- Teoreticke zaklady
»>spin nukleond, spin jadra, kvantova cisla
»energeticke stavy jadra v magnetickém poli
»rezonancni podminka

- Instrumentace - vyvoj technik
»pulsni metody, pulsni sekvence
»>relaxacni procesy, FID, Fourierova transformace

- NMR spektra a jejich interpretace
»chemicky posun, spin-spinove interakce
»integralni intenzita
»vicedimenzionalni NMR




b
- teoreticke zaklady
 spin jadra, kvantova cCisla
»spinovy rotacni moment (moment hybnosti)

» kvantoveé cislo jaderneho spinu |
> pro NMR - jadras|#0

> 1=0 -sudé hmotnostni a atomové éislo - 12C, 160
> | =celociselné - sudé hmotnostni a liché atomové Cislo
“ 14N, 1OB, 2H
» | = polovinové - liché hmotnostni Cislo
v 1H, 13C, 15N, 19F, ZQSi, 31P
» projekce spinu magnetické kvantove Cislo
jaderného spinu - M,




NEUSPORADANE JADERNE SPINY

* \/ zakladnim stavu nejsou jaderné spiny usporadany
a neexistuje mezi nimi zadny energeticky rozdil.
Jsou tzv. degenerovaneé:
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Vliv magnetickeho pole (I = 1/2)

* Vlivem silného externiho magnetického pole dojde vsak
K jejich usporadani bud v souhlasném nebo opacném smeru:
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» VVzdy existuje maly prebytek jader usporadanych souhlasné
se smerem externiho magnetického pole nez nesouhlasném.




Energie a citlivost

* Energie (Jjednoho spinu) je primo umerna magnetickému
momentu jadra a velikosti externino magnetického pole:

-

13 —
YL =06,7281ad /Gl e ~ gax citlivéjsi nes 1°C

y'H =26,753 rad / G jen z duvodu konstanty y

gyromagneticky pomer




Zvysujici se rozdil v populacich obou spinovych stavl a
a p pro jadro 'H vlivem vyssiho externiho magnetického
pole.

teoretické
zaklady

Je-li stav B obsazen 10° spinu, stav a obsahuje108+prebytek.

2114 7
900 MHz

* energeticke stavy

jadra v magnetickém
poli

235T
100 MHz

POPULACE

16 spinu

64 spinu

135 spinu
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- klasicke priblizeni

PRECESNI POHYB

» Z pohledu klasicke mechaniky vykonava vektor magnetickeho
momentu precesni pohyb okolo osy z (smeru externiho
magnetickeho pole). Frekvence tohoto pohybu se nazyva
[ armorova frekvence a znaci se :

®, = -y B, (radiany)




MAKROSKOPICKA MAGNETIZACE

* Nyni je mozné zavest pojem makroskopicka magnetizace,
M, ktery je primo umerny rozdilu populam (N, - NB)
kdy byly pfispévky jednotlivych vektort zprumerovany




PO L

« Spinovy systém — skupina spinu spojenych nepfimou
spin-spinovou (J) interakci.

« Abychom mohli pochopit relaxace, je nutné zavest soubor
spinu (spinovych systemu).

*To je v praxi cely vzorek pro NMR méreni, €ili cca 102
spinovych systému. Takovy soubor se popisuje pomoci
statisticke fyziky.

» Magnetizace vzorku, kterou merime = stredni hodnota
magnetickeho jaderneho dipolu v celem souboru (krat
pocCet Castic).



NMR excitace

« Zdrojem energie pro excitaci jader je oscilujici
elektromagneticke zareni s frekvenci w_ generovane
stfidavym proudem :

B, =C * cos (u,t)

sklapéci
puls

Vysilac (y)

- Je-li frekvence RF pole B, a precesniho pohybu
magnetizace M stejna, je dosazeno tzv. rezonancni
podminky a systéem absorbuje energii.



! Delka pulsu a sklapéci uhel

+ Sklapéci uhel 6, je uhel vychyleni makroskopické
magnetizace z rovnhovazneho stavu do roviny <xy>. Zavisi
na velikosti RF pole B,, dobé jeho pusobeni t,a
gyromagneticke konstante y mereneho jadra.
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1D Pulsni sekvence

Vektorove:

A<Z

P

detekce
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1D Pulsni sekvence

Schéematicky:

90, 90,
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A Z A Z

M,, y
2, o0
° °y y
Laboratorni soustava Rotujici soustava

* V rotujicim systemu souradnic se vektor M, nepohybuje za
podminky, Ze jsme v rezonanci (o pole B, je presne frekvence
jadra w,). Jsme-li mimo rezonanci, pohyb vektoru je stale
pomaly ve srovnani s rychlosti rotace o,.



Navrat magnetizace M, zpét do rovnovahy
(detekce NMR signalu)

» Pri absenci externiho mag. pole B, se M, bude snazit prejit
zpét na M (rovnovaha) obnovenim pﬁvncjni distribuce populaci
N,/ Ng . Tento jev se nazyva relaxace.

A Z Z

M rovnovaha... M,
xy X X
f\ | > >
1) ]
y
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« Oscilace vektoru Mw vytvari fluktujici magneticke pole, ktere
generuje elektricky proud v pfijimaci civce:
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Free Induction Decay FID

‘

« Z divodu relaxace NMR odezvy jednotlivych jader zanikaji.
Tento zanik probiha exponencialné a ziskame tak signal,
ktery je superpozici cosinove a exponencialni funkce.

spin-spinova

spin-mrizkova

To je ve skute¢nosti zjednoduseni, které plati jen za




Sp
relaxace

Podelna (= longitudinalni, spin-mrizkova) relaxace (T,):

» Tyka se komponenty M, spinove P
magnetizace, ktera je rovhnobezna M, y
s magnetickym polem v ose z. ¥

>

- Spinovy system ztraci energii
— energie se prenasi na okoli
(mrizku) ve forme tepla.
- Dipolarni interakce s ostatnimi spiny,
interakce s paramagnetickymi casticemi, apod...




Sp
relaxace

Pricna (= transversalni, spin-spinova) relaxace (T5):

* Tyka se komponent magnetizace M,,, Az

které lezi v rovingé <xy>. y

- Spin-spinove interakce rozfazuji M, , >
- prispiva tez nehomogenita

magnetického pole. M,,
- nemuZe byt vétSinez T,.




* V realném vzorku existuje mnoho spinovych systému o
ruznych frekvenci, vétSinou rozdilnych od nosné frekvence B,.
Z tohoto duvodu ziskame mnoho odezev, které maji ruznou
periodu a rozdilnou rychlost zaniku. Takovato kombinace
signalu vzorku se nazyva Free Induction Decay (FID):

| =1 ()
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Zpracovani dat — digitalni filtrovani

* Nyni mame signal v pocitaci. Prvni operaci pfi zpracovani
je tzv. digitalni filtrovani, nebo-li nasobeni FIDu vhodnou
matematickou funkci. Jak M, , zanika, obsahuje ¢im dal vice
sumu:

Kvalitni signal VétsSinou sum
e e
~ =




Zpracovani dat — digitalni filtrovani

 Jednoduse vynasobime FID funkci, ktera potla¢i sSum:

o —t T I e e L —t -



SPEKTRUM jednodimenzionalni

* Abychom ziskali NMR spektrum, musime provest tzv.
Fourierovu transformaci:

G b )



k dalSimu_
Zpracovani

y

5

1- magnety
2- kyveta se vzorkem
3- vysilaci civka

4- prijimaci civka




Zakladni parametry NMR

» Chemicky posun « Pocet signall ve spektru

* Interakéni konstanta = Intenzita signalu




Chemicky posun

+ Jestlize ma kazdy druh jadra svoji charakteristickou
frekvenci, proc je NMR spektroskopie tak uzitecna? HO-C .(';H3

+ Vlivem tzv. chemického okoli dochazi ke zménam
magnetického pole, které pusobi na kazdé jadro stejného

typu. Hovorime o tzv. efektivnim magnetickém poli By,
ktere Je tvoreno hlavnim magnetickym polem B, a lokalnim V83| nizsi
magnetlck?m pnlem er pole T Frrrrrrrrrl T p0|E
4 >
B.,=B -B - B,=B(1-0
e e =Bl 1-0) frekvence o, velikost stinéni o
o je tzv. konstanta magnetického stinéni. ™

c = gdia 4 spara 4 Sl

e

orbitaly s




CHEMICKE POSUNY

Chemicky posun v rotujici soustave souradnic
* Nyni uvazujme pripad, kdy se tyto frekvence lisi (@ - o, # 0),
vektor M, se bude vyvijet (pohybovat) v case. Uhel, o ktery
se pootoci je umerny casu a rozdilu uhlovych rychlosti ® — o,.

y y

pan
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STUPNICE pro NMR spektra

- Kazdy signal ve spektru je charakterizovan svou pozici
vyjadienou ve frekvenénich jednotkach.

- Pouzivame relativni stupnici a vztahujeme posun kazdeho
signalu k signalu referenénimu (standardu).

« Potom je pozice signalu stejna pracujeme-li se 100 MHz
(2.35 T) nebo 900 MHz (21,14 T) magnetem.

« Pf. Tetramethylsilan (TMS) je standarden jak pro 'H, tak pro
13C spektroskopii. Je dobfe rozpustny, inertni a poskytuje vzdy "3 3
jeden signal.

H,C—3i— CH
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CHEMICKE POSUNY - 'H

'H~ 15 ppm:

Alkoholy, Ha

Aromaticke H
Amidy
Kyseliny A
Aldehydy

!

A
Olefiny Alifaticke H

ppm




X -

13C ~ 220 ppm: HEMICKE POSUNY - 13C

Aromatika,
C=0 Vv | konjugované alkeny Alifatické CH
3

ketonech
t | Olefiny CH,, CH

| T T

210 150 100 80 50 0
TMS

k 4

Uhliky v sousedstvi
alkoholu, ketonu

C=0 v kyselinach,
aldehydech, esterech




‘CHEMICKE POSUNY
- vlivy chemickeho okoli
- Indukcni efekt
- deformace elektronové hustoty
v okoli mereného jadra

H (1s) H (71s) C (sp?®)

{ o (HF) < o (HCI) < & (HBr) < o (HI) J




CHEMICKE POSUNY
- vlivy chemickeho okoli
- Indukcni efekt
- deformace elektronové hustoty

v okoli mereného jadra




CHEMICKE POSUNY
- vlivy chemickeho okoli

- vlastnosti aromatickeho kruhu
- Indukéni ,civka"




INTERAKCNI KONSTANTY - Hz
- neprime spin-spinove interakce

- vliv spinovych stavu jader v okoli
- zprostredkovan vazebnymi e-

- HOMONUKLEARNI
- HETERONUKLEARNI
DEKAPLINK - DECOUPLING




Neprima spin - spinova interakce

* interakCni konstanty poskytuji cenné informace o
strukture, protoze jsou velmi citlivé ke strukturnim zménam
» faktory ovlivaujici interakéni konstanty: hybridizace,
vazebné a dihedralni uhly, délka vazby, pritomnost
sousednich n vazeb, efekt substituentu atd.

* ve spektru odecitame jen absolutni hodnoty

/ J(H,H) [Hz] znaménko J(C,H)[Hz] znameénko
13 125 - 250
= 0-30 -10 az 20
5J 0-18 1-10
3+n | 0-3
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INTERAKCNI KONSTANTY - Hz
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INTERAKCNI KONSTANTY - Hz

Interakcni konstanta v rotujici soustave
souradnic

» Uvazujme soubor spinu |, které jsou v interakci s dalSim

spinem S a jejich rezonancni frekvence je rovna rezonanci
RF pole B, (0 B, je o).

* Situace je analogicka chemickému posunu. V tomto pripadé
mame dve energetické hladiny, Cemuz odpovidaji dva signaly
znazornené dvema vektory, ktere se otaceji proti sobe
rychlosti, ktera je umerna velikosti interakcni konstanty J.



X -

,.!!gg=E=EEH%iihli.illﬂ{agg;;-:::;;.____

_—

INTERAKCNI KONSTANTY - Hz

x:l;\

t=1/nJ '*f;anz
y

Ilt=2fnd




INTERAKCNI KONSTANTY - Hz

- moznosti vzajemné orientace vice spinu
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INTERAKCNI KONSTANTY - Hz

signal CH, signal CH,
stépeny sousedni Stépeny

sousedni

« Kazdy atom 'H ve skupiné CH, ,vidi“ 4 mozné stavy atomu
H v sousedni skupine CH,.

* Naproti tomu kazdy atom 'H skupiny CH, ,vidi“ 3 mozné
stavy protonu CH, skupiny.
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INTERAKCNI KONSTANTY - Hz

- spektra 1. radu
- diference mezi chemickymi posuny
mnohem vétsi nez spin-spinové
interakcni konstanty

LZE IDENTIFIKOVAT SKUPINY
CHEMICKY EKVIVALENTNICH JADER
(napr. dva protony na volné rotujici -CH,-)




Spektra 1. radu
- pravidla pro interpretaci
- ekvivalentni jadra se navzajem nestepi,
neposkytuji multiplety
- interakcni konstanta klesa se vzajemnou

vzdalenosti skupin v molekule
- multiplicita pasu m je dana poctem magneticky
ekvivalentnich jader na sousedni skupiné - n
se spinovym Cislem |
-pro'H1=1/2

m=n+1




'Spektra 1. fadu
- pravidla pro interpretaci - pro 'H
- jsou-li protony na atomu B ovlivnény protony
na atomu A a atomu C, které nejsou
ekvivalentni, multiplicita pasu pro skupinu

na atomu B bude:
(ny+1) (ng + 1)

- pfi jednoduchém stépeni jsou relativni velikosti
plochy slozek multipletu dané koeficienty
binomického rozvoje
(Pascaluv trojuhelnik)







INTENZITA SIGNALU - pro 'H
- integrace plochy pasu pro jednotlivé
chemicke posuny
- Uméra k poctu protonu v dané
skupine

napr. pomer ploch CH; : CH, : C
S = 2 |
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0.07 0.28 0.65
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45 4.0 35 3.0 2.5 20 1.5




Interptretace °C NMR spekter

» nizka citlivost '3C, y ('H) ~ 4 y (13C)
-1H je 64x citlivéjSi jen z duvodu vy

* prirozené zastoupeni 3C: 1.11% ('H: 99.98%)

-1H je tedy 6400x citlivéjSi, nutnost provadét méreni na vice
akumulaci (scanu)

- vzajemné interakce 3C-13C nepozorovatelné (1:10000)

- |ze sledovat interakce 'H-13C - komplikuji vzhled spektra

- uziti dekaplinku (odstranéni interakce s protony)

* rozsah chemickych posunu: 0 - 300 ppm

- vzhledem k vétSimu rozsahu signaly |épe rozliSitelné

- chemické posuny zavisi na hybridizaci daného C (sp® < sp
<sp?) a na povaze sousednich skupin




3C NMR
- nedekaplovana

- dekaplovana

- J - modulovana - APT test
- attached proton
- pozitivni signaly - C, CH,
- negativni signaly - CH, CH,
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efokusace chemickych posuvu

Spinové echo

* Méjme nasledujici pulsni sekvenci:
90, 180
20, 180, (or x)
T T
I I l |r|..|'| i l"..lll.'ﬂﬂ-"*"
5 Lk et
}ﬁi \:‘i |
ﬁ@ Y
L | @ Alt)~exp(-2t, /T,)
5 =
2 Ed S
0, 7 180, 7 .
g Te———
N
or.
s t+7T fﬁ

2
H 2
f i
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? yJ
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X’ X’




Spinové echo

efokusace chemickych posuvu

* Méjme nasledujici pulsni sekvenci:

90, 180, (or

— th— — to—»

rozfazovani
¢
_ . 3‘
Y
4 y
to / \
-+ ¥ -
X \ 7 180,
¥ Y

refokusace



efokusace chemickych posuvu

A 2

x —~ >

y detekce

+ Zanedbame-li vliv T, relaxace dostaneme na konci stejny
signal (pouze s opaénym znaménkem) jako na zacatku.
ProtoZe dojde k sfazovani véech signall ve spekitru, tato
sekvence umoznuje ziskat signaly v absorpénim tvaru bez
nutnosti je fazovat.



efokusace chemickych posuvu
Spinové echo a heteronuklearni interakce

* Nyni modifikujme trochu nasi pulsni sekvenci pro mereni
spinového echa tak, Ze obsahuje "H dekapling:

90 180

y y (or x)

13C-

H:




efokusace chemickych posuvu

* Uvazujme nejprve CH systém. Po nt / 2 pulsu se bude "°C M,
vyvijet pod vlivem J-interakce. Jinymi slovy, kazdy vektor
bude oznacen jednim ze stavu 'H, ato o a :

-2nd [ 2

.

p=n*ty*J. Y +ondi2”



efokusace chemickych posuvu

* T puls z osy y prevrati jednotlivé vektory a ihned poté
zacneme dekaplovat TH. Dojde k jejich zastaveni (nevyvijeji
se) a ke kolapsu v jeden:




efokusace chemickych posuvu
* Pro ruzné hodnoty t, bude signal vypadat nasledovné:

» Signal se méni s cosinem t;, je nulovy pro 1/ 2J nasobky
ty @a maximalni/minimalni pro 1 / J nasobky t.



efokusace chemickych posuvu

* Pro skupinu CH, je to nasledovné:

t,=1/2J |
AMMJ&MM ,

1T
| V V




Attached Proton Test (APT)

- Za predpokladu, 2e CH interakcni konstanty jsou podobne
a hodnota 1 je nastavena na 1 / J, ziskame nasledujici

vysledek:
?H
ﬁf*% ,,«"5\-,5,.-#'7
A
HO

B Y .

150 100 20

an

2,3

=
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* Nyni ozarime selektivné (mekky puls...) jen jednu caru
(jeden prechod). Dojde k vyrovnani populaci obou stavu
a prislusna €ara zmizi ze spektra.

7 BB 3,4

2,4
1,2

e | ]

O




 Vyuziti pro navyseni intenzity malo citlivych jader!

12 3.4
13(;/,—~4 : BB
OLB 2 1H
1H Y Yeees 13 2.4 I | B o
4—3 Ba celkové navyseni =
1 e L) >
R 13C 1H

* Nyni ozarime selektivné prechod 1,2 a ziskame nasledujici
rozdéleni populaci:

3,4

oo e 13C . 4 I!\ BB 2’4
aB eee \

-
#
-




180

_

* Prvni puls je selektivni = puls. Invertuje populace pouze 3,4

jednoho spinu:
S 4 B B 2,4
| / . S
aB . ,r"‘ % | 1,2
2 i.\‘nn 3 BOL
1 oo I

1,3



Pl - heteronuklearni

e 2,4
L B B -’ﬁ
A4 x‘BB 3.4
. 1H
\ |
///1 L I3'l L B{l
3¢
1,2
13C 1H

puvodni 12 34

1,3

1,3 24

4

13C 1H

celkové navyseni =

-3 + 9l

2



Prenos polarizace s neselektivhimi pulsy

* Pouzijeme-li dva nn / 2 pulsy vzajemne fazove posunutée o 90°
a oddelene periodou t, =1/ 2J.,,, dosahneme prevraceni
vektoru a.

90, 90,

ty=1/2Jc,




90

v R




Neselektivni prenos polarizace - INEPT

« Pokud rozsirime sekvenci o heteronuklearni spinove echo
(odstranéni rozdilu chemickych posunu jednotlivych 1H)
dostaneme pulsni sekvenci, ktera se nazyva INEPT
(Insensitive Nuclei Enhancement by Polarization
Transfer). Je to dulezity stavebni blok mnoha pulsnich
sekvenci. 90, 180, 90,

H:

180 90

-




H:

180 920

e

» Velikost zvyseni citlivosti je umerna pomeéru gyromagnetickych
konstant spinu excitovaneho a spinu snimaného v/ y,.
Pro 13C ~ 4, pro °N ~ 10.



Princip mereni NO

experiment |
180, 90
k
- >

selektivni inverze

t, smesovaci cas - Cas, ve kterem se
buduje NOE

experiment || 90

Lt

4—mh>

Interakce spinu
pres prostor

JkFfizova relaxace”

Rychlost kfizové relaxace?




experiment | = experiment Il A

diferencni spektrum: odecteni
2 fidu (spekter)

* Intenzita ¢erveného signalu odpovida navyseni v dusledku
NOE.

Vyuziti:
Navyseni signalu malo citlivych jader (y > 0 1).
Protoze je to projev DD interakce, zavisi na r° - uréeni

vzdalenosti spinu, a tedy uréeni geometrie molekuly v

prostoru.
Ziskani dynamické informace o rotachich pohybech

molekuly.




Rychlost kfizové relaxace — vliv smeSovaciho Casu

max

0t

Interakce spinu
pres prostor

IR

04+

0 24

0.2

« Jestlize méfime pfi ruznych hodnotach smésovaciho tm
Casu t_, ziskame NOE vystavbovou krivku.



experiment |

90 Hb

180

= Loy
— D ' I He
selektivni inverze

f., smésovaci cas - Cas, ve kterem se buduje NOE

experiment | 90 Ha Hb Hc
S
experiment | == experiment || A Intenzita cerveného signalu

odpovida navyseni v
diferenéni spektrum: odecteni disledku NOE.
2 fida (spekter)




Hb\c
/

=) Ha

&

..‘l

H':'J rzu:: = rah * { Iab / Izr.:) e

| — intenzita signalu (integrace nebo méreni vysky signall o stejné polosifce)
ra, — meziatomova vzdalenost (znama)
r.c - meziatomovavzdalenost (mérena)



-6
":rab oc rab

— * 1/6
rac rab a.ab / Jac)

-6
Oac € Fac

! ! o -rychlostni konstanta krizove relaxace
| r., - meziatomova vzdalenost (znama)
| r.. - meziatomova vzdalenost (méfena)
02t \
t t t t t t t t t t t t t t t t t t t t t i
| 1z 04 0E k| 1 12 14 1.6 13 2 az
l tm

« Smeérnice krivky v bodé 0 - rychlostni konstanta krizove
relaxace o.



Zjednoduseni komplikovanych NMR spekter

expanzi do vice dimenazi.

1D

3D




I * Dimensionalita NMR experimentu je bezné

urcovana poctem nezavislych ¢asovych domen t.
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priprava
VyVo t,

smesovani

I— akvizice dat t,

I—

I—

I—

I—




» Zavislost magnetizace na dvou casech
e akviziénim a vyvojovém
o prikiad - vyvoj magnetizace behem
akvizice

M; (t) =M ﬂxp(_rl "IIITE_.{)':':'S ﬂ..-irl '::':P(_rm ’EEIE)EXP[I: (2 _I’EEEE)]



* FT transformace obou ¢casovych dimenzi
na frekvencni dimenze
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2D experiment - COSY (realna data)

frekvence - frekvence
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TOCSY spektrum versus COSY .’
&GO

* Prvnim experimentem vyuzivajicim spin-lock je TOCSY (TOtal
Correlation SpectroscopY) nebo jinak nazyvané HOHAHA
(HOmonuclear HArtmann-HAhn experiment).

____________ A7) E— l 90 90 90

%8
&8

vysoké mag. nizké mag.! vysoké mag.
i — pole B, pole Bg, pole B,
i i
y :
I ! * Pulsni sekvence 2D TOCSY experimentu obsahuje poéatecni
| u 7 [ 2 puls, kterym magnetizaci sklopime do roviny <xy>, kde
I dojde k jejimu ,uzaméeni“ nékterou ze sekvenci kompozitnich
pulsu (MLEV, DIPSI...). Timto umoznime volny tok
M % magnetizace po systému vzajemné interagujicich spinu.




» Pulsni sekvence obsahuje jak pulsy aplikované na 'H, tak i na
13C soucasné. Zakladni pulsni sekvence vypada nasledovné:

* Podobne jako v pripadé COSY, velikost inverze populace
zavisi na case t, a interakcni konstante J.,.

90, 90,

TH:

90

13C:

o
>




* Hlavni rozdil oproti COSY je v asymetrichosti spektra.
Jedna osa nese 'H frekvence a druha °C frekvence.
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* Problemem je rozstepeni signalu interakcni konstantou J,,

coz jednak snizuje intenzitu spektra, ale zejména dochazi
k pfekryvum ruznych CH spinovych systému.



HETCOR (odstranéni rozstepeni signalu)

* VVyuzijeme pro tento ucel heteronuklearni spinove echo.
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» VloZime 1°C = puls doprostfed periody t, a tim dojde k
refokusaci 'TH magnetizace béhem této periody, coz ma
stejny efekt jako 'H dekapling. Casova prodleva A, potom
slouzi k uskuteénéni prenosu polarizace z 'H na

13C.



ME - pulsm! s%nce

HSQC (Heteronuclear Single Quantum
Correlation)

HSQC
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P rOT IR

Kromé bézné mérenych roztoku

moznost merit pevnou fazi

» Charakterizace farmaceuticky aktivnich
substanci - API

« Od roku 1997 doporucovana FDA (Food and
Drug Administration)




* Kromé bézné mérenych roztoku
moznost merit pevnou fazi
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2D homonuklearni '3C korelované spektrum U-13C-L-tyrosinu pfi
9.4 T sekvenci SRY,.

Podle: Brinkman A., Dipolar Recoupling in Magic-Angle-Spinning NMR, disertace,
Stockholmska univerzita 2001



* Anisotropickeé efekty
e smerove zavislé interakce

Solution *C NMR

Solid State *C NMR




* Anisotropickeé efekty
e smerove zavislé interakce

= Zakladni rozdil vzhledem ke kapalinam: neexistence
rychleho, témeér izotropniho rotaéniho pohybu.
+ Tento pohyb v Hapallne streduje Elr'IIED-trlZ:pI'II cast interakci.

3C NMR spektrum C.-glycinu v magnetickém pali 4.7 T, s pouZitim
kfiZove polarizace

Odstranéni anizotropnich
Interakei pomoci rotace pod
magickym uhlem (12 000 Hz)

Castetné odstranéni
anizotropnich interakci pomaci
rotace pod magickym dhlem
l ‘ |, (870Hz)
i | |
|

Staticke spektrum
___,._._-_.—r-‘h s ..-r*" S Pe
0 ] 0 5 0
w(2m [kHz]

Obrazek z: Brinkman A_, Cipolar Recougling in Magic-Angle-Spinning NMR, disertace,
Stockholmska univerzita 2001



Anizotropie chemickeho stinéni (CSA)
Kvadrupolarni (Q)

Pfima dipdl-dipolova (DD)

Skalarni (J)

= Chemicke stinéni je magnetické pole buzene v misté
sledovaneho jadra okolnim elektronovym oblakem, ktery je

polarizovan vlivem pole B,. Dusledkem chemického stinéni
je chemicky posun.

- \ kapalinach: B =B,(1-0)=B,-cB,
= je skalar (Cislo) v dasledku stfedovani (rychlé rotace)

- V pevnych latkach: B =B,(1-0).=B,-(cB,),
@ je tenzor druheho radu (matice)




Anizotropie chemickeho stineni (CSA)

monokrystal - frekvence signala zavisi na orientaci

Pakeuv tvar

i i i :_.
-1.0 -05 00 1.0
., ED.'. Wy

prasek: rozsireni cary, tzv. Pakeuv tvar.

« Tenzor o je charakteristika molekuly, takZe je pevnée
svazan s molekulovou (krystalovou) soustavou
souradnou. Pokud molekulu krystal pootoCime, zmeni
se prumét (cB,) do osy z, a tedy rezonancni frekvence
(m = 'WI(B;:)-



Anizotropie chemickeho stineni (CSA)

Consider °C shielding tensors in a few simple organic molecules:

H

e

| |
\ C— Cf’ r,f
T
|
|IIIH'\x
H—C=(C—H | T

Spherical symmetry:
shielding 1s similar in
all directions. very
small CSA.

Non-axial symmetry:
Shielding 1s different in
three directions

Axial symmetry:
molecule 1s // to By
maximum shielding;
when molecule i1s L to B,

— maximum deshielding



Anizotropie chemickeho stineni (CSA)

« Priklady tvaru signalu *C v nékterych funkénich skupinach
ve statickem spektru v praskovem vzorku.

111111

Obrazek z: Duncan T. M., J. Phys. Chem. Ref. Data 16 (1987), 125.



P rOT IR

* Anisotropickeé efekty - potlaceni
* vyzaduje specialni techniky a vybaveni -
CP-MAS spektra

* rotace pod magickym uhlem 54,7°
(magic-angle spinning - MAS)
s vhodnou frekvenci - 7-35 kHz

e vysoce vykonny dekaplink

* multipulsni sekvence

» meéreni ridce se vyskytujicich jader

* krizova polarizace - CP (cross
polarization)



P rOT IR

CP

e prenos polarizace z hojne se
vyskytujiciho jadra - 'H, 1°F, 31P na
szredéna“ jadra — 13C, 15N, 29Si

* NMR spektra pevne faze
* bourlivy rozvoj v poslednich letech

 farmacie, polymery i anorganicke
materialy, malorozpustneé proteiny -
membranové proteiny, priony

 vazebné a dihedralni uhly, vzdalenosti
dvojic spinu



MAS

praskové vzorky ve

specialnim rotoru

By

/\Static (stationary sample)

|

|

|
“F NMR of KAsF,

LJ(As,"F) = 905 Hz
R,("°As,°F) = 2228 Hz

L MAS., v, = 5.5 kHz

S oem Hz
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Rotation
microscopic macroscopic

1,>1r %zus

‘BD powder ‘Bu

average




'H

(n2),

Pulses

_‘I
Spm Decoupling Relaxtion
Locking ' Delay -:. tr decoupling
CP | acq—
Acquisition R%:.'EPI

Contact Tene

> — Ty —

=

Sr(HCO,)
Rybaczewski et al., J. Chem.
Phys. 1977, 67, 1231.

CgHg(frozen)
Linder et al., J. Chem.
Phys. 1980, 73, 4959.

fd coat protein
Cross and Opella, J. Am.

Chem. Soc. 1983, 105, 306.




il - pevna faze

1. Apply a 90 degree pulse on
1H. Then B1H shifts 90 degree
on the X-Y plane and spin lock.
2. Apply spin lock on the same
axis as proton spin lock axis for
13C.

3. The actual polarization takes
place between proton and
carbon during the contact time (
in milliseconds). Then turn off the
spin lock field on the 13C.

4. Detect 13C signal and
remain spin lock field for proton.




| mmmes

Increasing resolution via a
second dimension...

2D WISE - WIdeline SEparation

Separation of |
wide 1H lines Z.E'Lm.;ﬂx_’ g \ JJJHL

using *C CPMAS “p A \




2D WISE

Monitoring spin diffusion




MAS

méfeni jader i tézkych prvk Cp*,SnMe, at 9.4 T:

Here is an example of a *Sn CPMAS NMR spectrum of

0., = 124.7 ppm

” Ve = 5 kHz

0., = 124.7 ppm

208 scans

M ost abundant isotopes in the periodic table
SPIN-112

v, =3 kHz

216 scans ”

324 scans

static spectrum




P PO IR

-nejen méreni prasku, ale i
monokrystalu
* méreni kvadrupélovych spinu
« MQ MAS multiple-quantum MAS

Solid state NMR has been applied to:

organic complexes inorganic complexes
zeolites mesoporous solids
microporous solids aluminosilicates/phosphates
minerals biological molecules
glasses cements

tood products wood

ceramics bones

semiconductors metals and alloys
archaelogical specimens polymers

resins surfaces



- Investigations of polymorphism

T
i
= Ny

] ill

\}\\u-'f'

R L Y
s W |

1,2, 3.4

2 " e N/ 4 conformation of IM in crystal

7
an H"‘"{'m /
J ]| .2 ’Uk g |
a JU[ h AN JL J
oy 3 conformations of IM

/4 B K /lilxi ) ) /v in crystal
'_"__J‘l J'u M LJL WA .

A L
{11 50 i

(b}

ppim

13C CP/MAS NMR spectra of a (1) and y (2) polymorphie forms of indomethacine (IM).

K. Masuda et al. / International Journal of Pharmaceutics 318 (2006) 146-153



~ |ournal of Pharmaceutical and Biomedical Analysis 47 (2008 ) 683-687

Improved solid-state NMR quantifications of active principles
in pharmaceutical formulations

stéphanie Sanchez?, Fabio Ziarelli®*, Stéphane Viel?, Corinne Delaurent?, Stefano Caldarelli?

All ssMMR experiments were conducted at 300 K on a BRUKER
AVANCE4DD DSX spectrometer operating at 400MHz for the
'H Larmor frequency, and equipped with a BRUKER 4 mm "H/X
solid-state CP MAS probe. The spinning rate was set to 10 kHz. For
the *C CP MAS experiments, a ramped 'H pulse starting at 100%
power and decreasing until 5005 was used during the contact time
(4ms) in order to circumvent Hartman-Hahn mismatch [22.23].
'H decoupling during signal acquisition was ensured by the GT8
scheme [24]. The recycle delay was set to 13 5, five times the largest
I'1. The number of scans was adjusted to ensure a signal-to-noise
ratio of at least 150 [ E].

In addition, to facilitate the assignment of the solid-state *C
chemical shifts of Meprobamarte, a CPPI (cross-polarization polar-
ization inversion) experiment [25] was performed with a pulse
inversion length of 40 s With this pulse length, CH; and qua-
ternmary carbons appear positive, CH> negative, and CH signals are
nearly zero.



~ |ournal of Pharmaceutical and Biomedical Analysis 47 (2008 ) 683-687

Improved solid-state NMR quantifications of active principles

in pharmaceutical formulations

stéphanie Sanchez?, Fabio Ziarelli®*, Stéphane Viel?, Corinne Delaurent?, Stefano Caldarelli?

Table 1

Solution and solid-states *C chemical shifts obtained for pure Meprobamate

13C atom? Solution state 13C, & (ppm P Solid-state 13C, § (ppm)©
1 C 38.27 374
2 CHs> 19.26 224
3 CH> 37.63 38.9
4 CH3 17.08 15.8
5 CHs 15.25 15.5
6 CHz 68.454 65.3¢®
B’ CH- 68.454 71.1¢
7 Co 157.74 158.9¢
7' Co 157.74 159.3f




Journal of Pharmaceutical and Biomedical Analysis 47 (2008 | 683-657

Improved solid-state NMR quantifications of active principles
in pharmaceutical formulations

. - . . . | | Y=B*X
Stéphanie Sanchez?, Fabio Ziarelli®™*, Stéphane Viel?, Corinne 100] pParametarValue Ewor
90 B 503318 0,02747

<% R SDN_P

3
& 704 0,99983 0,815 6 <0.0001
2 60
O 2 g0 ]
I e
W = 40 4
O 30
O 20-
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0 T T T T J T ¥ T
0 4 8 12 16 20
Meprobamate (mg)
Fig.5. Calibration curve obtained using '*C CP MAS and a quantitative rotor packing
1 showing the relationship between the amount of Meprobamate (weight, mg) and
e s \J the corresponding intensity {area, arbitrary units) of the C-7,7 resonance signal. The
T T T T T T T T 1 value of the regresslcrn.'i‘z parameter (0.9998) shows the excellent linearity of the
180 160 140 120 100 80 60 40 20 ppm Erjia.inedca]ibratinn curve. The standard deviations are included within the symbols

Fig. 3. 3C CP MAS spectrum of Equanil®. All the resonances due to Meprobamate

are present, plus a series of broad resonances of low intensity, probably due to the
excipients.



NMR spectroscopy

T Appl. Phys. A 79, 357361 (2004)

5. ‘fr]ELl 131@
D. CAPITANI!
N. PROIETTI

DOL: 10, 1007/=003 39-004-2555-7

applied to the Cultural Heritage: a preliminary F ZIARELLL
study on ancient wood characterisation A.L.SEGRE!

ABSTRACT High and low resolution solid state NME methods
have been applied to characterise a few samples of ancient
wood. In an ancient larch wood sample, by applying 'H low
resolution NMR methods as a function of the temperature, the
average pore size and its distribution have been determined.
In addition, high resolution NMR techniques have allowed ad-
dressing of the question of the proximity of water pools to
cellulose and lignin. In particular, a model can be hypothesized
in which water pools are surrounded by thin layers of amorph-
ous cellulose and/or lignin while the crystalline domains of
cellulose surround the layers of amorphous cellulose. Prelim-
inary results obtained using a fully non invasive and portable
NME. unilateral relaxometer, the Eureka-Mousel 0 (EM10), are
reported. This instrumentation 1s shown to be perfectly suitable
for characterizing degradation in ancient wood samples.

In this study, two ancient samples of larch wood
and fir wood (samples A and B, respectively) from the trussed
rafter of the Castle of Valentino, XV century, (Turin) were
considered; both samples were courtesy of Prof. Bartolini
Cestari. In addition, some measurements were performed on
a modern fir wood sample (sample C).

3C CP-MAS and 2D WISE experiments were recorded
on a Bruker ASX200 spectrometer operating at 200 MHz
on a broad band probehead with a spinning rate of 8 kHz.
'H dipolar filtered '*C CP-MAS spectra were recorded on
a Bruker Avance400 spectrometer operating at 400 MHz on
a 7 mm broad band probehead with a spinning rate of 4 kHz.
All spectra were recorded with a contact ime of 300 ps. The
'H low-resolution NMR spectra at variable temperature were
recorded at 65 MHz on a commercial spectrometer Spinmas-
ter from STELAR, Mede (PV) Italy. The temperature within
the 200-300 K range was controlled by means of a variable
temperature unit supplied by STELAR (VTC91 unit) and
equipped with a standard Bruker nitrogen evaporator system.

Relaxometric measurements were also performed with the
EM10 prototype at 18.153 MHz.

Most materials of interest to Cultural Heritage,
such as ancient paper, wood, and some rocks, can be treated
as porous systems with water located in the pores. Recently,
the average pore size and the porosity distribution in good
quality paper has been determined by applying high and low
resolution solid state NMR methods [1].
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NMR spectroscopy
applied to the Cultural Heritage: a preliminary

T Appl. Phys. A 79, 357361 (2004)

DOL: 10, 1007/=003 39-004-2555-7

study on ancient wood characterisation
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FIGURE4 a 400MHz '* C CP-MAS spectrum of sample A. b 400 MHz
U'H dipolar-filtered 13 C CP-MAS spectra recorded on sample A with a mix-
mg time of 0.05ms (1), 0.5ms (2), and 50ms (3), respectively: all three
spectra are normalized on the resonance of the methoxyl group of hignin at

56 ppm

150 IDU

5. vigp!-2=
D. CAPITANI!
N. PROTETTI!
F. ZIARELLI?
A.L.SEGRE!



r 1.2,
—————— Appl. Phys. A 79, 357-361 (2004) I 5. VIEL! 5™

1

NMR spectroscopy DOL: 10.1007/500330-004-2535-z - CAPITANL
s - L] L] Nl PRD]ETT[ B

applied to the Cultural Heritage: a preliminary F ZIARELLL

study on ancient wood characterisation A.L.SEGRE!

FIGURE 5 2D} WISE specira recorded at 20 MHz on sample A with
a mixing time of .05 ms (a) and 40 ms (b}



I NMR spectroscopy

applied to the Cultural Heritage: a preliminary

study on ancient wood characterisation

In the past few years NMR relaxometric methods
have been proved to be valuable in assessing paper quality,
especially in relation to the early detection of enzymatic at-
tack [2]. The most sensible parameter 15 the spin-spin relax-
ation time 75 1n fact, after the enzymatic attack, a net decrease
in a 77 component was observed. The same behavior has been
identified by measuring samples of paper, cotton, and wax be-
fore and after oxidation processes: in all degraded materials
the long 7> component is definitively shortened.

FIGURE & EMI10 magnet and probehead during on-site measurements at
“Torre delle Milizie™ in Rome (Italy)

——————— Appl. Phys. A 79, 357-361 (2004)

5. vigL! -2

1
DOI: 10.1007/s00330-004-2535-z CAP]T‘A.N[l ;
M. PROIETTI "
F. ZIARELLI*
A.L.SEGRE!
’
£
wuy
5
=
=]
2
S
£
[=]
=
0.1

-
-
r

T T T T

0.2 0.4 0.8 0.8 1.0 1.2

Time (ms)

FIGURE 7 Semi-log representation of the echo decay of ancient, filled
circles, and modern. empiy squares, fir wood samples (samples B and C.
respectively). The lines through the experimental data points are drawn
manually to guide the eve

The information acquired by this NMR instrumentation is
well suited for soft matter and wet porous materials. There-
fore, paper, wood, wet frescos, ceramics, and rocks can be
investigated.

Here, we report some preliminary results obtained with
the EM10 on ancient and modern fir wood samples. In Fig. 7
the echo decay obtained applying a CPMG sequence with the
EM10 apparatus is reported for sample B. ancient fir, and C,
modern fir.



Validity of NMR pore-size analysis of cultural heritage ancient building
materials contaming magnetic impurities

M. Brai®. C. Casieri®*. F. De Luca®®*, P. Fantazzini®, M. Gombia®, C. Terenzi®

Solid State Nuclear Magnetic Resonance 32 (2007) 129-135

NMR relaxation time distributions, obtained with laboratory and portable devices, are utilized to characterize the pore-size
distributions of building materials coming from the Roman remains of the Greek-Roman Theatre of Taormina. To validate the
interpretation of relaxation data in terms of pore-size distribution, comparison of results from standard and i situ NM R experiments
with results of the mercury intrusion porosimetry (MIP) has been made. Although the pore-size distributions can be obtained by NMR in
terms of either longitudinal (T) or transverse ( T'3) relaxation times distributions, the shorter duration of the T3 measurement makes it, in
principle, preferable, although the determination of T, distributions 1s not necessarily an easy alternative to finding T distributions.
Among other things, the T distribution is almost independent of the inhomogeneity of the magnetic field, while the 7> distribution s
strongly influenced by it. This paper was aimed at answering two questions: what are the validity limits to interpret NMR data in terms
of pore-size distributions and whether the portable device can successfully be applied as a non-destructive and non-invasive tool for in
sit NME analysis of building materials, particularly those of Cultural Heritage interest.

List of analyzed samples

Original sample Porosity Sample type Sample name MNMER instrument

Mortar == 20% Large sample mortar Mg-ProFiler
Plug maortar| {*2%) Spinmaster

Fed (hematite) roman brick ~=40% Large sample plug red, redl Mg-ProFiler
Plug red(2* 3 4%) Spinmaster

Yellow (limonite) roman brick ~=40% Large sample yellow Mg-ProFiler

Plug yellow (1%2*) Spinmaster




Validity of NMR pore-size analysis of cultural heritage ancient building
materials contamning magnetic impurities

M. Brai®, C. Casieri®®, F. De Luca®®*, P. Fantazzini, M. Gombia®, C. Terenzi®

Solid State Nuclear Magnetic Resonance 32 (2007) 129-135

The single-sided apparatus was a Bruker mq-ProFiler
(Bruker Biospin, Italy), which works at a Larmor
Irequency ol 17.8 MHz. Resonant conditions are obtained
in a sensitive volume xyz of about 2.0 x0.2x 0.8 cm”,
where the y-axis 1s perpendicular to the magnet surface and
z 15 mn the direction ol the mam magnetic held. Long-
itudinal relaxation times were measured by the saturation
recovery-—spin ¢cho sequence. The echo time was fixed at
the shortest possible value (44 us). The transverse relaxa-
tion decays were acquired by the CPMG pulse sequence
with different echo spacing in order to study the ellect of
molecular  sell-dilfusion on the present analysis. The
distributions ol relaxation tmes 7; as well as 75 have
been obtamed by the mversion ol the relaxation decay
data (an example 15 given 1n Fig. 1) using the UPEN

algorithm [14]. Carr-Purcell-Meiboom-Gill (CPMG)




A portable NMR device for the evaluation of water presence
in building materials

Tommaso Poli *, Lucia Toniolo ™*, Massimo Valentini ¢, Giovanni Bizzaro °.
Roberto Melzi ¢, Fabio Tedoldi ¢, Giuseppe Cannazza ¢

Joumal of Culiural Heritage ® (20607 134 140

'HNMR measurements were carried out using a Bruker com-
pact spectrometer (Minispec mgq-series) equipped with a new
portable probe (Eureka-Mousel0) developed in the framework
of the Eureka Project E!2214 (Fig. 1). This probe is based on a
U-shaped magnet assembly (made by two permanent magnets
mounted on an iron-yoke) and includes a radio-frequency resonator
specially designed to avoid dielectric de-tuning effects.

The tests, using the new portable NMRE device Eureka-
Mouse 10 on stone materials, gave very encouraging results,
In spite of the strong inhomogeneity of the static and radio-
frequency fields and i spite of the complex interactions
between water and heterogensous porous media, it was
possible to detect the water signal clearly from 2% humidity
to total saturation, and to notice a remarkable linear correla-
tion between NME signal mtensity and water content ex-

pressed as humidity in both substrates.
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Fig. 3. The NME signal measured on the three thin samples of brick during
open air drying. The error in humidity values obtained by gravimetry are neg-
ligible; error bars on the NMR signal (not reponted to keep the picture clearer)
are close to = 1%, (4 sample |; B sample 2; & sample 3).




The minispec -
Time-Domain (TD) NMR
Benchtop Systems

Time-Domain or Low-Resolution NMR is a well known variant of
NMR referred to as TD-NMR. It is widely applied in Quality Control
(QC/QA) and Research & Development: TD-NMR applications span
all kinds of industries from food, like solid fat content, SFC, and oil
seed analysis, via chemical and polymer industry to medical and
pharmaceutical industry (obesity research and MRI contrast agents).

The minispec ProFiler

Bruker's Dependable Single-Sided NMR Solution

The minispec ProFiler is a hand held NMR instrument for relaxation
measurements in the near surface volume of unrestricted size samples.




P e

The "Spin Track™ TD-NMR spectrometer is a high-quality, low-budget

NMR instrument with wide range of applications, advanced software and peripherals. Two

basic versions of the “Spin Track” magnet system are available: portable (tube diameter 10
mm), and stationary (tube diameter 40 mm).

“Spin Track” with portable “Spin Track” with stationary
10-mm magnet system 40-mm magnet system



Determination of Solid Fat Content (SFC) in fats, oils and marga-
rines (complies with ISO 8292, AOCS Cd 16b-93, AOCS Cd 16-81)

Quality of food products containing fats and ocils depends on solid fat
content (SFC). SFC determination is an essential measurement in the
baking, confectionery and fat industries. NMR has been established as
the method for SFC determination by ISO 8292. Measurements of SFC

by NMR-spectrometer Spin Track can be performed quickly and accurately with great
benefit to the manufacturer.

The detailed description of SFC determination procedure can be found at
http:/www.mobilenmr.com/downloads/solid_fat_content_en.pdf

m ®i Simultaneous Rapid Determination of Fats. Sugar and Water in

Chocolate and Cacao-Products

Time of storage of food products depends strongly on moisture content.
| Excess moisture leads to microbiological activity and can make food
i consumption dangerous. Fat and moisture content influence taste.
- Manufacturers must disclose exact fat content data on required product
Iabellng NMR is the most rapid and accurate method to determine these essential pa-
rameters. The “Spin Track” NMR spectrometer is especially suitable for regular analysis
of food quality. NMR analysis is applicable for cacao-powder, cacao-beans, nuts,
praline, icing, fondants, and pure chocolate. Measurement time is less than 2 minutes.




Evaluation of a Porous Structure in Cheese

, Time-intensive cheese fermentation starts from the structural formation
: of very small pores. By measuring the distribution of Spin-Spin/Spin-
lattice NMR relaxation times and diffusion coefficients it is possible to
predict if the ‘pre-cheese’ will develop into the desired quality product.

Estimating of Solid Proteins Content in Milk-based products

Low resolution NMR is able to give information about the solid protein
content in many types of dairy product. An extremely useful analysis!

Ecological monitoring

NMR is widely used for evaluation of water pollution, or the degree of
forest degradation. A portable NMR-spectrometer offers additional ad-
vantage for mobile laboratories equipping — rapid analysis at the scene.




Resonance Systems Ltd. has developed a non-standard NMR approach and sensors for
the analysis of surfaces and manufactured products. These types of sensors were
developed for investigations of large objects. The sample volume is not limited using this

sensor type. The procedure of sample preparation is very simple and does nol require
placement of part of the sample into a fube as with conventional NMR devices. The sensor

IS5 placed onto the sample surface or per contra. It provides an absolute non-destructive,
analysis process. For applications with specific requirements a different geometry of RF-coil
and magnets construction are possible. These types of sensor are suitable too for the

development of 1-D imaging systems.

High-penetration Surface NMR Sensor 5-channel MRl surface system



NMR - povrchy P
NMR Surface Sensors
Basic advantages of Surface NMR Sensors:

high sensitivity, high penetration, low cost, small size
and mobility

Sensor [1] Sensor [2] Sensor [3] Sensor [4]
Frequency, MHz 17 20 18 20
Penetration depth, mm 10 7 4 4
S/N ratio, not less 9 10.5 9 8
Size (LxWxH), mm 200X165XQ0 160x80x80 100X60X50  300X150X150

Mass, kg 7 1 0.2 5



Analysis of Polymer Materials by Surface NMR via the MOUSE

A, Guthausen., G. Zimmer. P. Bliumler. and B. Blumich

Lehrstuhl fiir Malromolekulare Chemie, Worringer Weg 1, 32074 Aachen, Germany

JOURNAL OF MAGNETIC RESONANCE 130, 1-7 (1998)
ARTICLE Mo, MINST12ZE2

Applications are discussed of a novel NMR device, the NMR
MOUSE (mobile universal surface explorer), for characterization
of polymers. Different properties of elastomers can be related to
an effective transverse relaxation parameter T, . Effects of multi-
echo sequences influence the decay curve and can be described in
terms of By inhomogeneity and spin-lock effects. Furthermore, the
signal-to-noise ratio (5/N) can be improved by use of steady-
state free precession (SSFP) pulse sequences modified for use in
inhomogeneous magnetic fields. © 1998 Academic Press
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FIG. 5. S5FP-CPME pulse ssquence and observed eche tmins. The
first echo train stares from Boltmmane equilivrivm (BE), whereas the fol-
lowing echo mains show the amount of 55FF magpetzation. A monoexpo-
oental fit te the data reveals no systematic deviaton of I'; when stanimg
from the dypamic equilibrinm (DE}.
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NMR-MOUSE measuring the cross
linking of a tire

0.8+

0.6+

0.4+

0.2+

0.0+

I VA

.

"“x r:/----\ /‘
| Fl™ I‘hk ] - .__,,-'
AN N

f.i‘ |
K
.

B o (/o))

0 200 400 600 800
depth [pm

Profiling human skin in vivo

Comparison of skin profiles measured
on the palm and the lower arm . Using

a nominal spatial resolution of 20 um
the total acquisition time per point was
20 seconds.
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