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NMR experiments: a short introduction

MAS NMR: a high precision tool to study the local environment of
various nuclei in complex material

ext
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NMR experiments: a short introduction
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Zeeman effect: interaction between nuclear spin and magnetic field
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Chemical shift interaction (maanetic shielding)
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NMR experiments: a short introduction
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| « chemical shift » = CS

The electronic motions induce internal magnetic
fields which “shield” every nucleus from H,,
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NMR experiments: a short introduction

Chemical shift interaction (maanetic shielding)

ya
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| « chemical shift » = CS

Quadrupolar interaction (electric coupling)

HI — Hext + Hint
Zeeman effect
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Nuclei with | > 1/2 have an asymmetric
distribution of nucleons (non spherical
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NMR experiments: a short introduction

H,=c,1,-J-T,

Chemical shift interaction J Coupling or scalar interaction
Magnetic shielding

A g

9 I;VQ:CQTV-T ¢ ....... ¢ ﬁD:CDfl.[S.rZ

Quadrupolar interaction Dipolar interaction

Electric coupling
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NMR experiments: a short introduction

Chemical shift \

interaction (H) ’
coordination,
kind of neighbors

Scalar interaction (H,)

Chemical bond,

oc 10 kHz o
. connectivity
(like B,) oc 100 Hz
B, (independent of B,)
Zeeman

Effect
~ 100 MHz

Quadrupolar Dipolar interaction (H)

interaction (Hg)

geometry
oc MHz

Interatomic distances
Spatial information
oc 10 kHz

15t order independent of B
( ? o I (in 1/r® and independent of B,)
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Quadrupolar interaction: an electric coupling

T

L. OE( (1)
Electric Field Gradient Tensor (EFG) V;(F)= a Z ar
k k

.. electric field ~ E(F)= jdr )‘(f -r)

A ground state property ! One only needs E, and ¥,

H. M. Petrilli, P. E. Blochl, P. Blaha, K. Schwarz, Phys. Rev. B 57, 14690 (1998)
M. Profeta, F. Mauri, C. J. Pickard, J. Am. Chem. Soc. 125, 541 (2001)
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Quadrupolar interaction: an electric coupling

—

_. OE( (r)
Electric Field Gradient Tensor (EFG) V;(F)= a Z ar
k k

=
.. electric field ~ E(F)= Idr )‘ K—r)

A ground state property ! One only needs E, and ¥,

H. M. Petrilli, P. E. Blochl, P. Blaha, K. Schwarz, Phys. Rev. B 57, 14690 (1998)
M. Profeta, F. Mauri, C. J. Pickard, J. Am. Chem. Soc. 125, 541 (2001)

_VXX ny VXZ VXX O O VXX +Vyy +VZZ - O
V=1V, VvV, V,| = 0V, 0 with
_sz sz sz | L O O sz_ ’VW‘ = ’VXX‘ < ’VZZ‘
Experimentaly caracterized by:
V,, —V,,
c =82 gng Ny =—
VZZ
C, : quadrupolar coupling constant 174 - quadrupolar asymmetry parameter
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Quadrupolar interaction: an electric coupling

T

_. OE( A7)
Electric Field Gradient Tensor (EFG) V;(F)= a Z ar
k k
)

. electric field ~ E(F)= Idr (6

A ground state property ! One only needs E, and ¥,

eQVZZ . Vyy _Vxx

C,= and 7, = v
C, : quadrupolar coupling constant q :Zauadrupolar asymmetry parameter
EFG calculation with VASP PAW formalism

¥, = fpn - dB me ) Clme + me | Clme

LEEG = TRUE. ') 'Fn) > |Otme ) Cime + X | Orme )i
QUAD_EFG = 146.6 (¢’Al) 25.5 (170) QO ) - W, . = N
Q : electric quadrupole moment =~ ) S
Q: in milibarn (]_ mb = 1031 m2) AE pseudo pseudo-onsite AE-onsite

P. Pyykko, Mol. Phys. 106, 1965-1974 (2008) P. Blochl PRB 50, pp 17953-17978 (1994)
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Quadrupolar interaction: a-SiO, example

Phase data
Space-group P 31 2 1 (152) — trigonal

cell a=4.604(1) A c=5.207(1) A
/ c/a=1.1310
V=95.58(5) A3
Z=3
Atomic parameters
Atom Ox. Wyck x/a y/b z/c
Si 4 3a 0.4458(2) 0 1/3
0 -2 6c  0.3951(4) 0.3031(4) 0.2412(2)
29Sj 1 1=1/2
Si+4, Y0:1=5/2
EFG Calculation
b 0-2 LEFG = .TRUE.
QUAD_EFG = 0.0 25.5
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Quadrupolar interaction: a-SiO, example

NMR quadrupolar parameters

Cqg : quadrupolar parameter Cg=e*Q*V_zz/h
eta: asymmetry parameters (V.yy - V.Xx)/ V_zz
Q : nuclear electric quadrupole moment in mb (millibarn)
ion Cq(MHZz) eta Q (mb)

1 0.000 0.550 0.000

2 0.000 0.549 0.000

3 0.000 0.549 0.000

4 4.623 0.485 25.500

5 4.623 0.485 25.500

6 4.623 0.485 25.500

7 4.623 0.485 25.500

8 4.624 0.485 25.500

9 4.623 0.485 25.500
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Quadrupolar interaction: a-SiO, example

Electric fTield gradients (V/A"2)

1on V_XxX V_yy V_zz V_xy V_xz V_yz
1 2.121 -0.126 -1.995 -0.005 -0.000 8.310
2 0.436 1.560 -1.995 -0.974 -7.194 -4.154
3 0.442 1.559 -2.000 0.977 7.196 -4.155
4 -19.572 18.456 1.116 -28.070 4.999 -58.074
5 -15.380 14.236 1.144 30.506 47.792 33.362
6 33.249 -34.390 1.141 -2.422 -52.795 24_705
7 33.261 -34.375 1.114 2.432 52.794 24 _707
8 -19.586 18.441 1.145 28.078 -5.003 -58.077
9 -15.384 14._241 1.143 -30.503 -47.795 33.363

Electric fTield gradients after diagonalization (V/A"2)
(convention: |V_zz]| > |V_xx| > |V_yyl)

ion V_xx V_yy V_zz asymmetry (V_yy - V.xx)/ V_zz
1 7.302 2.121 -9.423 0.550
2 7.299 2.122 -9.421 0.549
3 7.299 2.125 -9.425 0.549
4 -55.690 -19.293 74.983 0.485
5 -55.689 -19.294 74.983 0.485
6 -55.691 -19.294 74.985 0.485
7 -55.690 -19.294 74.984 0.485
8 -55.692 -19.300 74.992 0.485
9 -55.694 -19.290 74.984 0.485
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Quadrupolar interaction: accuracy

Electric Field Gradient Tensor (EFG)

V. ."'I Vl A ."II V\:_\; ."II
10 Vi 2 10" V> 10" Vi > Co/MHz  1q
MgF>
Exp 0.728(6) —0.480(8) —0.248(8)  3.51(3) 0.32(2)
IS Caster  0.631  —0.434  —0.196 3.04 038
WIEN2K  0.637  —0.498  —0.139 3.06  0.56
APO Caster  0.655  —0.364  —0.291 316 0.11
WIEN2K  0.658  —0.431  —0.228 317 031

Drawing of the charge density
deformation coming from |L|=2

Blue is accumulation (Vzz > 0)
Green is depletion (Vzz < 0)

NMR parameters in alkali, alkaline earth and rare earth fluorides from first principle calculations
From Sadoc et al. Phys. Chem. Chem. Phys., 2011, 13, 18539-185
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Quadrupolar interaction: accuracy

Convergence of EFG has to be checked

-22383 8702 - 82
—{—Energy
-23383 8704

-22383 8706 -

-22383 8708 -

Energy (rv)

-22383 8710 4

(WA . 01) DA

-22383 8712

-22383 AT 14 , . , . , . , . , 80

Figure 6.2: Total energy and electric-field gradient as a function of k-mesh size
for hep-Cd (R Ko = 7.0).
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Quadrupolar interaction: accuracy

Electric Field Gradient can be really useful!

When available EFG vs Cqg correlation has to be used
- EFG very sensitive to really small deformation
- EFG is a ground state property, cheap to calculate
- EFG can be calculated with AE or PP codes
- good way to test/validate your PP
- EFG can be calculated even for 1=1/2
- EFG tensor orientation can be useful:
- for interpreting the deformation

- for getting the Eulerian angles for fitting NMR parameters
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Quadrupolar interaction: accuracy

\

0

EFG 27Al
compound |

N O(7Al) = 1616 (£0.024) x 1072 m’
a-Na;AlF, | Q0 AD = 1616 (£0.024) x 1077
NasAl:F 4

;

Poor accuracy for data coming from
powder diffraction (X-Ray or
Neutron)

(- CaAJ_Fg
B-CaAlFs
Cﬂgﬂw?
(t-BaAlF;
ﬁ -BaAlF 5

g

%

p-BaAlF;

e
=]

Bﬂ;ﬁlgFlj
Bﬂ;:':’;].Fg-IIJ
ﬁ-B ﬂjA_]Fg-g

n
?

Experimental v, (Hz)

g

-Ba [:aA.]_F','
o-NaCaAlF;

-1.5e+6 . . . |
[-NaCaAlF, 208421 108421 0.0 1.08+21 2.0e+21 3.0e+21

NaxCasALF s Calculated V,, (EFG)

Advances in Structural Analysis of Fluoroaluminates Using DFT Calculations of ?’Al Electric Field
Gradients (WIEN2k)

From Body et al. J. Phys. Chem. A 2007, 111, 11873-11884
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Quadrupolar interaction: accuracy

\

0

Density Functional Theory Calculations of Mo NMR Parameters in Solid-State

Compounds
From Cuny et al. ChemPhysChem 2009, 10, 3320 — 3329

%Mo Cq (MHz) experimental versus calculated

Experimental structures  Optimised structures' Exp.
APW PAW APO FO
BaMoO, 1.84 1.72 1.80 1.98 1.68"
0.00 0.00 0.00 0.00 0.00 . )
CaMoO, 4.03 395 3.33 3.42 2,894 Validation of ®*Mo PP
0.00 0.00 0.00 0.00 0.00 (LAPW as a reference can
CaMoO,  4.03 3.95 2.97 3.37 2.89" be done also for 1=1/2)
(Ca,: PP) 000 0.00 0.00 0.00 0.00
PbMoO, 248 233 2.47 2.56 2,037
0.00 0.00 0.00 0.00 0.00 Effect of geometry
SrMo0, 252 231 2.64 2.68 2.26 optimization (APO, FO)
0.00 0.00 0.00 0.00 0.00
CdMoO, 539 499 3.34 3.64" 3,05 Powder diffraction !
0.00 0.00 0.02 0.02 0.00
ZnMoO,
Mo (1) 2.85 2.74 2.58 2.44 2477
0.79 0.77 0.65 0.78 0.60
Mo (2) 1.29 1.21 1.12 1.21 1.157
0.64 0.73 0.84 0.79 0.65
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Chemical shift interaction: a magnetic shielding

Response to an applied external magnetic field (B<*")

Electronic cloud generates a weak magnetic field B
opposite to B¢

B(I’J _ BE’;I?T 4+ Band(rJ

The nucleus is shielded from B! by

B(r) = B“'(1 — o)

Shielding tensor o

X = T
B;nd — .- BE’“HZ

Indice s = quantity at position r, (site of nucleus s)
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Chemical shift interaction: a magnetic shielding

Yates, J. R. and Pickard, C. J. Computations of Magnetic Resonance Parameters for Crystalline Systems;
Encyclopedia of Magnetic Resonance, 2008, 1-9 g

O B-i-n.n’.

S,0¥

O exrt
f) B ):

Biot-Savart law: induced magnetic field obtained from the induced current

ind Mo 3 /s r-r
B0 =10 [ i) 0

il

a S.0¥ )) —

DFPT = Density functional perturbation theory

) =237 [l e ) + e )
123l e )
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Chemical shift interaction: a magnetic shielding

To compute the chemical shifts we just need to calculate
the current induced by the external magnetic field

Biot-Savart

1
BMﬂ——/ﬁﬁqu|

Obtain current within perturbation
theory (linear response)

O = O(O) —+ O(U —+ O(Bg) Bin =-0 Bo

note: o is a rank 2 tensor
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Chemical shift interaction: a magnetic shielding

Fondamental ground state | E,, %,

" 1

10 == (I LB v®) - pAD)

0

Linear response of orbitales

to the perturbation of B
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Chemical shift interaction: a magnetic shielding

Gauge Included Projector Augmented Wave (GIPAW) n
C. J. Pickard, F. Mauri, Phys. Rev. B, 63, 245101 (2001) -

Paramagnetic and diamagnetic corrections

due to GIPAW reconstruction
_AL

n/2 r

() =2 AN + T2 +52(0) + 12,00
c 4 H_J

Frozen core
approximation

—~

Induced current from pseudo
wave functions

Jﬂb:u1/+ o~

N— —
-~

GGIPAW @ Gps @ GAd + GAp @ Gcore
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Chemical shift interaction: a-SiO, example

Linear response chemical shift tensor in VASP

PREC =A # nice

ENCUT = 600.0 # typically higher cutoffs than usual are needed
ISMEAR = 0; SIGMA=0.1 # no fancy smearings, SIGMA sufficiently small
EDIFF = 1E-10 # you'd need much smaller EDIFFs.

NBANDS = ??? # to safe memory, ??? = NELECT/2

LCHIMAG = .TRUE. # to switch on linear response for chemical shifts
DQ = 0.001 # often the default is sufficient

ICHIBARE =1 # often the default is sufficient
LNMR_SYM_RED =.TRUE. # be on the safe side

NSLPLINE = .TRUE. # only needed if LREAL is NOT set. LREAL = A

# helps for speed for large systems, not needed
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Chemical shift interaction: a-SiO, example

FIRST STANDARD SCF

dE

N E

DAV: 1 -0.669222998366E+02
DAV: 2 -0.704321174703E+02
DAV: 16 -0.704128711670E+02
DAV: 17 -0.704128711673E+02

d eps ncg
-0.41316E+02
-0.35491E+01

-0.66922E+02
-0.35098E+01

-0.19218E-08
-0.24193E-09

-0.52524E-10
-0.51088E-11

1 F= -.70412871E+02 EO= -.70412871E+02 d E =-.237236E-10

rms rms(c
408 0.883E+01 0.vour vy
480 0.264E+01 0.898E+00
328 0.154E-04 0.195E-03
304  0.469E-05

Linear response by applying B and looking for DQ derivative
Calculate the DQ derivative applying +/- DQ In each cartesian direction

EXTERNAL FIELD APPLIED

RMM: 10 -0.162591029970E+03
———————————————————————— aborting
RMM: 10 -0.162588558523E+03
———————————————————————— aborting
RMM: 10 -0.162585056650E+03
———————————————————————— aborting
RMM: 10 -0.162611477371E+03
———————————————————————— aborting
RMM: 10 -0.162612646509E+03
———————————————————————— aborting
RMM: 10 -0.162612794520E+03
———————————————————————— aborting
RLQ: 8 -0.196497939884E+01
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aborting

IN DIRECTION 1
-0.12611E-09 -0.15888E-10
loop because EDIFF is reached
-0.12272E-09  -0.15456E-10
loop because EDIFF is reached
-0.11977E-09 -0.15086E-10
loop because EDIFF is reached
-0.14026E-09 -0.16817E-10
loop because EDIFF is reached
-0.13992E-09 -0.16762E-10
loop because EDIFF is reached
-0.13975E-09 -0.16748E-10
loop because EDIFF is reached
-0.65299E-09 -0.85862E-10

loop because EDIFF is reached

414 0.592E-05

23 0.589E-05
24 o0.589E-05
27 o0.626E-05
ma  0.6326-05
M7 0.6326-05
461 0.840E-05



(absolute, valence only)

Chemical shift interaction: a-SiO, example

1 422 .3094 14.9400 -0.3663 413.0871 14.7512 -0.3570
2 422 .3062 14.9367 -0.3669 413.0839 14.7426 -0.3578
3 422 .3062 14.9367 -0.3669 413.0839 14.7426 -0.3578
4 85.9453 59.7776 0.3883 76.7230 59.8349 0.3846
5 85.9463 59.7793 0.3882 76.7239 59.8283 0.3842
6 85.9475 59.7714 0.3883 76.7251 59.8215 0.3846
7 85.9475 59.7714 0.3883 76.7251 59.8215 0.3846
8 85.9453 59.7776 0.3883 76.7230 59.8349 0.3846
9 85.9463 59.7793 0.3882 76.7239 59.8283 0.3842
(absolute, valence and core)
1 -415.5747 14.9400 -0.3663 -425.9027 14.7512 -0.3570
2 -415.5779 14.9367 -0.3669 -425.9059 14.7426 -0.3578
3 -415.5779 14.9367 -0.3669 -425.9059 14.7426 -0.3578
4 -185.1314 59.7776 0.3883 -195.4594 59.8349 0.3846
5 -185.1304 59.7793 0.3882 -195.4585 59.8283 0.3842
6 -185.1292 59.7714 0.3883 -195.4573 59.8215 0.3846
7 -185.1292 59.7714 0.3883 -195.4573 59.8215 0.3846
8 -185.1314 59.7776 0.3883 -195.4594 59.8349 0.3846
9 -185.1304 59.7793 0.3882 -195.4585 59.8283 0.3842
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Chemical shift interaction: the slope problem

» Simulation: Isotropic chemical shielding o;,

1
Jiso = §TT{J}

]
L

» Experiment: Isotropic chemical shift ;,,, is defined from
a reference

Oiso = —[U—iﬁo - O.F'f’f]

19F NMR - Ref: CFCl;
GIPAW 0, = 113.2 ppm
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Chemical shift interaction: the slope problem

Experimental chemical shift vs shielding calculations

9F NMR shielding calculations: RMN3MPL results
From Sadoc et al. Phys. Chem. Chem. Phys., 2011, 13, 18539-185

7350 Calc/ppm dis0 calc/ppm
Compounds IS APO IS APO 5, W " ' | ! ' ' !
pounds Oiso EXP/ppm L : ; ;
LiF 3693 — ~206  — ~204.3(3) ‘\‘;
NaF 3958 — ~228 ~224.2(2) ) EN I S W N N S S B
KF 2681  — ~125 ~133.3(2) L e
RbF 213 — B — ~90.9(2) Py
CsF 1363 — -20 — ~11.2(2) oY
MgF, 3627 3627 201 201 —197.3(4) g 50 i by @b i i —
CaF, 200  — -87 — ~108.0(2) & it
24624 — —108¢  — = M
SrF, 2153 — S — ~87.5(2) g &
ScF; 972  — S — ~36(1) 5 5 ; ? 5 E% =
156.0° — -36" ks , : _ , L :
YF; (F1) 180.1 181.3 -55 ~56  —68.1(2) o : ua%
YF; (F2) 170.8  170.0 —48 47 —56.9(2) b “190 oo A
LaF; (F1) 93.7 91.8 14 15 —23.602)
133.6°  132.1° —~18° —17° 6ISO O 80(3) GISO + 89(9)
LaF; (F2) 39.1 38.7 58 58 25.3(2) 200 k- PBE S %_
82.6°  82.3° 23¢ 23¢ ; R
LaF; (F3) 47.2 52.5 51 47 16.9(2) | -
89.3° 04.2¢ 18°¢ 14¢ : : ! : ; : :
950 I I | | I | |

0 50 100 150 200 250 300 350 400
o, Calculated (ppm)
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Chemical shift interaction: the slope problem

Experimental chemical shift vs shielding calculations

Unambiguous attribution for the fluorine signals in TaF
From Biswal et al. J. Solid State Chem., 2013, 207, 208-217

NMR experiment NMR simulation
(7998 Multi- Oiso (998
(ppm) plicity Assignement (ppm) (ppm) Assign.
-70.1 4 F2 210.7 -75.4 F2
106.4 2 F4, F6 10.0 90.1 F4
121.9 4 F1, F3, F5 -31.7 124.5 F5
136.3 2 F4, F6 -43.4 134.2 F6
168.6 4 F1, F3, F5 -86.1 169.4 F1
175.9 4 F1, F3, F5 -89.4 172.1 F3
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Chemical shift interaction: the slope problem

19F NMR attribution in RbLaF, using the La(4f) shift -

From Rollet et al. Inorg Chem, 2012, 51, 2272- 2282 e

AA /\_
—
L, .o F2 ® 2 @@ :
F3@ %30: : |
_ @Rb £ o g&:::: """""""
Rb® ®F (I SO E—
®F3 . 1(.) 0‘ -1;) -22) -3‘0 -4‘0 -50
19F SQ MAS dimension (ppm)
Fl@ Lo #F2
8.../CFCl, = - 0.80(3) 6., + 89(9)
F2¢  Las il :
Site Giso calc, (ppm) 5iso calc. (ppm) 6iso exp. (ppm)
18 b ES APO ES  APO
F1 160.1 1577 -39.1  -37.2 -39.8(2)
| F2 133.1 1321 -175 -16.6 -14.3(2)
F T F3 1084 1055 23 46 4.3(3)
@ La
F4 1288 1279 -140 -13.3 -10.8(2)
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Chemical shift interaction: the slope problem
Experimental chemical shift vs shielding calculations

19F NMR shielding calculations: recent WIEN2k results

Assessment of DFT functionals with NMR chemical shifts
From Laskowski et al. Phys. Rev. B, 2013, 87, 195130

| aiso =-0.80(3) Oiso T 89(9)
RMN3MPL (PBE)

- T ' T '
NgF . y=191.2-0.964(0.036) x
400N RMSD=7.5 |
o ' _
E 6iSO - '0.794 O'iso + 98
EBUU— ] WIENZ2k (PBE)
?E RMSD=9.7 . CsF
2001 y=123.2 - 1.26(0.038) x 7 Oiso = -1.037 05, + 198
. PBE 2 WIEN2k (PBE+U)
5 PBE+(U=0.5 Ry)
250 200 -150 -100 _ 50 0
experimental &
32/39
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Chemical shift interaction: the slope problem

Experimental chemical shift vs shielding calculations
19F NMR shielding calculations: recent WIEN2k results

Assessment of DFT functionals with NMR chemical shifts

From Laskowski et al. Phys. Rev. B, 2013, 87, 195130
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Chemical shift interaction: the slope problem

Experimental chemical shift vs shielding calculations
19F NMR shielding calculations: recent WIEN2k results

Assessment of DFT functionals with NMR chemical shifts
From Laskowski et al. Phys. Rev. B, 2013, 87, 195130
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Chemical shift interaction: XC problem

19F NMR shielding calculations: problem with 3d and 4f

From Sadoc et al. Phys. Chem. Chem. Phys., 2011, 13, 18539-185
Shift 3d idea form Profeta et al. J. Am. Chem. Soc., 2004, 126, 12628-12635
(1’0 on CaO and Ca Aluminosilicates)
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Chemical shift interaction: XC problem

19F NMR shielding calculations: problem with 3d and 4f

From Sadoc et al. Phys. Chem. Chem. Phys., 2011, 13, 18539-185
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Chemical shift interaction: PP vs AE

From Yates et al. Phys. Rev. B, 2007, 76, 024401 From Sadoc et al. Phys. Chem. Chem. Phys., 2011,

13, 18539-185
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Chemical shift interaction: PP vs AE

From Laskowski et al. Phys. Rev. B, 2012, 85, 035102
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