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Programa

Revisao sobre fundamentos de RMN.
Interacoes de spin nuclear.
Técnicas de alta resolucao em solidos.

Descricao teorica de experimentos de RMN em

solidos.

Praticas experimentais e computacionais em RMN em

solidos.
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Equipe
Departamento de Fisica - UFES

Dr. Jair C. C. Freitas: fundamentos teoricos e aplicacdes
de RMN de sdlidos.

Dr. Wanderla L. Scopel: métodos computacionais para

calculos de parametros espectrais em RMN.

MSc. Daniel F. Cipriano: praticas experimentais em RMN

de solidos.

MSc. Thierry R. Lopes: processamento e simulacdes de

espectros de RMN de solidos.
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Agenda — 29 e 30/08/2016

Segunda-feira, 08:30-12:30: Fundamentos de RMN, interacfes de spin

nuclear, técnicas de alta resolucao em solidos.

Segunda-feira, 14:00-15:30: Descricao tedrica de experimentos de RMN
(Parte expositiva; responsavel - Jair)

em solidos.

Segunda-feira, 15:30-18:00: Praticas experimentais em RMN de solidos.
(Parte pratica; responsavel - Daniel)

Terca-feira, 08:30-10:30: Métodos teoricos e estratégias computacionais

para calculos de parametros espectrais em RMN de solidos.
(Parte expositiva; responsavel - Wanderla)

Terca-feira, 10:30-12:30: Processamento e simulacdes de espectros de
. Parte pratica; responsavel - Thierr
RMN de solidos. ( g P 2
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Fundamentos teoricos e
aplicacoes de RMN de

solidos

Jair C. C. Freitas
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Fundamentos de RMN

Precessao de Larmor:

AZ
_-T_-'__':'..__?: ---------------
¥ ,_--q'.ﬁ A .
wy **__._- Frequéncia de Larmor:
magnetic ,
moment Bo

spinning
nucleus

®, = yBO (~107 rad/s)

f,=yB,/2r  (-MH2)

|

Radiofrequéncia (RF)
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Fundamentos de RMN

Nuclide Natural abundance Nuclear spin Larmor frequency @ Sensitivity °
(%) (MHz)

H 99.99 1/2 100.000 1.000
=T 1.07 1/2 25.145 1.70 x 104
14N 99.632 1 7.226 1.00 x 103
0 0.038 5/2 13.556 1.11 x 10
23Na 100 3/2 26.452 9.27 x 102

2TA 100 5/2 26.057 0.207
&S 4.683 112 19.867 3.68 x 104
L 100 1/2 40.481 6.65 x 102
=5 0.76 3/2 7.676 1.72 x 10
RK 93.258 3/2 4.666 4,76 x 104
43Ca 0.135 712 6.730 8.68 x 10®
129Xe 26.44 1/2 27.810 5.72 x 103

& Corresponding to the magnetic field of 2.35 T of a 100 MHz NMR spectrometer.

b Relative to 1H.

Harris et al., Pure Appl. Chem. 2001;73(11):1795-1818
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Fundamentos de RMN
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http://www.grandinetti.org/Research/NMR
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Generalidades sobre RMN

Paramagnetismo nuclear:
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Generalidades sobre RMN

f ~43 MHz (*H)

B,~ 1T =
f, ~28 GHz (elétron)
Magnet
AN Campo de RF: B, ~10G = 103T
Egneratnr ,lﬂample
/s \m Campo da Terra: By~ 10°T
B, = ByZ B, = (2B, cos ot) R
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Pulsos de RF
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Deteccao do sinal de RMN

Bobina posicionada ao longo do eixo x (Lab.):

S(t) = —d(;% oC MO(DLMO COS(DLt

LoNY1(1 +1)7° By

Sy =9S(0) oc
7
Generator e

Hoult & Bhakar (1997)
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Deteccao do sinal de RMN

FID = decaimeno livre de inducéo

Current Induced signal
in coil (FIL

Transformada de 'l fw T Jk

Fourier (FT) U

FID Espectro
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Método da transformada de Fourier

— A\Z&vﬁly&v

louder

Q-A/ softer
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http://grandinetti.org/Teaching/Chem824/Notes
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‘ Um experimento simples de RMN (1D)

Experimento de excitacdo com pulso unico ou decaimento de Bloch:

Sinal detectado com frequéncia:
Af =1 —fr (4udio)

Sinal em ressonancia; Af =0

m w
‘uw 'lﬂ.i"'.'ﬁu"tf'ﬂ“u' s~

FID Espectro
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Relaxacao do sistema de spins
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Relaxacao do sistema de spins

» Relaxacéo longitudinal (T,):

« Trocas de energia entre spins e “rede”.

« Existéncia de campos flutuantes com frequéncias ~ ;.

» Restauracao do equilibrio térmico.

» Relaxacéo transversal (T,):

Perda de coeréncia entre os spins no plano transversal.

» Distribuicdes de frequéncias de precessao.
* InteracOes entre 0S spins.

Liquidos: T, = T,

Solidos: T, >> T,

A
FIG.24
Magnetization
Mp e
Longitudinal relaxation
M, =Mg(1-e "Y1,
063Mg |-
037M o Transverse relaxation
My = M 0 e - tITZ
T1=T2 t o
90° pulse
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Relaxacao transversal

» Inomogeneidade do campo magnético:

90° Pulse gto-talr\f,] _ / / / ,O{ I'Z:IE'I.DI: rjt E'_f-"sz AV

90° Pulse

o (r)=yBy(r) Qr) = (r)—ogr

Ty =2/T

wm

http://grandinetti.org/Teaching/Chem824/Notes
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Relaxacao transversal

» Relaxacéao transversal em solidos:

1.0 RMN de °F em CaF,
1263
0.8+
T, ~20us
0.6- E H
0.4-
0.2+
0 : e
40 60 80 100
024 time in microseconds

Figure 4.2 FID of calcium fluoride.

“NMR and relaxation”, Cowan. Cambridge University Press, 1997.
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Relaxacao transversal
» Relaxacéo transversal em liquidos:

1.0 - 1 .
Fo RMN de *H em glicerol

0.8 -

{

T, ~20ms
0.6 1

04 1

02 +

0.0 4 | : ] |
0 20 40 60 R0 100
time in milliseconds

Figure 4.3 Proton transverse relaxation in glycerol.

“NMR and relaxation”, Cowan. Cambridge University Press, 1997.
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Técnica dos ecos de spin (“spin-echoes”)
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Hahn (1950)
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Medida de T,: sequéncia spin-eco

W Amplitudes dos ecos de spin:
M\ Sem difusao:

S A27) = A(Q)e 2™

| -

+ 3
a0° [E-1+ o

\ e Com difusao: ,
N N i (@j
s'pe 180

\ /j\ /}\ A AD.N

so 1d0° 1d0" 1d0* 190" 180 Carr & Purcell (1954)

3
DZ’C

3
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Sequéncia CPMG

Sequéncia CPMG:

v
b=
8
E
£
<

Time {ms)

Amplitude

200
Time (ms)

Carr & Purcell (1954); Meiboom & Gill (1958)
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Sequéncia CPMG

90° pulse  180° pulse 180° pulse 180° pulse
M) [|yaxis [ ]xaxis [ | x axis ] xaxis
—t/T. " AR _
oce 2 T~ oc @ T
\ S -1 echo decay, having
S~ time constant T,
N S N
free induction ¢
decay

Figure 4.13 Carr-Purcell-Meiboom-Gill sequence.

“‘NMR and relaxation”, Cowan. Cambridge University Press, 1997.
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Sequéncia CPMG

(a)

A B C
M
T) T T3 T4

X al Y |- . A Y |, "

?, P, 13312 P ‘Ca r,j
Ta T

Tl | T2 T | Ta Ta| | T4 Ty [ Ta

i f—t —l |[— — [— —| =

Figure 1. Quadrupolar CPMG (QCPMG) pulse sequence for sensitiv-
ity-enhanced quadrupolar-ccho (QE) solid-state NMR of half-integer
quadrupolar nuclei: (a) timing scheme of the pulse sequence; (b)
relation between the pulse sequence timing 7 and the timing £ of the
frec induction decay (sce text). Shaded and open bars correspond to
sclective (central transition) /7/2 and 7t pulses, respectively. The phases
¢1, @2, ¢3, and the receiver reference phase ¢... are cycled (see Table
2) to select the p = 0 — £1 — +1 — =1 etc. coherence transfer
pathways.

Larsen et al., J. Phys. Chem. A 101 (1997) 8597

RMN de Mg — Mg(OAc), - 4H,0

18 20 msec

L

-6 -10 kHz
Ellis et al., J. Magn. Reson. 151 (2001) 48
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Problemas com “tempo morto”

Experimento de pulso simples: Magnet

Non S

RF gRociD

Generator E;ﬂ;ﬂ'ﬁ sample

- Coil

s N

Regido “corrompida”

—r—

Decaimento livre de inducéo (FID)

e

n/2 pulse
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Problemas com “tempo morto”

Experimento de spin-eco: Magnet
Ny S

FF o

Generator E;ﬂ;ﬂ'ﬁ Sample

- Coil

s N

Echo

/'

n/2 pulse T 7 pulse T
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‘ Problemas com “tempo morto”

Comparacao — registro de “linhas largas”:

Experimentos de RMN de >V - V,Ox :

Single pulse

Spin echo
MMWWr
| ! | ! | ! | ! | ! |
0.0 0.2 0.4 0.6 08 10
Time (ms)

Dominio do tempo

Single pulse

Spin echo

ndy
f y T J T J T J T y T y U T

! |
2000 1500 1000 500 0 -500 1000 -1500  -2000
Shift (ppm)

Espectros
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‘ Relaxacao longitudinal

Processos
“spin-rede”
RE Absorcio Relaxacao Transicoes
estimuladas
— o oo o — S WO W S—
h(DL i — oo 00— — o 00 o — — 00000 —
Equilibrio Saturacao Equilibrio
B :e(,;tmn;i$netic B Net moment Ef Net magnetic
= R ﬁ B moment
% % ﬁ—c’ Thermal ! ‘0- f ﬂ ﬁ $ ﬂ_c->
E equilibrium x oo K‘ ¢l « ’E‘ lgﬁ{n"éﬁ'um

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Medida de T,: sequéncia inversao-recuperacao

T /2
equilibration tl t2
time
100% Meq
50%
Mz(t1) 0% - v . : ,
2T, 4T, 6T, 8T, 10T,
-50%
1 A —t1/T

-100% M. () = Meq(1 — 2e / )

http://grandinetti.org/Teaching/Chem824/Notes
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Interacoes de spin nuclear

’ I}
MWWUQ'N ansnsnnrn lF"' f, =vyB, /2n

* Ndcleo atomico isolado: medida de f, fornece B, ou .

* Nucleo atdmico na matéria: espectros de RMN (contendo varios
valores ou distribuicdes de f,) fornecem informagdes sobre a
estrutura da matéria.
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Interacoes de spin nuclear

Materiais isolantes e diamagnéticos:

» Deslocamento quimico: Termo isotropico + parte anisotropica
» Interacao dipolar direta: Homonuclear ou heteronuclear.
» Acoplamento escalar (J): Termo isotropico.

» Interacdo quadrupolar: | > 1/2.
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Interacoes de spin nuclear

Materiais isolantes e diamagnéticos:

» Hamiltoniano contendo diferentes interacgoes:

HSloin =H,+Hy  + HDQ + HOlilo +H, + HQ
Hee = —H- By —fi- By(t) H.
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0=

Deslocamento quimico (“chemical shift”)

Y
electrons

Em liquidos:
VBIoc — V(l o cjiso)BO
:\‘ ref )/ f
ppm TMS

—_— = d ~
Bm =—0" BO nuclear
spin

flow of
electrons  induced
field
6 fObS - fref . Gref _Gobs ~ G _G
- f - -6 — T ref obs
ref ref

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Deslocamento gquimico em liquidos

\CH3CH JOH

AN

Packard et al. (1951)

CHs3

A

S (ppm)

— loc _ f (1 GISO)
T

Valores tipicos (1H):
fs ~400MHz (TMS)
fObS _fref ~ 400'4000 HZ

& ~ 10 : partes por milhdo (ppm)
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Deslocamento quimico em solidos

Blnd _ _6 . BO
nuclear
ind "\ [ \ \
BX O ny O,, 0
ind | _
B, |=-|ox o, o,|0
\ B ind \sz Gzy G, \ B0 Y,

flow of

electrons  Induced
field

G : tensor de blindagem ("shielding")
B =B,+B™=(1-6)-B, Hy,=—H-B™ =yl -5-B,

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Deslocamento quimico em solidos

. , . GXX ny ze
Sistema de laboratorio: . g ag
o =0, O, O
\sz Gzy cyzz/ |Gzz Oiso —|Gxx Giso —|Gw ©

Sistema de eixos principais:

. ~ . ~SEP
(fixo com relagao ao cristal) ¢ =| 0 oy 0
e A 1
eslocamento quimico I1sotropico: Giso = — (GXX + GYY + GZZ)

Constante de anisotropia:|§| = |Gzz — Giso|

G — O (03320, 20y)
Parametro de assimetria: = ———2% 0<n<1

G

Harris et al., Pure Appl Chem. 2008:80:59-84
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Deslocamento quimico em solidos

Campo magnético local: B'* = I§o +B"™ = 1-6)- I§o
Campo magnético externo intenso: B, >>B™ = B" || I§O
loc . - C_> 2 2
B =(1-0,)B, G, =G, + E[(Bcos 0—-1)+nsen-6cos 24)]
SLAB
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Deslocamento quimico em solidos

Frequéncia dependente da orientagdo molecular: ~ Alargamento inomogéneo

®(0,0) =0, —o, {Giso + % [(3 cos” 8 —1) + nsen’cos 24)]}

Monocristal Solido policristalino ou po

=

BA
Q|

D ﬁ
VN
VLV
WS .

Powder
Spectrum

N\ =

Individual
Peaks

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Deslocamento quimico em solidos

Tensor de anisotropia de deslocamento quimico (CSA):

O =0 — O

Notac&o de Herzfeld-Berger:

611 = 622 = 633

1
8iso — § (811 + 622 + 633)

() =0, =04 K= 3(822 _Siso)

http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
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Deslocamento quimico em solidos

Tensor de anisotropia de deslocamento quimico (CSA):

O =0 — O

Notac&do de Haeberlen:

‘azz _Siso‘ 2 ‘Sxx _Siso‘ 2 ‘SYY _Siso‘

1
Ojs0 = 5 (Sxx +0yy + 8zz) S, ¢
Oyy +0
_ . _ O XX YY
C — 6ZZ 8iso AG _ 6ZZ 2
Ac
6W B 6xx i
n= 0< N <1 Uso mais frequente (IUPAC, DMFIT, SIMPSON, ...)
C http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
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Deslocamento quimico em solidos

Exemplos de espectros de po:

<X

Figure 9.11
Powder pattern nj=0
lineshapes for a single

|
molecular site with I Sianiso >0
CSA. All patterns V4 : X

belong to sites with the v nj = 0.5
same magnitude of CSA |
|820i5°| . The CSA is M
positive for the upper : nj=1
two patterns, and Y |
negative for the lower -X/\\Z‘
two. The sign of the |
CSA may be chosen 5 | M;j=0.5
arbitrarily in the case of | aniso
maximum biaxiality | 8] <0
(n; = 1). The dashed I z
line shows the position b : nj=0
of the isotropic chemical g 5 iso
J

shift S_ifo.

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Deslocamento quimico em solidos

Exemplos de espectros de po:

— l | | I I

260 160 0 -1b0 -2b0 ppm

Figure 9.12 Experimental 'H-decoupled *C spectrum for frozen acetic anhydride. The spectrum displays a pow-
der pattern for each of the two chemically distinct *C sites. Both CSA tensors are almost uniaxial ; = 0, but the
sign and magnitude of the CSA are different. Reused from A. Pines, M. G. Gibby and J. S. Waugh, J. Chem. Phys.
59, 569-590 (1973). Copyright 1973, American Institute of Physics.

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Interacao dipolar internuclear

Interacéo através do espaco

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Interacao dipolar internuclear

dip . Ho H 2
B,” =->-(3cos" 0, 1)

A T,

; Interacao atraves do espaco
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Interacao dipolar em sdélidos

Frequéncia dependente da orientacdo molecular (caso homonuclear):

2 2
w(@):wLi3d30084e 1 d—ﬁﬂ

Dubleto de Pake

'H Spin Pairs n
200 MHz Solid State Wide Line '"H NMR : II

3 |
Spectrum of CaSO,+ 2 H,O Lo} FOR
= . 5 | GYPSUM !
f" ( |
Simulation
H H
ABSORPTION
\O/ LINE SHAPE
Experiment r
el Wrage Hy-HE—=
1y
50 kHz 45 =i -3 1) ] 0 GAUSS

http://u-of-o-nmr-facility.blogspot.com/2008 10 01 archive.html

G. E. Pake, J. Chem. Phys. 1948;16:327-336.
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Interacao quadrupolar elétrica

z

Nucleos quadrupolares (I > %2):
2H, 23Na, Mg, 2’Al, 3Cl, 55Mn, ...

Gradiente de campo elétrico (EFG):

32V
Vap = (axaaxﬁ )o

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Tensor gradiente de campo elétrico (EFG)
/Vxx ny sz
VyX Vyy VYZ
\sz sz sz/

Sistema de laboratorio: \75LAB

Vaz |2 Moy |2 V|

V 0O O

Sistema de eixos principais: - sep XX
(fixo com relagao ao cristal) V>=10 V, O
L0 0 V,

Contribuicao isotrépica nula Tr 7 —\V. 4\ 4V =V2V ~0
(equacéo de Laplace): V) XX YY 7z

Anisotropia do EFG: eq=V,,

Voo =Vyy  0<n<1
Vz

Parametro de assimetria: g =
Harris et al., Pure Appl Chem. 2008;80:59-84
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Interacao quadrupolar elétrica

3e°qQ

Caso de simetria axial: 1, =0 O ARPTICTIELY,

CorrecOes de primeira e segunda ordens na energia:

E.® = %h% (3cos? 6—1){m2 —% (I +1)}

2

Q)

E, (2 = —h(ﬁ)m{gcosz 0(1— cos? 0)[8m? —41 (1 +1) +1]+§(1—cosz 0)[-2m? + 21 (1 +1) —1]}
O

CorrecOes de primeira e segunda ordens nas frequéncias:

5 2
1.3cos“0-1 031/2(2)2_ 99 [|(| +1)_%}(1—c0329)(9C0829—1)

(0) _ _)
2 2 120,

(Dm - O‘)L O)m(l) = —(DQ (m
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Interacao quadrupolar elétrica

Correc0Oes de primeira e segunda ordens — caso de simetria axial:

m | =3/2
-3/2 C
C C Mo =
-1/2
B
T — B B
A A
+3/2 A
2
(3005701 30g” (1-cos? 0)(1—9cos? )
10 13(D|_
4 4
A,B,C RN 3 3 3
A B Ic A _BlC
| |
Ql oL O
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Interacao quadrupolar elétrica

Espectros de p6 — ndcleos com spin semi-inteiro:

|
* 12 ordem:
|
|
i , __ 3e7qQ
i T 2121 =D)h
i
:
|
_____________ : L e ——
2v, vy v,/2 0 -v,/2 vy 2v,

22 ordem — transicao central:

V2
A=[1(1+1)-3/4]-%

0

Vo + A Vo Ve — (16/9)A

Smith & van Eck, Prog. Nucl. Magn. Reson. Spectr. 1999;34:159-201
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Interacao quadrupolar elétrica

Espectros de p6 — exemplos:

()
Al(1)4

Al(1)2

PR S R S S ST WA D WY SU0 S W U S S T T T S RN YU SO RO SR ST WA SN N S T S S [ SN S U TN [ S SR T T S S S T
400000 300000 200000 100000 0 -100000 -200000 ~-300000 -400000
HERTZ
Fig. 8. Static 7AINMR spectra from a-AlO; using (a) single pulse and (b) spin-echo acquisition.

Smith & van Eck, Prog. Nucl. Magn. Reson. Spectr. 1999;34:159-201
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InteracOes de spin nuclear: resumo

g{e

RF
FIELD

STATIC
FIELD

SOLIDS -

© © - o {
ANISOTROPIC LIQUIDS

O ° @)
ISOTROPIC LIQUIDS

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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‘ InteracOes de spin nuclear: resumo

0.0 SINGLE CRYSTAL NMR
FreqLIJency |
POLYCRYSTALLINE OR FROZEN SAMPLES
. Distribution of 8,( (Single Site) i
Spin 1/2 Spin >1/2
Frequency (kHz) v Frequency (MHz)
DISSOLUTION
OR MELT
Spin 1/2 Spin>1/2
'/‘Qisotropic ﬁ ﬂij)i
Ay
NARROW LINEWIDTHS % [ﬂ BROAD LINEWIDTHS
HIGH RESOLUTION LOW RESOLUTION
NMR SPECTRUM LiIQUID SAMPLES NMR SPECTRUM
Frequency t(kHzy Flrel_quency (klilzl)l S

STRONG QUADRUFPOLAR COUPLING
CAUSES SHORT T1 & T2 RELAXATION TIMES.

http://www.grandinetti.org/Research/NMR
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RMN em solidos policristalinos

» Alargamento inomogéneo: interacdoes anisotropicas.
» Algumas tecnicas de alta resolucao:

« Desacoplamento dipolar .

* Rotacao em torno do angulo magico (MAS).

« Polarizacao cruzada (CP).

» Objetivo: obtencéo de espectros em solidos com
resolucao similar a de liguidos, permitindo a medida de
deslocamentos quimicos isotropicos.

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



Rotacao em torno do angulo magico (MAS)

A —

B,

-

SAMPLE r\/‘\(
+ RACTATION N
| _--"" \ 7 © H
em \)\ 7\
13

\/ \\) Q C
/

(3c0s’ 0, —1) o< 3cos® 0, ~1=0

-1
0. =cost(1/+/3) =54,74°
Andrew, Nature 1958;182:1659.
Lowe, Phys. Rev. Lett. 1959;2:285.
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Rotacao em torno do angulo magico (MAS)

RMN de 13C (@) Estatico

(glicina)
MAMM\ ‘J UKM,MAS 1.k_.H,.Z.
(c)
MAS 12kHz
| ! | | | ] | I ]

~10.0 5.0 0.0 5.0 10.0
w27 (kHz)
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MAS e bandas laterais (ssb)

Magic Angle Spinning
3P CPMAS Ammonium Dihydrogen Phosphate

” 4000 Hz

JL 3P CPMAS (NH,),HPO,

2000 Hz

P T
Spin Rate = 4000 Hz
w\ A 583 Hz 4.7 Tesla

J\_ 5 b ;
0 Hz

50 40 30 20 10 0 10 20 30 40 ppm Spin Rate = 4000 Hz

JL 11.75 Tesla
A L J k 1 -
R iV

T

T '/ 1 b) 1 1 y T o £
100 80 60 40 20 0 20 -40  ppm

http://u-of-o-nmr-facility.blogspot.com/
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Ecos rotacionais e bandas laterais (ssb)

'IJ\WM [ ) v =1020Hz

E

FIG. 1. FID of *'P in powdered barium diethyl phosphate,
spinning at v,=1020 Hz. The FID takes the form of a train of

rotational spin echoes, spaced by 1/w,=0,98 msec., The echo
envelope shows an oscillation of period 6.0 msec, because the
isotropic chemical shift is off the spectrometer reference fre-

quency by 167 Hz.

Maricq & Waugh, J. Chem. Phys. 1979;70:3300
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‘ Ecos rotacionais e bandas laterais (ssb)

static spectrum 208 scans | Vm=SkHz
.M_WJL,__TJLL_L _J | | N |
‘ 51 o= 124.7 ppm

l‘! 1 vy,=3405Hz
l; I-_ | — S—

| I O O T S 216 scans f
bu U, = v..= 3010 Hz ”uuwuuh&

400 200 0 2200 Ppn] /W/ \AM\ t t
324 scans static spectrum
[P AT

|||||||||||||||||||||||||

Vi = 3 KHz

Remocao das bandas laterais: altas frequéncias de rotacéo
ou técnicas especiais (TOSS).
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Ecos rotacionais e bandas laterais (ssb)

Ajuste do angulo magico:

a)
spinning on the magic angle

b)

spinning on the magic angle

J_L-UJ_LLLU_‘_LK.LU L

spinning off the magic angle

WMW

50 0 =50
kHz

spinning off the magic angle

10 20 30 40 50 60
t/ ms
Figure 11: (a) The "Br NMR FID in polycrystalline KBr
both on and off the magic angle and (b) the correspond-
ing " Br MAS NMR spectra. The spinning frequency for
both spectra is 6000 Hz. In both cases, 16 transients were
acquired. By = 4.7 T.

Bryce et al., Can. J. Anal. Sci. Spectr. 2001;46:46.
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Supressao de bandas laterais (TOSS)

mismatched.
—nn_n r{_smpicude
M f@r ! 1-8 decoupling

Fr r o 'Ir]
e i
I >  Aa

FIG. 10, Pulse sequence which produces spin echoes at
arbitrary times in rotating solids, For times A, B, C, D,
and A@ see Table II.

c d
ies 1 FIG, 2. Echoes and spectra: (a) Begin-
mm";mm ping of an ordinary fid; (b) Fourler
H——& transform of a; (c) Beginning of a train
of supplementary echoes; (d) Transform

of ¢,
L2maec =Ty =1y

a b Mz =l T
all frequencies
in phase .__L_JLA__.._|I
echoes spectra

Dixon, J. Chem . Phys. 1982;77:1800.
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Supressao de bandas laterais (TOSS)

CH, 0
{Or<=Oyoto
CH3 -)*;
CP 3C nmr at 15.1MHz A
MAS at 833 Hz
sideband
J order
N o
L—_.._w_-.-.—n_._._—.—__.-—_._._mw
z
d ! 300 260 220 180 140 100 60
ML 0 &/ppm
M———— -1 '
Figure 9: Carbon-13 CP/MAS spectra of singly-labelled
Ann -2 (99%) phenylacetic- carbory-">C acid (Bo = 4.7 T, 1L =
“so0 200 10 o ppm 50.3 MHz, 1 = 1.339 kHz) acquired with high-power
&% proton decoupling. In spectrum A, a standard CP pulse
FIG. 1. Polycarbonate spectrum. Top curve—ordinary cross program was used. The isotropic peak is at 181 ppm. In
polarization experiment, 65000 acquisitiong, Lower curves— spectrum B, the TOSS sequence has been used to suppress
separated spectrum reconstructed from a total of 65000 the spinning sidebands; only the isotropic peak remains.
echoes. One drawback of the TOSS sequence is the loss of inten-
sity relative to the standard CP/MAS spectrum. Number
Dixon, J. Chem . Phys. 1982:77:1800 of acquisitions: 64 (trace A); 128 (trace B).

Bryce et al., Can. J. Anal. Sci. Spectr. 2001;46:46.
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MAS e efeitos de CSA: importancia da magnitude de B,

* B,=4.8T, MAS

B,=8.5T, MAS

B,=14.1T, MAS

Static

I ! I ! I ! I ! I ! | ! |
400 300 200 100 0 -100 -200
Chemical shift (ppm)

Freitas et al. Chem. Phys. Carbon, vol. 31, p. 85-170; CRC Press: Boca Raton, U.S.A., 2012.
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MAS e efeitos de CSA: importancia da magnitude de B,

| ! | ! | ! | ! | ! | ! |
400 300 200 100 0 -100 -200
Chemical shift (ppm)

Freitas et al. Chem. Phys. Carbon, vol. 31, p. 85-170; CRC Press: Boca Raton, U.S.A., 2012.

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



MAS e efeitos de CSA: importancia da magnitude de B,

Magnetic  'H NMR frequency C NMR frequency Af ..,

field (MHz) (MHz) (kHz2)
(T)
2.35 100 25,2 5
4.70 200 50.3 10
7.05 300 75.4 15
9.39 400 100.6 20
11.74 500 125.8 25
14.09 600 150.9 30
16.44 700 176.1 35
18.79 800 201.2 40
21.14 900 226.4 45

Freitas et al. Chem. Phys. Carbon, vol. 31, p. 85-170; CRC Press: Boca Raton, U.S.A., 2012.
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MAS e efeitos quadrupolares

Espectros de po — nucleos com spin semi-inteiro:

i No =0 22 ordem — transicao central:

| . 3e%qQ
| © 2121 -Dh
i vy’
: | A=[1(1+1)-3/4] =
E | Vo
vn‘:-A i"., vy — (16/9A
(d)
J

1 1 i
V, -4/21 -5/6 -4/3 A

Smith & van Eck, Prog. Nucl. Magn. Reson. Spectr. 1999;34:159-201
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MAS e efeitos quadrupolares

RMN de 2Na com MAS em NaAlSi;Og:

(a)

(b) w]
“\
_____ ey N

20 lﬁ 0 -10 -20 -30 -40 -50

Smith & van Eck, Prog. Nucl. Magn. Reson. Spectr. 1999;34:159-201
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MAS e efeitos quadrupolares

’ n 1353 T

(a)
180T T
(b)
(€)
94T
(@)
1 0 -1 -2 3
A
AT Fig. 14. The effect of a distribution in the isotropic chemical shift

and the quadrupole coupling constant on the central transition MAS
lineshape. For these simulations the average C; is 2 MHz, iy = 0
. . 3 . . . X and the isotropic chemical is 0 ppm. The Larmor frequency is
20 10 0 -10 =20 -30 -40 80 MHz so 4 = 2343.8 Hz. (a) No distribution, (b) Gaussian distri-
bution of the 1sotropic chemical shift of FWHM = 400 Hz (5 ppm)
or 0.17 A, (c) Gaussian distribution of FWHM = 0.8 MHz and (d)
Fig. 7. Simulations of the YAl MAS centreband of kyanite Gaussian distribution of both the isotropic chemical shift and C,
(ALSi0s) as a function of the applied magnetic field. which are the same as in (b) and (c). (4 = (I(I + 1) — 3/4) Ifai' ).

27A) shift in kHz from the Larmor Freguency.

Smith & van Eck, Prog. Nucl. Magn. Reson. Spectr. 1999;34:159-201
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Sondas e rotores para experimentos com MAS

1 Magnetic field

547"

/- Air bearing

g RF solenoid

/ Sample rotor
//— Air bearing

Drive turbine -

http://www.magnet.fsu.edu/education/tutorials/tools/probes/magicangle.html
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Sondas e rotores para experimentos com MAS

WARNING
FACE SHIELD
MUST BE WORN
AT ALL TIMES

 Rotores menores:
v Frequéncias de MAS maiores.

= 7mm: fyas < 8 KHz.
= 2,5mm: fiyag < 35 kHz.

v Menor sensibilidade.

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



Sondas e rotores para experimentos com MAS

6 (mm): 7,0 40 3,2 2,5 1,3

v (kHz): 8 18 23 35 70

http://u-of-o-nmr-facility.blogspot.com/2008/04/how-much-sample-do-i-need-to-get-solid.html
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‘ Sondas e rotores para experimentos com MAS

Boron ||
nitride cap

Zircon
cap

12 L
Teflon nsert

F msert

http://chem.ch.huji.ac.il/nmr/preparation/preparation.html
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‘ Sondas e rotores para experimentos com MAS

http://chem.ch.huji.ac.il/nmr/preparation/preparation.html
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Desacoplamento dipolar heteronuclear

A B,
N AB Hu

612 1 2 0 /‘

- d o 1H / \

-=7 \ /\\/ /ﬁ )

9 1 2 o 1
\n/ﬁ )\\\) @ 13C \612 ————— d Y H
B \ .-

A e 13C
~ \
<le>:O S - B
1H

Ressonancia dupla:
« Excitacdo de 'H (f,,,) e de 13C (f5¢).
* Deteccao de 3C (f50).
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Desacoplamento dipolar heteronuclear

Eficiéncia do desacoplamento:

vy By /21 > Af

dip

_ Mo ViYsh
Afdip~d _871(:)2 |r35

(alargamento devido ao acoplamento dipolar)

B’O My
A
0 1/6X2)
12 /
o s
— \
<E’21>:0 S—5

Par 'H-13C em grupo CH (ligacéo simples):

Af . ~T70 kHz

dip

e 13C
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Desacoplamento dipolar heteronuclear

Modes of Broadband Heteronuclear Decoupling

5 G R R T, | S )

X I/‘\/V"Ww
H

100 % Duty Cycle

Proton Decoupling Espectros de RMN de 3C com desacoplamento de H:

BC NMR Spectra of Solid and Solution State
Adamantane in a High Resolution NMR
Spectrometer for Liquids

Inverse Gated Proton
Decoupling

Gated Proton

Decoupling 1 1,\
{

2 } \ :

Inverse Gated X [\ \/‘ \

Decoupling -/ \

SOLID
S wmse S ai e e e Y
L SOLUTION

LARAALS RAAAARLSAS MAGALAASAL AOAAARALAL RAAMAASLAS RALAARALAS AAARARAAAS AAAAALALAS AAARALA LAY AL
| | |

70 60 50 40 30 20 10 0 ppm

http://u-of-o-nmr-facility.blogspot.com/
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Desacoplamento dipolar heteronuclear

Problemas com aquecimento da amostra:

/2
acquisition 207pp
—
cwW | IW decoupler
Te

(a)

v=43kHz [\

Y AN
v, = 0 kHz /\

I T T T | T T T I T T T |
-3470 -3472 -3474 -3476
ppm

Fig. 2. *7Ph one-pulse MAS NMR spectra of Pb(NO;), hydrated with
1% water with varying levels of CW irradiation (see Fig. 1a) at 500 MHz
and using a duty cycle of 1%. The chemical shift increased according to
0.753 ppm/K, thus expressing the temperature increase due RF losses and
dissipation as heat.

5%
304
25 | 4%
207 3%
2 15
10
2%
5_
1%
0.5%
R S e |
0 1000 2000 3000

vZ (kHz)?

Fig. 3. Dependence of the temperature increase in Pb(NOj;), hydrated
with 1% water with the square of the CW level (v,) at several duty cycles
(indicated in % on the plot). The monotonous dependence with the duty
cycle and the quadratic dependence with the CW level established that the
temperature rise was indeed associated with the conversion of RF energy
into heat.

de Lacalllerie et al., Solid State Nucl. Magn. Reson. 2005;28:225.
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Desacoplamento dipolar heteronuclear

Outras sequéncias de desacoplamento combinadas com MAS.:

soe |—0/2 |+0/2 [-0/2 [+0/2 | eee

— -
~~. — "”
~ T, Tp -
\-.‘ d’
‘-§ ’f
2 R -
bt -
[
1 ; Decouplin
H|| cpP ~ pling
o]

C CP Acquisition of Free Induction Decay

FIG. 1. Pulse sequence for the CPMAS experiment with the addition of
phase modulated TPPM decoupling on the 'H channel. A small hatched
region of the decoupling period is expanded i order to illustrate the rapid
alternation of the phase of the rf excitation between two values —¢/2 and
+ /2 with overall period 27, . which is carried out throughout the acquisi-
tion of the FID.

TPPM = two pulse phase-modulation

TPPM
Decoupling

(a)

CW
Decoupling

\ I T T T
1000 500 0 -500 -1000

Frequency (Hz)

FIG. 3. The centerband of the CPMAS spectra of calcium formate at 10.7
kHz spinning frequency with (a) TPPM and (b) CW decoupling using the
parameters: =75, 7,=7.5 us. An rf field strength of 62.5 kHz (4.0 pus /2
pulse length) was applied. The nonequivalent formate ions are separated by
80 Hz.

Bennett et al., J. Chem. Phys. 1995;103:6951.
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Desacoplamento dipolar homonuclear
Espectroscopia com sequéncia de multiplos pulsos combinada com rotacao (CRAMPS):

sample sample

data data
90° :  90° 90° 90° 90° : 90°
x| B [y R E
2t T 2t T ;21?
e
........................... . .
0 f . '

Figure 14: The WAHUHA pulse sequence for the
CRAMPS experiment and the timing for data acquisition.
The expanded region shows the details of the phase cycling
and data sampling.

Bryce et al., Can. J. Anal. Sci. Spectr. 2001;46:46.
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MAS e desacoplamento dipolar homonuclear

OH

(a)

OCHa-

60 kHz MAS

14 12 10 8 B 4 2 0 -2 -4
proton chemical shift (ppm)

Fig. 1 One-dimensional 'H spectra of an organic compound grafted
inside the mesopores of a silica matrix, at 10 kHz (a) and 60 kHz MAS
frequencies (resonances corresponding to surfactant chains are also
observed). A total of 64 transients were recorded at a "H frequency of
900 MHz. The spectra were recorded using a 1.3 mm CPMAS probe
(sample volume of 2 ul) on a Bruker Avance III spectrometer.
{(In collaboration with Dr C. Copéret and D. Gajan.)

Lesage, Phys. Chem. Chem. Phys. 2009;11:6876-6891

?00' ﬁ C|}OOH RF pulses
N LY
CH L] CH ML
HaN™ " ~erg” SNe T Sens (MWL
n
(a)
65 kHz MAS

CH4

(b)
65 kHz MAS
+ Homo. Dec.

proton / ppm

Fig. 2 One-dimensional "H spectra of the dipeptide b-L-Asp-L-Ala
under MAS at 65 kHz. (a) MAS spectrum (2 transients). (b) Homo-
nuclear-decoupled spectrum using the windowed ¢DUMBO-122
sequence during direct acquisition (16 transients). eDUMBO-1,, was
implemented with an RF pulse amplitude of 170 kHz. The
homonuclear-decoupled spectrum shows a highly linear scaling factor
(0.58) across the entire "H chemical shift range (as evaluated from the
comparison between the decoupled and the MAS-only spectra). We
note that windowed decoupling during acquisition compromises the
overall spectral sensitivity. Reprinted from Chem. Phys. Letr., 2009,
469, E. Salager, R. S. Stein, S. Steuernagel, A. Lesage, B. Elena and
L. Emsley. Enhanced sensitivity in high-resolution 'H solid-state
NMR spectroscopy with DUMBO dipolar decoupling under ultra-
fast MAS, 336 341. Copyright 2009, with permission from Elsevier.*’
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Polarizacao cruzada (CP)

> €Tz —»

Ressonancia dupla:

 Excitagcdo de H (f,;;,) e de 13C (f 5c).

Deteccao de 3C (fi50).

Aumento do sinal de 3C por um fator de no maximo y(*H) / y(*3C) ~ 4 (por
“contato”).

Reducao no tempo de repeticdo: T,(*H) < T,(*3C).

Deteccgao seletiva de grupos hidrogenados (“edicao de espectros”).

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



00,

Polarizacao cruzada (CP)

1H YrBi =7cBp 13C

TfMNT/‘(_)/ \\\

RN - 7
e ;
|
|

|

contato DEC contato aquisicao

%K_J
Travamento de spins
(“spin-locking”)
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Experimento CP/MAS

Espectroscopia de alta resolucdo em solidos por RMN:

A I
2 Cross-Polarization _2 Cross-Polarization
1 ; ,
H Spin-Lock . \ ‘ Spin-Lock
Hartmann-Hahn Heteronuclear Decoupling | | Hartmann-Hahn
13C Spin-Lock \ FID Spin-Lock
Hartmann-Hahn N oA _| Hartmann-Hahn
Voo
~< >

Recycle delay, Tr

Condicéo de Hartmann-Hahn:

YuBiw =7cBic

Schaefer & Stejskal, J. Am. Chem. Soc. 1976;98:1031

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



Experimento CP/MAS

Ajuste da condicao de Hartmann-Hahn:

t Tewm 1091511301526 msec
T

i,

||I||||||||_|||||||ll

Signal Intensity

t Ton 11 msec

Non-spinning
sample

0 0.5 10 15 20 25
By(C) (mT)

Fig. 3. Hartmann—Hahn (Ha—Ha) condition affected by fast sample
rotation. The lower part of the figure shows that Ha—Ha is stable in a wide
range of rf fields when samples are not spun. Upper part of the figure reports
fluctuations of the Ha—Ha condition when a fast rotation is applied on the

sample (from Ref. [47]).

Conte et al., Prog. Nucl. Magn. Reson. Spectr. 2004;44:215.
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Experimento CP/MAS

Espectroscopia de alta resolucdo em solidos por RMN:

™ RMN de 3C

_eo_g‘o_a g,O_g)_ wood. (chmy) collagen.(icry)

FT (popsulfone in solution.) F T (glucose in salution.) FT (denatured rut-shin collagen gel )

Schaefer & Stejskal, J. Am. Chem. Soc. 1976;98:1031

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



'H - BC

Experimento CP/MAS

Dinamica do processo de CP:

a=1-Ty, /T, |(T)=|o(£j 1—exp| —Z5 ||| exp——

o TCH TlpH
Variable contact time (VCT) experiment 100 . . : . : . :
\ detection IO =100 u. a.
13C U{\ 80 | TCH = 0,4 ms —
variable contact time
S 60
=
q fc decouple §
() NE———> S 40
o
=
20
0 | | | |
0 2 4 6 8 10
Tempo de contato (ms)
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Experimento CP/MAS

Dinamica do processo de CP:

120 7
100 1

Relative 80 7
intensity
60
40 -

20

0 2 4 6 8 10

Contacttime / ms

Figure 6: Plots of the BN isotropic signal intensity as a
function of contact time (CP from protons) for MAS sam-
ples of normal (#) and N-deuterated (M) l-methoxy-4-( N-
phenylamino-methyl) naphthalene.

Bryce et al., Can. J. Anal. Sci. Spectr. 2001;46:46.

L

02 ms 40 ms 0.2ms 4.0 ms
CP time CP time

Figure 11. Hartmann—Hahn CP: a) The energy differences between the
transitions of the [ and the § spins can be made equal in a doubly rotating
frame when the nutation frequencies on both spins are equal. b) Pulse
sequence for CP of *C (§) nuclei by protons (f) with detection of the “C
magnetization. ¢) Solid-state “C NMR spectra (125 MHz) of uniformly
13Clabeled (10 %) glycine powder acquired by using the pulse sequence in
b) as a function of the CP time. Because of the directly bonded H, protons,
the *C, muclei are polarized more rapidly than the unprotonated carbonyl
carbon nuelei.

Jerschow et al., Angew Chem. Int. Ed. 2002;41:3096.
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Experimento CP/MAS

Dinamica do processo de CP:

i ‘
/\\JI \L—‘
_—-—"_P/ 0.1

0.01

i 1 — L.
400 200 o -200
ppm
Figure 8 Variable-contact-time **C CP—MAS spectra of coal 801 as

a function of CP contact time ¢ ; repetition delay 0.7 s

arom
oy =0,19ms
; Ty =53ms

. 0o 1,00 200 3200

4.00 S.00 600 700 £.00 9.00 100 f«100

tep(ms)

g T2 — 0,053 ms

Tt 1A _a5ms

1pH

a. oo 1.00 2,00 3.00 4.0p 500 800 7.00 9.00 9.00 10.0 =0}

tepims)

Pan & Maciel, Fuel 1993;72:451
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Experimento CP/MAS

Problemas para analise quantitativa:
CP (polarizagéo cruzada) versus
SPE (polarizacéao direta com pulso simples)

\

.
VAN

1

A

L e : 4 fso  sdo el ao e ade w4 doeem
Figure3. Comparison of 25-MHzspectraof North Dakotalignite  Figure 4. 75-MHz spectrum of North Dakota lignite obtained

obtained by (a, upper) CP with a contact time of 1 ms and (b, by CP with a contact time of 0.7 ms
lower) SPE. . .

Franz et al., Energy Fuels 1992;6:598.

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



Experimento CP/MAS

Problemas para analise quantitativa:
CP (polarizagéo cruzada) versus
SPE (polarizacéao direta com pulso simples)

Table I. Aromaticity Values Derived from CP Spectra of
the Argonne Coals*

aromaticity (total sp? carbon)
7 75 25 MHz Table II. Aromaticity Values Derived from SPE Spectra
¢ c of the Argonne Coals
sample dmmfC MHz thisstudy ref7 ref8
North Dakota lignite 78 067  0.67 066 0.70 aromaticity (all sp* carbon)
Wyodak subbit. 75 0.54 0.63 0.63 0.656 o o5 MHz % of C
Illinois No. & 80 0.73 0.72 072 0.72 o n
Pittsburgh No. 8 8 079 072 072 074 sample dumf e enm B ot
Blind Canyon 81 0.67 0.63 0.65 0.67 - _
Lewis-Stockton 84 0.77 0.71 075 0.7 North Dakota lignite 73 0.77 0.76 0.74 8b
Upper Freeport 88 0.78 0.80 0.81 0.82 Wyodak subbit. 75 0.76 0.75 0.66 95
Pocahontas 91 0.86 0.86 0.86 0.86 Itlinois No. 6 80 0.72 {:-.'?":'-ij 0.72 ggb
0.758« 1
2 At low field, values from fitting aromatic carbon band to two i 8 83 0.75 0.75 0.75 90
components for Tcy and T, which gave much better fits. gﬁﬁngﬁyin 81 0.87 0.67 0.68 8
Lewis-Stockton B4 077 0.78 0.71 75
Upper Freeport 88 0.80 0.81 0.83 75
0.84¢ 90
Pocahontas 91 0.89 0.90 0.89 ]

o Initial samples. ® = 100 s delay. ¢ After demineralization, ¢ This
study; £5%.

Franz et al., Energy Fuels 1992;6:598.
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‘ Experimento CP/MAS

Problemas para analise quantitativa:
CP (polarizagéo cruzada) versus
SPE (polarizacéao direta com pulso simples)

a 90° _

'H TPPM ‘ ]i’m TPPM ‘ h

T 90° 180° 180°

13 ! 13 )

C“‘fH"JUnU,\ I ”Hl' %ﬂun DP (8.5h)

VACP (1h)

— ——— — .
240 220 200 180 160 140 120 100 80 60 40 20 0
13C Chemical shift (ppm)

Fig. 1 DP/MAS (lefr) and CP/MAS (right) pulse sequences with
Hahn echo acquisition (a) DP/MAS (12 kHz; 1,024 scans) and
VACP/MAS (12 kHz; 8,192 scans) spectra of a HA sample extracted
from an area rich in BC (b)

Novotny et al., Naturwissenschaften 2006;93:447
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Polarizacao cruzada (CP) com defasamento dipolar

Cross Polarization Opella & Frey, J. Am. Chem. Soc. 1979;101:5854

(=/2),

DECOUPLE

Cross Polarization with Dipolar Dephasing
(x/2),

DECOUPLE

CONTACT

------- Quaternary, methyl and carbonyl carbons

------- Rigid protonated carbons

http://u-of-o-nmr-facility.blogspot.com
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Polarizacao cruzada (CP) com defasamento dipolar

120 +

— @ — cellulose 106 ppm.
— - - cellulose 75 ppm.
-- & - -lignin 148 ppm.
—&— lignin 56 ppm.

-« #--NaPGUA 177 ppm.
— 4= NaPGUA 80 ppm.
-« & - -~ chitin 174 ppm.

— 8~ chitin 56 ppm.
~+— chitin 23 ppm.
--0--PA 182 ppm.
—-— PA33ppm.
—&—PA 15 ppm.

- - < --pectin 172 ppm.
—4A— pectin 70 ppm.
—&8— pectin 54 ppm.
--# - -collagen 174 ppm.
— 3 — collagen 59 ppm.
—e—collagen 19 ppm.

Relative intensity

20 1

Dephasing delay / us

Figure 2 Plot of I, (signal intensity relative to zero dipolar dephasing delay resonance intensity) against dipolar dephasing delay for a
selection of model system resonances; curves for non-protonated "*C resonances represented by short dashes, curves for non-methyl protonated
C resonances represented by long dashes, curves for methyl "*C resonances represented by solid lines. NaPGUA, sodium poly galacturonate;
PA, palmitic acid.

Smernik & Oades, Eur. J. Soil Sci. 2001;52:103.
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Edicao espectral

Combinacgdes de CP, defasamento dipolar, inversédo-recuperacéo, etc.

RMN de 13C em carvao mineral \
o, VAN

W\,ﬂw

w’/\\\.\m%
I\

N

| L L L L L L L
300 250 200 150 100 50 0 ppm

Figure 1. The five experimental *C CP/MAS spectral editing
spectra obtained on PSOC-1488 (~260 mg). (a) The spectrum
containing all the carbons, (b) C + CHjs only spectrum, (¢) C
only spectrum, (d) CH only spectrum, and (e) CH: only
spectrum. The accumulation numbers are (a) 20,000, (b)
20,000, (c) 40,000, (d) 20,000 for both the (+) and the (=)
sequences (d) and 20,000 for both the (+) and the (—) sequences
(e). The so-called (+) and (—) sequences are detailed in ref 13.

Hu et al., Energy Fuels 2001;15:14
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Edicao espectral

Combinacgdes de CP, defasamento dipolar, inversédo-recuperacéo, etc.

RMN de 13C em carbono amorfo

{c)35% H

Intensity (a.u.)

+ (a)13% H
--'\_d'\-"f\-‘_"\-ﬂ—h.a-—’“\h—

300 . 200 . 100 I 0 =100
Chemical Shifts (ppm)

FIG. 1. "*C SP-MAS NMR spectra with dipolar decoupling of (a) H13, (b)
H23, and (c) H35 samples at 12.0 kHz. The locations of the various chemi-
cal shifts of the groups comprising the sp® region, as determined by spectral

editing methods, are indicated by arrows. Asterisks indicate spinning
sidebands,

(d)
| ©
=
8
=
2| ()
=
S
=
@)
M i n I L 1 M 1
300 200 100 0 =100

Chemical Shifts (ppm)

FIG. 2. °C CP-MAS NMR subspectra of H23 sample obtained from spec-
tral editing techniques: (a) spectrum from long CP, (b) spectrum obtained by
subtracting a scaled short CP spectrum from a long CP spectrum, (c) spec-
trum obtained by subtracting a scaled long CP spectrum with depolarization
from a short CP spectrum, and (d) spectrum obtained from short CP with PL

Cho et al., J. Appl. Phys. 2008;104:013531
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preparation
period

RMN multidimensional

preparation
period

s

il

preparation
period

|

_——— —_—
-2 1 0 1 2 2 1 0 1 2

Frequency (o)

Frequency (o,)

Y

Frequency ()

(S
1

[a—y
L

el
L

I
[y
L

&-f—

-2

-1 0 | 2
Frequency (m,)

Espectros 2D de correlacéo

http://grandinetti.org/Teaching/Chem824/Notes
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Métodos de RMN 2D em solidos

Correlacéo heteronuclear (HETCOR):

homonuclear heteronuclear
decoupling decoupling
CP
/ N
\

d CcP 2
S \[VW\A/\N—“

Figure 17. Principle of the HETCOR experiment: The pulse sequence is
identical to that of the WISE experiment, except for the incorporation of
homonuclear dipolar decoupling in the indirect dimension. Heteronuclear
decoupling of the S spins can also be incorporated into the indirect

dimension. T -
WISE = “wideline separation

Jerschow et al., Angew Chem. Int. Ed. 2002;41:3096.
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Métodos de RMN 2D em solidos

Correlacéo heteronuclear (HETCOR):

AL-MCM
/
3 /1\\,/3
ST N
/ s O k
4 't = B H1
2r C ]
Y +X 3T b R

d | ) _ | _:
ecoupling : : H3
L-"lv J

5— ]
X i ]

(b) ok E%Hz
l‘1 Tcp t2 7:-..l...l...l...|...|.J.|...|,..:

160 140 120 100 80 60 40 20 O 4 ppm

Trebosc et al., J. Am. Chem. Soc. 2005;127:7587.
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Métodos de RMN 2D em solidos

Correlacéo heteronuclear (HETCOR):

Na.P,O
-12.5 ]
o |
B C15 0 ]
m -
b\D J
o -17.5 ]
= ]
E 4
- -
g 20 ]
&
- 31P
-22.5

0 -10 -20
ppm from solid NaCl

Wang et al., J. Magn. Reson. 1997;125:364.
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Dinamica de spins em experimentos de RMN

Particula com spin 1/2 em um campo magneético:

Z Z
A
| o> A
E — B>
®°
— >
. y x$‘y

B>

o)==+ 1| a) L18)==215)

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Particula com spin 1/2 em um campo magneético:

A Z
z
ol e |
X y Xf 4
v
z z
-l g ]
X y X y
z z
+v>=3 ()= -v>=3i%)-
X y X y

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Pulsos de RF — descricao no sistema girante de coordenadas:

A, E
—
ripy i
&'ff / ? Eh—
& ¥ & F
C O
5 F
_b.
B

http://www.currentprotocols.com/protocol/mib0102
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‘ Dinamica de spins em experimentos de RMN

Pulsos de RF — matrizes de rotacao:

mnutI
ol

v), =R, (O)|v),

0 =yBt;
R (0 COS % 2] —isen %ge—wﬁp (angulo de nutag&o)
¢P —isen 3 Qe % cos3 6 o, =yB

(frequéncia de nutacao)

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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‘ Dinamica de spins em experimentos de RMN

Pulsos de RF — matrizes de rotacao:

cosifd —isenid 0 =yBt,
—isen360  cos3 6

sema-3(} -

o0

(dngulo de nutacéao)

Exemplo 1: .
7 + sl 7
Pulso /2 na diregdo X o /‘k
atuando sobre estado & T
inicial com spin na
/2 —}
direcéo z: y >\ v
X X

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



‘ Dinamica de spins em experimentos de RMN

Pulsos de RF — matrizes de rotacao:

cosifd —isenid 0 =yBt,
—isen360  cos3 6

(s 0o

_ z Y R, Z
Pulso 7t na dirego X O

atuando sobre estado | o> éf

inicial com spin na

o0

(dngulo de nutacéao)

Exemplo 2:

n —

X X

direcéo z:
1B >

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Pulsos de RF — matrizes de rotacgao:

4 4
o>
-t (1!/2)y
—
X y )(A;\\ y
Z 4
(Jt!Z)E
_E‘%\-Fy:‘ q / \
X y x“  YBs y

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

“Ensemble” de particulas com spin 1/2 em um campo magnético:

A R A o
} F’q $ ot
4 % A g
Estado de um spin: |v)= (z;)

c,C
C,C

c,C
C,C

= %

R * K %

J

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.

Matriz densidade para um spin: |\|!> (\1!| =[

= %

B B
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Dinamica de spins em experimentos de RMN

“Ensemble” de particulas com spin 1/2 em um campo magnético:

i'ﬁ\ﬁw
} o § o

f’:‘ﬂ’,gﬁ

| | [ Paw Pag | | CuCi CCy
Matriz densidade para o ensemble: P~ = * "
Ppa  Ppp CiC, CyCq

Calculos de valores médios para o ensemble: (A)=Tr{pA}

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Formalismo do operador densidade:

p[paa paB]_ p@ p
Ppa  Pgp PO P@

Populacdes: P@ p@ p@ +p@ =1

*

Coeréncias: P pg p :pg

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Interpretacao fisica das populacgdes:

B Net Polarization

Net Polarization

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Dinamica de spins em experimentos de RMN

Interpretacéo fisica das coeréncias:

Net Polarization
N o™
— B> ﬂaﬂ" i

E —-0)>
o

7y #

e

Net A

Polarization  z

Mo Coherence Coherence

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Dinamica de spins em experimentos de RMN

Operador densidade — equilibrio termico:

p H/KT 1 1H 1 11
Peg = Peg =5 Upeq T U T
| Z Z Z KT Z KT
H_/
Desvio
p _(%4-%8 0 ]—11+1| &:—hyBo~10‘4
eq — 2 4"z - ~
0 z—2¢€ kT
i =141esM —1_1:M
P > T2e WV, P@ > — 2 & WV,

Magnetizagcao: <
=7&M, —iM ) pE:%?,(MXHMy)

PR
N
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Dinamica de spins em experimentos de RMN

Evolucao temporal do operador densidade — equacao de Liouville-von Neumann:

dp i

E:E[p’H]

Para Hamiltoniano independente do tempo:  p(7) = e~ /M7t 5 () /M1

Passagem para o sistema girante de coordenadas:

pRGI _ e—iﬂtfzp.{ﬂbeiﬂ”z Heyp = —h(wp — 2)I, — heo I

Préximo a condigéo de ressonancia: Hey = —hw Iy

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



‘ Dinamica de spins em experimentos de RMN

Atuacao de pulsos de RF:

i U = (W Hegty — gl — g (—g )
mnu'{ A
phase .
N & ¢p e P(fp) — R.If (_Qp)pOR.x (Qp)

cos(6,/2) —i sin(Qp/Z)i|

Rx(0p) = |:—i sin(0,/2)  c0s(6,/2)

R. (0.) — cos(0)p/2) —isin(ep/Q)g—fﬁi’n
o, (Op) = —isin(0,/2)e' P cos(f,/2)
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‘ Dinamica de spins em experimentos de RMN

Atuacao de pulsos de RF:

¥ oy
- Ll

®
t
nu] phase

e T g e R
y y

X X

N
>

I Eae LI IR B
Lo 33 e
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‘ Dinamica de spins em experimentos de RMN

Atuacao de pulsos de RF:

+ Riatir
L Z (3’\@ Z
A
o .
nu{ phase
¢F’ t g M Ty
ol e n S >
. y x@‘ y
@

! 0 1-1g ’ 0 >+32€
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Dinamica de spins em experimentos de RMN

Evolucao livre:

Hamiltoniano no sistema girante de coordenadas: Hz = —h(wp — $2) 1

Evolucdo do operador densidade: p(1) = @WL=DTE (1 Y@L =T

Ap(r)zef(wL—Q)tfz h&‘{v g—fwa—ﬂ)Ifa
2kpT -

Evolucdo apoés pulso (n/2).:
. ha)L
-~ 2kgT

|1y cos(wr, — £2)T + I sin(wg, — 2)7]
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Dinamica de spins em experimentos de RMN

Uso de propagadores e algebra matricial:

p(t,) p(z,) p(t)

M. Edén, Concepts Magn. Reson. 2003;17A:117
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Metodos computacionais em RMN de solidos
Diferentes tipos de programas e abordagens:

» Calculos de primeiros principios / DFT:

= Quantum ESPRESSO, CASTEP, VASP, Wien2k, Gaussian, ...

» SimulacOes de dinamica de spins:

= SIMPSON, SPINEVOLUTION, MathNMR, GAMMA, ...

» Simulacbes espectrais:

= DMFIT, Wsolids, QuadFit, QUEST,...

» Processamento de sinais e espectros:

= ACD/NMR Processor, MestReNova, TopSpin, VNMRJ, Spinsights, ...

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Espectrometro de RMN

| | NMR Sample Tube
- P
/| | |~ [ Shim Coils
Liquid Helum - | % % i
. G (Transmitter/Receiver)
Supercorxlucting\ ’
Solenoid e || | Tuning Capacitors
-196 °C — | _—— Removable Probe
) e T/R Switch
T
e s iriemTER = DETECTOR
¥ g |
[ £ ammes | | _-«e—
Pux.ssY
rmpmusk l
N
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Magnetos supercondutores
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Espectrometros: frequéncias e campos magneticos

B, f, (H) f_(13C)
(T) (MHz) (MHz)
2.35 100 25.2
4.70 200 50.3
7.05 300 75.4
9138 400 100.6
11.74 500 125.8

14.09 600 150.9
16.44 700 176.1
18.79 800 201.2
21.14 900 226.4
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Sonda de RF (“probe”)
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Figure 3.7 Sample cotil configuration for use in superconducting solenoids and iron
core electromagnets: (a) superconducting solenoid; (b) iron core electromagnet.

‘NMR and relaxation”, Cowan. Cambridge University Press, 1997.
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Sonda de RF (“probe”)

Fotation
(Optional) A
|

Eample B

Tk -
Coil

R‘“C tor

Bapar::lt EF]E{:I or

“Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Sonda de RF (“probe”)
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Sonda de RF (“probe”)

Circuito RLC:

R

A’\ LUOII/VLC
transceiver
coil

200 7

180
160
140 4
120

100 -

500 1500 2500 3500 4500
w/2m

http://grandinetti.org/Teaching/Chem824/Notes
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Sonda de RF (“probe”)

Sonda sintonizavel (circuito “tanque”):

T

Receiver
50 Q

S

=
®.
3

| I Transceiver 1 1

__________ Circuit Zr  Wom T
27 R +i (wL - L)

Wit

http://grandinetti.org/Teaching/Chem824/Notes
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Sonda de RF (“probe”)

Sonda de dupla ressonancia:

74 nH
0.9 pf
10 nH g 13 nH
1-10 pf 22 pf 1.5 pf 1-10 pf
]
"C €€ T H— :1]: ——)——H—o> =
22 pf 18 pf 400 MHz
100 MHz ’5 g
1-10 pf 4 A~ 1-10 pf
7nH 10 nH

/7

@ 33 nH

Figure 3.6. Typical circuit of a doubly resonant probe from Doty et al. (1988) with permission of
the copyright owner.

“‘Multinuclear solid-state NMR of inorganic materials”, Mackenzie & Smith. Pergamon, 2002.
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Sonda de RF (“probe”)

Sintonia;

The Effects of Probe Tuning and Matching
on 90° Pulse Width

TUNING MATCHING
3
3 288 28.8
=
° 238 23.8
=
¢ 188 18.8
;,5 ._.__‘—/‘
og 13.8 13.8
498 500 502 0 2 4
Frequency (MHz) Deviation from Match

{screen divisions)

Wobble T \ Probe Tuning and Matching
Curves

Well Tuned and Poorly Tuned but Well Tuned but
Well Matched Well Matched Poorly Matched

http://u-of-o-nmr-facility.blogspot.com
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Deteccao em fase e quadratura

RF Receiver - Analog quadrature detection
cos(wget)

Phase
Acos(Qt)

cos(m, t)

Audio filter
& amplifier

[}ﬂ

Power S(t)=Acos(Qt)+iBsen(Qt)
splitter
GD

Quadrature
Bsen(Qt)

Audio filter
& amplifier

E cos(w, t) 21

‘NMR Quantum Information Processing”, Oliveira et al. Elsevier, 2007.
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Deteccao em fase e quadratura

Sinal de RMN tipico: /

S(t)=Sy [(cos Qt) +1(sen Qt)] e M = Soeime_M k

0= (DL — (ORF “Understanding NMR spectroscopy”, J. Keeler. Wiley , 2005.

F(o) =T S(t)e tdt uﬂv&%ﬂuﬂuﬂv&%ﬂuﬂ[&%ﬂuﬂﬁﬁm

—00

amplitude

S(t):z—lnT F(o)e''do /\ [\

frequency

http://grandinetti.org/Teaching/Chem824/Notes
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Deteccao em fase e quadratura

S(t) = Sp[(cos Q) +i(senQt)]e ™ = Spe'He ™

y (imag.)

-_-—

™ -

. (real)

Soexp(-t/T,)

Ot

T
i
m

8 (Imag ) 0 7L :1/T2
U V yvvv?y S A
J time

“‘Understanding NMR spectroscopy”,

J x (real)

QQ=wm —ogp

Offset

J. Keeler. Wiley , 2005.
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Deteccao em fase e quadratura

cos(-wt) = cos(wt)

after (n/2) / \ sinmt k *
|

x y

K CEQY f T I
= +SW/2 w 0 Hz v, -swr2
y X M
X w<(

K sin{-ot) = -sin(ot)
X
K - sinwt

-v
1
T T T
+V
+ 8Wi/2 L 0 Hz Y - Swi2

+SWr2 L 0Hz - Swi2

fy (t) = cosmt

http://www.analytik.ethz.ch/praktika/phys anal/nmr/ft-nmr.pdf
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Ajuste de fase

path of tip of
magnetization vector
as it precesses

(&)

T

%

f

y detector

i «— X detector

“UU’ ” time

Absorption
Mode

Real

2/T»

Absorption Mode Lineshape

Dispersion Mode Lineshape

Q
Imaginary

]

Dispersion
Mode

w

r ®

—2/T>

http://grandinetti.org/Teaching/Chem824/Notes
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Ajuste de fase

Erro de fase:

’—\,
#
-
-
#
-
#
s
s

9

Kf@;\ \ «— X detector

T e

T

y detector

r Real Imaginary

http://grandinetti.org/Teaching/Chem824/Notes
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Ajuste de fase

Correcao de fase de ordem O: $ un-phased
§'(w) = S(w)e~ % N
J\ Poorr = —90°

“Understanding NMR spectroscopy”, J. Keeler. Wiley, 2005.
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Ajuste de fase

Correcao de fase de primeira ordem:

-

0

offset frequency

C:} V
>

- I I +
i  0 offset frequency

—_ _— - +
0 offset frequency

“‘Understanding NMR spectroscopy”, J. Keeler. Wiley, 2005.
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Acumulacao de transientes

Puisa

Gate —
Instruction H time ecaie
o I 1 ranslane
Pulsa
ADC | I_
Sampling
Ingtructicn
e \/\/\/\«
ADGC
Qutputs
Im /\/\/\/\
Aumento na relacéo sinal/ruido:
S " :
N /n® de transientes

Intervalo entre transientes:

t. > 5T, o . . .
Spin dynamics”, M. H. Levitt. John Wiley & Sons, 2002.
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Processamento de FIDs e espectros

Apodizacao (funcdes “janela”):

original time domain weighting function weighting function

weighted time domain weighted time domain
() “ (9) (h)

R

“‘Understanding NMR spectroscopy”, J. Keeler. Wiley, 2005.
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Praticas experimentais e computacionais

Material para RMN de 13C — Aragonita (CaCO,):

Célula unitaria
(Estrutura ortorrombica)

Xy & Poduska, Phys. Chem. Chem. Phys. 2014;16:17634

https://en.wikipedia.org/wiki/Carbonate

https://en.wikipedia.org/wiki/Aragonite
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Praticas experimentais e computacionais

CaCO, — Polimorfos:

crystal structure

unit cell of
calcite

Calcita Aragonita Vaterita
(Romboédrica) (Ortorrombica) (Hexagonal)

http://geology.byu.edu/Displays/minerals/aragonite-32 https://crystallography365.files.wordpress.com/2014/11/vaterite_two.png
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Praticas experimentais e computacionais

CaCO, — Polimorfos:

Ca
&y
@
O =D DO~
N~
oo
© ©e o
(>

KD
-

i e W
X y

Calcita
(Romboeédrica)

Aragonita
(Ortorrombica)

Xy & Poduska, Phys. Chem. Chem. Phys. 2014;16:17634

Vaterita
(Hexagonal)
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Praticas experimentais e computacionais

Material para RMN de 13C — Aragonita (CaCO,):

» Vantagens:

= Presenca somente de elementos quimicos com nucleos ativos para RMN
pouco abundantes (*3C, 43Ca, 17O) — interacao dipolar heteronuclear

desprezivel.
= Ndcleo 3C com spin = 1/2 — interacdo quadrupolar ausente.

= Existéncia de apenas um sitio quimicamente distinto para 13C.

» Desvantagens:
= N&o é a fase mais estavel (e frequente) do composto CaCOs,.

= Tempo de relaxagdo longitudinal longo (T, ~ 102 s).
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Praticas experimentais em
RMN de solidos

Daniel F. Cipriano
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Praticas experimentais em RMN de sdlidos

Cuidados iniciais...

A Ferramentas e Equipamentos A
Neste laboratério existem fortes campos magnéticos que
podem fazer com que objetos magnéticos “voem”
repentinamente em dire¢éo ao magneto. Isto pode vir a
ocasionar ferimentos, bem como, sérios danos ao
equipamento. Nao traga consigo ferramentas,

equipamentos; objetos que contenham ago, ferro ou outros
materiais magnéticos a este laboratério.

A Marcapassos e Implantes Metélicos

Neste laboratério, além da presenca de fortes campos
magnéticos, estdo também presentes fortes campos de
radio-frequéncia ( RF ). Estes campos podem causar sérias
lesoes ou morte a pessoas com implantes médicos como:

marcapassos e préteses metélicas. Estas pessoas nao
devem entrar neste recinto.

A Widias Magnéticas e Cartoes
com Tarjas Magnéticas
Os fortes campos magnéticos presentes neste laboratério,
podem apagar o contetido de midias magnéticas tais
como: fitas cassetes e disketes, bem como, destruir cartées
bancarios, de crédito e paralisar o funcionamento de
relogios de pulso. Nao traga tais objetos para o laboratério.

-
e
VARIAN

Pub No 0199916760 Rev AZ20!
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Praticas experimentais em RMN de sdlidos

Equipamento:

Cilindro de
recarga de N,

o vagneto

ICINEEESS
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Praticas experimentais em RMN de sdlidos

Equipamento:

Central de
controle

Controle manual
da MAS
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Praticas experimentais em RMN de sdlidos

Equipamento:

Sonda em
operacao
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Praticas experimentais em RMN de solidos

Sonda para experimentos com MAS:

Rotor

Bobina de RF

Capacitor

'NJnnpn

gzmqn.x'.
2
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Praticas experimentais em RMN de sdlidos

Sonda para experimentos com amostra estatica:

Bobina de RF

Porta-amostra
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Praticas experimentais em RMN de sdlidos

Referéncias secundarias para deslocamento quimico — RMN de 13C:

Hexamethylbenzeno (HMB) Adamantano
CHsj
H3C CHs;
H,C CHs
CHs
S (3C) = 17,3 ppm S (3C) = 38,5 ppm

http://www.sigmaaldrich.com
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Praticas experimentais em RMN de sdlidos

Empacotamento da amostra:
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Praticas experimentais em RMN de sdlidos

Posicionamento do rotor na sonda:
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Praticas experimentais em RMN de sdlidos

Ajuste da frequéncia de MAS:

Automated MAS Controller

El/Stan rﬁCﬂUiﬂ! rFrecess | | Insert  Eject | Lock scan | | Setup hardware || Auto lock || Auto tune || Gradient shim | | Logol
Sample Info| Spinner mas | Start | | Stop | &=l
|Lock Probe ID 7.5 MM PENCIL std | w [Wall Rotor

‘|Shim :

: Spin/Temp Current Speed 0 Hz Target(Hz) (10000

; Bearing: Adj(psiy |0 Artive Setpoint |1 -

SpaniHz) [100 Speed FProfile  |Inactive |w
Max(psiy 50 Max Speed 18000

Temperature Control temperature from this panel only
| New study | | Continue study | Regulate temp _ ) Abort after temperature error
: 25 E L 1 i®) Warn after temperature error
Tray. auto_20160825_01 ! Current 999.0 C Off ) lgnore temperature errar
: | Reset pneumatic |'uute|'| | Reset VT controller | —
| Show study from location | : sl
: 4| Il 11
o Temp Lock | Sample ﬂ ldle olE
Wl ‘oss.0c 0.1 4.0_MM_NB
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Praticas experimentais em RMN de sdlidos
Ajuste da frequéncia de MAS:

W‘ﬁ | Show time || Go | Stop || Arrays || Sequence diagram || Sequence help |

Defaults Acquisition: C1lz2 Sequence: |'(ancpx Environment:

|Acquisition Spectral Width: [50000 Hz |« MAS Rate: [ | [13000
s Acquisition Time: |0.02048 seC | w Temperature: | | [25
‘|Pulse Sequence

IMore Complex Foints: |1024

|Future Actions | Recvele Delay  [5 SEL| v

|Receiver Total Scans: 1a ct 0
: Block Size: 1 bs on

: Steady State: 0
| Mew study | | Continue study | Receiver Gain:  [20
: Receiver Offset: [0
Tray, auto_20160825_01 : |—|_|

| Show study from location |

Il I

4. 0_MM_RKE
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Praticas experimentais em RMN de sdlidos

Escolha do arquivo de shimming:

.App\icatiuns Places System %@@g@

Frobe

~Current probe

4.0_Mm_Ng -~
Edit/Show Probefile
Tune Gain [50

Default Shims: 4.0_MM_NE

Load Shims

Manage probe fil

Edit/Show/ Delete:

‘4 O_MM_NB (Home) ‘v|
‘ Edit || Show | | pelere |
Create/Copy:
Probe name: [
Probe ID: Probe without 1D
Probe style: ‘ ‘V|
ApplicationsDir [Home account |~
‘ Create ‘ ‘ Copy | N
V_position Vs
310
Sample Info| Spinn¢
o Probe
Shim c
Spin/Temp urr.sn
Bearin,
Temp
‘ New study ‘ ‘ Continue study | @
25
Tray auto_20160825_01 Curren
‘ Show study from location |
4
: Temp Spin Lock | Sample AI
=l 999.0 C (14000 H, 0.1 4.0_MM_NE

A o

!

V] Locator
ﬂshnw probes all and shims all

O 51l 2] s

Vnmr]

= filename = | probe

= | time_saved & |

trppSmmATE_H1_4x4_11Aug2015_ pSmmATE
PEMMATE_|k_d20_2015-08-11_082pSmmATE
pEMMATE_|k_d20_2015-08-11_0%0p5mmATE

2015-08-11 13:2
2015-08-11 03:2%
2015-08-11 09:0;

|| pplete
| | hims/Doty8mm_04122015 shims loaded
p4mmMAS shims loaded

psmmiD psmmiD 2015-08-10 17:33

Hillshp_ 19Mowl2 PEMMATE 2015-08-10 17:33

plommEs plommes 2015-08-10 17:33

plommbb plommes 2015-08-10 17:33

PSMMATE_2014_11_19 PSMMATE 2015-08-10 17:33

4 4.0 MM_NE 2015-08-10 17:33

pSmmiD_Ik_d2o pSmmiD 2015-08-10 17:33

Quyzshirm_pSs mmaTB_last pSmMmATE 2015-08-10 17:33

plommbh_ 120511 plommes 2015-08-10 17:33

regd 2015-08-10 17:33

Doty@mm_05 082015 Dov@mm 2015-08-05 18:2

DotyBram_ 05 05201 pAmmMAS | Dony&ram 2015-08-05 18:2

WAX _007 _piridina_43C plommBs 2015-05-14 165

WAX_007 _piridina_50C plommes 2015-05-14 16:14 |

Plommbhb_WaAX007 _pir plommBs 2015-05-14 161

WAX_007 _piridina_64C plommes 2015-05-14 14:14

WAX_007 _piri_80C plommes 2015-05-14 12:59

WAX_007 _piridina_0C plommes 2015-05-14 11:37

AP_WAY_00T _piridina_30C plommes 2015-05-14 11:33 _|

apwax0o7 plommBs 2015-05-14 11:20

WAX_007_piridina_s0C_2 p1ommes 2015-05-14 10:01 LES s 0e a4 0 1 =0 28

Firidina plommes 2015-05-13 10:4 HEE

WA _007_64C plommes 2015-04-24 13:34

WAX_007_64C plommes 2015-04-24 13:34 cursor delta

WAX_007_90C plommes 2015-04-24 09:03 | 17135

AP WA _007_90C plommes 2015-04-24 08:4 . . . l:—x

WAX_007_D20+TMSP_90C p10mmee 2015-04-23 18:04 i Insert  Eject Lock scan | | Setup hardware H Auto lock || Auto tune H Gradient shim ‘ Logo

WAX_007_D20+TMSP_80C plommes 2015-04-23 18:09

Wax_007_DZ0+TMSP_80C p10mmEs 2015-04-23 18:05 bz +100] Hopgre 10057 si00ffdE,  c1|HE, 41

WA _007_D20O+TMSP 10mmBe 2015-04-23 14:55

P1OmMEE_COCIE glommss 2015-04-14 14:2 fEeq 100] Tlesao 210|855 +10|580,  +1[Z3.s 1

Doty8mm_18022015 DotyBmm 2015-02-19 19:2 14 t10 fh1ss 210858, s100/288200 I sy

Doty@mim_ 19022015 Dovy@mm 2015-02-18 19:2 g <10 ¥z 1% RESE o

PS5 MMATE Doty&mm 2015-02-19 19:2 —E612 —E197  “olo/708  To)-1:08  Tol-2v29  C

p5MMATE Dov@mm 2015-02-18 19:2 By 210 oz 21Ty £

pLommbh_ D20 plammes 2014-11-18 10:24 | 3 107 AT TR L

nl0mmbk Parafing D20 39C 010mmBB 014-10-17 15:137 -lele o o SEENE

[ New study [ Continue stdy | Lk Phase . [ Spin on [5Pin Reaulated | Read defauit shims | save1 [Readl | savez [Read2 |
105 #d 13989 Hz | Read shims from pars | Save shims Read shims |

Tl LR R Receiver gain B0 | File [oSmmATE

‘ Show study from location | ‘ ‘
[ Il ¥

Lock

Temp Spin
999.0 C |13999 H. 0.1

Sample

4.0_MM_NB

T w
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Praticas experimentais em RMN de sdlidos

Sintonia:

Sonda MAS Sonda ESTATICA
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Praticas experimentais em RMN de sdlidos

Sintonia:

[LEFT] ¢

5500 5000 4500 4000 3500 3000 250 2000 1500 1000 500 ] -500

/_position V_scale cursor delta
J 0.2 -272.14

DO O OO oS ODODCODDDDDT o

W Insert = Eject | Lock scan | | Setup hardware || Auto lock || Auto tune || Gradient shim | | Logc
V

obe tune
Tune RF channel :

Center Freguency (€13 b4 |C13 Freq 100.52 MHz

Span 10.0 MHz

Start Probe Tune

Choose Marker 1 -
Choose Marker 2 - Fower |0 ful]
. — Stop Probe Tune
Center frequency to markers | Gain 50 dB

Vertical scale 2 /2 | Autoscale | # Points (512 -

Wertical position +20 | -20

Quit
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Praticas experimentais em RMN de sdlidos

Sintonia:

5500 5000 4500 4000 3500 3000 250 2000 1500 1000 500 0 -500
Tz
WV _position W _scale cursar delta
4] 0.1 10551

.................................................................................................................................................................................................................... e

Im‘ﬁﬁ Insert = Eject ‘ Lock scan | | Setup hardware || Auto lock || Auto tune || Gradient shim | | Logo!

Choose Marker 1
Choose Marker 2

WVertical scale
Yertical position

Prob
robe tune Tune RF channel

-

-

Center Frequency |C13 - |C13

Center frequency to markers |

*

/2

| Autoscale |

+20

-20

Freq
Span

Fower
Cain

0
50

100.52
10.0

MHz
MHz

dB
dB

Start Probe Tune

Stop Probe Tune

# Points 512 -

Quit
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Praticas experimentais em RMN de sdlidos

Sintonia:

5500 5000 4500
V_position W _scale
o] 0.01

M

4000

cursor
394.73

3500 3000

250

H1

2000

1500 1oa0

500

]

1] =500

m Insert  Eject ‘ Lock scan ‘ | Setup hardware || Auto lock || Auto tune || Gradient shim | | Logi

n

Probe tune

Choose Marker 1
Choose Marker 2

Vertical scale
Vertical position

Tune RF channel |1 [+

-

-

Center Frequency |H1 - |H1

Center frequency to markers |

*3

/2

| Autoscale |

+20

-20

Freq
Span

Fower
Cain

0
50

399.73
10.0

MHz
MHz

dE
dE

Start Probe Tune

Stop Probe Tune

# Points |512 -

Quit
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Praticas experimentais em RMN de solidos

Referéncia da escala de deslocamentos quimicos:

HMB
CHs
HsC CHs
HsC CHs
CHs

http://www.sigmaaldrich.com
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‘ Praticas experimentais em RMN de solidos

Referéncia da escala de deslocamentos quimicos:

Largura a meia altura

S50% linewidth 84.47
width 250.54

C11% linewidth 744 &9

17.0
ppm
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Praticas experimentais em RMN de sdlidos

Parametros| d1 | __—* B R

a serem |— |
ajustados.

............................................................................................................................................................................................... oo
Defaults Acquisition: H1 Sequence |unepu| Environment:
JaauiEiion Spectral Width:  [L00000  |Hz | MAS Rate: 14000 |Hz
" Channels Acquisition Time: [0.4 sec - Temperature: [ | |25 C
:|Pulse Sequence
Imore Complex Points: (40000
|Future Actions | Recycle Delay |10 sec [
‘|Receiver Total Scans: 4 ct 4
: Block Size: 1 bs on
Steady State: ]
Receiver Gaim: |0
Receiver Offset: |0
4 [] | ID
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Praticas experimentais em RMN de sdlidos

Variacao do tempo de repeticao (array de di):

Exp: 1 seq: onepul

Adamantano

L

dl
V_scale SppR) WR(pRET first last step
. 256996 -4 .83 12.82 1 & 1
..................................................................................................................................................................................................................... o
éimlﬁ | Show time | | Go || Stop | |A||avs | | Sequence diagram || Sequence help |
: ) N
| Defaults Arquisition: LH:Q Sequence:  jonepul Environment:
|Acquisition Spectral Wicth:  [LO0000 Hz |= MAS Rate: 14000 Hz
| st sl Acquisition Time: |0.4 H:1e - Temperature: [ | [25 C
‘|Pulse Sequence — ]
IMore Complex Points: (40000
| Future Actions | Recvcle Delay:  |array sec | w
‘|Receiver Total Scans: 4 o 0
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Praticas experimentais em RMN de sdlidos

Variacao do tempo de repeticao (array de di):

RMN de 13C - resina fendlica

N

10 =0 S0 1350
dl
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‘ Praticas experimentais em RMN de solidos

Variacao do tempo de duracéo do pulso de excitacao (array de pwX90):

Adamantano

EJH
AL g
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Praticas experimentais em RMN de sdlidos

Experimento de polarizacao cruzada (CP):

m Exp. & Seq: tancpx
200.0
40.96
‘Cryig 10.0 . 2.0 , 2.0 . 4.0
dl 2.0e-5 2.0e-6 l cp.t re
Pal
Parametros
a serem - s
» .
ajustados
De
H1 pwWHS20
.................................................. | Shuwume||GD”Sm"||Amws||Sequmcemagmm”Sequmcehemn

Defaults
Acquisition
Channels

cpHX:  From: H1 To: C13 Decoupling: on: H1 spinal -

Shape: Iinear: Channel: Hspinal:

aHhx: [3000 axhx; [4000 aHspinal; 3000
Pulse Sequence

More bHX: |0 dHx: 200 pwHspinal: [5.8 ﬂ
Future Actions | tHX: array us - phHspinal:  [9.9864
Receiver ofHX: -2183 Hz -
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Praticas experimentais em RMN de sdlidos

Variacéao do tempo de contato (array de tHX):

Adamantano

s it \.\----l | -.-_--.-‘I I\.-._rl I"\.--._.. —

10000

RMN de Solidos: Teoria, Experimentos e Simulaces Computacionais



Praticas experimentais em RMN de sdlidos

Variacéao do tempo de contato (array de tHX):

Asfalteno

MJMJJﬂmm

1200

L"]
50 100 ;;

Madeira
de pinho

| |
FLL %Mlh M hﬂ FLL AM& w& Jt |

500 800 10

P h JU'J P LL MJUN

) 1200 1400 1600 2000 3500 5000 10000 15000 20000 25000
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Praticas experimentais em RMN de sdlidos

Ajuste da condicao de Hartmann-Hahn (array de aHhx e/ou aXhx):

||

|
| ‘ |‘ \ ”

.

f | ,|||
gV 14
N S, R | ! =

|

I} ‘l
f \
o el e mod M

2400

|||||
|y
H .

st
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Praticas experimentais em RMN de sdlidos

Experimento de spin-eco:

E Exp.& 5eq: hahnechold
9.0 158.0
g.192
Tx 400.0 ) 2.0 ) 2.0 791.0 7.0 ) 4.0 l
Cls dl ' Z.0e-§ ' Z.0e-§ w90 t1¥echo pwixecho tZ2¥echo ' re
Dac
H1
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Praticas experimentais em RMN de sdlidos

Experimento de spin-eco — RMN de 13C em CaCO,; com amostra estatica:

250 200 150 100 50 o
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Meéetodos computacionais para
calculos de parametros

espectrais em RMN

Wanderla L. Scopel
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Sumario

&, Introducao

&, Teoria do Funcional Densidade (DFT)

8. Aplicacoes

8. Método GIPAW

&. Simulacéo do tensor de blindagem magnética (RMN)
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Experimento, Teoria e Simulacao

rumento Resultado observado de fatos Naturais.

A

Simulacdo: Resolve exatamente o modelo, e
testa teonas.

Teona: Modelo para
descrever os fatos
expenimentais. Em geral so
se conhece solugdes para
casos especiais e
aproximacoes.
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Materiais

Nucleos
+

Elétrons

Atomos

/[ Liguidos ]
>{Moléculas]

\ [ Solidos ]
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E. Schroedinger (1926)

Second Series December, 1920 ' Vol. 28, No. 6

THE

PHYSICAL REVIEW

AN UNDULATORY THEORY OF THE MECHANICS
OF ATOMS AND MOLECULES

By E. SCHRUDINGER
ARsTRACT

The paper gives an account of the author’s work on a new form of quantum
theory. §1. The Hamiltonian analogy between mechanics and optics. §2. The
analogy is to be extenied to include real ““physical” or “undulatory’” mechanics
instead of mere geometrical mechanics. §3. The significance of wave-length;
macro-mechanical and micro-mechanical problems. §4. The wave-equation
and its application to the hydrogen atom. §5. The intrinsic reason for the
appearance of discrete characteristic frequencies. §6. Other problems; intensity
of emitted light. §7. The wave-equation derived {rom a Hamiltonian variation-
pringiple; generalization to an arbitrary conservative system. §8. The wave-
function physically means and determines a continuous distribution of electrie-
ity in space, the fluctuations of which determine the radiation by the laws of
ordinary electrodynamics, §9. Non-conservative systems, Theory of dispersion
and scattering and of the “transitions" between the “'stationary states.'
§10. The question of relativity and the action of a magnetic field. Ineomplete-
ness of that part of the theory.

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Formulacao Moderna: DFT iniciou-se com
P. Hohenberg e W. Kohn (1964)

PHYSICAL REVIEW VOLUME 136, NUMBER 3B 9 NOVEMEBR 1964

Inhomogeneous Electron Gas™

P. HOHENBERGT
FEcole Normale Superieure, Paris, France
AND

W. Kouni
Ecole Normale Superieure, Paris, France and Faculté des Sciences, Orsay, France
and
University of California at San Diego, La Jolla, California
(Received 18 June 1964)

This paper deals with the ground state of an interacting electron gas in an external potential v(r). It is
proved that there exists a universal functional of the density, F[#(r)], independent of (r), such that the ex-
pression E= [v(r)n (r)dr+ F[n(r)] has as its minimum value the correct ground-state energy associated with
o(r). The functional F[n(r)] is then discussed for two situations: (1) n(r) =ne+(r), #/n,<<1, and
(2) n(x) = ¢(r/ry) with g arbitrary and ro — . In both cases F can be expressed entirely in terms of the cor-
relation energy and linear and higher order electronic polarizabilities of a uniform electron gas. This approach
also sheds some light on generalized Thomas-IFermi methods and their limitations. Some new extensions of
these methods are presented.
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Avanco com W. Kohn e L. J. Sham (1965)

PHYSICAL REVIEW VOLUME 140, NUMBER 4A 15 NOVEMBER 1965

Self-Consistent Equations Including Exchange and Correlation Effects*

W. Konn anp L. J. SmaM
University of California, San Diego, La Jolla, California
(Received 21 June 1965)

From a theory of Hohenberg and Kohn, approximation methods for treating an inhomogeneous system
of interacting electrons are developed. These methods are exact for systems of slowly varying or high density.
For the ground state, they lead to seli-consistent equations analogous to the Hartree and Hartree-Fock
equations, respectively. In these equations the exchange and correlation portions of the chemical potential
of a uniform electron gas appear as additional effective potentials. (The exchange portion of our effective
potential differs from that due to Slater by a factor of §.) Electronic systems at finite temperatures and in
magnetic fields are also treated by similar methods. An appendix deals with a further correction for
systems with short-wavelength density oscillations.
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Teoria do Funcional Densidade (DFT)

ldeia Fundamental da DFT

. O estado de energia fundamental, funcao de onda, e
todos o0s outros observaveis sao determinados
unicamente pela densidade de probabilidade total do
elétron: p(x,y,z).

« Esta densidade (p(x,y,z)) € funcao somente 3 variaveis, e
nao 3N!
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Entdo o que é densidade? E uma funcéo
positiva tal que:

/ n(F)d°r = N

Note gque conhecendo a funcao de onda
podemos escrever a densidade:

n(f) = N / (7 i) dry .. dry
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Teoria do Funcional Densidade (DFT)

P. Hohenberg e W. Kohn, Phys. Rev 136, 864B (1964) -
W. Kohn e L. J. Sham, Phys. Rev. 140, 1133A (1965) -

Antes de Kohn: Funcgao de onda ¥ (r,...r,) era a entidade
fundamental. ¥ £,

Depois de Kohn: Densidade eletronica /(r) é a entidade
fundamental! n— ¥, £,

Problema de muitos elétrons interagentes € mapeado exatamente
(em principio) no problema de um elétron sob a acao de um
potencial efetivo (porém desconhecido).
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« A Teoria do Funcional Densidade esta alicercada em dois
teoremas propostos por Hohenberg e Kohn.

. O potencial externo sentido pelos elétrons é um funcional
Unico da densidade eletréonica [n(r)].

« A energia do estado fundamental Ey[n(r)] € minima para a
densidade n(r) exata.

P. Hohenberg e W. Kohn, Phys. Rev. 136, B864 (1964)
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Sistema com muitos corpos interagentes

X
Szabo, A. & Ostlund, N. S. Modern Quantum Chemistry: Introduction to Advanced
Electronic Structure Theory

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais



Sistema com elétrons e nucleos

Coordenadas nucleares

AW((r); (Ro)) = EW((rh R
\.

<> Acopladas

Coordenadas eletronicas

Hamiltoniano: H = TE + TN + VEE + V;JN + VNE .

- ,\ Mo
By o | X \VNE:_ZZM-RWI

ng—EZVf =1 a=1
i=1
N N
V :_ZZ I
) 2 e _ NN = -
Ty = ; —HVH 2},# i:llrf r| zﬂiﬁﬁzlmﬂ Rg |
=
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Sistema com N elétrons

HY(i,..., 7y) = EU(R, .., i)

e Considerando a aproximacao de Born-Oppenheimer,
onde o0s nucleos estao estaticos, isto €, contribuindo
somente para a energia potencial

. v, Iyvy Z
HFIE__E;VE-FZZZ“FT _EZ;M—RM

J# 1=1
Energia Energia
cinética potencial Energia
dos elétrons- potencial
elétrons elétrons elétrons-

7, IAAA
AHEreos
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Equagoes de Kohn-Sham

Energia Total:

Ey[p]l = Ts[p] + Enlp) + Exclpl + (p(r)vne(r))

O termo exato Exc é desconhecido!

A densidade do estado fundamental deve satisfazer o principio
estacionario como requerido pelo principio variacional

{ Evlp] — p[(p(r)) = N]} =0

5EU[P] _ 5T8[P] | 5EH[P] | 5EXC[P] , ”Une(I‘) — 4
Sp(r) — Sp(x)  Sp(r)  Sp(r)

Kohn & Sham, Phys. Rev. 140, A1133 (1965).
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Esquema baseado no Orbital-Kohn-Sham (KS)

1
Equacao de KS: _§V2 + ’Ucl;ff%(l“)) Vi k = €ikYVik
. . KS _ SEH([pl| || dExc[p]
Potencial Efetivo KS: vetr (1) _‘(Une(r) + 5p(r) -+ So(r)
Potencial External Potend%je /
Hartree

Potencial de Troca-Correlacgao

Kohn & Sham, Phys. Rev. 140, A1133 (1965).
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Self-Consistent Kohn-Sham Equations

Initial Guess

nT(r),nt(r)

Calculate Effective Potential

Ve‘:}f(r) = Vet (r) + Vigare[n] + VI [nT, nt]

Resolvendo as equacoes
de Kohn-Sham

Solve KS Equation

( -ive 4 veﬁf(r))wf(r) = =707 (r)

Calculate Electron Density

n(r) = Zi Fid wg(r)|2

No

Self-consistent?

Output Quantities

Energy, Forces, Stresses, Eigenvalues, . ..
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Escolha de um conjunto de bases

B Ondas planas e funcoes de bases relacionadas
O Ondas planas (PW)
O Linearized (Augment planes waves) (L) APW's
O Linearized (Muffin-tin orbitals) (L) MTO's
O Projector augment waves PAW's

B Localized Orbitals
O Atomic orbitals (LCAQO'S)
d Gaussian Orbitals
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Aproximacao do Pseudopotencial

\ Ve

Kaxiras, E. Atomic and Electronic Structure of Solids (Cambridge University Press, New
York, 2003). ISBN: 978-0-521-52339-4.
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Visao Global da DFT

. Exchange-correlation functionals

o Local-density approximation (LDA)
o Generalized Gradient approximation (GGA); metal-GGA.
o  Hybrid-functionals (HSEQ06)

. Limitacaoes da DFT
o Valores do Band-gap
o correlacdo eletronica forte
o Van der Waals
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Propriedades

e Propriedades Estruturais:

o  Parametros de rede; numero de coordenacao; comprimento de
ligacdo; funcao de distribuicdo de pares

e Defeitos:

o Vacancias, intersticios, impurezas substitucionais
e Propriedades eletronicas:

o  Estrutura de bandas, densidade de estados, bandgap
e Propriedades magnéticas:

o  Momento magnético, energia anisotropica magnética
e Estrutura hiperfina:

o  Deslocamento quimico, campo magneético hiperfino
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Codigos Computacionais

e Quantum ESPRESSO - http://www.quantum-espresso.orgq

e vasp code - The Vienna Ab initio Simulation Package -
https://www.vasp.at

e Wien2k - http://www.wien2k.at/

e CASTEP - http://www.castep.orqg/

e Sijesta - http://departments.icmab.es/leem/siesta/
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http://www.quantum-espresso.org
http://www.quantum-espresso.org
http://www.quantum-espresso.org
http://www.quantum-espresso.org
https://www.vasp.at/
https://www.vasp.at/
http://www.wien2k.at/
http://www.wien2k.at/
http://www.castep.org/
http://www.castep.org/
http://departments.icmab.es/leem/siesta/
http://departments.icmab.es/leem/siesta/

Pratica Computacional

Rede
Ortorombica
a=4.962A;
b=5.739A:
c=7.970A
c/a=1.606
a=90.000°
3=90.000°
v=90.000°

ORC path: T-X-8-Y-T-Z-U-R-T-Z|Y-T|U-X|S-R

\ J. Balmain, B. Hannoyer, E. Lopez, J. Biomed. Mater. Res. 48 (1999) 749
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Quantum ESPRESSO

QUANTUMESPRESSO - Quantum ESPRESSO - Chromium m ¥ m TueAug23 9:14AM 3%

/ & NM1x 1 NMIx 55 Phy x ) Sch x (M Inbc x \( 82 Phy x \ 43 Phy x ([ nat: x G ene x \ % Aflc x \( % ARl x ([ aflo x \ [ aflo x \ | strux ([ 152 x )/ [ Qu: x \|_\ | Wendate |
& C ) D wwwquantum-espresso.org NP
it Apps M SaveToMendel M dictionary M spintronic M English-Course B materials-crysta' # http://www.file: B physics M Gmail: Emailfro. @ http://www.am » M Other bookmarks

QUANTUMESPRESSD

HOME PROJECT DOWNLOAD RESOURCES PSEUDOPOTENTIALS  CONTACTS ~ NEWS & EVENTS

SEARCH

NEWS

25.04.16

QUANTUM ESPRES

Version 5.4.0 of Quantum ESPRESSO is
available for download. You can find all archives
uploaded on QE-FORGE here.

HiEEAvEe P o 001 = D B | @

31.01.16
THE WALTER KOHN PRIZE
QQ

QUANTUM ESPRESS
A prize for outstanding contributions in the field
of quantum-mechanical materials and molecular is an integrated suite of Open-Source computer codes for electronic-structure calculations and
modeling. More information here materials modeling at the nanoscale. Itis based on density-functional theory, plane waves, and

pseudopotentials
11.01.16

) aragonita.pdf ~ [ passagem_ri...pdf A @ FF296-2014-..pdf ~ SHOWALL X
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Arquivos 1niciais

e Estrutura Cristalina em coordenadas cartesianas (xyz)
e \etores primitivos

e Pseudopotencial (gipaw) -http://www.quantum-
espresso.org/pseudopotentials/
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Otimizacao da Estrutura

Arquivo de
entrada
CaCO0a3.in

&CONTROL
calculation='vc-relax'
restart_mode='from_scratch’
nstep=150
tstress= .true.
tprnfor= .true.
prefix="CaC03'
etot_conv_thr = 1.6D-5
forc_conv_thr = 1.0D-3
pseudo_dir = '/home/wlscopel/pseudo/’
outdir='./data/’

/
&SYSTEM
ibrav =0
= nat =20
S ntyp =3
FA ecutwfc = 100

ecutrho = 560
occupations="'smearing'
nspin=1
spline_ps=.true.
degauss=0.01

! london=.true.

! london_s6 = 0.5

/

&ELECTRONS

electron_maxstep=300

conv_thr = 1.00-10

diagonalization='david'
mixing_mode = 'plain'
mixing_beta = 0.3

/

&IONS

ion_dynamics="'bfgs'

/
&CELL

/

ATOMIC_SPECIES

Ca 20.00 Ca.pbe-mt_gipall.upF
C 12.00 C.pbe-mt_gipaw.UPF
0 16.00 0.pbe-tm-gipaw.UPF

é::q\ﬁ 7~ ‘NOQ‘E

ATOMIC_POSITIONS {angstrom}
Ca 1.240350 3.306346
Ca 3.721050 4,660754
Ca 3.721050 7.289896
Ca 1.240350 0.677204

c 1.240350 6.072524
C 3.721050 1.894576
C 3.721050 2.088974
C 1.240350 5.878127
0 1.240350 7.349650
0 3.721050 0.617450
0 3.721050 3.366100
0 1.240350 4.601000
0 2.349719 5.425595
0 2.611681 2.541505
0 2.611681 1.442045
0 2.349719 6.525055
0 4,830419 2.541505
0 0.130981 5.425595
0 0.130981 6.525055
0 4.830419 1.442045
E

4,9614000320
0.0000000000
0.06000000000
K_POINTS {automatic}
555000

4.360982
1.379418
4.249618
1.490782
5.245577
0.494822
3.365022
2.375377
5.188173
0.552226
3.422426
2.317974
5.245577
0.494822
3.365022
2.375377
0.494822
5.245577
2.375377
3.365022

0.0000000000
7.9671001434
0.0000000000

0.0000000000
0.0000000000
5.7403998375
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Arquivo de saida do programa CaCO3.out

Bwald contribution = -257.59596211 Ry I e g gy
smearing contrib. (-75) = 0.00000000 Ry update_pot @ 29.97s CPU 31.02s WALL ( 11 calls)
forces H 39.01s CPU 41,505 WALL ( 13 calls)
convergence has been achieved in 17 iterations stress : 61.46s CPU  63.17s WALL ( 13 calls)
Forces acting on atoms (Ry/au): Called by init_run:
Final enthalpyl: -443.,3493901596 Ry wfcinit : 24.47s CPU 25,325 WALL ( 2 calls)
Begin final coordinates . I aton  1type 1 force=  0.99800090 -0.80007501  ©.0610042 a8 MEBED I 2 calls)
E’Q new unit-cell volune =  1605.79526 a.u."3 ( 237.95430 Ang"3 ) aton 2 type 1 force =  0.60800000  0.60067501  -6.06010042 alled by electrons:
Lol ceLL prravETERS (angstrom) aton 3 Gype 1 ?’r“" 3 OLal) CHULER Ao cbands  : 9067.89s CPU 9969.455 WALL ( 188 calls)
_ 57031828091  6.000000000 ©.860000000 atom 4 type 1 force = 0.00000000  0.00007501  ©.00010042 <n band Y 1161895 CPU 125,395 WALL 188 calls)
é 0.000000000 8.078297857  0.000000000 atom 5 type 2 force = 0.00000800 -0.00000439  ©.00016954 et 13.31s CPU 14,895 WALL ( 195 calls)
0.000000000  0.000006000  5.853935176 atom 6 type 2 force = 0.00000800  0.00000439  -0.00016954 R . 12.965 P 17.17s WAL ( 188 calls)
\ atom 7 type 2 force = 0.08000000  -0.00000439  -B.08016954 -
B ATONIC_POSITIONS (angstron) aton 8 type 2 force =  0.60000000  0.00660439  ©.00016954 Called by ¢ bands:
cd 1:251951015003 300310015 4 ttizas ol aton 9 type 3 force =  0.00808600  -.00031239  -6.06018590 p (L
Ca 3.773871044  4.721927093  1.409646542 init_us_2 : 23.42s CPU 23.71s WALL (16908 calls)
Ca 3.773871044  7.395519474  4.336614210 atom 10 type 3 force = 0.00000000 6.00031239 0.00018590 cegterg : 8905.57s CPU  9862.07s WALL ( 5103 calls)
o 1.257957015  ©.682778238  1.517321126 atom 11 type 3 force = 0.00000000 -0.00031239  ©.08018590
g C 1.257957015  6.158925017  5.352751455 aton 12 type 3 force = 0.00000000  0.00031239  -0.00018590 Called by sun_band:
= 3.773871044  1.919372694  6.501182862 atom 13 type 3 force =  -0.00021652 -0.00009372  -0.80015547
‘A [ 3.773871044  2.119776162  3.428150530 atom 14 type 3 force = 0.00021652  0.00009372  ©.00015547 Called by *egterg:
— 8 1.2579576015  5.958522564  2.425783787 atom 15 type 3 force =  0.80021652 -0.00009372  0.80015547 _ps 6309.91s CPU  6990.025 WALL ( 23851 calls)
8 ;gg;:ﬂg:: ;ggigggggz gg:gggﬁ:: aton 16 type 3 force =  -0.80621652  .80009372  -6.08015547 g_psi 1 17.51s CPU  17.78s WALL ( 18694 calls)
H 5 3773870044 3IA1T376101 31498639134 atom 17 type 3 force =  -0.80621652  0.006A9372  B.80815547 cdiaghg ¢ 915.18s CPU 1009.13s WALL (23311 calls)
— N 1257957015 4.660919611  2.363896202 atom 18 type 3 force = 0.00021652  -0.00009372  -0.08015547
0 2.387224530  5.498348889  5.339915265 atom 19 type 3 force = 0.00021652  0.00009372  -0.00015547 Called by h_psi:
q 0 2.644603528  2.579948822  0.514619051 aton 20 type 3 force =  -0.80821652 -0.80009372  0.08015547 add_vuspsi @ 58.48s CPU  59.59s WALL (23851 calls)
0 2.644603528  1.459200034  3.440986719
0 2.387224530  6.619097678  2.412947597 Total force = 0.0081160 Total SCF correction = 0.080801 General routines
0 4.903138559 2579948822  0.514619051 calbec T 290.02s CPU  313.85s WALL ( 25606 calls)
0 0.128689499  5.498348889  5.339915265 fft : 24.215 P 25.955 WALL ( 2480 calls)
~ N 0.128689499  6.619697678  2.412947597 . 1 fftw T 6992.98s CPU  7764.07s WALL ( 2024546 calls
<Q U 4.903138559  1.459200034  3.440986719 entering subroutine stress ... davcto . 0.025 CPU 0.355 WAL é 54 caus;
End final coordinates ' ' '
= total stress (Ry/bohr**3) (kbar) = 0.85
r parallel routines
o 0.00000191 0.00000000  0.00600000 0.28 0.00 0.00
2 fft_scatter : 6053.56s CPU  6773.80s WALL ( 2027626 calls
0.60000000 -0.00000030  0.00660000 0.60 -0.04 0.00 - ( )
A final scf calculation at the relaxed structure. 8 9 -9 5 0.00 0.00 .0.08
E The G-vectors are recalculated for the final unit cell : ) ) ’ : : PWSCF : 2h51m CPU 3h16m WALL
~ Results may differ from those at the preceding step.
LN Parallelization info Writing output data file Cac03.save This run was terminated on: 10:12:43  7Apr2016
id' sticks: dense smooth  PW  G-vecs:  dense  smooth PH intt_run ; 27.61s CPU 28.585 WALL ( 2 calls) A S S S
::: g:; ;;; :; :g::: ::g:z ::g: electrons  : 10140.39s CPU 11230.80s WALL ( 13 calls) 308 DONE.
Sun 4621 a1 1249 216883 216863 30413 update_put . 29.97s CPU 31.02s WALL ( 11 calls) g ..........................................................................
p— forces K 39.01s CPU 41.50s WALL ( 13 calls)
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Calculo auto-consistente

Arquivo de
entrada
CaCO3-scf.in

BconTROL
calculation="scf’
restart_mode='from_scratch"'
nstep=150
tstress= .true.
tprnfor= .true.
prefix="'cCaCco03"
etot_conv_thr = 1.0D-5
forc_conv_thr = 1.60D-3
pseudo_dir = '/home/wlscopel/pseudo/"'
outdir=". /data/"'

&SYSTEM
ibrav =80
nat = 20
ntyp =3
ecutwfc = 100

! ecutrho = 560
occupations="smearing"
nspin=1

spline_ps=.true.
degauss=0.01

! london=.true.

! london_s6 = ©.5

&ELECTRONS
electron_maxstep=300
conv_thr = 1.0D-10
diagonalization='david"'

mixing_mode !

mixing_beta

"plain
0.3

/
&IONS
ion_dynamics="bfgs"

/
&CELL

/
ATOMIC_SPECIES

Ca 20.00 Ca.pbe-mt_gipall.UPF
C 12.00 C.pbe-mt_gipaw.UPF
0 16.00 O.pbe-tm-gipaw.UPF

ATOMIC_POSITIONS {angstrom}

1.257957015
3.773871044
3.773871044
1.257957015
iC 1.257957015
iC 3.773871044
C 3.773871044
C 1.257957015
(o] 1.257957015
(¢] 3.773871044
(o] 3.773871044
(o] 1.257957015
(o] 2.387224530
(o] 2.644603528
(o] 2.644603528
(o] 2.387224530
(o] 4.903138559
(o] 0.128689499
(o] 0.128689499
(¥] 4.903138559
C

5.031828091
0.000000000

0.000000000
8.078297857
ili] 0.000000000

3.356370618
4.721927093
7.395519474
0.682778238
6.158925017
1.919372694
2.119776162
5.958522564
7.456526957
0.621770755
3.417378101
4.660919611
5.498348889
2.579948822
1.459200034
6.619097678
2.579948822
5.498348889
6.619097678
1.459200034

ELL_PARAMETERS {angstrom}

4.444288794
1.409646542
4.336614210
1.517321126
5.352751455
0.501182862
3.428150530
2.425783787
5.290862850
0.563071466
3.490039134
2.363896202
5.339915265
0.5140190651
3.440986719
2.412947597
0.514019051
5.339915265
2.412947597
3.440986719

0.000000000
0.000000000
5.853935170
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Arquivos de saida do calculo de campo auto-consistente (scf)

wiscopel@node05:~/works/fabio/Cac03-ortorombic/scf

wlscopel@node05:~/works/fabio/CaCO3-ortorombic/vc-relax/scf

init_run 14.43s CPU 14.755 WALL ( 1 calls)
. . electrons 338.52s CPU 344.93s WALL ( 1 calls)
Current dimensions of program PWSCF are: .
Max number of different atomic species (ntypx) = 10 forces : LT @ 1.995 WALL ( 1 calls)
Max nunber of k-points (npk) = 40668 stress B 5.57s CPU 5.595 WALL ( 1 calls)
Max angular momentum in pseudopotentials (1maxx) = 3 . .
file Ca.pbe-mt_fhi.UPF: wavefunction(s) 4p 3d 4f renormalized Called by intt_run:
wfcinit 13.21s CPU 13.50s WALL ( 1 calls)
wlscopel@node05:~/works/fabio/CaC0O3-ortorombic/vc-relax/scf Subspace diagonalization in iterative solution of the eigenvalue problem: potinit 0.52s CPU 0.52s WALL ( 1 calls)
— one sub-group per k-point group (pool) will be used
' [wlscopel@nodeds scf]$ ].‘S scalapack distributed-memory algorithm (size of sub-group: 3* 3 procs) Called by electrons:
[ I CaC03-5.08.1.out CaC03.in CaC03.out CaC03scf.out data c_bands 306.59s5 CPU 312.75s WALL ( 15 calls)
=l [wlscopelgnodees scf]s Il sum_band 30.99s CPU 31.23s WALL ( 15 calls)
parallelization info v_of_rho 0.67s CPU 0.685 WALL ( 16 calls)
5 """""""""" mix_rho 0.25s CPU 0.25s WALL ( 15 calls)
E sticks: dense smooth P G-vecs:  dense  smooth PW
E Min 24 24 60 10336 10336 1450 Called by c_bands:
ax 2 (L0 300 19330 g 53 init_us_2 2.88s CPU 2.91s WALL (891 calls)
é . ) QiE dIFE e cegterg 297.455 CPU  303.465 WALL ( 405 calls)
Called by sum_band:
bravais-lattice index = 0
lattice parameter (alat) = 9.3757 a.u. Callled by *egterg:
= unit-cell volume - 15312490 (a.0.)3 h_pst 189.84s CPU  191.265 WALL ( 2355 calls)
A nunber of atoms/cell - 20 g_psi 2.53s CPU 2.53s WALL ( 1923 calls)
q number of atomic types = 3 cdiaghg i 50.895 CPU 51.965 WALL ( 2328 calls)
number of ETEGERGNS = 96.00 .
number of Kohn-Sham states= 58 Called by h_psi:
— kinetic-energy cutoff = 160.0000 Ry add_vuspsi 10.01s CPU 10.165 WALL (2355 calls)
—& = charge density cutoff = 400.0000 Ry
' i~ convergence threshold = 1.0E-10 General routines
= ‘ mixing beta = 0.3000 calbec B 13.61s CPU 13.725 WALL (2490 calls)
- number of iterations used = 8 plain mixing fft 0.48s CPU 0.47s WALL ( 200 calls)
' Exchange-correlation = SLA PW PBX PBC(1 4 3 400) Fftw 186.74s CPU  182.21s WALL ( 163652 calls)
= davcio 0.00s CPU 0.17s WALL ( 27 calls)
celldn(1)= 9.375687 celldn(2)= 0.600000 celldm(3)= ©.000000
celldn(4)=  0.600000 celldn(5)= 0.000000 celldn(6)=  6.060000 parallel routines
- X X fft_scatter 33.14s5 CPU 33.70s WALL ( 163852 calls)
N crystal axes: (cart. coord. in units of alat)
a(1) = ( 1.000000 ©.000000 ©.000000 )
) a(2) = ( 06.000800 1.605817  6.0000AD ) EHSCh DEEBEY ) veEs U
o‘? a(3) = ( 0.000000 ©6.000000 1.157612 )
reciprocal axes: (cart. coord. in units 2 pifalat) This run was terminated on: 19: 5:49  7Apr2e1s
b(1) = ( 1.080009 ©.060060 ©.600600 )
b(2) = ( ©0.000000 0.622736 ©.860000 ) T ommssmoosssoossnnsosssoosssToossstnTossssoosssoooes =
- B(3) = ( o.000008 0.900000 ©.864295 ) J0B DONE.
e CTOOR NG Ay ] L 3-1: 1 G S
==
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Energy (eV)

Propriedades Eletronicas

. ] ORC path; I-X-8-Y-I-Z-U-R-T-Z|Y-T|U-X|S-R

r X N Y r z U R T ZY TU XS R <15 <10 5 0 5 10 15
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NMR - Método -GIPAW (Gauge-Including Projector-Augmented Wave)

http://qe-forge.org/gf/project/qe-gipaw

QEForge > Projects > QE-GIPAW > Home - Chromium

C ) | 0 ge-forge.org/gf/project/qe-gipaw
i Apps I SaveTo Mendels

I dictionary B spintronic M English-Course B materials-crysta| ¥t http://www.file: B physics ™ Gmail: Email fror . http:/fwww.am » M Other bookmarks

QA
@ FORGE Home MySutt [REEEEEN Snippets | o (2) B Logln | Register New Account
Summary This is the new home of QE-GIPAW (Gauge-Including Projector-Augmented Wave). QF .GIPAW allows to calculate NMR and EPR parameters for solids and liquids. Activity

% Repotting

3 Search
% Forums

3 Tracker

This is the new home of GIPAW

(Gauge-Including Projector-Augmenied
f Wave). GIPAW allows to calculate NMR
and EPR spectra.

Developer Info

Stefano de Gironcoli
emine kucukbenli
S Paolo Giannozzi

L L .
|50 -60 <70 -80 90 -100 -110 -120 Da
ppm

o
Filippo Spiga

= «+ Development Status: 4 - Beta
Lo DR
2016-Jul-18 + License: GNU General Public License (GPL)
+ Programming Language: Fortran

111108 Commit: array was not allocated Davide Ceresol + Topic: Quantum ESPRESSO related
2016-Jun-27
150314 Commit: GIPAW now supports the current trunk version of QE Davide Ceresol
150224 Commit Updated examples, Hyperfine coupiing of H20# is now diferent, | don't know why, Davide Ceresol
-
) 2011_charpe...pdf ~ = I aragonita.pdf ~ [0 passagem_ri...pdf ~ @ FF296-2014-..pdf ~ SHOWALL X
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Método GIPAW

Tensor de blindagem magnética--
resposta do sistema na presenca
de um campo magnético uniforme.

N,

B ) =—-0(r) B

"

Campo Magnetico
induzido

Campo Magnético
externo

C.J. Pickard, F. Mauri, Phys. Ver. B 63 (2001) 245101 (a thorough technical description and derivation of the DFT-GIPAW theory).
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—

P (r)=-iab}”*(.r}‘vﬁp}”{r)+f;-‘»}”(r)‘?’¢§“]“'))‘%"ﬂ“ﬁm

= J{ (f‘}-l-ld}(f’)
nyo(r) —» Densidade de carga ndo perturbada

gb}m(r) —» Orbital de kohn-sham n&o perturbado

qb}n(r) — Orbitais de kohn-sham perturbados
A(r) :fﬁu x (F=T,) (Potencial Vetor)

(Lei de Biot-Savart)

md /d J'“r)x

r— r'|
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0 =0corel +0Aad+0ap+Obare /

Desvio da funcao “all-electron”
préximo do nucleo.
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Arquivo de entrada NMR-QE-GIPAW

CaCO3-scf.out

wlscopel@node05:~/works/fabio/CaC03-ortorombic/scf

Pwscf

Current dimensions of program PWSCF are:
Max number of different atomic species (ntypx) = 10
Max number of k-points (npk) = 40000
Max angular momentum in pseudopotentials (lmaxx) = 3
file Ca.pbe-mt_fhi.UPF: wavefunction(s) 4p 3d 4f renormalized

wlscopel@node05:~/works/fabio/CaCO3-ortororabic/nmr-ort

Subspace diagonalization in iterative solution of the eigenvalue problem:
one sub-group per k-point group (pool) will be used
scalapack distributed-memory algorithm (size of sub-group: 3* 3 procs)

| [ 8l ©

Parallelization info

-— sticks: dense smooth P G-vecs:  dense  smooth PU
3 - Min 224 224 60 10336 10336 1450
1501VE o e — Max 225 225 61 10339 10339 1453
iverbosity = 1 i%' sum 4489 4489 1215 206745 206745 29025

q_gipaw = 0.01

- = b is-lattice ind
conv_threshold =1.0d-12 Tattice paraneter (alat) 0.5 .
spline_ps = .true. b of stomjeetl L
1 - number of atomic types
use_nnr_nacroscopic_shape = .false. mber of st .
number of Kohn-Sham states: 58

kinetic-energy cutoff
charge density cutoff

100.0000 Ry
400.0000 Ry

convergence threshold 1.0E-10
~ mixing beta 0.3000
number of iteratiens used 8 plain mixing

Exchange-correlation SLA PW PBX PBC (1 4 3 4080)
celldm(1)=  9.375687 celldm(2)= 0.000000 celldm(3)= ©0.600000
celldn(4)=  ©0.000000 celldm(5)= ©0.000000 celldm(6)= ©.080000

crystal axes: (cart. coord. in units of alat)
a(1) = ( 1.000000 ©6.000000 ©.000000 )
a(2) = ( 0.000000 1.605817  ©.000000 )
a(3) = ( 0.000000 ©0.000000 1.157012 )

i Edye D 6 QO &

"CaC03.out" 722L, 35542C

reciprocal axes: (cart. coord. in units 2 pi/alat)
b(1) = ( 1.660000 0.060660 0.000000 )
b(2) = ( 0.000000 0.622736 0.000000 )
B(3) = ( 0.000800 ©.000600 0.864295 )
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Saida do calculo de NMR

Malha - 2x2x2 Malha - 5x5x5

wlscopel@node05:~/works/fabio/CaCO3-ortorombic/nmr

i i Al . A .
e I chi_bare pGv (HH) in 107{-6} cm*3/mol:
"nmr3.out" 812L, 41756C

é ?k 27 :Lbnd 49 1?nter: root not converged @. ‘ rule (1st term):
' ik 27 ibnd 49 linter: root not converged ©.168E-05
= ik 27 ibnd 49 linter: root not converged ©.135E-04 -96.0067 0.0000 0.0000
—_ c_bands: 1 eigenvalues not converged : 0.0000 -96.0124 0.0000
=5 ik 27 ibnd 49 linter: root not converged @.558E-05 o
E ik 27 ibnd 49 linter: root not converged ©.273E-85 E 0.0000 0.0000 96.0290
— ik 27 ibnd 49 linter: root not converged @.125E-05 | i<l
% c_bands: 1 eigenvalues not converged A -11 rule (2nd term):
ik 27 ibnd 49 linter: root not converged @.523E-05 —
ik 27 ibnd 49 linter: root not converged ©.323E-04 0.0000 0.0000 0.0000
\ ik 27 ibnd 49 linter: root not converged 0.733E-06 0.0000 0.0000 0.0000
End of magnetic susceptibility calculation | 0.0000 0.0000 0.0000
SR rule (1st term):
E -95.9637 0.0000 0.0000 - I8 rule (should be  -96.0060):
&2 0 eace p35.0176 5068 ‘ q -96.0067 0.6000 0.6000
- -0000 0000 oe-ore 0.0000 -96.0124 0.0000
.é‘= - rule (2nd term): 0.0000 0.0000 -96.0290
— 0.0000 0.0000 6.0000
4 2;2222 2:2222 2:2222 6 chi_bare pGv (HH) in paratec units:
— -74.127522 65.984891  -523.029923
Pl B ol Cshould be  -sc.0o0): i~ -145.614825  44.954767  -510.722998
q 9.0000 -96.0176 0.0000 . 319.729449 -41.264382 86.410671
0.0000 0.0000 -96.0176
6 chi_bare pGv (HH) in paratec units: -74.127522 0.000000 0.000000
76.657568 53.179791  -509.510833 = 0.000000 44,954707 0.000000
ﬁ -527.278618 199.619874 -35.587069 0.000000 0.000000 86.410671
" -121.86999%0 -30.161353 101.783992
? 76.657568 ©.000000 0.000080 chi_bare vGv (W) in paratec units:
= o.00000  1M-CLIBT e ouaoae o -59.005896  78.188146  -412.608731
’ ’ ’ -146.790865 3.946083  -458.977726
E_ chi_bare vGv (W) in paratec units: u 310.126767 82.305993 90.323807
“— 68.454468 25.781806 -457.560537
-550.046560 92.751308 -0.931307 w
u -55.129257 -31.694820 50.8082487 oy -59.005896 0.000000 0.000000
5 p 4 .94 .
= 68.454468 0.000000 0.000000 g gggggg ; gegg:; 92 ggg:gg
0.000000 92.751308 0.000000 * = T
E 0.000000 0.000000 50.802487 -
-

-
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Contributions to the NMR chemical shifts: -----vevcmmmmmmnmmnannnnaann..

Core contribution in ppm:

Atom 5 C pos: ( 0.250000 1.223994 1.063779) core sigma: 200.52
Atom 6 C pos: ( 0.750000 0.381446 0.099603) core sigma: 200.52
Atom 7 C pos: ( 0.750000 0.421274 0.681293) core sigma: 200.52
Atom 8 C pos: ( 0.250000 1.184167 0.482088) core sigma: 200.52
r Bare contribution in ppm:
@ Atom 5 C pos: ( 0.250000 1.223994 1.063779) bare sigma: -133.12
: -142.5781 0.0000 0.0000
0.0000 -159.6520 -2.2483
% 0.0000 1.0226 -97.1438
Atom 6 C pos: ( 0.750000 0.381446 0.099603) bare sigma: -133.12
-142.5781 0.0000 0.0000
— 0.0000 -159.6520 -2.2482
_&Q_, 0.0000 1.0226 -97.1438
%¥ Atom 7 C pos: ( 0.750000 0.421274 0.681293) bare sigma: -133.12
: -142,5781 0.0000 0.0000
l' 0.06000 -159.6520 2.2482
| ] 0.0000 -1.0226 -97.1438
E 3
Atom 8 C pos: ( 0.250000 1.184167 0.482088) bare sigma: -133.12
q -142.5780 0.0000 0.0000
0.0000 -159.6521 2.2483
0.0000 -1.0226 -97.1438
.
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Diamagnetic contribution in ppm:

Atom 5 C pos: ( 0.250000 1.223994 1.063779) dia sigma: 3.78
3.7937 0.0000 0.0000
0.0000 3.7934 -0.0007
0.0000 -0.0007 3.7627

Atom 6 C pos: ( 0.750000 0.381446 0.099603) dia sigma: 3.78
3.7937 0.0000 0.0000
0.0000 3.7934 -0.0007
0.0000 -0.0007 3.7627

Atom 7 C pos: ( 0.750000 0.421274 0.681293) dia sigma: 3.78
3.7937 0.0000 0.0000
0.0000 3.7934 0.0007
0.0000 0.0007 3.7627

Atom 8 C pos: ( 0.250000 1.184167 0.482088) dia sigma: 3.78
3.7937 0.0000 0.0000
0.0000 3.7934 0.0007
0.0000 0.0007 3.7627
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Paramagnetic contribution in ppm:

Atom 5 C pos: ( 0.250000 1.223994 1.063779) para sigma: -86.81
-97.8542 0.0000 0.0000
0.0000 -94.7215 1.5014
0.0000 0.5634 -67.8463

Atom 6 C pos: ( 0.750000 0.381446 0.099603) para sigma: -86.81
-97.8542 0.0000 0.0000
0.0000 -94.7215 1.5014
0.0000 0.5634 -67.8463

Atom 7 C pos: ( 0.750000 0.421274 0.681293) para sigma: -86.81
-97.8542 0.0000 0.0000
0.0000 -94.7215 -1.5014
0.0000 -0.5634 -67.8463

Atom 8 C pos: ( 0.250000 1.184167 0.482088) para sigma: -86.81
-97.8542 0.0000 0.0000
0.0000 -94.7215 -1.5014
0.0000 -0.5634 -67.8463

Atom 9| 0 pos: ( 6.250000 1.481872 1.051479) para sigma: -411.56
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Total NMR chemical shifts in ppm: ----eeecccecececcnnnienccnninnnnnnn...
(adopting the Simpson convention for anisotropy and asymmetry)-----------

=

= Aton 5 C pos: ( 0.250000 1.223994 1.063779) Total sigma: -15.63
C 5 anisotropy:  82.38 eta: -0.2539
~ C 5 sigma1l= -36.1197  axis=( 1. 0. 0. )
u C 5 sigma_22= -50.0632  axis=( ©.000000 0.999989 -0.004687)
— C 5 sigma_33= 39.2933  axis=( 0.000000 -0.004687 -0.999989)
q Atom 6 C pos: ( 0.750000 0.381446 0.099603) Total sigma: -15.63
C 6 anisotropy:  82.38 eta: -0.2539
C 6 signa_1l= -36.1198  axis=( 1. 0. 0. )
C 6 signa_22= -50.0632  axis=( 0.000000 0.999989 -0.004688)
C 6 signa_33= 39.2933  axis=( 0.000000 -0.004688 -0.999989)
re
() Aton 7 C pos: ( 0.750000 0.421274 0.681293) Total sigma: -15.63
C 7 anisotropy:  82.38 eta: -0.2539
= C 7 signa_1l= -36.1197  axis=( 1. 0. 0. )
0 C 7 sigma_22= -50.0632  axis=( 0.000000 0.999989 ©.004688)
- C 7 signa_33= 39.2933  axis=( 0.000000 0.004688 -0.999989)

Atom 8 C pos: ( 0.250000 1.184167 0.482088) Total sigma: -15.63
_'*, C 8 anisotropy: 82.38  eta: -0.2539

C 8 sigma_11= -36.1196 axis=( 1. 0. 0. )
V C 8 sigma_22= -50.0633 axis=( 0.000000 0.999989 0.004687)
G\P C 8 sigma_33=  39.2933 axis=( 0.000000 0.004687 -0.999989)
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Calculos de deslocamento quimico em solidos

Referéncia comum para experimentos de RMN de 'H, 1°C e #°Si: Tetrametilsilano (TMS)

___(is0)
H Ocaic./ TMs = OTms — Ocatc
3C\Si’c' Hs
HiC™ en, (is0) _
Valor calculado:  Gypg = 177,5 ppm

Referéncia intermediaria comumente usada em calculos de RMN de 13C: Benzeno

‘r_ S _ (is0)
) * 8Calc./TMS o GBenzene cFCaIc. + 8Benzene/TMS
r\ Valor calculado: © (E;Z?éene = 38,8 ppm

Valor experimental: SBenzene ITMS — 126,9 ppm
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RMN de 3C em CaCO, - Parametros espectrais

Fase dico Q ¢ n Ref.
(ppm)  (ppm) _ (PPM)

n.i. n.d. 76,0 -50,7 0 Pines et al., J. Chem. Phys. 1971;54:5438
Calcita n.d. 75,0 -50,0 0 Lauterbur, PRL 1958;1:343
Calcita 167,9 n.d. n.d. n.d. Papenguth et al., Amer. Miner. 1989;74:1152
Calcita 165,7 76,1 471 0,04 Feng et al., Amer. Miner. 2006;91:957
Calcita 168,2 n.d. n.d. n.d. Nebel et al., Inorg. Chem. 2008;47:7874
Calcita 168,9 80,7 -51,9 0,11 Experimental (este trabalho)
Vaterita 168,7 n.d. n.d. n.d. Papenguth et al., Amer. Miner. 1989;74:1152
Vaterita 170,1; 169,1 n.d. n.d. n.d. Nebel et al., Inorg. Chem. 2008;47:7874
Vaterita 170,0 78,0 -46,8 0,33 Bryce et al., JACS 2008;130:9282

Aragonita 169,9 n.d. n.d. n.d. Papenguth et al., Amer. Miner. 1989;74:1152
Aragonita 170,5 n.d. n.d. n.d. Nebel et al., Inorg. Chem. 2008;47:7874
Aragonita 1714 83,8 -53,7 0,12 Experimental (este trabalho)
Aragonita 175,7 74.0 -46,2 0,20 Calculo DFT (este trabalho)
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Processamento e simulacoes
de espectros de RMN de

solidos

Thierry R. Lopes
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‘ Processamento dos espectros de RMN

ACD/NMR Processor Academic Edition

This version is for academic use only.

Tt - @ Para importar o arquivo *.FID direto do
espectrometro para o0 ACD/NMR processor, clicar
e S = bkl em “Import > From 1D NMR Directory”

All Rights Reserved

www.acdlabs.com

ACD/Labs Release: 1200 Product Version: 12.01 (Build 39104, 18 Mar 2010)

&I ACD/NMR Processor Academic Edition: Processor Window
File | View Options Tools Windows ACD/Labs Help
Open ’

-

Register User Formats...

1 From 1D NMR Dlrectory‘

2 From 20 MR Directory...

Page Setup...

Spectrum Simulation 3
Macro 4
Execute Group Macro 4

File Associations,..
Exit Alt+X
Recent Files 3

1 DA\Dropbox\Doutorado’Last data\SondaEstaticalCaCO3_hahnechold_d1_400s_356scans.fid\fid

2 D¥\Dropbaos Doutorado\ Last data\1H\BAB_H3POS\BABP_SC_Tto1_1H_onepul 400_30102015 fid\fid
3 D:\Dropbox\Doutorado'Last data\CaCO3_onepuldpth_d1_150s_MAS_14kHz fid\fid

4 D:\Dropbox\Deutorado\Simpson\Hahn_echo.fid

3 D:\Dropbox\Doutorado’Last data\julho 2016\ 1H\Thiern\EBP\EBP_400_1H_24062016.esp

& D:\Dropbox\Doutorado'Meus Artigos'\Proj BAB\Dados\1H\Thierny\EBPY\EBP_400_1H_seca_24062016.fid\fid . . ., .
7 DA\Dropbox\Doutorado'Last dsta\julho 2016\1H\ Thierry\EBP\EEP_400 1H seca 24062016.esp C aso q ueira ab rir um es p ectro J a s aIVO , C I |car

8 D:\Dropbox\Doutorado\Simpson'\qepmg.fid

9 C:\Users\Thierry\Desktop\Calcita_hahnechold_d1_400s_572_scans.fid\Calcita_hahnechold_d1_400s_572_scans.fid\fid e m “ O pe n > F ro m 1 D N M R D| recto ry”

Press F3 to open a file(s)

1-ChemSketch
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‘ Processamento dos espectros de RMN

Zero Filling b4 Windaw Functions X

Apds o processamento, clicar

LB: 120 2l GF:|05 |2

Qi Pofs Gt | 2042 : E— em “Fourier Tr.” para obter o

Points Count. | 152 = O Lorentzians aussian

() TRAF Function eSpeCtro de RMN'

O sine Bell

O Shifted Sine Bell
X Carcel ? Hep

lI'_H ACD/MMR Processor Acaden\ic Edition: Processor Window - [D:\Dropbox\Doyterado'Last data\SondaEs...CO3_hahpethold_d1_400s_336scans.fid\fid] - X

File Edit View Process Togls Series Options Windows ACD/Laby
= =N icigic Y
Shortcut Interactive F Apodization _

Crganizer... Process ProcessEPrint

CaC03_hahnechold_d1_400s 356scans
0.8 3 caco3_hahnechoid_di_400s_jSsscans

0.5
0.4
0.3
0z

0.1

Mormalized Intensity
.
Y]

T T T T T T T T T T T T T T T T T T T T T T T T T T
0 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.0060 0.0085 0.0070 0.0075 0.0080
Time (sec)

CaC03_hahnechold_d1_400s_356scans FID 13C M| &l |=zec| pis

1-ChemSketch | 2-Frocessor | 3-Structure
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Processamento dos espectros de RMN

Ajuste Ajuste da linha Verificar o deslocamento Deconvolugéo
de fase de base guimico dos picos espectral

&i ACD/MNMR Prochgsor Academic Edition: Progessor Window - [D:\Dropbox\Doutgead@...mn 20164Mini Curse\CaC0O3_haba
ACD/Labs Help

old_d1_400s_356scans.esp]

File Edit View Prgcess Analysis Tool

S B Ee BT & a

Series  Options  Windoguw

T

LA A g
PeakPicking

Organizer... Process Process&Print

. CaCO03_hahnecho1d_d1_400s_356scans.esp

1.0 4 CaCO3_hahnechold_d1_400s_356scans.esp

Shortcut | Interactive FT PeakFitting) Integration | Reference Annotation Multiplets Assignment | Manual Offset

09
0.8
07
08
0.5

04

Mormalized Intensity

0.3

0z

0.1

0

=01

L L B L L L AL Lt s o o o L B B o L O e L L L o L L L L s Lo L s e R e
400 380 360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 0 -20

Chemical Shift (ppm)

CaC03_hahnecho1d_d1_400s_356scans esp SPECTRUM 13C & =-174 42 ppm

1-ChemSketch 3-Structure

T
-100 =120

T
-140 -160

>

[ ] ar (fpom| bz pts
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Processamento dos espectros de RMN

Ajuste de Fase

Ajuste de fase Ajuste de fase
automatico com o0 mouse

&i ACD/MNMR Procdssor Academic Edition: Processor Window - [D:\Dfopbox\Doutorade’...mn 2016 Mini Curse\CaC0O3_hahnechold d1_400s 336scans.esp] — X

File Edit View |Process Analysis Tools Series Options /Windows ACD/Labs Help

B A8 Taaa a a kyx 2ERESS =k =R
/ b 4 utoElLOpt Auto Sy Fine Tuning  _

Organizer... Process Process&Print

. CaCO03_hahnecho1d_d1_400s_356scans.esp

1.0 4 CaCO3_hahnechold_d1_400s_356scans.esp

08

08 Deve-se segurar e

07 arrastar para definir a Phg 1871347 |2 Fii

e posicdo de referéncia Pht:| 22281 8314+ LI | game Phase
= para correcao de fase [ Equal Phases
g dependente da
% o ; a * O botdo esquerdo do mouse
g requéncia _ ¢ » ord
E ajusta a fase em 12 ordem.
203

* O botdo direito do mouse
ajusta a fase em 2 @ ordem.

0z

0.1

=01

R L B L L L s o L B L L L O o e L O L L O L L L L L L L L L L L L L L L L L L LA L B n s L e L
400 380 360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 =120 -140 -160

Chemical Shift (ppm})
< >
CaC03_hahnechald_d1_400s_356scans esp PHASE CORRECTION 13C 5=-174 42 ppm Al Hz pts

1-ChemSketch 3-Structure
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Processamento dos espectros de RMN

Deconvolucao espectral

Apo6s definir os deslocamentos dos picos
em “PeakPicking”, clicar em “PeakFitting”

E ACD/NMR. Processor Academic

File Edit View Process Analysis Tools Series Options Windows ACD/Labs Help

lition: Processor Window - [D:\Dropbox\Doutorado'\Last data\Refs\Adamantane_CP_29102015.fid\fid] — >

p— [ e e o 0 e _ o -
galden/?RaasalalMix[icsaa | BRRRR A A, 4
/ /A | Auto Fegion Peaks Parameters Protocal | Clea
COrganizer... Process Process&Print
CaCO3_hahnechold_d1_400s_356scans.esp Adamantane_CP_29102015
o
]
Adamantane_CP_29102015 = Peak Fitting Options X
1.0 —; Fitting  view
05 _E Default Peak Parameters Limitz
— “width: 19.0736 = “width: from|19.072% to
0.8 :é 5 Function: Gauzz+laorentz ~ Wary Position withir
07 _i & Lorentz Fraction 1] = Fit | every w | paint
= —z Termination Criteria Upon Optirmization
E 0.6 Tolerance: 10~ 3 = Update Table of Peaks
E E ] Sound B
T E tax Muriber of Iterations: | 150 = ound Besp
H 054 Show Protocol
T E
E E
(=] 3
< 0.4
E X carce | | 7 vop
0.3 3
0.2 é
0.1 3
° 3 o
A T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
50 43 45 44 42 40 38 35 34 32 30 28 25 24 22 20 18 16
Chemical Shift (ppm) w

Adamantane_CP_25102015 PEAKFITTING 13C &=44.82ppm

1-ChemSketch 3-Structure
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Processamento dos espectros

de RMN

ﬂ ACD/MNMR Processor Academic Edition: Processor Window - [D:\Dropbox\Doutorado'\Last data\Sondaks...CO3_hahnechold_d1_400s_356scans.fidifid] — X
File Edit View Process Anpalysis Tools Series Options Windows ACD/Labs Help
| Am e | M e P S
dE AW Taaa a & ki REREE a3
Shortcut | Interactive FT FPhase Baseline PeakFicking PeakFiting Integration  Reference Annotation Multiplets Assignment | fManusl Offset _
Organizer... Process Process&Print
CaCO03_hahnecho1d_d1_400s_356scans
1.0 4 CaC03_hahnechold_d1_400s_356scans
08
08
o7
05
Fy
2 05
E
-
8 0s
[}
E
S
Z 03
0.2
0.1
0
-0
e R B A o e L LR L A B R R B e R AR B E o ARRAR
380 360 340 320 300 280 260 240 220 200 180 180 140 120 100 80 okl Export to ASCII File (Step 1 of 3 DA\ x
Chemical Shift (ppm)
< Export Parameters
@® Phased Spectum
CaC03_hahnechold_d1_400s_356scans SPECTRUM 13C &=416.50 ppm O Rl and iy Companents of Spectium
1-ChemSketch Horizortl Urits
QO ppm @Hz
X orce | | 7 heb
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‘ Simulagao dos espectros de RMN

Vi e o 2 A0 07 MRC
Antes de abrir o arquivo no DMFIT, deve-se Modelling one- and two-dimensional solid-state NMR
inserir manualmente a informacgéao do nucleo e spectra’

da frequéncia de ressonancia (em MHz), como

Dominique Massiot,'* Franck Fayon,! Mickael Capron,! lan King,'? Stéphanie Le Calvé,’

mostra a f|g ura. Bruno Alonso,! Jean-Olivier Durand,® Bruno Bujoli,* Zhehong Gan® and Gina Hoatson®
' Centre de Recherche sur les Matériaux & Haute Température, CRMHT-CNRS, 1D avenue de la Recherche Scientifique, 45071 Oréans cedex 2,
fr;;:rtmem of Chemistry, University of Durham, Durham, UK

Mj CECCB_hEhHEChCﬂ d_d1_ Bscans ... — |:| X 3 Laboratoire de Chimie Moléculaire et Organisation du Solide, UMR 5637, Case 007, Université Montpellier 2, Place Eugéne Bataillon, 34095
Montpellier cedex 05, France

Exibir Ajuda ‘5 Iéaboratoire de Syr!mﬁzse Organigue, UMR CNRS 6513, 2 Rue de la Houssipléreu BP 92208, 44322 Nantes cedex 03, France
enter of Interdisciplinary Magnetic Resonance, NHMFL, Tallahassee, Florida 32310, USA
i: ~ © College of William & Mary, Department of Physics, Box 8795, Williamsburg, Virginia 23187-8795, USA
1@e.52
: 4803.8643 F T

134418.4844 3239.8227

134379.9531 756.8529

134349.4375 -1645.7689

134318.9219 -2911.8572

134288.39086 -2916.08748

134257.875@ -2458.3232

134227 .3438 -2231.8853

1341596.8281 -2181.3968

134166.3125 -1827.8699

134135.7813 -1166.2375

134185.2656 -725.3736

134874.75608 -8086.4711

1348442188 -1878.8872

134013.7@31 -1885.2179

133983.1875 -948.9728

133952.6563 -963.1591

133922.1486 -1882.7429

133891.6@94 -549.0126

133861.8938 367.7839

133838.5781 888.48380

1333@8.08469 383.3802

133769.5313 -961.8749
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Simulacao dos espectros de RMN

LA dm2011vs/release £20111221 'd:..sond estati
File Graph Proc

Apos definir o nucleo em “Spectral Parameters”, clicar
em “Decomposition” e depois “New Fit”.

ahnechold_d1_400s_356scans.bed’
Decomposition JCelors  Tools  Models 2D 3D Bugs 7

ET

[l
Gr par
Stack

all pts

2|2 felldelle] BT[] 91|

ti: 13C

"l Adnllast datal daestaticalcacn? hahnechnld 41 400s 35Rzrans txt'
Spectral Parameters x
’ Id:\dropbox\dnulorado\last datahsondaestaticahcacod_hahnechold_di_400s_356z
Tl |li_ 13C
1D dataset 8192 paints Ascil
@' [1/2 HO[T)=3.4 g=1.405]
nb pts |g1 9z MNC_proc IU MC_fid IU
SwHz - [250000.00 SFMHz [10052 ROHz o
SFO1 MHzImg 52 01Hz Ig_gg 5A Hz IU_UU
OFFSET IU i) Hz/Pt |30_52 I
[~ Time Damain |~ Complex
Eancell Edit Param > |
| | | | | 1
400 300 200 100 0 -100

-

c264.52ppm y:54297.37
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Simulacao dos espectros de RMN  padréo de p6 - CSA

. dm2011vs/release #20111221 'di.sondaestatica’\.caco3_hahnecheld_d1_400s_336scans.bet’ / 'Di.SondaEstatica\caco3_hahnechold_d1_400s_336scans.fxml’
File Graph Process Decomposition Colors Tools Moedels 200 3D Bugs 7

3|2 ko] T[] B[

ti: 13C
‘ddronboxidnutnradnilast datalsnndaestaticalracnd hahnechnid d1 400= 3A5R=cans bed'

CENMHTI

Spectral Parameters >
Spec par
ppm Id'\dlnpbnx\dnutnradn\last datatsondaestaticatcaco3_hahnechold_d1_400s_356s
Gr par Tl [t 130
Stack 1D dataset 8192 points Ascil
J /2 HOT]=9.4 g=1.405]
nb pks’ 92 MC_proc IU MC_fid IU
~
: Swhe [ERgim | SFMH: [ims  ROMe [§ Obtencéo dos
= SFO1 Mz 7005 01H: (700 sRH: [om R ..
— R 2 T parametros utilizados
Il %&Dmain I~ Comples
all pts

Cancel

Edit Param »>

f/r\nil J'{\. MMAA a0 MJ"\

A)‘\Mﬂ nnm r\f"lfk RM i nMMann J{\N\"\Iﬂ'u'r\m A - A
“kvf"\f VoW Y TR

WW\“{V\%{V ””W”L\J\jj‘h‘” \VH“'U"'

1
400 300 200 100 /\/ 0 -100 (
4 »

EINCEEN (e ) = T S
_P] I | I%llll

Amplitude Position Em au dCS
171.38 105.15 -53.04
Escolher o modelo 0ES

para simular 13cpe | 7 JLLM % Ig; I%I)i_l

Amplitude Pnsrmn Emau dCs
372501 168.95 578.64 -52.59
Lb

CSA stat |

sdev 71007404 :242.93ppm y:199458.94
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Simulacao dos espectros de RMN  Nucleos quadrupolares

. dm2011vs/release #20111221 'd:.. 11b\vidronabal30_amostral0_1200cconepul _1000scans_mas_10khz.tt' / 'D:. 11BAVIDROMABALI0_AMOSTRAT0_1

File Graph Process Decomposition Colors Tools Models 2D 3D Bugs 7

2% =l TI## 9|k

ti: 118
“d\drnnhnxithiann bueno\dadnz dmfiti11hvidrnnahal30 _amnsira1ll 124

CENMHTI

Ha varios modelos para espectros de

IOP PUBLISHING JoURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 22 (2010) 065402 (17pp) doi:10.1088/0953-8984/22/6/065402

An extension of the Czjzek model for the
distributions of electric field gradients in
disordered solids and an application to
NMR spectra of 7'Ga in chalcogenide
glasses

Gérard Le Caér'*, Bruno Bureau® and Dominique Massiot®

! Institut de Physique de Rennes, UMR UR1-CNRS 6251, Université de Rennes I,
Campus de Beaulieu. Bitiment 11A., 35042 Rennes Cedex. France

2 Equipe Verres et Céramiques, UMR-CNRS 6276 Sciences Chimigues de Reanes,
Université de Rennes 1, Campus de Beaulieu, 35042 Rennes Cedex, France

* Centre de sur les 1aux i Hautes T UPR 4212 CNRS,
ID avenue de la Recherche Scientifique, 45071 Orléans Cedex 2, France

1frand

E-mail: gerard le-caer@ 5
dominigue. massiol @ cnrs-orleans.fr

RMN de nucleos quadrupolares.

Para uma distribuicdo de parametros
guadrupolares e deslocamentos
guimicos, o mais indicado € o modelo
CzSimple

Quad 1st
int2ZQUAD

Obtencao dos
parametros utilizados

CzSimpleOid, 0
Quasar

1732678 | 207.04 | 20704

sCZ_nul d
[ o352 | so0

Line Model

10000.00

sdev 203214.6083 56.72ppm y:-2359899.81
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Bibliografia recomendada

» Fundamentos de RMN:
= “Spin Dynamics”, M. H. Levitt. John Wiley & Sons, 2002.

= “Principles of nuclear magnetic resonance in one and two
dimensions”’, R. R. Ernst, G. Bodenhausen, A. Wokaun. Oxford,
1987.

= “Ressonancia magnética nuclear: fundamentos, méetodos e aplicacdes”,
V. M. S. Gil, C. F. G. C. Geraldes. Fundacao Calouste Gulbekian, 1987.
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Bibliografia recomendada

» AplicacOoes em ciéncia dos materiais:

= “Multinuclear solid-state NMR of inorganic materials”, K. J. D.
Mackenzie, M. E. Smith, Pergamon, 2002.

= “NMR techniques and applications in geochemistry and soil
chemistry”, M. A. Wilson, Oxford, 1987 .

= “Solid-state nuclear magnetic resonance (NMR) methods applied
to the study of carbon materials”, J. C. C. Freitas, A. G. Cunha, F.
G. Emmerich. In: Radovic LR (ed.), Chemistry and Physics of
Carbon, vol. 31, Boca Raton; CRC Press; 2012, p. 85-170.
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Bibliografia recomendada

» Meétodos computacionais - simulacdes de dindamica de spins,
simulacOes espectrais:

= M. Edén. Computer simulations in solid-state NMR. I. Spin dynamics theory.
Concepts Magn. Reson. 2003;17A:117-154.

= M. Bak, J. T. Rasmussen, N. C. Nielsen. SIMPSON: A general simulation
program for solid-state NMR spectroscopy. J. Magn. Reson. 2000;147:296.

= D. Massiot et al. Modelling one- and two-dimensional solid state NMR
spectra. Magn. Reson. Chem. 2002;40:70-76.

= T.F Kemp, M. E. Smith. QuadFit - A new cross-platform computer program
for simulation of NMR line shapes from solids with distributions of interaction
parameters. Solid State Nucl. Magn. Reson. 2009;35:243-252.
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Bibliografia recomendada

> Fundamentos de DFT:

» “Density-Funcional Theory of atoms and molecules”, Robert G. Parr and
Weitao Yang, Oxford University Press, Oxford, 1989.

= “Atomic and electronic structure of solids”, E. Kaxiras,
Cambridge University Press, New York, 2003.

= “Teoria Quantica de Moléculas e Solidos: Simulacéo
Computacional”, A. Fazzio. J. D. M. Vianna, S. Canuto, Editora
Livraria da Fisica, Sao Paulo, 2004.
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Bibliografia recomendada

» Metodos computacionais — calculos de parametros espectrais de
RMN por métodos baseados em DFT:

» F Mauri, B. G. Pfrommer, S. G. Louie. Ab initio theory of NMR chemical
shifts in solids and liquids. Phys. Rev. Lett. 1996;77:5300-5303.

= C. Bonhomme et al. First-principles calculation of NMR parameters using the
gauge including projector augmented wave method: A chemist’'s point of
view. Chem. Rev. 2012;112:5733-5779.

» R. K. Harris, P. Hodgkinson, C. J. Pickard, J. R. Yates, V. Zorin. Chemical
shift computations on a crystallographic basis: some reflections and
comments. Magn. Reson. Chem. 2007;45:5174-5186.

= T. Charpentier. The PAW/GIPAW approach for computing NMR parameters:
A new dimension added to NMR study of solids. Solid State Nucl. Magn.
Reson. 2011;40:1-20.
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Contato: duvidas, comentarios, sugestoes, etc.

Laboratério de Materiais Carbonosos e Ceramicos (LMC)

LM
f1viC

Jair C. C. Freitas

AplicagBes

R et s+ Jairccfreitas@yahoo.com.br
www.cce.ufes.br/jair

Aplicagbes
Analises Térmicas
DSC (Calori éria Diferenci
+ Determinagéo das temperaturas de fusdo e
solidificagdo em sélidos.
* Dy inagdo da p de

e Wanderla L. Scopel

processos fisicos.

wiscopel@gmail.com

da pureza de

do teor de
E) w L) W iy * Estudo das reagSes de decomposigdo.
ANds T, 0S¢ () * Estudo de reagdes de oxidagdo.

Daniel F. Cipriano

* Determinagdo da é&rea superficial de
sélidos.

e ddanielmsd@hotmail.com

de micro e

e

Rebémetro
o Aplicagbes

* D do da de dina
* Estudo da tensdo de cisalhamento.

Thierry R. Lopes
NR— thierryrl@gmail.com

* Preparagdo de amostras em altas temperaturas
ot L (até 1700°C)
| eSS * Andlise imediata.

ey « findice de moabilidade (HGI) em carvdes.

Coordenador: Prof. Dr. Francisco Guilherme Emmerich - fgemmerich@terra.com.br * Resistividade elétrica (DC e AC).
Coordenador Adjunto: Prof. Dr. Jair Carlos Checon de Freitas - jair@npd.ufes.br + Suscetibilidade magnética (AC).
Equipe: 5 alunos de Doutorado, 2 alunos de Mestrado e 3 alunos de 1.C.
Endereco: Av. Fernando Ferrari, 514, Campus de Goiabeiras, CCE,_UFES. Tel.: 4009 2487 Fax: 4009 2277

RMN de Sélidos: Teoria, Experimentos e Simulacoes Computacionais


mailto:jairccfreitas@yahoo.com.br
mailto:jairccfreitas@yahoo.com.br
mailto:jairccfreitas@yahoo.com.br
mailto:jairccfreitas@yahoo.com.br
mailto:jairccfreitas@yahoo.com.br
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
http://www.cce.ufes.br/jair
mailto:wlscopel@gmail.com
mailto:wlscopel@gmail.com
mailto:wlscopel@gmail.com
mailto:ddanielmsd@hotmail.com
mailto:ddanielmsd@hotmail.com
mailto:ddanielmsd@hotmail.com
mailto:thierryrl@gmail.com
mailto:thierryrl@gmail.com
mailto:thierryrl@gmail.com

