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Fundamentals of NMR
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NMR = Nuclear Magnetic Resonance

N: Property of the Atomic Nuclei in Matter

M: Magnetic Property, arising from nuclear
Spin Angular Momentum

R: Interaction with electromagnetic waves
spectroscopy
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Stern - Gerlach experiment

Classical

prediction What was

actually observed

Inhomogeneous
magnetic field

Silver atoms

= lM FEBRUAR 1922 WURDE IN' DIESEM GE;“" L
( -N_ VEREINS FRANKFURT

R'MAGNETISCHEN MOMENTE IN 'A

SERLACH-EXPERIM
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Experiment of Rabi

detector

Resonance: o = yB,
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History*

1922  Stern-Gerlach Experiment

1938 Rabi- Experiment

1945/46 Purcell/Pound, Bloch: first NMR in cond. matter
1948 Bloembergen, Purcell, Pound: relaxation

1948  Pake, van-Vleck: dipolar analysis

1949  KNIGHT shift in metals

1950 Dickinson, Proctor, Yu: chemical shift

1950-s: commercial spectrometers (VARIAN)

1952  Gutowsky, Slichter spin-spin coupling

1950s Hahn, Slichter, pulsed NMR, spin echo

LLLLLLLLLLLLLLLLLLLLLL

* Nobel laureates
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Nuclear Magnetism

Nuclear magnetic moment: M = W = il

|, the nuclear spin angular momentum, is subject to quantization

laws, concerning both magnitude and orientationa (21 + 1)
Z

A m
*|7,m)=1(1+ l)|[ﬁf1‘f)

: L_fy
I |I,m)y=m|I,m)
|: spin quantum number V)

m: orientational quantum number
withm = -1,-1+1,...1-1,1
21 +1 orientational states cos @ = m/JI(I +1)
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Abundance

35

Nuclear spin quantum numbers

25

20 -

32 32

General rules for nuclear spin
guantum numbers:

23 _
gg nuclei: =0
uu nuclei: =1

0,5 1015 2025 30 35 404550556065 70 75 8,0

Spin quantum number
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Case spin-1/2: Two nuclear spin orientations
E(m)=-myhB, (Zeeman-interactions)

The two orientations have different energies,
difference depends on the value of y

Z
¥ 3
By

m:—'—_
2 1
¥ r = —
( '- 2
@, .

&
a:ILC Fo=0
- NMR is element selective!

e.g. 'Hand 13C at 11.7T

T

T
Dwik

b | =
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Precession 2

Precession of spins around external field
(in angle, due to quantization).
Similar to gyroscope

d
BD + Y E‘

=4+ —
2 1
'T M=
( '. ’
& -
)
. ' rhi,
-\.
-'l.
Ly
QC

Fil = —

1
=+ _
2

T
TP
T

b | =

The precession (Larmour) frequency of the nuclel is given by
Dy =1B
where B4 = By + B,
B, contains important structural and chemical information
NMR measures the precession (Larmor) frequency!
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How Is It done ?

By application of electromagnetic pulse which provides a

magnetic field B, component fluctuating with frequency o, ~ @,

By, 4 E . Radio waves
. AWAWAY
<L A

Resonance absorption occurs if o, ~ @,

For B, in the range 1-20T, o, ~ MHz (radiofrequency)
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Macroscopic Sample

In a sample spins are distributed
among the different energy levels
(Boltzmann-distribution)

4L

Macroscopic magnetization along B,
No net magnetization in x- or y-direction

e

Curie Law
2;—2
Vo= AN R +1) B
L 3kT

NMR is quantitative! M, ->V

»sc —> Induction
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Schematic Experimental Set-up

Magnet

M

o

v X

solenoid coil
of NMR probe

: >
NMR signal (o)

Spectrometer:

Pulsed rf generation, signal
detection
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The Rotating Frame

In contrast to the B field, the B, field changes direction in time with the frequency w,

To simplify the description of the magnetization‘s
time dependence a rotating frame is introduced

Laboratory frame

Rotating frame rotates with frequency w, of B,

90° pulse: rotates the z-magnetization into the x-y-plane
180° pulse: flips the z-magnetization into the —z-direction
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Measuring NMR spectra

= Detection of Larmor frequencies present in the sample

1. B, field is irradiated for a short time t, along the X,y direction

2. 1f yB,t, = n/2 then M, is flipped by 90 degrees (90° pulse)
3. After the pulse, precession of M induces voltage in the coil.
4. This voltage, oscillating with a,, is the NMR signal

E
E

E—— I

B, =C *cos (o,t)

B

e
y

Transmitter coil (y) ‘ —
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The Basic NMR Experiment

90° pulse -> magnetization flip Free Induction Decay

(taken from Siemens MR Tutorium)|

NMR-Spectrum

Fourier-
Transformation

o . Slgnal-
detectl n

' 'L F(w) = [ f)*e dt
Lo g i W) it ? v g —o0

ASSC/HE - 2022



How does it work?

SSwWis Ww%wo W= R
= . LofLen \Mﬁcﬁ\ beu\f(oo{ﬂ?

[ Whsica™ ‘ Q)Q'Q«o &J\A MJ&’K)
( © 18, /{\Qk&%sﬁs&mw ey

AC Pl UM W :

> 1 .
=718 é{q?‘”%?@
!:., 5 - Tem WM\%@{W%&MOH
«h&’(\,@ 9 f\9—f WOW&%&C %&Y

N e (A ok i
1) oG od) LA

1

B(:Qi ‘%{’ » %AQQ?LK% L’—\h—“‘ :
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Signal Detection by electromagnetic induction

3 |

U@ = -0 ke oM, X = Uyt
N\léﬁ ~B, SEralisknstak ~R"
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NMR Spectrometer

Magnet
Probe

Samplein
coil
Console:

signal excitation
and detection

rf pulses

ASSC/HE - 2022



Relaxation Processes

G 5
T 2 T 1
spin-spin’ M spin-lattice
relaxation relaxation

Transverse relaxation (T,): dephasing of spins in the x-y plane
(distribution of precession frequencies, spin-spin interactions)

Longitudinal relaxation (T,): build-up of z-magnetization
(return to equilibrium, energy exchange with surroundings (lattice)
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Three main distinct interactions

® magnetic shielding
® clectric quadrupole coupling

@® magnetic dipole coupling

In the solid state:
anisotropy: o, ~ 3c0s%0 -1
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Magnetic Shielding

Resonance frequency (bare nucleus): @, = 7/80

Effective magnetic field at nucleus: B =B,(1—0)

Resonance frequency (real sample) o, =B,1-0)

X ref
o — o

Chemical shift § =

ref
o\

Effective magnetic field arises from
shielding or deshielding of the
external magnetic field by electrons

Probe for electronic environment (structure and bonding)
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Chemical Shielding Anisotropy

Solid state : chemical shielding is anisotropic:
=» tensorial description

1L

O = )y I:l_ Oiso — % (Jz’z' o Gx’x’)(s COSZ 0 _1):|

powdered sample Distribution of orientations

a) b) ¢)
Probe for local symmetry

( bonding geometry)

Y

W

, v T
W I'JF\!’ By

cubic Axially symmetric ~Asymmetric
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Example : 3P NMR of Phosphates

Q0 P

Q? P

1

| I
e ® - : :
w -1 : | —— f
s’o 'H ll (!lm |m| l'&k. I')w )iS‘-O MIZ‘

| .
cubic Axially symmetric AsSymmetric

|
|
|
|
|
|
|
|
&

Q!

Q" 0 39
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Magnetic dipolar interactions

Magnetic moments of nearby nuclear spins affect the local magnetic
field and thus the resonance frequency. ,Through-space” interaction

—Zl—oyyj [A+B+C+D+E+F

Hop (1)) =
A
B \
0|2 Bk
':'
b 7N
/ \
*"“\ * -}-"—
~ -
G, ™ . *
_____ RPN |
- s ‘\s_l_’_zllh\s_? L/

Probe of internuclear distance
NMR is locally selective!
Specially useful for systems
with only short range order
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Selective measurement by spin-echo decay

Selective for homonuclear dipole coupling strengths

SIS, = exp — (2t*M,)

27
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Spatial Atomic Distributions in P-Se Glasses

Uniform Clustered Random
[ ]
. L
. ] |
X | . .
- L]
o
L]
L ]
L ]
Mzg Mag
=1 . T Pusen chusiers -
0
= 9 #
. L
15 4
empenmantal 0 5 & ¥
PiSer clusisn -
10 4 . L — .
-
- ) o : il
L E . * a - . 5 4 PiSuse clusiers *_-
» . " = ol I— .’ v s *
'ﬂ"—.—*—- T T T 1 14T | — i e i L e . 1
a ia 20 EL ap 30 1] nw o] k1] L] 30 @ % i) B[] 40 50 [}
%P H% P wnup

P-Se vs. P-P- bonding

D. Lathrop, H. Eckert, J. Am. Chem. Soc. 111 (1989), 3536
D. Lathrop, H. Eckert, Phys. Rev. B 43 (1991), 7279
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Nuclear electric quadrupole moment:
non-spherical distribution of nuclear charge

e
J

A
=0 | =1/2 1 21;eQ>0 121:eQ<0

s

e ™

eQ ~ 102 to 1030 m?
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Quadrupole interaction: The physical picture

. @

Electric field gradient

<«~+)

N\\V

This quadrupole moment interacts with local electric field
gradients created by the electronic and bonding environment
of the nuclei, allowing probing of local symmetry!
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® clement-selective

Solid State NMR

® locally selective
® guantitative
® experimentally flexible: Selective

B,1

<

E 4

S0006

hvf

20000

H;

averaging

AE=y B,

Ho| +

!

Internucl.
distances

HCS

|

Coordination numbers

+

Hg

and symmetries
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Magic Angle Spinning - MAS

= A-{3cos?0-1}

aniso~

N\
H; "'NE\"' HSS."'hb\

Niso 2nd.

High-resolution spectra, governed by chemical shifts
MAS is equivalent to liquid state NMR

-- bonding partners

-- coordination numbers
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Magic Angle Spinning

}[;miso: A - {3 cos?0 -1}
BO Z

rotation axis
0=54.7°

N\
= H, + NE\+ H, + Hos\"'\HQ

'S0 ond. ASSC/HE - 2022



MAS-NMR probe

Cylinders made of crystalline zirconia

With a air driven turbine cap spin at f =5to >120 kHz

BEARING IN

I
ROTOR CAP

{turbine)

T

air bearing

1

VT GAS
STATOR

| <1 DRIVEIN
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The effect of spinning speed

AN
:Jl il E J\AJL
i A
N 1
l L
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NMR spectroscopy of insensitive nuclei:

Problems with direct detection of 13C, 1°N and others:

-Low natural abundance
-Small magnetic moments
-Long spin-lattice relaxation times

Basic idea of cross-polarization (CP):

exploit dipole-dipole coupling with abundant *H nuclei in the
sample to transfer magnetization from H to 3C spins

Matching of energy levels required EA 13C
(flip-flop mechanism),
not possible in the lab frame N 1
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Applications of NMR to
sol-gel materials
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Distinction of local environments
by 2°Si MAS NMR.

Gel-derived SIO,
SiO;, OH=Q3 B

a Q*=Si0,),
SI10,, (OH),

SO 0 -S0 =100 -1S0 PPH
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Distinction of local environments by °Si MAS NMR.
Ormosils or surface modified silica gels

-100 -120 -140 -160 -180 -200
& [ppml
M1

R

Si0—Si—R

T3

OSi

Si0—Si—R

OSi

OSi

Si0—Si—0Si

OH

& lopml

Q4
C‘)Si

Si0—Si—0Si

OSi
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/ Two Main challenges (introduction of alumina into multiple-network former systemsh

—————————————————————————————————————————————————————————

® Al-OR ‘ Rapid hydrolysis : Precipitation

_______________________________________________________________________

_________________________

@  Adueous | S
. Aluminum sar | EEE) | Composition | P y
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Chelating nature and pH tunable reactivity H,PO,/NaH,PO, NaAc
H,O

pH ~ 2-4

1 Transparent Gel

AlLO, — P,O,,
Na,O - Al,O, — PO,
Na,O - Al,O, - B,Oj,
(Na,O )- Al,O, -B,0,~ PO,
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(CH,
\ /
HC
{ I Al
C
0% YSo7) 3

(|)P

PO—Al—O0—P—0O—Al—OP *

|
OoP

PO—AI—0P

i

|
O

L.Zhang, H.Eckert, J. Mater. Chem.14 (2004)1605.

Cl)P

|
OoP
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To understand the mechanism of the Al(lact),-based sol-gel

‘ Why Al(lact), can be widely used in these sol-gel synthesis ?

Hydrolysis —— How does the Al(lact), react with water ?

Condensation —— How does the Al(lact), react with Phosphorus
(i.e. NaH,PO,, NaPO, or H;,PO,) and Boron
(H3BO,) precursors in aqueous solution ?

Gel-formation —— How do the Hydrolysis and Condensation reactions
continuously proceed to form the gel with macro-
molecular structure?
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2/Al MAS NMR of xerogels: pH dependence
87.5 NaPO, — 12.5Al,0,

(Al (act); (OP)] (et (OP)

[Al(lact),] [AI(OP)4]
} .
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QeI gIass

Calcination of
lactate ligand

>

s gel, RT

-

B: gel, 75 °C

-

C:A+100°C

—

D: B + 150 °C

AlO,

m

: D +200°C

T

:E+250°C

@

‘F+400°C

[Al(lact),]

[Al(lact),(PO,),]
[Al(lact),(POs),]*

[AI(PO3)]*

Different Al-P content compounds
accessed by DQ NMR experiments!

100 50

-50
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Al-O-P Connectivity via Dipole Coupling

i

\\ - 27A|

— =

HY = Dsin(w,t)1,S,

Magic- Angle Spinning (MAS)

HEI)S vT

Rotational Echo Double Resonance
(REDOR)

e F
Hy / .

|-channel & pulse

(rz — _rz)
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REDOR pulse sequence

/2 T *If there is Al-P dipolar
27 interaction there will be a
A decrease in Al signal
intensity
AS
/2 s SO

2TAl I I ‘ depends on:

® strength of interaction
(# neighbors, distance)

31p

@ dipolar evolution time
N - T, (N =#rotor cycles;
> T = period )
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AS/S,

Analysis of REDOR Curves in Glasses
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2/AlI{31P} REDOR of aluminophosphate xerogel
87.5 NaPO, — 12.5Al,0,

= [Al(lact),(OP),], M, = 1.81 + 0.21 KHz’
[Al(lact),(OP),], M, = 3.42 £ 0.11 KHZ’

%1 4 [AI(OP).], M, =5.26 + 0.13 KHZ’
A
0.9 A
E A .
0.8 N .
_ °
0.7
A .
s 06
—~ A m
" 05 ¢ _
2)
0.4 4 A Y [ |
|
0.3 o
A . .
024 . Al species linked to
® = 2,4 and 6 P units
0.1- : .
: - - 0.0 . . . : : . , . ,
| | | T T 0.0000 0.0005 0.0010 0.0015 0.0020
40 20 0 -20 -40 ppm Time (s)
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Comparison of Al-P Connectivity in gel-derived and
melt-cooled glasses: 2’Al{31P} REDOR

(S-S)/S,

1,0 S

1 [AIO6]: M, = 6.2 £ 0.1 kHz?
[AIO5]: M, = 5.9 + 0.2 kHZ®
[AIO4]: M, = 5.3 + 0.2 kKHZ®

el

= [AIO4]
e [AlO5]
A [AlO8]

Gel —derived

(S;9)'S,

1,04

1 [AIOB]: M, = 6.4 + 0.2 kHz*

[AIO5]: M, = 6.2 + 0.2 kHz®
[AIO4]: M, = 5.1 + 0.2 kHz’ ¢

e @
"

m [AIO4]
e [AIO5]
A [AIOB]

melt-cooled
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Mesoporous Bioglasses

— 10
— 30

Majority of phosphate is still loosely bound
orthophosphate in the studied range of Al203
concentrations
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Mesoporous Bioglasses

27TA1 NMR 2IA{31P}
4
Al@ . REDOR
A —— 0.5A-MBG -
—— 1.0A-MBG ® 5 oo "
2.0 A-MBG 0.8 - o shm o
—— 3.0 AI-MBG A 60ppm
—— 5.0A-MBG 1 .
10.0A-MBG | & (64
——15.0 A-MBG s | .
%
< 044 . N
[ ]
A A °
0.2
3 M
0.0

— T - ' - ' - - - - T
120 100 80 60 40 20 0 -20 -40 -60 -80 0.0 05 1.0 15
8(*’Al) / ppm ) NT. /ms

mm) Strong Al/P interactions

INONeX=

Al4)-O-Si
(charge
compensation
by Ca)
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Host-guest material based on Eu-complex immobilized in mesoporous silicate

1) Covalent Attachment

HO

OH
OH HQ
OH  onHo HO

Dalton
Transactions

View Article Online

View Journal | View Issue

Luminescent hybrid materials based on covalent
et e oo o Attachment of Eu(m)-tris(bipyridinedicarboxylate)
8318 ~ inthe mesoporous silica host MCM-417

Maturi Ilibi,® Thiago Branquinho de Queiroz,” Jinjun Ren,? Luisa De Cola, ¢

Andrea Simone Stucchi de Camargo*® and Hellmut Eckert*®°
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Covalent Attachment: Eu(bipyCOO),; in MCM 41

H,N

HO "
> on OH  oHHo HO HO, APTES / i
) S y
1 /OH/O/O/\ /\O\o HO
L i 2

l HMDSA
; N NP
Ligan /S' <\ \/ \
0 2 \Si ./ S'\o o)
—  ATA

M. llibi, T. B. de Queiroz, J. Ren, L. de Cola, A. S. S. de Camargo, H. Eckert, Dalton Trans. 43, 8318 (2014). ASSC/HE - 2022



STEP 1: Surface functionalization

e! 1. APTES
6. o ‘

-y 2. HMDSA

13C solid state NMR

| MCM-41-APTES-TMS-IR20 |

Ypa

JUANL

b g

200 180 160 140 120 100 80 60 40

N\

o) Y
\/ —>Si/q\/\NH
0)

—

ppm

2

B

20 0 -20  -40
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STEP 2: Ligand binding
\ e

/ \

G CHs

/

o\ \ a

\O/Si\ /Si Y 3
/ O
o] / jﬁ—\ P

\o—}Si/o

C /CH3
\o—7Si\o/Si\CH3

N \CH3 |
T~0—Si~_,_—Si—CHjs
/7o

H3C CHs;

Functionalized MCM-41-APTES-TMS-L _
MCM-41 (bicarboxyl)

I T T T T T T T
200 180 160 140 120 100 80 60 40 20 0 -20  -40

Activated Bipyridine-Ligand ppm 56
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CHy \ s

CH,

0 —Si ~0— Sl\\cHa

CH,

STEP 4: Metalation = — ';S‘\o

0

~o0—Si—_,
o

\o~—>3i\0/\3i =
EuCl, i /‘\_\ ~=0

o
\
W T

o 3 N \‘Eu'
\o.-—\S‘ s/ & * - / S0
o '\o/ '\CHS 0 CH; i .
9 i Ethanol . % s A
; : 0"y —CH o ] ;
0 Sim g —Si—CH: %3 2 He : OH;
il s | CHs H,0
O'7Sl \O/Sl—CHg
H,C CHs
| MCM-APTES-TMS-Lig(bicarb)-Eu |
*
, . . o * Bllo
Decreasing of ligand intensity signal Y

!

Paramagnetic effect of Eu

™
200 180 160 140 120 100 80 60 40 20 0 —2057

ASSC/HE - 2022
ppm



STEP 4: Completion of Eu coordination

" y /CH3
\o Rl 0 —_ .\\CHg
o CHs

o

\0’\Si/o

0 /CH3
\ ) . .
(0] /S|\0/SI\CH3
q CHs

—0 _/—Si —~——Si—CH;

HiC  CH,

Y
\Q;}Sl\o//&A\j

CH,

\o/Si ~—~0 /Si \CH3

1
Eu \
0 CHa
1
< l: " 0 .—-\-\Si —o0
’ ' b5
H,0’ 5 OH, °
H,0 ~0—S$i—g S

Methanol °<

+ e

\07Si\o/si\CH3
/N 2 !
\ "

—N N /
H,C  CHy
a
HO ¢
MCM-APTES-TMS-Lig(bicarb)-Eu-Lig(mono) ]

I T T T T T T T T T T T T T T T T T T T T T 1
200 180 160 140 120 100 80 60 40 20 0  -20
ppm
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29Si NMR: Quantification of the silicon species in the host

Q4

samplel

sample 3

Ml

r T T T T T T T T T 1
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
8 [ppm]
Q4

r T T T T T T T T T 1
40 20 0 -20 -40 -60 -80 -100 -120 -140 -160

Q4

sample5

Ml

r T T T T T T T T T 1
40 20 0 -20 -40 -60 -80 -100 -120 -140 -160

|V|1 T3

R OSi

SiO——Si—R SiO——Si—R

R OSi

r T T T T T T T T T 1
40 20 0 -20 -40 -60 -80 -100 -120 -140 -160

OSi (O]
SiO——Si——O0Si SiO——Si——OSi
OH OosSi
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29Si-T,: paramagnetic effect of Eu(lll)

Relaxation curves before and after Eu addition

1.0 4 a - 1.0 4
@ . Q@
—~ 0.8 A —
3: ‘ 3 0.8+
< <
~ Y x <
2 06 2
[%] : %]
5 ‘ < g 0.6 4
S ' P £
T 044 = Sample (5)2 Q3 3 ® sample (5): Q% T1=19.1s
N a ® Sample (5): T 8 044 Q: .
g A ! A Sample (5): M* E ® sample (4):Q:T1=182s
. 4 =
5 02 o v Sample (4): Q3 5
z ‘4 & Sample (4): T Z 0.2
oo < < Sample (4): M*
T T T T T 0.0 T T T T T
0 10 20 30 40 0 10 20 30 40
Relaxation time (s) Relaxation time (s)
1 M@ 1 TO
—~ 0.8+ —_
= 5 084
< S
2 06 2
‘@ 7 2 064
5 g
S E
< 0.4 kel
2 S 04
© ©
g 0.2 m sample (5): M5 T1=6.3s g = sample (5): Tz: T1=76s
b= ® sample (4):M:T1=165s Z 0924 ® sample (4): T T1=158s
0.0
T T T T T 0.0 T T T T T
0 10 20 30 40 0 10 20 30 40
Relaxation time (s) Relaxation time (s)

M. llibi, T. B. de Queiroz, J. Ren, L. de Cola, A. S. S. de Camargo, H. Eckert, Dalton Trans. 43, 8318 (2014).
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e Approx.. 254 thousand inhabitants

e Volkswagen, Faber-Castell, Electrolux, etc

e USP (f. 1934; 75.000 students; ~10% in SC)
e UFSCar (f. 1968, 14.000 students)
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Sdo Carlos - The Brazilian “Capital of Technology”

At IFSC/USP

¢ 98 faculty members (14 F)
e 19 full professors (1 F)

¢ 4 curricula

¢ 585 undergrad students

e 247 graduate students

¢ 18 research groups

¢ 1600 publications/year
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Alexander von Humboldt
Stiftung/Foundation

Exzellenz verbindet — be part of the
worldwide Humboldt network!

Ladies specially wanted!!

Profa. Dra. Andréa S. Stucchi de Camargo
Ambassador Scientist 2020-23 '

andreasc@ifsc.usp.br
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