Metody 2D FT NMR spektroskopie

Elementarni zaklady

Two-spin system AX

COSY — COrrelated SpectroscopY
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Metody 2D FT NMR spektroskopie

Elementarni zaklady
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

2 3

1
f
| KN E® b

sméSovani: I,, <->1,, —cos€, I, —= (1 - f)cosQy, I,
chemicka vyména

(1= f)eos @, 1, —He s TBhe (1 ficos I,

—fcos Qi I, — s TR feos Qi 1,

3. pulz:

121



Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY
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Metody 2D FT NMR spektroskopie

NOE SpectroscopY a EXchange SpectroscopY

1 2 3
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Metody 2D FT NMR spektroskopie

Modulace signald LWW - JL
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS
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I -Pozitivnhi NOE

A=1+0d

Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

Dvouspinovy systém IS
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

. B Solomonovy rovnice - reseni
2, 1°2rovnovazny velikost Y
velikost pfi ozarovani S

Ustaleny stav
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY
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Metody 2D FT NMR spektroskopie
NOE SpectroscopY a EXchange SpectroscopY

NOE max = v./2y,

10 100
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

[l coupling b [] ) frg_— 90°(r) to both spins b ‘F]._ !},

spin | spin 2
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | b
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

COSY | b

(3) cos Asin B=4{sin(B+ A)+sin(B - A)}

CoS Tt/ 1, sin L1, = {r{sin(ﬂ]r] + U oty )+ sin(£2,7, — M]Er}}
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - homonuklearni

2 DQF COSY I r

- ‘(1—!2—) :‘*]"[(frl +”1;.-)(!1_1_ +il,, )+(‘Fz.-.- _f!z_u.-)(‘(z_u. —il,, )]

21,1, +21,1, |

90°(x) —Lsin oty cos ity (21, Iy, + 21, I, | —22he 5 b
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

MQC -Heteronuclear Multiple-Quantum i i
Correlation I t I
1BC
A - spin I, (3): —cosT A I, +sinml ,A 21 1,
2. Pulz — spin L,: 20,1, —— 21,1,
tl1 — vyvoj spin I, (Q,): =21, 1, —E s —cos (1, 21, 1, +sin 1, 21, 1,
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni

1HJ A

MQC -Heteronuclear Multiple-Quantum

Correlation f
1BC
3. Pulz — spin I,: —cosq,t, 21, I, —F28 5 —cosQut, 21, 1.
A=1/2] —spin I, (J): —cosQ,t, 21, I, —2Euthiho 89Ch) 5 cosp, I
F1
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Metody 2D FT NMR spektroskopie

Experimenty s prenosem koherence - heteronuklearni
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HSQC -Heteronuclear Single-Quantum

Correlation ' | g |
136 : |
B: t1 —vyvojspin I, (Q,): =211, —= 25 —cos Q1 21,1, +sin 2,1, 211,
90° Pulzy — —cosQut, 21,1, +sin 2,1, 21, I, —)
spiny 1, a L! —cosQ,t, 21,1, —sin 1, 21, 1,
C: A=1/2] — vyvoj spin I, (J): cosut, 1.
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Metody 2D FT NMR spektroskopie

Tvar Car a diskriminace frekvenci — 1D spektrum
S (1)y=ycosQexp(—tf/T,) S, (t)=7ysinQrexp(—i/T,)

S(t)=S,(1)+iS,(1)
= y(cos £ +isin 1 )exp(—1fT, )
=y exp(iQt)exp(—/T,)

S(w)= FT[S(1)]
= y{A(0)+iD(w)}

] (0 — )7,

Alw) = 5 D(w) = 3
(@) (00— Q) T}+]1 (@) (00— Q) T} +]1
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Metody 2D FT NMR spektroskopie

Vliv spektrometru

Faze

S(ty=y exp(rd)mm) exp(if2r) cxp(—r/Tz)

Re| S(1)] = y(cos @, cos 2 —sin ¢,
[m[S (1) ] ]/(coa O, SIN L2 + 500 O,

| FT

sin Qr) ex p(—r/Tz)
Cos Qr) ex p(—r/?;)

instr

instr

(@) = 7 explidh J{A(®) +iD(0)}
Al®)—-sino, . D(w))

instr

Re[S(@)] = 7(cos i

CUII

+¢.) =0 (ie ¢

corr

— Im[S(m)] = v(cos ¢y, D(®) + sin ¢, , A(®))

rinstr

)

S(@)eXP(i@yre ) = ¥ eXPiQenrr ) XD A@) +iD()]
= 7 exp(i(Sear + P N A(@) +iD(@)}



Metody 2D FT NMR spektroskopie

Faze je libovolna

Zmena faze excitacniho | S (r) = y sin Qrexp(—/T, ) S, (1) = =y cos Qrexp(—1/T,)
pulzu 90, -> 90,

S(t) =S, (t)+iS(t)
= ¥(sin £ —icos QT)EKP(—-’/?;‘:)
= y(—i)(cos £ +isin ) EEP(—UTE)
= y(—i)exp(iQ2)exp(—t/T,)
= v explid,, ) explic2) exp(~1/T,)

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

S(w) =y(-ifA(w)+iD(w)}
Re[S(w)|=yD(w)  Im[S(w)|=-yA(®) 4




Metody 2D FT NMR spektroskopie

Diskriminace frekvenci — 1D spektrum

Detekce v jedné ose - x S(t) =y cos QA exp(—{T,)

(jednim detektorem)
S(t)y=4 }f[exp(fﬁr) + e}{p(—fﬂr)] exp(—t/T,)

=1y exp(iﬂr)exp(—rﬁg )+ 4y exp(—ig2x)exp(—t/T,)

1 + 0 -
Re[S(w)] =574, + L 7A
“had ot
{1 + 0 -
C S(r)= iy sin Qrexp(—r/ﬂ)
(1 + 0 -

Detekce v jedné ose - y
(jednim detektorem)




Metody 2D FT NMR spektroskopie

Fazova a amplitufova modulace — 2D spektra

fazova modulace S(rl.rz)phm = }/exp(f.f}]r] )exp(—r]/Tz”3')exp(;erz)exp(_rz/];[z])

S(1), = ?"3'3'5(91-’1)@Kp(—rl/?}”:')exp(fﬂzrz)exp(—rz/T2[33')

amplitudova modulace | .
S(r), =y sin(&t,)exp(=1,/T," Jexp(i€t, ) exp(~1, /T, )

1 2 3

J ' I - I t 1. pulz: 90x (1= f)cos 2, I, + feost, I,

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

Tvar Car — 2D spektra

FT[exp(Eﬂr)exp(—r‘/TE = {A(®)+iD(w)

fazova modulace S(t,) . = vexp(iQr, Jexp(—1,/T" ) A2 +iD?
S, 0, ohase 1 A +iD! ]][Af] +iD”
Re[S(,.0,),,...|= v(a"A% = D"D

L7
i
R
SRR
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T e
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

—

amplitudova modulace S(ty.0,) G 7 cos(Qy, )EKP("I/T“® D[:J]

kosinovy clen

S(r a}j }'[exp !QF)-I—E‘([)( I.QF ]exp( t, [T, [4 +iD\” ]

S(w,,m,) =+y[1A)"

c

S(ty.0,)" = Re[S(11.0,) |

=y cos(£2, )exp(—r] /?;“'])AP :
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

S(t.0,)" = Rﬂ[s(ﬁ-mz)c-]

=y cos(£2, )t‘:xp(—r] /IE[]-])AE'

S(Tl.ﬂ}a)ﬁe = %}'[’3'{[}(19 I )—i-{f:}{p _!-Q.f ]e}{p(_r /I;[]'])Af'

S({ﬂl -‘fJ[]'fJ — 'J}'HLU“—I-.’D[]J} {4[11+!D[]J}]4|’?|

Re[S(@,.,)"] = 47AVAR +470A2
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

-
amplitudova modulace S(1,.0,) e 7 sin(yt, ) exp(—, /TEH@QEJ

sinovy Clen

S(t.0,), = EH'Y[GKP(*FQJ] ) —exp(i€2t, )] exp(—r]/}fz[]-] )[AP] " *"Diz']]

S(0.0,), =% 7[{A" +iDf } - {4 -ip AP +iD]

(2)

Im[S(o,.0,) | =-47(A"A? £ DD ) +4y(AVA” - DV D)

S(1,.0,)" = Re[S(1.0,) |

= ysin(€Ly, )e}{p(—rl/T;]-} )Af‘ :
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Metody 2D FT NMR spektroskopie

Tvar Car — 2D spektra

S(ty.0,)" = Re[S(1y.0,), |

= ysin(£21, S‘J{p( /T“J)

S(rl 'wzfe - %}/[exp(fﬂlr] ) - EKP(_".erl)]EKP(—rl/?;[U)APJ

S(ml.mg)i‘ﬂ _ %}/[{AEJ + a’DJ[r“} - {AE” + *‘;Dil']}]ﬂim

[I’H[S(ml‘mz):‘ﬂl = —1AVAD + LA AR
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru cCar

)

Metoda States-Haberkorn a Rubenova (SHR) co';me .
Re[S (o,.0, )fe] - ImlS (0, 0,)" ] . . .
[APA A AR [4AAY AT T
= A AT e |
1.0, ) = S(t.0, )Re +iS(t,. 0, )Re . Q
= }fa;:ora(ﬂ]r])exl:r(_‘—r]/T;l')Af' +iy Hil](ﬂlﬁ)c}i[}(—f]/?:m)ﬂiz] _;_;.1 | ”31
= yexp(i€t, )exp(—r, [T," A difference
S(@,.0, ) = }f[Af ' +iD! :']Af :' i +ii'1

{2

(1) 402) sy l) 4 (2
=YA, A" +iD, A
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru cCar

Metoda TPPI —
Time Proportional Phase Incrementation

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

cos(2,t, + mf2) = cos 2,t cos TJ2 — sin L2, sin /2

a I J ‘ i '5.3"(?1) = O ygitionar’ |

of @ .. are radians s™', that is @
TN

c u LL COH(Q]I] + fﬁ'(ﬁ)) = C‘:’ﬁ(ﬂ1r1 + maddnimmrl)

= C(_'l:'-}(ﬂ] T @ ygditional )T]
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Time Proportional Phase Incrementation

Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru cCar

Metoda TPPI - O, qgitionarl 1 = jﬁ(g)(”ﬂ])

SW, !
= |
- 'E( 2 )(” 2SW, J

=n—
b
popooo G'I'Dnonc-ﬂ-:vo i °
DQD
. A GUDD O. L]
DOE‘DD X
Q':'c::-,:, * Iy
* T
P
- D':'Q 1_C|
. ’
L] - ¥
+ el fy
time
- P
L] 1_'lIL
- =4
i
2
+ I, =2A
. 1 .
»* * _L'. f
. M L Y 2
. t, =3A
X
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Metody 2D FT NMR spektroskopie

Frekvencni diskriminace a zachovani absorpciho tvaru cCar

Metoda Echo-Antiecho

P-spektrum - antiecho S(ty.1,), = ?"SKP(*"Q]F‘])EKP(—T]/TEH'])exp(iﬂzrz)exp(—rz/T;l‘)
N-spektrum - echo S(Tl-fg)w = }'exp(—i!} t c‘{p( /T )ca{p( erz)exp(_fz/}‘tz-])

%[S(rl"rz)p + S(rl‘rz)m] -
%}’[exp(iﬂlrl)Jr exp(—iQt, )]Exp(—fl/?"z“’)exp(fﬁzrg)exp(—rzfﬁm)

(osinova modulace (= y cos(€2,1, )exp(—, /sz)exp(fﬁzrz)ﬂm(@

e

%[S(rrrz)p - S(rr"z)w] -
+ylexp(ie2t,) —exp(=i2,)|exp(—t, /T, )exp(if2,t, )exp(—t, [T,

Sinova modulace & ysin(1, )exp(—1, /1,7 )expli€2,t, ) ex p(—fﬂp

 ——
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