................... .
— V[ 6
Vo
8




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 th

“

pulse sequence such that

s(t,,t,) = cos At e’ ="

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

d
_XI

s(t,,t,) = —cos w, 3At,e' "

s(t,,t,) = —sin w, 4At,e' "

_yl
i

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

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

y
TI

The phases of the pulse

v

We can write this as:

e

s(t,,t,) =Coss

) - nAt, '
2At

1

| —')

e A,

, +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:

90
> —

t t t; t,

S(tl ) t2) - COS a)lAtleiwztz S(tl y t2) — i Sin a)lAtleia)ztz

FFT, l FFT, l

S(tlia)z) - Cosw1t1(Az(a)2)+iD2(a)2) S(t1'a)2) = isin a)ltl(Az(a)z)+iD2(a)2)

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

s'(t,, @,) = cosat, A, (w,) +isin ot A, (w,)
FFT,
s'(@y, @) = A(w)A(@,) +1D, () A (,)




Additional 2D experiments:

Through phase cycling and
gradients the proper
magnetization pathway

is chosen, and the undesired
pathways are suppressed.

COSY

I’E’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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200 Berger-Baun
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Double Quantum Filtered COSY
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HMQC - I . t,
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13¢C:
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(small couplings) H

HMBC 9 180
i :

=HMQC with distance (j) *
differentiation I

1\]*
*
I
1

*short distance interaction

— ) { l_ﬁi} L are suppressed
S

v 7 : . .
> ** long distance interactions
are creating correlations
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HMQC+TOCSY

for example MLEV-8 mixing

17




TROSY

Still missing



5. CW EPR and pulsed EPR

x = o =
bl :
B "n-r

't
,

Short introduction:
electronic ground states
g-tensor
hyperfine interaction
zero-field splitting

Signal

v =9388.2 MHz |
|
: Absorbance
[
|
I |
| First Derivative

3346 3348 3350

3352

3354

Magnetic Field Strength (G)

www.bruker-biospin.com

S-band 2-4 GH:z
X-band 7-12.5 GHz
Q-band 30-50 GHz
W-band 75-111 GHz

signal
out
L
detector
diode

o microwave magnetic field microwave electric field


http://upload.wikimedia.org/wikipedia/commons/1/19/EPR_spectometer.JPG
http://upload.wikimedia.org/wikipedia/commons/e/e3/EPR_lines.jpg

2-a Some basics of Electron Paramagnetic Resonance

T ‘aeﬂn>

a.a,)

B B,)

= ‘ ﬂean >
S=1/2

1=1/2

g-tensor
and

hyperfine interaction

-

N

S _" ﬂe (O’i1)>

S=1/2 I=1

‘ae (O,irl)>
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2-b Pulsed EPR experiments

oy |aB)

- ‘aean>

- ‘/Beﬂn>
- ‘ﬂean>

!

Simulated EPR spectrum of the Simulated EPR spectrum of the
CH, radical H,C(OCH.) radical

Biochemical Society Transactions

EPR echo detection

Wys %

ENDOR spectroscopy

Wys l—HT

Wy

ELDOR spectroscopy

) J JrU M
v W T mﬂf

g=1926

g=1.823

280 320 350 380
Magnetic field (mT)

www.biochemsoctrans.org Biochem. Soc. Trans. (2005) 33, 86-89


http://upload.wikimedia.org/wikipedia/en/0/0d/EPR_methyl.jpg
http://en.wikipedia.org/wiki/File:EPR_methoxymethyl.jpg
http://upload.wikimedia.org/wikipedia/en/8/8e/EPR_multifrequency_spectra.jpg

ENDOR

l1+¢
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1 800(sel) ‘ ‘ EPR

| | NMR

W,

180° t

Signals:

g &
If on-resonance

@, t A
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(a) ¥

4ol '
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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

H = 06,5, + @y5,5,, + ©0ppS,;415,,

. 180
N Oosip—H—l—

Wps i

Michael A. Swanson?, Velavan Kathirvelu!, Tomas Majtan?, Frank
E. Frerman?, Gareth R. Eaton® and Sandra S. Eaton**
JACS 2009, 131 (44), pp 15978-15979

0 5 ‘10 15 20 25 8 12 16 20
v(MHz)

Figure 13.3.4 Determination of conformational statistics of flexible biradical molecules with n

4. e




HYSCORE 180°(non-sel)

Tt @ I ;I +; S
1.1 1'2

Stimulated echo

(a) 12
2-pulse ESEEM signal of
IH nuclear spins, y 8t
¥
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2D-HYSCORE spectrum of
natural abundance 2°Si in quartz o
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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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http://www.bruker-biospin.com/typo3temp/pics/4134ff3a66.jpg
http://www.bruker-biospin.com/typo3temp/pics/9879889047.jpg
http://www.bruker-biospin.com/uploads/pics/ESEEM_QuartzHYSCORE.jpg

ESEEM

1800(non-sel)

“Forbidden transition"”

(b)

(@

{c)

(d)

T r T T
10 15 T (us) 0 5 10 15 20 v (MHz)

5=

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 |0ns: (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

Wy
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Effective intensity of irradiation at
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Saturation of forbidden transition
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2°K DNP polarization
+

desolution to 300K and 600MHz
+

NMR detection
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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.

http://web.mit.edu/chemistry/www/faculty/griffin.html
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Solution *C NMR

6. Solid State NMR
6-a The main interactions: PAS frame
the chemical shift anisotropy
Solid State *C NMR
HEY = wyo, |, + @A ZZ{(BCOSZH 1) +n= ; sm 20 cos 2go}l M
BO
Chemical Shift Anisotropy isotropic shift asymmetry parameter 180,00 e
AG. =0 -0 o = tOow+0m Aoy, — Aoy
PP PP

iso iso,
3

and the dipolar interaction

Ao,
lLlOyl 7/1

_ wfi
: zi'zj | Ij) \_

RoF __
H LAB —

= (3cos £-1(3I 1
Anr?

and the quadrupolar interaction

wr __€%9Q [(3cos’0-1)
1

23Na, NaNO,
+n— > sm > @cos Z(p}(SI 2 1(1 +1)) Cq~300 kHz

QUAR 2l - 2

T T T T
200 100 0 -100 =200
v (kHz)

...Jakobsen, IMR, 95, 88, 1991
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6-b Magic Angle Spinning

13c0s? 9 —1= OI—

H (t) - (Aa)| + Giso,i) I zi I

2

+Z O-OI(M_ Z gm lnCUt ZI

n= n=+1,+2
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The vector representation of the MAS "CSA-only” NMR case

As long as the Bloch vector represents the nuclear magnetization:

who kHz ‘ Frequency

X-y magnhetization 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-tuebin
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Cross Polarization Magic Angle Spinning
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Schaefer's CPMAS-Hartman-Hahn Condition

H(t) =

‘(a)lH — )= na)r‘
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JMR A111, 87 (1994)

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

lel — 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
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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
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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.




