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Einem jeden Vorwitze nachzuhdngen, und der Erkenntnissucht keine andre
Grenzen zu verstatten, als das Unvermagen, ist ein Eifer, welcher der
Gelehrsamkeit nicht ibel ansteht. Allein unter unzdhligen Aufgaben, die
sich selbst darbieten, diejenige auswdhlen, deren Auflosung dem Menschen

angelegen ist, ist das Verdienst der Weisheit.

To indulge in every pretense, and to allow the craving for knowledge no

other limit than inability, is a zeal which is not ill-suited to scholarship. But

to choose from the innumerable tasks that present themselves, the one

whose resolution is incumbent on man, is the merit of wisdom

Immanuel Kant,
Trdume eines Geistersehers,

erlautert durch Trdume der Metaphysik
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PROF - a practical approach

The PROF is a quantum mechanical concept that can be
derived from the density matrix formalism.
BUT
We do not need to do that, we can introduce it in an axiomatic fashion and use
the rules given.
Then the PROF can be used by applying the rules, using only basic arithmetic

and some trigonometrical rules.

O.W. Sgrensen et al. Prog. NMR. Spectrosc. 16, 163-192 (1983)
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Our goal here is a theoretical description of NMR pulse-sequences, which can

be of varying complexity
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PROF - a practical approach

In a simple 1D and during the acquisition of more complex experiments, the
usual selection rules apply. To understand more complex experiments we need
to be able to calculate what is going on during the pulse sequence and to predict

which detectable magnetization is present at the beginning of the acquisition

What is going

on here ? What is

Decoupling present here ?

L
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Our means of manipulating magnetization during a pulse-sequence are threefold:
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we can use pulses and we can allow for chemical shift evolution and evolution of scalar coupling during

delays. We can also apply gradients, which will need a slightly different type of product operators

(for the discussion here we ignore the NOE-effect and relaxation)

Pulses are short,

during their 90 180
duration chemical 'H I A I m
shift an scalar
ift an scala \/ 180

coupling can be » I H

ighored

Decouplmg

During delays
evolution of
chemical shift and
scalar coupling

takes place
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PROF - a practical approach

That is how we want to do that:
How do the operator we use look like and how are they called
What are the rules to describe pulses, chemical shift and scalar coupling
Application to simple sequences, what is detectable, does the calculated
spectrum correspond to the real one
Calculation of pulse sequence building blocks and a look at a triple

resonance experiment

Peter Schmied
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PHARMAKOLOGIE
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PROF - a practical approach

What we will not cover today:

« Gradients can be handled with the PROF, but we will need a different set
of operators, which we will introduce at the end but only use in later
seminars

« Relaxation is completely ignored by the PROF

« Strong coupling can not be covered, the PROF assumes that chemical shift

and scalar coupling are independent

Peter Schmied
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The rules

The operators we will use can H C
il Type of nucleus
be s Ingle Oper'aTor's or (here hydrogen, (cartesian coordinates are
enerally Iand S is ood for pulse sequences
products thereof ’ u’;ed) ’ P ! )

All rules then look like this, where
A,B,C and D are operators and § is

BB . : . .
A . C COSB +D SIHB the size of the interaction B
(pulse angle, chemical shift,

scalar coupling)

Peter Schmied
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The rules

Net Moment 1

B
AN \\i‘
P
| nﬁﬁ_l

X

Some simple operators correspond to pictures we all know and use

Longitudinal magnetization H,

Transvers in-phase magnetization H,, H,

H, is the starting point of NMR experiments,

H,, H, are the only operators that correspond to detectable magnetization !

Peter Schmieder
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The rules

In addition, there are those types of magnetization that give the name to the
PROF, are created by using more than one pulse and can not be easily
visualized:

Transvers anti-phase magnetization I, I,,
and
Multiple quantum magnetization I, I,

All these operators can be manipulated and converted into each other using
pulses, chemical shift evolution and evolution of scalar coupling, but they can

only be detected indirectly ("forbidden fruits from the tree of knowledge")

Peter Schmied
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The rules

What is detectable ?
Detectable during an acquisition is
either in-phase magnetization (I, and
I, and combinations thereof) or anti-
phase magnetization (I,I, or LI, and
combinations thereof), that yields in-
phase magnetization during the

acquisition

I orI,

LI, or LT,
to,

I,orI,

14/60
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The rules

We will use a right-handed cos?a + sino = 1
coordinate system Sinfo. = 2 Sina. cosol

z And we will utilize c0s20. = cos2a - Sin2aL
y trigonometrical rules - )
X like those sina = 3 (1 - cos 2a)

cos?a = 3 (1 + cos 2a.)

sin(a+p) = sina cosP + cosa. sinP

(vt N sin(a-B) = sina. cosP - cosa. sinf
O cos(a+B) = cosa cosP - sina sinf

cos(a-B) = cosa cosP + sina sinP

Peter Schmied
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The rules

The rule for an x-pulse looks like that

x-pulse of angle

~~ BL, ,
I > IL,cosp - I sinf

4

B=90%cosp=0,sinp =1, the resultis -I,
B =180° cos B = -1, sin B = O the result is -TI,
B =45% cosPB=3/2,sinB=3/2,
the result is
21,-3/21,

Peter Schmied
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The rules
y y B, from 4
B 1 Y
/ ’_1 from x y / B, fromy
S X
/ X y.

B, BL, |
I > I,cosp - I, sinB I, —— I, cosp-I,sinp

BI BL, ,
I, ' — I, cosp+I sing I » T, cosp + I,sinp

BI'X . BIx
I > I, cosf+ IysmB I, I, }

BI. BT,
I, —— TI,cosp - I,sinp I, — I,

Peter Schmied
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X
M, T The rules for chemical shift can also be
understood using trusted pictures. We
M consider quadrature detection, i.e. we
Y

obtain a complex signal (see next seminar)

18/60
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The rules

M, = cos Qgt exp (-1/T;) M, =sin Qgt exp (-1/T,)
M=M, +iM, =[cosQut +isinQut Jexp (-1/T,)
= o (100 (/T i e
using Eulers relation: 'Gnore |

exp(ia) = cosa + i sina and exp(-ia) = cosa - i sina

Peter Schmied
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The rules

The rules for chemical shift look like that

The chemical shift Q,
acts for a time t

IXI—Z% I, cos Qo+ I, sin Qqt = I, cos 2ndt + I, sin 2ndt

We assume that we do If we apply an FT we obtain an absorbtive
quadrature detection signal at the position of Qjor 273
I, cos Qqt I exp (iQq1) Jk

I,cos2n6t —— TIexp (i2n5,7)
Q
21d,

Peter Schmied
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The rules

Now we consider scalar coupling, here we have two rules

Starting from in-phase coupling creates anti-phase

I, I, ndt .
le e, le COSTCle'C + 2I1yI225|nTCJ12'C

Starting from anti-phase we return to in-phase

I, I, ndt .
IIXIZZ 1272277127 IIXIZZ COSTCleT + Ily SlnTCJIZT

21/60
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Calculating 1D spectra

To calculate 1D spectra we will use chemical shift and scalar coupling, they can

be applied sequentially. We start with in-phase magnetization.

IZQITG .
le SR le CoS QlTaq + Ily sin Ql Taq

If we do quadrature detection we get: I exp (iQt,,)

I1zIZz7TJ 12%4

I1 eXp (iQITaq) i, Il exp (iQITaq) COSTCleTaq + ZIIIZZ eXp (iQITGq) SinTCJ.lzTaq

Only the first term is relevant, since only in-phase yields signal

I exp (iQt,,) cosnd oty = 3 I exp (i2n8,t,,) [ exp (indiotyg) + exp (-indptq)]

: , Peter Schmieder
Productoperatorformalism - a practical approach FMP
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Calculating 1D spectra

cos a = 3 [exp (+ia) + exp (-ia)]

1

I, exp (iQqtyq) cosnd ity = 7 Iyexp (i2ndi1,y) [ exp (indioty) + exp (-indq,t,,)]
=+ Il [exp (|27'C(81 + JlZ/Z)*aq) + exp (l27€(61 - J12/2)T0q)]

T =120 Hz

If we subject this to a Fourier —
transform we will obtain two lines, |
centered around 5; with a distance of |
Ji,: a doublet

T 1 T T 1 T 1 T
250 200 150 100 50 0 -50 -100 -150 -200 -250 Hz

Peter Schmied
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Calculating 1D spectra

If we have two coupling partners we need to apply

the coupling twice

IZQITG .
le T le Cos Qlll-aq + Ily sin Ql Taq

: I,I I, Is,nd
Il exp ('QITaq) 1z ZZnler% 12732013

As before only the in-phase part is relevant

I, exp (iQITaq) COSRJIZTaq COSRJBTaq cos a cos B = 3 [cos(a + B) + cos(a - B)]

= 7 Ly exp (i27m81%,,)[cosm(T 12+ T 13) Toq + COST(T 12T 13) o]

If we use Euler again we will end up with four lines

: , Peter Schmieder
Productoperatorformalism - a practical approach FMP




26/60

Calculating 1D spectra

I exp (iQITaq) cosnd g oS 3t cos a cos B = 7 [cos(a + B) + cos(a - B)]
= 3 Iy exp (i2n8;1, ) [cosm(T 12+ T 13)toq + COST(T 12-T13)to]
= 7 Iiexp (i2ndt,,) [exp(in(T 1o+ T 13)tq + exp(in(-T1-J13)t,

+ exp(in(Ji,-Jd13) ag ¥ eXP(iﬂ(‘Jn*Jls)Taq]

cos o = 3 [exp (+ia) + exp (-ia)]

= ¢ I exp (i2n(8; + J,/2 + J13/2)T0q)
+3 I exp (i2n(8; - J1,/2 - J13/2)Taq)
+3 Lyexp (i2n(8; + J12/2 - T13/2)t,,)
+3 I exp (i2n(8, - J,/2+ J13/2)t4,)

................ : : Peter Schmieder
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The lines have equal intensity.
This case is common for homonuclear J-couplings, but not

possible for heteronuclear one-bond couplings

JIZ: 120 HZ/J13: 180 HZ

J12

G—

(P12+J13]/2 | |
. = ‘ J13 ‘

T

| | o1
M l' l | |
N v\ U

250 200 150 100 50 O -0 100 150 -200 -250 Hz
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Calculating 1D spectra

If the two coupling constant are identical (XH,) we
get something different. J = J;, = Jy5
I, exp (iQqt,,) (cosnt,y)?
=3 I, exp (i278,t,,)(1 + cosm(2T)t,,)
-1 I exp (iZTCSITQq) + cos a = 3 [exp (+ia) + exp (-iar)]

% exp (i2nd;t,,) [exp(in(2T)t,, + exp(in(-2T )ty,]

cosa = 5 (1 + cos 2a)

- % I1 exp (iZTCSlTGq)
+ 7 exp (i2n(8; + J)ty,)
+ 7 exp (i2n(8; - Iteg)

Peter Schmied
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Calculating 1D spectra

That means only three lines, the center one is twice

as intense as the other two: a triplet (1:2:1)

J ' J =120 Hz

T T T T T T T T 1
250 200 150 100 50 0 -50 -100 -150 -200 -250 Hz

Peter Schmied
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Calculating 1D spectra

What if we have three coupling constants of equal size ?

(cosndt,,)’ = 3 (1+ cosn(27 )t4q) (cOsST 4,) cos?o = % (1 + cos 2a)
= 7 cosnJt,, + 7 cosn(2J)t,, cosnTt,,
=3 costdt,, + + cosn(3J)tqq + = cosnJt,,
= 3 cosnty, + § cosn(3T)t, cos o cos = # [cos(a.+ B) + cos(o: - B)]
| , 7= 120 Hz
.
This will yield a quartet - 3J
(1:3:3:1) ,|'_\ | N |

e L P N N LI I i | W L) o P e IR A
250 200 150 100 50 0 -50 -100 -150 -200 -250 Hz

Peter Schmied
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These are the well known pattern

13C of Menthol-CH 13C of Menthol-CH, 13C of Menthol-CH;
)
H H
\ | ‘ |
‘ \ “ “
/ | \
l\ j‘J “\ )“ ‘\ ﬂ\\
J J V) )
i) A b W HsC~ CHj
51 50 49 48 a7 46 45 44 43  pom 18 i 16 15 ppm
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Calculating 1D spectra

One more thing: what about anti-phase magnetization ?

We calculated in-phase already: T
IOt . _
I, . T,exp (IQ140) I Ix =
Il exp (iQITaq) IIZIZZnJIZTacLV

150 100 50 0 -50 -lo0 -150

z Ly [exp (i2n(3; + J12/2)t4q) + exp (i27(3; - T1/2)t,,)]

Peter Schmied
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Calculating 1D spectra

The calculation is very similar starting from anti-phase magnetization

IOt .
le IZz T leIZZ Cos Qlil-aq + IlyIZZ sin Ql Taq

If we do quadrature detection we get: I;I,, exp (iQ;1,)
I,I,, exp (iQ1,,)
L Lo md ot

S IIIZZ exp (iQITGq) COSTCle-raq + I1 exp (iQITGq) Sinﬂ:leTaq
Only the second term is relevant, since only in-phase yields signal

sina = 3 [exp (+ia) - exp (-ia)]

1

I, exp (iQqtyy) sinnd o1 = 3 Iy exp (i2nd11,,) [ exp (indiptyg) - exp (-indpt,,)]

Peter Schmied
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I exp (it,,) sinndpt = 3 Iyexp (i2n;t,) [ exp (indpty,) - exp (-indipt,,)]

= 7 I [exp (i2n(8; + J12/2)t,,) - exp (i2n(8; - J12/2)t4,)]

J12

150 100 50 -50 -100 -150

: : Peter Schmieder
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Building blocks

After we have seen that the result of PROF calculation correspond to reality,

we calculate the building blocks of the most common pulse sequences

90, 180, 90,
90, 180, ‘H I Aq A, 'H I Ay A,
H I M| 2 180, 180,

X | X |

Peter Schmied
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Building blocks
0, 180, by

w I Ay H A, This is a simple echo, we X

start with chemical shift

H, 2% s H, L H cos QA+ H, sin QA

180° H, H, cos QA+ H, sin QA

H, sin QA cos QuA, + H, sin QA sin QUA,

AAAAAAAAAAAAA

................ : : Peter Schmieder
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Building blocks

0, 180, 2,

1 A H A X
H I 1 2 ///\
/\_; -

H, sin Q A;cos QA+ HySin QL Arsin Qu A, sin (o + B) = sin o cos P + cos a sin P

- H. cos QH(Al'A2)+ Hxsin QH(AI'AZ) sin (o - B) = sina cos B - cos a sin B

Y cos (o + B) = cos a cos P - sin a sin f
ifA1=A2=A cos (o - B) = cos a cos B + sin a sin B
:Hy

That means: if we have two equal delays chemical shift is refocussed !

Peter Schmied
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Building blocks

4
180, by
1y I Ay H A, Now we look what happens ///x\
with homonuclear coupling J %
2
90° H, .

le -Hly ™ s _Hly COS TEJHHAI + ZHIX HZZ sSin TEJHHAI

180° H, :

———» Hly CO0S TEJHHAI - 2H1X HZZ sin TCJHHAI E——

UNIILY

Hly CoSs TCJHHAI CoSs TEJHHAZ

v

- ZHIX HZZ CoSs TCJHHAI Sin TEJHHAZ

v

- ZHIX HZZ Sin TEJHHAI CoSs TEJHHAZ

- Hly Sin TCJHHAI Sin TCJHHAZ

................ : : Peter Schmieder
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Building blocks

) x 180 sin (o + B) = sin o cos P + cos a sin 1y
HI AIH AZ sin (o - B) = sin o cos B - cos a sin B //X
_ : : SN

cos (o + B) = cos a cos B - sin a sin B
cos (o - B) = cos o cos B + sin a sin P h

Hly CoSs TCJHHAI CoSs TCJHHAZ - ZHIX HZZ CoSs TCJHHAI Sin TCJHHAZ
'2H1x HZZ Sin TCJHHAI CoSs TCJHHAZ - Hly Sin TCJHHAI Sin TEJHHAZ

= Hy, cos nd iy (Ag+ Az) - 2Hy, Ha, sin ndyy (A + A)

|f Al - AZ = A Hly COS TCJHH 2A - ZHIX HZZ sin TCJHH 2A
That means: even if we have two equal delays homonuclear

coupling will evolve and is not refocussed

Peter Schmied
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Building blocks

0, 180,
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We can understand a couple of things from that
H I Aq H Az

If we choose A =1/4J,,we get 2H;, H,,,

this will result in an anti-phase signal

If we choose A = 1/2J,,we get H,,,

this will result in an in-phase signal

Hly CO0S TC‘THH 2A - 2H1X HZZ Sin TEJHH 2A

Productoperatorformalism - a practical approach

Peter Schmieder

FMP
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Building blocks

180,
1y I XAI H A, We can understand a couple of things from that

Hly CO0S TCJHH ZA - ZHIX HZZ Sin TCJHH ZA

If we choose A short compared to 1/2J, the effect of the coupling will be

small, in that case this type of coupling may be ignored
J =5 Hz, 2A =7 msec <« 1/2J = 100 msec

cos nJy 2A=0.99 Which means coupling has barely evolved,
sin nJy 2A = 0.08 that will be important in INEPT or HSQC

Peter Schmied
Productoperatorformalism - a practical approach erer F;Apmle ul




43/60

Building blocks

180, 90, 180, And we can understand how
1 A A I + A -1t S
H I ! H 2 MY ZH /2 constant-time" works

AM=A+T Ap=A-Tyyp
H, cos O (Ar- A;) + Hysin Q (A - Ap) = Hycos Qty + H, sin Q1
Chemical shift evolves as usual
Hyy cos ndpyy (Ar+ Ap) - 2Hy Hay sin nd (A + Ap) =
Hy, cos ndyy, 2A - 2Hy, Hy, sin ndy, 2A
Scalar coupling evolves for a constant time,

if A=1/4J we get anti-phase magnetization

Peter Schmied
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Building blocks

0, 180, Ty
1y I Ay H A, Last but not least we look at // X
heteronuclear coupling J /\
==
H 90° "Hy M _Hy COS TCJHXAI + ZHX XZ Sln TCJHXAI

180° H,

H, cos nJyA; + 2H, X, sin nd A
_ M hixAa, H, cos ndxAq cos nd kA,

- 2H, X, cos ndxA; sin ndxA,

+ 2H, H, sin ndyA; cos nd A,

v

v

+H, sin nd A sin nd A,

................ : : Peter Schmieder
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Building blocks

Z
x 180 sin (o + B) = sina. cos B + cos a sin B |y
IHI AIH A2 sin (o - B) = sina cos B - cos a sin B //X
cos (o + B) = cos a cos B - sin a sin B /\
cos (o - B) = cos o cos P + sin a sin B —

H, cos nJxAq cos tdxA; - 2H, X, cos ndxAq Sin ndxA,
+ 2H, H, sin ndxA; cos nd kA, + H, sin nd A sin ndyxA,
= H, cos ndpx (Ar- Ap) - 2H X, sin nd py (Ag - A)

if Aj=A,=A weget Hy

That means: if we have two equal delays heteronuclear

coupling will not evolve, it is refocussed

Peter Schmied
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Building blocks

90, 180, .
'H I A || A, Now we add a 180°-X-pulse and again think about 1y
X

180,  Qp, Ty and Ty ///\

X Q,,and J,,,, we know from the previous calculation ! L
90° H, mdpxA; H OH. X_si
HZ—> _HY > = YCOS TCJHxAl"‘ X ZSln TCJHXAI
igg g . H, cos ndpxA; - 2H, X, sin nd e, e,

HY CoS T ‘THXAI CoS T JHXAZ - ZHX Xz CoS Tt JHXAI Sin T JHXAZ

-ZHX Hz Sin T JHXAI CosS JHXAZ - HYSin T JHXAI Sin T JHXAZ

= Hy COS T JHX (Al + AZ) - ZHx >(zsm T JHX (A1+ Az)

Peter Schmied
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Building blocks

H I A A . :
if Ay= A= A H, cos ndpy 2A - 2H, X, sin nd  2A

If we choose A = 1/4J,,we get -2H, X,,
this will result in an anti-phase signal
and is important in the HSQC

If we choose A = 1/2J,we get H,,
this will result in an in-phase signal,

This often used for pulse determination

47/60

that means heteronuclear coupling will not be refoccused

Productoperatorformalism - a practical approach

Peter Schmieder
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Building blocks

90, Now we leave out 180°-H-pulse and again think z,
T A %
I ! ° about QH' JHH and JHX / y
180, . L . TN
» H Q and J . will both evolve in this case, it is a 2
simple delay ’
HZ - HY s HY CoS TCJHxAl + ZHX Xz Sln TCJHXA].

B0 0% - H, cos nJxA; - 2H, X, sin nd A T kxAe
- H, cos ndpxA; cos nd A, + 2H, X, cos nd kA sin nd A,
- 2H, H, sin nJ;xA; cos nd A, - H, sin nd A sin nd A,
= - Hycos nd iy (A1 - A) - 2H, X, sin nd py (Ag - Ap)

Peter Schmied
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Building blocks

180, - H, cos md i (Ag- Ag) - 2Hy X, 5in ny (A - Ag) ///\

if Ay= A;= A -H, that means heteronuclear coupling will be refocussed

180,
'H H And that is the reason why heteronuclear

90 go  decoupling can be achieved with a simple pulse in

"X I T2 T2 I_ indirect dimensions of multidimensional spectra

Peter Schmied
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Building blocks

T R H = H @
Let us use the building \c,mr!le I
: : C
blocks to rationalize the yd DN ~
| v NS
HNCA experiment H o R. “H H
jo 180 9Io 9Io 180
'H |t f?d Decoupling N W T AMM "
180 90 180 90 180 90 180 90 180 M
EN I A A I H I A-1,/2 A+t,/2 I F Decoupling
180 90 90 180
5Ca I t/2  t/2 I

180 180 180

“co 1 1 1

Peter Schmied
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3y is refocussed 5 = 1/2(1T0) 3 is refocussed
JhH dOels/ Ecgrjma;r’rer‘ A=1/8 (1T ?;N) J HHrd:els} ECZIJ:\S;TQP
T = . |
H, HYI\IJ—IZN why 1/8 ? next slide | HN, - H,

9

I 5 ecoupling I T T
9 180 180 9 180 90 18
A A I H M/Z A+t,/ ’7

180 | 90 9 180
“Ca Irl/z t/2

o

15,

Decoupling

\ 180 180 180
“co \\H/ | ]
3y, evolves in constant time
¢, evolves

J c.n evolves during 2A (which is 1/4 (1T 0))

Jconand J g0 are refocussed and Ty is refocussed
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'H I 0 decoupling

BCa [ ] J

13CO

3N and Jy o are refocussed

52/60

Building blocks

C N c
H N HZNZnJHNS . N N/ \C/ ‘3\\\2\1C/ \N
z' vy X | ] 7\ |
H 0 R H H
WTnete ® 2 Nc2a
Nzclzﬁl‘TNCoczA c
NX > NX COS TEJNCIC(ZA- ZNyCIZ sSin TEJNCIC(ZA
NZCIZTEZJNCOLZA

NX CoSs TCJNCIGZA CoSs TCJNCZGZA

+ ZNyCZZ Cos TCJNCIGZA Sln TCJNCZGZA

- ZNYCIZ S|n TEJNCIGZA CoSs TCJNCZQZA

+ 4NXC12C22 Sln nJNClaZA S|n TCJNCZGZA
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90
'H J 0 | decoupling R = HY), 0
/C©N)\ N

180 TS Ty
*N I A H A I H o, 7 VH H

180 N, cos tJ 1,22 €0S Tl N2l
13Ca I .

H * 2NyCZz cos ﬂJJNCIGZA sin RJNCZGZA Those two will give the

: magnetization that will go

5cO - 2N, Cy, Sin dc1a2A €S T \c2q2A through

+ 4NXCIZC22 S|n TCJNCIGZA S|n TCJNCZGZA

oy and Jyo are refocussed

If we choose A = 1/4J we will have nothing even though sin (n/2) = 1 because cos (1/2) = 0
So we use A = 1/8J we get sin (n/4) = cos (n/4) = /2 and the product is 0.5 |
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Spherical representation

We have now seen that we can understand pulse sequences quite well using product operators based on
Cartesian coordinates. We are, however, free in the choice of our coordinate system. As it turns ouft,

rotating the coordinate system by 45° can be usefull:

(=1/2(I,+I) I,=I,+iL,
I =1/2i(I,-I) I=I,-iI,

The operators I* and I-are also called "raising” and “lowering” operators.
As you can see, we derive those operators from our Cartesian operators by treating the x and

y component as real and imaginary part in a complex plane

Peter Schmied
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Spherical representation

An evolution of chemical shift can thus be viewed as a rotation in a complex plane, where there is a
change of phase over time. This will help us later when dealing with gradients, pulse phases,

coherence and coherence order.

Q .
I (Lo | I, cos Qt+ I, sin Q1

cos Ot V1

It BTl I, cos Qt- I, sin Q1 \\ \
I Q1 Qf ~

I, =" , T,

While z is unaffected, x is converted

into y, y into -x and so forth.
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How do I, and I_ evolve under chemical shift ?
L=I+iL, I=I-iI, I =1/2(I,+1I) I = 1/2i(T, -I)

I, iT

Y
LO
I, —>—— I,cos Qt+ I sin Qul+[iT, cos Qt- il sin Ot
IX Iy 1/i = -i
=|1/2 (T, + I) cos Q1-|i/2 (T, - T)sinQt |«
T |+1/2 (I.- I) cos Q- |i/2 (I, + I)sin O

=T,cos Qt-i I, sinQrt

=T, exp (-iQr)
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How do I, and I_evolve under a z-rotation (like chemical shift) ?

I=I,+iI, IL=I-iI, IL:=1/2(L,+I) I,=1/2i(I,-I)

LO
I —=—— I,cos Qu+ I sin Qt- L, cos Qu+ iL,sin Qt

=1/2 (T,+I)cos Qr-i/2 (I, -I)sin O
-1/2 (I,-I) cos Qt+i/2 (I, +I)sinQr

=TI cos Qt+iI sinQr This is quite simple, the

= T_exp (+i07) operators merely
acquire a phase. They
I,and I_as well as I, and I, are also called have opposite sense of

single quantum coherences (SQC) ! rotation

Peter Schmied
Productoperatorformalism - a practical approach erer F;Apmle e




59/60

Spherical representation

Products of I* and I are, of course, also possible if several spins are involved

I1+I2_ . Il.,_exp("inT) Iz_ exp(+iQ2T) = I1+IZ- exp("i[Ql"Qz]T)

LOr ZQC
II-I2+ — Il_exp("‘inT) I2+ exp("iﬂzT) = II—I2+ eXp(+i[Ql-Q2]T)

II+I2+ I I1+exp("iQIT) I2+ exp("ing) = I1+I2+ exp("i[Ql"'Qz]T)
DQC
II—IZ— EEEE—— Il_exp("'inT) Iz_ exp(+i92’f) = II-IZ- exp(+i[Q1+Q2]T)

We have also seen that I, contains two counter-rotating components

I,=T+I —22 T exp (i) + I exp (+iQr)

To distinguish those two will be the task of quadrature detectionl!
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That's it

schmieder@fmp-berlin.de

www.schmieder-nmr.de



