Fyzikalne-chemicke zaklady
nuklearni magnetické rezonance



NMR a elektromagneticke spektrum
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Figure 1.2

Spectral regions of the electromagnetic spectrum of interest in biological investigations



NMR a energiove hladiny

AE = hv v = E°E, l

\
spectrum

energy

h - Planckova konstanta = 6,626.1034].s
levels



NMR a energiove hladiny

Chemicky posun

V — VTMS
5 = :
VTMS {
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~<3+——chemical shift

(v —vp) = 107° X vrms X (82 — 81).
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NMR a energiove hladiny

Rotacni frekvence a energie

0
V= — Or
A

w=27TV.

w

E =h-

27T

V\ one g
O period =hw



NMR a energiove hladiny

Nuklearni spin a spinove stavy

I=k*12, kjecelédisloO, 1, 2 .... spinové kvantove cislo

m = -I, -I+1, -I+2 ...... I-2,I-1, I magnetické kvantove Cislo

prol =2 m
m = -2 { stav

Pro 2 spiny s I= > existuji 4 mozné kombinace stav{l aa, aff, Ba a B
Pro 3 spiny s I= > existuje 8 moznosti kombinace stavil

aaa, aap, apa, paa, app, pap, ppa, a PRP

Animated course — Basic concepts

..\..\QSU NMR course animated\webcourse\basic.htm




NMR a energiove hladiny

En=m*vy;« v, - Larmorova frekvence
poradové Cislo spinu
E,=+"2 *vy, Eg=-Y2 *v,,
I |
Vo,1 = _2_71)/](1 + 01) Bo wo = —y (1 +0)Bo

y - magnetogyricka konstanta (pomer) [rad. s1.T1]

pro H y= +2,67 x 108 rad. s1.T! = 42 494 369 s.T"

PFi B, = 4.7 T
v, = -200 x 10° Hz a w, = -1,225 x 10° rad.s™!

7



Zemskeé magneticke pole B, = 40 uT, v, =-1.7 kHz
The strength of the field at the Earth's surface at this time ranges from less than 30 microteslas (0.3 gauss)
in an area including most of South America and South Africa to over 60 microteslas (0.6 gauss)
around the magnetic poles in northern Canada and south of Australia, and in part of Siberia.




NMR a energiove hladiny

Spektrum
Vybérové pravidlo
EB A m= —1/2 Am = m(initial state) — m(final state)
= +1.
Vop = EgE, J _
o o \"aB: \"0‘1 UCY,B — E,B - EQ/
spectrum — _%VO.I — (+%v0 l)
= 4.1
E—L—m=+1, = —vo.1.
energy

levels



Animated course — Basic concepts
..\..\QSU NMR course animated\webcourse\couplings.htm

NMR a energiove hladiny
Dva spiny

Larmorova frekvence

J1 2 J1

> — vo,1 = ——y1(1 +61) By
s

’ 2
| |
vo,2 = —=—»2(1 + 82) Bo.
27
vl = y2 homonuklearni systém

v1 # v2 heteronuklearni systém
0 0.1

vV 5 v number spin states energy
: 1 oo +3vo 1 + vo2 + 112
—_—T 1
2 of +4vo.1 — $vo2 — /12
frequency 3 Ba —tvo1 + $vo2 — /12
4 BB —3vo.1 — 5v02 + 1/

Emym, = mivo,1 +mavoor + mymaJi
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NMR a energiove hladiny
Dva spiny

M = m; + m».

|
A
B 4
ap 2 number spin states M
I (070’ I
ofy 2 | pa 3
>
Bo
A e 1
\ 4
;

2 af 0
3 3 Pa 0
4 Bp —1

Vybérove pravidlo AM = + 1
Dovolené prechody mezi
1-3 a 2-4, 1-2 a 3-4,

11



NMR a energiove hladiny

Dva spiny
vip = By — Ey
= +3vo,1 — 5v0.2 — 312 — Gvo.1 + 3v0.2 + 1/12)
= —vp2 — 3J12.

transition spin states  frequency

1 -2 oo — off —vo2— )12
3—>4  Pa—pp —vo2+ 312
1 - 3 aa — Ba  —vo | — 1J12

2—>4 af > B —vo1+3Ji2




NMR a energiove hladiny

Dva spiny — jedno-kvantové prechody

Pro J<0
24 13 23 12
><S a /\BP spin
o \p flip spin 2
5 13 24 12 34
. M
! /
Vo1 Vo2
—_—e
frequency

(), et
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NMR a energiove hladiny

Dva spiny — vice-kvantovée prechody

number spin states M
l (076% l
2 af 0
3 Puo 0
4 Bp —1

14

14 — dvou-kvantovy prechod
23 — nul-kvantovy prechod
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NMR a energiove hladiny

Tri spiny

Eymyms = M Vo1 + MoV 2 + mavo s + mymaJp +mymsJyz + momaJ

number spin states M energy
| oo 5 Ao+ v+ 3oz + 1S+ 33+ 103
2 afu 3 H+avor —3vo2+ 3vos — 1Ji2+ 113 — 1723
3 pau 5 —3vo+3vo2+ 3v03 — 112 — 113+ 123
4 pPu -5 —3Vo1 — 302+ 303+ 112 — 313 — 1723
5 aof 5 Fivor 4+ svo2 — 3oz + /12 — 313 — 13
6 afp —5 +3vo1 — $v02 — $v03 — $J12 — 313 + 1723
7 pap —5 —3vo.1+ 3v02 — Vo3 — 312 + 313 — /23
8 BBp —3 —Vo1 — V02— Vo3 + i+ i3+ 1

15



NMR a energiove hladiny
Tri spiny

Spin 3 3
T — 8
Spin 3 o
Pho 4 O[3 wermrmmsmanananasens R P —
oo 2 Poo 3 O e )
(e s P—
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NMR a energiove hladiny
Tri spiny

transition state of spin 2 state of spin 3 frequency
1-3 (03 (04 — V0.1 —%J[j—%][},
24 B o —vo.1 + 312 — 513
5-7 o p —vo.1 — 312+ 5713
0—8 p p —vo.1 +5/12+ 513

Vybérové pravidlo AM = + 1
ale jen jeden spin mlze zménit svij stav

oo B B spin2
o B o P spin3
B 8 13 57 24 68
-} J12 ==
=} J12 =
—c=-J13-<J— —= g
i 4 app rr— 6 B“B/ """" 7
oot 2 Poo 3 OUOLB wmeemiiommeen: 5
/ 92 9 15?)0 104 108
—\
OLOLCE 1 0,1
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NMR a energiove hladiny

Tri spiny - subspektra

Spin 3 —E

4 opp - \6 ISUB/

CLOLOL 1

y

2 Poo

o

Efektivni Larmorova frekvence

BRB
Spin 3 o \ .
—-= J

—= | =
J23

D ~=}— — =

1

Vo2

J12 <

spin 3
in o state
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NMR a energiove hladiny

Tri spiny — vice-kvantové prechody

transition initial state  final state frequency
1-2 4 o ppo —vo,1 — Vo2 — 3J13 — 323
5-8 aaf BBp —vo.1 — Vo2 + 513 + 323
1-3 -7 aow pap —vo.1 — Vo3 — 512 — 323
2-8 afo BPP —vo,1 — Vo3 + 312 + 323
-3 -6 Qo afp —v0.2 — V0,3 — $J12 — 313
3-8 poc BB —vo2 —vo3 + 312+ 313
BB -eesgeneeee 8
v f spin3
14 58
BRo i 4 A R — J13+J2%_

(1|3(1J2 Yo 0] PO — 5

Vo1 Vo2
_—
1 frequency
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NMR a energiové hladiny

Dva spiny — silna interakce

Ad5= (Vo1 = Vo) < 7745

transition frequency intensity
-2 D — 1Y —3J12 (1 45sin26)
3-4 3D — 35X 4+ 3J12 (1 —sin26)
-3 —3D — 53X —5J12 (1 —sin26)
2-4 —5D —3¥ 4+ 3J12 (1 +5in26)
2 2 2 : ~ J12
L=y +vo2 D" =(vo1—vo2)+Jp5. sin 26 = —.
D? = (vo.1 — vo2)* + J5
~ (Vg1 — \,.-'().3)2 <—— slaba interakce

prO (VO,'] - VO,Z) = 7*J12 Sln 28= 0.143, H= 4.1

20



NMR a energiové hladiny

Dva spiny — silna interakce
AS,, < T*Jy,

. . 12
sin 260 = —.
Ji, =95 Hz
\Y = —1 0 vIrv s
o2 Striskovy efekt
JM
Voo = —-20
s %
a"f \\
12 34 ,f \_'
Jul ’ K
Voo = =50
t
_\.'0'2
12 34
M 24.9.2014 RF
Voo = -90
40 60 80 4 100 21

frequency (Hz) ——= Vo2



NMR a energiové hladiny

Dva spiny — silna interakce
AS,, < T*Jy,

<+— ) —> |
<) —= ‘ - : : :

—= Jyp > Sy, <

—JL—/ V2 + vy = (3D — 53X — $Jpp) +

34 12 24 13 =-X.




NMR a energiove hladiny
Tri spiny — ABX systém - subspektra

full spectrum U M

[} sub-spectrum U k
N Azj S

_\ +1
o sub-speotrujk JL k
) 10 40 50
" frequency (Hz)
~Voa~ 2)ax ~VoB~ 2JBX _—
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Vektorovy model NMR

Larmorova precesni frekvence

Smér rotace je negativni — +x > -y!!

S

™~~~
X y

Pravidlo pravé ruky
Pozor na znaménko vy !

24



Vektorovy model NMR

Makroskopicka magnetizace

magnetization

-

z/ vector
ge
D
©
©
S| x y
-
M(MXI M Mz) =2 (Mi)

Curieho zakon
M, = N.y.H? I(I+1)/3KT.H,
N=N, - N,

L
°rgy

Smér rotace je negativni — +x > -y!!

4
Q

a

lii»
W/

N~y

s

Boltzman®a rovnice

=Vo,1
spectrum

li

m=+1/2

N, = Ng exp(-(E NE,/KT)

5



Vektorovy model NMR

Makroskopicka magnetizace

magnbeut?;ation \B\ OB\
. J apply field 17/
Wﬁ(“’%

lowest
[r energy 7 ZT
K : with field with field
no field

highest not at equilibrium at equilibrium
energy i z

individual magnetic summed over
moments sample
X

o

S

Malcolm H. Levitt: Spin Dynamics, Basics of Nuclear Magnetic Resonance
Wiley 2008, ISBN-10: 0470511176, ISBN-13: 978-0470511176, Edition: 2
Chapter 2.4 Spin Precession, p. 27-38.

26



The polarisation process

® Field causes precession and alignment,..
O...but nuclear interactions randomise orientations




Vektorovy model NMR

Makroskopicka magnetizace

magnetization

-

£ vector
ke,
D /
e
£
g| x y
=
M(M,, M, M,) = = (w;) Boltzmanova rovnice
Curieho zakon N, = Ng .exp(-(E, - E¢/KT)

M, = N.y.h2 I(I+1)/3KT.H,
N=N, - N, N



Vektorovy model NMR

Makroskopicka magnetizace

B - Net polarization B :
O — ¢
L el . 0 &)4
? ey Netpolanzatlon
Net polarization
Im
: ﬁh

R Net polarization
AN
o, A

> »%7"&"
o
| g B

|a>

Net
polarization

No coherence Coherence
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Vektorovy model NMR

Makroskopicka magnetizace

Vypocet obsazeni spinovych hladin
Boltzmanova rovnice Energie termalniho pohybu
E= k.T = 4,18.102!

N, = N .exp(-(E, - Ey/KT)
Vo~ Vg =-500 MHz  E_-E; = -500 000 000 . 6,626. 103 = -3,313.1025]

k=1,38102 J.deg! T=303K

N, =N, . exp( 3.13/(1.38 x 303)x102) = N, . exp( 0.0000749)

= N, . 1.0000749

30



Vektorovy model NMR

Detekce

Pohyb vektoru magnetizace

—p —p
du/dt = - y.B,x 1

(klasicka pohybova rovnice)




Vektorovy model NMR
Detekce

M, = Mgy sin B cos(wof)

MX! Q (\ /\ (\ (\ (\ My = — My sin 5 sin(wof).
\ ]\Uhunvnv,\v \AAA-
" |
| nnﬂﬁm\ A
LA

time

RELAXACE => Blochova rovnice

— —_ - — —
dM/dt = - Y'BO X M - MX/T2 d— My/T2 .J = (MZ-MO)/T]. .

32



Vektorovy model NMR

Rotujici souradna soustava

(y\@ A D

VRNV
Tastani¥asiianiiiast
|




Vektorovy model NMR

Larmorova frekvence v rotujici souradné soustave — efektivni pole

Offset §2 = w0y — Wrot, fram. -

w=-yB. w| =+y B
2=—-yAB
Q2
AB =2,
4

Q2 = wop — (—wRF)

= W + WRE-
sinf) =

eff

34



Vektorovy model NMR

Larmorova frekvence v rotujici souradné soustave — efektivni pole

2=—yAB.

w) =y B

Weff = Y Beft-

35



Vektorovy model NMR

RF pulzy — plsobeni v rezonanci — offset Q = AB= 0

@ p=90°

[3 = (D1tp
B =v,.t,.360°

M. = Mycos g M, = —Mjysin f3;

36



Vektorovy model NMR

RF pulzy — "tvrdé pulzy”

pPpm

transmitter
frequency

p = wt, hence w; = —.

p

/2
12 x 10-°
=13x 100 rad s~ .

w) =

v,= 20 833,333 Hz

Je-li p =90° pro t, = 12 us potom

37



90

RF I

acq VAAAAAA
R

P W —

1 2 3

;'V[.\- = — Mg cos(€21)
M, = Mysin(€§21).

Vektorovy model NMR

Detekce v rotujici souradné soustave

38



Vektorovy model NMR

Kalibrace rf pulzt

N

L

=
-
E [
B | |
T = witgo (w1 /2m) = Hz
- 21180
(I_)] — ——
1180

T
180° 270°
n 3n/2

flip angle -
T T , S —1
W) = = — =2.03 x 10" rads™".
1110 15.5 x 10-°
I -y
(w1 /2m) = = = 32.3 kHz

39



Vektorovy model NMR

Spinovée echo

90° 180
RFJ T ” T
T ———
i
acq T 4

L
-~
_____

5 /
% - 2.10.2014
-
Q ----------
e ¢ kit
| 40
time - o1



Vektorovy model NMR

Faze rf pulz{

41



Vektorovy model NMR

Relaxace
180° 90°
N
o am

VYV

increasing © -

I
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Vektorovy model NMR

Off-rezonancni vlivy a slabé pulzy

10

20
Q ®,

43



Vektorovy model NMR

Selektivni excitace a slabé pulzy

strong pulse J~ l JL__
excitation /\/\/\/\/\/V\/\/\

selective pulse —A J‘L i

offset —— =

transmitter

NMRSim demo

44



Vektorovy model NMR

Selektivni inverze a slabé pulzy

a

@ 0.5

-20 -10 10 20
M €2 OF

-0.5
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Vektorovy model NMR - shrnuti

Vysokofrekvencni vykon vytvari ve snimaci civce okolo méreného vzorku
oscilujici magneticke pole B, v definované sméru kolmém na smeér
statického magnetického pole.

Toto linearné oscilujici pole muze byt rozlozeno na dvé protismérné rotujici
magneticka pole. Pouze jedno z nich, majici shodnou frekvenci a smér s
frekvenci Larmorovou, se bere v uvahu.

Rotujici pole se zavedenim rotujici souradné soustavy (rss) s vhodnou
frekvenci stane statickym.

V rss jsou rezonancni frekvence modifikovany. Rozdilova frekvence mezi
frekvenci rss a rezonanc¢nim Larmorovym kmitoCtem nazyvana offset Q
potom odpovida redukovanemu magnetickému poli

AB =-Q/y.
Vektor magnetizace rotuje kolem efektivnino magnetického pole, které je
vektorovym souctem AB + B,.

Efektivni pole je orientovano blizko ose pole B, pokud je rezonancni ofset
maly.

46



Fourierova transformace a zpracovani dat

Fourier
transformation

<>
|

frequency

FID — free induction decay

FPOHDD

MX

47



Fourierova transformace a zpracovani dat

time

Sy(o orimag. part S [ or real part

FID — free induction decay

M, = My cos Q1
M, = Mysin 1.

Sx(t) = Spcos 2t and S, (r) = So sin 21

S(t) = Sy (1) +iSy(1)
1 = Spcos 2f 4+ 1Sy sin £21
= So exp(i2r).

—t
S(r) = Soexp(ier)exp (T) .

~

—

48



Joseph Fourier
(1768 — 1830)

Signal Amplitude

S
|

=
L

<
i
|

2
=)
|

=
|

>

Signal Amplitude

Frequency

Signal Amplitude

Fourier Transform

A

L

=
=

g

z »>
= Frequency
=1
20
w




Jean Baptiste Joseph Fourier
born Auxerre, March 21, 1768
died, Paris, May 16, 1830

He took a prominent part in his own district in promoting the revolution, and was
rewarded by an appointment in 1795 in the Normal school, and subsequently by
a chair in the Polytechnic school.

Fourier went with Napoleon on his Eastern expedition in 1798 as a scientific
advisor, and was made governor of Lower Egypt.

After the British victories and the capitulation of the French under General
Menou in 1801, Fourier returned to France, and was made prefect of Grenoble,
and it was while there that he made his experiments on the propagation of heat.
He moved to Paris in 1816. In 1822 he published his Théorie analytique de la
chaleur, in which he shows that any functions of a variable, whether continuous
or discontinuous, can be expanded in a series of sines of multiples of the
variable - a result which is constantly used in modern analysis.

J.W.Cooley and J.W.Tukey, Math. Comp. 1965, 19, 297
Fast Fourier Transform



Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

FT S(v) =_£S(t).exp (- .2m.v.1) dt

+ ©
- S(t) = [ S(v).exp (+i .2r.v.t) dv
Diskrétni Fourierova transformace — algoritmus Cooley a Tukey, 1966

Cooley-Tukey algoritmus je nejpouzivanéjsi variantou FFT algoritmu.

Tato metoda (a obecné myslenka FFT) byla popularizovana v praci J. W. Cooleye a J. W. Tukeye z roku 1965, nicméné pozdéji se
prislo na to, Ze tito autofi pouze znovuobjevili algoritmus znamy jiz Gaussovi kolem roku 1805 (ktery byl poté v omezené podobé

nékolikrat znovu objeven). 51




Fourierova transformace a zpracovani dat

(@) 15 Hz (b) 17 Hz (c) 30 Hz

FIDXV%AoM-—-*-—-— XVGV%H-—-—*- Svﬂv%év‘*‘***
\céi?ge%%W%W%%WWM%W

wave

product VSAAAMM......___. m%vww-'-———- Ww*———
function

\'7

area under
product function

S v
5 10 15 20 25 30
frequency / Hz

o
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Fourierova transformace a zpracovani dat

15 Hz 17 Hz 30 Hz

%ﬂvwv% VAAAAM wwmwmw

roduc XAAMAAAAAAAAAM XAMNVVWWM L‘MTA” AANPANN AN
g.lﬂgthftI /I E \

.

integral

area under
- product function

o

5 10 15 20 25 30
frequency / Hz
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Fourierova transformace a zpracovani dat

(a) 10 Hz (b) 20 Hz () 30 Hz

FID LA A A~~~ LAt LANAAAAs
e \ AL AAAAAY WMV

wave
product \ AN A \AAAAAASAAAaA :\ VR VY VY VY,
function ' . ' .

5 v v

o ©

T C

E &

g8 )

~ T

® O

a y

0 5 10 15 20 25 30
frequency / Hz

54



Fourierova transformace a zpracovani dat

Fourierova fada s(x) = X C, enox

Koeficienty Fourierovy fady  C,= 1/T f f(x) e noxdyx

Nalezeni koeficient(l Fourierovy rady = harmonicka analyza

55
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

Time domain

Frequency domain

i

\hm

Wy=A4 |t|<T,

es () || > Ty

|

H() = ur,“-"g—;%ﬂ

- |t] = To.

x fol

h(l) 2t 'ZAfolil\ 2n of :

Hf)=4 |fI<fe
-4 Ui=f A
=0 IfI>f

hit) = K

Hif)

H(f) = Kd(f)

h{t)

h(e) = ké(e)

H()=K

56



Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

hit) 3 p *

e |
’ [ H , ! [ K= 3 a-nn O 264"

5T 3T T W
4T .27 2T aT

- N
P

h{t)

’H("

_ H) =46~ fo) .
h(t) = A cos 2n fot) @ 2 % P gsil:n;,) ! Ig G(H'j\
i . ' o po' ; ‘-—“;‘
3 :
“ h{t) ' .ét%.q :’ i
A : HU) = =245 - fo) 3
AANAN K= asacasi O Ll a{
£ : 3 +i48 + 1) A oy gq_j; B
"I g‘ 4:5. o

Figure 2-11. Fou~er transform pairs,



Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

97

Time domain

Frequency domain

hit)

Y = 5
M) = — 3zt + A2, |
T; l’l<2To H(f),.A;SmZ‘ZgT
=0  ltI>27o ( 757!&.
—
21, | ar, .
<P ; . | |
=0 1t}>Te » 0(/)-n_nz_(3;%‘}a : .
To t 5 "O $ ", "
h(t) = 'lfq(t) ‘w"
, l £
+a(t+ 57)

1 22
+e(r- 27:)
: o) = sin (121’:&')

M=y hen(5)
g /\
-0 IfI>f & =
| _ 5
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

: 1 1 ]
1) = = +-2—cos(;.—o)
H=To
< — =0 |t] > To

HU

HU) = %00

L+ ie(r+5k)
+ Q(f—ﬁ-;)]

oY) = sin (2:7‘9 f)

h(l)=-;-aexp(—¢ltl)

. ————

Hif)
1 257

%
o
‘;)

Gaussova funkce

h(t) = (i)”z exp (—ar)

-\

HO) = sy /
() = o (2L /\

?uu,

> e

Figure 2-11 (continued).

&4

g/ l A o - L Lad

e
S
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni theorémy

linearita x(t) + y(t) <~ X(v) + Y(v)

Casové $kalovani x(kt) = 1/k .X(v/Kk)

¢asovy posun X(t - to) <> X(v)exp( -i2nvt))

modulace X(t). exp( i2ntvy) <= X(v = vp)

suda funkce Xe(t) < Xe(v) = Re(v) suda a reédind
licha funkce Xo(t) <~ i Xo(v) = i I5(v) licha a imaginarni

realna funkce X (t) < X(v) = Re(v) + 7 15(v)

60



Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

+ oo

Konvolucni integral r(t)*S(t) =_f F(T).S(t - 'E) dt

8

FT konv. integralu S’g(r(t)*s(t)) = R(V)S(V)

priklady

61



priklady

Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

FT(f(t)-9(t)) = J F(v).G(u — v).dv

62



Fourierova transformace a zpracovani dat

Fourierova transformace

time ———»

A A

frequency ——»
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Fourierova transformace a zpracovani dat

Fourierova transformace

Spektrum s vice ¢arami
absorption

—1
dispersion S(t) =So.1 expi€211) exp ( m)
L

: , . _ _ ot
w frequency + So.2 exp(i 221 ) exp (T‘zl ) + So.zexp(i2af) exp (T‘3’ ) .
- A2 2,
t
Q
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Fourierova transformace a zpracovani dat

Faze spektra

S.(t)=ycosQrexp(—t/T,) S, (t)=ysin Qrexp(—t/T,)

S(t)y=S.(r)+ iS)',(r)
= y(cos L2 +isin Qr)exp(—f/Tz)
— yexp(er)exp(—f/Tg)

Y — amplituda signalu

I (0 —Q)T,

Alw) =- . D(®)=- 5
(@) T+ 1 (@) (0—-Q)° 17 +1

Lorentzv tvar spektralnich car

S(w) = FT[S(r)]
= y{A(®)+iD(®)}
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Fourierova transformace a zpracovani dat

Faze spektra

Sy
(a) @Sx (b) S)r

Sy Sy

8.10.2014
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Fourierova transformace a zpracovani dat

Faze spektra

S(t) =S, exp(iQdt) exp (— Ti) .exp (ip)
l FT

S,[A(w) + iD(w)].exp(ip) =
So [A(w) + iD(w)]. [cosg + i.singp] =

S,lcosp.A — sing.D(w)] + iS,[sing.A(w) + cose. D (w)]

real imaginary
8.10.2014
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Fourierova transformace a zpracovani dat

Faze spektra

fazova korekce fazové posunuty signal

| o
EXPli Peorr ) S(1) = eXpliPeorr) X |:50 expligh) expli Q1) exp (T):| :

2,

. v - A \ ] ! | —’ |
eXPi Peore) SU) = expli (oo + ¢)) ['50 expiL1) exp (T)} '
J |

—

je-li @corr = - ¢, pak exp i (¢ + Pcorr) = 1

: " : : —
eXPli oo ) S (1) = Spexp(i Q1) exp (T)

2

Analogicky, korekce plati i ve frekvencni doméné

exXpli o) S(w).
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Fourierova transformace a zpracovani dat

Faze spektra — frekvencne zavisla chyba

0 frequency

L

Tl

frequency

fazova chyba linearné zavisla na ofsetu
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Fourierova transformace a zpracovani dat

Zvyseni citlivosti

VP W

-
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Fourierova transformace a zpracovani dat

Zvyseni citlivosti

original FID weighting function weighting function

weighted FID

71



Fourierova transformace a zpracovani dat

Zvyseni rozliseni

Y

T LT
-

72

e




Lorentzian

Gaussian

Fourierova transformace a zpracovani dat
Zvyseni rozliseni

W(t) = exp(—RyB?)

Pfizplisobeny filtr (matched filter) R g =
R,
Avip =2 Avy,°

Wi(t) = exp(—odz).

Pfizplsobeny filtr (matched filter) o = R,*

— N1/2 *
AV1/2 = 2 AVl/Z
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Fourierova transformace a zpracovani dat
Zvyseni rozliseni

phase 0 /8 /4 n/2

acq’ acq

Tt T — Pt | .o (T — )t
W(t) = sin ( " ) . W() = sin (( ?) + qb) . Wi(t) = sin” ( —I—qb) .

acq 4 acq facq
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Fourierova transformace a zpracovani dat

Doplnovani nulami

\/ tacq tacq J tacq
(a) (b) (c)

. e s
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Fourierova transformace a zpracovani dat

Zkraceni signalu (truncation)

76



Jak pracuje spektrometr

Jednotlivé Casti
e Magnet

e Sonda
e Vysilac

\'24 V4

e Prijimac

e Prevodnik

e Pulsni programator

e Pocitac



Jak pracuje spektrometr

Magnet

Properties Nitrogen Helium

Molecular weight 28 -

o [°C] -196 269
Normal boiling point [°K] 7 42
Approximate expansion ration
(volume of gas at 15°C and atmospheric pressure produced [ 680 740
by unit volume of liquid at normal boiling point).
Density of liquid at normal boiling point ke m™] [810 125
Color (liquid) none none
Color (gas) none none
Odour (gas) none none

Toxicity

very low

very low

Explosion hazard with combustible material no no
Pressure rupture if liquid or cold gas is trapped yes ves
Fire hazard:  combustible no no
Fire hazard:  promotes ignition directly no no
Fire hazard:  liquefies oxygen and promotes ignition yes ves

78



Jak pracuje spektrometr

Magnet — korekce (shims)

He-level
Spectrum before Adjustment Adjusted shim(s) Adjusted Spectrum

]
e /

Lift/Spin

Magnet

— 9 N L

Shimcoil |
L 72 7A (7%

Probehead L U




Jak pracuje spektrometr

Sonda

match to

tx/rx
-
#tu ne




Jak pracuje spektrometr
Viysila€ — vykon vers. indukce rf pole

computer .~
control '

synthesizer

gate| \|----- n

amplifier

'

to probe

attenuator {--

P
L, = 10 x log, P'm: [dB]

m

out

1
10 x logy = 10 x log 7= —3.0

mn

Relativni hodnota vykonu se vyjadruje v decibelech
1dB: P1/P2 = 1.2589254

v 2

| /2 \ "
power ratio = —_
M2

2

o )" 21 i
power ratio indB = 10log,y | ———

init ;-
(I_)l /2;‘[

WY /2
o'/ 27

Relativni hodnota rf pole vyjadirena v decibelech

1dB: 0l/w2 = 1.120185 o



Jak pracuje spektrometr

Vlysila¢ — fazove posunuté pulzy

2 B cos wgrFt.

\

CAASPANE

o B B
i = e
\

Y

| 2B sin wRrFpt.
\{'}y ﬂvﬂvﬂv 1 X RF

N4

NN

D




Jak pracuje spektrometr

3bitovy A/D prevodnik (8 Urovni) A/D pFevodm’k
2" =8

(a) (@) (b)
;\% 1!}' \\ ,c"f i‘ {! n=§ bitul n=8, bit{ ,
N —— ——— 64 urovni 256 Urovni
7/ 7 /
W A— — I A
(b)

[ J

4

Typicky A/D prevodnik 16 bitl
tj. 65 536 Urovni
32 bitd
Tj. 4 294 967 296 Urovni



Jak pracuje spektrometr

A/D prevodnik — vzorkovaci rychlost

TV
F-

Nyquistova frekvence

2 /

f ﬁmx —

I

2fmux

f_=1KkHz=> A =500 us

max

84



Jak pracuje spektrometr

A/D-prevodnik — prekladani signalt

_fmax 0 +fmax
(b)
| | |
-f 0 +f
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Jak pracuje spektrometr

NC

P¥ijimac

"} RGP_RX~ -
N OEp wppR  Contol Section RS485 ‘—Hi“ﬂ“i‘-‘“"-’ sq) SADC or HADC/2
A/D prevodniky
RGP X X v ol A
4
igna 90 (22 MHz) )_|_’( ADC
NMR signal, [re ] PN | L‘_i MCH A —\—< [ _r
—»o- [PHHH - EHAH D HHD R 2
" 5
CH B
1 oscilk XDz
Lokalni oscilptor I
IF-Secti |
2llo 190 action Eﬁg'sgé 1 _N..QH.L _\—<ADC
_’0_ D A\ Qua
)
' 4 dBm D y
AQR RX-22 \
RSt 2 et ARSaction RGP_ADC
J3 NG
483531 A +
from CCU RGP_ADG~
OWL

v

22MHz

mezifrekvence

CLK~
(from observe SGU)
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Jak pracuje spektrometr

Kvadraturni detekce

positive fraquency 1

(1N

M,

_5\ @ @ @ @@ smé&oval | :

\

X_———‘ A cosmpl X cos ! = $A [cos(wg + o )i\ cos(mpy — )l ]

timg ——————— =

¥

M

&

~——__ Acosayl x(— .\'inwml)z 1A [— sinfwy + wex )N+ Sin(ag — @y )i |

negative frequency

AN D D

&

W W N @ cosA.cosB=1/2(cos(A+B) + cos(A-B))

‘_\

My

e— cosA.sinB=1/2(sin(A+B) - sin(A-B))

timg —————— =

_.-F"'-‘-FFF'-F"-
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Jak pracuje spektrometr

Kvadraturni detekce

mixer

A Mx
—»— —.»— XS +— ADC -’ reedeplgrt + cos(ay — )]
\AS 0
low pass filter
from .
probe
mixer
X/ M, + sin{mwg —
, . 0 — x|
———-— —— \ X —J—{ ADC | imag. part
AVaVe of FID

low pass filter

90
phase
shift

local oscillator

mezifrekvence

filter odstrani frekvence w_+w,,
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Jak pracuje spektrometr
Kvadraturni detekce — Cas vers. frekvence

Sitka spektra f.,, Akvizicni Cas t,

N — pocet akvizicnich bodl

A = ] N = racq.
fsw A

A — vzorkovaci interval

89



Jak pracuje spektrometr

Pulzni programator
INEPT s refokusaci

r2 phl r4 phZ r2 ph2 r4 ph
[04d 1804 a[0d 1804
PLZ P11z
O 4B J 4B
Fz
ZE rZ ph4a rl phS rZ pht
u} 1804 a[0d 1804
Fl 12
a1l dlz d4 d4 a2 a2
2 0rm 1ra Z20u 1ra 1ra 1lra 1ra
................................................ L L2
S . S L~ -t | (R




;ineptrd
;avance-version (02/05/31)

;INEPT for non-selective polarization transfer
;with decoupling during acquisition

#include <Avance.incl>

"p2=p1*2"

"p4=p3*2"
"d3=1s/(cnst2*cnst11)"
"d4=1s/(cnst2*4)"

"d12=20u"

1ze

2 30m do:f2
d1i
d12 pl2:f2
(p3 phl):f2
d4

(center (p4 ph2):f2 (p2 ph4) )

d4

(p3 ph3):f2 (p1 ph5)

d3

(center (p4 ph2):f2 (p2 ph6) )

d3 pl12:f2

go=2 ph31 cpd2:f2

30m do:f2 mc #0 to 2 FO(zd)
exit

15.10.2014

Jak pracuje spektrometr
Pulzni programator

ph1=0000000022222222
ph2=0 2

ph3=1133

ph4=0 2
ph5=0000111122223333
ph6=02021313
ph31=00221133

;pll : f1 channel - power level for pulse (default)

;pl2 : f2 channel - power level for pulse (default)

;pl12: f2 channel - power level for CPD/BB decoupling
;p1 : f1 channel - 90 degree high power pulse

;p2 : f1 channel - 180 degree high power pulse

;p3 : f2 channel - 90 degree high power pulse

;p4 : f2 channel - 180 degree high power pulse

;d1 : relaxation delay; 1-5 * T1

;d3 : 1/(6J(XH)) XH, XH2, XH3 positive

;o 1/(43(XH)) XH onIy

7 1/(3)J(XH)) XH, XH3 positive, XH2 negative

;d4 1 1/(43(XH))

;d12: delay for power switching [20 usec]
;enst2: = J(XH)

;enstll: 6 XH, XH2, XH3 positive

; 4 XH only

; 3 XH, XH3 positive, XH2 negative

;NS: 4 * n, total number of scans: NS * TDO

;DS: 16

;cpd2: decoupling according to sequence defined by cpdprg2
;pcpd2: f2 channel - 90 degree pulse for decoupling seqyence

;$1d: ineptrd,v 1.8 2002/06/12 09:05:00 ber Exp $



Vektorovy model = Blochova rovnice

—
K
—- — =) —> —> —
dM/dt - - Y'BO X M - MX/TZ'I - My/Tz.] = (MZ-MO)/Tl'k T
— - - > i
M(t) = M ()+M,()+M,(t) = a(t).i + b(t).J+ c(t).k 0
Numerické reseni
dM/dt — R11 | R12 | R13 Mx(0) Mx(t)=R11.Mx(0)+R12.My(0)+R13.Mz(0)
R21 | R22 | R23 My(0) My(t) =R21.Mx(0)+R122.My(0)+R23.Mz(0)
X¢ —
R31 | R32 | R33 Mz(0) Mz(t) =R31.Mx(0)+R32.My(0)+R33.Mz(0)
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R,(0) =

Vektorovy model = rotacni matice

0 0
cosO | sin6
-sin© | cos 0O

R.(9) =

CoS ¥ -sin
R/(x) = |° 0
sin COS ¥,
cos¢ | sing | O
-sing | cos¢ [ O
0 0 1

Priklady pro rtizné Ghly a sméry rotace na tabuli

93



Soucinovy operatorovy formalismus

Prestrucné opakovani zaklad{ kvantové mechaniky

Operator Operator x funkce = nova funkce; d/dx(sin x) = cos x

Rotacni moment hybnosti

Spinovy operator L, I, a I,— Pauliho spinové matice

Hamiltonian Operator energie

Vlastni hodnoty operatord, vlastni funkce
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Soucinovy operatorovy formalismus

Prestrucné opakovani zaklad{ kvantové mechaniky

Matice hustoty (operator) o(t) =al)L + b(t) I, + (V)]

Operator hustoty (téz matice hustoty nebo statisticky operator) je
operator pouzivany pro popis kvantového stavu systému. Na rozdil od
vinové funkce je obecnéjsi, protoze kromé Cistych kvantovych stavd popisuje
i méfitelné vlastnosti statistickych soubor kvantovych stavd, tedy pfipad,
kdy pracujeme se smési rliznych kvantovych stavl, které jsou zastoupeny s
jistymi pravdépodobnostmi. Takové statistické soubory se nazyvaji
smisenymi stavy.

Operator hustoty se Siroce pouziva v teorii dekoherence a obecné v teorii
otevienych kvantovych systém, kdy se systém nevyviji koherentné, tj. H
podle Schrodingerovy rovnice, ale je prlibézné méren svym okolim. V
takovém pripadé nelze formalismus vinové funkce vyuzit, protoze systém je
procesem méreni z Cistého kvantového stavu pomalu preménovan na stav
smiseny.

Hamiltonian pulzd a vyvojovych intervall

= QI

free

H .. =l

pulse.x X

H

pulse.y 60] [_\‘



Soucinovy operatorovy formalismus

Prestrucné opakovani zakladll kvantové mechaniky
Pohybova rovnice — Liouville-von Neumanova rovnice

o(t)/dt = -/.[H (1), o(t)]

o(t) = exp(-i Ht) o(0) exp(i H t)

H= wl [.\' O-(O) = ["

G(rp) = exp(—ia) r1 ) I exp(ia)ll‘P I_\.)

["pTx
~~

s

96






Soucinovy operatorovy formalismus

Prestrucné opakovani zakladll kvantové mechaniky

exp(—ifl,) I.exp(ifl,)=cos B I. —sinf I,

[

olt,)=cosw i

g 1 —sinot 1

22.10.2013
29.10.2013
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Soucinovy operatorovy formalismus

Standardni rotace

1. p¥iklad exp(—i6l,) I, exp(i6l,) exp(—i6l ) I, exp(i6l )=cos6 I +sin6 I.

2. priklad exp(—i@]\) {1 Yexp(i6l, )

cosO{—1_ }+sin6{-1 }
—cos@ [. —sinb [,

Zkracena notace G(’ p) = eXP( G(O)exl’(f O x)
0(0) ofr)

o :
I cos o, I —sinot, I

exp(—i(ﬂl"_.){—]: }exp(i@]}.)




Soucinovy operatorovy formalismus
Spinové echo — priklad vypoctu

90" 180°
) | l 7]
R,:J _ H _ 900(-\')|Ldelayz‘ ) ‘800(.\') : delayt

acquire
21
- 2T )
\ﬂﬂﬁ —1\_.@90(/7)
acq

VYl o, .

- ———>—cos Q271 +sinQ7],
o ot

—cos 2t I +sin Q1 —24 5 5(e)
—cosQt [, — O 5 _cosQr cosyt, [, —cosQrsinat 1,

—cosQr ], — 5 cos Q11

—cosQt +sin Q1] —Z5cosQt 1, +sinQt],
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Soucinovy operatorovy formalismus

Spinové echo — priklad vypoctu

90"  180°
v ' / ) '
RFJ _ H _ 900(-\')|Ldelzlyt ) ‘800(.\') : (ICIZI)"TL.ICC]UH'C

A
- VU

cos Q1 [, —% 5 cos Qr cos Q11 —sin Qrcos Ot 1,

sin Q1 [, —2% 5 cos Qtsin Q1 [, +sin Qtsin Q7 1,

(cos Q1 cos Qr+sin Qtsin Q1) I, + (cos Qtsin Q27 —sin 27 cos Q1) 1,

~ —~—
1 0

o I 907(x)-7—=180"(x)—7— [
Celkovy vysledek Z 74y
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Soucinovy operatorovy formalismus

Dvouspinové operatory

Soufazové (in-phase) operatory - 6
spin 1: 1, 1, 1. spin2: L, L, 1,

‘ ‘ ‘ ‘ u L1 A & l; y
T T
Q, 2 Q, 0,
/2x “ 12}’ ‘ ‘
I |
Q,
2 Q,
absorption dispersion

“1

spin state

@ B ofspin2 ‘ l'
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Soucinovy operatorovy formalismus

Dvouspinové operatory

Antifazové (anti-phase) operatory - 4

Y PPN 21k, "-r" 2/1}//22
‘ ‘ ‘ ‘ ) | o) |
) Q, - 21,1, 21l ‘"‘
Q) {2,
Celkov;'/ pO(‘fEt operé tort] Vice-kvantové operatory - 4
4N (N je pocet spin() multiple quantum :27, 1, 21, I, 211, 21 1,

pro N=2 tedy 16
Zbyvajici operatory - 2

E - jednotkovy operator, 21,,L,,
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Soucinovy operatorovy formalismus

Popis vlivu chemického posunu a rf pulzli na vyvoj matice hustoty

Dvou spinovy systém — vliv chemického posunu na I, H..=Q1.+%,1,.
!)]I‘Il- -~ . . !2:!‘[:-
i Hige! [,, ——>cos ], +sinf2t 1, :
lx . _ )
1 .(.)|l‘1]:+.(.)21'12: \
. 7 Wil . +L2515. .
L [, —20t 0 s cos Q] +sin Qe
] Qily. i, ‘ ‘ '
11 I I
Dvou spinovy systém — vliv rf pulzu v ose y na 21,1, H=awl, +ol,

ol [oN
1“1y 1“2y
2[]1.[7_ - ) - )

(!)]I‘[:\

ot .
21 1, —" s coswi21, I, —sinw,t21, 1,

721, 721y,
o 1, B oy T2y
Ix*27 12522

721, 72y,
2[11-[7- — _2]1:[2: — _2]1:_[2.\- 104



Soucinovy operatorovy formalismus

Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty

Hamiltonian H, =2nrJ,1 1,
1A% vV
X y Zaména indexd
— rotace proti sméru hr
4 zZZ yz XZ ZZ —XZ

angle = nJt

27 ot 1, .

> COS Tt/

—

f1 +sinml 121, 1,

21 I s cosml Lt 210, 1, +sinm/ Lt

lx 27
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Soucinovy operatorovy formalismus

Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty

Hamiltonian H =2nrJ,1I_1I,.

2l ot C:\ 2l ot 1 \i=14J
[1.\- = /\IQJ>2[1_\-12: [2.\- — 2(\\/}_)_[3

106



Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

90" 180° Homonuklearni systém
.
-~ — 7— 180%(x, to spin I and spin 2) — 7—
21
- LiAA Chemicky posun je refokusovan (viz obrazek ¢. 36)
VYV
1. interval © I, —ee s cos 7w, 1, +sin 78,7 21,1,

180° pulz cosTe)\,T I, +sin,T 21, [, — s oy

o . .

Spinové echo v homonuklearnim systému nema zadny vliv na vyvoj J

r—1807(x)-7 .
I, 2L cos2ml,T 1 +sin 2] ,T 21,1, 107

X



Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

90" 180 Homonuklearni systém
RFJ - H =
- .- — 7—1807(x, to spin | and spin 2) — 7—
21
Chemicky posun je refokusovan (viz obrazek ¢. 87/88
ac \UﬂUnUﬂ\ y posun j ( )

Interkonverze soufazoveé a antifazové magnetizace
t=1/4] — /(4] ,) — 180°(x) — 1/(4J ) —

r—-180°(x)-7 ‘ < ,
I, >cos2m/,T I +sin2m/ T 21, 1,.

L, -> 21, L,
2.[1)(.[22 -> Ily
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Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

O) i Heteronuklearni system
spin 1 — r Sekvence a — viz homonuklearni systém
spin 2
2nlat by 5. *

T |-| T . :
in 1 costt) T 1, +sinl,t 21, 1, LNy cos a7 1, —sina) T 21, 1,
spin 2

~ . 2r] :f[ :IZ: N\

@ cosm/,T 1), — >
spin 2 I —sinn/,,7 21, 1, —Futhde

 AAC ¥ o) . ot
cos/,Tsinm/ T 21 1, +sinm/,T sinw/,T 1,

> I].X
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Soucinovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

@ - Heteronuklearni systém

spin 1 : - !

spin 2

® Sekvence ¢ I, —uethds s cos 1, +sin T 21,1,
spin 1 : ” i

spin 2 ﬁ
cosm/,T Iy, +sinm/,T 21, 1, Cosmllzz' Ly, —sinm/,T 21 1,

spin 1

I > I,: (I, cos 29t + I, cos 2Q )
spin 2

Ale vyvoj v dlsledku chemického posunu spinu I, zlistava zachovan
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Soucinovy operatorovy formalismus

Vice-kvantoveé cleny
Rad koherence - p I,2LL, p=+1
L,2I.,, p=0
2I,L, p=0ip=x2

Zdvihové operatory (raising and lowering operators)

p=+1 I, =1 +il I=1—il I

].\' %(1++[—) 1_\':%(1"‘_[_)
L, =2x4(L, +1,_)x (1, +1,.)
= "!2'([1+[2+ + []—[2—) + %([H[Z— T [1—[2"‘)

p=+2 ,__ ) p=0 =0

p=-1
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Soucinovy operatorovy formalismus

Vice-kvantoveé cleny

Rad koherence - p

double quantum part[2 Il_\.lz_\.] =4(1,L, +1_1, )

—

(1, +it )by + i)+ (4, =il )1, — i)

21,1, +21,1, |

J’-(]l+]2+ + 11—12—)

—_

|
tof—
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Soucinovy operatorovy formalismus

Trispinové operatory

—ll-J13d—
| I l l I
‘)‘ 21, /.
o o B B spin2 2
o B o B spin3
J‘r“‘r 2’1)«”32
JTTL Al J l,
Celkovy pocet operatord

4N (N je pocet spinl)
pro N=3 tedy 64
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Soucinovy operatorovy formalismus

Alternativni notace

IS spinovy systém 25yh, 21,5,

IS spinovy systém -CH;, -CH,
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Soucinovy operatorovy formalismus
Vice-kvantové cleny - vyvoj
double quantum, p =12
DQ\ =4(21,1, -2I,1,)
DQ
zeré quantum, p=0

zQ\" =4(21,1, +21,1,)

ix*® jx

(1.1, +1.1,)

i+° j+

yon 0, 20,0 ) =4 (1.0, ~ 11,

i+ 5+

JI([HI.;'— + ]z'—[j+)

ZQ” E"i‘(f)[ [, =211, )E’_’IT([;'+[,;—_[;'—[_;'+)

Popis vlivu chemického posunu

DQ") et (Q +Q,)r DQ'" + sm( + Q;.)r DQY
DQY) s(Q +0Q,)1DQ" —sin(£2, + 2, ) DQ'”
ZQ ety s(_Q —Q ) ZQ\ +sin(2, - Q) ZQ\”
ZQ\) e cos(2, - 2, ) ZQ\ —sin(Q, - 2, ) zQ!”
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Soucinovy operatorovy formalismus

Vice-kvantové cleny - vyvoj
Popis Vvlivu spin-spinové interakce
Dfo” ' €OS W g o DQf;f?’" —8in W g ot 21, DQ"”

ZQ\ —— cosl ;51 ZQ\ +sin g 5t 21, 2Q"

ZQ\" —— cos o 5t ZQ\ = sinTtl it 21,ZQ""

Jpq eff — SOUCet J mezi spinem i a vsemi ostatnimi plus
soucCet mezi spinem j a vSemi ostatnimi

J20,6fr — SOUCet J mezi spinem i a vSemi ostatnimi minus
soucCet mezi spinem j a vSemi ostatnimi
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2 spiny - CH

cos(wJr) | sin(wJr)
21, zSx 211z8x Sy
2lixSz | 2I;xSz Iy
Ix Ix 2ly Sz
S x N Sx 2l Sy
3 spiny — CH,
cos(mJT) cos(vrjf) sin(vrjr) sin(wJr) sin®(wJT)
4l 71578 x || 4lizlazSx 2[I1z+12z]Sy -Sx
4l1 715 xS x 4l zIs xS x 2, xSy
4lixIxSz || 4lixIsxSz 2lixLy+LyIsx] 4I,yLy]Sz
4l zIs xSz 4l zI5 xSz 21715y
215 xS x 2, xS x 4l 715 xSy
Sy
2,75 x 2,78 x +4T, 21,z Sy -2l z8x
2l x5z ) 2l xSz Ly
Sx Sx 21 z+12z|Sy -4l 715 7S x
2L xIx x 21, x> x 4L xIy+LiyIx]Sz 21y Ly
2l zIs x 2l 71 x 4l z1zy Sz
Inx Lx' 2I:vSz




4 spiny -

CH,

| cos®(w.fr) cos?(ar.fr) cos(r.fr) fod? (. Fr) siu(mFr) $os(or Fr)siu(mrFr) |[|oos(mFr)sin?(mfr]| sw(orFr) sin?(or.fr) =n?(or.fr)
8L zlazlazSx || BLizlazlazSx Al gl g+1 zlaz 2L z+lz -8y
+L gl z]Sy +Iaz]|Sx
8lzlzlaxSx 8,7l zlaxSx [Le+Lz]laxSy -IaxSx
8Lzl xIa xS x 8L glaxIa xSx A IaxSy
8L xIaxIaxSz || 8LixlaxIax Sz AL x L x Ly 8l xLylay hyLyhy
+h xhylax +hyLxhy
+LyLxIax] +LyLyIax]Sz
BliglaxlaxSz A zlaxIa xSz 4 g(laxay+lavIax] 8L zlay Lay Sz
8L glagla xSz Bl glagla xSz 45 glaglay
AL xIa xSx 4L xIa xSx 8l gl xIa xSy
4] Sy 4L glaxSx Bl glag s xSy -4, 713 xSx
HazxhzSx HazglzSx 8Lzl zlazSy -4 ghag -2 g8y
+2[Lag+Ix 2| Sy +1,7laz|Sx
-8x
A xlaxSg 4L xIax Sz 2L xLav+2LyIax Aoy Iy Sg
4l2zla xSz 4lazla xSz 2Lazlsy
21, xS 21 xSx 41, 51x x+lazlax]|Sy -8l gl zlaxSx
AazSx 2IxzSx 4Lzlaz -2[41 #lazlaz -4I, zlazSy
+1,z+1l22|Sx
+8y
AaxSz 2Iax Sz Iay
Sx Sx 2L s+ Liz+laz]Sy AL gliz+l zle -8LzL:zlaz Sy
+lazlaz]Sx
46 xIax Inx AL xLax Inx B[l xlax Ly 4l xLylay 8LyLyhLySz
+hxhLylax +hyvLxhy
+LyLxlhx]Sz +LyLiyvIax]
A zlaxlax 4hzlaxlax 8lzlaxlay 4L zlay Iy
+Lzlavlax|Sz
4l glarlax 45 gl glax 4 zLzlaySg
2Lx Inx 2LxIx 4{LaxTay+Lay Inx|Sz gy Iay
Aazlax Aazlax 2lazlay Sz
Ix Ix 2IySg

29.10.2014
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Metody 1D FT NMR spektroskopie

Sirokopasmovy dekaplink

T T
80 © 50 40 d T
PoM 3o 20

Figure 4.1: Coupled *C spectrum of sucrose obtained in 64 scans

J i
80 50 40
PN 0

Figure 4.2: Broadband decoupled *C spectrum of sucrose otszined in 64 SCany
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Pulzni sekvence — editace spekter

SIROKQOPASMOVY DEKAPLING

SE T \/\M‘

Tiz Tl

§.D. ) iD

50y - 1803
: ik | |
S

5.11.2014
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Metody 1D FT NMR spektroskopie

APT

APT (c) (b) (a)
H
Quaternary Cq 1 : ! '
1.0 ~= ; . -\—:-f‘ C-
N ' +-* '
‘e : o L s \CH ,J=125Hz
i ! + | 2
! : !
0.5 — ] ‘} 'l
1 1 !
1 1 |
" l !
0 w2 T ¢
0 4 q 8 rms
1 1
I, <L CH_ ,J=125Hz
-0.5 = 1. 1 3
cwemosmns ‘ .]
+'+-+-CH2 1 ..-'\l\CH,J=150HZ‘
D | . I 3
-1.0 —{ ; "'S3_CH,J=125Hz
1

Fig.2.9: Dependence of signal intensities on the delay 7 in the APT experiment.

122



Metody 1D FT NMR
spektroskopie

APT
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A) Broadband X Broadband
Decouple decouple

1803

Metody 1D FT NMR
spektroskopie J_T_ . e

SEMUT J U ﬂ CH

L A A AL A J

g0 70 60 50 40 30 20 10 0 PPM

Fig. 2.33: (A) Pulse sequence for the SEMUT experiment. (B) Be seMuT spectrum of a region of
cholesterol.
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SEMUT

-0.5 4

-1.0 1
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Examples

T=15s
T =25
TS =5s

S/Nxy, y2(l-exp(-T/T)

obs

Metody 1D FT NMR spektroskopie

-

n

-~

-~

Relativni citlivost

Type of experiment

| _QM‘WW._
{]
__m\'%w,w«(»__

Il

i
i

Sensitivity

32 (1~ e-TIT

S
7(3/2"‘.'5(1 - e -T/T‘ )

!
y, 32 (1= e"™71)

C-13

32

T — relaxation interval, T,5, T,! — relaxation times

N-15

10

31.6

316
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Prenos polarizace

INEPT
90, 180, 902, 180,  90%-
J‘ T/2 2 [larn anR™Ty
| x,[ 3D
1805 90, 180«
a) m [
S :
; =
}
1
[l I A B I
0 1 2 3 45 6 7 8
90y 180, Os
T T ] T
* T %
90 180
b) '
S !
— »
|
|
I I I I
01 2 3 4 5 6
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Metody 1D FT NMR spektroskopie

o0 180 oo, Prenos polarizace — INEPT bez refokusace

y
N

- |
90
4)
L
50 40 30 20 1

| i1 ,
80 70 60

0 0

1,2-dibromobutane

(b)

}1[ Ju\{
r 12.11.2014
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Metody 1D FT NMR spektroskopie

Prenos polarizace — INEPT s refokusaci

Decouple

L}-
}J%

13
C
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Metody 1D FT NMR spektroskopie

13C

Pfenos polarizace — INEPT — rlizné varianty

905, 1807 9073, INEPT
180° 90°

X

M
J "

}T /z—~l~T /2 ——I-—T /2 —’ET /2 ——:

"REFOCUSSED
INEPT

I‘ 1 ’il“r ’"““’l“ i *J“ v 'I
1805 905 1805
IIil II IIII E%%%%%é;;;éZzb,h__
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Pfenos polarizace — INEPT — rlizné varianty

INEPT . JTLV_JHMT

, l
INEPT s refokusaci (b)“;u,JLL__J’_H,VL,}\
|

) _A - l A ,LLLLL\.;__

l
50 40 30 20 PPM

INEPT+
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Prenos polarizace — DEPT

90° °
y 1805, X 88
b d f

a
s0° 180°
X
Acq.
C e g
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Metody 1D FT NMR spektroskopie

Prenos polarizace — DEPT vers. INEPT

1.0 4

i

o
w
1

o

~gp—————————— [ ntensity
Lo ek
) n
1 1
(/J“N

— 0 or 180°Jt —

Fig. 2.26: Dependence of signal intensities of CH3, CH» and CH carbons in the DEPT experiment on
the angle 8y of the last polarisation pulse.

137



(a)

1D C-13 spektrum HI l ! i]'

C,CH, CH2 CH3

200 180 160 140 120 100 80

(b)

!

DEPT — §=45° ’

CH, CH2 CH3

120 110 100 30 80 70 60

(c

e
DEPT — 9=90° |
i

50

I '
At

CH

90

110

(d)

DEPT — 6=135°

|
L !
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| CH+, CH2-, CH3+

120 100 80 60
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Metody 1D FT NMR spektroskopie

Pfenos polarizace — DEPT — r{izné varianty

a ° a
@ 1, g 1807, 0y .
B m - B -
13 907 180° '
DEPT C X y 0
o AT
1
b o o °
(b) H 90°, 180°% . ei, . 1"_%‘(3.’
oert® e ¥ —
AL Acq.
(¢) 1
! H 903 1802 0xy 180, %07 1807
7 e R K3 WEE  wiiE
13 e 180° :
pEPT T C 20% B Acq.
Q o o o o
(@) L, 903 180% ] 9iv ] 1803 ] 903 o
+ 13
MopEPT  C 90 180°
X

3T/2 . /2

o

19.11.2014
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Metody 2D FT NMR spektroskopie

Elementarni zaklady

Two-spin system AX

COSY — COrrelated SpectroscopY

[ ] -

5 5,

| |

3 AN
F1

2 un =,

F2
Schematic COSY spectrum for
two coupled spins, A and X
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Elementarni zaklady

- evolution — detection
— preparation mixing
t 3
1 2
a b c
4 ,"‘f"
X -
;’/" ./"
Iy
F1 /'/ -~ '/'
r"'/f .'/'
201 s ® . ®
/'/ ,-/' vl g
0.0 F2 80

141



Russell Varian Prize

The Russell Varian prize honors the memory
of the pioneer behind the first commercial
Nuclear Magnetic Resonance spectrometers

and co-founder of Varian Associates.




Rules for the Russell Varian Prize

The Russell Varian Prize is awarded to a researcher based on a single
innovative contribution (a single paper, patent, lecture or piece of
hardware) that has proven of high and broad impact on state-of-the-
art NMR technology. The prize is sponsored by Varian Inc., carries a
monetary award of 15,000 Euro and was awarded for the first time in
2002.

Only single pieces of work are considered (a paper, a lecture, a
patent, etc).

Prize Committee 2009

Martin Billeter (EUROMAR Organizing Committee), Christian
Griesinger, Jean Jeener (Chair), Eriks Kupc¢e, Vladimir Sklenar
(Secretary), and Ole W. Sgrensen.



LAUREATE 2009

Albert W. Overhauser (1925-2011)

1948 UC Berkley, Physics and Mathematics
1951 UC Berkley, Ph.D., Physics

1951 - 1953 postdoctoral fellow, University of Illinois
1953 - 1958 Cornell University

1958 — 1973 Ford Motor Company

1973 — now Purdue University

Purdue University
Stuart Distinguished Professor of Physics

Awards and Honors

National Medal of Science 1994

(the highest honor the United States bestows on its citizens for scientific achievement)
Elected to the National Academy of Sciences 1976

Oliver E. Buckley Solid State Physics Prize, 1975

Fellow of the American Academy of Arts and Sciences

Alexander von Humboldt Senior Scientist Award, 1979-80
Honorary Doctor of Laws Degree, Simon Fraser University, 1998

Honorary Doctor of Science Degree, University of Chicago, 1979
Honorary Doctor of Science Degree, Purdue University, 2005



Awarded contribution

The talk given by Albert Overhauser at the American Physical Society meeting on May 1, 1953, of which
an abstract appeared as Albert W. Overhauser, Polarization of Nuclei in Metals, Phys. Rev. 91, 476
(1953), and full detail as Albert W. Overhauser, Polarization of Nuclei in Metals, Phys. Rev. 92, 411-415
(1953).

This contribution is the seed of two important techniques in modern NMR: the Nuclear Overhauser Effect
(NOE) and Dynamic Nuclear Polarization (DNP).

NOE describes the mutual influence of the polarizations of two spin species by spin-lattice relaxation.
Originally, the spins were those of the nuclei of a metal and those of its conduction electrons. Soon after
Overhauser's prediction, the effect was demonstrated by C. P. Slichter on metallic lithium, and was shown
by lonel Solomon to also exist between different nuclei in ordinary liquids. The NOE has played a key role
in liquid state NMR over several decades, notably in establishing the overall structure of biological
macromolecules in solution

DNP describes the often impressive enhancement of the nuclear polarization by strong irradiation of an
electron resonance in the sample. Particularly within recent years, DNP technology has evolved
considerably to a powerful sensitivity enhancement method in a growing variety of NMR.
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1. pulz:

2. pulz:

Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3
f
J t1 I TmiX I1>2_
7[/21“. \ ”/2[2.\' N

]]: > /7 ]]\
Qi 1. On 1. S S1
1 1 2l 15 > — COS erl [|\‘ +ban|rl ll-\'

—cos 1, 1. Phe TR >—cos 1, 1.

sin 21, 1

21, 2. s
ANy o T2l >sin 21, 1

148



Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

2 3

1
I }
J t1 I Trnix 2

mixing

smesovani: I, <->1,, —cosQ I, —=— (1~ f)cos Q, I,.
chemicka vyména

—(1=f)cosQt, I, —Z2he 5 TPhe (1 _ flcosQt, I,
th Lz i 4

- f2l, nf21, .
—fcosQt, I, —h 5 Bhe s foosQt 1,

3. pulz:
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

2 3

1
I }
J t1 I Trnix 2

(1= f)cos @ty 1, —2izhey il

t2: (1= f)cost,cos i, I, —(1 - f)sint, cos 2,1, I,

SR Q1 ity 1y,
feosQt 1, - -

detekce F = I (1—f)cosQt, cos Qit, + [ cos 1, cos 1,
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

l Fourier transform

FT zpracovani t, (1- f)A cos Qt, + fA) cos 1,

(2)

FT zpracovani t, (1- H)AYA" + A2 A"

I
0 frequency
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Modulace signall WH“ -
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2D NOE - transient NOE

3 (2D) noosy
3(1D)
selective 180
1D transient NOE % tau
snoe
1D steady-state NOE 00
Tipr. > 5Tl Land2
selective saturation

1D truncated-driven NOE (TOE) ).

T, variable

cyclenoe



Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

IBB 1515
n44—"II> 4 —i

”
&

2
n2 2 lep> ¥ Bas3 D lafs e W+ Bo> 3
,‘/ 0 .‘/(
1 »'/ 1 »'/
n 1 lotor> loor=
(a) (b)
S =n—n,+n,—n,
b e n=+(E+1 +S +2I5)
[ =n—n,+n,—n
N l 3 2 : :%(E_*_[ _S:_ZI:S:)
_ , , ,, _ 1
21.S. =n,—n,—n, +n, na=+(E-1 +S -2I5)
1
_T( _S:+2[:S:)

E=n+n,+n,+n,
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

X
n4 Bp BB

o Bo .

a nl aa b oo

I -Pozitivni NOE

A=1+90

W, prechod generuje ¢

pozitivni NOE 1 W, pfechod generuje
4 +

*%-% | negativni NOE

I,=nl1-n3+n2-n4 10

ae



Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

BB
- 4

4=3 EZ
< e 2
W, AW, Ws(
L4 d - IPae=> 3

2 lup=> ‘/( Pa=3 2 lap= Woan- >
e WD /"/W,“ )
1 7 1417
loror> loror=>
(a) (b)
dlz (1) _/(2,1 v v
L= (W + W W, + W),
—(W, = W,)s. - (W =W 2Ls,
IS (1) (2) (1) (2)
‘(”z =—(W, = W)L — (W + W + W, + Wy )s, — (W =W LS,
(12[:51 . (1) 17(2) (1) 1712)
=W =W = (W - WS,

(W WP+ W+ WP RLS,
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NOE SpectroscopY a EXchange SpectroscopY

Ny Solomonovy rovnice - reseni
S,°, L°rovnovazna velikost y

I, velikost pri ozarovani S
Ustaleny stav

0= '(Iz o Izo)( Wors + 2 WJI + WZIS) + Szo (WZIS — WOIS)

I -1° _ Wis = Wors
5° (Whors + 2Wi + W)
Szo = ()/S/ )/I)Izo
I-1¢ Wirs— Wors
NOE f{S}= —“—%= = (r/7)
I, (Whors + 2Wi + W)

Rychlost DD pfi¢né relaxace (W, — W) = O1g

Rychlost DD podélné relaxace (Wy;s + 2W,; + W) = pig

O1s
= (vs/vy)—
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Korelacni Cas

korelacni funkce ¢(7) = f(ft + 7)

korelacni Cas 2(7) = exp(—1/7.)

Debye r =4 mna’/3kT 1 — viskozita, a — polomér molekuly
T =102 W W,, molekulova hmotnost v Daltonech
¢ M

TC =0.4 1012 WM pro globuldrni proteiny

l ( o ) ‘\‘r}’lj(}" her,

meéreni korelacniho Casu ;75 = |

) /‘l"“
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Fourier Transform

Korelacni funkce a spektralni funkce hustoty

J(ow)

0 , 5x10°10 " 1x|10'9 At 1.5;(10'9 r2x1or9
time(s)
‘ = ~N T, = 5ns ’
L
\ J(w) = 2t /(1+w?*t2)
\
\
T, = 1ns \
\

109 1010 1011

. . 159, ,
| logaritmicka skala



Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

_ 1 6 ~ 1 ]
10 Te 1 + (w0 + w)’1> 1+ (w0 — ws)’72
_and

Pis = Wors + 2Wis + Wy

1 | L3 6
"7 |1+ (w, — w)rr 1+ &i2 1+ (w + ws)'T:

K = (u/4m)h/2m.y1.y5.1 3
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy heteronuklearni systém IS

Ys 6 1
St =|—
f{S} ( jr) [1 + (w; + ws) l + (w; — ws)zfgz:]

/ [ - 3 . 6
1 + (m, - ws) 1 + w?'rﬁ I + (o, + ws)27§
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NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy system IS

Dvouspinovy HOMONUKLEARNI systém IS

5+ w’rl — 40+
10 + 23w’72 + 4w*r?

JilS} = TMopan =
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NOE SpectroscopY a EXchange SpectroscopY

NOE £{S} = NOE max = vy,/2y,=1/2
05
o \
NOE
(Nmax)
0.5
00t 01 1 10 100
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NOE SpectroscopY a EXchange SpectroscopY

NOE F{S} = NOE max = v./2y;

M) 3 B¢
" oA \

31p
A _ 19¢

0.01 0.1 1 10 100
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NOE SpectroscopY a EXchange SpectroscopY

NOE £{S} = NOE max = y4/2y;
Negativni y;
NOE |
(M max) -
001 o1 1 10 100

4.12.2012
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2D NOE — transient NOE

tl

3 (2D)

3(1D)

selective 180

1D transient NOE % tau

1D steady-state NOE

land2
Tipr. > 5Tl

selective saturation

1D truncated-driven NOE (TOE) T,
T, variable

cyclenoe




tl

3 (2D)

05

Intensity

9 JUUNN VR TN o - l..l do )

e
i &
. A
i A
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1D steady-state NOE

Tirr. > 5Tl

1D truncated-driven NOE
(TOE)

T, variable

selective saturation

cyclenoe

1D transient NOE

3(1D)

selective 180

tau

anoe

small molecules wt << 1

Intensity |
-0.5 -

1 ]

1.5

-2

TOE
\

/1D transient (S spin)

/

1D transient (I spin)

0

1 2

I

-
large molecules wt.>> 1

-0.5 -

Intensity
-1 4

1D transient (I spin)

1D transient (S spin)

4 5
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Experimenty s prenosem koherence - homonuklearni
COSY

E D € B A

T

m
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Experimenty s prenosem koherence - homonuklearni

CH;0
ke BB [
nis Q8 2
= e Bw |
g . - CEN
; e ST
- R % am
Ra 4 HO™ 1
r ----- [ R I"Q B - .
T ; [
P 5 H-5 -> H-3 — > H-10 -> OH _
gora . o . morfin
e e . . H-10 -> H-9
[ 6 H-5 -> H16
|| . ” . H-16 —> H-11
| AL S R L B B R N B LR y
5 5 4 3 N
H8 H7 H5 H3 H9 H10 OH
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Experimenty s prenosem koherence - homonuklearni

I 90°(x) to both spi

[l-\- coupling N 211‘ ]2: oth spins N 211:[2-‘
spin | spin 2
t
COSY | & ID
1. Pulz — spin I;: [ — 2y e o]
. . Q l']l z g + 1
tl: - spin I, vliv Q —I,, — > —cos Qi) [ +sin i 1,

2[&]12!]1]:[

t: - spin I. viiv ] 25 —cosTt) ,f, cos 1, I +sin7t/,t, cos 21,21, 1.
' 1 12 ’

) 2,’1'.1121'][“[3: N ~AQ Y - vq )
sin€1, 1, >cos Tt sin it I +sin 7wl ot sin £, 21, 1
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Experimenty s prenosem koherence - homonuklearni

COSY | & [&

—cosmt/ pt, cos Qut, I, — e 5 The 5 cosa o, cosQ,f,@ {1}
sinzt/,t, cos 2,21, 1. 52he 5 Wl 5 _sinmlt, co.\'er- {2}
. nf2l, nf21;,
cos Tt/ t, sin 1, I, — L e s cosml sanr’ {3}
tf21, 2l
sinzt/ ot sin Q1 21, 1, — Ly TP —smzt/,,rlstr‘ 14}

3}- >®os wJ .1, sin€Q 1, cosmJ 1, cost, x f(€2,Q)) diagonalni peak

{4}- >@}in7ﬂ12t1 sin€,¢, sinswJ ,t, cosQ,t, « f(€2,L,) interakéni peak
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | & [>

{3 } cosAsinB:7{sin(B+A)+8'lﬂ(B—f‘i)}

cos Tt/ ,t, sin L1, = {-{sin(Q,rl + 7 1, )+ sin(Q,1, — itllztl)}

—I-J12-l—

I\ [\ AA A absorpce vers. disperse
A —-

sin" v kazdé dimenzi separatné

l Fourier transform E-E--
E E F
Q n sudé — absorpce (0,2,4,...) i - 1
n liché — disperse (1,3,5,...)
1 F2 1

frequency

~
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | - [& vliv zpracovani spekter
L L v YL
e el L4
Qg e (P G Q-mdsy <@>

Qq-mJ Qi oy ’
- +
TR pHEE QZ_RJ'IZ 92+TtJ12

diagonalni signal interakcni signal .



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | ¢ h&_ vliv zpracovani spekter
(a) (b)
Q Q,
\ - A
o d é
Qb By v @
0 I ® .

— Do—> 175



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | & :

diagonalni signal

(3} COSAS]I'IB:%{Sil](B-l'14)+Si|](B_‘Li)}

cos Tt/ ,t, sin L1, = —}{sin(erl + 7 1, )+ sin(Q,1, — itllzt)}

e A i A e o A g

-':::3;‘\\ i
S =T \
. T \'\\ ‘ “‘::-‘7:;‘."4&-
Sl Wy N
sl ll, N ~n
s T | R E T >
N WA AR o
S e =g =+ X
; = N r \( f‘j}
-
~ f
¥
N

76



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY

interakcni signal
- sin Bsin A =+41{—cos(B+ A)+cos(B—A)

Sin 7w/ 1, sin 1 = 51— cos( Lt + /4t ) + cos( 2,1, — 7/ 1,

o
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.
b2
L
e

h
2
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

DQF COSY | - “[ 2

Of v~ . / af2l, Tf21,,

—dsin/,t, cos it (21, 1, + 21,1, )

T

diagonalni pik interakni pik,o



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

DQF COSY | - ||[ 2

. . , mf2l, . brd 2
—4sin 7ty cos Qut, (21, L, + 21, 1, ) — ey T2

—dsinz/,t, cos 1, (21, 1,. + 21,1,

ithJut1 cosQ,t, sinmJ 1, cost, o« f(€2,Q)) _ o
diagonalni peak

inJrlet] cosQ ¢, sinmwJ,,t, cosQ,t, * f(QQ,) interakcni peak

polovicni citlivost
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

L
L

(a) (b)
Q, COSY £ DQF COSY
__ QB o
1 o\ Nl X
. l Qb
| vV Wi
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

chinin
4
S \3/\CH2
| 8\7 10
HO 6 T2
CH, 12\11/I\N/
?4 | H 1
0O 19 13 6a
23\T(|) \\r/\ia
21\22//15\N/17
16
WHL L Ll
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

AN
SO
7
DQFCOSY |
24 3 | H 1
| 19 13 6a
23\T(|>/ \\r/ \is
21\22//15\,\1/17
16

- R " ) .’ E(F1 )
E M - (ppm
—= 3 e - s
" d $10 £, 4 ' © o2
19 < E $ 9 = r
21 ¢ A
= 7.6 ' 3 30
_— ! | "18 g 6a
=78 ~ 35
22(—) 5 z » ] .:
“ 19;21 = 8.0 - 4.0
S— t g i
Y = 8.2 - 45
g = I 4
~ 8.4 - 5.0
3 .9 m C
—_— * 17 I!‘ 1718 - 86 ﬁ 11 - 55
""""I""""'I""|""I""""'I""1""I""""'J""'""I""""'I""""'\; “I"‘l""I“"I""l""l""l""l""l" 182
86 84 82 80 78 76 74 72 10 55 50 45 40 35 30 25 20

F2 (ppm) F2 (ppm)



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

4
[ |
DQF COSY o PN
2|4 1
(2)3\20/19\\14
| |
21\22//15

= 5
o o
o N

22>
19;21
b, '
— 447 W 17518

= 8.0

= 8.6

R R R D LA RAan T
8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2

F2 (ppm)

[T

AR R RN AR RN AR LR

F
7.0

LU L LR LAY LS LR AL Ly LR AL LA LA LAY LS LR R LAY LIRS L) RN LAY L) LR AL LAY LA L LR ) LR LA 3

7b LY |
2a 4 5p
2b 3
h J “ el A®
I
2 ] ® 0t ® - (pem)
§1.4
Voa ® 2—1,5
] W 8 ® -8
2 LI PY
:22
] e W o£ 24
§—2.6
= 28
[ | ] ;—3.0
= 32
= 34
= 36
8 @ n t |38

3.6 3.2 2.8 2.4 2.0 1.6 1.2
F2 (ppm)



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

TOCSY - TOtal Correlation SpectroscopY

EDC B A EDC B A
@ . A A
. B B r fy =3
o| D - D
B — isotropni smésovani
(DIPSI-2, MLEV-17, WALTZ, etc.)
COSY TOCSY

I,—> %(l +cos2mJ, T, ), + %(1 —-cos2al,t,, ), — sin(2JrJ12rmix)%(211y12x =21, 1,))

diagonalni pik  interakéni pik ZQ

I, —> %(1 +cos2mJ, T, ), + %(1 —-cos2ml T, )1, - Sin(2ﬂleTmix)%(211112y -21.1,.)

1y7 2z
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

TOCSY - TOtal Correlation SpectroscopY

chinin

2
3
:

B

2
%
1]

8

il
@ .
¥ O
B =
g -8
(3

| &
e &

1.4

1.6

-1.8

2.0

F2:2

2.4

N
)

2.8
3.0
3.2

3.4

T T T
34 32 30

g vk T T T T T T
28 26 24 22 20 18 16 14

"H Chemical Shift (ppm)

"H Chemical Shift (ppm)
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence — heteronuklearni

“ i | l L aan.gL

—1 CH,18 * : el
CH, 17
—— 12 , , o0 40
CH, 13
—] 11 * o -60
— 12 e I
10 - 13C
80
9 I
_ '
=100
PR— ‘ 5 |
» 3 ~120
—j, 7 «
— 8 " L
™ T T U T — 140
B 5 4 3

1H 186



Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

| t
1HJA; —>-

HMQC -Heteronuclear Multiple-Quantum

Correlation I t I
130 1
A —spin I, (J): —cosm/,A L +sinm/,A 21 T,
2. Pulz - spin IZ: 21,1, A)_zllmlzy
tl — vyvoj spin I, (Q,): =210, 1, — 2 s — cos Qu1, 21, 1, +sin Qyt, 21, 1,
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

| t
1HJA; —>-

HMQC -Heteronuclear Multiple-Quantum

Correlation I t I

130 1
3. Pulz — spin L,: —cos &1, 21, 1, —2 s —cos 1, 21, 1,
A=1/2] — spin I, (J): —cos €ty 21 I, —2Hutihe /) 5 cos i, 1,

J12

Fi i

L ig-12C vers, IH-13CHIIII freeeoe b oo -2,
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

HSQC -Heteronuclear Single-Quantum
Correlation

B: tl —vyvojspin I, (Q,): 211,

90° Pulzy — —cos{,t, 21,1,
spiny I; a L,:

C: A=1/2] — vyvoj spin I, (J):

i
- t1 I

|
| L
||
—1
||
ro| L
|
\/\)

1
|

Qo Iy, '
#—Cosgzrl 2[1:12\ +SIn erl 211:12,\'

. . 25 41,
+sm.(22I, 211‘_12)_ Plhithy) o

cos&t, 1.
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

HMQC —Heteronuclear Multiple-Quantum

Correlation

HMBC —Heteronuclear Multiple-Bond

Correlation

a ; ol
I*H; I 7
1 : : i AR
s I e B |
(b)
;—t2—>
: - [ TV
: : EVVVV
l 2 ‘l
N : A il
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HSQC -Heteronuclear Single-Quantum

““w Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

Correlation

T hlmam* 7

EF1
= (ppm)

— 20

= 40

= 60

= 80

= 100

=120

= 140

= 160

F2 (ppm)

HMBC —Heteronuclear Multiple-Bond

chinin
22
17 1819

1

e e

Correlation

24

8a
6a-P5a 5b

2a2b 3 4 8b

nanE

F1
(ppm)

E 20

-
I
-
[=1]
o

F2 (ppm) Pg. 35



Metody 2D FT NMR spektroskopie

Praktické aplikace

QSU webcourse
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Metody 2D FT NMR spektroskopie

Tvar Car a diskriminace frekvenci — 1D spektrum

S.(t)=ycosQrexp(—t/T,) S, (t)=ysin Qrexp(—t/T,)

S(t)=S,(t)+iS,(r)
— y(cosQI +7sin .Qf)CXp(—f/Tg)
=y exp(iQt)exp(—t/T,)

Y — amplituda signalu

] (0 —Q)T,

Alw) = > D(w)=- >
(@) (w— Q) T+1 (@) (0—-Q)° 17 +1

Lorentzv tvar spektralnich car

S(w)= FT[S(1)]
= y{A(®)+iD(®)}
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Vliv spektrometru

Metody 2D FT NMR spektroskopie

Faze

S(t) = 7 expl(idy, ) exp(i€2t) exp(~1/T;)

(Casové zpozdéni béhem detekce)

Re[S(1)] = y(cos @, cos Qr —sin g,
Im| S(1)] = 7(cos Gy, sin £ +sin ¢,

| FT

sin L) ex ( f/Tz)
cos ) exp(—/T,)

instr

instr

S(@) =y exp(idy HA(@) +iD(w)}

instr

4((0)—sm(b D(w))

instr

Re[S((o)] = (LOS -

(¢corr +

(‘?ﬂSl )

0 (ie. ¢

corr

- @

mstr)

S(@)eXp(iQeyr ) = 7 €XP(iBgre ) Xl NA(@) +iD()]
=7 e‘Xp(’.(.écorr + (.binstr ){A (D) +iD (0)} 194



Metody 2D FT NMR spektroskopie

Faze je libovolna

Zmeéna faze excitacniho | S, (1) = ysin Qrexp(—/T;) S, (t) ==y cos Qrexp(—1/T,)
pulzu 90, -> 90,

S(r) =S, (1)+iS,(1)
= y(sin Qr — i cos 2 Jexp(—/T,)
= y(=i)(cos Qr +isin Qr)exp(—t/T,)
= y(=i)exp(i€2)exp(~1/T;)
_ye\(p(lcb )exp(iQr)exp(—r/Tz)

exp

Pro @ = -90° plati, ze:  exp(id) = cos ¢ +isin@. so that exp(—i m/2) = —i).

S(w)=y(=i}{A(w)+iD(w)}
Re[S(w)|=yD(w)  Im[S(w)]=-yA(®) o




Metody 2D FT NMR spektroskopie

Diskriminace frekvenci — 1D spektrum

Detekce v jedné ose - x S(r) =y cos Qrexp(—t/T,)

(jednim detektorem)
S(t =-%)/[exp i)+ exp(— JQI)]e*(p( ~1/T,)

=Ly exp(iQt)exp(—t/T, )+ +y exp(—ix) exp(—1/T,)

 + 0 -
Re[S(w)] =47A, ++7A
“huk thid
® + 0 -
C S(t) = iy sin Qrexp(—t/T,)
 + 0 -

exp(iQr) —exp(—i&2)|exp(—/T,)

Detekce v jedné ose -
etekce v jedne ose -y P(,'Q,)exp(_r/Tz)—-é-}/exp(—fo)CXP(_’/Tz)

(jednim detektorem)
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Metody 2D FT NMR spektroskopie

Fazova a amplitufova modulace — 2D spektra

fazova modulace S(rl.rz)phase =}/exp(iQ,r,)exp( 6 /T, )exp(:Qr )e‘(p( /Tziza)

S(1), =y cos(,t, )exp(~, /1" )e\(p(l.Q, )exp(—rz/Tzfz;)

amplitudova modulace ’
S(t), =v Sin(Q,r,)exp(—t,/Tz"" )exp(i.(2212)exp(—rszz'-z’)

J t, I T Il: L 1. pulz: 90x (1= f)cos 21, I\, + feos&t 1,

L. pulz: S0y (1 - f)sin @, I, - fsinQyt, 1,
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

FT[exp('iQr)exp —tfT, )| = {A(a))+ iD(w)

fazova modulace S(t,. o, ohase =/ €XP i£2,1, )exp —r,/T;“'[Af} +in}’

(2)

Slo, .,

- -

L =7]A" +iDV] A% +iD

pha

Re|S(w,. w, hase | =
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

amplitudova modulace S(ty.@,) \& v cos(,t, ) exp(~1,/T," )[Aj}’ iD®

kosinovy Clen

S(t,. o, )C =4 )/[exp(iQ,rl )+ exp(—if,1, )]exp(—rl/Tz‘”)[Aiz’ + iDiZ)]

S(wn-a’z)c =—'2-]/[{A‘;” +iDi”}+{A‘;” } iD‘;”}][Aiz"’ +iDiz"]

Re[S(a)l.a)z)C] = —}y(Ail_)Aiz) —Di”DiZ))+%)/(A‘;”A12) —D‘;”Diz])
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

S(ty.0,)" = Re[S(1,.0,), |
=7 COS(QJl )exp(—I,/Tz“»’)AiZ)

S(t, a)2 2)/[exp iQ1,) +exp(—it,) ]exp( r,/T”’)A‘Z’

S(o,. (U’) 2)’[ A +iDV}+{AD +iD‘;“}]A‘f’

Re|S(,.0,)" ] = $1A0AP + 14042
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

.
amp”tUdOVé \randmace S(ty.,) \¢ v sin(€2 )exp( 1 /T"D"%Djf’]

sinovy cClen

S(t,, m,) _-,—y[exp i, )—exp(+i£2,1,) ]e‘(p( f/T"')[ "'+"Diz-"]

S(wrwz)s =7_'-,-}’[{Ai”+iD( ;}_{Af;n _ iDi”}][Aizj +iD12)

II'T][S((UI.(U?_)S] _ _"5'7’(‘4(;”&2) D”'D 7;)+ )/( 4“;4(7; D‘;I)Diz))

S(1.0,)" = Re[S [.0,). ]
= ysin(£2/, exp( /T”’)A\”’
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra
S(t.0,); = Re| S(1,.0,) |
= ysin(£Q exp( /T"')
S(T (l) = —)/[GX[) I.Q fl) exp(_iQ]’l)]GXD(—I,/T;'")Af'

S(a)l @,) =L y[{A +iDV} - {AV +iDV}]A>

Il'n[S((l)l.(1)2 )?e] = _"]2')4‘\1] :'Afrz" + _%_}4411:‘412)
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda States-Haberkorn a Rubenova (SHR)

Re[S(a), .(oz)ﬁe] = lm[S((ul.a)z)fe]

(2)

:[%_YAHJAQ: +‘5‘}441“Ai2)]—[—7}’4m4 +7y4m4 ]

(2)

_y41l|4~

S(t,.m,) S(rl.(oz)Re +i5‘(r,.(oz)Re

SHR

_ycos Qr e\(p( /T"')4 +,}/st, e\(p( /T") A2

= yexp( JQr,)exp( /T"') A%

(2)

S((l)l.(l)z) = y[A':” + ,‘D'il'] A

SHR

(2)

_}/41]!402: D'“L‘"

(')1
; 1. :
i cosine |
—
T 5
sine ;
_.(..1 +!..1
I :
difference !
! !
+£2,



Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda TPPI —

Time Proportional Phase Incrementation

0 +SW1
c i i
I I
—SW, 0 +SW,

cos(£2)1, + @) = cos 2,1 cosd —sin L2, sin ¢

cos(2t, + mf2) = cos 2, cos Tf2 —sin £t sin /2
= —sin L2/t

[

additional " |

o(1) =

. - . . | ; L
Of @ 44100 AT€ Tadians s7, that 1S @400

COS(.Q,f, + 61, )) = cos( 21, + O ygionaly)

— COS(QI + (Dadditional )[1
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda TPPI —

Time Proportional Phase Incrementation

OCO0CDOD - *
0000000600 * )
%aq . .
. OOOQO - v
* * UOUOQ
OUQOO + "
. Oogy
. Cn
o
- OOU
. OOOD
L3 - ("'Ia
N time
]
- .
*
-
]
*
. .
- *
-
L]
. . .t
- L]

(SW,
@ qditionat’1 = *7[\ 3 (”Al)

(SW, ) !
T n
L2 A 25w

Il
1

X

r2

f1 =2A
2

f1 =3A

X

{
.'1 2

f, =4A
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru car

Metoda Echo-Antiecho

P-spektrum - antiecho S(4 ‘,2)9 =7 exl)(iglfl)exl’(_rl/T;]:l)exl)(ingz)exp(—"z/T;z))

S(rl,rz)Nzyexp(—iQr exp( /T )exp i$t,) exp( /T' ')

N-spektrum - echo

—'_,-[S(T.I‘7) +S( Z)N]
,y[e\(p (i,1,)+exp(—if,t,) ]exp 6T, Jexp(if2,t, Jexp(—1, /T, )
Jex

Kosinova modulace QYCOSQ, p(- I/Tm)exp(,g,f,,)exp(D
7_17[5({1‘{2)p_5(rl‘{2)N]:

£ y|expl(ie,) — exp(=iyt, )| exp(—1, /T, ) exp(i€2,t, Jexp(—t, /T,?)

Sinova modulace = ysin(,1, ) exp(—, /Tz“’)exp(iﬂzrz)exp(—t@

 ——

Metoda SHR 206




Metody 2D FT NMR spektroskopie

Gradienty magnetického pole

(a) (b)
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Metody 2D FT NMR spektroskopie

Gradienty magnetického pole
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Metody 2D FT NMR spektroskopie

Gradienty magnetického pole

S
HMQC G
b
Psté)”
i Sl i -
I_I‘L ﬂ I-l I<l> ‘l’\vﬂvl\vzz
HSQC 5 — (1 [ wem
G B '
s e
Ps o — —=
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