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spinova difuze a separace lokalnich poli
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Objev vice-rozmérné NMR spektroskopie (1971)

Prenos magnetizace pres vazebné elektrony
(konektivita retézce)

Predndska na letni $kole v Basko Polje, Jugosldvie, 1971
Dvoudimenzionalni NMR, COSY

Aue W.P., Bartholdi E., Ernst R.R.
2D Spectroscopy. Application to NMR, J. Chem. Phys. (1976); 64: 229.
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2D korelacni NMR v pevné fazi - 1985

Morfologie polymernich smési

Caravatti P., Neuenschwander P., Erst R.R.
Characterization of Heterogeneous Polymer Blends by 2D 1H Spin Diffusion Spectroscopy,

Macromolecules. (1985); 18: 119.
PS OCH, PVME
~eri-on,- ocH oo~

2D 'H MAS NMR pulse sequence b " | 3,
P arom. || alih.
o " .|| aliph.
BR24 10'3";‘(’)‘5 . BR24 LA AV
54° 9 s 0°  54° — ~—

o (NN IEREE I —

neml’sitelny

Stafetovy pfenos polarizace
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Dipolarni interakce v homonuklearnim systému
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Multipulsni homodekaplink - 1968

Efektivni precese pod “Magicka krychle”
magickym Uhlem
B

/-
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Kontinualni homodekaplink

FSLG dekaplink

Mimorezonan¢ni podminka ALG(02) = (‘)1/*/5

Doba trvani jednoho pulsu r= 2m) |2
/"//\\,, w N3

Pak nasleduje zména faze _

a offsetu ALG(02) = _wl/ﬁ

T odpovida 2m rotaci kolem efektivniho pole.

W oot

-
M

-0\2 +02
02=zxw/2 |ea] =B8]
van Rossum BJ.; Foerster H.; De Groot HIM. e ;.,%.: ) ab maé:, T

High-Field and High-Speed CP-MAS '3C NMR Heteronuclear Dipolar-Correlation Spectroscopy of Solids with
Frequency-Switched Lee-Goldburg Homonuclear Decoupling, J. Magn. Reson. 124, 516, (1997).




Kontinualni homodekaplink

Fazové modulovany
Lee-Goldburgtyv experiment

Fazova modulace

#t) = ot
i ,»On-resonance 904,35, PMLG Spinova s WPMLG
| o] = /N2 experiment . difuse

_  —

2

Doba trvani LG cyklu

tLG =4/ (23)(2”/("1) Trajektorie rf pole 'H-TH PMLG w-PMLG

fopie iy " béhem cyklu PMLG-9
Celkova fazova zména béhem

jednoho LG cyklu

T =‘wPMLG‘tLG =2078

\

'H-'H Spinova vyména (difuse)

Vybér a prenos magnetizace

90,35, PMLG

Spinovégo“ss" w-PMLG

difuse
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b T

Rychlost spinové vym  &ny:  am(rt) _ a [ 2 a[,a [ 0
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2D spin-difuzni 'H-'"H NMR experimenty

2D 'H MAS NMR pulse sequence

Obecny dvouslozkovy systém v 1D *H NMR spektru

BR24 Mixing
100-300ps
54> 90° 90°  54°
(g ()
FazovE separované domény A.....B
) 1
I
} @ @ rr} Obecny dvouslozkovy systém ve 2D
} | spektru
I
EElaka
|
,,,,Qi‘g ,,,,,,,,, E ,,,,,, B
~ A a+a A
b+b
o A b+a
A
a+b
a b ppm

a b ppm
Weak off-diagonal signals are detected
- small portion of polarization was
transferred from A to B

Only diagonal signals are detected -
no polarization transfer occurs

L

Molekularni komplex A-B

A‘ ‘B
‘ ‘ b+a
a+b
Strong off-diagonal signals are detected

-polarization was completely
transferred from A to B

ss NMR - 2D spin-difuzni experimenty

Polymer blend
Polycarbonate - Polyethyleneoxide (PC-PEO)

2D '"H MAS NMR pulse sequence

BR24 - BR24
Mixing
54° 90° 90°  54°
PEO(CH,) e I‘I IIII |l| III
( )2 ( )2n

Amorphous phase PEO-PC
intimately mixed

Amorphous PE-irside
PEO spherulites

Crystallites

o Sopm

Brus J. et al.,
Order and mobility in polycarbonate-poly(ethylene
oxide) blends, Macromolecules (2000); 33: 6448.

%haw and size is not
well-defined




ss NMR - 2D spin-difuzni experimenty

Blokovy kopolymer
. 2D "H MAS NMR pult
Polyethyleneoxide-Polyethylene pise sequence
lixing
PEO-PE BR24 050ms  BR4
54°  90° 90°  54°
[ ( )n
=\ Crystalline PE Crystalline PEO
T T8 Somm 6.5 nm 5.5nm

Triple-component

10 process
L K
08
06
Double-component
04 process
02 <~
1.0-0.5 nm
.0+ T T T T T T 1 Amorphous interface
o 12 3 5., 8,
1"/ms'"®
Brus J. et al.,
Potential and limitations of 2D H-1-H-1 spil hi CRAMPS experiments to

characterize structures of organic solids, MONATSHEFTE FUR CHEMIE (2002); 133: 1587.

ss NMR - 2D spin-difuzni experimenty

1 cames, uus, 3006, maze

Siloxanova sit’

Vyvoj intenzity korela €nich signal 1

0.14 i
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, d,.s =220 M
0.12 d,,=066m  TTiTiTIioTiue
. d =0.0 nm
0.10
S d ., =0.45nm
'ﬁ 0.08-| d,.s =0.60 nm .
= " d'=0.0nm Velikost klastrd:
Q = ’
b= 0.06 w-HB OH 1.5-2.0nm
= sHBOH <1.0 nm
0.04 n-HB OH 0.5-0.4nm
0.02
0.00
0

> Smé&Sovaci tas




ss NMR - 2D spin-difuzni experimenty

Modifikovana
siloxanova sit’

rHez=—=

4.49 ppm _ o 24
6.54 ppnr™ l B L =<0))
4 S
6 - - f - PN
52 (4 J
8- Y
Vyvoj intenzity korela €nich 10 : ) !
012+ T, =2.10 nm 10 8 6 4 2 §/ppm
signal 1.24 nm
.28 nm
d.,,=0.70mm Velikost klast i:
d,, =1.09 nm W-HBOH ~ 2.0 nm
d,=0.07 nm s-HBOH ~1.0 nm
n-HB OH ? (izolované)
Me ~1.0 nm
d, e =2.20 M
d e =0.61nm
d =0.08 nm

Méreni meziatomovych vzdalenosti
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Méreni meziatomovych vzdalenosti

TH NMR ZH NMR

D,-

4000 2000 0 2000 S/ppm

D;f DAVUZ(NH;) 5Q(NH3+) 1

Der AVl/z(CHz) JQ(CHZ) 3

Spinova vyména je ovlivnéna segmentalnim
pohybem, rozsah ovlivnéni lze odhadnout z
kvadrupolovych interakéncih konstant.

Méreni meziatomovych vzdalenosti

Mezimolekularni
vzdalenosti mohou byt
teoreticky ziskany z
vyvoje spinové difuse.

0.1600 - R
V§voj signalu
korelujici
012001 Vivoj signilu , et
korelujici a-H. » . ¥
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NMR krystalografie - 2006...

XRD

Reutzel-Edens S. et al. Crystal Growth & Design 3, 897 (2003)

ss-NMR

[

o o .

"H Cherical Shift (ppmy)

2 1 & & 4 2
14 Chernieal Shift ppm)

Elena B. et al. J. Am. Chem. Soc. (2006); 128, 9555.

NMR krystalografie - parametry krystalové bunky
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NMR krystalografie

Elena B. et al.
Solid-state 1H NMR crystallography, J. Am. Chem. Soc. (2005); 127(25), 9140.

Elena B. et al.
Molecular Structure Determination in Powders by NMR Crystallography from
Proton Spin Diffusion, J. Am. Chem. Soc. (2006); 128, 9555.

- oHy
£
H Cra
s
£
o P = [
1H1.'H spin difiusion mixing tma (ms)

population

SRR C TS o8

4 (ru") B
M(t,7g) = exp(-K 7o M, (t0)  Plrg)=exp-Krg)M? i s e e
N ... Functional dependence on internuclear distance 2
calg -t
X’= Z ( (;2 i )

2D dvoukvantové 'H-'H korelacni techniky

Steven P. Brown and Hans Wolfgang Spiess.
Advanced Solid-State NMR Methods for the Elucidation of Structure and Dynamics of D
Molecular, Macromolecular, and Supramolecular Systems, Chem. Rev. 2001, 101, 4125-

4155

Excitation Reconversion

Vi IkHz
Acquisition
10 X5 H: t
n=1-4 n
15 x2 }Q }Q }Q }Q
0 15 2
Steven P. Brown p=0
1972 2
25 X125

* Z(Zeni signald - pouze rotace vzorku 30 kHz.
* Teplotné stabilni latka.
N * Ridka 'H-'H interakéni sit'.

) i 3 B FI * Neuplatiiuje se spinova difuze.
* Existence dvou dipolarné interagujicich H atoma.

M o * Meziatomova vzdalenost nepfesahne 3-4 A.
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Jednokvantova vs. dvoukvantova

Izolovany spin | = 1/2

m=+1/2 T " ;
=+

koherence

Dipolarné interagujici par

spint | = 1/2

o

0] g — 0Op/2 sQ

m=-1/2 4L M=0 # l
| T 1 { ba

g + op/2 SQ

Ly !

Am==1 Jednokvantova
koherence M=_1

) V NMR spektru
pozorujeme dubletu

p

V NMR spektru
pozorujeme singlet

Plati i pro spin-spinové interakce

2D dvoukvantové 'H-H korelacni

Steven P. Brown and Hans Wolfgang Spiess.
Advanced Solid-State NMR Methods for the Elucidation of Structure and Dynamics of
Molecular, Macromolecular, and Supramolecular Systems, Chem. Rev. 2001, 101, 4125-
4155

Ve IkHz
Dvoukvantovy Hamiltonian 1 x5

Hxx _Hyy ‘5 A
0

* DQC - neni pfimo sledovatelna
- 2D experiment.

x125
* Rotor-synchronizovany L\A

experiment.

* Excitace - vyvoj - zpétna s

konverze. R T A M T
* S klesajici silou dipolarnich

interakci - vétsi pocet cykla. MO o o

He cH,

techniky

DQ
Excitation Reconversion
L RN .

90° -
Acqulsl‘tlon

1H: 2
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Dvoukvantova koherence

V prvnim p Fiblizeni je intenzita

signél t druhé mocnin &
dipolarni interakce,

- — >

B & g s
00 — ;3
) L|° E
Intenzita signalu je nep fimo A B i o ;
Gmérna Sesté mocnin & — I : 5
vzdalenosti . . F ‘g
3
A A R
= Q
E— =
o0 : 3
= o
DQC se vyvine pouze tehdy ! K
pokud jsou jadra skute &n& A o8
velmi blizko sebe single-quantum dimension

Rotor synchronizovana 2D DQ MAS spektra

Excitation

* Inkrement DQC (t,) = jedna perioda rotace.

* Rotacni signaly jsou zcela potlaceny.

* Excitace - vyvoj - zpétna konverze. 14
* S klesajici silou dipolarnich interakci - vétsi pocet cyklu.

90°

Reconversion

.

Acquisi‘tion

q%%%%

a A B < b A [4
8 8
_ 10 / 10
e - @ 12 5 12 é
5 g
D> 4 1> s
N~ e “ g “ g
AB ( n.j E =
\E% m he
18 18
| i
20 20
1 s 8 7 6 5 4pm L
single quantum single quantum

hY
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Jak dosahnout lepsiho rozliseni

Zavedni homodekaplovacich sekvenci do
obou detekénich period

h 7/
S || uneMacns O s

4 .

g

Steven P. Brown Anne Lesage, Be ‘ne " dicte Elena, and Lyndon Emsley
Probing Proton-Proton Proximities in the Solid State: High-ResolutionTwo-
Dimensional 1H-1H Double-Quantum CRAMPS NMR Spectroscopy, J. Am.
Chem. Soc. 2004, 126, 13230-13231.

1
Proton Single-Quantum Frequency (ppm)
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2D 3H-3H korelace - dosah az 13 A

oy ox
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il T o af
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}_“".‘[.',;\f“\f"-“v‘ s W3 Q Q 3"‘
1 ook CooK*

« Experiment d=435(0.02)8
Simulation

5 b i
. r——a,
il S
H (@) or (b) .
cp TR SO (TG SO TR A
m‘,, [ I e 8 10 12 1
Time / ms
=144 224
vobey d=144(22)
5 b S {
08 ek —
| L
0 4 8 12 1
Time / ms
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Dipol-dipolové interakce a meziatomova vzdalenost

Dipolarni oscilace a Fourierova transformace

Dipolar oscillation of 13C NMR signal in a

'k

A= /Jo (xogo-1pr,s

B D - dipolar coupling constant depends on 1/r¢,>.

B D - dipolar coupling constant should be constant for
all C-H pairs in CH or CH, groups as bond length is
always ca. 0.11 nm

typical C-H group

lFT

Dipolar spectrum of Scaling of D
C-H group .
0,1nm . a( S ]?
12,5 kHz CH —
s 2
S =sing, ‘/,
sing, = 0816
9, =547
-20000 0 20000 40000

-40000

Presné méreni N...H vzdalenosti

90° Decoupling
LGCP (TPPM)

. Acquisition
15N: - -i t'Z

Histidin.HCI
105pm

ppr
-54
109 pm @ H 0+

A

5,

Nizka citlivost experimentu v pfirozeném 10

A )
5600 Hz 6300 Hz

g

zastoupeni.

Experimentalni ¢as pro ziskani 2D 1H-15N
dipolarniho spektra je cca.2-5 dni

$
T T T T T T
195 190 185 180 175 170 ppm
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Homodekaplink: BR24, FSLG, PMLG 2D spinova difuse

2D*H-'H CRAMPS

BRA g BR2A Y

547 90" 90 54 VT
. .

C 2n [

DQ koherence: BABA

I Solid-state NMR
' and ..

= | ‘
N %

Spinova difuse a morfologie polymerG
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