+|1,|r

+|x

121257

+H

-21,8,

4218,

-I-|1,|r

+21,85

+l

-I-|x

21,5,

+ 2'){52

215,

-I-|y




o[eq.] ----> o[0]
preparation:
generating
transverse
magnet.

90,

d;

n

o[0] > o[t;]
evolution:
,things” evolving
under the
Hamiltonian(s)

|
s

o[t,] ----> o[t,0]
mixing:
coherence/magnetiza
tion transferred from
one spine to another.

o[t;,0] ----> o[ty t,]
detection (or
acquisition): The
product (FID) is
recorded



EKkho a visszhang nimfaja (gorog mitologia)

Preparation: Ekhoé elvonja Héra figyelmét esacsogasaval, ezzel segitett 90, T
Zeusznak szerelmi dolgai bonyolitasaban.

Evolution: Héra rajon a cselre, s biintetésbdl Ekhot azzal biinteti hogy drokké d t
masok mondatait ismételgesse (azt se tudja egészen kimondani, csak mindig a 1
végét ismételgeti.)

Mixing: Az elatkozott nimfa beleszeretett ezutan a hitt Narkisszoszba. Nércisz
sajat magaba van belehabarodva, s igy nem vesz tudomast Ekhordl.

Detection (or acquisition): Narcisz addig nézte a sajat tiikorképét amig meg
nem halt, Ekho pedig addig bAmulhatta a hit istent, mig fajdalmaban
elemésztodik, s igy csak a hangja maradt meg.

P

,,Az emberi képesség, hogy gondolkodunk,

¢s erzeseinket gondolatokka tudjuk valtani,

ez vezet ki a narcizmusbol.” 3
A.S. Byatt



The pulse sequence is (e.g. I= tH):

Spin Echo: one-spin system 902 1802
Consider SPIN 1 only of £, (thus, no S and no Js) Ls l T I T
For spin I: ”’F |
oleq.] l,
A=n2) 190°, o
c[0] “echo module starts here” -1, " -. g E ’ |
A=1(Qn) \ N —
-1, cos(€7) and +1, sin(t) e ] "y

A=, 1180, \,{} w oo
-1, cos(€t) and -1, sin(Qr) -

H= iZ(Qﬂ) d 1,
-1, cos(Qr)cos(), +1, cos(C)sin(r), "
-1, sin(Qr)cos(Qr), -1, sin(Q)sin(Qyr)

memo 1. +1, cos(Q2,7)sin(Q,7) -1, sin(Q,t)cos(2;t) =0
memo 2. -1, [cos?(Qt) + sin?(Q1)] = -|y

For spin | the effect of echo Is: -1, = echo = -I,

y



Spin Echo: two spins; homonuclear | and S
The pulse sequence (e.g. 1=S=1H)

Consider: QQ;, Qs and J s (I and S are homonuclear) 902

For spin I

oleq]
A=n2 (,)

c[0] "echo starts"

I:I - iz(gllﬂc)

A

H =2LS,(J,s77)

.

O
1809,

I T

-ly +
Dl C
-l

-1, cos(Q7) + 1, sin(Cr)

+H

-1, cos(Ct)cos(nd;sT)

+21, S, cos(Q,t)sin(md st)
+1, sin(€2,t)cos(md s7)

+21,S, sin(€7)sin(nd;s1)

\J
-1, cos(Ct)cos(nd;st)
-21.S, cos(Q,t)sin(nd,g)
-1, sin(Qt)cos(nd;gT)
+21,S, sin(€7)sin(nd;st)

+21,8,
+
Y C 2L S,
-|y +|y
1-2')(52
21,8,
2125z
<N
21,8, 1218,
+ W
'2'252
)



-1, cos(€t)cos(nd;st)
-21, S, cos(Qt)sin(md sT) . all S!
-1, sin(Q,t)cos(md;sT) ,
+21,S, sin(Ct)sin(mds7)
\ Ty
-1, cos(€t)cos(nd;st)
+21.,S, cos(t)sin(mdsT)
-1, sin(Q,t)cos(md;sT)
-21,S, sin(€)sin(nd;st)

H= L(€7) v
-1, cos(€2,t)cos(md,sT)cos(€t) C “

+1, cos(t)cos(md,st)sin(€ ) 1y ty
+21, S, cos(Q,t)sin(md,st)cos(Q7)

+21,S, cos(€2t)sin(nd,st)sin(€27)
-1, sin(Q;t)cos(md,sT)cos(2t)

-1, sin(€t)cos(nd gt)sin(r) 'z
-21,S, sin(€y7)sin(nd;st)cos(€27)

+21. S, sin(Q;t)sin(nd,st)sIn(;7)

'|'|'3||I

a

+

+|x

memo 1. +1, cos(Q,t)cos(nd s T)sin(t) -1, sin(t)cos(nd,st)cos(t) = 0
memo 2. +21, S, cos(€2t)sin(nd;st)sin(€2t) -21,S, sin(€t)sin(md st)cos(€2t) = 0
memo 3. -1, cos(md;s7)[cosA(Qr) + sin?(Qr)] = -1, COS(md57)

memo 4. +21,S, sin(md,gt)[cos?(Q1) +sin2(r)] = +21.S, sin(md,sT)



Therefore, the following 2 terms remain: -1, cos(nJ;st) and +21, S, sin(rJ,s1). +el252

H=21.S,(J,sm7) \J C
|

21,5,

-1, cos(ndst)cos(ndst) and +21,S, cos(rdist)sin(nd;st) 7Y
+21,S, sin(n;st)cos(ndist) and +1, sin(md;st)sin(md st)

+ 2'}(52
215

memo 5: /cos2A - sin2A = cos2A/ z°z

-1, {cos?(nd g7)- sin?(mdis7)} = -1, c0s(21tJ,57)
memo 6: /2cosASInA = sin2A/
2{+21.S, sin(nJ gt)cos(nd,st)} = +21, S, sin(2md sT)

Thus, for spin I the result is: -1, = echo = -1, cos(2mJ 57)+21, S, sin(27d;57)
For spin S similarly the result is : -S, = echo = -S, c0s(27J,57)+2S,1, sin(2n;s7)

For both spins the result is :
-(Sy+1y) = echo = -(I,+S,)cos(nd s21)+(21,S,+25,1,)sin(md s 27)

CONCLUSION:
The homonuclear coupling (J,) has evolved. (Evolution rate: nJ,s, evolution time: 2t.)

The offset or chemical shift (Q2;, Q) is refocused, thus hasn’t evolved .

memo: the 180°, pulse at the middle effects both I and S spins, as they are homonuclear.

+|y



Example of J-modulation:

as J,; evolves at an evolution rate of nJ,s, during the evolution time of 2t.

-, = echo = two terms, namely:

1) one in-phase (two lines of the same sign and amplitude): -1, cos(2mJ;st)

2) one anti-phase (two lines of the same amplitude but opposite sign): +21. S, sin(2wJ,s1)

conclusions:

1) Asuperimposition of two doubles at O, is detected, namely

- an in-phase absortpive doublet of an intesnity modulated by cos(2nJ,st), and
- an anti-phase dispersive doublet of an intesnity modulated by sin(2nJ,st).

1) As 1 changes the ratio between them changes:
T a=2nJ,st cos(a) in-phterm sin(a)

0 0° 1
1/(8J,5) 45° 0,707
2/(8J,g) 90° 0
3/(8J,g) 135° -0,707
4/(8J,s) 180° -1
6/(8J) 270° O

(Keeler 7.8.3 /163 0.)

0
0,707
1
0,707
0
-1

anti-ph term overall look

0%
50%
100%
50%
0%
100%

pure abs. positive, in-ph.
mixed

pure abs. positive, anti-ph.
mixed

pure abs. negative, in-ph.
pure abs. negative, anti-ph.

3) Oscillatory inter change between in-phase and anti-phased terms,

4) Complete conversion of one form to the other requires a T = k/(8J;), k=2, 4,6, 8, ...

8



Shortcut for homonuclear spin echo: Q,, Q. and J,c (I and S) 180

Considering the above set of Hamiltonians the following holds: LS v I v
c[0] c[21]
Chemical J coupling
A& shift is evolves during The effect
IA{Z B IZA({Z'T) refocused, A . 1+1 =21, thus of both H,
Hs; = 2I,S,(J;smt) thus the H, = 21,S,(Jism7) H3+ H,= Hy= and H were
y is cancelled . thus. can be
1. = i H; = TES | He=nS, . °
=S, by Hj 5 y 5 Yy ignored:
He = L(Q1) | > |
H, =215, (J,sn7) Hy =21,S,(Jism7) 2L,S,(Jsm27)

Therefore, the only relevant Hamiltonian is Hy:

c[0] "echo starts" Iy
Hg = 21,S,(Jism27) !
c[21] "echoends” -1, cos(2mds7)+21,S, sin(2md;s7)
CONCLUSION:

Indeed this is the same as calculated on the long way, however here one has to be smart!



Spin Echo: two spins; hetereonuclear | and S

90% 180%
! I ki I i The pulse sequence:
902 (e.9.1H) | 90°, ----- T----- 180"y ------ —
(e.g.°N, 13C) S: 9Q°, ~--n~Tmmmmmmmmmmmemmmmmnn- S
I T T T echo -
5 .

Consider: Q,, Qs and Js (I and S are heteronuclear)

For spin I:
oleq.]
IZ
H=n2 (1)
190°,
c[0] "echo starts" 5
A" -l | é) g
H= IZ(Ql’E) +
i/ #

-1, cos(t) +1,sin() 10



-1, cos(€27) +1,sin(€27)

H=218,(Jsm7) v
-1, cos(t)cos(nd;st)
+21, S, cos(Q,t)sin(md st)
+1, sin(Q,t)cos(md st) |33
+21,S, sin(t)sin(n;st)

A=ni, l
memo : nl, Is selective -1, cos(€2jt)cos(nd;st) | S
-21.S, cos(Qt)sin(md <T) m

-1, sin(€t)cos(nds1) W g
IZIySZ sin(€t)sin(md,gt) :

-1, cos(€2t)cos(md;st)cos(€2T)
+1, cos(€2,t)cos(nd sT)sin(€t)
-21.S, cos(Q,t)sin(md,sT)cos(€ ) ,
-21,S, cos(€t)sin(md;sT)sin(€21) C
-1, sin(€)t)cos(md,gt)cos(7) '
-1, sin(€2t)cos(nd;st)sin(€ )
+21,S, sin(€7)sin(nd;st)cos(€2 1)
-21.S, sin(Qt)sin(wd st)sin(€;t)
memo 7. +1, cos(Q2;t)cos(nd,st)sin(Qt) - 1, sin(Q,t)cos(nd,gt)cos(€2t) =0
memo 8. +21,S, cos(t)sin(md s7)sin(€2t) -21,S, sin(t)sin(rd;st)cos(€yt) =0
memo 9. -1, cos(nJ;st)[cOs?(€2T) + sin?(t)] = -1, cos(md;sT) 11
memo 10. -21, S, sin(nd,s7t)[c0s?(C ) +sin?(7)] = -2L.S, sin(nd,s1)

ﬁ - iZ(QIT)




Therefore -1, cos(nd;st)
-21,.S,sin(md,st)  remains.
H=215,(J,sm1)
-1, cos(nd,st)cos(nd;sT)
+21, S, cos(nd,st)sin(md sT)
-21. S, sin(nJ,gt)cos(nd,gT)
-1, sin(rdst)sin(md;st)

memo 11: /cos?A + sin?A =1/
-1, {cos(ndst)cos(nd;st) +sin(ndist)sin(mdst)} = -1,

thus: -Iy — echo = —Iy

CONCLUSION:
The heteronuclear coupling (J,5) hasn't evolved . The chemical shift (€2,) hasn't
evolved (offste is refocused).

memo : the 180°, pulse (in the middle) effects only spin I or S (but never both), since
they are heteronuclear.
memo: due to relaxtion intensity will decrease, but this is out of the scope during the

POF
12



Shortcut for heteronuclear spin echo: Q,, Q. and J,c (I and S) I

Considering the above set of Hamiltonians the following holds: |

c[0] o[21]
Chemical J coupling is . * v

fL=1(Q0) shift is also refocudsed The effect
2T refocused, ) . thus the effect of both H,
Hs = 21,S,(Jism7) thus the Hy = 21,5,(Jism7) of H, is A and H; were
1 =i effectof H, [, =xf, cancelled by H; 11, =nl, considered

y is cancelled . thus, can be
: - fI, = 7S | A.=nS, .

= 7S, by H 5= Ty 5~ ™y jgnored:

=100 > '
H, =2L8S,(J,sm7) H; = 21.5,(Jsm7)

Therefore, no Hamiltonian remains:

c[0] "echo starts" Iy
,,;ho influence” !
c[21] "echo ends" -y
CONCLUSION:

Indeed this is the same as calculated on the long way, however here one has to be very smart!



What is happening with spin S?

90x 180 For spin S:
I I cleq.]
| T T SZ
n =2 (S,)
0% o[0] "echo starts" ¥
| S
— - ’ I:I - SZ(QS’C) \L

memo: as coupling is ) :
refocused, thus the effect Sy Co(€2s7) +5,sIN(Cs7)

of both Hyand H, (21,S,) is H= SZ(QSV \

ignored! _
-S, €0s?(Q257) +S, €0S(Q2sT) SIN(Q47)

+5,8IN(Q57) C0S(Q57) +S,8IN%(Qs7)

+S,2€0S(€257)siN(Q25T) = +S,5IN(Qs27)
-S, [C0s?(Q57) - SiN3(QgT)] = -Sy €0S(Qs27)

Conclusion. off-set (chemical shift) of spin S evolves during the heteronuclear spin-echo.

+S,5IN(2:27) and -Sy COS(€2:27) 14



Generalisation of Spin Echoes

A. Heteronuclear I, S

Consider: Q,, Qs and J g

The pulse sequence:
(e.g.*H) N T----- 180°, ------ T=-==-
(e.g.°N) S - Tmmmmmmmmmmmmmmee- T-----
input= ----------- echo--------mmmm- =output

c[0] "echo starts" +1,
A=1,Q1) \!
+1, +1,,

A=21S,0nt) \J
A +1, +21,S, +l,, -21. S,
H= Tciy !

-1, +21,3, +l,, +21,S,
A=1(Qn) J ! \s !

-1, -l +21,S, -21,S, +y, -1y +21,S, +21,S,

memo 12. -1, cos(€2t)cos(md st)sin(€2t) + 1, sin(€t)cos(mdst)cos(€2t) =0
memo 13. -21. S, cos(Q,t)sin(nd,gt)sin(€t) +21, S, sin(€2,t)sin(nd,st)cos(2;t) =0
memo 14. -1, cos(nJ,st)[cos?(t) + sin?(t)] = -1, cos(nds1) 15
memo 15. +21,S, sin(nJ,st)[cos?(€2t) +sin?(t)] = +21,S, sin(nd;st)



1, +21,5,

H=215,(J,c77) \J \!
-1, 21,5, +21,5, -1,
memo 16: /cos?A - sinA = cos2A/ -1, cos(ntd,gt) cos(mdst) -1, sin(rd,gt)sin(nd,st) = -1,
memo 17: /2cosAsinA = sin2A/ -21,S, cos(ndist) sin(mdgt) + 21,S, sin(nd,st) cos(mdigt) =0

the final result is: +1, = echo = -1,

(The heteronuclear coupling (J;5) as well as the chemical shift (€2,) has not evolved.)

16



input : S, (in-phase transverse magnetization) see also page 10

c[0] "echo starts" +S,
H=S,(Qg7) \J
+S, +Sy

A=218,0nt) \J
o S, 218, S, 218,
H=rnl, \
A S, 218, S, 421,85,
H=S,(Qc1) \! \! \J \J

¥, 45, 21,5, +2I,S, +S, -5, 21,8, +21,S,

\J \ \ \J \J \J \J \J

[+Sx1 +2|zSy] ['ZIZSy’ +Sx] [+Syv -ZIZSX] [+2|zsx'+Sy]
[+Sy’ -2|ZSX] [+2|ZSX’ +Sy] ['Sx1 'lesy] [+2|zSy"SX]

17



cos(€25t)cos(md,sT)cos(Q2st)cos(nd,sT)
cos(€25t)cos(md,sT)cos(Q2gt)siN(d 5T)
cos(€25t)cos(md,sT)SiN(25T)Ccos(mdsT)
cos(Qgt)cos(mtd,sT)sin(Qgt)sin(md 1)

cos(€25t)sin(mtd sT)cos(25t)Ccos(mdsT)
cos(Qgt)sin(md,st)cos(Qgt)sin(md sT)
cos(Qgt)sin(md,st)sin(Qgt)cos(md sT)
cos(Qgt)sin(md,st)sin(2gt)sin(nd st)

sin(€2gt)cos(md,st)cos(2gt)cos(md sT)
sin(€2gt)cos(md,st)cos(gt)sin(nd st)
sin(€2gt)cos(md,st)sin(2gt)cos(md sT)
sin(€2gt)cos(md st)sin(€25t)sin(nd st)

sin(Qgt)sin(md,st)cos(C25t)cos(md sT)
sin(Qgt)sin(md,st)cos(Qst)sin(md st)
sin(Qgt)sin(md,st)sin(Qgt)cos(md st)
sin(Qgt)sin(md,st)sin(Qgt)sin(nd,g7)

18



memo 18: The anti phase terms (+21,S, and +21,S,) add up to zero.

+S,0082(Qg7)[C0S%(7td,5T) + Sin?(1d sT)] -S,Sin?(Qst)[Cos?(nd 1) + Sin?(1d 7)) =
= +S,.05%(Qq7) - S,5in?(Q47) = S, c0S(Qs27)

+5,008(Q57)siN(Qs 1) [COs?(1djsT) + Sin?(nsT)] +S,5IN(QsT)C0s(Q57)[COS*(1d)5T) + SiN%(mdysT)] =
=2 S,8In(Q2g7)c0os(€257) = S, sIn(2s27)
the final result is: +S, = echo = +5,c08(€2s21) + S, sin(2521)

The heteronuclear coupling (J,s) is decoupled but the chemical shift (€.) has evolved.

19



input : 21.S, (anti-phase magnetization on spin S)

o[0] "echo starts" +21.S,
H=S,(Qc7) \J
+21.S, +21,S,
A=218,0nt) \J
A A 21,5, 5, +21,S, -S4
H=nl, ¥
A -21.S, +S, 21,5, =S
H=S,(Q1) \! \! \J \J
21,5, 21,5, +S -S, 21,5, 21,5, -5 -Sy
\J \ \ \J \J \J \J \J
[_ZIZSX’ 'Sy] [+Sy’ _ZIZSX] ['ZIZSy’ +Sx] ['Sx1'2|zsy]
[_ZIZSy’+SX] ['Sx"ZIZSy] [+2|sz1 +Sy] ['Sy’+2|zsx]

20



cos(€25t)cos(md,sT)cos(2gt)cos(nd,gT)
cos(€25t)cos(md,sT)cos(Q2gt)sin(md sT)
cos(€25t)cos(md,sT)sIiN(€25t)Ccos(mdsT)
cos(€25t)cos(md,sT)SIN(2gT)SIN(d|5T)

cos(€25t)sin(md sT)cos(€25t)cos(mdsT)
cos(€25t)sin(md sT)cos(2gt)sIN(d 5T)
cos(€24t)sin(md sT)sIiN(C25t)cos(md sT)
cos(€24t)sin(mtd sT)sIN(Qgt)sin(md sT)

sin(Q25t)cos(md,sT)cos(€25t)cos(mdsT)
sin(Qst)cos(md,st)cos(Q2gt)sin(md st)
sin(Q2st)cos(md,st)sin(2st)cos(md sT)
sin(Qgt)cos(md,st)sin(Qgt)sin(md st)

sin(Qgt)sin(md,st)cos(C25t)cos(md sT)
sin(Qgt)sin(md,st)cos(Qst)sin(md st)
sin(Qgt)sin(md,st)sin(Qgt)cos(md st)
sin(Qgt)sin(md,st)sin(Qgt)sin(nd,g7)

21



memo 19: The in-phase terms (S, and S,) add up to zero.
-21,S,c082(Qgt)[c0s?(1td,5T) + Sin?(1d,sT)] +21,S,5in3(Qgt)[cos?(1d,sT) + Sin?(nd,sT)] =
= -21,S,c05%(Qq1) +21,S,5in%(Qs1) = -21,S, cos(Q5271)

-21,5,€0s(€257)sin(Qst)[cos?(mdisT) + sin?(mdisT)] -21,S,8In(Q57)c0s(Qgt)[Cos?()sT) +
sin?(mdist)] =
=-21,S, 2sin(€2gt)cos(Qst) = -21,S, sin(Q21)

the final result is: +21,S, = echo = -21,S,c0s(€221) -21,S, sin(Q521)
The heteronuclear coupling (J,s) is decoupled but the chemical shift (€,) has evolved.

22



input : 21, S, (anti-phase magnetization on spin 1 )

o[0] "echo starts" +21. S,
A=1,(Qn) \J
+2|sz +2|ySz
H=218,0snt) < \J
21,8,  +l, 218, -l
fi—nd, l
2L, +, 218,  +l,
A= 1,(Q¢1) \! \! s s
2LS, 218,  +, 1, 215, 215, +l, +],
7 7 7 \ \ \ \ 7
['lesz’ 'Iy] [+|y’ '2|sz] [+2|ySz’ 'Ix] [+|x'+2|ysz]
['2|y82’+|x] ['va'ZIySz] ['2|xsz1 'Iy] [+|y"2|xsz]

23



cos(€2 t)cos(md,sT)cos(€2t)cos(md st)
cos(€2 t)cos(nd,st)cos(€2,t)sin(md,s7)
cos(€2 t)cos(nd st)sin(€2;t)cos(md,st)
cos(€2 t)cos(nd,st)sin(€2,t)sin(nd,g7)

cos(€2t)sin(md,st)cos(2t)cos(mnd,sT)
cos(€2t)sin(md,st)cos(€2,t)sin(nd,gT)
cos(€2t)sin(md,st)sin(Q,t)cos(nd,g)
cos(Qt)sin(nd,gt)sin(€,t)sin(md st)

sin(€2,t)cos(md,st)cos(2t)cos(md,sT)
sin(€2,t)cos(md,st)cos(2;t)sin(nd,g7)
sin(€2,t)cos(md,st)sin(Q,t)cos(nd,s)
sin(€Q2;t)cos(md,st)sin(Q,t)sin(md,sT)

sin(€2,t)sin(nJ,gt)cos(Q2,t)cos(nd,sT)
sin(€ t)sin(md,gt)cos(2,t)sin(md st)
sin(€t)sin(md,gt)sin(Q,t)cos(md st)

sin(€t)sin(md,gt)sin(Q,t)sin(md 1)

24



memo 20: The in-phase terms (I, and 1,) add up to zero.

-21,S,c05%(Q,t)[cos?(1d sT) + sin?(rd,s7)] -21,S,5in%(Qt)[cos?(d sT) + sin?(rd,st)] =
= -21,S,c0s%(Q1) -21,S,sin?(Q7) = -2LS,

-21,5,c08(€T)sin(t)[cos?(ndsT) + sin?(ndist)]+21,S,sin(Qs7)c0s(QsT)[COs* (1 5T)+SINA(1td )5 T)]=
=-21,S, sin((t)cos(€2yt) +21,S,8In(Q57)cos(C25t) = 0

the final result is: +21.S, = echo = -21. S,

25



input : 21,S, (multiple-quantum coherence)

c[0] "echo starts" +21,S,
H=S,(Q1) !
+21,S, 21.S,
A=218,0mt) \A
+21,S, 21.S,
f=ni, l l
-21,S, +21. S,
A =S,(Qc1) ! s
21, S, +2L,S, +21,S,  +21,S,
H =2LS,([J,sn7) \!
21, S, +2L,S, +21,S,  +21,S,
memo 21.:

+21,S,c0S(Q251)sIN(Qgt) +21,S,8iN(Q25t)c0s(Qst) = +21,. S, 2sin(Q2gt)cos(Qgt) = +21,.S, Sin(Qs27)
-21,S,08(€257)c0s(C25T) +21,S,SIN(Q57)SIN(Q57) = -21, S, c08(2527)

the final result is: +21,S, = echo = -21, S, c0s(€2s21) +21,S,sIn(Q2521)

The heteronuclear coupling (J,) is decoupled but the chemical shift (€),) has evolved. Q3, doesn't

evolve since it Is refocused. "



B. Homonuclear 1, S

Consider: QQ;, Qg and Jg
The pulse sequence:

(e.g.1H, or 13¢) landS  ----- T----- 180°, ------ T-----
Input  —=---------- echo--—----------- =output
input : I, [or S, ] (in-phase transverse magnetization)
c[0] "echo starts" +1,
A=1,Qn) \J
+1, +1,,
A=218,0snt) \J
A +1, +21,3, +l,, -21.S,
H= Tciy !
-1, +21,3, +1, +21, S,
H= TS, \!
-1, -21,S, +1, -21.S,
A=1(Qn) J J ! !
-1, -y 21,S,  +2L, S,  +l, -1, 21, S,  -21S,

memo 22. -1, cos(€2t)cos(md;st)sin(€2t) + 1, sin(€t)cos(mdst)cos(€2t) =0

memo 23. +21, S, cos(€2,t)sin(rnd,st)sin(Qt) -21,.S, sin(Q,t)sin(nd,st)cos(2t) =0

memo 24. -1, cos(nJ,st)[cos?(t) + sin?(t)] = -1, cos(nds1) 27
memo 25. -21,S, sin(rnJ;st)[cos?(2t) +sin*(Qr)] = -21,S, sin(nd;s7)



o -1, -21,S,
=21,S,(J,57T) 2 \J

1, 21,8, 21,8, +|

/\

memo 26: /Cos?A - sin’A = cos2A/
-1, cos(ntd,st) cos(md st) +1,sin(md,st)sin(nd,gt)} = -1, cos(nd,s21)

memo 27: /2cosAsSINA = sin2A/
-21,S,c0s(md s7)sin(nds7) -21,S,sin(md;st)cos(mdist) = -21,S, sin(nd;s21)

final result: +1, = echo = -1l,cos(mJ;s27) - 21, S, sin(nJ,s27)
due to symmetry: +S, = echo = -S,c0s(nJ|s21) - 21,S, sin(md;s21)

(The homonuclear coupling (J,) has evolved but the chemical shift (neither 2, nor Q¢) hasn't
evolved.)
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input : 21, S, (anti-phase magnetization on spin | )

o[0] "echo starts" +21, S,
H=1,Q7) \J
+21.S, +21,S,

A=21S,0mt) \J

+21.S, +1,, +21,S, -1,
0= ni, !

21, S, +1,, +21,S, +1,
H= TS, \!

+21,S, +1,, -21,S, +1,
H=1,Q7) \! \J \J \2

+21,S, +21,S, +l, -1, 21,S,  +2L, S,  +l, +l,,

\J \ \ \J \J \J \J \J

[+2|xsz’ +|y] [+|y’ 'ZIXSz] ['ZIySz’ +|x] [+|x1+2|ysz]
[+2|ySz"|x] ['Ix"ZIySz] [+2|sz1 +|y] [+|y1'2|sz]



cos(€2 t)cos(md,sT)cos(€2t)cos(md st)
cos(€2 t)cos(nd,st)cos(€2,t)sin(md,s7)
cos(€2 t)cos(nd st)sin(€2;t)cos(md,st)
cos(€2 t)cos(nd,st)sin(€2,t)sin(nd,g7)

cos(2t)sin(nd,st)cos(€2t)cos(nd;gT)
cos(Qt)sin(nd,st)cos(€t)sin(md,sT)
cos(Qt)sin(nd,st)sin(€2,t)cos(md;sT)
cos(t)sin(nd,gt)sin(€,t)sin(md sT)

sin(€2t)cos(nd,gt)cos(€2t)cos(nd;gT)
sin(€2 t)cos(nd,gt)cos(€t)sin(md;sT)
sin(€ t)cos(nd,gt)sin(€2,t)cos(md;sT)
sin(€2 t)cos(nd,gt)sin(€,t)sin(md sT)

sin(€2,t)sin(nJ,gt)cos(Q2,t)cos(nd,sT)
sin(€ t)sin(md,gt)cos(2,t)sin(md st)
sin(€t)sin(md,gt)sin(Q,t)cos(md st)
sin(€t)sin(md,gt)sin(Q,t)sin(md 1)
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The in-phase term I, and the anti-phase -21,S, add up to zero.

the final result is: +21,S, = echo = +21,S,cos(nJ;s21) +1, sin(nd;s21)
due to symmetry: +21,S, = echo = +21,S,c0s(nJ;s21) +S, sin(nJ s27)

(The homonuclear coupling (J,5) has evolved but the chemical shift (neither Q, nor Q)¢) hasn't
evolved.)
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input : 21,S, (multiple-quantum coherence)

c[0] "echo starts" +21,S,
H=S,(Q1) \J

+21,S, 21, S,
A=21S () 4 \!

Z~zZ\"IS

+21,S, 21, S,
f=ni, ! !

21,8, 21,5,
H= TSy ! !

-21,S, 21, S,
H=S,(Q1) \J \J
o 21,8, +21.S, 218, 21,8,
H =2LS,(J,s77) \J

21,8, +21.S, 21.S, 21,8,

memo 28: The two multiple-quantum terms +21. S, and—21,S, add up to zero, as
follows: +21,S,cos(Qst)sin(Qgt) -21,S,SiN(C25t)cos(st) =0
The remaining term is the -21,S,

the final result is: +21,S, = echo = -21,S,
Nor the homonuclear coupling (J,5) neither the chemical shift (Q2, or Q35) evolve. 32



A. Heteronuclear I, S

The pulse sequence:

(e.g. 1H)
(e.g. °N)

coherence type

in-phase on |
in-phase on S
anti-phase on S
anti-phase on |
multiple quantum

Summary

S - Tmmmmmmmmmmmmmmmme oo

input => ---------- echo-------------- => output
input output comment

J,s doesn't evolve at all

+1, -1y chemical shift doesn't evolve!
+S, +5,008(€2527) + S,8IN(Q521) chemical shift evolves
+21.,S, -21,S,c08(Q2527) -21,S,5In(Qs27) chemical shift evolves
+21.S, -21,S, chemical shift doesn't evolve !
+21,S, -21,S,c08(€2527) +21,S,5In(2527) chemical shift evolves
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B. Homonuclear I, S

The pulse sequence:

(e.g. 1H)

coherence type

in-phase on |
in-phase on S
anti-phase on S
anti-phase on |
multiple quantum

Summary

LS - T----- 180°y ------ T-----

input => ---------- echo-------------- => output
input output comment

chemical shift doesn't evolve at all

+1, -1,c08(md s21) - 21,S,5In(1d,527) Jis evolves
+S, -54€08(1d;521) - 21,S,5in(1d,527) Jis evolves
+21,S, +21,S,c08(nd|s27) +S,sin(md;s21) Jis evolves
+21.S, +21,S,c08(nd|s27) +1,s5in(md s27) Jis evolves
+21,S,  -2L,S, Jis doesn't evolve
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Application of homonuclear spin-echo for coherence transfer:

As shown above;

coherence type input output
in-phase on | +1, -1,c08(1d;s21) - 21,S,5In(1d|527)

If T is set smartly with respect to J, (1= 1/(4])), then the cos term gets 0 and the sin equals to 1:

coherence type input output
In-phase on | +1, - 21,5,

Thus from in-phased I-type coherence (e.g. +I1x) a homonulcelar echo can generate an anti-
phased I-type coherence (e.g. -21,S,) coherence.

Indeed an INEPT type pulse (homo echo + two 90°(s)) transfers coherence form I to S.

90% 180, 90°

III "
| I T T I
1809, 903

o T I T I
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Application of spin-echo:

measuring T,
LS ] T I T

R, or (T,) is the transverse (or spin-spin)

relaxation rate constant associated with the M- ~-T
relaxation of the x,y components of the excited = M, exp T,
magnetization vector. The CPMG (Carr-Purcell-
Meiboom-Gill) (T,) experiment is to determine T2
values, based on a spin-echo experiment best for
singlets. i — T
E —
” K‘{ T,
4 =
¢ *
3 g
i,
22y
— uuiiEEF‘r 1= .
= il
ppm1.6 15 14 1.3 1.2 0 ' '
0 10 Tau/s 20

1H spin-echo experiments of ethylbenzene (0.1%) _
in CDCI3 at 400 MHz. The residual water peak Exponential decay curve for the methyl

(left) relaxes faster than that of the methyl (right).  Protons of ethylbenzene. 36

http://chem.ch.huji.ac.il/nmr/index.html



Application of spin-echo:
DOSY

Using spin-echo and gradient
pulses one can measuring self-
diffusion constant of molecules
(aggregates up to micelles).
Pulsed Gradient Spin Echo
(PGSE) is the simplest approach
best for singlets especially if T, is
not much faster than

3

T T T T T T
8.5 8.4 B3 83 84 f.0 ppm

A ,,diffusion spectrum”, where
the left peak decays faster (
higher diffusion constant) than
that on the right.

Intensity
o =2 N W BN

observa’r_ion]H relaxation
channel time

90°x fid acquisition

gradient
channel

'I-all 1
1

180°x
A

During such an experiment, delays are kept constant and
the experiment is repeated several times (e.g. 32) while
incrementing the gradient strength (5%<<95%).

The diffusion constant, D, is extracted from the plot
made from the intensity against gradient strength.

The intensity, I, is proportional to 5
EKP[— [}Eﬁfﬂ(ﬂ - EH

v (gyromagnetic ratio), g (gradient strength), 6 and A are
delays

Monogaussian decay

+ Expt
. — Calc
\ Gaussian fit to diffusion
peak intensity
| : : : 37
0 10 20 30

Gradient strength/Gem-! http://chem.ch.huji.ac.il/nmr/index.html



