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NMR spectroscopy: Uses magnetic fields and rf
Irradiation to manipulate nuclear spins

Polarization by BO
Rf irradiation

RF Pulse

m Response
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Chemical Shift — the resonance frequency
_depends on the electronic surrounding
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Very crowded for big molecules
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Scalar couplings and dipolar cross-relaxation
allows for communication between spins: 2D NMR

Basic pulse sequence for 2D acquisition
Through-bond (J) coupling
H H I I tv ' BB b &
XC ........ Cf/ Relaxation Evolution  Acquisition 4
s ’, time time, 1 of fid, 23

Through-space (dipole-dipole) coupling
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Controls in liguid-state NMR spectroscopy

STATIC FIELD J COUPLING
CHEMICAL SHIFT B | H= ol

H 4
Hoca A 4 21,8,

>

Generates two-spin operators, which may
be used to drive coherence/polarization
RF FIELD A p ﬂ \ transfer between coupled spins
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H=2o0 rfCOS(O)ct) N Rotations in 3D (I,1,,1,)

or (1,,21,S,,21,S,)

Y Rotating frame: operator spaces
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Structure of proteins in immobile environments

Membrane protein structures
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Pedersen, Dittmer, Miller, and Nielsen,
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For solids, anisotropic interactions destroy the
resolution and the sensitivity is low

dipolar coupling between protons:

~120kHz @ 1.0A
~ 40kHz @ 15A

5,000 Hz }
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solid-state NMR
no magic angle spinning
no 'H-"H decoupling

liquid-state NMR
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Origin to broadening: Chemical shielding anisotropy

“‘unshielded”

“shielded”

The electrons
shields the
magnetic field —
an orientation
dependent
manner

| H—O=C—H
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Origin to broadening: Dipole-dipole couplings

Liquid

g7 Solid

=0 in isotropic liquids
#0 in solids or oriented media
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Regain of resolution: -
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Magic-angle spinning |
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To mimic molecular motion we have to spin fast

40mm = 15kHz (1.400,000 x g)
32mm > 25kHz (2,700,000 x g)
25mm > 35kHz (3,500,000 x g)

a 3.2 mm rotor spinning at 24 kHz. ..

... has a speed of 240 m/s when it would roll on the floor ..

... and needs only 46 hours to roll around the earth. ..

rom van Rossum

(50,000 x g). .
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Strong rf irradiation:
to remove dipolar coupling

]

\ | I Power supply |
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67 mm3 15 mm?3
720,844 mm3 (1SN i) (70 W / mm3)

(1 mW / mm?3)
From van Rossum
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Effect of MAS and strong rf irradiation
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<«— no MAS, no decoupling

+— no MAS, decoupling

+«— MAS, no decoupling

+«— MAS, decoupling

<+— spolution NMRE

A solid protein: Nanocrystals

180 160 140 120 100 B0 B0 40 20
"C [ppm]

A good high-resolution solid-state NMR
spectrum brings us at the level where
liquid-state NMR started
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Detailed structure information
- do we regain control with too much power

Dipole-dipolecoupling _

Chemical
shieldingtensor
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Tayloring of the Hamiltonian:
Recoupling of dipolar coupling interactions

n Complete Sample Revolutions

Sample rotation destroys

exploitation of dipolar couplings &;&&& 8?

TP
L/\/ BEP_¢

Rf Phase Alternation *+ nv/N

for p=-m
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Accurate distance in MAS solid-state NMR:
Recoupling without dipolar truncation — NMR robotics

1.2

o, 4L n/p> mal
13C-13C
Triple-Oscillating-Field-technigUe  distances up
TOFU Khaneja and Nielsen, to 5 A with
J. Chem. Phys., 2009 0.1-0.2 A SN\ (14 A AR
Straasg et al, accuracy s .. : 0 ppmi
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Optimal control design of NMR experiments

- improved sensitivity Kehlet et .
- band selective operation IACS, 2004
. aximov et al,
- less rf power consumption J. Chem. Phys., 2008

Tosner et al,

‘ J. Magn. Reson. 2009
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Optimal control => Design of U o bt bs fa fo de tr x s b
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Dk O NS il
Final cost  Runningcost w=0 P

Final cost ;ﬁlzTr{C'er(T}} J«,?, C ,%,ﬂ‘, ......... H_'fL
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A specific case — many exists
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Traditional recoupling vs. optimal control
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3D NCOCX: U-13C,>N-ubiquitin

a 3 ppm
'H |:|E DECOUPLE .

0 )
/2 2
L3¢ |: V.
15N_ Cp
b
Optimal Control

50-100% Less sample heating
Higher sensitivity (in the order of
(less sample/less time) 1/10 — 1/4 power I it S e

L] I L
174 172
®5/2n

Kehlet, Bjerring, Sivertsen, Glaser, Khaneja, Nielsen, J. Magn. Reson 188, 216
2007)
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ISN—13C in NCO and NCA at highfield—
sequence&robustness
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Traditional recoupling vs. optimal control
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CompositeDipolarRecoupling
A marriagebetweenAnalytics and Optimal ControlNumerics

(n/2),(n),(n/2), General translation
Rf pulse:
0, 6, 6, 01 6,
.| 9,] ¢ 0,1 9,
Dipolar 5,84 8.9
recoupling xf| x || x x || x
(4,-9,)/2 ©,-0y.1)/2
ZQ-frame: x| x || x x | x
|X_:c S, (¢,-0,)/2 (bg.r-9)/2

Improved B-angle compensation

iﬂéﬂ&? Niels Chr. Nielsen




Inspiration from optimal control:

. . . Do —(3cos" =1
CompositeDipolarRecoupling ; = )
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Better compensation towards

7 16

orientation () variation of Excitation time (ms)

inSPIE dipolar coupling
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Optimal Control version withReduced Dimensionality
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Optimization of Effective Hamiltonians
Sensitivity-enhanced 2D solid-state NMR

Only transfer of Planar DQ
X- or y- —
component
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Transfer of bothcomponentsafter T - Khaneia. Niel
. _ ege osner, aser, aneja, Nieisen,
t, evolution =>V2 sensitivityenhancement 3. Chem. Phys. 125, 184502 (2006)
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Symmetry-based optimal control experiments for assignment

OCC7 band-selective mixing for
2D CACB, CACX & 3D NCACB
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Nielsen et al,
J. Chem. Phys.., 2009
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Low-field NMR using Optimal Control for
Resolution Enhancement

ra I h!'ﬁ

100 200 300 400 %
time [us] . — ¥ \
chem. shift [kHZ]
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Optimal controlandDNP

S(Electron)-I(Nucleus) = gggg ' ég Nuclear
two-spin system 2 o0 c gi _r| a IH r - T s
0 g | fl' ' I
_ 2 02| ) |
Ho = ole + AS Lz + BS: L 2 oy T et il \HH}I .||‘||I_H||w
3-2000 —"'g -02||| U‘ | |||||J I” 'ULL
Q,/27 = —14 MHz "H Zeeman 3 -3000 il | Electron
A/27 =6 MHz E 00 02 04 06 08 10 1

B/27x = 3 MHz (10119 00 02 04 08 08 10
| Time (10us)

S.— | =
X Z =
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E‘ 0012347;_::;410 0012?:_§::;:10 0012345678910
{ Number of iterations
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ca. 0.3 T (14 MHz) NMR Jeschke, Schweiger, Mol Phys 1996  Maximov, Tosner, Nielsen, JCP (2008)
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Optimal control in MR
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Talkingabouthalfbrains— OC can do amazingthings ..
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What do you think this

pulse will excite? and NMR/MRI/DNP

is an excellent field to
the the capabilities in ...

w we provided open source
0 Software — you do the rest
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