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@ Nuclei vs. electrons

@ NMR spectrometer and NMR experiment

@ Chemical shift, dipolar and J-coupling

@ Relaxation in NMR spectroscopy

@ Signal processing in NMR spectroscopy

@ Two- and multi-dimensional NMR spectroscopy

@ Structure and dynamics of molecules from NMR data
What is not covered:

@ NMR of quadrupolar nuclei

@ Solid-state NMR

@ Magnetic resonance imaging

Lukas Zidek 8th EFEPR School, Brno, Nov. 21, 2019



Nuclei vs. electrons
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Nuclei vs. electrons

The same physics:

99
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Nuclei vs. electrons

@ Fundamental differences

e electron is a simple particle, well described by QED
g =2.002319304 361 46(56) from 2008 measurement
g = 2.002319304 36328(152) from QED calculations
e proton is a complex particle
g = 5.585694713(46) from experiment
g =7 from theory (QCD)

@ Technical differences
v(e™) ~ 658 x y(p™)
e lower frequencies of nuclei
= different hardware (radio waves vs. microwaves)
e slower relaxation of nuclei (typically 10-2—10° s)
= more time for pulsed experiments
o lower sensitivity

@ Chemical differences

e few unpaired electrons in typical compounds
e 10°-10* protons in organic/biochemical molecules
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NMR spectrometer
NMR experiment
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Magnetic moments in molecules

e molecule
/4 magnetic moment

_107% A
rads—'T—'
e 1/2 —182.000 100
H 1/2 0.277 99.98
13C 1/2 0.067
14N 1 0.019 99.6
5N 12 —0.027
70 5/2 —0.036
19F 1/2 0.252 100
31p 1/2 0.108 100
129%e 12 —0.075 24.4

quadrupolar (relax fast)
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NMR sample outside magnet

in equilibrium (spherical symmetry)

Lukas Zidek 8th EFEPR School, Brno, Nov. 21, 2019



NMR sample inside magnet

not in equilibrium (vertical force field)
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Relaxation via coupling with molecular rotation
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nuclear
spin
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electrons  induced
field

reproduced from M. H. Levitt: Spin Dynamics
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Polarization

N . — £ - 2B
Boltzmann distribution: P(0) x e *T =

ekB = — L
. . . kg T
Precession (angular momentum in a field = —+B
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Coherent evolution
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Signal detection

A B @ Coil

)
Y NMR Signal

X

reproduced from M. H. Levitt: Spin Dynamics
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Non-equilibrium distribution of magnetic moments
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Relaxation via coupling with molecular rotation

%0 oo

nuclear
spin
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flow of .
electrons  induced
field

reproduced from M. H. Levitt: Spin Dynamics
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Return to equilibrium
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Signal decay

A B @ Coil

)
Y NMR Signal

X

reproduced from M. H. Levitt: Spin Dynamics
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Chemical shift
Dipolar coupling
J-coupling
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Shielding of proton in hydrogen atom

—  —

Lukas Zidek 8th EFEPR School, Brno, Nov. 21, 2019 21/100



Shielding of proton in hydrogen atom
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Shielding of proton in hydrogen atom
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Shielding of proton in hydrogen atom
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Shielding of proton in hydrogen atom
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Shielding of proton in hydrogen atom
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Shielding and deshielding of nuclei in molecules
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Shielding and deshielding of nuclei in molecules
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Shielding and deshielding of nuclei in molecules

nuclear
spin

flow of .
electrons  induced
field
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Shielding and deshielding of nuclei in molecules
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shielding

0 = Oisotropic + Tanisotropic
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Shielding and deshielding of nuclei in molecules

Molecular tumbling in solution = (canisotropic) = 0

= (o) = Tisotropic
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Chemical shifts

Si(CH3)4 H> H+
ix . T T xi

499.9985 499.9990 499.9995 500.0000MHz v
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Chemical shifts

~CH=0
/ N—H
—C=CH-
_C|:|2_O_ 5= v—v(Si(CHz)4)
—CH,—C=0 v=(1+0) v(Si(CHg)s)
——
CHo—C shifted by §
— —C—
SI(CH3)4 H2 H+
\NL \L I I N\L
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling

v(0) = vo + D(6)

_ mvekeh (3 o1
D= 87r3r132 <2c059 5

In isotropic solution:

3 1\ B
<2cos 9—2>9—0 = (D)p=0
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling
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Dipolar coupling

v(0) = vo + D(6)

_ mvekeh (3 o1
D= 87r3r132 <2c059 5

In isotropic solution:

3 1\ B
<2cos 9—2>9—0 = (D)p=0
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Fermi contact interaction
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Fermi contact interaction
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Fermi contact interaction

210
E—_ZHo
3

Does not depend on orientation (scalar product fin, - fie)

{Jin - fie) |t (inside nucleus)|?
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J-coupling
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J-coupling
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J-coupling
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J-coupling

v=uyyxdJd
J (C-H) 130—-230 Hz
J (N-H) 90 Hz
J (C-C) 35-55Hz
J (N-C) 10-15Hz
J (H-C-H) 14 Hz
J (H-C-C—H) 0-14Hz depends on torsion angle
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Relaxation
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Relaxation is essential for NMR
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Relaxation limits NMR

e S




Molecular motions

libration

H

reproduced from M. H. Levitt: Spin Dynamics

C(t) _ < (3 cos? O(ty)—1)(3 cos? H(ty+1)—1)

_ —t/7i
= a;e !
4r3(to)r3(to+1) >all to,all molecules 2.8

i
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Fluctuations of local fields

nuclear

B .
][ \ ; “
g 4
flow of
electrons  induced
field
e.¢]
) T
Jw)= [ e coswtdt = ——
1+ (wTy)
0
= . B
o =
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Relaxation rates

2 2 70 1
4(c +d)(ao1+(0.70)2+a11+(0_T1)2+ >
2 2 0 1
3<°+d><a°1+(wm)2+a11+(w2m2+ )
6d° ( a 0 a T >
<O1+(W17'0)2+ 11+(W1T1)2+

602 o a i >
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Small/flexible molecules relax slowly

R = 4(02+d2) (ao 70 + a T +)
1
+ 3<cz+d2) (ao i ta— +)
1
+ 6d2(a01 0 g +>

+ dz(ao1 o +a o +>

small/flexible molecules = fast motions = short 7's = w;7; < 1
= Za,m — Zaﬂ'/ =T

= R2 — (7¢2 +20d2)7 (small)
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Large rigid molecules relax rapidly

Rz = 4 (Cz —+ d2) apTo
+
+
+
_ 4mm .3 +
T0 = 3kgr!

spherical rigid molecules = slow tumbling = long 79 > 7j0 =

:>Z /1+w¢07’2 —0,> a7 = apo
i

= Rg — 4 (c® + d?) agry (large)
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Signal processing
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NMR signal: acetaldehyde O=CH-CH3;

0O 01 02 03 04 05 06 07 08 09 1
t/s
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Demodulation

Like in FM radio receiver:

RF Signal FM Demodulated
igna :
g demodulator Audio
VW VWY
R o L _L clo A3
10K 100n 1oy 1K FRONT VIEW
—Er 25v BF494/495
L s
= ON/OFF
AERIAL = c8 /
4TURN 1 2204 GEB SWITCH
22SWG  ¢——f [—AMA 1] 2
4 MM DIA ¢ R2 s
AIR CORE 2500 10K ?‘ 09 +
1004 = 6vTO OV L
T2 c7 25v BATT. T
BF495 47n
{ c2—- 3
T 24n :
BF494
Ve
22p mn
TRIMMER
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Fourier transformation

D N S S

‘ T V‘: f’%‘ ‘
Ji f2 f3 fa fs
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Signal in channel 1: R{y(t)}

R{Y (W)}
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Fourier transformation of cosine.
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sformation
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Fourier transformation of sine.
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Complex Fourier transformation
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Acquisition is finite
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Signal is digitized

S{y(®)}

Signal in channel 1: R{y(t)}

Signal in channel 2:

R{Y (W)}
Y

l

'\)b—o

v

>

SHY (@)}

Q1 = Qs — 27 At

Aliasing.
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NMR spectrum: acetaldehyde O=CH-CH3;

-3000 -2000 -1000 0 1000 2000 3000
f/Hz
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file:///home/lzidek/archive/conferences/EFEPR_School_2019/audio/CH3CHO_full.wav

NMR spectrum: acetaldehyde O=CH-CH3;

-1500 -1400 -1300 -1200 -1100 -1000
f/Hz
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NMR spectrum: acetaldehyde O=CH-CH3;

2300 2400 2500 2600 2700 2800
f/Hz
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NMR signal is an audio signal
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NMR spectrometer

Magnet

Duplexer
Amplifier Signal
Amplifier

Pulse Gate

Phase
Shifter
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2D, 3D (nD) NMR
experiments
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2D NMR experiment

Transmitter on

Transmitter off ﬂ & ﬂ Tm ﬂ t

Receiver on [—
Receiver off
//\/\/\.—
A =

t / _ \
’ N N T A
AV e

- o

t fy fy
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2D correlation via nuclear Overhauser effect
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Homonuclear 2D correlation

NOESY:

1HI
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Heteronuclear spin echoes
> ‘

1HI—
13C or 1N {

e yan
13C or '°N AN
il
H
13C or 1N . ’4% %

N

PP
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Heteronuclear polarization transfer
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Heteronuclear polarization transfer
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Heteronuclear polarization transfer
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Heteronuclear polarization transfer
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Heteronuclear polarization transfer
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Heteronuclear polarization transfer
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Direct excitation of '3C or '°N
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Heteronuclear 2D correlation

Basic principle:
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Heteronuclear 2D correlation

Real example:

HSQC

y

H ITITI_‘X I TI’C rltlltz
Tu b g

1 P e

cadhd A A 4| l
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Heteronuclear 2D correlation

10 9 8 7
@
1054 ® +105
1104 F110
£ 1151 F115
g
Zz <
4
15 1207 120
L3
1254 F125
&
1304 F130
135 . , \ : 135
10 9 8 7
O(*H) / ppm
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Advantage of 2D vs. 1D experiment

O(*>N) / ppm

\n\ |
| I
J ‘ | ‘
\ M fM
| A
o, N
| \ v |
L ",\/'A‘J'"WW“A\I&W\ o || ‘ \‘V‘\‘"‘W m‘ \‘w't I
oMY AN uu ! Mo
M
10 5 0

O(*H) / ppm
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Example of a 5D experiment

4 i t t, t | P AP
o 5 oy & o ofe o
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Structure and dynamics
from NMR data
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Information in the peak parameters

2R,

Intensity

A
T

0 Q

@ Peak position (chemical shift) — (local) conformation
@ Peak width — dynamics (not affecting chemical shift)

@ Peak area — quantity (for ideal signal)
89/100
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Local conformation from chemical shift

100000
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Global fold from nuclear Overhauser effect
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3D NOESY-HSQC spectra

9.0 8.5 8.0 75 7.0 6.5
0.59 |, - °N: 113.721 (ppm) Lo.s
. 8
1.0 ® L1.0
0 e
€ 1.5 [6) O 15
E S
=
I
E
", 2.0 o L2.0
3
15y
®
2.5 L25
®
3.0 L3.0
9.0 85 8.0 75 7.0 6.5
W3- H (ppm)
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Assignment needed

0.8

0.9 :j r0.9

, - H (ppm)
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Assignment needed

[ &
fﬁﬂ%a?\f—%
—
@j\’
LB
P

V 6HGl#-D-7H
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Protein backbone assignment

I
1 a4
if(Hind
|
2 o, A
e, ©,
o |lee |lee| ||ee| LLl|lee| || ee
c d | efC L] QO Ll g| @O L
@@ @@ ©© ©© Rce

1383 13832 138322 1183322 4113322 44113322
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Relaxation rates from special experiments

. 2R4 1/R>
=
3
3
> 1
= Q
w
216 D.M. Korzhnev et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 38 (2001) 197-266

a y o y x
Acquisition
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o y 02 93 o y Broadband
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Relaxation rates

: motions not affecting chemical shift

libration

“H

J(w) = /eﬂ/T" coswt'dt’ =
0

Tj
1 + (wT,')2

2 , Ti
Rg 4(C2+d)zlza,71+(oﬂ)2
3(P+d) Y a0
i
6C/ZZ&/ Ti
Tj

1+ ((A}QT,’)Z

; 1+ (LU1 T,')2
2 .
o Ei:al1 + ((wr +w2)7)?

7i

2N 5,
’ 21:811 + (w1 — w2)mi)?
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Chemical/conformational exchange

N k-63x10%!

,JL k=10x10°s"

JLJL k=05x10%s"

k =20 x 10%s"
. k=1.0x10%s"
N k=25x10%" k=30x10s"
—TT— k=85x10s"
_ N k=63x10%s"
|
-3 kHz 0 +3 kHz
Q2n
3 -1
k=50x10"s
reproduced from M. H. Levitt: Spin Dynamics
S
-3kHz 0 +3 kHz
—
Q21
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Answers Needed From
NMR

90/ 1%0

ODid I make
the stuff?

B What is this
stuff?

m Other

Percentage Of Samples 90%0 Bonus: yield (ERETIC)

Source: Survey of 40+ Industry and Academia by Protasis Corporation
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