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

ANE = hv

h - Planckova konstanta = 6,626.1034].s

E, R
hv = E,—E, l
\Y
spectrum
E;
energy

levels



NMR a energiove hladiny

Chemicky posun

vV — VTMS
6= :

VTMS J

Sopm = 10° x

% %
VTMS T™MS
<t+—— frequency
, V2 — VTMS , V1 — VTMS
(83 —81) = 10° x —10° x
VTMS VTMS A \
V2 — V] o N
6 2 _
= 10" x 0 Orms =0
VTMS

~}+—— chemical shift

(12 — ) = 107° X vrms X (82 — 81).
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NMR a energiove hladiny

Rotagni frekvence a energie
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27T
W
E=h—
27
one :h(l)



NMR a energiove hladiny
Nuklearni spin a spinové stavy

I=k*1, kjecelésislo0, 1, 2 .... spinove kvantove &islo

m = -I, -I+1, -I+2 ...... I-2,I-1, 1 magnetické kvantove &islo

prol =1 m
m = -2 f stav

Pro 2 spiny s I= > existuji 4 mozné kombinace stavi ao., af, fo a B
Pro 3 spiny s I= 2 existuje 8 moznosti kombinace stavd

aoa, aof, apa, Baa, app, pap, fpa, a BRP

Animated course — Basic concepts

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




NMR a energiove hladiny

En=m*vp; v, - Larmorova frekvence
poradové &islo spinu
E,=+"2 *vy, Eg=-"2 *v,
Vo | = _EM(] + 81) By wy = —y (1 +95)By

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

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

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



Zemske 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
Vyb&rové pravidlo
EB A m= —1/2 Am = m(initial state) — m(final state)
= +1.
Vop = EgE, l _
Vap= o, Vop = Ep — Lo
spectrum — —%Vo,l — (+%VO,1)
—_l m=41
E(z m=+'/ = —Vo.1-
energy

levels



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

NMR a energiove hladiny
Dva spiny

Larmorova frekvence

J, J,

- > vo,1 = ——1(1 +61)By
s

’ 2
|
vo2 = —z—»2(1 + 62) Bo.
2
vl = y2 homonuklearni systém

v1 # v2 heteronuklearni systém
Vo 0.1

2 v

number spin states energy
1 xo +3vo.1 + 5v0.2 + 31712
> 2
— > 2 off +3vo.1 — svo2 — /12
frequency 3 B —dvo1 + o2 — 41
4 Bp —3v0.1 — 3V0.2 + 1J12

E mym, = M1Vo.1 -+ mMavy2 + mimy J12

10
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NMR a energiove hladiny

Dva spiny

BB

of

Bo

(07— |

M = m; + m».

number spin states M

I oo I

2 af 0
3 Pu 0
4 Bp —1

Vybé&rové pravidlo AM = £+ 1
Dovolené prechody mezi
1-3a2-4, 1-2 a 3-4,

11



NMR a energiove hladiny

Dva spiny
Er — E|
+3v0.1 — 5v02 — 3J12 — (Gvo.1 + 3vo2 + $/12)
—vo,2 — 3J12
transition spin states  frequency

1 — 2 aa — off —vo2— )12

3—>4  Ba— BB —voo2+ 1)1

] -3 (XCY—),BO{ —vo‘]—%l]lg

2—>4  af —> BB —vo1+3J12

12



NMR a energiove hladiny

Dva spiny — jedno-kvantové prechody

Pro J<0
flips o /\p spin
o \p flip spin 2
13 24 12 34
t t
Vo1 Vo2

—_—
frequency

(), et



NMR a energiove hladiny

Dva spiny — vice-kvantove prechody

number spin states M
l oo l
2 af 0
3 Pa 0
4 Bp —1

BB T 4
14
[
Bo N of
5 23 H= 3
oLoL 1

14 — dvou-kvantovy prechod
23 — nul-kvantovy prechod

14



NMR a energiové hladiny

TFI spiny

Epyimgmy = MVo,1 +mavg 2 +m3vg s +nmymaJp +mumsJyz 4+ momzJo

number spin states M energy
l Qo 3 +svor+svoo2+ svos + S+ 313+ 1703
2 «fu 3 Havor —vo2+ 3vos — 1Jio+ 113 — 1723
3 Poc 3 —3vo1+3voo+ 3vos — 112 — 313 + 1723
4 ppa -5 —fvo1 — %o+ Svos+ 12— 113 — 123
5 aof 5 Fsvor 4+ svo2 — 303+ 1Ji2 — 313 — 123
6 app —5 +3vo.1 — 3v0.2 — $v03 — 112 — 313 + 1723
7 pap —5 —Vo1+ 3v02— 303 — i+ 33— 13
8 BBp —3 —4vo — $vo2 — Vo3 + 2+ 313 + 1723

4
off=ho

-<1—J12—l>-
J13 J‘|3
—_, e e
Vo.1
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NMR a energiové hladiny
TFI spiny

Spin 3
B[ ermesemeseemassen 8
Spin 3 «
Pho 4 OB wermrmmmemnmennes T F—
opor 2 Boao 3 OB ememnnm -
(A, e |

16



NMR a energiové hladiny
TFI spiny

transition state of spin 2 state of spin 3 frequency
1-3 o o —vo.1 — 5J12 — 513
24 B o —vo,1 + 3/12 — 5J13
5-7 o p —vo.1 — 3/12 + 3713
68 p p —vo.1 + 3/12 + 3713

Vyb&rové pravidlo AM = £+ 1
ale jen jeden spin mize zménit svaj stav

o o B B spin2
o P o P spin3
BB 8 13 57 24 68
-3 Jyis -

= Ji =

Pior 4 (075} R 6 y ------- 7

oo 2 Poo 3 OV o A— 5
/ 92 9 1$o 104 108
v
OL Ot e 1 01
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NMR a energiové hladiny

TFi spiny - subspektra

Spin 3 p 5

BB
Spin 3 « \ B
4 opp e T - —jlj

\ / %

y

2 Poo

o

oo 1

Efektivni Larmorova frekvence

V0.1

—=
J23

-

1

Vo2

<} — — J12 e

~
spin 3
in « state
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NMR a energiové hladiny

T¥i spiny — vice-kvantové prechody

transition initial state  final state frequency
1-2 |4 aaw ppo —vo.1 — Vo2 — 5J13 — 3J23
5-8 aaf Bpp —vo,1 — Vo2 + 313+ 323
1-3 -7 o pap —vo.1 — Vo3 — 5J12 — 3J23
2-8 afa BBp —vo.1 — Vo3 + 312 + 3J23
2_3 1-6 Ao app —vo2 — V03— $J12—3J13
3-8 Baa BBp —vo2—vo3+$J12+3J13

o [ spin3

14 58
BRo i _(;_11 3t ngq_

apo J2

Vo1 Vo2

 —
AL e 1 frequency




NMR a energiove hladiny

Dva spiny — silna interakce

Ad5= (Vo1 — Vo) < 7745

transition frequency intensity
[-2 D — ¥ — 471 (1 4+5in26)
3—4 D —3¥ +4J12 (1 —sin26)
-3 —5D — 53X —3Ji2 (1 —sin26)
2-4 —3D — 35X +5J12 (1 +5sin26)

9

] ) D) . } )
X =vy1+vo2 D= (vo1—v02)+ 5. sin 20 = —

2

. 2 o’
D” = (vo.1 —vo2)"+ Jj,

. 2 s .
~ (Vg1 — Vo.2)° <«<—— slaba interakce

Pro (voq1—Vvga) = 7*Jy, sin20=0.143, 0=4.1

20



NMR a energiove hladiny

Dva spiny — silna interakce
Ad1p < 7743

J J,=5Hz
? Voo = -10
Vo2
—c:>J12<)—
Y WA, \—1'? L— Voo = -20
Vo2
_{}qu_ 12 34
M M Voo = —-50
Vo2
13 24 12 34
ﬂ = = = = M ] Voo = —-90
0 20 40 60 80 ﬁa 100 '

frequency (Hz) ——= —~Vo.2

Striskovy efekt

2.10.2012 RF
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NMR a energiove hladiny

Dva spiny — silna interakce
Ad1p < 7743

<— ) —p>~ | B
<) —= ? - 2 : 2

—> J12 e i = J12 b

A J J k lp—l—\w_;—(s],-D %Z %J|3)+(—%D—J}-Z+’;‘J12)
34 12 24 13 —Z.

Vo.1 = 5(X 4+ (vo,1 —vp.2)) Vo2 = 3(X — (vo.1 — vp,2)).

22



NMR a energiové hladiny

T¥i spiny — ABX systém - subspektra

full spectrum U M

[ sub-spectrum U

50

v, +1
o sub-spectruyk JL k
) 10 40
" frequency (Hz)
~Voa2ax —VoB~ 2JBX —_—

4.10.2009
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Vektorovy model NMR

Larmorova precesni frekvence

= R

T~ 27T
X y

—

wy = —y By

Pravidlo pravé ruky
Pozor na znaménko v !



Vektorovy model NMR

Makroskopicka magnetizace

Smeér rotace je negativni — +x > -y!!

o 4
A magnetization M,
N vector o«
; / "
D
Q
©
B
By m=""2
M(M,, M,, M,) = = (w) Boltzmanova rovnice

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

spectrum

E( /._

energy

—m=+1/2

N, = Ng .exp(-(E, - Eg/KT)

levels

25



Vektorovy model NMR

Makroskopicka magnetizace

Vypoget obsazeni spinovych hladin
Boltzmanova rovnice

N, = N .exp(-(E, - E¢/KT)
Ve~V =-300MHz  E_ -E, =-500 000 000 . 6,626. 1034 = -3,313.10%]

k=1,3810723].deg! T=303K

N, =N . exp( 3.13/(1.38 x 303)x10%) = N; . exp( 0.0000749)

= N, . 1.0000749

26
Blana neni ve vystavenych studijnich materialech



Vektorovy model NMR

A
Z Detekce
- &
Bol g :
Pohyb vektoru magnetizace
\” —> —
N y du/dt = - y.Byx n
\ 4

(klasicka pohybova rovnice)
— — —_— = =) =)
MM, M,, M) = = (w dM/dt = - y.By XM = w x M

y

D T
NN RN,

! ad

o



Vektorovy model NMR

Detekce

M, = My sin B cos(wof)

time

RELAXACE => Blochova rovnice

—

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

Mx! {\ {\ {\ {\ /\ {\ My = — My sin  sin(wot).
\ Avnuﬂvnunv AAA
M, il
| MAAAA A
LA

28



Vektorovy model NMR
Rotujici souradna soustava

o O o P

BB DD D

PP



Vektorovy model NMR
Larmorova frekvence v rotujici souradné soustave — efektivni pole

Offset 2 = W) — Wrot. fram. -

®=—yB. w| =+y B
Q2Q=—yAB
Q2
AB = —=.
y

2 = wp — (—wRF)

= wq + WRE.
sinf =

B eff eff AB .

30



Vektorovy model NMR
Larmorova frekvence v rotujici souradné soustave — efektivni pole

Q2=—yAB.

w; =y B

Weff = Y Beft-

31



Vektorovy model NMR

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

@ p=90°

ﬁ = (D1tp
B =vy.t,.360°

)W: = jW() Ccos ,3 1’\4\. = —IW() sin ﬁ:

32



Vektorovy model NMR

RF pulzy — “tvrdé pulzy’

transmitter
frequency

ﬂ — (l_)]f], hence w; = —.

— 1.3 x 107 rad s— 1.

v,= 20 833,333 Hz

o
Je-li p =90° pro t, = 12 us potom
/2

mw) =
12 x 10~°

33



90’
RF I

YT,
MMUUUUUU‘

1 2 3

My = — Mg cos(£21)
M, = Moysin(€21).

Vektorovy model NMR

Detekce v rotujici souradné soustave

34



Vektorovy model NMR

Kalibrace rf pulzi

R
2
g
£
% /2 i 3n/2
flip angle -
_ . T T - B
T = w1180 ((:.)1/2%):,) Hz @ = — = — - =203 x 10° rad s~ ",
T 21180 1180 15.5 x 10=06
W] = =—,
1180 | I I .
(w/2m) = — = 32.3 kHz.

21180 2 x 155 x107°

35



Vektorovy model NMR

Spinové echo

SPANTANS

e ———

phase, ¢

0 T time - 2t



Vektorovy model NMR

Faze rf pulzi

37



Vektorovy model NMR

Relaxace
180° 90°
RF H T I
~att -
» WA

VY

increasing ©

I
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Vektorovy model NMR

Off-rezonanéni vlivy a slabé pulzy

10 20

) /@
Q ®,

My = | M? + M?.

39



Vektorovy model NMR

Selektivni excitace a slabé pulzy

strong pulse l Jk L
excitation MM

selective pulse —* J‘L A

offset ——

transmitter

NMRSIim demo

40



Vektorovy model NMR

Selektivni inverze a slabé pulzy

————A r11 pf 1~
@ 0.5 (;)/\W% /\/\
27 0 10 20 =
Mz e Q) o) Mz \
.

41



Vektorovy model NMR - shrnuti

Vysokofrekvencni vykon vytvari ve snimaci civce okolo méreného vzorku
oscilujici magnetickeé pole B, v definované sméru kolmém na smér
statickeho magnetického pole.

Toto linearné oscilujici pole muze byt rozloZzeno na dvé protismérné rotujici
magneticka pole. Pouze jedno z nich, majici shodnou frekvenci a smer 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 rezonancnim Larmorovym kmitoCtem nazyvana offset Q2
potom odpovida redukovanému magnetickému poli

AB =-Q/y.

Vektor magnetizace rotuje kolem efektivhiho magnetického pole, které je
vektorovym souctem AB + B,.

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

9.10.2012 VS "



Fourierova transformace a zpracovani dat

FID — free induction decay

nnﬁﬁhnn

YW :

i Tastliar e S Pt
FoELer \\‘L// \\i”// \\l”//

transformation N&-_—_*‘ﬁ_‘h““““-~h‘~_
v e
| =
\

frequency

43
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Fourierova transformace a zpracovani dat

FID — free induction decay

M, = My cos Q1
My = Mpsin Q1.

-

Sy(i) orimag. part S (f or real part

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

S(t) = Sy (1) +15,(1)
' = Sy cos Qf + 1.5y sin 21
= Spexp(i€2r).

—I
S(t) = Spexp(i2r) exp (T) .

3

-

time

44



Signal Amplitude
Signal Amplitude

Joseph Fourier
(1768 — 1830)

Signal Amplitude

Fourier Transform

]V

Frequency

Signal Amplitude




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, 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 (-1 .2m.v.t) dt

+ ©

- S(t) = [ S(v).exp (+i .2n.v.t) dv

- OO

Diskrétni Fourierova transformace — algoritmus Cooley a Tukey, 1966

47



Fourierova transformace a zpracovani dat

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

FIDW&**‘—*—*** Xvﬂvaoﬁw-—- W
\céi?ée%%wwwwwmw

wave
product MQQME \AM: sHA"A P
function \
5 v
e
O 0O
c
25
=
©c O
®3
® O
e iy Y

o

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

(a) 15 Hz 17 Hz 30 Hz

Wvﬂvavﬂvﬂv“x %%Wvﬂvﬂvf\ wvﬂv%ﬂmwvﬂvw

000t \AAAAAAA AR Anns mmw s
function /I \

integral

area under
- product function

o

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

(@) 10 Hz (b) 20 Hz () 30 Hz

FID YDA AcArs VL AAAAA A VAP AAAA s
soame \ A AAAAAAAA WY

wave

function

procct L\ A A A Vaafla s an nnt Yl ettt

[ SRR, remeem - —————————

v v

area under
product function

Y
0 5 10 15 20 25 30
frequency / Hz
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Fourierova transformace a zpracovani dat

Fourierova rada s(x) = £ C, enex

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

Nalezeni koeficientd Fourierovy rady = harmonicka analyza

51
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

Time domain

Frequency domain

|

an

h(t) = A

= 0

|t < To

|t] = 7.

[t]> Ty

' 2 sin (27T
H(f) = 247, 80,25Te/)

AH®
H) =4 |fI<f
W) = 2af, 028 L1) -4 Ui=s A
=0 |fI>f
: 1 s
Htf) :
s K P :
W)= K H(f) = K8(f) i

t (~
hit) L HIf) -

K

W) = k() H() =K i ¥
K

l T‘ i
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

hit)

; T ooe o |
-sr :n i TNJT".‘,T : % % . !‘. 2‘: Y
hit) '

: 1 Hin

HU) =45 fo)

i) = Acos @nfot) )
+ 48 + £

“ hit)

AN

VUYU

H() = —j48 ~ fo)

W)= Asin@zfot) O 2
; +iGoS+ 1)

Figure 2-11. Fou~.er transform pairs,
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

~
. Time domain Frequency domain
hit) ¢
a? ht) = —-A11+J;
- W e H) = ar S Grel)
0 [4]> 270 :
I
21, | R
i, A hit)
Konvoluce! . ]
H(f) = A2T4[Q(f + fo)
() = 2 : :
P . +OU S
- &  Sin 2x T, : 3 '
0 l>Ts ou) = inftle/)
T -
s 4o f i
o) = 5 q(r) . : Jron '
-I-%q(l-i—ﬁ) H(I)--;-+-%-cos(%) !

1 1 \f1=/fe
+zaq(t - : :
i ?z-ﬁk) ) sty /\

n | S
e G)= ﬂ—,;',‘L 1 AR
t ‘ “; i '. |
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

jro

1 1 nt

h(l)“-z— +TCOS(-T—°)
=T, @

=0 |t > To

T

H(f) = 50

- +gle(r+4r)
+0(/-577)]

ouy = 20 CxTel) S e NG

exponencielni funkce Aw

e

k1) = %acxp(—altl) ()

2
.H(f)=a—i_¥%!777 J

h(t) = (-1) e exp(—ar2) O

|
1

)= p (2222 /\

x4

Figure 2-11 (continued).
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni theorémy

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

sasové Skalovani  X(kt) - 1/k X(v/k)

gasovy posun X(t - 1)) e X(v)exp( -i2nvt))

modulace X(6). exp( i2mTvy) < X(v - v)

suda funkce Xe(t) < Xe(v) = Re(v) suda a redind
licha funkce Xo(t) <> i Xo(v) = iI5(v) licha a imaginarni

realna funkce X (t) - X(v) = Re(v) + 7 I5(v)
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Fourierova transformace a zpracovani dat

Fourierova transformace — zakladni vlastnosti

Konvolugni integral r(t)*S(t) = f F(T).S(t - 13) dt

FT konv. integralu S(r(t)*s(t)) = R(V)S(\/)

priklady

57



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 Carami
absorption

—1
—1 | | —1 |

2
frequency + So.2 expl(i221) exp == | + S0.3 exp(i23l) exp = ) .
I no ",
t
Q
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Fourierova transformace a zpracovani dat

Faze spektra
S.(t)=ycosQrexp(—t/T,) S, (t)=ysinQrexp(—t/T,)

S(t) =S (1)+iS,(r)
= vy(cos L2 +isin .Qr)exp(—f/Tz)
=y exp(iQt)exp(—t/T,)

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

Y — amplituda signalu

_ ] _ ((U _-Q)Tz |
Alw) D(w) = (- Q)12+

Lorentzav tvar spektralnich sar — \/
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Fourierova transformace a zpracovani dat

Faze spektra

Sy Sy
c ‘ h Sx (d) ﬂ& S
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Fourierova transformace a zpracovani dat

Faze spektra

fazova korekce fazové posunuty signal

o
EXP U Peorr) S(F) = expli Peorr) X |:50 expli¢h) expli Qr) exp (T)jl :

2

. | _’ |
eXPl Peorp ) S(H) = expli (oo + @) |:50 eXp(iS20) exp (T)i| .

"

-

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

. : : . =t
eXPl Qoo ) S(1) = S expli Q1) exp (T) :

2

Analogicky, korekce plati i ve frekvenéni doménsg

eXpli oo ) S(w). o



Fourierova transformace a zpracovani dat

Faze spektra — frekvensné& zavisla chyba

z

0 frequency

e

|
0 frequency

fazova chyba linearng zavisla na ofsetu
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Fourierova transformace a zpracovani dat

Zvyseni citlivosti

O WO W

-
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Fourierova transformace a zpracovani dat

Zvyseni citlivosti

original FID weighting function weighting function

weighted FID
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Fourierova transformace a zpracovani dat

Zvyseni rozliseni

A

T LT

e
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Fourierova transformace a zpracovani dat

Zvyseni rozliseni

W(t) = exp(—RLpt)

Lorentzian Prizpasobeny filtr (matched filter) R g =
R,
Avip=2Av,,"
Gaussian J W(f) — exp(_af2)~
\

Prizptisobeny filtr (matched filter) o = R,”

_ 1R *
AV, =2""Av,),
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Fourierova transformace a zpracovani dat

Zvyseni rozliseni

phase 0 /8 /4 /2

acq’ acq

Tt T — )t o [ (T — @)
W(t) = sin ( " ) . W() = sin ((7 ?) + 4)) . W(t) = sin” ( ¢ -I—qb) .

lac
acq acq
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Fourierova transformace a zpracovani dat

Doplrovani nulami

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

. T I:
A O 7 i
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Fourierova transformace a zpracovani dat

Zkraceni signalu (truncation)

nnﬂnnn

il

et e

16.10.2012 70



Jak pracuje spektrometr

Jednotlivé gasti

e Prevodnik

e Pulsni programator

e Pogitag



Jak pracuje spektrometr

Magnet

Properties Nitrogen Helium

Molecular weight 28 4

. .- . [7C] -196 -269
Normal boiling point I°K] 77 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™] [&10 125
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 ves ves
Fire hazard:  combustible no no
Fire hazard:  promotes ignition directly no no
Fire hazard:  liquefies oxygen and promotes ignition ves ves
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Jak pracuje spektrometr

Magnet — korekce (shims)

ﬁJ Spectrum before Adjustment Adjusted shim(s) Adjusted Spectrum
p Z
Lift/Spin f
\ _
Magnet
77

U 33' K Il

Shimcoil ‘
£ 72, 74 (7%

Probehead J
-
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Jak pracuje spektrometr

Sonda

match

tx/rx
-
#tu ne

18.10.2011



Jak pracuje spektrometr
Vlysilag — vykon vers. indukce rf pole

computer
control

synthesizer

gate| Nf=====- 7

amplifier

'

to probe

attenuator 1=~

POU( .

n

L, = 10 x log,, [dB]

P

out

1
10 X loglo — 10 X loglo 5 — —30

n

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

v 2

new ;- <
(I_)l /ZJ'T )

power ratio = —
o™ /2n

~

new s~ \ -

init /7
(1_)l /_,'T

W /2
“ (,_)llnl[/z:'..[

Relativni hodnota rf pole vyjadrena v decibelech
1dB: wl/w2 =1.120185

power ratio in dB = 10 log,, (
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Jak pracuje spektrometr

Vlysilag — fazové posunuté pulzy

@ ¥ s,
E .}x 2B cos wgrFt.
(b) y\ s,

f) B (B &
D £ @ R Ras!

S time ——
- . k=]

Y
. | 2B sin wrEt.
wﬂvﬂvﬂv IXRF
AN
NPAAN
D

NPANY,

%)
-

5 AN
N
ARWaAR

S0 o
SPaera




Jak pracuje spektrometr

3bitovy A/D prevodnik (8 Urovni)

2" =8
()
\ A\ / /
i I \ I \ i
A i BN i 3\ i
A i kY i 7
\ N 7
(b)
—

[ ]

1 4

A/D prevodnik

a (b)
n=6 bitd n=8 bitd
64 urovni 256 Urovni
WM JL-.

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

A/D prevodnik — vzorkovaci rychlost

TV
P

Nyquistova frekvence

I

2/

f }llalx —

I

z.fmax

f =1kHz=> A =500 us

max
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Jak pracuje spektrometr

A/D-prevodnik — prekladani signal

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

Prijimas

RGP_RX~

NC

26 6 EP HPPR  Control Section

RS485

' I l (from observe SGJ)

A/D prevodniky

SADC or HADC/2

RGP) oA
" X OXHIA
NMR Slgnaj1 RF . 90 (33 MH2) ] \CH A _\—< [ r
> lf T ? If mHDHHDH gl —
) 5
CH B
oo XH-Dke
Lokalni oscilptor I I
a0 IF-Section . | oy _—
J2|LO Settingl™! P = —<ADC
— { Bl
— D> )|
' 4 dBm D y
AQR RX-22
RF-Saction F — .
ZE REF AF-Section RGP ADC
J3 NG
*fsrg%BC;CU 3 x
| B Cok-
* (from observe SGU)
22 MHz 1
mezifrekvence
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Jak pracuje spektrometr

Kvadraturni detekce

M,

posmve frequency i‘
A Py (DY —
NPV VAN @@ smaSovag 4

\v/ A cosapl X cos mpx! = $A [cos(wp + @ )\ coslwy — )i ]

timg ————— =

{

M,

—__ A cos ! X(— .\‘in(urxl): %A [— sin{wg 4 @ )A+ sin(eg — )1 |

negative frequency

,/ W \qj W cosA.cosB=1/2(cos(A+B) + cos(A-B))
\\

c— cosA.sinB=1/2(sin(A+B) - sin(A-B))

timg —————— =

_.--""""’F#-F
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Jak pracuje spektrometr

Kvadraturni detekce

mixer
A Mx
o — -~ % —— s0C Hie- fzifllFDI%n + coslwg — el ]
low pass filter
from .
probe
mixer
X/ M, + sin{mg —
. . 0 — Wex ) ]
—b— —p— \NXS + ADC -b 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 — &as vers. frekvence

Sirka spektra f,, Akvizigni &as t,

N — poget akvizignich bod

A= : N=tacq.

fsw

A — vzorkovaci interval
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Jak pracuje spektrometr

Pulzni programator
INEPT s refokusaci

r2 phl r4 phZ r2 ph2 r4 ph
[04d 1504 [0d 1804
PLZ FPllz
0O 4B g 4B
Fz
ZE rZ ph4a rl phS rzZ pht
O 1804 a[0d 1804
Fl 12
a1l dlz d4 d4 a2 a2z
2 0ra 1lra Z0u 1lra lra 1lrma 1lra
Go loop
MC loop




;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 ph1):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

Jak pracuje spektrometr
Pulzni programator

ph1=0000000022222222
ph2=0 2

ph3=1133

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

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

;P12 : f2 channel - power level for pulse (default)

;pl12: f2 channel - power level for CPD/BB decoupling
;pl : 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 1/(6J(XH)) XH, XH2, XH3 positive

;o 1/(4)(XH)) XH onIy

; 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 seqgence

;$1d: ineptrd,v 1.8 2002/06/12 09:05:00 ber Exp § 23102012



Vektorovy model = Blochova rovnice

K
— — — — —
dM/dt - - Y'BO X M - MX/TZ'I - My/Tz.J = (MZ-MO)/Tl'k —
]
-> > -> i
M(t) = M,(t)+M,(t)+M,(t) = a(t).i + b(t).j+ c(t).k a6
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)

R31 | R32 | R33 Mz(0) Mz(t) =R31.Mx(0)+R32.My(0)+R33.Mz(0)
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R,(6) =

Vektorovy model = rotasni matice

0 0
cos 0O | sin@
-sin® | cos 6O

R,(9) =

Ccos i -sin
R(x) = |0 0
sin COS ¥
cos ¢ | sing
-sin¢ | cos ¢
0 0
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Souginovy operatorovy formalismus

Prestrucné opakovani zaklada kvantové mechaniky

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

Rotagni moment hybnosti

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

Hamiltonian Operator energie

Vlastni hodnoty operatord, vlastni funkce
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Souginovy operatorovy formalismus

Prestrucné opakovani zakladda kvantové mechaniky

Matice hustoty (operator)

Operator hustoty (téz matice hustoty nebo statisticky operator) je
operator pouZivany pro popis kvantového stavu systému. Na rozdil od
vinové funkce je obecné&jsi, protoze kromé &istych kvantovych stava popisuje
i m&ritelné vlastnosti statistickych soubori kvantovych stava, tedy pripad,
kdy pracujeme se smési raznych kvantovych stavii, které jsou zastoupeny s
jistymi pravdépodobnostmi. Takové statistické soubory se nazyvaiji
smisenymi stavy.

Operator hustoty se Siroce pouziva v teorii dekoherence a obecné v teorii
otevienych kvantovych systému, kdy se systém nevyviji koherentng, tj.
podle Schrodingerovy rovnice, ale je prab&zng maren svym okolim. V
takovém pripad& nelze formalismus vinové funkce vyuzit, protozZe systém je
procesem méareni z gistého kvantového stavu pomalu premaiovan na stav
smiseny.

Hamiltonian pulzt a vyvojovych intervali

o(t) = at)L + b(t) I, + c(t)L,

H.. =Ql

free

H =

pulse.x

I

| " x

Hpul.\'c.'\‘ a)l [_\'
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Souginovy operatorovy formalismus

Prestrucné opakovani zaklada kvantové mechaniky

Pohybova rovnice — Liouville-von Neumanova rovnice
o(t)/dt = -i.[H (1), o(t)]

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

H=wl  o0)=1L

O'(IP) = exp(—ia) 1 ) I exp(ia)l l_\.)

["pTx I"p
n'ad

s

90






Souginovy operatorovy formalismus

Prestrucné opakovani zaklada kvantové mechaniky

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

f

["p

O'(Tp) =cosof 1. —sinwt I
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Souginovy operatorovy formalismus

Standardni rotace

1. priklad exp(—i6l ) I, exp(i6l ) exp(—i6l,) I exp(ibl,)=cos@ I +sin6 I,

2. priklad exp(—i@[_\) {—II}exp(iGI\ )

exp(—i6l, ){~1_ }exp(i6l, )= cos6{-1_ }+sin6{-1,}
—cos6 . —sinb [,

Zkracena notace olt,)= CXP( a(0)explioyt,! )
o0 ofs)

o :
I cos oty I —sinwyt, [




Souginovy operatorovy formalismus

Spinové echo — priklad vypogtu

90° ‘
RFJ _ H _ 90°(x I—(Iel‘u t—| 80°(x -6—)del‘1\‘r / acquire
[
\M\ﬂ ~h A2

—, —2 5 —cosQt I +sin Q71

. oI
—cos Q1 [ +sin Q71— 5 5(e)

o I, .
—cos Qr [, —=— —cos Qtcosayt, I, —cos Qrsinayt, I,
—cos Q] —= 5 cos Q11

—cosQt 1 +sinQt], —Z>cosQt [, +sin Q71
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Souginovy operatorovy formalismus

Spinové echo — priklad vypostu

90" 180°
. | l 2 :
RFJ _ H _ 900(.\')|L(Ielayt—)| 80°(x) : deluyTLlcquire
21
A
acq
'R
cosQt [, — 2% 5 cos 21 cos 21 [, —sin Qtcos Q11
sin Q1 [, —%— cos QTsin Qt [, +5sin Qrsin Q71
(cos 27 cos Q7 +sin Q2tsin Q1) I, + (cos 2rsin 27 —sin 2T cos Q1)
1 0
o ] 907(x)-7-180"(x)—T— 1
Celkovy vysledek Z 7Ly
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Souginovy operatorovy formalismus

Dvouspinové operatory

Soufazové (in-phase) operatory - 6

spin 1: 1, 1, 1. spin2: I, I, 1,
B i i
“ “ “ ix A & hy
| |
Q, 2 2,

absorption dispersion
RCT at
‘ i Spin state
@ B ofspin2 ‘ "
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Souginovy operatorovy formalismus

Dvouspinové operatory

Antifazové (anti-phase) operatory - 4

—- Sy o-— —.'J12-4— 2/1XI22 | ‘ 2’1}/122
‘ ‘ ‘ ‘ Q,
O P {2,
2 2 21,15, 21, 1, -
Q) {2,
; 5 , . Vice-kvantové operatory - 4
Celkovy poget operatoru
4N (N je poget spina) multiple quantum:27, 1, 21,1, 21,1, 211,

pro N=2 tedy 16
Zbyvajici operatory - 2

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

Popis vlivu chemického posunu a rf pulzé na vyvoj matice hustoty

Dvou spinovy systém — vliv chemického posunu na I, =Q 1. +£1,.

tree

II ht !.):vl'lj-
/ Hige! [, —20e scos Q] +sin Q[ —20
lx )

[ !.)ll‘ll:-f-.(.):fl_:\:
lx

N

.+, . e
[, —=22 s cos Q) +sin 1

lx

N

Dvou spinovy systém — vliv rf pulzu v ose y na 21,1, H=wl, +0l,

W

=fxt2: ’

oy tf 1y

il

xf21,
21“12:% 21, 1, —

21, 21,
21, 1, — v 5 o [, P 5 op 1 o6

o4



Souginovy operatorovy formalismus

Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty

Hamiltonian H =2nr,1_1I,.

X y Zamé&na indexd
— rotace proti sméru hr

angle = nJt

>CoST i I +sinm/ 121, 1.

-

21 [N s cos ) L1210, 1, +sinmd Lt

lx*27
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Souginovy operatorovy formalismus

Popis vlivu spin-spinové skalarni interakce na vyvoj matice hustoty

Hamiltonian H =2nr,1_1I,.

2l Lt 1 G:N 2l St 1L, \t=1f]
]l.\' — /\IZ.J>2[I\']2: ]2\' — 2@_[2_\'
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Souginovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

90" 180 Homonuklearni systém
RFJ — ” -
- .- — 7—180%x, to spin | and spin 2) — 7—
21T

LiAA Chemicky posun je refokusovan (viz obrazek &. 36)
'

1. interval © I, —=ethe s cos ), T 1, +sin 78,7 21 1.

180° pulz cosm/,T I, +sin/,T 21, 1, e 3 Hu

. . .
cosm/ vl +sinm/,T 21 [,Z\———cosm/,tl, —sinm/,T21 I,

Spinové echo v homonuklearnim systému nema zadny vliv na vyvoj J

[1 r—180°(x)-71 R COS77Z]|7T ]l +sin 77‘:]171- f)[l [’ October 30, 2012 101
X = 2 o b= 2% =fivf2z



Souginovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

180 Homonuklearni systém

- - — 7— 180%(x, to spin 1 and spin 2) — 7—

LiAA Chemicky posun je refokusovan (viz obrazek &. 87/88)

'
Interkonverze soufazové a antifazove magnetizace
Tt =1/4] — 1/(4J,) — 180°(x) — 1/(4J,,) —

1807 (x)-1 , < .
I, >cos2m/,T I, +sin2m/,T 21, 1,.

L, -> 21, L,
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Souginovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

@ i Heteronuklearni systém
spin 1 — : Sekvence a — viz homonukledrni systém
spin 2 )
Sekvence b I, —5e s cos 7, T 1, +sin 78,7 21,1,

®
-

in 1 costl,,T Iy, +sin 7/, 21, 1y, {285 cos 1,7 1y, —sin )t 21, .
spin 2

@ cosmt],,T I, —Fhathil

Spin { ————— cosT/,T cos T, T 1, +sinm/,Tcosw,T 21, 1.

spin 2 ﬂ —sinm/,,T 21 I, 2ptheh:

:Il

X
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spin 1

spin 2

spin 1

spin 2

spin 1

spin 2

Souginovy operatorovy formalismus

Popis spinového echa ve dvouspinovém systému s J interakci

Heteronuklearni systém

Sekvence ¢ 11

X
T |-| T

2nhat iy A5 |
B2 s cosm/,t 1, +sinm/,T 21 .

cosm/,T Iy, +sinm/,T 21, 1, cosz:/,zz' I, —sinmt/,T 21 1.

I > I: (I, cos 2Qt + I, cos 2Q;t)

Ale vyvoj v disledku chemického posunu spinu I ziistava zachovan
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Souginovy operatorovy formalismus

Vice-kvantové &leny
Rad koherence - p L,2n,L, p==1
L,21,,, p=0
2L, p=0ip=+2

Zdvihové operatory (raising and lowering operators)

p=+1 I=1+il, I =I—i I

I=%4(1,+1) I =%(-1)

2]1'\.[2'\. =2 X%‘(IH_ + []_)X%_'([2+ + ]2—)
= ‘.5'(]1+12+ + ]1_12-)""1"(]“[2— t ]l~]2+)

p=+2 p=_2 p=0 p=0

p=-1
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Souginovy operatorovy formalismus

Vice-kvantové &leny

Rad koherence - p

double quantum part[2[l.\.[2_\.] = %(1,+12+ +1,1, )

— —_

S(I by, + 1 L) =$(1, + il (L, +iL,,)+ (1, — T, L, ~i,)]

[
tof—

F2]l.\'[2.\' + 21]_\'12_\‘]
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Souginovy operatorovy formalismus

Trispinové operatory

19)

(:4 o 5 Eispin2
o S o B spin3

4] 1 x/ 2z/ 3z

134E

Celkovy pocet operatort
4N (N je pocet spind)
pro N=3 tedy 64
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Souginovy operatorovy formalismus

Alternativni notace

IS spinovy systém 25y h, 21,5,

IS spinovy systém -CH;, -CH,
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Souginovy operatorovy formalismus
Vice-kvantové &leny - vyvoj

double quantum, p =12

DQ =4(21,1, -21,1,)

i+% j+

(1.0, +1.1,)

(1.1, -1.1.)

+5 j+

DQ\ =4(21,1, +21,1,)
zero quantum, p =20

ZQ"’_—,-(N I, +21.1 )

ix*®jx

’i‘([n[.f— 1 [~';+)

ZQ;,’” = %(2]5\ ],;.u.- - 2[:'_\-14.{\:) ’ll'r'(li+l.i— o ]i—l.;'+)

Popis vlivu chemického posunu

Qutl;, +Q 11,

DQ'" Q +

cos(£2, +£2

DQ! 2k s co s(Q +Q.
Q.

-Q.

TDQ'UI + \ll]( + Q )f DQ‘\I»

i)
)

IDQl " \ll’l( +0Q ), DQ

J

ZQ 2 cos(Q - Q. ) ZQ +sin(Q, -0, )i ZQ\"

\/

(2 -2)
2Q) —E s cos(Q = Q) ) ZQ) =sin(Q, - Q) QY
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Souginovy operatorovy formalismus

Vice-kvantové &leny - vyvoj
Popis vlivu spin-spinové interakce
DQ'" —— c0s g et DQV + cos g el 21, DQi?”' )
DQ." —— cos g o DQV —sin /g et 21,.DQ'”

ZQ\" —— costl g, 5t ZQ\ +sin g ot 21,.7Q"

Jpqeff — SOUCet J mezi spinem i a vSemi ostatnimi plus
souget mezi spinem j a vsemi ostatnimi

Jzq6fr — SOUGet J mezi spinem i a vSemi ostatnimi minus
souget mezi spinem j a vSemi ostatnimi
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2 spiny - CH

cos(wJr) | sin(w.fr)
2liz8x || 2I1zSx Sy
2lixSz | 2I1xSz Iy
Ix Ix 2ly Sz
Sx N Sx 21z Sy
3 spiny — CH,
cos(wJT) cos(ﬂj'r) shl(ﬂjr) sin(wJT) sin®(w.JT)
4l zI32z8x || 4lizIszS x 2[l1z+12z|Sy -Sx
4l 7zl xS x 4l 71> xS x 2l x Sy
4l1xI xSz || 4lixI:xSz 2Lixly+LiyIsx] 4I,vLy|Sz
4l 7zl xSz 4l zI5 xSz 2l1 71y
215 xS x 2l xS x 4l zI5 xSy
Sy
2l 7S x 2l 7S x +4l; 715 7Sy -2l z8x
2l xSz 2l; xSz Iy
Sx S x 21 z+12z|Sy -4l 7178 x
2l xIr x 21, xI> x 4L xIy+hiylax]Sz 21y Ly
2l zI> x 2l zIo x 4l zIsy Sz
Inx Lx' 2L,y Sz




4 spiny -

CH,

|| cos®(sm.Fr) cos?(m.Fr) cos(r.Fr) loe? (. Fr) siu(mFr) $os(or Fr)siu(mrFr) |[|oos(mFr)siv? (o fr)| sw(orFr) sin?(or.fr) = (ar.fr)
8L glaglazSx || BLiglaglazSx AL gl g+ zlaz 2Lg+hg -By
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T I T
50 " 50 40 3 f
. 30 20
. 2
Figure 4.1: Coupled *C spectrum of sucrose obtained in 64 scans
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Figure 4.2 Broadband decoupled *C spectrum of sucrose otzzined in 64 SCiny
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Pulzni sekvence — editace spekter
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Metody 1D FT NMR spektroskopie

APT

APT (c) (b) (a)
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Fig. 2.9: Dependence of signal intensities on the delay 7 in the APT experiment.
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Fig. 2.33: (A) Pulse sequence for the SEMUT experiment. (B) Be sEMUT spectrum of a region of
cholesterol.
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SEMUT
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Relativni citlivost
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Prenos polarizace

INEPT™
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o0 180 9o, Prenos polarizace — INEPT bez refokusace
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Prenos polarizace — INEPT s refokusaci
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Prenos polarizace — INEPT — r&izné varianty
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Prenos polarizace — INEPT — r&izné varianty
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Prenos polarizace — DEPT

X
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Prenos polarizace — DEPT vers. INEPT
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Fig. 2.26: Dependence of signal intensities of CH3, CH» and CH carbons in the DEPT experiment on
the angle 6y of the last polarisation pulse.
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Prenos polarizace — DEPT - r&zné varianty
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Elementarni zaklady

Two-spin system AX

COSY — COrrelated SpectroscopY

|+ -

8X 6A

1 1

2 JI N —T N
F1

2 | =5,

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

: evolution — detection
— preparation mixing
[ [
1 2
a b c
4 '/.’
ff/' -'/'
r'," ./'
i
F, y ) /,.
:"’/( -'}/'
20| s ® . o
/'/ ,"'{' 7 i
0.0 F2 80
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1. pulz:

t1: —]

2. pulz:

Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

Iy

1 2 3
t
_I t1 I TmR I[::f;}_
mf21 N nf2 12.\. . __
[l: l 4 4 [l)‘
Qr 1, Q. 1, .
— ri2s s —cos i, I, +sinQt, I,
21 . 21,5,
—cosQt, I, F2he o 72h, >—cosQt, 1.

sinQ2 1 1

21 . 21 . s
he 5 PR s6inQt,
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NOE SpectroscopY a EXchange SpectroscopY

2 3

1
I §
J t1 I Trnix 2

sm&Sovani: I, <->1,, —cosQ, [, —— —(1 - f)cos 1, I,
chemicka vymeéna

—~(1=f)cos Q, 1. he 5 TBhe 5(1— f)cos O, I,

. f2l, nf21, .
—feosQt, I, —Hh 5 b s feos Qi 1,

3. pulz:
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NOE SpectroscopY a EXchange SpectroscopY

2 3

1
I §
J t1 I Trnix 2

(1—f)cosQ, I, —zhe 5 hhlx 4
t2: (1= f)cosQt,cosQt, I,, — (1 — f)sinQt, cos 2y, 1,

: .(.)!-\[- .(.)'\’\['V_
_f COS‘QIII [2\ L2 1z ) e )

f COS szz COS Qﬂ] 12_\- - fs‘m -szz COS'QIII 12-'5

detekce F = I (1= f)cos i, cos it + [ cos £2,t, cos it
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NOE SpectroscopY a EXchange SpectroscopY

l Fourier transform

FT zpracovani t, (1— f)AY cos Qit, + A cos Qt,

(2)

FT zpracovani t, (1= F)APAD 4 A2 4D

!5 frequency
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Modulace signali WH“ -

W,+ﬂL@ N
N c \/_,JL

140
tz F2 i1 F1



Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS

1B J515)
n44—;|I> 4 ;”>

W » - IBee= 3

e A
/. W\ | W
1 »'/ 1 »/
n 1 loror> loror>
() (b)
S =n—n,+n,—n,
b e n=+E+I1+S +2I5)
I.=n—ny+n,—n, n=t(E+1 —S —215)
21.S.=n,—n,—n, +n, na=+(E-1 +5 -215)
n,=+(E-1 -S +2L5)

E=n+n,+n,+n,
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NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS

_12 -]3
n4 Bp BB

I -Pozitivni NOE

A=1+0

W, prechod generuje c

pozitivni NOE W, prechod generuje

| negativni NOE
nl-n3 + n2-n4 1

%
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

BB BB
4= 4 "T
Ve &
w2 W2
Lo Wy s
2 Poa=3 2 lap> . - | W P> 3
a‘/( O a‘/(
- a
- w1 W
s s s
1 » 1 »
loror> loror>
(a) (b)
d/ , ,
L= (W + W+ W, + W),
dr * -

o (“/2 o H/() )S' B (‘JVIH' - ‘/‘/1(2")21:5:

=00, = W) = (W W W, )5, = (W - W RS
C

B (W)= (- ),

—(W" W W+ W RLS,
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

B Solomonovy rovnice - Feseni
5.,°, I°rovnovazna velikost Y
I, velikost pri ozarovani S

Ustaleny stav

0 =-(L,— LO)(Wpys + 2W;; + W) + S0 (Wors — W)

I-1p _ Wiis — Wors
S,° (Wors + 2Wir + W)
Szo = (VS/ VI)IZO
I -1° Wirs— Wors O1s
NOE £{S}= =% = = (vs/y)—
I Ip (rs/1) (Wois + 2Wip + Wop) " prs

RYChIOSt DD pFI'c“:né relaxace (WZIS - WOIS) —_ OIS

Rychlost DD podélné relaxace (W + 2W,; + Woie) = pis
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NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS

1 K2 6 1
10 Te 1 + (w0, + w)*12 1+ (w0, — ws)’72
. and

s = Wors + 2Wiys + W

1, { 3 6
= - + +
T [1 +(w, — we)’rs 1+ wjm; 1+ (o + ws)z'r,f]

K = (uo/4m)h/2m.y1.y5.r 35
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NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy heteronuklearni system IS

Vs 6 1
2y S —-_ —
f{ I ('}’1) [1 + (w; + cos)zq'f I + (w, — ws)z'rg]

/ [ 1 3 6
1 + (0 — )12 1 + wit? I + (0 + wo)’7?
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NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS

Dvouspinovy HOMONUKLEARNI systém IS

2.2
5+ w'rt. — 401t

S = max -
S} = The = 7071 230772 + dew'r?
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NOE SpectroscopY a EXchange SpectroscopY

NOE f£{S} = NOE max = y;/2y;=1/2
os
N\
NOE
(Nmax)
0.5
o0 01 1 10 100
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NOE SpectroscopY a EXchange SpectroscopY

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

2
1]

NOE |

Moy TN\ kc
0§ ]
1~ 19F
0.01 0:1 N ; o l'l||o B m”1loo
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NOE SpectroscopY a EXchange SpectroscopY

NOE fi{s} — NOE max = YS/ZYI

Negativni y;

0.01 0.1 1 10 100

4.12.2012
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Experimenty s prenosem koherence - homonuklearni
12

CH20 .
: kodein

i BHEY |
nis &8 [
-] [
: '_ 14
3 & w3 NCH;
: (- IS % am I
goowe "'O.ﬂ 8 - :—4 A
AP -
m 9 H-5 -> H-3 — > H-10 -> OH
o 5 a
E n . H-10 -> H-9
[ 6 H-5 -> H16
|| I “ H-16 —> H-11
T T T T — 7
5 5 4 3
H8 H7  H5H3 H9 HI10 OH
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Experimenty s prenosem koherence - homonuklearni

]“ coupling N 2[] . [2: 90"(x) to both spins N 21]:[2‘
spin 1 spin 2
COSY | ¢ [>
_ cni . af2ly, . wf2h,
1. Pulz — spin I: I, L >—1,,
. . Q- e %
tl: - spin Il vliv C2; -, —+— —cos L1, I;, +sin Qi 1,
2nliphh by

—cos 21, 1,

tH: - spin Il V|iVJ12 > —cos Tt/ ,f, cos L2 11) +sin 7w/t cos 1,21, 1.

. 201 s . . .
sin€t, 1, B2 5 cos T ot sin €28, 1, +sin o) 1, sin £2,1, 21, 1.
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ [>

nf2l,, nf2i,,
—cos Tt/ ot cos Qt I, — e 5 TBhe 5 cosq]t, cos it 1, {1}

. . mf2l . mf2i,, . . .
singt/ f, cos 1, 21, I, —e s TP s —ging) 1 cos 21,1, {2}

cosTt/ oty sin @t I, — L 5 TP o]t sin Qi 1 {3}
sint/ b sinQyt, 21, I, — 2 5 TP s ging] ot sin Q21,1 {4}
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Experimenty s prenosem koherence - homonuklearni

COSY | ¢ b

{3 } cos Asin B:%{“i"(3+x4)+sin(B—A)}

cos/,yty sin i1, = ${sin(, + 77 1, )+ sin(L21, — 77 1)}

I‘\I\A{\np —- Jyo -—

l Fourier transform ¢

Q J12
’\ 1
.

frequency 2

~

i
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Experimenty s prenosem koherence - homonuklearni
COSY

2 -
) \“ R T T -
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY t o

4 sin Bsin A =4{—cos(B+ A)+cos(B—A)

Sin 7w/ 1, sin 2t = +1—cos( Lt + /4, ) + cos( 2,1, — 7/ 1,
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Experimenty s prenosem koherence - homonuklearni

2 DQF COSY | - “[ 2

- ilz,,)(lz.'. _i[l‘ )]

90°(x) |

. mf21, . af2l,,
'_'.1'_)".\“] TC]lzfl CO\Q]II (2[1\12‘ -+ 2[1\[2‘) " L > ; —

—sin 7w/ 1, cos it (21, 1, + 21, 1, )
t t

diagonalni pik interakeni pik..
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Experimenty s prenosem koherence — heteronuklearni

L

|J’| IJ

CH, 18
CH, 17

16
14
CH, 13
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o0
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&0
13C
a0
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Experimenty s prenosem koherence - heteronuklearni

t
A | ﬂ LA NG
1HJA; —>

HMQC -Heteronuclear Multiple-Quantum

Correlation I t I
130 1
A —spin I, (J): —cosm/p,A I, +sinm/,A 21, 1,
2. Pulz — spin I,: 21, Iy, —2 221, 1,
t1 — vyvoj spin I, (Q,): =21, 1, — s —cos 1, 21, 1, +sin 1, 21, 1,
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Experimenty s prenosem koherence - heteronuklearni

t
A | ﬂ LA NG
1HJA; —>

HMQC -Heteronuclear Multiple-Quantum

Correlation I f I

130 1
3. Pulz — spin L,: —cos€,t) 21, 1, —22 5 —cos Qu1, 21, 1,
A=1/2] — spin I, (J): —cos €, 21, 1, — el FV) o650, I,

Ji2

F —

L ig-12C vers, 1H-13CHIIIIII D S -2,
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Experimenty s prenosem koherence - heteronuklearni

HSQC -Heteronuclear Single-Quantum
Correlation

B: t1 —vyvojspin I, (Q,): 215,

90° Pulzy - —cosut) 211,
spiny I, a I,:

C: A=1/2] — vyvoj spin I, (J):

|
—~

Ja'gl H Ig'
1H 2 2 2
) t | ]
1

Q-0 Is. I
%_COSQZII 2[1:12\ +sIn QZ’] 211."12-‘(

. af201 +1, )
+sin,t, 21, .1, Plhithy)

cos{t, 1,,.
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Prakticke aplikace

OSU webcourse
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Metody 2D FT NMR spektroskopie

Tvar &ar a diskriminace frekvenci — 1D spektrum
S.(t)=ycosQrexp(—t/T,) S, (t)=ysinQrexp(—t/T,)

S(t) =S (1)+iS,(r)
= y(cos £ +isin Qt)exp(—/T,)
— y expli€2t)exp(—i/T;)

S(w) = FT[S(r)]
= y{A(w)+iD(w)}

Y — amplituda signalu

_ l _ ((D _Q)Tz |
Alw) D(w) = (- Q)12+

Lorentzav tvar spektralnich sar — \/
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Faze

VIIV Spektrometru S(f) =7 CXp(ininslr)eXp(fo)CXp(—f/Tz)
(sasové zpozd&ni behem detekce)

Re[S(] }/(Losd)mmLosQr—smd)mwstr) p( /Tz)

Im[S(r)] = v(cos &, sin £ +sin @, cos ) exp(—r/Tz)
| FT

S(@) =y explidye N A(@) +iD(w)}

Re[S(a))] =y(cos o, Al®)—sind,  D(w))
Im[ S(®@)] = 7(cos Gy D(@) + sin ¢y A @))

instr

- @

mstr)

+ @) =0 (ie. ¢

corr corr

S(w)explid,,. )=yexplid,,, )explid, {4 ®)+iD(w)}
=7 exXp(i(9en + G fA@) +iD(@)} g



Metody 2D FT NMR spektroskopie

Faze je libovolna

Zmena faze excitagniho | s (1)=ysin Qrexp(—1fT,) S,(1)=—ycos & exp(—/T,)
pulzu 90, -> 90,

S(t) =S, (t)+iS,(1)
= y(sin £ —icos 2 Jexp(—/T,)
= y(=i)(cos Qr +isin Qr)exp(—t/T,)
= y(=i)exp(iL2)exp(—{T,)
=y exp(z(bexp) exp(i€r)exp(—1/T;)

Pro @ = -90° plati, ze:  exp(id) = cosd +isin é. so that exp(—i 2) = —i).

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




Metody 2D FT NMR spektroskopie

Diskriminace frekvenci — 1D spektrum

Detekce v jedné ose - x S(t) =y cos Qt exp(=1/T,)
(jednim detektorem)

S(r)y=4 }/[exp(iQt) -+ exp(—iQr)] exp(—/T,)
=Ly exp(iQt)exp(—H/T, )+ +y exp(—iL2)exp(—t/T,)

o
»

@ + 0 - ’
Re[S(w)] =494, +$7A
“hoak kil
 + 0 -
C S(t)=iysin Qrexp(—r/Tz)
 + 0 -

Detekce v jedné ose - y
(jednim detektorem)
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Metody 2D FT NMR spektroskopie

Fazova a amplitufova modulace — 2D spektra

fazova modulace S(rl'rz)phase — )/exp(i.Q,rl )exp(—rl/TZ“’)exl)(,'gzrz)exp(_{z/thzp)

S(t), =y cos(2yt, )exp(—rl/Tz”:')exp(iﬂzrz)exp(—rz/Tz‘z’)

amplitudova modulace | .
S(1), =y Si“(anl)CXP(—II/Tz”' \)exp(iﬂzrz)exp(—Q/Tz‘z")

J t, I T I[ L 1. pulz: 90x (1—f)cos 1, I\, + fecost 1,

1. pulz: 90y  —(1- £)sin Q1 I, — fsin, I,
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Metody 2D FT NMR spektroskopie

Tvar &ar — 2D spektra

amplitudova modulace S(1.0,) e v cos(2t, ) exp(—1, /T, AT HiD

kosinovy ¢&len

S 0,), = +v{ex12) + expl -6 exp(t /T A2 41D

5(w1~(02)c =5Y[{Ain +iD(+”}+{A‘;” ) iD‘;”}][Aiz"’ +I-D(+2,'J]
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Metody 2D FT NMR spektroskopie

Tvar gar — 2D spektra

S(’l (02 — Re[S 1,0, ]
=y cos(t, Jexp(—1, /1,") A

S(1,.0,)" 2y[exp i) +exp(—iy, )|exp(—, /1,7 A

S(o.0,)" =$y[{AD +iDV} +{AD +iD AR

Re 1 1A(2) 4 Laa(l) 4(2)
Re[s(wrwz)(. ] =5s7AVA + 594 VA Y
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Metody 2D FT NMR spektroskopie

Tvar &ar — 2D spektra

—£5—
amplitudové modulace S(ty.@,) e v sin(,1, ) exp(~1, /T, ID ND?

sinovy &len

5(,].(02)5=7}7y[exp(iQIr,)—exp( i) ]exp( —,]T,"" [Am Di?.]

S(@,.0,), =+7|{AV +iDf} {4 Lip" A +iD”

ll"ll[S((01~(02)S] — _,i.y(Ail:lAjLz) Dil:'Diz))ﬁ'%}’(Ail:'Aim —Di”Diz))

S(t,)" = Re[S(1.0,) |
= }’sm(.Qr CXp( /TIII)AM,
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Metody 2D FT NMR spektroskopie

Tvar &ar — 2D spektra
S(t,.m,)" = Re[S ]
— }/hll] C"([)( /Tlln)
S(Tl (0 =57 y[exp IQ ’l) eXp(_"Qlﬁ)]exp(—r,/T_f'")Af"

5((0l @,) = £y[{AV +iD"} - 1A +iDM}]A®

Im[S((l)l.(xz)2 )se] _ _%%4111‘412) n %)441“,4?:'
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Metody 2D FT NMR spektroskopie

Frekvengni diskriminace a zachovani absorpgiho tvaru sar

Metoda States-Haberkorn a Rubenova (SHR) co(?ine
Re[S(a)l NOX )?e] - Im[S(a)l L@, )Re] . L
—[774"'4'7' +-r)’4"'4'°’] [—T)/A"'A"' +-ry4"'4'°'] - —sg.q 0 +g>
=A% - sine
S(1.0,) g = S(r,.(oz)t{e +1'S(r,.a)2)tze .
— y cos(2t, ) exp(—, TV )AZ + iy sin(@n)exp(-1/TV)A o T g
- yexp IQ r )exp( /Tm) A7 d|ffelrence

(2)

S(w,.,) :y[A‘“+iD“']4 > | |

SHR

(2)

=1A"AY +iDV A



Metody 2D FT NMR spektroskopie

Frekvengni diskriminace a zachovani absorpgiho tvaru sar

Metoda TPPI —
Time Proportional Phase Incrementation

cos(£2,t, + @) = cos 2,1 cos —sin £/t sin @

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

= —sin £t

a l‘ ‘ i ‘P(’l)=(‘)addmona1’1

of @ .. are radians s™', that is @,
JYEE
0 +SW,
. u u COS(.QITI + (D(f])) = COS(QIII + (Dadditionalrl )
—sw, 0 +SW,

= COS(Ql + @ gditional )rl
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Time Proportional Phase Incrementation

Metody 2D FT NMR spektroskopie

Frekvengni diskriminace a zachovani absorpgiho tvaru sar

Metoda TPPI —

OoQCDOD * - +e
. @000000g,, *
Poog, . *
000 - .
. ¢ Cog
* 0000
o
. 000 ¢ .
Og
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[ ] uo
- Bog
. o

. Cog

N J

. time

.
- +
.
L J
.
+
. .
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-
.
[ .. Wi
.

(SW,
@ qditional’ 1 = 27[\ 5 (”Al)

e
L2 N asw

—X
i
2
t, =24
-y
i
2
t, = 3.\J_|{>_
X
t
t, 2
f,=4A
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Metody 2D FT NMR spektroskopie

Frekvengni diskriminace a zachovani absorpgiho tvaru sar

Metoda Echo-Antiecho

P-spektrum - antiecho S(t,.1 ) = yexp(if2,,) exp( /T )exp(z.Qt exp( ra/T' ')
N-spektrum - echo S(rl.rz)N:yexp(—iQt exp( /T )exp Qut, exp( /T' ')

J;[S(rl.rz)p +S(’1-l‘z)N] _
%V[CXI3(iQI’1)+ exp(—if2 1, )]exp(—r, [T, )expli€2,t, Jexp(—1, /T,
Kosinova modulace (= y cos(€2,1,Jexp(—1, /1,7 )explist, ) expl—t, / 1,2

C —

21','[5(’1~’z)p _S(’1~’2)N] B

frV[eX[)(fQ,f,) —exp(—if2, )]exp(—rl/Tz‘”) exp(i,t, )exp(~t, /T,?)

Sinova modulace Cysin(Q,t, )exp(—, /Tz‘”)exp(iﬂzrz)exp(—fﬂp

C —

Metoda SHR 1



