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Talloring the Hamiltonian Through
Modulation and Demodulation
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Outline

* Introduction to NMR and motivation for going into solids

* The challenges of solid-state NMR — leading to our control problem
« Ways to tailor our nuclear spin Hamiltonian to provide information
* Dipolar recoupling in solid-state NMR

* Optimal control solutions to the problem
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Background

Fourier
H M\/\/\/\M Transform

RF Pulse
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Chemical Shift — the resonance frequency
_depends on the electronic surrounding

@
N
a H-C-COOH

NH,

Glycine ‘

5 °C (ppm)

'H chemical shilt (ppm)

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 ' a8 ba &
XC ........ Cf/ Relaxation  Evolution  Acquisition 3 .
s ’, time time, 1 of fid, 23

Through-space (dipole-dipole) coupling

\ /

7
N
o

W

inSPIN —

Niels Chr. Nielsen



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

| u"JUU

//"'"~\

H=2o0 rfCOS(O)ct) N Rotations in 3D (I,1,,1,)

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

Y Rotating frame: operator spaces

H=w_,l
rf "x y
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Product operator calculations
IN liquid-state NMR

Rf pulse:
01,

|Col,=Sel,

Evolution under isotropic
shielding:

Evolution under J coupling:

@ 218,

Ixcdb—l-xisﬁb—z-liysz

The evolution angle:
0,0= ot

(I, L, L}
{1, 21S,, 21,S,}
{21S,.S,. 21S,}
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Protein NMR spectroscopy

NMR spectra
s TR Y T
ca L miihg 1D
NMR __, el |1 ,d
sample { = S _-_:f'l"_”‘:*if__"%ii_i,_:.
1% I-H'.lll.d ‘!n b - mw ] ] . 1 1,....

magnet pulse sequence

computer

3D structure
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Motivation — we want to design experiments for
the same purpose for solids

Amyloid fibril structures

ccccccccccccccccc

Nielsen et al, Angew. Chem. 2009

Pedersen, Dittmer, Miller, and Nielsen,
FEBS Lett., 2008
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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 }

-+ ' "I —
| .JIJ-..MJIJ.,tdw_J J_haf#mlu F ”jLI.H |

solid-state NMR
no magic angle spinning
no 'H-"H decoupling

liquid-state NMR

I
100 80 60 40 20 0 -20 -40 -60 -80

proton chemical shift (ppm)
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Origin to broadening: Chemical shielding anisotropy

“‘unshielded”

“shielded”

The electrons

shields the

magnetic field — 0
an orientation ¥
dependent =

manner

—in liquids the fa

>
molecules SFHAHHTITTSESA | nomc—n

“tumbles” fast

averaging this
effect —J
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Another origin to broadening:
Dipole-dipole coupling

Liquid

g7 Solid

=0 in isotropic liquids
#0 in solids or oriented media
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Typically several interactions ...

Isotropic Anisotropic
H =Hcs H=He+H; +He
260 200 160 100 6O O 6O 260 200 180 100 50 0 -BO
JAL
H:HCS+HJ H:HCS+HJ+HCSA+HDipoIar
260 200 150 100 50 O -50

260 200 160 100 50 ¢ -80

H :HCS+HJ+HCSA+HDipoIar+HQ 3
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Spin and Spatial parts of the Internal Hamiltonian

t Spatial Spin
i - - 7 part fx/ part
e, \M 5 % o - —_ i S
T S . O ” o
Chemical shift Dipole-dipole coupling
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Spatial tensor: Principal Axis Frame

ijk
O-xx O-xy O-xz
c=|o0, O, O,
O-zx O-zy O-zz
o, 0 0
Opps =| 0 Oy 0 . . .
0 0 o Different principal axis
z Frame for different
Interactions
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Irreducible tensors

2 J
A m{ PA L)
Hy,=C"Y_ > (-)™R;_,)T} .
j:ﬂ' m:—j
Irreducible Tensors
Cartesian Tensor PR
FN ®
Ow Ox Ox O O
O=10x Oy Oy - [Q ] + © + ®
sz O-zy Gzz ./ QM
™ o QM
_ ﬁ o
R R0,0 R1,m R2,m
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Hamiltonians containing isotropic and anisotropic
components

Fundamental | Spatial - Spin
constant J N part o part
o o \

. -
" L, » v - L \%w xxxxxx

m\%%%ww o _ WM/ e \\%%WWA‘% WWWWWWWWWW fg

ly
Ix
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Rotations in spin and spatialspace:

J .
P2 = Yy 7P pY) ()

Jm — Euler angles Q= {a, 8,7}
Reduced Wigner matrix clements dgf’m(ﬁ) for j = 1 and 2.°
Z i m'\m -2 -1 0 1 2
1 -1 $(1+cp) %sﬁ 5(1—cp)
0 —7153,9 cg 71595
1 s(—cs) -5 3(l+cp)
2 2 i+ dltess (i3 M- 30—
-1 -3(1+ep)sp 3 5(1—cp) \/gé‘??ﬂ s(1+cg)-cd 3(1—cp)sp
0 s TR 1C 7 R Y CEV RV T
1 -3(1-cg)sp 5(1+cp)- -\/gm g 5(1—cs) z(1+cp)sp
2 M1-cp)?  Bl-cpdsy  (fB B1cp)sy A1+ ep)?

“ Abbreviations: cg= cos 3, sg= sinf3 .

DY) (@) =e™edY) (B)e=™

Wigner Matrix ReducedWigner Matrix

inSP’ : Niels Chr. Nielsen
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The SpatialTensor

HLI = Wp (t)ZIzSz wp(t) = —CD(RF?,U)L

laboratory frame
2 fn o The Principal axis frame

(diagonal interaction tensor)

rotor frame

molecular reference frame I

principal axis frame S O O
= = o e Ty b — i j f

of a spin interaction o TR 0 =9, &, &
F L a™ N & & &

2 ¢ Iy frd
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Spatial transformations

HE =wp(t)21,S,

1
WD(t) = TEOD(RZP,O)L
1;(
/
/
/
4
/
/
/
/
/
£
M
(}%é|l m)L — Z (Rg m! )PD,E.?H m'! (Q%C)Dgr): m!

’ m! ;m"” m'" 1 ’ ’

(Qor) DY (Qre)

Isolatedinfluence from
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Summary of rotations

Principal Axis Frames .
Molecular Frame

Euler angles of individual inferactions
Q,..Q Q8 Q°

PM? PM? PM?

-+

crystal file

Rotor Frame

Laboratory Frame

/\ static field

(B)

o

sl

sample rotation £ (1)

From Levitt
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InternalHamiltonian — all in oneTable

H=0Y Y (()M(B )T,

cH Vi 1 —2Pry;y; (21(5171)
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® The isotropic value, anisotropy, and asymme&try parameter tor tie chemical shift
interaction are related to the principal elements of the shift tensor according to d%,

High-field approximation: ction are relate Princ . the Shill s
=L(6L 4688 +6° Lo = 00,0 and g = (07, — 0% ) /% . respectively, with

3\Vzxe T Yyy zz/: Yaniso 2z i50° cs Yy T aniso? ) ?
the principal elements d7; > d5, > d35 labeled and ordered according to |0}, — 4%, | >

' DypD \LmnD _ D , ) ) ‘
HD - C RQ1 TQ, — \/_WDTQ, |00y — Oteo| = |5;y — &%,|- Ii denotes the spin-quantum number for spin 7, ; the

* rank j=1 not relevant
= 2 I - I - I ra'n J : ]
wp (215, = ISy = 1,5, eshiftspintensor is rank 1
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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). .

inSPI
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Regain of resolution: -
- - - - ! A 1 ]
Magic-angle spinning |
1.5 i J. L A A

T Exhaust VT Mot

. | |

Magic-Angle Spinning (MAS)

[hH

Lh6 | |

(4

(1.2

~

bearing

sample spinning frequency (kHz)

g
F

(. ]

k

0.0 ——

l 1 | l

|
-4 1 4
|SOtrOpiC chemical shift resonance Mreguency (kHz)

Niels Chr. Nielsen



Averaging ofanisotropicinteractionsby MAS

t
p(t) = e 9?15 ()25 ¢ = fwn(t)dt
0

The evolution angle

Rotor synchronized sampling: t=0, 1, 27, ....

* YprTO, L

Bre

5  NTy
IMmwy I 0) 2 2
o= > fwfr_)m)e tdt = Wl = _bfsdé,a(ﬁgR)d((},g(ﬁgL)

m=—2 |
1, 1,
— _b15§(36ﬁfﬂﬂ o 1)5(36531, B 1) =0

Fast MAS

) 2m [wy

) (1) =2 / Apt)dt = =0
2T ;

!wgw§hﬁpﬁﬂ!$ Niels Chr. Nielsen



Individual Manipulation of Spin and Spatial parts

Spatial Spin
part part
%%%%% . — . e
N Noa” N Ww TN

I 0 1 2 3 N-1

7 Pulse I
|

X
SAMPLE ROTATION RF IRRADIATION

inSPI
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The equation of motion

Liouville-von-Neuman
equation

% (t) = —i[H(t), p(t)] =

operator

T

Our handle to information and manipulation

U(t) = Tt Jo Ht)dt

o

-

-
Propagator

inSPI
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RotatingFrames&EffectiveHamiltonians
H(®)

N

S e a1 %
ﬁ% /&I Uu\/

The rotating frame

From: RE. Fukushima & S.B.W. Roeder (1981) Experimental pulse NMR Heff — H(l) _|_ H(Q) _|_ H(3) _|_
t
H(t) = Hyy(t) + Hymau(?) g0 = L[ anmw)
Te Jig
t t1
s g = L [y dts[H (), H(t2)].
p(t) = UL, p(t)Usig | 2 /t ‘/o 2H(0), H(t.)]
- d
H(t) — UgigH(t)Ubig ZUbtg anzg (t)

!wﬂr§mm!@2 Niels Chr. Nielsen



Modulating the spin part:
HeteronuclearDipolarDecoupling

C.W.
|: H(t) zw?(t)sz —l—m.f?(t)gfzsz_{_wrf(‘rr)
F.I.LD
1. Interaction H, s(t) = w{q(t)ﬁimﬂu;?& S, e wriths
frame of rf L ‘

= wis(t)[cu, 121:8: + 50,121, S}

2. Average
Hamiltonian —(1)
I

= { A
S quS( ) o

E?r,"wrf

Wy
f f [f::m”rpj.3;5,E + swm?fygz]dt — ()

iﬂéﬂ&? Niels Chr. Nielsen



Effect of MAS and decoupling

2 L\[

L. LLLL |

pom FROE THS

i |
Eﬂiﬂﬂ-mmmﬂ-ﬂj-

<«— 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

inSPI|
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Detailed structure information
- regain of control

Dipole-dipolecoupling _

Chemical
shieldingtensor

inSPIN

fior Insoluble

MODULATION & CONTROLLED DEMODULATION
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Tailoring of the Hamiltonian:
Recoupling of dipolar coupling interactions

MODULATION

Sample rotation destroys
exploitation of dipolar couplings

NANNAN
/ I'ui Iu'l I'!, I{If \H f \/
VRVARY

n Complete Sample Revolutions

nPuIseI\
AV.YARYE). N
NUZAND=N V2

Rf Phase Alternation + nv/N

for p=-m

AARHUS UNIVERSITET

Center for Insoluble Protein Structures

Niels Chr. Nielsen
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Disrupting averaging of dipolar couplings
— using rf pulses in synchrony with sample
revolution

Sample rotation
destroys
exploitation of
dipolar couplings

1

!

_1

L

T
Simultaneous rf irradiation j I
brings it back again

® SP’ AARHUS UNIVERSITET

Center for Insoluble Protein Structures Niels Chr. Nielsen




Tailoring of the Hamiltonian == assignment

2D Experiments
A\ )

L] T T
fee=d 10 = =1 L4

m
MAS § 3
decoupling
sequences

T @ $m$

Niels Chr. Nielsen
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Magic Angle Spinning NMR of Proteins

A major aim is to develop methods providing
- high sensitivity
- high specificity
- high-precision structures

Structural information regained using
dipolar recoupling

CXCXCX

d(C)=B(V26Ca)

s o - N CA CX

¥
Issues toraddress:

—"'l.l:lr|:".'.{-'ulu'l'r-rlu'l'- transfer steps == low sensitivity it not perfect
-High rf gives sample heating => destroy expensive samples

-Distribution ol signals gives ambigquous 'Illlill'lll'.ll'lill__ﬁ

inSPI
c'a!!nmmm smanies  Center for Insoluble Protein Structures Niels Chr. Nielsen



DipolarRecoupling:
How do weget the anisotropy back — selectively?

Sample rotation
averages this one!!

(m) RECOUPLING

iﬂéﬂ&? Niels Chr. Nielsen




HeteronuclearDipolarRecoupling:

H(t) = w;(t)Iz + wg(t)Sz + wfs(?f)QIzSz + w,fflm -+ wfme

v

. L g o T
— Rfinteractionframe Urf ( ?f) — oW, ftSaf e Wr ftfm

S —

(’Orf p(Dr
I =

(Drf q(Dr

i~

(1) = Uly(t) HA(6)Urs (1)

2
Hj’g(t) = Z wg?)ﬂimwrt (prrthwﬁfzsz + prrtsquTtQIzSy

m=—2
+Spuw,tCaunt 2Ly S + Spu,tSqu,t21ySy)
OK, we have now modulations —

but to appreciate recoupling we
recast in terms of exponentials €

inSPI
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HeteronuclearDipolarRecoupling:
Recouplingconditions

1
Hyslt) = wm{ iptatmort y iora-met) (915, — 91,8 )

(¢
_|_( i(p—g+m)wst +e (P—Q—m)wft) (2[ S + 21 S)
3(e i(p+a+m)wrt _ ,=i(p+a—m)w )(2] S, +2I,S,)

Ly (Bi(P_Q-Fm)Wrt _ o~ Up—g—m)wr ) (21,5, — QIySz)}

21wy
(1) W,

His =" / Hg(t)dt
0

1 _ _
= —{(w;s(pﬂ) —|—w}%+w)(2128 21,5,) + (wrs p=a) | w}% Q))(ZI S, +2L,S,)

—z(w;S@’*‘” — WM QLS, + 21,S,) + i(wj P — W) (21,8, — 21,5,)§

p+q=-n, p—q=r |, n=1,2
p+qg=n, p—q=r |, r>|2|
p—qg=-n, ptg=r
p—q¢g=n, p+qg=r |,

Four experiments that
provide recoupling

T QT

m-mmm Niels Chr. Nielsen



HeteronuclearDipolarRecoupling:

One of the FourExperiments:

—
~

Hys=2{c,(2LS, +21,S,) + 5,(2L5, - 21,5.))

[ | 4o,

Which n? -- the scaling factor equals the S| 3o,
dipolarFouriercomponent => n=1 n=1, p=4
largestscaling

Ky = 2_\1/5515526 The DCP experiment

Note: only the difference in the rffieldstrengthsmatters —
Koo = — l brg? but try to avoidotherresonances!
+2 = VIS S

inSPI
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HeteronuclearDipolarRecoupling:
The DCP experiment

—D -
Hps =2, (2LS, + 21,5,) + 5,(2L.S, - 21,5.)}

— Tiltedframe * * * *

-X =X -X -X o .
-1t/2 around y Fictitious spin-1/2
Z2Q, ZQ,
12 =1,S, + 1,5,
—D .. . —D .
(Hrﬁ)j - Ei%{fﬁﬂy)H:SE_E%UVSF} - anf’_ﬂ'jg? *rfffwfgq IEH = IyS: — 15y

—D [;23:%([2_52)

U” (t) = exp{—i(H 5) Tt} = e 1 e7imntl (11
I14 — %(Iz—}—Sz)

&

O = I, = 14 1

phep®) =TT )" (U (1)= L* + el = spuiley I + 5,157

Full transfer of I_to S, for k_t=n k=(1/2 \E) b;g sin(28)

iﬂéﬂ&? Niels Chr. Nielsen




HeteronuclearDipolarRecoupling
DCP Is just an inversion

S 30 I
S, S,
Dipole
Z=1S8.% ]}_,S}, 7 Y_
+ 1 ;
X = 5(]1.1 S,)
Y==IS.=LS,

Center for Insaluble Protei Niels Chr. Nielsen



CompositeDipolarRecoupling

X
1 %
H Dt/ DCP
e 2 - .
(77)5 \
NV » )5

/4
13 C 1 I 2 I 1 :I II-'I"',LII.-'\_ Y.

ISNy//ll : |
X X

|(m/2) (m)x(12),]

Better compensation towards
orientation () variation of

[IITIVV T COMB,

Transfer Ef

ficienc
o o Y o
N [e)] Qo

o
[§e]
T

b (3mszﬁ 1)
i
|
i e
1 B r
¢ ZQ-frame:
T
IX_) SX
(;"OMB;D(:P' -
T fc’0MBﬁD( P
12 16

Excitation time (ms)

'n P’ dipolar coupling

Center for Insaluble Protel
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Optimal Control version withReduced Dimensionality

OC i ! b 1 T
08r COMB? ‘‘‘‘‘‘ R ' Rf pulses
> 07} S . _
S | s S e
5 06F i e T _
i
= 05} |
% |
e T !
(© p
03
DCP Recoupling
. ] sequence
o1y “ % |
) TR - ;j g
. . . ! @.w = |'5N
Excitation time (ms) o’ € Ce  flw
= & Fb: e

inSPI C
ﬂ.mmm&:' Hansen, Kehlet, Vosegaard, Glaser,Khaneja, Nielsen, Niels Chr. Nielsen

Chem. Phys. Lett. 447, 154 (2007)



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

Center for Insaluble Protei Niels Chr. Nielsen
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The Dipolar Truncation Problem

recoupling
2IzSz-IxSx_IySy > 2|xsxi2|ysy (planar)

[21,5,-21,S,, 2R,S,-2R S,] # O

visible

Solution!

recouplin _
21 S -1.S 1. P9 21,8, (sing)

zv~z 'xMx yYy

[21.S,.2R,S,] = 0

inSPI
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Planar vslsingDephasing

I
<
LA

_]'DU 10 20 30 40 50 60 /0 80

Dephasing time (ms)

Dipolartrunction is not solved by introducing a thirdspin
— and sequential transfers

inSPI

Center for Insoluble Protein S :ﬁ
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TripleOscillatingFieldtechnigUe (TORU)

Ct
2|zSz — |XSX - |ySy (Dipolar)

F

Y

H,;(t) = CF, 4 Cexp(—iCTH exp(1CtF,)

+ Bexp(—iCtF,) exp(—iCtF,) F, exp(iCtE,) exp(iCtF,)

l+ isotropic shift

218, (Ising)

Niels Chr. Nielsen

Center for Insaluble Protel



ripleOscillatingFieldtechnigUe

Amplitude (kHz)
> 8 8 8 38 3 3

B 30*)r 0 40 80 120 160 200

'"SP’&Z Niels Chr. Nielsen



"._. "-f

L | / (~
1. . rf
\ ;l'jr e

TOFU

cos’(Ct) = 241 exp(i2Ct)+ 1 exp(—i2Ct)

cos® (Ct) =

Hy(t) = wi (), + ws(t)S, +wrs(t)(31,S, — T - S)

=Y

—
~

p—

wr (1) (cos>(C1) L+sin(CH), %sin(?@t]fx)
+ws(t)(cos*(Ct)S,+sin(Ct) S, %sin(?Ct)Sm)
His(t) = gw;g(t){cosd‘((?t)ﬂzSz + sin?(C't) cos*(C't)21,S, + sin*(Ct)21,S,
+ %sin(?Ct)[c:os(C’t)(QIzSy £ 21,5.) — sin(CH)(21,S, + 21,5,)

— cos?(Ct)(21,S, +21,S,)]}

Hu(t) = wi(t) cos®(CH)I, + ws(t) cos*(C1)S,
3 . _
* waS(t){Cf)54(Ct)(SIzSz —1-5) 4+ (IpS: + 1,S,) }

3
H{q 2 (G}I + = 9 (D}S + 16(’5:; (OH"‘K{?I S S;r _IySy}

— 3 _
Hy = 1—6(’{,19] cosn 21,5,

i+ T expli 2C') ++exp(—i2Ct) + &+ exp(idCt) + & exp(—i4Ct)




Triple Oscillating Field techniqUe +

| Hj\ | |

4t dp b n Ph P /2L “-n T t I 72
< >
<| S li g < .S, recouplin
,S, recoupling RADAR 297 pling .
Refocusing of all dipolarcouplings
<>
Selective
\ inversion 4

Dipolar couplings to C’ active + surrounding J's active

inSPIN :

Center for Insaluble Protel
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TOFU + RADAR: U-13C,15N-L-threonine

d
..JL.JL _Jlk.ﬂ. ‘JKJ _JL_.L\J
b
.
1 2 3 4
FRESNEL

Easyread-out

L J\ l% | O

MMMMlMMhMHHHﬁﬁﬁ

=TS

Reference (S,)
Main (S,,)

10 11 12 13 14 15 C
p

Khaneja & Nielsen,

Sp(t) — St _ . Phys.
A =50 _ g feospPr) ST
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Accurate distances by ssNMR:
U-13C,15N-L-Threonine

[ [] [
SRS
vl W N —

() ®@>ueisiq Jes[dnulalu]

1 1
www NN
nw= o

Khaneja & Nielsen,
J. Chem. Phys. 128,

5 2 p 2 0 1 015103 (2008).
Total length of sequence (ms)
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Larger dipolar scaling —
Multiple Oscillating Field Techniques

TOFU is a good step aheadtowardsaccurate distance meausrements!
But the dipolarscaling is toolow to measurelong-rangeconstraints

ﬁfs{r} =2'5X' H-‘-:I COS '}‘_EI;S; ng) =(lf2\-"3)b15 sin(2f33

B=3.75 o,
C=0.25 o,

Straasge, Bjerring,
Khaneja, Nielsen,

J. Chem. Phys., in
Press (2009)

Niels Chr. Nielsen



Larger dipolar scaling —
Multiple Oscillating Field Techniques

Ltk cg-t I.5; + SE-E lySy + scrcee (I:Sy + 1yS2)

S 2 1L,S, + 55 1L,

+ECr5Cr"‘. 5 + SCrEf%r(fESJ’ ™ "..J‘SE)
+5C[£ct(f25x +1.5;) + cc[sér(fx% +1,5,)
—" ¢t 1,S, + 52, 1,S, +2s2,¢cé,1,S,

+5§rECt(ECt T Sgr‘:ﬂt Srce ) Sk + SCrECrffsf
+ ...

4
{1Cf_8+ CQCr"‘

Straasae, Bjerring,
Khaneja, Nielsen,

— Cecr + 85(?:‘ J. Chem. Phys., in

L Press (2009)
o o + 453{:? - 4S-CI) . [
inSPIN? ’

Niels Chr. Nielsen

3 2
cCr + SCr + 250,y




Four OscillatingfieLDTechnigUe

Rf field strength

70

B=3.75 o,
C=0.25 o,
Rf phase

500 .

Rf Amplitude (kHz)

0 50 100 150 200 250 &

Time (ps) 2 -1500f 1

=

Q.
80 : . . . . % -2000f 1
60 | : -2500+ 1
40 | - -3000+ 1

-60 |
©/2r = 16.7 kHz.™

B=3.75 o, e
C=0.25 o, Rf offset

iﬂghﬂ& Niels Chr. Nielsen
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INnternuclear distances using FOLD
(16.67 kHz; 700 MHZz)

Simulations Experiments
L-Threonine b 12 a
1.0
0.8 3.0
E: 0.6 E
0.4 35
Leucine o2t/ e
(ubiquitin) o lcx >
¢ 12 b
1.0 F
0.8 f 13.0
E 0.6 F E
) 0.4 } _43.5
_ oz | -{4.0
e «W};:'MM— mﬁml a ] :3 o
0.2 — ; ;
10 0 2 4 6 8 10

Time (ms)
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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

‘Pf = Up,U"

Optimal control => Design of U o bt bs fa fo de tr x s b
L - x(T)
| T 2 N0 R, /’
ji = @y — ;’uj Z“k Ifﬂ-[lt- w p(T)
Dk O NS il
Final cost  Runningcost w=0 P

Final cost ;ﬁlzTr{C'er(T}} J«,?, C ,%,ﬂ‘, ......... H_'fL

P SP’ AARHUS UNIVERSITET
'n v@z Center for Insoluble Protein Structures Free Open source software at Niels Chr. Nielsen
www.bionmr.chem.au.dk




A specific case — many exists
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Optimum control in biological
solid-state NMR

Optimization of building blocks

- Gain In sensitivity

- Reduction of instrumental
errors

DECOUPLE

NC

LGCP OCLGCP DCP OCDCP HORROR °“HORROR

Niels Chr. Nielsen



Traditional recoupling vs. optimal control

Rf amplitude (kHz)
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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)

(
inSPIN?
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ISN—13C in NCO and NCA at highfield—
sequence&robustness

Transfer
1 5N §
x o &
e Offset M ?
o 15N/13C o2 | o
5 0 f 0
.4: 01
a 20061003
E 0 Shift 13C (Hz)
(av;
G
o
13C
g i Rf
' - ' ' ' ' inhomogeneit
0 05 10 15 20 e
T (ms)
@
'"SP’ Kehlet, Bjerring, Sivertsen, Glaser, Khaneja, Nielsen, J. Magn. Reson 188,

Center for Insaluble Protein, Structdres Niels Chr. Nielsen

216 (2007)



Optimization of Effective Hamiltonians
Sensitivity-enhanced 2D solid-state NMR

Only transfer of Planar DQ
X- or y- —
component

le [kHz]

implituc

RF:

21,S,-21,S,

Z Z
(3), (2),

t |_ MIXING

iso-MIXING >_

X X
y y

21,S,+21,S,+21,S,

ude [kHz|

implit

RF

Transfer of bothcomponentsafter T - Khaneia. Niel
. _ ege osner, aser, aneja, Nieisen,
t, evolution =>V2 sensitivityenhancement 3. Chem. Phys. 125, 184502 (2006)

inSP’ , Niels Chr. Nielsen
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Symmetry-based optimal control experiments for assignment

OCC7 band-selective mixing for
2D CACB, CACX & 3D NCACB

60
T
d I ‘ __ = 40
1 CW decoupling e ~—i_
i =720
e 1| o~
!”L’ . I\'I )
0()
b .
0 1 q N-1 = 0
I[ “o | T oo | T - C':?‘“"""‘“":I -9()
5 M
L 4 g QL R 180l p

ulse number

c Vi’*’”" it TL\L-1 1 10 20
... 3] .. [Y] gy
<>

0.2

=02

-5~
f.I 2n ..,,.,.I,"\n-:l'll"“r"1
Reducing the RF FIELD’s by a factor of “"’f P
3-4 => only 10-15'th sample heating Gain:
X 3-4

Nielsen et al,
J. Chem. Phys.., 2009

P’ AARHUS UNIVERSITET
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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 (1019 00 02 04 08 08 10
| Time (10us)

S.— | =
X Z =
£l Computational time
= 10 10 10
8 2 spins 8 3 spins 8
E z 2.46x . 2.84x% s
E
_5-3 :_é 4 4 4
= -
= 2 ) // :
E‘ 0012347;_::;410 0012?:_§::;:10 0012345678910
{ Number of iterations
MW @ 9 GHz (X-band)- o _ __
ca. 0.3 T (14 MHz) NMR Jeschke, Schweiger, Mol Phys 1996  Maximov, Tosner, Nielsen, JCP (2008)
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OC is not limited to spin-1/2 cases:
2D MQ-MAS excitation for quadrupolar nuclei

a
T |
s RbNO; at 94 T
()]
i Strong °CFASTER
- L oo j
OCFASTER E' ' ( N | L

b 2 -55]

06 pulse |[FASTER Mﬁaj kHz — ™ XJ‘L ﬂ
%) 200 kHz OO3_8k|_|2 La N —50: - S
EE T S f RPN
m =20 =30 -40 =50 -60 =20 p?:?r? -60-20 p;ﬁ? -60

50% gain

Vosegaard, Kehlet, Khaneja, Glaser, and Nielsen,
J. Am. Chem. Soc, 127, 13768-13769 (2005)

1 2 3 4 S
Pulse length (tg)

ve =30kHz Cq=3.3MHz
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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]

inSPI
c’wﬂmmm res Niels Chr. Nielsen




Optimal control in MR
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